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DISCLAIMER 

These proceedings have been reviewed by the US Army Construction 
Engineering Research Laboratory, the University of Pittsburgh and the 
US Environmental Protection Agency, and approved for publication. Approval 
does not signify that the contents necessarily reflect the views and policies 
of the US Army Construction Engineering Research Laboratory, the University 
of Pittsburgh or the US Environmental Agency, nor does mention of trade 
names or commercial products constitute endorsement or recommendation for 
use. 
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FOREWORD 

As our population increases, and our costs for treating wastewater 
increase, greater emphasis is being placed upon the development of simple to 
operate, effective, reliable, energy conservative, and efficient pollution 
abatement technology. Rotating Biological Contactor (RBC) technology meets 
these requirements. Too often, however, RBC technology has not even been con
sidered as a viable treatment technology wherever wastewater pollution abate
ment problems exist. 

The objective of this Symposium/Workshop was to provide a forum and focal 
point in which an interdisciplinary group of scientists, engineers, planners, 
academicians, researchers, consultants, and sewage treatment plant operators 
could exchange ideas, present technical information, define the problems, 
assess the state of knowledge and identify the research needs regarding rotat
ing biological contactors. 

More than 345 participants representing a wide variety of experiences and 
viewpoints attended the symposium. Many of these attendees expressed satis
faction that for the first time, they had had the opportunity for extended 
face-to-face communication with persons with widely different perspectives 
about what the RBC problems are and how they might be resolved. 

This event provided a unique national platform for the presentation of 
new knowledge and the most advanced thinking on all aspects of RBC technology. 
The fact that the Symposium/Workshop included 68 papers and that participants 
traveled from Japan, Canada, Switzerland, Italy, Belgium, Sweden, Denmark, 
France, and Norway, is testimony that significant global interest exists in 
RBC technology; that RBC technology is being applied to a broad range of func
tions; that application of RBC technology is increasing; and that RBC applica
tions are important solutions to wastewater pollution abatement efforts. 

The symposium focused mainly upon municipal and industrial RBC applica
tion with speakers presenting papers ranging from the theoretical to the 
highly practical. In particular, the intent was to: 

1. Provide a history, overview, and perspective, 

2. Present research results, 

3. Present practical experiences, 

4. Provide a forum for discussing the problems of compliance with pollu
tion abatement through use of the RBC process, 

5. Encourage information exchange and the transfer of technology, and 

6. Identify research needs. 
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To accomplish these goals, the symposium was designed to provide informa
tion concerning various aspects of the theory, design, operation, and evalua
tion of the RBC treatment system. This information should significantly 
improve the state-of-the-art understanding of the RBC process, thus optimizing 
treatment performance. Moreover, it is hoped that through the definition of 
specific research needs, a large portion of interested research talents in the 
environmental engineering profession will be diverted to RBC scrutiny. More 
importantly, it is hoped that RBC technology will be considered as a waste 
treatment option whenever a wastewater pollution problem exists. It was cal
culated that these 68 papers represent a doubling of the state of knowledge 
for RBC technology. 

No attempt has been made to edit, reformat or alter the material provided 
except for printing production requirements or where obvious errors or 
discrepancies have been detected. Any statements or views here presented are 
totally those of the speakers and are neither condoned nor rejected by the 
Symposium/Workshop co-sponsors. 

Ed D. Smith, Ph.D. 
Yeun C. Wu, Ph.D. 
Roy D. Miller, Ph.D. 
Co-editors 
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ABSTRACT 

This document is a compilation of 68 papers presented at the First 
National Symposium/Workshop on Rotating Biological Contactor (RBC) Technology 
sponsored by the University of Pittsburg in cooperation with the US Army Con
struction Engineering Research Laboratory (Champaign, IL) and the USEPA Office 
of Reseach and Development 1 s Municipal Engineering Research Laboratory (Cin
cinnati, Ohio). The Symposium/Wokshop was held 4-6 Feb 80 at Champion, 
Pennsylvania. 

The papers presented in the three-day Symposium and the findings of the 
research needs Workshop comprise the major portion of these proceedings. 
Question and answer sessions preceeding each paper and a list of participants 
are provided. 

The Symposium/Workshop proceedings will document pesent knowledge regard
ing RBC technology. The papers are divided into 11 major topic areas: 

1. Perspective, Overview, History 
2. Process Variables and Biofilm Properties 
3. Municipal Wastewater Treatment 
4. Biokinetc Studies 
5. Air Drive and Supplemental Aeration 
6. Industrial Wastewater Treatment 
7. Concepts and Models 
8. Upgrading Primary and Secondary Waste Treatment Systems With RBC 1 s 
9. Design and Operation 

10. Nitrification and Denitrification 
11. Selections and Economics 

The Research Needs Workshop discussions were taped and are presented as 
an appendix. These proceedings document present knowledge regarding RBC 1 s and 
are disseminated as a definition and establishment of priorities for research. 
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SYMPOSIUM CONCEPT AND DESIGN 

The symposium was intended to provide a mechanism for: 

1) Getting to know other people, including meeting and talking infor
mally with other people working on similar projects. This enabled 
the formation of a resource base which can increase and improve the 
information available. 

2) Sharing experiences, which included learning who is doing what, how 
they 1 re doing it, what problems they 1 ve encountered, and how these 
problems have been overcome or are being approached. 

3) Examining differences in perspective in such areas as mathematical 
modeling of the RBC process, and the economics associated with the 
process. It is believed that some progress toward resolving some of 
these differences occurred. 

4) Providing input to State and Federal agencies relative to action 
deemed desirable to accelerate utilization of RBC technology. 

The symposium was designed to facilitate the exchange of information and 
ideas. To this end, there were 11 keynote 11 speakers for each of several topics. 
The symposium featured one general session, several concurent sessions and one 
workshop session. 

The workshop session began with opening remarks by 
by a brief sharing of experiences by the panel members. 
floor was opened up for general discussion with anybody 
but ion. 

one person, followed 
At that point, the 

free to make a contri-

It is believed that the Symposium will have, as a final result, the 
effect of accelerating the rate at which RBC technology is utilized as an 
economically viable treatment technology in the United States. 
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PART I: GENERAL SESSION 

Keynote Address 

ROTATING BIOLOGICAL CONTACTORS - ARE ALL SYSTEMS GO 

By 

Robert L. Bunch 
Chief, Treatment Process Development Branch 
Municipal Environmental Research Laboratory 

U.S. Environmental Protection Agency 
Cincinnati, Ohio 45268 

It is a real pleasure for me to be here this morning to "kick off" the 
first symposium ever devoted to the rotating biological contacting process 
(RBC). I am happy to see the excellent turnout for this symposium. Most of 
the experience and competency in this field are represented here today. The 
agenda indicates you will be quite busy in the next three days, but I am 
confident it will be a pleasant and productive experience for you. I am 
certain the proceedings, which will be published from this meeting, will 
provide very good technical guidance to those who could not attend. 

The discovery of the wheel about 5000 years ago was one of the most 
important steps in man's development. Wheeled carts and wagons were much 
easier and faster to pull than sledges. The wheel soon found use in mechanics 
in controlling the flow of power. The three power sources used in the Middle 
Ages, animals, water and wind, were all exploited by means of the wheel. For 
example, waterwheels, windmills and beasts of burden were all used to drive 
millstones for grinding grain. Today's civilization would not be possible 
without the wheel. In the next three days, we will be discussing the wheel 
and how it can further be used to benefit mankind. It is a strange coinci
dence that the first wheels for carts and RBC process were made of wood. In 
the latter case, sheets of plywood served as discs. In fact, Dr. Buswell 
back in 1929 referred to his process as the biological wheel. 

One of the few pleasures of getting old is that you are able to reminisce. 
You never realize how far you have progressed until you look back. It was in 
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the middle 60's that I visited the University of Stuttgart and saw Dr. Popel's 
pilot plant and discussed the features of the RBC. Much progress has been 
made in our understanding of the process. We have come a long way since I 
was Project Officer for the first full-scale application of the RBC process 
in the United States on municipal wastewater at Pewaukee, Wisconsin. At first 
thought, it seems strange that with all the interest displayed in the RBC 
systems in the early thirties that the process should lay dormant until the 
middle sixties. Factors that probably prevented the early adoption were the 
deep depression in the thirties, World War II in the forties, and the popular
ity of the trickling filter process in the fifties. Lastly, most of man's 
technical progress has been achieved in the last 62 years. If we divide 
man's last 50,000 years of existence in lifetimes of 62 years, we would have 
about 800 lifetimes. Fully 650 of these were spent in caves. Only during 
the last two lifetimes was the electric motor used. The majority of all the 
material goods we use today were developed in the present lifetime or the 
last 62 years. 

Enough of the reminiscing, let's look at the future. According to the 
1978 EPA needs survey of treatment facilities, there were 59 RBC facilities 
in operation, 68 under construction and 305 required but not funded. The 
growth rate is increasing geometrically. We did not come here today to praise 
the RBC system nor to criticize it, but to decide where the voids are in our 
knowledge on design criteria and operating conditions. If we are to take 
full advantage of all the good features of this process, we need to know 
these voids. Let's briefly look at some of the design considerations. 

SIZING AN RBC PLANT 

How do we size an RBC plant? Should the design of an RBC plant be 
based on hydraulic flow or organic loading? Should contact time be a con
sideration? The early developments of wastewater treatment processes in Eng
land and the USA were based on domestic sewage. Since all domestic sewage, 
in those days, contained about the same organic strength and the K-factors 
were similar, it was easier to report data in terms of hydraulic flow and 
percentage reduction. This parameter is convenient because for a given physi
cal system, hydraulic loading will be inversely proportional to detention 
time. If the first order reaction kinetics are applicable, percentage removal 
will be independant of organic concentrations. 

As our country became more industrialized, the domestic wastes became 
mixed with industrial wastes. Today we refer to this mixture as municipal 
wastewater. To account for this change, the sanitary engineers introduced a 
design factor called population equivalent. This was supposed to compensate 
for the differences in organic strength of wastes. This factor, however, did 
not take into consideration the treatability of the wastewater nor the K-factor. 
Unfortunately today we still refer to the efficiency of wastewater treatment 
systems in terms of percentage reduction. Percentage reduction has little 
meaning unless related to the strength and type of wastes. If a plant is 
heavily loaded organically, it is possible to have a 90% reduction and still 
produce a very poor effluent as opposed to one normally loaded achieving a very 
low BOD with the same percentage reduction. Percentage reduction can be mis
leading. For example, it is much easier to achieve a 90% reduction of phos
phorus on a raw wastewater that has 10 mg P/l than one that has 5 mg P/1. An 
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effluent standard of 1 mg P/l can be met with mineral addition but to achieve 
0.5 mg P/l would probably require filtration. In the future we will be more 
concerned with residuals in the effluent rather than about percentage reduc
tion. 

The measure of unit processes in the future will be cost vs residual. 
In other words, how much does it cost to obtain a certain residual. For 
example, to obtain an effluent containing less than 1 mg P/l costs about $50 
per million gallons (3785 m3). To achieve a residue of less than 0.5 mg P/l 
increases the cost twofold and for a limit of 0.05 mg P/l the cost soars 
twentyfold over the cost for 1 mg P/l. 

Since the early development work on the RBC process was done on domestic 
sewage, it was natural that the hydraulic flow was first used to size the 
plants. In that the basis for the RBC system is biological degradation, 
should not the controlling factors be based on microbiological principles? 
If so, then organic loading on the discs and oxygen mass transfer efficiencies 
of the system will be the controlling factors. Many investigators have con
cluded that the RBC system follows first order kinetics, but with varying 
reaction rates with various stages. 

DISC CONFIGURATION 

Most RBC plants designed today have equal disc surface areas for each 
successive stage of treatment. Dissolved oxygen (DO) profiles follow a pattern 
of rapid initial decline and slow recovery in successive stages. Under heavy 
organic loadings, the liquor from the first stage can be distinctly anaerobic. 
Thus, increasing the hydraulic loading and/or organic concentration.can stress 
the system. Increasing the number of stages will increase the total treatment 
potential of the system, reducing the stress. The excess organic material 
left untreated by the first stage can be treated by the second and third 
stage, etc. Having several stages can dampen out hydraulic surge and organic 
slugs. 

For a given disc area and disc speed, the amount of oxygen transferred· 
is fixed. An overstressed system will reduce the DO below the critical con
centration and the efficiency of the system will be drastically reduced. It 
is not the relative disc size or oxygen transfer efficiency, but the absolute 
oxygen transfer capability of the system which determines whether the DO will 
be reduced below the critical concentration. 

How do we alleviate the stress on the first stage? Should the first 
stage contain more disc area than the successive stages? Is the addition of 
liquid aeration a better design? Would step feeding of the system with part 
of the load added to the second stage be more cost effective? The addition 
of aeration would give the plant more flexibility in handling different types 
of wastes. Aeration may be the answer in situations where the waste charac
teristics are changed significantly by the addition of new industrial wastes 
after the plant has been constructed. Most certainly during the next three 
days disc configuration should be high on the list of topics to be discussed. 
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DISC SIZE AND ROTATIONAL VELOCITY 

Much of the data upon which mathematical models and full-scale designs 
are based were obtained from small pilot plants. The assumption was made 
that a unit area on a small disc is equivalent in organic removal capacity to 
that of a larger diameter disc. Because peripheral velocity (tip speed) is 
directly proportional to the disc diameter, both rotational velocity (RPM) 
and peripheral velocity cannot be simultaneously scaled. Tip speed has been 
used in most cases as the scale-up parameter. 

Evidence has been accumulating in the literature that larger discs have 
poorer oxygen transfer characteristics than small discs at the same tip speed. 
These studies would indicate that the possibility exists of introducing vari
able size discs in plants with smaller discs in the first stage where there 
is a high oxygen demand. Are further consi~erations of the diameter of disc 
and rotational velocity in order? 

COSTS 

The cost of constructing an RBC plant for a small treatment plant is 
almost as great as that of an equivalent activated sludge plant. The RBC 
process, being a unit modular process, does not have the scale-up advantages 
that other systems do. Ways need to be found to lower construction costs 
without increasing the service rate. Can cheaper material for the discs be 
found? Bacteria can grow on practically any material. All that needs to be 
done is rotate it. In the milder climatic portions of the USA a more open 
system could be designed. Lessons can be learned from the petrochemical 
industry for they have reduced cost by eliminating expensive structures. 
Less costly protection of the discs from elements can be designed. 

In closing, I make the plea that each one of you try to make this sympo
sium a workshop where new ideas and unexplored needs of the rotating biological 
contact process are discussed informally. The conference will be considered 
a success if we can clearly set forth the present knowledge on design criteria 
and define the research and development needs to fill the voids in our know
ledge. The adaptation of wheels as gears was a conceptual leap. Engaging 
wheel rims to transmit or modify motion was not obvious. Quantum improvements 
in the RBC system are not obvious, but I am confident that there are among us 
today many who will continue to improve the biological wheel. 
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Keynote Address 

TECHNOLOGY AND PUBLIC POLICY 

by 

Ravi Jain* 

Mr. Chairman, ladies and gentlemen; it is indeed an honor 

for me to be here. I hope to listen to your presentations this morning 

and learn from you about the RBC technology. After looking at the roster 

of attendees, it is clear that you are indeed a distinguished group of 

participants • 

I should tell you that for this keynote address I did receive 

advice from a number of sources. Dr. Ed Smith, who is one of the 

organizers of this conference, sent me a note and he said, "I know your 

keynote address will be thought-provoking, clever, and dynamic," and 

then he proceeded to attach an example keynote address from another 

conference, ostensibly to assist me w.ith preparing my remarks. The 

example keynote address would have taken about 37 minutes to deliver. 

I asked Dr. Wu, Chairman of the Symposium Organizing Committee, as 

*Chief, Environmental Division, USA-CERL, Champaign, IL. For the 
1979-80 academic year, Dr. Jain was on leave from CERL to study Public 
Administration and Policy at Harvard. 
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to how much time I have for my presentation. His response was: "not 

much." 

So, with the charge of making my presentation thought-

provoking and dynamic, and with the requirement of not using much time, 

I have decided to share a few ideas with you on the characteristics of a 

professional scientific community like the one you represent here and 

ideas on technology and public policy. 

As you know, a group of scientists, researchers, and other 

professionals, like yourselves, form a unique community. This com-

munity, as Daniel Bell has stated, 1 is such where the sovereignty is 

not coercive and the conscience is individualistic and sharing. As an 

imago (or an image), it comes closest to the ideal of the Greek polis. 

Robert Merton (a philosopher and author of Sociology of Science), has 

stated that ethos of a scientific community has four elements. 2 Two of 

these elements, that are particularly relevant to this conference, deal 

with sharing of knowledge and participating in organized skepticism. 

This conference is an example of a scientific community where many of 

you are willing to share your knowledge and scientific discoveries and 

at the same time participate in an organized skepticism in .an effort to 

scrutinize.and learn from the discoveries of others. So this sets the 

1. Bell, Daniel, The Coming Of Post Industrial Society, Basic Books, 
New York, 1973 (P 3 80). 

2. Merton, Robert K., The Sociology Of Science, The University of 
Chicago Press, Chicago, IL, 1973 (P 270). 
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stage and the environment for this symposium. 

Next, let me briefly comment on technology and public 

policy. In the context of this symposium, two aspects of technology: . 

technology development and technology transfer might be of interest. 

Technology Development: It .is clear that as scientists and researchers 

you are involved in developing new technology. Technology developed 

has to accommodate many conflicting requirements on our resources such 

as energy and other material and human resources. The RBC technology 

may well provide answers to some of these issues. 

Technology Transfer: The process of technology transfer, however, is 

difficult to understand if one were to look at science and technology in 

the context of the 19th century when science dealt primarily with machines 

and physica 1 tools, i.e., hardware. Today technology consists increas

ingly of "software". This software deals with procedures, methodologies, 

and systematization of ways of doing things as opposed to merely speci

fications for things. For the research organizations, technology transfer 

would have two distinct components. The scientific information which the 

organization obtains from the outside scientific community, this could be 

referred to as an "input" and the "output", would be the scientific con

cepts, procedures and methodologies, developed by the organization for 

the potential user. You would agree with me that any research organiza

tion represents only a very small portion of the total scientific community; 

7 



therefore, interaction with the wider scientific community is essential. 

This conference can serve as a vehicle for technology transfer both on 

the input side and the output side. For instance, on the input side by 

helping us relate to the wider scientific community as represented by this 

group, and also on the output side by documenting research results for 

the use of practitioners who are also represented here. 

As you know, tied to technology development and transfer 

is national productivity. It is interesting to note that the United States 

is far ahead of other industrialized countries in major technological 

innovations. However, if one were to look at trends in productivity 

represented by output per person hour, it is quite a different story. The 

U .s. productivity gain between 1960 - 76 was the smallest of the other 

major industrialized countries. 3 Some figures for the U.S. for 197 9 show 

a decline in productivity which is quite alarming. It is possible that a 

lack of sufficient investment for transferring and implementing new tech-

no log~ accounts for, to some degree, this decline in productivity. 

I would suggest that your effort here would help immensely 

towards bridging this gap between technology development and tech-

no logy transfer. 

The last item I would like to discuss with you is public 

policy as it relates to the environmental issues. While most of us 

3. Science Indicators - 197 6, National Science Board, National 
Science Foundation, 1977 (P 3 5). 
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understand that public policy affects the extent to which resources are 

available for clean water, clean air and environmental protection and 

also resources for developing technology necessary for achieving these 

goals, let me suggest, we often ignore the effect technology has on 

policy. If clean water, clean air and other environmental amentities 

are important, then, it is essential that when the trade-offs between 

conflicting demands on resources are made and public policy decisions 

reached that people like yourselves -- who are knowledgeable not only 

in the environmental issues but also in economic and social issues -- be 

involved in these deliberations. This is essential if your knowledge 

of not only existing technology but also emerging tee hno logy is to pos i -

tively affect national policy. I believe more can be done in this area. 

I would simply like to close my address by commending the 

many sponsors and organizers of this symposium. Organizing a symposium 

like this requires considerable effort. Many of you who have organized 

similar activities know exactly what I am talking about. I hope to listen 

to your papers and get an opportunity to exchange ideas with you. As 

Dr. Wu mentioned, many of our participants have come here from other 

countries; all of you have come here leaving behind other important com

mitments. Your willingness to share your ideas and participate in this 

symposium are commendable. 

9 



MALLAIRE
BlankStamp



A HISTORY OF THE ROTATING BIOLOGICAL 
CONTACTOR PROCESS 

By 

E. n. Smith 
Environmental Engineer, U.S. Army Construction Engineering 

Research Laboratory, Champaign, IL 61820 

J. T. Bandy 
Environmental Engineer, U.S. Army Construction Engineering 

Research Laboratory, Champaign, IL 61820 

Introduction 

In comparison to many other sewage treatment technologies (e.g., 
activated sludge and trickling filters) relatively few dollar and manpower 
research resources have been spent studying Rotating Biological Contactor 
(RBC) technology. The resultant lack of knowledge is due, in part, to the 
fact that the RBC process is relatively new in the United States. In fact, 
only a few RBC plants have been operational for more than a few years. Most 
of these are utilized for secondary sewage treatment with a few used for 
upgrading existing sewage treatment plants (nitrification and denitrification) 
or industrial waste treatment applications. Although millions of dollars have 
been spent by American.industries and municipalities for RBC process equip
ment, the latest wastewater treatment guidance documents reveal a conspicuous 
lack of information regarding the RBC unit process. For instance, many excel
lent documents which provide design and operation and maintenance 
criteria/guidelines are readily available for traditional technologies such as 
the activated sludge and trickling filter processes. An example of such a 
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publication is the excellent EPA report - Process Control Manual for Aerobic 
Wastewater Treatment Facilities (1). The purpose of the publication is to 
provide guidance to optimize the performance and to help establish process 
control techniques for trickling filter and activated sludge systems. There 
is no comparable manual for RBC technology. Other examples which demonstrate 
the novel nature of RBC technology in the United States are two excellent EPA 
documents - (1) Upgrading Trickling Filters (2) and (2) Process Design Manual 
for Upgrading Existing Wastewater Treatment Plants (3). They do not mention 
RBC technology. In addition, commonly used "state-of-the-knowledge" documents 
which are designed as guidance for the selection of wastewater treatment sys
tems based upon economic considerations either do no~ have RBC cost curves 
(capital, O&M, energy, etc.) or the curves are dated. Because of the relative 
newness of RBC technology in the U.S., guidance is scarce with regard to RBC 
applicability, design, O&M and economic considerations. 

The lack of empirical data and guidelines is complicated by the fact that 
there is no well-defined theory of design and operation accepted by all RBC 
manufacturers. Activated sludge, trickling filter and most other wastewater 
treatment processes may be designed and constructed without significant depen
dence upon equipment proprietors. This is not the case with RBC technology. 
Design engineers who have selected RBC technology are extremely dependent upon 
proprietors' design curves. This situation is compounded by the fact that the 
various RBC proprietors/manufacturers have differing philosophies of design 
and varying media densities, structure, etc. 

Status of RBC Technology Today 

RBC technology has been very popular in Europe for many years, and 
recently, in the u.s., has become increasingly popular for both municipal and 
industrial utilization. The extent and magnitude of interest regarding RBC 
technology becomes immediately evident when one contemplates the recent number 
of publications reporting RBC related research and operations experience. 
This symposium is further evidence of the interest the various sectors 
(private, academic, research, government agency, regulatory, A/E, professional 
organization, design engineer, industrial, and plant operators) have regarding 
RBC technology. All of the above and other professionals involved in wastewa
ter treatment and management are represented at this symposium. Other man
ifestations of interest with RBC technology include the following: 

1. The American Society of Civil Engineers (ASCE) has formed a "Rotating 
Biological Contactor Task Committee." (A report from this committee is 
scheduled in this symposium). 

2. The u.s. Army Construction Engineering Research Laboratory and the 
u.s. Army Medical Bioengineering Research and Development Laboratory is inves
tigating RBC technology applicability for upgrading existing Army sewage 
treatment plants. 
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3. The ~ederal Highway Administration, U.S. Department of Transportation 
has cooperated in research associated with the RBC process as a treatment 
method for wastewaters of roadside packs (4). 

4. An ad hoc committee has been formed to evaluate the applicability of 
RBC technology for the People's Republic of China. 

5. Proprietors/manufacturers of RBC equipment have increased dramati
cally during the last few years. Many of them are represented at this sympo
sium. 

Legislative Requirements 

In 1972, Congress initiated a comprehensive program to restore and main
tain the quality of the nation's rivers and lakes by passing amendments to the 
Federal Water Pollution Control Act (P.L. 92-500). The 1977 Clean Water Act 
(P.L. 95-217) reaffirmed this commitment through additional amendments which 
strengthened a number of the provisions of P.L. 92-500. These two laws 
require that industrial and municipal waste treatment operations constrain 
their point source wastewater effluents within prescribed limits of quality. 
In fact, certain mandatory penalties are stipulated and are enforced by the 
EPA. 

Several wastewater technologies are available as candidate mechanisms for 
meeting these secondary or even more stringent NPDES permit stipulations. 

Each of these technologies exhibits its own inherent technical and 
economic attributes (advantages/disadvantages, etc.). There has been a recent 
tendency among consulting firms to choose the more capital- and energy
intensive, and the more complex technology should be used when it is applica
ble to particular wastewater problems. However, it is more sensible to choose 
simple to operate, economical and reliable technology whenever possible. RBC 
technology is conducive to meeting these requirements. In particular, if one 
evaluates (and compares to other processes) RBC energy scenarios, 
operational/maintenance requirements, efficiency, reliability under various 
environmental and loading conditions, it becomes evident that RBC technology 
dhould be considered as an option whenever municipal and industrial pollution 
abatement is required. 

Personnel interested in considering the RBC process as an option are 
faced with finding answers to the following questions: 

1. How can I insure that RBC technology is right for my particular 
situation? 

2. How much does it cost? 

3. Are the RBC units easy to install and start up? What about site 
preparation? 
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4. Can we obtain the process and install it into a tight compliance 
schedule. 

s. What are the RBC's operational and maintenance problems/costs? 

6. How does RBC technology compare with other technologies? 

7. Is the process reliable and effective under a variety of climatic 
conditions and under hydraulic, organic, and ammonia loadings? 

8. What are the appropriate design criteria? 

9. What are the system's land requirements? 

10. What are its skill and manpower requirements? 

11. What are the process advantages/disadvantages? 

12. Can the process be retrofitted to existing secondary equipment to 
meet biochemical oxygen demand (BOD), suspended solids (SS), and ammonia 
requirements? 

13. What industrial pollutants will RBC technology successfully treat? 

14. What about nuisances (odors, filter flies)? 

15. How does energy consumption compare to other processes? 

16. What are the sludge characteristics? 

17. What is the need for clarification prior to disinfection and 
discharge, and what design criteria are appropriate for clarification? 

18. What are the life expectancies of major control components? 

19. What new developments are anticipated for RBC technology? 

20. What is the effect of extremely low temperatures? 

21. What are the safety considerations? 

22. What information is available? 

23. What are the opinions of RBC plant operators? What kind of problems 
can I expect? 
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Need for an RBC State-of-the-Knowledge Definition 

It is anticipated that this symposium will answer many of these questions 
by providing a state-of-the-knowledge definition of RBC technology. At the 
very least, the symposium will provide a forum for identifying problems. This 
problem definition will be interpreted into a prioritized list of research 
needs. As the research is performed, the design and O/M problems may be 
solved with a resultant increased popularity of RBC technology. 

History of the Rotating Biological Contactor 

According to a recent EPA report (5): 

The RBC concept of treating waste streams biologically 
has been known for many years, but it was not until 
strong, lightweight plastics become available that signi
ficant interest in the technique began to develop. The 
treatment technique is to grow biologically active masses 
on a series of discs that slowly rotate, alternately 
exposing the biomass to the air and to the wastewater. 

In early models, the discs were made of metal and were heavy, 
cumbersome, and subject to corrosion. Recent models have 
discs fabricated of polyethylene or polystyrene. Many inves
tigators have found advantages for the RBC over activated 
sludge or other conventional treatment systems based on spe
cialized circumstances ••• 

Historical information is also provided in a Civil Engineering article 
(6) titled "Behind the Rapid Rise of the Rotating Biological Contactor": 

The rotating biological contactor goes back to the 1920s. 
Investigators in both the u.s. and Germany experimented 
with using rotating wood surfaces. But wood surfaces 
were impractical to manufacture and deterioriated, and in 
those days, few communities were putting in secondary 
treatment. 

Not much more happened until the 1950s. In that decade, 
investigators at Stuttgart University, West Germany, 
attempting to improve the secondary treatment process, 
experimented with wooden and plastic flat disks rotating 
in wastewater. 

In 1959, J. Conrad Stengelin began to manufacture 2 and 3 
meter diameter expanded polystyrene disks in West Ger
many. The first commercial installation went on stream 
there in 1960. But the rotating disk process was not 
cost competitive with the activated sludge process; ini
tial capital costs were considerably more than for 
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ac~~~·~ted sludge plants. Nonetheless, many small plants 
were installed in Germany in the 1960s -- most serving 
less than 1000 people. These small municipalities were 
willing to pay more in initial cost to get a plant 
requiring little maintenance and low energy consumption. 

After 1960, further development of the rotating biologi
cal contactor stopped in Europe. But between 1960 and 
1965 in the U.S., Allis-Chalmers did much development of 
rotating disks. 

In 1970, Allis-Chalmers sold its rotating biological 
contactor technology to the ~utotrol Corp. (Milwaukee, 
Wisc). At that time, the polystyrene disks were still 
not competitive with the activated sludge process. Even 
as late as 1972, Autotrol had sold only a few RBC instal
lations for sewage treatment. The capital cost of the 
polystyrene disks was simply too high. 

Breakthrough Sparks Growth of RBCs 

Then, in 1972, came an important breakthrough: the 
development of a more compact disk, one with much more 
surface area for a given volume. Until then, the RBC 
unit consisted of a series of parallel, flat 0.5-in.
thick expanded polystyrene sheets, each separated by a 
o.75-in. space. Now, Autotrol came out with an arrange
ment of 1/16-in.-thick polyethylene sheets with a 1.2-in. 
space separating them filled with a honeycombed 
polyethylene configuration. Whereas the standard poly
styrene RBC un~t was 10 ft in diameter and 17 ft long 
with 21,000 ft of surface area, the new polyethylen2 RBC 
unit was 12 ft in diam., 25 ft long, with 100,000 ft of 
surface area. In recent years, Autotrol has developed a 
still more compact arrangement for nitrification applica
tions -- the distance between adjacent polyethylene 
sheets being only 0.6 in., wizh total surface area of a 
standard RBC being 150,000 ft ••• 

The use of RBC technology in Europe (particularly in Germany) has been 
quite extensive, and over 700 installations (some with more than 25 years of 
experience) are presently in operation. Most of them are small, but the muni
cipal plant at Ponavischigen, West Germany, serves about 100,000 persons (7). 

Since 1972, the number of wastewater treatment facilities in the United 
States utilizing rotating biological contactors has increased more than 300, 
with another 300 now in the planning stages (8). An excellent historical 
review of the RBC process can be found in Ph.D. thesis of c. G. Grieves sub
mitted to Clemson University. 
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RBC Literature Review 

The following literature review provides information concerning various 
aspects of theory, design, and operating experience associated with RBC sys
tems. 

Historically, rotating biological contactors have been used to remove 
organic carbon from wastewater. This process was later expanded to include 
nitrification and denitrification of wastewater. One of the earliest reports 
of RBC application in the United States is by Welch (9), who successfully 
treated highly concentrated wastes using an RBC system installed at Allis
Chalmers, West Allis, WI. In terms

3
of chemical oxygen demand (COD), as much 

as 800 lb/1000 cu ft/day (1.28 kg/m /day) removal was recorded. Torpey, et 
al. (10) reported a 10-stage RBC with aluminum disks which decreased BOD from 
124 mg/l in the influent to 9 mg/l in the effluent after 5 months. Nitrifica
tion also occurred, which reduced the ammonia nitrogen content of the effluent 
(NH

3
-N) from 14.2 mg/l to 5.7 mg/land correspondingly increased the nitrate 

from zero to 10.4 mg/l in the effluent. Antonie (11), in his study of the RBC 
process response to fluctuating flow, reported significant chemical oxygen 
demand (COD) removal when the hydraulic residence time of wastewater was 
approximately 60 minutes. Hydraulic surge, which reduced the residence time 
to 30 minutes or less, resulted in low COD reductions. In a later report, 
Antonie (12) noted successful applications of the RBC process for treating 
various food and nonfood processing wastes. In an EPA demonstration project 
using the RBC system as a full-scale secondary treatment plant, Antonie (13) 
reported good BOD removal and some nitrification. In the winter, the system 
was placed in an enclosure to protect the biomass from freezing temperatures. 
In a pilot study conducted by LaBella, et al. (14) it was rep~rtzd that the 
RBC process at a hydraulic loading of 1 gal/sq ft/day (0.04 m /m /day) could 
remove BOD from winery wastes at an efficiency comparable to that of an 
activated sludge process. However, the yearly operating cost of the RBC pro
cess was found to be $6000 per year less t~an the activated sludge process for 
a flow of 0.34 to 0.44 MGD (1290 to 1665 m /day). Chittenden, et al. (15) 
also used the RBC system to treat an~er~bic lagoon effluents. At a hydraulic 
loading of 4.0 gpd/sq ft/day (0.16 m /m /day), increasing the rotating speed 
of the first stage to 6 rpm produced a 79.5 percent BOD reduction and an 
overall BOD reduction of 83.2 percent from an influent having an average of 
225 mg/l BOD. Higher hydraulic loading and lower rot~tional speeds resulted 
in poor efficiency of BOD removal and little or no dissolved oxygen in the 
system. Using a synthetic wastewater for an RBC process study, Stover, et al. 
(16) reported that more than 90 percent COD removal was possible as long as 
the ~rganic loading was kept below approximately 400 lb/1000 cu ft/day (0.64 
kg/m /day). Using the same RBC system for slaughterhouse waste treatment, 
only 70 percent COD removal was achieve~, even though the organic loading was 
low at 100 lb/1000 cu ft/day

3
(0.64 kg/m /day). Increasing the loading to 400 

lb/1000 cu ft/day (0.64 kg/m /day) reduced removal efficiency to 15 percent. 
Expressed in lb COD/day/1000 sq ft of disk surface area, the maximum COD remo
val2for slaughterhouse waste was approximately 4.0 lb CO~/day/1000 sq ft (19.5 
g/m /day) at loadings of 8 lb COD/day/1000 sq ft (39 g/m /day) or higher. An 
investigation (17) to determine the efficiency of the RBC process on raw 
wastewater from a liquid detergent manufacturing plant was performed. 
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Selected parameters were chosen for measurement, including (COD), COD, BOD, 
MBAS and no. 

Applications of the RBC process for nitrification of wastewater or sludge 
supernatant have been reported. Weng, et al. (18) evaluated various parame
ters affecting the process performance and showed that among influent loading, 
flow rate, rotational disk speed, detention time, effective disk surface area, 
and submerged disk depth, only influent loading, flow rate, and effective disk 
surface area were important in determining nitrification efficiency (tempera
ture steady at 20°c and disk rotating speed at 10.5 or more rpm). In effect, 
NH3-N loading was the only controlling factor. 

Antonie (19) reported that at various treatment plants ~sing the Bio-surf 
RBC process, as much as 0.8 lb NH3-N/day/1000 sq ft (3.9 g/m /day) could be 
removed. Generally, 90 to 95 percent nitrification was obtainable. A pilot 
plant study conducted by Hao, et al. (20) showed excellent NH -N removal at 
the Columbus, Indiana, sewage treatment plant. In January an~ February, when 
cold temperatures prevailed, 50 to 60 perce~t ~3-N removal was obtained at a 
hydraulic loading of 2.s gpd/sq ft (o.g13

2
m /m /day) and 90 to 95 percent 

NH
3

-N removal at 1.5 gpd/sq ft (0.06 m /m /day). When high strength ammonia 
wastewater (780 mg/l NH

3
-N on the average) was applied to a four-stage RBC 

system, Lue-Hing, et al. (21) foun~ that at an overall NH
3

-N loading of 15.g 
lb of NH

3
-N/day/1000 cu ft (2S g/m /day) and a wastewater temperature of 10 C, 

99.4 percent of the NH3-N waj removed; at an overall loading of 43.5 lb of 
NH2-N/day/1000 cu ft (70 g/m /day) and a wastewater temperature of 20°C, 99.8 
percent of the NH

3
-N was removed. The maximum removal r~tes in the

0
first 

stage ranged from 9S lb of NH3-N/da3/lOOO cu ft (1S2 g/m /day) at 9 C to 170 
lb of NH

3
-N/day/1000 cu ft (272 g/m /day). Recirculation of effluent in the 

RBC process showed insignificant improvement of nitrification. 

Temperature sensitivities of the RBC szstem have been evaluated by 
Murphy, et al. (22) over a range of S to 25 c. For both nitrification and 
denitrification, RBC temperature sensitivities were reported to be similar to 
those of suspended growth systems having long sludge retention times. 

With more than 4 months of RBC nitrification study at the Belmont Waste
water Treatment Plant at Indianapolis, Indiana; Reid, Quebe, Allison, Wilcox 
and Associates, Inc. (23) reported that although the RBC process appeared a 
feasible alternative nitrification process for waste containing relatively 
consistent NH3-N loadings, the process was unable to consistently maintain low 
(less than 1.0 mg/l) NH3-N levels in the effluent when the influent NH

3
-N load 

varied. In the same study, it was found that the RBC system could reduce the 
total BOD5 (carbonaceous portion only) in the clarified activated sludge 
effluent from 8 to 18 mg/l to 6 to 13 mg/l. The percentage of BODS removal 
was low (O to 57 percent) compared to the secondary treatment process. How
ever, soluble carbonaceous BODS removal was more successful (1 to 10 mg/l to 1 
to 3 mg/l, or 0 to 80 percent removal). By removing a portion of the treated 
effluent total suspended solids (TSS), an effluent with BOD

5 
less than 10 mg/l 

can be obtained with no difficulty. 
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Other studies also indicate the inability of the RBC system to remove 
total BOD • Reh, et al. (24), Lagnese (2S), and Sullivan, et al. (26) col
lected an~ analyzed operational data from various full-scale RBC plants and 
concluded that design of RBC systems should be based on soluble BODS loading, 
rather than on total BODS loading. In using the RBC system for upgrading 
existing secondary treatment plants and for tertiary treatment, it is impor
tant to recognize the inability to remove particulate BODS' particularly when 
the particulate portion of the total BODS is high. When the RBC unit is 
operated in series and following secondary treatment, a less efficient perfor
mance can be expected, since the wastewater contains a higher fraction of 
refractory organics. Finally, nitrified effluent from the RBC unit contains 
nitrogeneous oxygen demand (NOD) which can be a significant portion of the 
effluent BODS. Lagnese (27) suggested that a nitrification inhibitor .be used 
in the BODS analysis to eliminate NOD from the analysis. However, this 
approach may require some revision or clarification of the NPDES permit. 
Important RBC design considerations include the characteristics of wastewater 
to be treated and the degree of treatment desired. These considerations dic
tate such system parameters as number of stages, speed of RBC rotation, reac
tion tank volume, media density, and pretreatment. 

According to a literature search performed by Griffith, et al. (28), sys
tems treating municipal wastewater usually provide for two to four stages for 
secondary treatment and up to 10 stages if further treatment is required. 
Disk rotation velocities of 1 fps (peripheral velocity) are common for initial 
stages, with lower velocities (O.S fps) used in later stages as the oxygen 
demand in the wastewater

2
is reduced. Disk reaction tank volumes which provide 

0.12 gal/sq ft (4.89 l/m-) of disk (including di1k volu2e), or 1-hour deten
tion time, at a hydraulic loading rate of 0.06 m /day/m (l.S gpd/sq ft) of 
disk area, are common. A wide range of hydraulic and organic loading rates 
has been reported for systems trea3ing do,estic wastewater. Hydraulic loading 
rates ranging from 0.004 to 0.17 m /day/m (0.09 to 44.1 gpd/sq ft) of disk 
surface area and org2nic loading rates of 0.20 to 6.0 lb BOD per day/1000 sq 
ft (0.98 to 2.93 g/m ) of disk surface area are documented. Systems having 
disks aligned parallel to the direction of flow and perpendicular to the 
direction of flow have been described. The disk reaction tank is generally 
contoured to the shape of the disks, which improves mixing of the wastewater 
within each stage. Documented disk materials include aluminum, polystyrene, 
polyethylene, and plexiglas. Desirable properties in a disk material are low 
density and rigid shape. Disk diameters range from 6 in. to 12 ft (lS.2 cm to 
36S.8 cm), with spacing between disks ranging from 3/8 to 3/4 in. (0.96 cm to 
1.9 cm). The disk is generally immersed in the wastewater to between 40 and 
SO percent of its diameter, with the only criterion being that its entire sur
face becomes wet. 

Final solids removal facilities are generally incorporated into the total 
treatment scheme. A biomass generation of approximately 0.4 lb (.16 kg) of 
dry solids per pound of BOD removal has been reported. Systems used to tran
sport the settled biological solids to storage and treatment facilities 
include screw conveyors, scraper/bucket schemes, and pumps. 
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Description of Modern Process (29) 

In its present form, the rotating biological contactor process consists 
of a series of closely spaced discs (10-12 feet in diameter) mounted on a hor
izontal shaft and rotated while about one half their surface area is immersed 
in wastewater. The media commonly used in Europe and originally introduced 
into the U.S. consists of a series of parallel, closely spaced flat discs. 
Now many u.s. manufacturers offer media with a lattice structure. This more 
complex structure offers more surface area per unit volume. 

When the process is placed in operation, the microbes in the wastewater 
begin to adhere to the rotating surfaces and grow there until the entire sur
face area of the discs is covered with a 1/16 to 1/8 inch layer of biological 
slimes. As the discs rotate, they carry a film of wastewater into the air, 
where it trickles down the surface of the discs, absorbing oxygen. As the 
discs complete their rotation, this film mixes with the reservoir of wastewa
ter, adding to the oxygen in the reservoir and mixing the treated and par
tially treated wastewater. As the attached microbes pass through the reser
voir, they absorb other organics for breakdown. The excess growth of microbes 
is sheared from the discs as they move through the reservoir. These dislodged 
organisms are kept in suspension by the moving discs. Thus, the discs serve 
several purposes. They provide media for the buildup of attached microbial 
growth, bring the growth into contact with the wastewater, and aerate the 
wastewater and suspended microbial growth in the wastewater reservoir. The 
speed of rotation is adjustable. 

The foregoing description was excerpted from a recent EPA technology 
transfer publication. It describes the operation of RBCs for organics removal 
and, with minor modifications, for nitrification. When RBCs are used for den
itrification, the entire disc is submerged and rotation provides mixing but 
not oxygen exchange. 

The rotating biological contactor process, like any other treatment tech
nology, has inherent advantages and disadvantages of which prospective users 
should be aware. 

Advantages 

Rotating biological contactors have a number of characteristics which 
commend them to the design engineer. They can provide a very high degree of 
treatment. They require less area than most other comparable processes. They 
can be retrofit easily to existing plants. 

RBCs show high efficiency in oxygen transfer. They handle organic over
loading well due to the large biomass on the discs. Since they involve 
attached growth, they are much less likely to fail through washout when condi
tions adverse to the biological growth occur. There is no bulking, foaming, 
or floating of sludge to interfere with a plant's overall efficiency. Short 
circuiting in the biological reactor cannot occur. 
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In laving out a plant, RBCs offer advantages beyond their relatively low 
area requirements. Because most RBC units operate with a net increase in 
hydraulic head, pumping which would otherwise have been needed may be obvi
ated. Less excavation is required for RBCs than for activated sludge aeration 
tanks, a characteristic of the process which is especially helpful in high 
water table areas. Finally, RBCs are versatile both in the functions which 
they perform and in the flexibility with which they can be configured. There 
is even a choice in the methods for rotating the discs. Mechanical drive 
units can be employed or an air drive mechanism can be used which has fewer 
moving parts and which uses less energy. 

However the discs are rotated, RBC technology uses up to 50 percent less 
energy than activated sludge units. Over the lifetime of a plant, this can be 
a very important advantage. The low speed of the mechanical drive units 
reduces their maintenance requirements and prolongs their lives. 

Rotating biological contactors are simple to operate. There are no 
sludge or effluent recycle streams, although recycle has been shown to be 
advantageous in some applications. The sloughed biomass settles well and can 
be more reliably removed than the solids from an activated sludge tank. Cla
rifier design and operation, which frequently limits the performance of plants 
relying on other processes, is far less critical in RBC installations. 

Because Rotating Biological Contactor treatment is simple and stable with 
respect to most potentially upsetting fluctuations in influent flow and qual
ity, it requires fewer process decisions by the operator than do activated 
sludge processes. Thus, satisfactory operation can be achieved with less 
highly skilled personnel than are needed for activated sludge. This factor 
could mean considerable savings in operating a treatment plant as well as mak
ing the operation of a plant more predictable. Since less than optimal 
operating procedures have been cited as a leading cause of plants failing to 
achieve the results for which they were designed, the advantages of the simple 
RBC process may be greater in practice than a comparison of design perfor
mances would indicate. The rotating disc process lends itself well to upgrad
ing existing treatment facilities. Because of its modular construction, low 
head loss and shallow excavation, it can be installed to follow existing pri
mary treatment plants, including Imhoff tanks and septic tanks. 

Disadvantages 

RBC technology is not without its share of problems. The oldest U.S. 
plants have been in operation for only 7 years. The structural integrity of 
RBC units is untested by time. In one instance, plastic media tore loose from 
its drive shaft. It has been a common experience for tie rods to loosen and 
cause uneven rotation and need for realignment. Oil leaks from drive units 
are common. 

Although low maintenance costs are often cited as an RBC advantage, these 
costs are strictly proportional to plant capacity, exhibiting none of the 
economies of scale observed with other non~modular technologies. Similarly, 

21 



area requirements for RBC installations are proportional to plant capacity so 
that an RBC advantage for small- and medium-scale plants becomes a liability 
in very large capacity applications. The use of air drives reduces the rela
tionship between plant size and maintenance costs because each shaft does not 
require a separate electromechanical drive. Air drives avoid another disad
vantage which has been cited for RBCs; rotational speed can be continuously 
adjusted by turning a few valves. Altering the rotational speed of elec
tromechanical drives requires modifying each drive unit. A large plant may 
have dozens. 

Enclosures are necessary where very low air and wastewater temperatures 
occur in order to achieve acceptable performance. Installations in warmer 
areas may also require enclosures for protection against wind, precipitation, 
and vandalism. Provision of enclosures increases an RBC installation's ini
tial cost and is thus a disadvantage, although protected RBCs probably operate 
more stably, especially in winter. 

When grit and primary solids removal is inadequate, suspended solids may 
accumulate in RBC reactors. Foul odors and falling process efficiency ensue. 
This is a potential RBC disadvantage which can be avoided by ensuring that the 
RBC's influent has had good primary treatment. When excess solids do pass 
through to an RBC unit, they can be periodically pumped out of the reactor. 

While the RBC process is a relatively stable one, RBC operation can be 
disrupted by many of the same influent fluctuations which upset other 
processes. Organic and hydraulic shock loadings are handled comparatively 
well by RBCs, but some loss of process efficiency will occur. Toxic sub
stances in the influent may cause a sometimes catastrophic loss of biomass 
from the discs. Process efficiency will fall. Recovery, however, is usually 
more rapid than that of trickling filters which have been similarly insulted. 
Extremes of wastewater pH have an adverse effect upon RBC system performance. 
This, of course, is a disadvantage common to all biological treatment 
processes. 

It is common for organisms to develop on RBC media which are whitish in 
color. Th.is white biomass, which is probably composed of Thiotrix or Beggia
.!:.2!_, is of little concern when it appears in small patches. As these patches 
expand to cover a significant p~oportion of the discs, however, process effi
ciency falls. The white biomass phenomenon is associated with septic 
influents containing high concentrations of hydrogen sulfide. It can be 
prevented or cured by preaeration of the wastewater or by the addition of oxi
dizing materials such as hydrogen peroxide to the water. 

Overloading of the first stage of an RBC installation can c~use odors to 
develop and less than adequate removals to occur. Where this problem is 
observed or anticipated, extra surface area can be provided in the first 
stage, alleviating the overload conditions. When the overloads are episodic, 
equalization upstream from the RBC reactor can be as useful with this technol
ogy as with others. 
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Some disadvantages have been charged to the RBC process which will prob
ably disappear as the technology matures. Extensive and intensive controversy 
exists regarding design criteria, optimum rotational speeds, matrix design, 
media configuration, recirculation requirements, surface-to-volume ratio for 
the reaction chambers, and appropriate scale-up procedures. Compared to many 
other modeling efforts, RBC modeling is in its infancy. Further operational 
experience, additional research, and symposia such as this one can be expected 
to remedy these shortcomings. 
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EPA RESEARCH PROGRAM FOR RBC 

By 

Edward J. Opatken 
Chemical Engineer 

Municipal Environmental Research Laboratory 

U.S. Environmental Protection Agency 
Cincinnati, Ohio 45268 

The EPA municipal wastewater research effort on Rotating Biological Con
tactors (RBC's) was initiated in 1967. A contract was awarded to Allis 
Chalmers to test a bench-scale unit in their laboratory. This contract was 
extended to conduct an evaluation using the laboratory RBC unit on domestic 
wastewater in Milwaukee, Wisconsin. This was then followed by a contract to 
pilot test the RBC's at Pewaukee, Wisconsin, in 1969, and it was during this 
period that Allis Chalmers sold their RBC interests to Autotrol Corporation. 
EPA supported these series of studies with approximately $360,000 in contract 
awards between 1967 and 1969. The Pewaukee pilot plant contract amounted to 
$33,000 and Autotrol continued the pilot study with corporate resources for 
an additional six months beyond the EPA project completion date. 

The early research effort progressed from the laboratory scale in Mil
waukee, through the pilot scale in Pewaukee to a full-scale demonstration in 
Pewaukee, between 1967 and 1971. These concentrated research and development 
initiatives accelerated the introduction of RBC's as an alternative secondary 
treatment process. 

While EPA was supporting the research and development work in Wisconsin, 
a concurrent grant was awarded to Rutgers University to conduct a literature 
search. This was then followed with a research grant to study a bench-scale 
RBC unit. 
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These initiatives into laboratory and pilot plant scale evaluations were 
instrumental in establishing the feasibility of RBC's, and the next step was 
a demonstration with full-scale equipment at Pewaukee, Wisconsin in 1971. 
The Village of Pewaukee, along with Autotrol Corporation, conducted a compara
tive evaluation of the RBC process with an existing trickling filter plant 
and concluded that RBC's were an effective treatment process. Additional 
work was done on phosphorus removal by mineral addition. The EPA share of 
the project cost was approximately $400,000. 

In 1972, EPA granted the West Virginia University an award of $16,000 to 
evaluate an RBC unit located at a summer camp, Camp Horseshoe in West Virginia. 

Following these projects which were directed towards speeding the intro
duction of new technology, the EPA research program was decelerated. The 
private sector came to the forefront and took up the research slack and intro
duced novel equipment and process innovations to improve the cost effective
ness of the process. The number of manufacturers supplying RBC's grew and 
with this increase came further improvements spurred by competition for sales. 

The EPA research program for RBC's became selective. In the mid 1970's 
grants were awarded for specific or unique situations. The University of 
Michigan studied nitrification with RBC's in a pilot facility at Saline, 
Michigan. The City of Edgewater, New Jersey, was awarded a grant to evaluate 
a novel application in which a primary clarifier was converted to a secondary 
system by installing RBC's above a false floor. 

The entire RBC research effort was conducted via extramural grants, con
tracts, and cooperative agreements with universities and municipalities. This 
approach enabled EPA to handle a diverse program with a minimum of personnel 
and to perform these investigations within a minimal time frame. 

The rapid growth in the number of treatment plants employing RBC's by the 
late 1970's has caused a re-evaluation of the research program. The present 
technology used for designing RBC facilities is being questioned. Peripheral 
speed as a scale-up factor is being questioned. DO sags in the initial stage 
require corrective action. The EPA research program had earlier taken the 
position that development efforts that lead to equipment modifications and 
result in performance advantages should remain in the domain of the suppliers. 
However, the technical questions that are being raised effect performance and 
capital costs. Both of these items impact the EPA Construction Grants Program 
and answers are required to improve the cost effectiveness of the process. 

The RBC research program has again turned around to address these questions 
and a new program was developed to provide answers to these questions concern
ing RBC's. 

The symposium on RBC's at Seven Springs is geared towards producing a 
state-of-the-art on the latest technology. There are 70 plus papers that will 
be presented during this symposium that will cover•practically all aspects on 
RBC technology. In addition, there is a Research Needs Workshop on Tuesday 
night that is aimed at defining technical gaps in the present process so that 
solutions can be prescribed and evaluated for bridging these gaps and improve 
the overall effectiveness of the process. 
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The second phase of the EPA research program was an award of a contract to 
Roy F. Weston Consulting Engineers. They will assess the present design prac
tices and evaluate the applicability of the various parameters to adequately 
predict the performance of RBC's. Secondly, they will study several RBC oper
ating plants to determine if performance is within the design specifications. 
This phase of the program is well underway and Warren Chesner will bring us 
up-to-date on its progress later on this morning. 

The third phase of the EPA research program is a cooperative agreement 
under evaluation with the City of Columbus, Indiana, to study the questions 
that are being raised on RBC's. The City of Columbus has 10 lines of RBC's. 
Each line consists of 8 shafts. At the present time only seven lines are used. 
It is our intention to modify two of these lines to evaluate various RBC design 
parameters with full-scale equipment. This would allow a direct comparison 
between the two lines. One of the major issues confronting the designers of 
RBC facilities concerns the application of hydraulic or organic loadings as 
the preferred basis for specifying the surface area requirements on RBC's. 
To evaluate this function, the following ground rules were established for 
conducting the test at Columbus. 

1. A comparative evaluation between organic and hydraulic loadings would 
be performed. 

2. The flows to both systems would be controlled. 

3. The influent to both systems would be identical. 

4. Diurnal variation would be incorporated into the flow control system 
with a maximum to average ratio of 1.5 and a minimum to average ratio 
of 0.7. The system will also be capable of operating between 50 and 
200% of design flow to stress the RBC treatment trains. 

5. The RBC's are plant scale facilities. That is, the use of pilot scale, 
or more specifically, less than 10 foot diameter disks were forbidden 
to avoid controversy over the peripheral speed scale-up parameter. 

6. DO's would be continuously recorded at critical locations on each 
system. 

7. Chemical characterization would be conducted on the influent, effluent 
and at the various stages. 

Following this evaluation, the preferred mode of operation, organic or 
hydraulic, should be established. In addition, a secondary objective is to 
identify and improve the limiting factor governing RBC performance. If the 
data on DO identified this parameter as a contributing factor for limiting 
RBC performance, then provisions will be made to modify the process to improve 
DO levels. Several methods will be tried. Among them are: 

1. Increase rotating speed at critical locations. 

2. Force feed air at critical locations. 
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3. Evaluate the effect of lower immergence which increases the air 
contact time. 

This project is scheduled to start during May, 1980, and its estimated 
completion date is October, 1982. The approach should provide definitive 
answers to many of today's questions and should advance the technology and 
performance of RBC's. 
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ASCE WATER POLLUTION MANAGEMENT TASK COMMITTEE REPORT ON 
"ROTATION BIOLOGICAL CONTACTOR FOR SECONDARY TREATMENT 11 

Introduction 

By 

Shankha K. Banerji 
Chairman of Task Committee on RBC 
Professor of Civil Engineering 

University of Missouri 
Columbia MO 

ASCE EnvironmentaJ Engineering Division, Water Pollution Management 
Committee. (WPMC) established a task committee in October 1977 to write a State
of-the-Art report on Rotating Biological Contactor for Secondary Wastewater 
Treatment. The task committee has completed a second draft of the report 
which is under review by the committee members. It is expected that after 
final reviews, this report will be published later this year. Selected portions 
of the second draft of the report are presented here. 

Currently, the most common .. secondary biological treatment methods include 
the trickling filter process and its modifications, air or pure oxygen activated 
sludge process and its modifications, and rotating biological contactor (RBC) 
process. This paper will briefly summarize the p1~esent knowledge on the design, 
application and selection of the RBC process for municipal wastewater treatment. 

Process Description 

The (RBC) process is an aerobic, continuous flow, wastewater treatment 
system designed for municipal and many industrial wastewaters. The RBC 
process converts the influent soluble biodegradable organic wastewater con
stituents into biomass and off-gases. Biomass generated by RBC units is 
separated from the wastewater carrier stream in a sequential secondary 
clarifier. Settled wastewater is first introduced into a tank containing a 
series of high density polyethylene discs (media) attached to a horizontal 
shaft (Figure 1). In U.S. practice, the discs are mounted in the tank so that 
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about forty percent of the media area is submerged in the wastewater. The film 
of biomass growing on the media is responsible for the removal and conversion 
of the biodegradable organic wastewater constituents. The media is rotated 
continuously by mechanical or air drive systems so that the biomass film is 
alternately exposed to fresh wastewater in the tank and the air above the tank. 
For some specially designed RBC systems, additional treatment results from 
the development of unattached, suspended biomass culture in the mixed liquor 
of the tank. 

To avoid short circuiting in the tank, groups of discs are segregated by 
baffling into stages. For small installations, the flow path is usually per
pendicular to the disc faces. Larger installations are usually designed with 
a single shaft or a series of shafts constituting each stage with wastewater 
flow parallel to the disc faces. The microbial population in each stage can 
vary significantly depending on wastewater loading conditions. Heavy growth 
and substrate removal usually occur in the first stage followed by both de
creasing growth and carbonaceous removal in succeeding stages. Where nitri
fication of wastewater is desired, the latter stages can be constructed with 
more media surface area per shaft length since biomass production is reduced 
and bridging between adjacent discs is ·less likely to occur. 

As a result of continuous rotation, the media carries a film of wastewater 
into the air where oxygen is transferred through the liquid film surface. Both 
oxygen and organic substrate materials diffuse through the liquid film into the 
growing biomass film where they are consumed for growth and respiration purposes. 
Excess dissolved oxygen in the wastewater film is mixed with the contents of 
the bulk liquor in the tank and results in aeration of the wastewater carrier 
stream. 

Shearing forces exerted on the growing biomass film result in excess bio
mass being periodically sloughed from the media into the wastewater carrier 
stream. This sloughing action prevents bridging and clogging oetween adjacent 
discs. The disc mixing action keeps sloughed biomass solids in suspension 
until they are removed from the RBC tank and separation occurs in the final 
clarifier. In essence, the rotating media is used to both provide a support 
surface for microorganism growth and to assure an opportunity for contact 
between the microorganisms, the substrate and oxygen. 

Figure 2 shows a flow diagram for a typical RBC treatment plant. Float-
able and settleable solids in the wastewater are first removed by primary 
treatment. The primary effluent then flows to the multi-stage RBC unit where 
biological removal of organic material occurs. Each RBC stage tends to 
operate as a completely mixed, fixed film, biological reactor. Treated waste
water and sloughed biomass flows from stage to stage with progressively increasing 
substrate removal occuring. Sloughed biomass is separated from the carrier 
stream in the final clarifier and the underflow solids are disposed of by 
conventional means. Operation of the process is on a once through basis with 
no need for effluent recycling. 

The RBC process differs from the trickling filter by having a significantly 
longer retention time (8 to 10 times that of a trickling filter) and a dynamic, 
rather than stationary media; and from the activated sludge process, by having 
an attached rather than a suspended biomass and not dependent on suspended 
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culture separation and recycle. In the former case, higher levels of treatment 
are achieved by the RBC process and in the latter, the RBC process has less 
susceptibility to upset from changes in hydraulic or organic loading in either 
the reactor or clarifier. 

Process Applicability 

The RBC process may be used to remove a major protion of the biochemical 
oxygen demand (BOD), and ammonia-nitrogen (NH 3-N) from any biodegradable 
wastewater. The process is applied to treat domestic sewage in plants ranging 
from small package facilities to large municipal sewage treatment plants. Also, 
wastewater from dairies, bakeries, meat and poultry processors, pulp and 
paper mills, animal feed lots, distilleries, canneries, refineries and other 
biodegradable industrial wastewaters can be treated by the process. 

Process Hardware 

The process hardware consists of closely packed circular plastic media 
mounted on a shaft. The shaft is supported on bearings and connected through 
a gear box to an electric motor. The plastic media consists of corrugated 
polyethylene material. In one instance, the media consists of a drum filled 
with 38 mm plastic balls (Bio-Drum Process). The shaft rotates at 2-4 rpm 
inside a concrete or steel tank. The shaft length varies from 5 to 20 ft. 
depending upon the size of the unit. The diameter of the packed media on the 
shaft varies from 4 ft to 12 ft. depending on the capacity of the unit. For 
higher degrees of treatment and larger flow capacities several modular units 
may be placed in parallel or in series depending upon the configuration desired 
as shown in Figure 2. The RBC media is about 40% submerged in a trapezoidal, 
semi-circular or rectangular tank, with intermediate partitions in some situa
tions. To maintain performance under cold weather conditions, the modular RBC 
units are provided with fiberglas enclosure with access doors & ventilation. 
Alternatively, the RBC units can be housed in a conventional insulated struc
ture that covers a whole battery of units. 

In a recent development, air is introduced to aid in rotating the media in 
the tank. Figure 3 shows an air drive RBC system. In this process, plastic 
cups are welded onto the periphery of the media over the entire length of the 
contactor. A small air header placed in the tank underneath the media allows 
air to be released along the tank length. The released air is captured in 
the plastic cups causing buoyant forces to rotate the shaft. Radial passages 
in the media periphery cause a portion of the released air to flow upwards into 
the corrugated media sections. The supplementary aeration and increased 
turbulence achieved from this is sufficient to allow a reduction in rotational 
velocity of the media while still achieving the same degree of treatment. The 
air drive process requires about 25% less units for a given application com
pared to mechanical drive systems. 

Historical Background 

The RBC systems as presently used evolved from the research work of 
Popel and Hartman in West Germany in 1955 (1). However, earlier researchers 
in the USA had developed similar devices. Buswell, in 1929, developed a unit 
called "Biological Wheel 11

, which was similar to the present RBC units and whose 
purification capacity was thought to be based on biological principles. Later 
in 1931, pursuing this line of thought, Maltby patented a process that was based 
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on the biological wheel principles (2). Hartmann (1) credits Travis 
for the idea behind the RBC process. Travis in 1901 installed wooden strips 
in "Hydrolytic Tanks", (settling tanks) that were to catch cloudy non-settling 
solids from the wastewater by adsorption. These strips accumulated solids 
on their surfaces & eventually these solids would slough off the strips to the 
settling tank hopper. The development of the contact aeration by Hays in USA 
(3) and others in Europe (4), was a logical improvement of Travis's idea. 
The application of air below the wooden slots was to retain sludge floes in 
the aeration tank and improve effluent quality. However, these ideas were not 
integrated to produce the present RBC process until 1960 when Popel & 
Hartmann developed their immersion drip-filter (trauchtropfkorpern) (1). The 
first commerical RBC was installed in 1960 in West Germany & soon after it was 
widely applied throughout Europe (5). In U.S. Allis-Chalmers Company began 
development work in mid 1960's and presently there are-several companies 
offering these systemsforcommerical applications. 

PROCESS DEVELOPMENT 

Operational Characteristics 

The RBC systems employed for secondary waste treatment study usually 
involve 2-10 stages in small-scale laboratory units or 2-6 stage in full
scale pilot plants. Due to the change in physical and chemical properties of 
wastewater to be treated in each stage, the biochemical nature of micro
floral populations as well as metabolic end products varies significantly. 
Figure 4 shows the distribution of biochemical oxygen demand (BOD), chemical 
oxygen demand (COD), ammonia nitrogen (NH 3-N), nitrite (N02 ) and nitrate (N03) 
dissolved oxygen, suspended solids, dry weight of biomass, and pH in multi
stage rotating biological contactor systems (6,7,8 ). 

Apparently, the organic carbon in both high-strength industrial waste 
and normal-strength domestic waste can be effectively removed by the RBC 
system, but the degree of BOD and COD removal is highly dependent upon the 
rate of hydraulic loading applied to the system and the number of stages 
employed. Observations from Figure 4 reveal that the majority of the removal 
of biodegradable organic matter is achieved within first six successive stages. 
It was also found, however, that the rapid uptake of carbonaceous matter 
occurred in the first three stages. It is believed that improved removal 
achieved by successive stages is due to improved residence time distribution 
obtained by staging and the development of a biomass population in each stage 
that has adapted to treat the specific waste characteristics found in that stage. 

Study of nitrogen transformation as seen in Figure 4 indicates that the 
conversion of NH 3-N to nitrate and nitrate does not take place until stage 5 
where the BOD concentration has been reduced to about 20 mg/l~ Before Stage 
5, the concentration of NH:r-N increases slightly over influent because of the 
hydrolysis of organic nitrogen in the biological growth. Figure 4 also shows 
that the minimum level of dissolved oxygen occurs at the first and second stages 
and, thereafter, the content of dissolved oxygen in wastewater increases in 
each successive stage. This result explains why the microbial activities as 
expressed by oxygen utilization, change in each stage of the RBC unit. Rapid 
oxygen consumption results in a low concentration of dissolved oxygen in 
Stages 1 and 2. This suggests that the most active cell growth apparently 
takes place within these stages, where the wastewater is initially contacted 
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with biomass already developed on the disc surfaces. Studies of steady-state 
disc biofilm thickness at various stages by Pretorius (8), Pescod, et.al (9), 
and Sack, et.al (10) have confirmed the above statement. 

The development of the types of microorganisms on the media is certainly 
dependent upon the nutrients in the wastewater entering each individual stage. 
Torpey, et. al (7,11), Pescod, et. al (9), Sack, et. al (10), and Antonie, et. 
al (12) conducted examinations to determine biological solids characteristics 
on the media under various operational conditions in treating domestic and 
industrial wastes. Sack, et. al (10) found that in a four-stage RBC system, 
the overall appearance of sludge organisms ranged from a black stringly growth 
with white gelatinous patches on first and second stages, to a greenish-brown 
slime on third and fourth stages. However, the general findings based upon 
these studies reported by the above investigators are: 

11 The predominant organisims including Sphaerotilus and zoogleal 
bacteria are present on all discs. Besides these two important 
kinds, the diversity and abundance of free-swimming protozoa 
(Paramecium, Cyclidium, Ocomonas, Oxytrichia, and Euglena) are present 
in the first few stages. The growth of rotifers (E i hanes and Proales), 
stalked ciliates (Vorticella), nematodes (Ethmolaimus , and a loop 
forming fungus (Athrobotr)s) together with algae (Coelastrum, Chlorella, 
Fragilaria and Pinnularia take place in the last few stages only when 
organic loading is low but high enough to support microbial growth. 
The quickly developed biofilm at the earlier stages of the RBC system 
is much thicker than bacterial slime produced on the later discs. 

"The mechanisms of attached growth in a RBC treatment system is 
described as the filamentous organisms (Sphaerotilus, Geotrichum, 
Bacillus) actually serving a sort of skeltal system on which other 
microorganisms are able to attach. The thickness of biofilm is sub
stantially reduced in each stage as a result of significant r~duction 
in filamentous populations, and that is caused by the marked change 
of carbonenergy level in wastewater after passing it through each stage. 
Both Pseudomonas denitrificans and Beggiatoa alba are also present in 
the RBC system indicating that there are the involvements of nitrogen 
and sulphur transfers inherent in the systems. 

Operational Parameters 

The major factors controlling the RBC system opera ti on and performance are 
known to be: 

1. Influent wastewater substrate concentration 
2. Residence time of wastewater (or surface hydraulic loading) 
3. Wastewater temperature 
4. Media rotational speed. 

In addition to the above control parameters, the effects of disc immersion 
depth and disc surface area configuration and density on the treatment effic
iency of the RBC system may also be significant. However; these two parameters 
have been standardized for the purpose of optimizing the process design and 
operation. The current practice with regard to the immersion depth requirement 
is to ensure that 40% of the total disc surface area is submerged in the waste-
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water in the biological reactor. The total effective disc surface area for a 
fullscale treatment plant is determined for disc diameters commonly in the 
range of 10-12 ft., although the treatability study is often carried out by a 
relatively small pilot plant. 

Effect of Influent Wastewater Concentration 

The influence of the initial wastewater concentration on the removal of 
BOD and NH 3-N at various hydraulic loading rates is illustrated in Figures 5 
and 6. It is apparent from Figure 5 that a linear relationship between % BOD 
removal and hydraulic loading is found when treating both industrial and 
domestic wastes. However, the rate of BOD removal is entirely dependent upon 
the initial concentration of BOD in the wastewater. At a specific hydraulic 
loading, the BOD removal for a domestic waste increases as the initial con
centration of BOD increases. On the other hand, a decrease in the BOD removal 
is observed with increasing· initial BOD concentration when treating low
biodegradable industrial wastes. 

The removal of Ammonia nitrogen under different applied hydraulic 
loading rates is also affected by the initial wastewater characteristics. 
Figur~ 6 ~hows that.in ~he range of 9.5-36.0_m~/~ NH 3-N, the r~te of 
amnonia nitrogen oxidation decreases as the initial concentration of ammonia 
nitrogen increases. In addition, under the high initial NH3-N concen
tration, the fraction of ammonia nitrogen remaining increases significantly 
with an increase in hydraulic loading. 
Effect of Residence Time of Wastewater (or Surface Hydraulic Loading) 

The influence of varying residence time of wastewater on the efficiency 
of BOD and ammonia nitrogen removal is shown in Figure 7. It is evident that 
the system performance is closely associated with the liquid process retention 
time or the residence time of wastewater. At residence times less than 100 
minutes, the removal of BOD and NH 3-N always decreases as the flow rate in
creases or the residence time decreases. The substrate removal does not 
increase significantly much beyond a residence time of 100 minutes. 

As indicated earlier, the stability as well as the efficiency of a RBC 
waste treatment system is highly dependent upon the surface hydraulic loading 
rate. The parameter is normally expressed as flow per unit time per unit 
surface area (gpd/ft2 ) covered by biological growth and is inversely related 
to residence time. Many researchers have reported that increasing disc surface 
area or decreasing surface hydraulic loading increases substrate utilization 
(24,25,27). The increase in substrate utilization is mainly attributed to the 
longer wastewater residence time and the fact that the amount of active biomass 
on the disc surface relative to the substrate loading has increased (lower 
F/M ratio). -

The effect of hydraulic loading on the removal of BOD and ammonia nitrogen 
is shown in Figures 8 and 9. The studies of Antonie, et. al (15) and Tucker 
(21) indicate that the RBC process is approximately first order with respect 
to BOD and ammonia nitrogen removal, that is the rate of bio-oxidation reactior 
is proportional to the amount of oxizidable organic matter or inorganic 
nitrogen remaining. However, it is generally observed as in Figures 8 and 9, 
that the efficiency of substrate assimilation is reduced as the surface 
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hydraulic loading rate increases. Additionally, it is found that the influence 
of hydraulic loading on substrate removal is also dependent upon other par
ameters such as temperature, disc rotating speed, and number of stages. 

Effect of Wastewater Temperature 

The results of eight earlier investigations as shown in Figure 10 and 
11 demonstrated that increasing temperature increases the rate of substrate 
utilization. However, the magnitude of the temperature effect on the removal 
of carbonaceous and nitrogen compounds is actually determined by the applied 
hydraulic loading rate as indicated earlier. 

Figure 10 shows that at the wastewater temperatures of 550F or above, the 
percentage BOD removal increases with temperature is not significant. However, 
at temperatures greater than 550F, the hydraulic loading changes cause signif
icant% BOD removal changes. As the hydraulic loading rate increases, the 
inhibition caused by the low wastewater temperature becomes more appreciable. 
A similar effect on ammonia removal efficiency by nitrification with temp
erature is shown in Figure 11. It seems that biological nitrification 
exhibits a greater sensitivity to temperature and hydraulic loading rate. In 
general, as the hydraulic loading rate ·is controlled at less than 1.0 gallon 
per day per square foot, the percentage of ammonia nitrogen removal is not 
greatly influenced by the wastewater temperature unless it reaches below 55°F. 
However, a significant decrease in the % ammonia nitrogen removal results 
from a temperature drop after the applied hydraulic loading rate is in excess 
of 1.0 gallon per day per square foot. 

The temperature correction factor which is used for the conversion of 
treatment efficiency at any temperature to standard temperature of 2ooc or 
680C has been studied by Antonie (22) and Weng (24) in both pilot-scale and 
full-scale operations. The results indicate that the temperature correction 
factor varies in each stage of a RBC system and also 1s related to the degree 
of temperature fluctuation. It is generally found that the correction factor e 
(in the equation KT = K68 e T- 68 , where T is the temperature in Of) is approx
imately equal to 1.017 in the first few stages having a temperature higher 
than 55°F. The temperature correction factor is reduced from 1.017 to 0.645 
as a result of temperature drop from 550F to 400F. According to Weng (24), a 
lower correction factor (<l.017) is commonly observed in the last few stages 
even at wastewater temperature higher than 550F. 

Effect of Media Rotational Speed 

Disc rotation affects wastewater treatment in several ways. It provides 
contact between the biomass and the wastewater, it shears excess biomass, it 
aerates the wastewater, and it provides the necessary mixing velocity in each 
stage. Increasing the rotational velocity increases the effect of these 
factors. However, there is an optimum rotational velocity, above which treat
ment levels are no longer increased. This optimum velocity will vary with 
wastewater conditions, i.e., the optimum velocity is higher for more concen
trated industrial wastes and lower for more dilute domestic wastes. 

The effect of rotating disc speed on the perfonnance of the RBC system is 
shown in Figure 12. It is apparent from Figure 12 that the effect of rotating 
disc speed on BOD or ~OD removal cannot be well defined unless the process 
operation is classified in accordance with disc size. For a 2-4 stage treat-
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ment plant having the disc size greater than 6,5 ft., the optimum speed of 
disc rotation is approximately 4.6 rpm. Whereas in a small 4-10 stage pilot 
plant having a disc size of less than 3 ft., the most effective speed of 
rotation is somewhere between 6-10 rpm. The disc rotating speed in excess 
of the optimum velocity does not improve performance and wastes a significant 
amount of energy. Thus, rotational velocity of RBC media is an important 
design criterion. Testing of various diameter media has indicated that a 
fixed peripheral velocity can be used to determine the required RPM for any 
media diameter as long as there is no oxygen limitation on substrate removal. 
Under organic loading conditions where an oxygen supply limit exists, the 
angular velocity of RPM is the proper scale factor for various diameter 
media. The principle factor determining oxygen supply is the surface renewal 
rate per unit of wastewater flow and a proper scale-up for this factor is 
angular velocity. When an oxygen limit does not exist, the essential factors 
are hydraulic shear and mixing energy, both of which scale-up directly with 
peripheral velocity. Power requirements increase expenentially with increases 
in media velocity. For example, doubling the rotational velocity will 
typically increase the power consumption five-fold. Typicaly, full-scale 
RBC units consume from two to three KW per 100,000 sq. ft. of the media 
surface area when rotated at 1.6 RPM or a peripheral velocity of 60 ft. 
per minute. To significantly increase this rotational speed is not econ
omically justifiable, particularly when considering that.a 20-year present 
worth analysis of energy costs indicate that each horse-power of energy 
is worth $2,500 to $5,000. Therefore, a rotational speed of 1.6 RPM is 
considered a practical upper velocity limit to use, even when treating highly 
concentrated wastes (28). 

Surrrnary 

The paper describes some of the factors that affect the performance of 
RBC process for wastewater treatment. The major factors controlling the per
fonnance of the RBC process are: Influent Wastewater Substrate Concentration, 
Residence Time of Wastewater (or surface hydraulic loading), Wastewater 
temperature and media rotational speed. 
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CURRENT STATUS OF MUNICIPAL WASTEWATER TREATMENT 
WITH RBC TECHNOLOGY IN THE U.S. 

1.0 OVERVIEW 

By 

Warren H. Chesner, Ph.D., P.E •. 
Manager, New York Office 

Roy F. Weston 

John J. Iannone 
Associate Project Engineer 

Roy F. Weston 

The U.S. Environmental Protection Agency's Municipal Environmental 
Research Laboratory (MERL) and Roy F. Weston, Inc. are currently engaged in 
the evaluation of the Current Status of Municipal Wastewater Treatment With 
Rotating Biological Contactor (RBC) Technology in the United States. 

The study is outlined in six major categories: 

1. Review of Available Process Equipment 

2. Identification of Existing Facilities 

3. Review of Existing Design Procedures 

4. Evaluation of Field Process Performance Relative 
To Design 
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5. Evaluation of Field Operating Difficulties 

6. Evaluation of O&M and Power Requirements 

This paper summarizes the data collected and evaluated to date, 
briefly outlining equipment, existing facilities, design guides and power 
requirements, focusing on operating difficulties at surveyed facilities. 
A more detailed report is envisioned by early summer. 

2.0 AVAILABLE PROCESS EQUIPMENT 

RBC equipment can be placed into three basic categories: the media; 
the mechanical or drive components; and the tank or reactor. Each 
equipment manufacturer offers their own variation of media and drive com
ponents. 

Table 2.1 highlights the nominal parameters associated with the media, 
mechanical components and tanks. 

Some previous difficulties at RBC facilities have resulted from 
equipment problems, which affect both the mechanical and the process 
performance of the system. The media material, support, shaft strength, tank 
shape, baffling arrangement and clearance are some of the items which have 
adversely affected previous RBC performance, Further discussion of these 
problems are addressed in Section 6.0. 

3.0 IDENTIFICATION OF EXISTING FACILITIES 

There are approximately two hundred-sixty three RBC installations 
currently treating municipal wastewater, and fifty~eight installations 
treating industrial wastewater in the United States. Table 3.1 lists the 
distribution of municipal treatment facilities by flow range. Approximately 
twenty-five percent of the existing facilities are package plants provided 
as complete systems by RBC manufacturers. The largest operating RBC 
facility is an eighty shaft,' fifty-four MGD facility at Alexandria, Virginia. 

Figure 3.1 displays the regional distribution of RBC municipal 
facilities in the United States. The vast majority are located in the north, 
eastern and midwestern portion of the country~ New York State has the 
largest number of facilities, but approximately eighty percent of the 
thirty-nine identified plants are package plants, 

4.0 REVIEW OF EXISTING DESIGN.PROCEDURES 

Carbonaceous RBC removal rates per unit surface area are related to 
wastewater concentration, flow rate and temperature, 

54 



Ln 
Ln 
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TABLE 2.1 

BACIS RBC EQUIPHENT OIHFNSIONS 

Disc 

Shape 

Material 

D lameter 

Surface Area 

Spacing 

Construction 

Shaft 

Shape 

Material 

Thickness 

Length 

l12.!2ll 

Horsepower Ratings 

Drive Units 

Shape 

Material 

Baffles 

Circular 

High Density Polyethylene 

Standard: 12.0 Feet 
Range: 6.0 - 21.0 Feet 

Per 25-Foot Single Stage Shaft -
Standard Hedla: 100,000 - lo4,000 Square Feet 
High Density Hedla: 150,000 - 156,000 Square Feet 

S tend• rd Hed I 1: 1 .25 Inches 
High Density Hedla: 0.75 Inches 

Segmented (8 Pieces): Steel Supported 
Unitized: Heat Welded Self-Supported 

Cross-Section: Octagonal, Round Square 

Steel 

Huntclpal: 
Industrial: 

0.75 Inches 
1.50 Inches 

Standard: 25 Feet 
Range: 6.0 - 25 Feet 

3.5, 5.0, 7.5 

Hui tl-V-Bel ts 
Chain and Sprocket 
Enclosed Cartridge 

Contoured, Fl 1 leted, Flat Bottom 

Steel (0.25-lnch Thickness) 
Concrete (1.0-Foot Thickness) 

Overflow; Underflow 



TABLE 3.1 

TOTAL NUHBER OF OPERATlllG RBC lllSTALLATIOHS (19]9) 

T~ Flow Range (HGD) ~l 

Hunlclpal 0 - 0.1 74 

0.1 - 0.5 57 

0.5 - 1.0 41 

1.0 - s.o 74 

5.0 - 10.0 8 

10.0 - 20.0 5 

> 20.0 __.!! 
l.n 
CJ'\ Sub-Total, Hunlclpal: 263 

Industrial 0 - 0.1 20 

0.1 - 0.5 13 

0.5 - 1.0 2 

t .o - s.o 5 

5.0 - 10.0 0 

(1) 18 
-

Sub-Total, Industrial: 58 

...,._, -

(1) Size distribution not available 
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In recent years, RBC systems have been mathematically simulated, 
attempts have been made to establish scale-up factors, and operating data 
has been fitted to design curves. 

Current field design procedures are based upon manufacturers' 
established curves which define effluent concentrations (soluble or total 
BOD) in terms of applied hydraulic loading and influent concentration, as 
illustrated in Figure 4.1. Starting with a desired efficiency or effluent 
concentration and a given influent concentration, the designer simply 
selects the defined hydraulic loading which establishes the surface area 
requirement. These curves (Figure 4.1) are based upon field operation and 
have been established by developing relationships such as that presented in 
Figure 4.2. The shaded area shown in Figure 4.2 represents a range of disc 
performance as observed by the manufacturers. 

It is generally agreed that direct scale-up of RBC's, based upon unit 
area removal rates developed in pilot studies on small discs, cannot be 
extrapolated to full scale twelve-foot diameter installations. As a result, 
facility design is currently based upon previous operating experiences 
(design curves) or full scale pilot studies. 

Staging RBC units should theoretically optimize the process by 
establishing desirable cultures in each stage and max:i.mize removal rates. 
Current design guides recommend staging to achieve high removal rates, 
but have not definitively established the relationship between staging and 
existing design curves. 

Surface corrections are recommended for wastewater temperatures below 
55°F. Figure 4.3 illustrates three different existing temperature correction 
curves currently recommended. The lower curve illustrates temperature 
correction based upon a decreasing reaction defined by K2/K1 = l.042(T-20). 
Theupper curves simulate greater reductions in reaction rates at these lower 
temperatures. 

5.0 POWER REQUIREMENTS 

Power drawn by operating RBC units is a function of disc surface 
area, rotational speed and the organic removal rate of the individual 
shaft. Energy requirements increase as each of the above parameters 
increase. Variations in the media configuration of each manufacturer 
also be expected to affect the drag and hence, the energy utilization 
the system. 
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Results of a literature survey of RBC power requirements with 
respect to trickling filters and conventional activated sludge is presented 
in Table 5.1, which categorizes RBC energy requirements per million gallons 
between trickling filters and activated sludge systems. Such an analysis 
is helpful in preliminary assessments of energy requirements, but must be 
tempered with organic removal rates and efficiences to fully assess the 
actual effective use of power supplied for treatment. 

Preliminary results of field power studies are reported in Table 5.2, 
which depicts metered power drawn at five operating facilities. Power 
drawn per one-hundred-thousand square feet or shaft average 2.9 kw varying 
from 1.9 to 4.1 kw. Power tests (manufacturers) conducted on clean media 
at two locations, average approximately 1.4 kw per one-hundred-thousand 
square feet. Energy utilization per million gallons varied f~om 
five hundred-fifty five to three hundred-forty two kw-hftiG, averaging 
four hundred-ten kw-h/MG. This is consistent with the range observed in the 
literature survey (Table 5.1). 

Energy utilization per million gallons is related to the hydraulic 
loading and the rotational speed. Higher hydraulic loadings result in 
more favorable energy/flow ratios; however, these loadings must be 
commensurate with effective treatment. Lower rotational speeds will also 
reduce metered kw, but must insure adequate mixing and aeration. 

6.0 FIELD OPERATING DIFFICULTIES 

Seventeen RBC facilities have been surveyed to date to aid in the 
review of operating and performance problems. These seventeen facilities 
were selected because they represent facilities which have equaled or 
exceeded eighty percent of their design flow and, as a result, were 
considered more likely to display process operating difficulties if they exist. 

Table 6.1 outlines all reported difficulties. Some of these are 
minor and some are major. Some are directly attributed to RBC equipment and 
operation and some the result of design omissions and/or questionable 
operation practices. The analysis is designed to identify and review those 
reoccurring problems which limit RBC performance, and to 
identify problems which can be minimized in future facilities. 

Table 6.1 tabulates the actual and design hydraulic loadings of each 
plant, highlighting structural difficulties reported along with design 
loading problems and their impacts. 

6.1 STRUCfURAL PROBLEMS 

Structural problems are divided into three categories: media; shaft; 
and bearing. Of the seventeen plants surveyed, four experienced some media 
difficulties; three shaft problems; and two bearing problems. 
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TABLE 5.1 

LITERATURE SURVEY; ENERGY REQUIREHENTS OF SECONDARY TREATHENT PROCESSES 

Process Number Of Plants Average KWH/HG R1nge KIJH/HC 

Trickling Filter 6 693 400 - 1100 
I (192) ----

RBC 2 803 720 - 887 
5 (472) (408 - 585) 

Conventlon1I Activated Sludge 5 2680 I )00 - 4300 
2. (912) (894 - 930) 

NOTE: Data on plants given In p•rentheses 11 for secondary portion of process only. 

(I) Evaluation of Operation and Halntenance Factors Limiting Hunlclpal Wastewater Treatment Plant Performance; 
EPA-600/2-79-034; June 1979 

(2) Energy Use In Wastewater Treatment: Blologlcal Waste Treatment Systems; 
Paper Pre•ented At Second Hid-Atlantic Environmental Engineering De51gn Conference: Hay 1977 

(3) Roy F, We•ton Que5tlonnalre; October 1979 

(4) Design and Co5t Con•lderatlon• For A Blologleel Tower Treatment Sy•tem: 
Paper Pre•ented At First Hld-Atlantlc Environmental Engineering Design Conference: Hay 1976 

(5) Roy F, Weston Questlonn1lre: October .1979 

(6) Roy F, Weston Questionnaire; October 1979 

(7) Energy Conservation Dictates Innovative Treatment Plant Design; 
Public Works; 105.J.87 (1974) 

(8) Energy Requirements For Wastewater Tre1tment; 
Water and Sewage Works; December 1976 

__ s_ource 

(I) (2) 
(2) 

(I) (3) 
(I) (4) (5) (6) (7) 

(I) 
(4) (8) 



TABLE 5.2 

FIELD POllER TEST RESULTS 

2(1) H~draullc loedlnq 
Phnt No, )'1QW_l_HGD1 Hetered KV Draw/100.000 Ft, K\l ·H r .l!ffi_D .!!.h .!!!'.!L 

4 0.2 2.6 555 1.18 1.5 

6 0.5 4.1 357 2.02 1,75 

7 1.3 1.9 410 1.13 1,0 

°' 14 1.0 2.7 381+ 1.89 1.8 
~ 

16 2.8 3.3 342 2.30 1.6 - -

Average: 2.9 Average: 410 

t lean Hedi• <2>: 1.4 

(1) Standard Hedla 

(2) Hanufacturers llverege Power Tests at Princeton, 111 lnols end Plalnvll le, Connecticut 
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Plant Des lgn Flow Percent 
No. (HGD) Of Design 

1 1,9 108 

2 1.13 83 

3 0.65 80 

4 0.20 85 

5 0.216 91 

6 0.5 100 

7 1.3 100 

8 0,39 136 

9 1.0 80 

10 0.5 100 

11 o.6 80 

12 0.65 1.00 

13 1.75 80 

14 1.0 80 

15 2.0 100 (2) 

16 2.8 103 (3) 

17 0.35 95 ' 

(1) Fol lows trickling filter 

(2) 1/2 of plant RBC's In use 

(3) 2/3 of plant RBC 1s In use 

Des lgn Hydraul lc 
loading GPO/Ft.2 

1,72 

2.17 

3.70 

1.18 

1.03 

2.02 

1.13 

2.85 

2.5 

1.56 

1.0 

2.6 

5. 72 (1) 

t.89 

2.5 

2.3 

1. 75 

!Totals: 

(4) 11.BC;s followed by pol lshlng lagoon 

(5) Nuisance bacterial growth 

TABLE 6.1 

REVIEW OF OPERATING RBC FACILITIES 

Effluent Requirr-
Structural Problems Des Ion loadl110 Problems lmoacts ment Problr.ms 

(5) Hydraulic Overload: 
Hedla Shaft Bearing Raw Wastewater S ldestreams D.O. Begglotoa SS Accumulations Washout and Diluted Waste BOD SS NH3-H 

x x x x 
x x 

x x x x 

x x x x 

x x x x x x x 

x x 

x x x x x x x x 

x x x x x x 
x 

x x x x x 

x x x x 

x 
x x x 

x x x x x 

x x x x x (4) (4) 

4 3 2 14 4 7 6 6 7 2 4 2 



Table 6.2 details the specific problems associated with the structural 
difficulties. Reported media problems include: movement of segmented, 
steel supported discs, which result in plastic shear, failure of the hub 
which links the media to the shaft in unitized systems, shifting media on 
support rods and ultraviolet degradation of the media. Reported shaft and 
bearing problems include a total of six shaft failures in three plants and 
two bearing problems; one associated with flooding, and the other with 
improper lubrication. 

Corrective actions for structural failures in almost all cases 
require equipment replacements. Shaft failures and/or media movement or 
failure are ma.i or equipment problems, which must. be corrected if RBC 
systems are to be considered viable treatment options. Media degradation 
from exposure to ultraviolet radiation, results in brittleness and can lead 
to ultimate structural failure. 

Equipment manufacturers are aware of the importance associated with 
structural problems. Recent actions by major manufacturers have be~n aimed 
at improving the structural integrity of the media, their support and shaft 
strength. The addition of supplementary carbon to the media and insuring 
that the media is continually covered, should help reduce the affects of 
ultraviolet degradation. 

6.2 DESIGN LOADINGS 

Of the seventeen plants surveyed, Table 6.1 lists fourteen reported 
variations in raw wastewater loading and four reported variations resulting 
from sidestreams. Impacts associated with loading difficulties include: 
seven reporting low DO concentrations; six reporting undesirable bacterial 
growth; four reporting solids accumulation in undesirable locations; and 
seven reporting washouts or diluted wastewater resulting from hydraulic 
overloads. 

Table 6.3 further defines the cause of the individual loading 
problems at each facility. Difficulties include excessive hydraulic loads 
resulting from inflow and infiltration (I/I); excessive flow resulting from 
water running in the winter to avoid freeze-up, and peaking. Unaccounted 
industrial contribution, sidestreams, and septage all increase organic loads 
above those anticipated. Sidestreams include aerobic digester, anaerobic 
digester, and sludge lagoon supernatant return. Poorly operated digestors 
can substantially increase the return solids as well as organic load to the 
RBC unit. Long collection system detention times were often associated 
with incoming septic waste. The absence of primary clarifiers increased 
the susceptibility of the RBC systems to potential solids and organic 
loading problems. Excessive solids detention time in the primary clarifier 
helped create septic conditions and poor settling. Solids deposition in the 
channel and the tank were deemed significant in creating septic environments. 
Solids deposition in tanks have been attributed to insufficient tank mixing 
and dead spots, resulting from poor designs and overflow baffles. Excessive 
equalization basin aeration in one facility increased the soluble organic 
loading to the RBC unit by hydrolizing some of the suspended solids. 
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HEDIA DIFFICULTIES: 

Plant Ho, 

4 

6 

7 

16 

SHAFT DIFFICULTIES: 

Plant No. 

13 

15 

BEARING DIFFICULTIES: 

Plant No, 

7 

10 

T1'.'BLE ~.:! 

STRUCTUllJ\l DIFFICULTIES 

Description Corrective Action 

Hovement Of Segmented Discs; Plastic Damage Support Tightened 

Plastic Hub Failure In Unitized Construction Replaced 

Exposure Of Hedla To Sunlight; Ultraviolet Degradation Replace Damaged Cover (Carbon Black) 

Shifting Media On Supports Eliminate Play Between Hedla and Supports 

Description Corrective Action 

Shaft Failure; Two Shafts llap 1 acemen t 

Shaft Fa.I lure: Three Shafts llep l acemen t 

Shaft Failure; One Shaft Replacement 

Descrh>tlon Corrective Action 

Bearing Seizure; Pumps Flooded Replacement 

Uneven Bearing Wear; lack Of Proper lubrication Repair Or Replace 



Corrective actions for the itemized difficulties in Table 6.3 vary 
widely. Improper design loadings resulting from poor facility planning is 
difficult to correct after installation without increasing the plant 
capacity or reducing the loading. Sidestreams are loadings which are often 
omitted in the design of wastewater treatment facilities. Designers must 
account for these loads in the design of RBC systems. Since in many cases, 
sidestreams are dependent upon sludge thickening, dewatering, and 
treatment methods, current design curves (typical domestic wastewater) do 
not fully account for these loads. Given existingS"ioestream-conditioiis, 
operators should avoid shock return loads and timewise distribute the 
recycled flow to the head of the facility. Channel, tank aeration, and the 
elimination of dead spots can help reduce solids accumulation in existing 
facilities. Where this is not feasible, solids must be withdrawn directly. 

6.3 NUISANCE BACTERIAL GROWTHS 

Microbes of many kinds are present in RBC films. Conditions which 
favor the growth of nuisance organisms that result in the colonization 
of initial stages of RBC media, have been reported. Resultant impacts 
include reduced organic removal rates and a shifting of loadings from the 
initial to the latter stages of a multistage system. 

A sulfide oxidizing filamentous aerobe and microaerophile, from the 
Beggiotoa family commonly referred to as Beggiotoa, has in some cases been 
identified as the nuisance organism and has become associated with this 
particular problem in RBC systems. For purposes of this discussion, the 
nuisance organism will be referred to as Beggiotoa. This slow growing 
population has a milky white appearance when predominating RBC surfaces. 
The odor from the film in this condition is somewhat septic and unpleasant 
and markedly different from a healthy disc culture. The biomass is also 
thinner than would be expected for a first stage. 

Beggiotoa problems have been associated with two reoccurring 
environmental conditions: 

1. Low DO 

2. Reducing environment capable of sulfide production 

Since Beggiotoa are microaerophiles, they can exist at low DO 
concentrations. Low DO, coupled with sulfide availability, weuld appear to 
present optimum condition for Beggiotoa propagation at the expense of other 
aerobic microbes. 

Six of the seventeen plants surveyed reported nuisance organism or 
Beggiotoa problems. Almost all of these plants reported low DO and side
streams or suspended solids accumulation creating conditions for sulfide 
production. Two facilities surveyed did not report low RBC tank dissolved 
oxygen concentration, but did report suspended solids accumulation and 
localized septic conditions making sulfide production possible. 
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\.0 

Number Of Plants 

7 

4 

4 

4 

4 

5 

2 

2 

Description 

1/1 

Winter Tap Flow (Avoid Freezing) 

Peaking/Hydraulic Shock Loads 

Industrial Contributions 

Sldestreams 

Septage Contribution 

TABLE 6.3 

LOADING DIFFICULTIES 

Predominant Effect 

Hydraul le Overload; Diluted Waste 

Hydraul le Overload; Diluted Waste 

Solids Washout 

Organic Overload; DO Deficiency; Sulfide Production 

Organic Overload; DO Deficiency; Sulfide Production 

Organic Overload; DO Deficiency; Sulfide Production 

Long Collection System Detention Time DO Deficiency, Sulfide Production 

No Primary C1ar1flcat1on High Organic and Solids Load; DO Deficiency; Sulfide Production 

Solids Deposition ln Channels DO Deficiency; Sulfide Production 

Solids Deposition ln Reactor Sulfide Production 

Septic Primary Clarifier Sludge DO Deficiency; Sulfide Production; Increased Soluble Organic Loading 

Excessive Equalization Basin Aeration Increased Soluble Organic Loading 



It is currently felt that the condition which leads to sulfide 
production (incoming septic waste, suspended solids accumulation, long 
primary clarifier detention times) is the predominant factor associated with 
Beggiotoa problems. Beggiotoa are capable of surviving in highly aerobic 
or microaerobic conditions. Under microaerobic conditions, their 
competitive advantage is probably enhanced. Microaerobic conditions will 
exist within the RBC film at depths where oxygen penetration becomes limiting. 
If sulfides are available, this environment is probably capable of 
catalyzing a Beggiotoa take over. 

Potential corrective actions include: the elimination of conditions 
which cause the sulfide production; oxidation of sulfide prior to the RBC 
systems. 

7.0 CLOSING 

Preliminary investigation of RBC systems have identified operating 
difficulties which are currently being addressed by manufacturers, design 
engineers and researchers. Some of these difficulties are common to 
biological systems, while some are unique to RBC systems. Major items 
needing resolution include: 

Solution to equipment problems 

Continued design procedure improvements 

Solutions to nuisance organism problems 

Continued RBC research and data generation will continue to enhance 
our ability to utilize the treatment capabilities of these systems. 

70 



PART II. PROCESS VARIABLES AND BIOFILM PROPERTIES 

INTRODUCTION 

HYDRAULIC CHARACTERISTICS OF THE RBC 

By 

Harvey Olem 
Environmental Engineer 

Division of Water Resources 
Tennessee Valley Authority 

Chattanooga, Tennessee 

Richard F. Unz 
Associate Professor 

Department of Civil Engineering 
The Pennsylvania State University 

University Park, Pennsylvania 

In the course of pilot scale investigations with the rotating 
biological contactor (RBC) in the treatment of acid mine drainage (1), 
divergent results were obtained with different size treatment units when 
equivalent hydraulic loading and disc peripheral velocities were applied. 
It was the objective of this study to learn if the observation of lower 
ferrous iron removal efficiencies with a larger size RBC was related to 
hydraulic characteristics of the unit. 

BACKGROUND 

Full scale RBC systems, scaled according to pilot plant data, may 
not always meet design expectations. Godlove et al. (2) found that 
soluble COD removal from petroleum refinery wastewaters was about 14 
percent less efficient in full scale RBC systems than in pilot plant 
units. Murphy and Wilson (3) reported about 16 percent lower COD 
removal efficiencies for a 2.0-m diameter RBC unit treating wastewater 
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at a peripheral velocity equivalent to a parallel 0.5-m unit. Chesner 
and Molof (4) found that smaller discs operated at equivalent peripheral 
velocities to larger discs resulted in increased oxygen transfer with 
correspondingly higher COD removal efficiencies. Recently, Friedman, 
et al. (5) described experiments with a pilot scale RBC unit operating 
at different rotational speeds and it was concluded that heavily loaded 
or older plants approaching design load may not be able to meet design 
perfonnance because differences in oxygen transfer exist between pilot 
and full scale systems operated at equivalent peripheral velocites. 

In previous work perfonned by Olem and Unz (1) involving the treat
ment of acid mine drainage by the RBC, ferrous iron oxidation efficiency 
of the 2.0-m RBC was about 10 percent lower than that of the 0.5-m unit 
when operated in parallel and under equivalent conditions of peripheral 
velocity and hydraulic loading rate (Figures 1 and 2). The discrepancy 
was not believed due to an oxygen deficiency, however, since high reactor 
dissolved oxygen concentrations (greater than 10 mg/l) were observed for 
both units, presumably owing to the low temperatures (typically ~0°C) 
and oxygen demand of the mine water relative to wastewaters rich! in 
organic matter. ' 

In this study, chemical tracers were employed to detennine if signi
ficant hydraulic differences exist between the different size RBC units 
when operated at equivalent hydraulic loading rates and peripheral disc 
velocites. 

METHODS 

Rotating Biological Contactors 

Field studies were conducted employing commercial RBC pilot units 
(Autotrol Corp. Milwaukee, Wisc.) equipped with 0.5- and 2.0-m diameter 
discs (Figure 3). Each unit consisted of four stages of closely spaced 
and corrugated high-density polyethylene discs suspended on a shaft with 
approximately 40 percent of the surface area immersed in the volume of a 
corrosion-proof trough. The individual stages were separated by baffles. 
Flow through the 0.5-m unit was facilitated by a 2.5-cm diameter hole 
in each baffle (Figure 4, left). A serpentine flow pattern was formed 
in the 2.0-m unit by an arrangement of piping on the outside of stage 
compartments (Figure 4, right). A rotating bucket mechanism controlled 
mine water feed from the influent chamber of each unit to stage 
compartments. 

RBC units were enclosed in a building for protection from the 
natural environment. Mine waters were delivered from the source with 
the aid of two 0.25-kW centrifugal pumps in connection with a 7.6-cm 
diameter foot valve and appropriate lengths of flexible polyethylene 
piping. Mine water was pumped to the feed chambers of pilot units at 
slightly greater than the desired flow rate of 119 m3 /d. Excess flow 
from the feed chamber was discharged through an overflow pipe in order 
to maintain a constant liquid level of fresh mine water in the feed 
chamber. The static level of mine water in the feed chamber and the 
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Figure 1. Ferrous iron oxidation efficiencies obtained at different 
acid mine drainage temperatures with the 0.5-m RBC. 
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Figure 3. Schematic of rotating biological contactor pilot units. 
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Figure 4. Plan and side view showing flow pattern and stage sampling 
locations for trough of 0.5-m RBC (left) and 2.0-m RBC 
(right). Drawing is not to scale. 
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number of feed buckets employed was in accordance with the desired flow 
rate. Flow rates were checked by collecting effluent samples for one 
minute in 3-1 and 100-1 containers, respectively, for the 0.5- and 2.0-m 
units. Both units were operated at an equivalent peripheral disc velocity 
of 19 m/min and a hydraulic loading of 0.16 m3 /d-m2 • Attainment of a 
peripheral velocity of 19 m/min required 13 and 2.9 rpm for the 0.5- and 
2.0-m units, respectively. 

Tracer Additions 

During equilibrium operation of the RBC units, a concentrated solu
tion of lithium chloride (1.0 g/l) was added instantaneously to one feed 
bucket of each RBC unit just prior to discharge into stage one. The 
volume of tracer solution added to the 2.0-m unit was proportionately 
larger on the basis of trough volume. Samples collected from each 
stage and effluent at specified time intervals were analyzed for lithium 
content by atomic absorption spectrophotometry. In addition, as a check 
on the validity of the lithium technique and for convenience of field 
analyses, sodium chloride was employed as an independent tracer and 
monitored by specific conductance. A concentrated solution of sodium 
chloride (230 g/l) was added simultaneously along with the lithium 
chloride solution. 

RESULTS AND DISCUSSION 

Recovery of lithium chloride and sodium chloride tracers in each 
stage of the RBC units is presented in Figures 5 and 6. There existed 
a background specific conductance in the mine water which ranged from 
1020 to 1100 µmhos/cm. There was no detectable background level of 
lithium. The final set of samples for lithium analysis was collected 
20 min following the attainment of baseline specific conductance 
(160 min). 

Samples collected from stage one of both units revealed peak 
lithium content within 30 sec of tracer addition. Higher lithium con
centrations were recovered from stage one of the 0.5-m RBC than from 
the same stage of the 2.0-m unit, which indicated more short-circuiting 
of flow in the larger size RBC to subsequent stages. 

Pintenich and Bell (6) described a procedure for evaluation of 
tracer data to quantify the hydraulic characteristics of continuous 
flow treatment basins. The method is based on comparison of the shapes 
of standardized tracer recovery curves to those for an ideal completely 
mixed basin. Relative amounts of complete mix, plug flow, and dead space 
volumes may be obtained. Overall lithium recovery curves for the 0.5-
and 2.0-m RBC units are presented in Figure 7. Percent recovery curves 
were developed by integration of the areas under a standardized recovery 
curve (C/C vs. t/T). 

0 

Both units were found to be approximately 80 percent completely 
mixed. Dead space in the trough of the 2.0-m RBC, although relatively 
low for continuous flow reactors, was 10 percent as compared to 2 percent 
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for 0.5-m unit. The larger RBC displayed only 10 percent plug flow 
characteristics while the 0.5-m unit had 20 percent plug flow volume. 
Pintenich and Bell (6) observed good performance for clarifiers with 
15 to 20 percent plug flow characteristics. Baffled basins such as in 
the RBC should show similar plug flow characteristics. It was antici
pated that the serpentine flow pattern of the 2.0-m RBC unit (Figure 4) 
would allow improved plug flow characteristics over the 0.5-m unit. 

Villemonte and Rohlich (7) described certain dimensionless ratios 
which may be employed to evaluate the hydraulic efficiency of continuous 
flow reactors. These indices were applied to the results of lithium addi
tion to RBC units (Tables 1 and 2). The ratio, t /T, is a measure of 
short-circuiting, dead spaces, and effective tankpvolume. It should be 
near zero for the first stage of the RBC (ideal mixing) and near unity 
for the final stage (ideal settling or plug flow). Comparison of this 
index for the two RBC units revealed more short-circuiting, dead spaces, 
and a lower effective tank volume in the 2.0-m unit. Another ratio, 
t90/t10, measures dispersion of reactor contents; a mixing function. 
The 2.0-m unit displayed near ideal dispersion of reactor contents in 
the first stage. The dispersion ratio decreased considerably for the 
latter stages of both units, presumably due to the baffled, multi-stage 
configuration. 

Although RBC units were operated at equivalent hydraulic loading, 
different ratios of surface area-to-trough volume for the units resulted 
in different theoretical retention times (Table 1). The lower theoreti
cal retention time for the 2.0-m RBC may also have been a factor in the 
observation of divergent treatment performance between the two units. 
In addition, there exists a sizeable difference in available surface 
area for the two RBC units (Table 3). Hydraulic loadings applied in 
this study were based solely on disc surf ace area. However·, a greater 
proportion of the total surface area in the 0.5- than in the 2.0-m unit 
was attributed to the trough. Olem and Unz (8) observed similar viable 
iron-oxidizing bacterial densities in comparison of trough and disc 
surfaces of the same stage. Thus, calculation of the effective surface 
area of smaller diameter RBC units should include trough surfaces. It 
is likely that if the units had been sized on the basis of total available 
surface area, closer agreement would have been obtained in tracer evalua
tions and comparative treatment performance. 

Friedman et al. (5) concluded that new, lightly loaded RBC systems 
should be able~o~eet design expectations when sized on the basis of 
pilot plant data. This would only be applicable to lightly loaded 
systems because differences in oxygen transfer between pilot and full 
scale would be less important. Similarly, differences in oxygen transfer 
for the two different size RBC units in treatment of acid mine drainage 
were likely very low owing to the high reactor dissolved oxygen levels 
present. The combination of a longer residence time for mine water in 
the trough of the smaller RBC and relative differences in total available 
disc surface areas probably accounted for much of the difference in 
performance observed between the two units. The exact contribution of 
observed hydraulic differences to the divergent treatment results is 
not known. 
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Table 1. Cumulative flow through times for lithium tracer 
in stages of 0.5- and 2.0-m RBC units 

Time, min 
0.5-m RBC Stages 2.0-m RBC Stages 

Parameter 1 2 3 4 1 2 3 4 

t a 
p 3 15 36 47 3 6 27 37 

tlO 
b 1.9 8.1 17.3 28.9 1.8 5.1 15.0 20.1 

t:_ -
c 33.9 54.3 77.0 98.7 36.1 53.4 76.3 96.5 



Table 2. Comparison of dimensionless time ratios for 
0.5- and 2.0-m RBC units. 

0.5-m RBC Stages 2.0-m RBC Stages 
Parameter 1 2 3 4 1 2 3 4 

t /Ta 0.22 0.55 0.88 0.86 0.25 0.25 0.75 o. 77 p 

tgof tlO 
b 17.8 6.7 4.5 3.4 20. 1 10.5 5.1 4.8 

8Measures average short-circuiting, dead spaces, and effective tank 
bvolume. It is 1.0 for ideal settling and zero for ideal mixing. 

Measures dispersion. It is 1.0 for ideal settling and 21.9 for ideal 
mixing. 
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Table 3. Comparison of available surface area for 
different size RBC units. 

Surface Area, 2 Portion of Total m 
Disc Surface Area Due to 

RBC Unit Diameter Disc Trough a Trough, Percent 

Bench Scale 15 cm 0.438 0.10 19.1 

Pilot Scale o.s m 21.8 2.14 8.9 

Prototype 2.0 m 738.1 18.8 2.5 

Full Scale 3.6 m 9,290 so o.s 

aAvailable surface area was calculated from dimensions of experimental 
RBC units and estimated for full-scale RBC by use of one 7.6 m shaft 
placed in a contoured basin. 
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SUMMARY AND CONCLUSIONS 

Two conservative tracers were employed to hydraulically characterize 
two parallel RBC units with different disc diameters under equivalent 
conditions in order to determine possible explanations for the observa
tion of lower ferrous iron removal efficiencies in the treatment of acid 
mine drainage. The observed decrease in treatment performance for scale
up to the 2.0-m RBC was due, in part, to the following factors: 

1. The 0.5-m RBC more closely simulated the ideal hydraulic 
characteristics of a series of completely mixed treatment 
basins than did the 2.0-m unit. 

2. The residence time of mine water in the 0.5-m RBC trough 
was longer than the larger unit when operated at equivalent 
hydraulic loading rates (54.4 min vs. 48.0 min) due to 
differences in surface area-to-trough volume ratios for the 
two units. 

3. The proportion of total RBC surface area assumed by the trough 
floor was greater in the 0.5-m RBC than in the 2.0-m RBC. In 
the calculation of hydraulic loading, only the disc surface 
area is considered. Since the trough area, which is colonized 
by a~tive iron oxidizing bacteria, does not enter into the 
determination of effective surface area, it is apparent 
that the 0.5-m RBC would demonstrate the greater treatment 
capacity of the two units. 
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Introduction 

Although the Rotating Biological Contactors (RBC) process is 
classified as an aerobic system, oxygen transfer rates have not been 
sufficiently considered in present design. Rather, the emphasis has 
been centered on an increase in the RBC surface area. 

When Hartman (1960) introduced the. practical use of RBC, he 
claimed that the dissolved oxygen (DO) in the reactor did not have 
significance in treatment efficiency because adequate amount of oxy
gen could be supplied during the air exposed cycle. The importance 
of the DO in the mixed liquor has been cited by workers in defining a 
minimum oxygen balance. Welch (1968) presented data showing con
siderable decline of treatment efficiency when operational DO concen
tration dropped below 1. 5 mg/l for his operating conditions of 500 
mg/l COD and 30 minutes retention time. Weng and Molof (1974) 
found that nitrification took . place only in the stages where DO was 
greater than about 2 mg/I in a six stage laboratory reactor for oper
ating condition of 178 mg/l COD and 48 minutes per stage retention 
time. However there has not been a corresponding emphasis on the 
RBC as an aeration device to deliver tb.e oxygen to maintain this DO 
level. Furthermore, treatment of high BOD industrial wastewater 
requires more study of the factors involved in RBC oxygen transfer. 

The RBC biological film is fixed on the disk surface and is 
rotated alternately between the air and the liquid. One effect of 
rotation is to provide a means of better aeration by carrying a liquid 
film into the air after the disk completes its liquid immersion cycle. 
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Another effect is to provide turbulence in the mixed liquor surface 
and subsurface volume increasing mass transfer. Oxygen transfer 
takes place at the interfaces between the air-liquid film, liquid film
microbial fixed film, air-mixed liquor, microbial fixed film-mixed liquor 
and air-microbial fixed film. 

This work involves a study of some of the physical factors 
affecting RBC oxygen transfer into the mixed liquor. Three different 
sized laboratory scale RBC units were used in non-steady state clean 
water tests. The volumetric oxygen transfer coefficient (KL a)20 was 

calculated from the laboratory data. The physical parameters studied 
included space between the disks, size of the disks, rotational velo
city, peripheral velocity and number of disks per stage. It was the 
purpose of the study to correlate the volumetric oxygen transfer 
coefficient (KL a)20 with significant physical factors. As a result, the 

volume renewal number (N ) is developed from the theory and dp.ta 
as a more practical efficienY tool to predict physical oxygen transfer 
in the RBC process. 

RBC Oxygen Transfer 

Bintanja et. al (1975) used the Yamane and Yoshida solution to 
solve Fick's second law. The boundary conditions were: 

t = 0, O< x < o, c=C L 

t > 0, x = o, c=C s 
t > 0, x = 0, ac/ax = o 

where o was the liquid film thickness on the disk. They con
cluded that: 

KL = 2 ___!!!. when 
( 

D ) 0.5 

n tR 

K -L-

> 1. 7 (1) 

when o < 0.8 (2) 

(D t P· 5 
mR 

Experimental KL value were 49% to 87% of the theoretical KL value. 

Chesner and Molof (1976, 1977) found that the smaller RBC with 
the higher RPM had better efficiency than the larger RBC with lower 
RPM. The peripheral velocity was set at the same level that is used 
in present plant design. They also reported that rotational velocity 
was the better DO scale-up function than the peripheral velocity. 

Friedman et. al (1979) confirmed the significance of rotational 
velocity and presented an equation using Bintanja et. al (1975) data; 
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In KL = 1. 31 In w + 14. 78 

-6 where the unit of KL was 10 m/s and that of w was RPM. 

Zeevalkink et. al (1978) solved the Navier-Stokes equation for 
determining liquid film thickness on the RBC and also verified the 
equation by experiment. They concluded that: 

c5 = 1.2 • (vc)O.S (10-4m) (3) 

where v c is the vertical component of the peripheral velocity at 

the point where the disk emerges from the water. 

Ouano (1978) correlated the overall liquid phase mass transfer 
coefficient (KL) and Reynolds number by dimensional analysis. The 
result was: 

where n2 
ulf? was Reynolds number. 

µ. 

Zeevalkink et. al (1979) explained that the deviation of the 
Bintanja et. al (1975) model was due to incomplete mixing in the 
reactor and derived an experimental equation for 

as 

c5 0.8 < 0 5 < 1.7 
(D t ) . 

K = 2 L 

m R 

( 
Dm )O.S (1 - 4.21 exp 

7t tR 

Theoretical Considerations 

In view of the present state of technology, there appears to be 
a need for development of a more practical method of predicting 
oxygen transfer in the RBC process. The volume renewal number 
method is an attempt to meet this condition. 

To introduce the concept of the volume renewal number, the 
following assumptions were made. 

1. Oxygen is only transferred via the liquid film on the disk 
during the air exposed cycle. 

2. The contact time is sufficient so that the liquid film always 
has the same degree of saturation after completing the air exposed 
cycle. 
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3. The liquid film thickness is determined by the Zeevalkink 
et. al (1978) model. 

The volume renewal number can be defined as the ratio between 
the liquid film flow rate and the effective reactor volume, or 

NV =Qf/VE 

where, Nv: 

Q( 

(4) 

volume renewal number (T-l) 

liquid film flow rate, which is the total film flow 

volume per unit time (L 3T-l) 

effective reactor volume (L 3) 

Under the above assumptions, correlation of the volumetric 
oxygen transfer coefficient (KL a) and the volume renewal number 
(NV) is expected as 

- b KL a - a (NV) ( 5) 

It should be noted that the use of a half circle submerged reac
tor is an ideal case in order to simplify the calculations. In case of 
any other physical conditions, the constants a and b will be changed 
accordingly. The conceptual scheme is shown in Fig. 1. 

The liquid film flpw rate can be derived by; 

Qf = K (w • o2) • (w • O)O.S = K wl. 5 o2 · 5 (6) 
1 1 

s ti s 

e 

FIGURE I. CONCEPTUAL SCHEME 
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where n/2 • (w • n2) is' a single disk surface area per unit time 

carrying the liquid film into the air and (w • D)o. 5 is the liquid film 
thickness (o) function from equation (3). 

The effective volume is: 

2 
VE = K2 • D • S. 

where the liquid volume underneath the disks, 
n • e • (R + e/2) • (2S + t 0 ), is neglected. 

(7) 

Therefore, the volume renewal number (Nv) is obtained by combining 
equation (6) and (7) without including constants K1 and K2 . 

N = Qf 
V VE 

= 1.5 0 0.5 5 -1 w • • (8) 

Substituting equation (8) into equation (5) results in; 

K a = a(N )b = a(wl.5 D0.5 s-l)b 
L V 

(9) 

Experimental 

Three different size laboratory scale geometrically similar RBC 
units were designed to measure the dissolved oxygen concentrations 
with time under various physical conditions. The schematic drawing 
of the units and dimension data are shown in Figure 2 and Table 1 
respectively. The disks were 6, 12, and 24 inch diameter flat circles 
made from O. 25 inch thickness ('to) clear plastic. 

DO 
meter 

2s 

mOl.Ob le well 

FIGURE 2. LABORATORY SCALE R B C UNITS. 
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Table 1. Reactor dimensions (unit: inch) 

D 
H 
Ha 
es 

RT=H +H +e 
a Ls 

6.0 
0.47 
2.53 
0.125 
3.125 

12.0 

12.0 
0.94 
5.06 
0.25 
6.25 

24.0 

24.0 
1.88 

10.12 
0.50 

12.50 
48.0 

Movable walls and spacers were provided to vary the effective 
volume of liquid (VE). Effective liquid volume in the case of a single 

disk at 85% submerged depth is shown in Table 2. 

Table 2. Effective volume of reactor, unit-ml 
S \ D 6 inch 12 inch 24 inch 

(1/4) (1/4) 
(1/2) (1/2) 
(3/4) (3/4) 
(1) (1) 
(3/2) (3/2) 

106 
208 
310 
412 

420 
830 

1240 
1650 

1700 
3330 
4960 
6590 
9840 

The number of disks and the space between the disks were 
varied. The space between disks was twice the space between the 
disk and wall. Rotating velocity was varied from 5.2 to 164 RPM by 
a gear and sprocket combination connected to a 1/6 HP A. C. motor. 
The standard design peripheral velodty is about 1 ft/sec. The 
peripheral velocity in this study ranged from 0.5 to 4 ft/sec. 

The physical variables are summerized in Table 3. 

Table 3. 

D (inch) 
N (No. of Disks) 
w (RPM) 
VD (ft/sec.) 

S (inch) 

Physical variables . 

6.0 12.0 
1-3 1-4 

84-21 84-10.5 
4.0-0.5 4.0-0.5 

0.25-2.0 0.5-2.0 

24.0 
1-3 

42-5.2 
4.0-0.5 

0.5-3.0 

The oxygen transfer test was basically the same as the non
steady state clean water test procedure in Standard Methods (1975) . 
New York City (Brooklyn, N. Y.) tap water was aerated about twelve 
hours to reach oxygen saturation. The water and room temperature 
was maintained at 20 ± 0.5°C. The DO meter (Beckman 777 oxygen 
analyzer) was calibrated with the oxygen saturated water. Winkler 
tests were performed to confirm the oxygen saturation. Reagent 
grade sodium sulfite and cobalt chloride were used to deoxygenate the 
water. The test run was over when the reaerated sample become 
about 90% to 95% saturated. Since accurate saturation values were 
known, the log deficit least square method was used to analyze the 
data. The temperature effect was compensated for by using 
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(KL a)20 = (KL a)T . (1.024) (20-T) 

Results 

The volumetric oxygen transfer coefficients (KL a) were cal

culated from the experimental data under the various physical con
ditions. 

The results of measured KL a are presented graphically on full 

log paper in Figure 3 , 4 and 5. Figure 3 depicts the disk size (D) 
effect on KL a. A linear relationship between the disk diameter (D) 

and KL a was shown. The averaged slope of 0. 39 indicates that KL a 

is proportional to n°· 39 Figure 4 shows the effect of space (S) 
between disks on KL a. The average slope was - 0. 86. KL a is pro-

portional to s-0 . 86 

Fig. 5 depicts the rotational velocity (w) effect on KL a. The 

slope of the lines was not constantly linear in contrast to the results 
for D and S. The reason appeared to be a difference in hydraulic 
regime. A discontinuity in the liquid film flow occured somewhere on 
the dotted line in Figure 5 and KL a was drastically decreased under 

this hydraulic condition. The average slope of 1. 07 indicates that 

KL a is proportional to w1 · 07 . The number of disks each having the 

same volume/area relationship was varied to detect the wall effect and 
turbulence characteristics. No appreciable effect on KL a was ~oticed. 

The combination of effects of the rotational velocity, the disk 
size and the disk space resulted in: 

K a = K . wl.07 . D0.39 • 5-0.86 (10) 
L . 

The equation coefficients strongly suggest that the experimental KL a 

correlates well with the proposed NV. Figure 6 depicts the relation-

ship between the calcualted NV (wl.S n°· 5 s-1 ) and KL a on a full log 

paper. The relationship can be expressed as 

log KL a = 0. 732 log (NV) - 2.96 

or KL a = 0.0011 CNv)o. 732 (11) 

with the correlation coefficient (r) of 0. 991. This equation is valid 
for the clean flat disks, e/R = O. 042 and Ha/RT = O .15 

Discussion 

One of Bintanjal et. al (1975) solutions was equation (2); 
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K = L when 
(D t )0.5 

m R 
< 0.8 (2) 

By using Zeevalkink et. al (1978) data for w and o, it can be calcula

ted that at o/(Dm tR)O.S = 0.8 and 1. 7, the corresponding peripheral 

velocity was about 1 ft/sec. and 2.2 ft/sec, respectively. As the 

disk size increases, tR increases. Therefore, d/(Dm tR)O.S will be 

less than O. 8 in most cases at plant scale . Thus, it appears that 
equation (2) would better represent full scale plant performance. 

A comparison of the Bintanja et. al equation (2) with the volume 
renewal number (NV) would be of interest. Since o is proportional to 

(wD)O.S and tR is invers~ly proportional to w, KL in equation (2) can 

be expressed as; 

(12) 

The common functions are noticed in equation (8) and (12). .This 
shows a possible application of the volume renewal number (NV) 
concepf to full scale plant operation. 

ouano (1978) obtained a straight line by plotting 

Dm 

on full log paper. Since he did not vary the disk size, the 
plotting was simply the relationship of KL and w. The NV concept 

shows that the w term is more important than the D term. This is in 
contrast to the Ouano equation where D is more important tha:p. w. 

Conclusion 

The volumetric oxygen transfer coefficient (KL a) in the RBC 

process was correlated with the volume renewal number (NV) or 

KL a=a(Nv)b. The volume renewal number represented the llquid film 

flow rate per unit effective reactor volume. The important physical 
factors in calculation of the volume renewal number included the 
rotational velocity (w), the disk size (D) and the space between the 

disks(S). The volume renewal number (NV) was defined as 

NV = wl.5 D0.5 S-1. 
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The relationship of KL a and NV under the conditions of e/R = 

0. 042, Ha/RT = O .15 and a clean flat disk is: 

log KL a= 0. 732 log (NV) - 2.96, or 

KL a = 0.0011 (Nv)o. 732 
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Nomenclature 

A 

a,b,K 

D 

e 

jJ 

p 

w 

Area where the mass transfer occurs (L 2) 

Projected area of disk on water surface (L 2) 

Surface area of reactor (L 2) 

Constant. 

Diameter of disk (D) 

Molecular diffusion coefficient (L 2T-1) 

Distance from the disk rim to inner lining of reactor (L) 

Distance from the disk center to the liquid free surface 
(L) 

Submerged disk depth (L) 

Overall liquid phase mass transfer coefficient (LT-l) 

Volumetric Oxygen transfer coefficient (T-1) 

Reactor length (L) 

Number of disks 

Volume renewal number (T-1) 

Film flow rate (L 3T-1) 

Radius of disks (L) 

Radius of reactor (L) 

Half space between disks (L) 

Contact time per rotation (T) 

Vertical component of the peripheral velocity at the _1 point where the disk emerges from the water (LT ) 

Effective reactor volume (L 3) 

Peripheral velocity of disk (LT-1) 

Liquid film thickness (L) 

Absolute viscosity of liquid (MLT-1) 

Density of liquid (ML - 3) 

Rotational velocity (T-1) 
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Sometimes a system being studied is well understood, and it is possible 
to postulate a plausible model from considerations of the governing physical 
laws. This type of model would be a theoretical or mechanistic model because 
it is based directly on the theory governing the process. However, the case 
often arises where the system is too complicated, or the important physical 
laws are not known, and a theoretical model cannot be postulated. In this 
case an emperical model might be of value. The responses of the system to 
changes in conditions often helps determine which physical laws are governing. 
Then an attempt can be made to postulate theoretical models. Even before an 
emperical model can be constructed, it may be necessary to determine which are 
the controlling factors, and what their effects are on the system. The experi
mental program reported on in this paper is such a screening study, designed 
to determine which of a number of variables are important ones, and what their 
effects are on process performan~e. 
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In such an experimental program it might appear necessary to study every 
factor over its entire range. This experimental design would examine many 
combinations of all factors at many levels. This is an inefficient and expen
sive way to experiment. In many cases a more realistic approach would be to 
design a sequence of more modest experiments so that variables can be dropped 
or added as information about the system is gained. A two level factorial de
sign is often used, and this was the approach chosen by the authors. 

Rotating Biological Contactor Study 

Basic and independent factors which possibly effect RBC effluent quality 
and performance are hydraulic flow rate, carbon mass flow rate, ammonia nitrogen 
mass flow rate, percent of disc area exposed to the atmosphere at any given time, 
and disc revolutions per minute (rpm). These factors were studied in this ex
perimental program. Influent concentrations were not chosen as variables for 
study because they are not basic factors, but are derived factors, equal to 
mass flow rates divided by hydraulic flow rates. 

If experiments
5
are run with each of the five variables set at only two 

levels, there are 2 =32 possible combinations of factors. From these 32 experi
ments the effects of changing variables one, two, three, four, and five at a 
time can be determined using standard experimental analyses. An excellent ref
erence is Statistics for Experimenters, by Box, Hunter and Hunter (Wiley, 1978). 

It is generally accepted that single factor and two factor interaction ef
fects are greater than the higher order interaction effects. If this assumption 
is made, then sixteen or one-half 25 experiments can be run, using one half of 
all the possible combinations of five factors at two levels. From such a study, 
single and two factor interaction effects can be determined. However, the ex
perimenter is gambling that the higher order effects are not significant. Be
fore discussing levels of factors, it is necessary to discuss the experimental 
RBC because many of the currently accepted values for factor levels are based 
on RBC disc diameter and surface area. 

Experimental RBC 

It was felt that the results of the experimental program would be more 
applicable to full scale RBCs the larger the discs on the experimental RBC were. 
Three foot diameter discs were chosen after consideration of the logistics of 
operating various size systems. A three foot diameter disc has 1/16 the area 
of a full scale 12 ft. diameter disc, and 9 times the surface area of a typical 
laboratory unit. 

The RBC used in this study has four stages, each stage with five discs, 
three feet in diameter. The total disc surface area is 284 square feet, or 71 
square feet per stage. The discs were made of 1/8 inch thick plexiglass, and 
were spaced 1/2 inch apart. The tanks in which the discs rotate are 37 inches 
in diameter, and 4.5 inches wide per stage. Constant hydraulic flow rates were 
maintained through the use of a constant head tank. Constant feed rates were 
achieved through the use of multi-channel perfusion pumps. Flat plexiglass 
discs were used because the hydraulics of the flow on the discs would be easier 
to model later on, if necessary, and there is a much better definition of disc 
surface area. It was also felt that flat discs would give a baseline to which 
other types of disc surfaces could be compared. 
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Factor Levels 

RBCs are often characterized on the basis of peripheral velocity (length
time -1), hydraulic loading rates (volume-area -l - time -1) and organic load
ing rates (mass-area -l - time -1). Previous studies have suggested that per
ipheral velocity of 60 ft./min. is desirable. The experimental RBC was opera
ted at peripheral velocities of 56 and 76 feet per minute, corresponding to 5.94 
and 8.10 rpm. These rpms were dictated by gear ratios available. 

Conunon hydraulic loading rates are in the order of 1 or 2 gallons per day 
per square foot of disc area. The experimental RBC had hydraulic loading rates 
of 0.96 and 1.63 gallons per square foot per day. These loading rates were ob
tained by maintaining flows at 1032 and 1750 liters per day. 

Organic loading 
square feet per day. 
grams of glucose per 
of BOD5 per thousand 

rates range from 0.25 to 10 pounds of BOD5 per one thousand 
The loading rates used in this experiment were 258 and 500 

day, which are theoretically equivalent to 3.6 and 7 pounds 
square feet per day. 

Ammonia nitrogen mass loading rates are normally in the 0.1 to 0.2 pounds 
NH3-N per thousand square feet per day range. By using NH3-N mass flow rates 
of 41 and 65 grams per day, loading rates of 0.3 and 0.5 pounds NH3-N per thou
sand square feet per day were achieved. 

RBCs are usually constructed so 
area is exposed to the atmosphere at 
so that 60 or 74 percent of the disc 
level in the tanks. 

that 50 to 
any time. 
area could 

60 percent of the disc surface 
The experimental RBC was built 
be exposed by varying the water 

These five factors were varied systematically. The factor levels, condi
tion numbers with corresponding coded factor levels and the order of experimen
tation are shown in Table 1. 

EXPERIMENTAL PROCEDURES 

RBC discs were rotated by a constant speed gear motor and a chain drive. 
RPMs were changed by changing sprockets. Hydraulic loading rates were varied 
by a valve in the water line from an aerated constant head tank. Tap water, 
which originated from shallow wells tapping an aquifer under a river, and re
ceiving only chlorination was used as the feed water. Both the constant head 
tank and the water bath surrounding the RBC were heated to maintain a constant 
20°c temperature. Percent of disc exposed was controlled by an adjustable 
overflow weir on the effluent side of the last stage. Carbon and nitrogen mass 
loading rates were controlled by varying concentrations of feed solutions which 
were pumped to the first stage by multi-channel perfusion pumps. The feed com
ponents were not all mixed together to prevent precipitation and to reduce the 
possibility of bacterial degradation. Table 2 shows feed solution compositions 
for both high and low level factor loading rates. 

In addition to the carbon and nitrogen feed solutions, sodium bicarbonate 
and sodium hydroxide were added to the second stage to minimize pH and Alkalin
ity on nitrification. The pH of the second stage was maintained at pH 8.5 and 
effluent alkalinity was kept above 100 mg/l as CaC03. 
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TABLE 1 

ONE-HALF 25 EXPERIMENTAL DESIGN 

Factor Level 
Number Factor (-) (+) 

1 Revolutions per minute (RPM) 5.9 8.1 

2 Hydraulic Flow Rate (liters/day) 1032 1750 

3 Disc Surface Area Exposed (percent) 60 74 

4 Nitrogen Mass Loading Rate 
(grams NH3-N per day) 41.5 65.0 

5 Carbon Mass Loading Rate 
(grams glucose per day) 258 500 

EXPERIMENTAL ORDER FACTOR LEVELS 
CONDITION RUN Factor 1 2 3 4 5 

NUMBER 

1 7 + 
2 1 + 
3 12 + 
4 8 + + + 

5 13 + 
6 2 + + + 
7 5 + + + 
8 16 + + + 

9 4 + 
10 6 + + + 
11 11 + + + 
12 10 + + + 

13 15 + + + 
14 3 + + + 
15 9 + + + 
16 14 + + + + + 
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TABLE 2 

FEED COMPOSITIONS 

Concentration (grams/Liter) 

(+) Level (-) Level 
Carbon Feed Solutions 

Solution 1 C6Hl206.H20 283.81 146.47 

Solution 2 KH2Po4 119.325 61. 577 

K2HPo4 242.520 125.15 

Solution 3 FeC13 "6H20 0.1935 0.0999 

CaC12 2.064 1.065 

Solution 4 MnS04°H20 3.339 1.664 

MgS04"7H20 33.3874 16.642 

Nitrogen Feed Solution 

Solution 4 (NH4)2S04 194.112 100.162 
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The RBC was started up by pumping 18 liters of trickling filter effluent 
into the first stage over a 24 hour period. Constant carbon, ammonia and hy
draulic flow rates were established and maintained. Effluent quality was mon
itored until steady state conditions were achieved. 

Experimental runs all proceeded in the same manner. Factor levels were 
set as indicated by the experimental design. Because changes in nitrification 
will cause changes in pH and alkalinity, fourth stage pH and alkalinity, as 
well as nitrates, were monitored. When these values stabilized, it was assumed 
that the system was at steady state. During the initial phase of the experimen
tal program a week was allowed to go by before this monitoring began. After 
three days of sampling we consistently found that the system had already reached 
steady state. During the later portion of the experimental program monitoring 
began immediately. We found that system steady state conditions were achieved 
in about four days. 

Once steady state conditions had been reached the three to five day sampling 
program began. Samples were taken from the influent and first, second, third, 
and fourth stages. All samples were analyzed for filtrate COD (0.45 micron 
membrane filter), nitrates (electrode method), ammonia (electrode and distilla
tion methods), total Kj eldahl nitrogen, pH, alkalinity, and total volatile sol
ids. Influent and stage one, two, three, and four temperatures and dissolved 
oxygen concentrations were also determined. All analyses were done according 
to Standard Methods (14th Edition). 

RESULTS 

Experimental results which pertain to this report are presented in Table 3. 
A one-half 25 experimental design allows the experimenter to determine the effect 
of varying five different factors either one or two at a time. The effect repor
ted is the average result of raising the factor or factors from the low (-) level 
to the high (+) level used in the experimental program while all remaining fac
tors were held constant. In addition to analyzing the concentration data presen
ted in Table 3, selected mass flow and mass removal (or generation) data were 
developed by multiplying concentrations or differences in concentrations by hy
draulic flow rate. These generated data were also analyzed. All analyses are 
presented in Tables 4 through 7. "Factor" refers to the operational variable 
which, when raised from its (-) level to its (+) level caused, on the average, 
the effect listed in the table. "12", "13", etc., refers to raising 1 and 2 
together or 1 and 3 together. 

Caveats 

The effects of changing the level of a factor, either by itself, or in 
combination with another factor, on a response whose value is dependent on the 
level of that factor should not be considered. For instance, the effects of 
changing flow rate on concentration should not be considered; since concentra
tion is a function of the flow rate. Or, the effect of increasing carbon mass 
flow rate on COD mass removal or concentration should not be discussed. 

If data is to be manipulated, the manipulations have to be done before the 
factorial analysis is performed. For example, efficiencies of removal must be 
calculated for each of the sixteen experimental runs and then analyzed to deter
mine the effects of changing factors on efficiencies. 
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TABLE 3 

EXPERIMENTAL RESULTS 

COD (mg/l) NH
3
-N (mg/1) N0

3
-N (mg/l) D.O. (mg/l) 

CONDITION 
NUMBER Influent Stage 1 Stage 4 Influent Stage 1 Stage 4 Influent Stage 2 Stage 4 Stage 1 Stage 4 

1 307.0 104.2 35.8 27.4 22.5 0.88 0.92 2.82 11.57 0.20 3.63 
2 266.4 24.3 12.1 38.5 23.1 0.57 1.12 5.02 27.30 5.34 4.86 

f-' 3 171.5 32.4 19.2 44.1 30.8 0.00 0.78 8.05 21.10 6.28 8.54 
0 

4 345.3 72.0 31.1 22.1 11.0 0.14 0.93 0.93 16.73 1.90 9.42 l.O 

5 278.5 34.0 23.5 35.8 26.5 0.00 0.84 10.90 35.90 4.98 5.91 
6 524.6 47.4 14.5 37.9 20.4 0.43 0.97 1.89 18.98 4.04 5.75 
7 307.0 75.6 47.4 24.9 11.6 o. 72 0.92 2.82 11.56 3.10 7.59 
8 102.35 33.5 5.1 22.7 20.4 0.00 1.04 2.12 25.23 6.83 9.86 

9 256.9 55.2 39.7 83.6 67.6 15.80 1.09 12.70 61.83 4.38 2.55 
10 489.2 51. 7 37.1 79.9 61.3 29.30 0.80 5.27 27.50 2.03 4.28 
11 327.2 59.8 27.3 44.0 31.9 7.69 0.85 4.62 26.70 4.38 6.34 
12 158.7 46.9 37.3 31.0 16.9 1. 73 1.19 13.93 41.17 7.55 5.92 

13 511. 2 60.6 28.7 69.2 49.9 14.12 1.23 1. 92 44.23 1.37 3.51 
14 263.3 29.8 19.4 74.3 59.6 12.10 0.82 8.09 51.00 5.20 3.35 
15 148.1 39.2 31. 7 42.7 32.8 2.76 1.10 1.83 39.47 6.28 5.31 
16 326.1 39.5 17.8 34.4 33.9 3.50 1.25 9.49 32.50 4.78 7.44 



FACTOR 

AVERAGE 

1 
2 
3 
4 
5 

12 
13 
14 
15 

23 
24 
25 

34 
35 

45 

TABLE 4 

FACTOR EFFECTS ON CHEMICAL OXYGEN DEMAND 

EFFECT 

COD CONCENTRATION (mg/l) COD MASS REMOVAL RATE 

Stage 1 

50.0 

-14.1 
-1.0 

-10.9 
-5.1 
27.3 

10.4 
-0.7 
3.2 

-7.9 

5.1 
-1. 9 
-3.6 

-0.3 
-5.7 

-16.4 

FACTOR 
NUMBER 

1 
2 
3 
4 
5 

Stage 4 

27.4 

-8.6 
-0.5 
-5.2 

7.6 
5.4 

0.3 
-7. 5 

7.2 
-1.1 

1.9 
-4.8 

2.4 

-3.2 
-0.3 

-11.8 

FACTOR 

RPM 
FLOW RATE 
SURFACE EXPOSED 

Stage 1 

319 

38 
-6 
25 
33 

221 

-36 
-30 
-20 

60 

-53 
-11 

55 

-1 
43 

40 

NITROGEN MASS LOADING RATE 
CARBON MASS LOADING RATE 

llO 

(gra,ms/day) 

Overall 

351 

39 
7 

24 
17 

247 

-29 
-21 
-21 

47 

-61 
-12 

56 

6 
29 

34 



FACTOR 

AVERAGE 

1 
2 
3 
4 
5 

12 
13 
14 
15 

23 
24 
25 

34 
35 

45 

TABLE 5 

FACTOR EFFECTS ON AMMONIA NITROGEN 

EFFECT 

NH3-N Concentration 
(mg/l NH3-N) 

NH3-N Mass Removal Rate 
(grams/day) 

Stage 1 

32.51 

-3.36 
-17.71 
-1.26 
23.43 
-4.40 

-2.83 
6.75 
0.75 
6.05 

3.29 
-13.03 

1.28 

0.87 
-1.49 

4.40 

FACTOR 
NUMBER 

1 
2 
3 
4 
5 

Stage 4 Stage 1 

5.61 14.1 

0.73 4.6 
-7.08 3.5 
-2.81 -6.3 
10.53 4.1 

2.98 -2.1 

-2.18 -4.1 
-1.12 -7.8 

0.84 0.7 
1. 77 -2.8 

2.17 -3.6 
-6.83 -5.8 
1.09 1.5 

-2.70 -0.1 
-2.00 1.6 

2.58 -1.0 

FACTOR 

RPM 
FLOW RATE 
SURFACE AREA EXPOSED 
NITROGEN MASS LOADING RATE 
CARBON MASS LOADING RATE 
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Overall 

51 

9 
3 

-2 
16 

8 

-7 
7 
0 
5 

-2 
7 

-1 

6 
3 

0 



FACTOR 

AVERAGE 

1 
2 
3 
4 
5 

12 
13 
14 
15 

23 
24 
25 

34 
35 

45 

TABLE 6 

FACTOR EFFECTS ON NITRIFICATION 

EFFECT 

N03-N Concentration 
(mg/l) 

N03-N Production Rate 
(grams/day) 

Stage 2 

5.78 

0.14 
0.60 

-1. 79 
2.88 

-4.11 

2.15 
0.90 
3.79 
1.22 

-1.02 
1.08 
2.09 

2.01 
2.41 

0.30 

FACTOR 
NUMBER 

1 
2 
3 
4 
5 

Stage 4 Stage 2 

30.86 6.02 

-1.37 0.68 
-7.86 3.95 

3.00 1.55 
19.63 3.76 
14.28 -2.53 

5.82 3.09 
0.51 0.10 

-3.40 6.59 
1. 78 1.21 

-2.48 -2.32 
3.07 3.22 
4.16 0.31 

-0.75 2.18 
3.20 3.29 

-1.61 1.33 

FACTOR 

RPM 
FLOW RATE 
SURFACE AREA EXPOSED 
NITROGEN MASS LOADING RATE 
CARBON MASS LOADING RATE 

112 

Overall 

39.3 

0.1 
8.9 
3.9 

25.6 
17.4 

7.4 
0.4 
3.4 
2.6 

-1.4 
1.9 
1.9 

0.1 
2.9 

1.9 



TABLE 7 

FACTOR EFFECTS ON STAGE 1 DISSOLVED OXYGEN 

FACTOR 

AVERAGE 

FACTOR 
NUMBER 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

12 
13 
14 
15 

23 
24 
25 

34 
35 

45 

EFFECT (mg/l D.O.) 

RPM 
FLOW RATE 

1.29 

0.84 
1. 70 
0.57 
0.41 

-3.13 

-0.58 
0.44 

-0.05 
0.09 

-0.35 
0.81 

-0.63 

-0.74 
0.63 

0.42 

FACTOR 

SURFACE AREA EXPOSED 
NITROGEN MASS LOADING RATE 
CARBON MASS LOADING RATE 
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The effects presented in a one-half 25 factorial analysis are the effects 
of changing the factors listed aliased with the effects of changing all the re
maining factors not listed. For example, what appears to be the effect of chan
ging factors 2 and 3 together could be the effect of changing 2 and 3, or the 
effect of changing 1, 4 and 5 together, or a combination of both effects. Re
member, the experimenter is gambling that the single and two factor effects are 
greater than the three, four, and five factor interaction effects. 

These experiments were not replicated, so there is no direct estimate of 
the variance. This means that there is no immediate way to determine which 
effects are statistically significant and which effects are merely due to ran
dom variations of system performance. This problem can be partially solved 
through the use of normal probability paper. 

If the calculated effects were only due to random variations about a mean 
value, the effects would have been distributed approximately normal with mean 
zero. The mean would be zero because the effects are calculated from differ
ences between pairs of responses, and, on the average, the difference between 
random numbers would be zero. Thus, the ordered effects, if not significant, 
would plot as a straight line on normal probability paper. 

If the ordered effects do not plot as a straight line on normal probability 
paper, they are not distributed normal. If the removal of some effects allows 
the rest of the effects to plot as a straight line, the removed effects are 
not easily explained as chance occurrences, while the remaining effects are. 
The effects presented in Tables 4 through 6 were plotted on normal probability 
paper and analyzed. The results of these analyses are presented in Table 8, 
and are also discussed in the following section along with the results shown 
in Tables 4 through 7. 

ANALYSES 

l'1hen considering factor effects it is necessary to overlook the obvious 
effects and discuss that which may appear to be less important. One could 
guess that if flow rate was increased while mass loading rates remained the 
same, concentrations would decrease. Or, it could be anticipated that concen
trations would inCJease if mass loading rates increase , flow being held con
stant. Similarly, mass removal rates would probably increase if mass loading 
rates were increased. Once the effects are calculated, it is very difficult, 
if not impossible, to rationalize apparent contradictions by multiplying effects 
of one factor by effects of another or subtracting interaction effects of sev
eral factors from effects of another. So, when considering the information in 
Tables 4 through 7 and in Table 8, a lot of the obvious will be ignored, In 
addition, even though analyses summarized in Table 8 indicated that only cer
tain effects were significant, other effects revealed by analyses summarized 
in Tables 4 through 7 will be discussed. The authors think that the analyses 
summarized in Table 8, while helpful, are not absolute, and should be "taken 
with a grain of salt." 

Factor Effects on Chemical Oxygen Demand 

If the results of analyses summarized in Table 8 are believed, and the 
obvious effects ignored, there are no significant effects. 
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TABLE 8 

RESULTS OF PROBABILITY ANALYSES 

RESPONSE 

Stage 1 COD Concentration 
Stage 4 COD Concentration 
Stage 1 Removal Rate 
Overall COD Removal Rate 

Stage 1 NH -N Concentration 
Stage 4 NH~-N Concentration 
Stage 1 NH3-N Removal Rate 
Overall NH3-N Removal Rate 

Stage 2 
Stage 4 
Stage 2 
Overall 

NO -N Concentration 
N0 3-N Concentration 
N03-N Production Rate 
N03-N Production Rate 

3 

FACTOR 
NUMBER 

1 
2 
3 
4 
5 

SIGNIFICANT FACTOR OR 
FACTOR INTERACTION 
EFFECTS 

FACTOR 

RPM 
FLOW RATE 

INCREASE 

5 
none 
5 
5 

4 
4 
none 
4' 5' 2' 12 

none 
4, 5 
14 
4 

SURFACE AREA EXPOSED 
NITROGEN MAS LOADING RATE 
CARBON MASS LOADING RATE 
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DECREASE 

none 
none 
none 
none 

24, 2 
24, 2 
none 
none 

23, 2, 5 
none 
23' 5 
none 



One can choose to ignore Table 8 and the analyses for significance, and 
examine Table 4. It will be found that the factors which effect COD concen
tration the most, either decreasing or increasing it, are all trivial factors; 
i.e., flow rate, or flow rate in combination with an other factor, or carbon 
mass loading, singly or in combination. The same can be said for COD mass 
removal rates. 

Factor Effects on Annnonia Nitrogen 

Considering the results of the probability analyses, and ignoring the ob
viou~ effects, there are three significant effects. Overall ammonia removal 
rates were increased when carbon mass loading rate (5), flow rate (2), RPM 
and flow rate (12) were increased. The following non-trivial major effects 
were observed, but may or may not be significant, depending upon one's belief 
in the validity of the probability analyses. 

Stage .!_Ammonia Concentration. 

An increase in RPM and carbon mass loading rate (15) caused an increase 
in ammonia concentration. However, an increase in carbon mass loading (5) 
alone caused a decrease in ammonia concentration. It is easy to eliminate 
the contradiction by saying that neither effect is statistically significant. 

Stage _i Annnonia Concentration. 

An increase in carbon mass loading rate (5) increased stage 4 ammonia con
centration the most. An increase in surface area exposed (3) caused the great
est decrease. 

Overall Ammonia Removal. 

Increasing RPM (1) decreased removal the most. 
loading rate (5) also increased removal. Increasing 
(12) caused the greatest decrease in removal. 

Factor Effects on Nitrification 

Increasing carbon mass 
RP::M and flow rate together 

There were four statistically significant, yet non-trivial effects. In
creasing carbon mass loading rate (5) caused three of them. Stage 2 N03-N con
centration decreased, stage 2 N03 production rate decreased, and stage 4 N03-N 
concentration increased. If one examines Table 6, ignoring Table 8, one can 
find no major non-trivial, but perhaps statistically non-significant effects. 

CONCLUSIONS 

The results of the analyses done to date are ambiguous. There were extreme 
variations in the performance of the RBC during the experimental program. One 
only needs to scan Table 3 to confirm that. Something caused those variations, 
and these experimenters feel it was variations in the factors being studied. 
Further analyses of the data are anticipated, and hopefully these analyses 
will give more insight into the system. 

For the time being, some information has come out of the analyses which 
adds to the knowledge of the RBC system. 
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Consider first only information in Table 8. 

RPM was a statistically significant factor, in combination with a non
trivial factors, once. 

Flow rate was a statistically significant factor, in combination with 
other non-trivial factors, twice. 

Surface Area Exposed was a statistically significant factor, in combination 
with a non-trivial factor, once. 

Nitrogen Mass Loading Rate was never a non-trivial, statistically signifi
cant factor. 

Carbon Mass Loading Rate was a non-trivial, statistically significant 
factor, by itself, four times. 

If one includes the more subjective analyses presented in the "Analyses" 
section, Table 9 can be developed. 

FACTOR 

RPM 
FLOW RATE 
SURFACE AREA EXPOSED 
NITROGEN MASS LOADING RATE 
CARBON MASS LOADING RATE 

TABLE 9 

FREQUENCY MENTIONED AS 
IMPORTANT FACTOR 

FREQUENCY MENTIONED 

ALONE IN COMBINATION 
1 3 
1 
1 
0 
7 

2 
0 
0 
1 

One must remember that the factors were identified as important or significant 
more times than indicated above. However, they were termed "trivial" because 
the factor was part of the response being mentioned. The data are still being 
analyzed, and attempts are being made to "normalize" the derived data so these 
factors become "non-trivial". 
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HYDRAULIC AND ORGANIC FORCING OF A PILOT SCALE RBC UNIT 

By 

Leonard w. Orwin 
Project Manager 

Charles D. Siebenthal 
Associate 

Metcalf & Eddy, Inc. 
Palo Alto, California 

The San Francisco Master Plan for water pollution control recommends 
that a new Southwest water pollution control plant (WPCP) be 
constructed. The Southwest WPCP would include secondary treatment for 
about 22 million gallons per day (Mgal/d) of dry-weather sewage to 
effluent quality levels required for ocean discharge. Since San 
Francisco has combined sewers, wet-weather sewage would also be treated 
in the secondary plant. A separate wet-weather plant would be 
constructed to handle wet-weather flows that exceed the hydraulic 
capacity of the secondary plant. Wet-weather flows as high as 500 
Mgal/d could be possible depending on the design of the 
storage/transport system. 

In support of the Southwest facilities planning effort, Metcalf & Eddy 
conducted a pilot plant program to study the serious technical problems 
associated with treating both wet- and dry-weather flows. During wet 
weather, the composition of the feed to the secondary plant would 
continuously change over an extremely wide range, and the effect of 
these changes on the quality of the secondary effluent was unknown. 
Thus, pilot testing of the secondary processes was necessary to 
determine (1) what percentage of the wet-weather treatment capacity 
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could be achieved by hydraulically forcing the secondary plant, and 
(2) what design modifications would be necessary to achieve this maximum 
hydraulic capacity. Another objective of the pilot testing was to 
determine the stability of the secondary processes tmder extreme diurnal 
and wet-weather treatment load transitions. 

This paper presents the results of the pilot plant tests designed to 
study the response of a rotating biological contactor (RBC) to rapid 
changes in hydraulic and organic loadings. These results should be 
valuable to others considering this process for locations experiencing 
similar wide variations in wastewater composition (for example, 
communities with combined sewers or unusually high infiltration/inflow 
rates). 

CHARACTERISTICS OF THE TREA'IMENT PROBLEM 

The proposed dry-weather treatment plant will be required to handle wide 
variations in both flow and pollutant loadings. The typical diurnal 
flow pattern includes a low of about 8 Mgal/d during the early morning 
hours and peak flows of about 35 to 40 Mgal/d during the late morning 
and early afternoon. The BOD concentrations vary in a similar fashion 
with concentrations as low as 50 milligrams per litre (mg/L) during the 
periods of low flow and peak concentrations as high as 250 mg/L 
coinciding with the peak flows. Typically, the time period between the 
early morning low and the later morning peak is 3 to 4 hours and, 
consequently, the BOD loading rate can increase by as much as 2,500% 
during this short time span. 

During wet weather, the short-term variations in loading conditions 
could vary even more drastically depending on the peak hydraulic design 
capacity selected for the dry-weather plant. During a storm, the BOD 
and TSS concentrations may vary from as low as 15% of the dry-weather 
average to as high as 200 or 300%. Furthermore, the alkalinity and 
conductivity of the wastewater will vary more or less in direct 
proportion to the amount of stormwater dilution. These variations in 
influent characteristics may significantly affect the performance and 
stability of biological secondary processes and, consequently, must be 
carefully considered in the selection of the recommended process. 

Since the RBC system is a fixed culture process, several advantages were 
anticipated over the competitive suspended biomass processes (air and 
pure oxygen activated sludge) for the proposed Southwest WPCP. 

• · Primary clarifiers could be operated at higher overflow rates 
during wet weather without seriously affecting the RBC process 
since the inert solids carried over in the primary effluent 
would tend to pass through the RBC units with little effect on 
BOD removal efficiency. In a suspended biomass system, these 
inert solids accumulate in the aeration basins and reduce the 
fraction of the total biomass, which is biologically active. 
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• Since the RBC biomass is attached to the rotating disks, high 
hydraulic loadings will not cause biomass "washout." Large 
increases in hydraulic loadings to a suspended biomass system 
will result in a temporary transfer (washout) of biomass from 
the aeration basins to the secondary clarifiers leading to 
lower BOD removal efficiency. 

• Significant variations in loading conditions to an activated 
sludge process require careful operator attention to make 
proper adjustments to air or oxygen supplies, sludge recycle 
rates, and secondary clarifier operating conditions in order 
to maintain a viable biomass. Very little operator attention 
would be required during hydraulic forcing of an RBC system 
since the biomass is retained on the disks. 

Pilot scale tests were performed to demonstrate the extent to which an 
RBC unit can be hydraulically forced relative to normal design loadings 
and to determine the response of an RBC system to rapid increases in BOD 
loadings over short-time periods. Additional tests were conducted to 
evaluate the effects of high feed solids from an.overloaded primary 
clarifier; however, those tests will be described in a subsequent paper. 

TEST FACILITY DESCRIPTION 

The pilot scale RBC unit was a part of an extensive pilot plant facility 
designed to test a number of physical/chemical processes for wet-weather 
treatment in addition to the tests on biological secondary treatment 
processes. Photographs of the pilot plant facilities, located primarily 
in the courtyard of the Richmond-Sunset WPCP in Golden Gate Park, are 
presented in Figure 1. These photographs indicate the basic scale of 
the pilot units: e.g., the RBC unit was equipped with 2.0 metre 
diameter disks and the UNOX system was in the standard 8 ft by 40 ft 
trailer. All biological treatment units were elevated to provide 
gravity transfer to the secondary clarifiers. 

The RBC pilot unit was an Autotrol 2.~ metre unit with four disks 
providing about 7,900 square feet (ft ) of surface area. The nominal 
hydraulic capacity of the unit was 6 gallons per minute (gal/min) based 
on a hy~raulic loading of 1.1 gallons per square foot per day 
(gal/ft •d). The pilot unit was operated at a rotational speed of about 
3 revolutions per minute (rpm) during all tests. Feed to the RBC unit 
was typically primary effluent from a pilot-s1ale clarifier operated at 
a surface overflow rate of about 1,000 gal/ft ·d. Effluent from the RBC 
unit flowed by gravity to a 5 foot diameter secondary clarifier. During 
the hydraulic forcing tests, a large portion of the RBC effluent was 
bypassed around the secondary clarifier to avoid excessive overflow 
rates. 

A schematic process flow diagram of the RBC pilot facility is presented 
in Figure 2. Composite samples, taken at 8 hour intervals, were 
collected by the use of small metering pumps or timer-controlled 
solenoid valves at the flow points indicated in the figure. 
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(a) 

Figure 1. Southwest WPCP pilot plant. 
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Figure 2. Process flow diagram, RBC unit. 



HYDRAULIC FORCING TESTS 

The experimental plan for the hydraulic forcing tests involved operating 
the RBC unit at progressively higher feedrates by applying the step 
increases shown in Figure 3. The unit received diurnal variations in 
wastewater composition but was operated at constant flow conditions 
after each step increase. Samples were collected for analysis according 
to the schedule shown in Table 1. The sampling points are shown 
schematically on the process flow diagram, Figure 2. 
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Figure 3. RBC flow increases, hydraulic forcing tests. 

124 



Table 1. SAMPLING PROGRAM, RBC HYDRAULIC 
FORCING TESTS 

Effluent primary Effluent secondary 

Sampling point No. 

Sample type 

pH 

Temperature 

Dissolved oxygen 

Conductivity 

Total suspended solids 

Volatile suspended solids 

Alkalinity 

Settleable solids 

Total organic carbon (TOC) 

Soluble TOC 

Biochemical oxygen demand (BOD) 

Soluble BOD 

Chemical oxygen demand (COD) 

Soluble COD 

Ammonia nitrogen 

Freon extractable material 

clarifier V-102 RBC unit clarifier V-109 

104 

Composite 

3 

3 

3 

3 

3 

3 

1 

3 

3 

3 

3 

3 

3 

1b 

lb 

108 

Grab 

3 

3 

3 

3 

3 

3 

12a 

112 

Composite 

3 

3 

3 

3 

3 

3 

1 

a. One sample from each stage per shift. 

b. 24 hour composite. 

Results of the hydraulic forcing tests are summarized in Table 2 along 
with comparable data collected during another test run on this unit at 
essentially nominal design conditions. The RBC unit was operated at 
hydraulic loadings greater than 1,000% of design and organic loadings of 
up to 370% of design (ba~ed on a nominal design loading of 1.4 pounds of 
soluble BOD per 1,000 ft /d). The last line of Table 2 indicates 
whether the feed was all dry-weather flow or partially wet-weather flow. 

Due to the rainfall that occurred during many of the test periods, the 
influent BOD concentrations varied widely from day to day. Thus, the 
average influent and effluent concentrations listed in Table 2 and the 
percent removals calculated from them must be interpreted only as trends 
with increasing hydraulic load. 
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Table 2. RBC HYDRAULIC FORCING TEST RESULTS 

Hydraulic loading rate, % of design ratea 

97b 225 275 325 375 470 475 590 775 1,040 

Test period D A E F B G c H I 

Duration, hours 

Feedrate, gal/min 

Hydraulic loading, 
gal/ft2•d 

216 96 104 40 BO 72 BB 40 16B 256 

5.B 13.0 15.B 19.0 21.7 27.2 27.6 34.2 45.0 60.5 

1.06 2.3B 2.BB 3.45 3.96 4.96 5.02 6.23 B.20 11.03 

Hydraulic"'detention, min. 172 77 63 53 46 37 36 29 22 16.5 

Organic loading, 0.79 1.48 1.25 1.85 2.31 3.30 3.48 l.B2 5.19 4.B7 
lb BOD501/l,OOO ft2•d 

Organic removal, 0.75 1.24 1.13 l.21 l.BB 2.72 2.60 1.09 3.69 2.48 
lb BODsoi/l,000 ft2·d 

Influent BOD, rng/L 
Total 160 133 102 123 108 145 140 78 115 101 
Soluble 90 75 52 64 70 80 83 35 76 53 

Effluent BOD, mg/L 
Total 24 29 23 43 44 46 49 52 55 55 
Soluble 4.2 12 5 22 13 14 22 14 22 26 

Effluent total suspended 
solids, mg/L 21 22 12 5B 30 34 33 32 46 43 

BOD removal, 'I; 

Total 
Soluble 

COD re1110val, 'I; 

Total 
Soluble 

TOC removal, 'I; 

Total 
Soluble 

Feed type 

B5.2 78.2 77.5 65.0 59.2 70.0 65.0 55.1 52.2 45.5 
95.3 84.0 90.4 65.6 Bl.4 82.5 74.7 60 71.1 50.9 

79.9 76.9 67.2 39.6 61.4 62.3 57.5 52.9 44.4 40.9 
70.2 71.5 47.4 36.3 46.6 63.5 56.5 59.9 32.2 36.0 

74.2 64.5 53.5 41.0 59.3 54.7 57.6 30.7 
52.9 56.5 39.4 44.4 49.l 3B.O 49.2 20.7 

Dry Wet Wet Dry Dry Dry Dry Wet Dry Wet 

a. Based on nominal design rating of 6 gal/min. 
b. This column represents the performance at nominal design loading. 

Scanning the data in Table 2 from left to right, it is clear that in 
general as hydraulic load increases, the effluent soluble BOD tends to 
rise from 4 mg/L up to 26 mg/L. Likewise, the soluble BOD removals tend 
to decrease from 95% down to 51%. However, to compensate for stormwater 
dilution of the feed, the data are best interpreted as a function of 
applied organic loading. 

The organic removal achieved as a function of applied organic loadin~, 
both measured in units of ~ounds of soluble BOD per day per 1,000 ft of 
disk area (lb BOD/1,000 ft ·d), is shown in Figure 4. In Figure 4, the 
open circles represent dry-weather tests; the dark circles represent 
tests with ~ome rain. Note that as the loading increases up to about 3 
lb/1,000 ft ·d, the removal increases linearly with a slope of 0.82, 
indicating a removal of about 82% on a mass basis. 
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Figure 4. RBC performance, organic removal. 

2 The data point at a loading of 5.19 lb/1,000 ft ·d represents operation 
at 45 gal/min under wet-wnather conditions. The organic removal was 
only 51%, a reduction due to a combination of short hydraulic detention 
time (16.5 minutes) and low influent soluble BOD concentrations (only 53 
mg/L due to stormwater dilution, versus 70 to 90 mg/L for dry weather). 

Another measure of performance is the effluent soluble BOD 
concentration. The effluent soluble BOD concentration as a ftmction of 
organic loading is shown in Figure 5. Again, effluent BOD tends to 
increase more or less predictably as the organic loading increases. 
Only one data point is more than 5 mg/L from the correlating line, which 
is an excellent margin of error in BOD determinations at low values 
between 0 and 25 mg/L. 

Similar conclusions hold for chemical oxygen demand (COD) removals, 
although the data are not presented in this paper. 
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Figure 5. RBC performance, effluent soluble BOD. 

The total organic carbon (TOC) reductions tend to decrease more rapidly 
than either BOD or COD because a portion of the TOC represents 
nonbiodegradable organics; thus, the maximum possible TOC reduction via 
biodegradation is less than 100%. Also, the effluent soluble TOC tends 
to increase more quickly as the organic load increases, indicating that 
some refractory metabolic byproducts may be produced under highly 
loaded, short residence time operations. 

The overall performance data from Table 2 are superimposed on the 
vendor's RBC design curves in Figure 6. Only the data for test periods 
at feedrates up to 45 gal/min are shown. The hydraulic loading for the 
final test period at 60 gal/min is off scale. 

Each operating point is represented in Figure 6 as two black dots 
connected by an arrow. In each case, the arrow runs from the measured 
performance to the theoretical performance. Thus, arrows pointing 
upward indicate that at the measured hydraulic and organic loading, the 
test resulted in a lower effluent BOD concentration than predicted by 
the design curves. 

Note that in only one test period (E) does the arrow point downward, 
indicating that the actual effluent BOD was higher than that predicted 
by the design curves. Test E was a short test period that was 
terminated by very heavy rains. Thus, the data from Test E can probably 
be ignored in this analysis. 
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Figure 6. RBC design curves. 

To consider Test B, it was necessary to arbitrarily extrapolate the 
design curves to much higher organic loads. The result is a predicted 
effluent BOD of 42 mg/L versus an actual value of 12 mg/L. The design 
curves could not be extrapolated in this manner to accommodate Tests H 
and I. In both cases, the predicted effluent concentrations would have 
been greater than the influent concentrations. 

In general, it appears that the design curves are conservative and that 
the RBC can be much more heavily loaded for short periods of time than 
would be expected based solely on the design curves. 

SIMULTANEOUS HYDRAULIC AND ORGANIC FORCING TESTS 

A second series of tests was performed to evaluate the effects of more 
extreme forcing conditions over short periods of time. In these tests, 
the step increases in feedrate were made during the morning hours when 
the influent soluble TOC value changes from a low value of about 30 mg/L 
at 6:00-7:00 a.m. to a peak value of about 60 mg/L at 10:00-11:00 a.m. 
The tests were performed on 4 consecutive days with step increases in 
the RBC unit feedrate planned to follow the schedule shown in Table 3. 
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Table 3. PLANNED INCREASES IN 
RBC UNIT FEEDRATE 

RBC feedrate, g~l/min 

Time Day l Day 2 Day 3 Day 4 

5:00 10 10 10 10 

6:00 10 10 10 10 

7:00 10 10 10 10 

7:30 20 20 20 20 

8:00 20 30 30 30 

8:30 20 30 40 40 

9:00 20 30 40 50 

9:30 20 30 40 50 

10:00 20 30 40 50 

11:00 20 30 40 50 

Noon 20 30 40 50 

1:00 10 10 10 10 

Grab samples of primary effluent (RBC feed), RBC 4th stage, and 
clarifier effluent were collected according to the following.schedule: 

Sample frequency 

5:00-7:00 7:00-10:00 10:00-1:00 

Primary effluent 30 minutes 15 minutes 30 minutes 

RBC 4th stage 30 minutes 15 minutes 30 minutes 

RBC clarifier effluent 30 minutes 30 minutes 30 minutes 

The RBC unit feedrates during the 4 days of testing are shown in Figure 
7. The flowrate was adjusted according to the planned schedule except 
on April 18 when the operator had difficulty increasing the RBC feedrate 
to the desired rate of 20 gal/min because a bypass valve had been left 
open. Consequently, the RBC feedrate did not reach 20 gal/min until 
about 9:00 a.m. rather than at 7:30 a.m. as planned. The corresponding 
increases in soluble organic loading are shown in Figure 8. The 
response of the RBC unit in terms of soluble TOC in the feed, 4th stage, 
and secondary clarifier effluent for each day is shown graphically in 
Figure 9. 

On
2
April 18, 1978, the peak soluble organic loading was 2.1 lb TOC/l,000 

ft ·d at about 10:30 a.m. The peak soluble TOC concentration in the RBC 
4th stage was about 30 mg/L, and the clarifier effluent peak soluble TOC 
value was also 30 mg/L if the questionable data point at 10:30 a.m. is 
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ignored. On the basis of hydraulic residence time alone, the response 
of the 4th stage should lag an increase in feed concentration by about 
45 minutes during this test. Since the clarifier flowrate was 
maintained constant at about 15 gal/min for all tests, the response in 
the clarifier effluent should lag the 4th stage response by about 2.5 
hours in each test. 

On April 19, 1978, the deterioration in clarifier effluent quality was 
not significantly greater than in the fi2st test even though the peak 
organic loading of about 2.8 lb/1,000 ft ·d was about 35% greater. The 
4th stage soluble TOC did reach a peak of 34 mg/L, which was about 13% 
greater than the peak value in the first test. 

On the third test day, Ap2il 20, 1978, the peak organic loading was 
about 3.6 lb TOC/l,000 ft ·d, which was about 70% greater than in the 
first test. The clarifier effluent reached a peak value of 40 mg/L 
soluble TOC, which was about 33% higher than in the first test. The 
rapid increase in 4th stage TOC, which occurred between 8:30 and 9:00 
a.m., was the initial response to the sudden increase in loading. 
Although a peak value of about 44 mg/L was apparently reached at 9:00 
a.m., the subsequent TOC values leveled off at about 34 mg/L. · 

On the final day of the test, April 21, 1978, the RBC feedrate was 
increased to 50 gal~min, resulting in a peak organic loading of about 
4.4 lb TOC/1,000 ft ·d. This represents an increase of about 210% over 
that of the first test. The 4th stage TOC values during this test show 
a steady increase in response to the increased hydraulic and organic 
loading, peaking at about 44 mg/L. This is an increase of about 50% 
over the corresponding peak value in the first test. The clarifier 
effluent TOC showed a similar response. 

Although the effluent TOC quality deteriorated as the organic loading 
increased during the series of tests, it is interesting to view the data 
in terms of the organic removal achieved as a function of applied 
organic loading. These data, along with corresponding data collected 
during the hydraulic forcing tests, are presented in Figure 10. It 
should be noted that the data points presented for the simultaneous 
forcing tests are average values corresponding to the final 2 to 3 hours 
of operation in each daily test, while the data from the hydraulic 
forcing tests represent relatively long-term, steady-state values. 

Considering only the data collected during the simultaneous forcing 
tests (Curvz I), for increases in soluble TOC loading of up to about 3.5 
lb/1,000 ft ·d, there is a net benefit in terms of total mass of TOC 
removed. At higher organic loadings, the organic removal apparently 
decreases, indicating that the process is stressed beyond its maximum 
capacity for soluble TOC removal. These results are consistent with the 
data from the hydraulic forcing tests, which are shown in Figure 10 for 
comparison. 
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There were no apparent operational difficulties associated with these 
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Secondary or biological treatment of wastewater has been provided 
prircipally by the activated sludge and trickling filter processes. The former can 
be described as a slurry or suspension process while the latter is a fixed film 
process. One substantial modification of the trickling filter process involves the 
use of biological films attached to rotating disks. 

The rotating biological contactor (RBC) system, as now practiced, consists 
of a series of reactors each of which contains a number of closely spaced rotating 
vertical disks partially submerged in the wastewater. A biomass similar to 
trickling filter slime is established on the surface of the disks. As the disks rotate, 
they carry the biomass film saturated with wastewater into the air where it is 
aerated to provide the dissolved oxygen (DO) required for aerobic biological 
activity. In summary, the rotating disk is utilized as a supporting media for 
biological growth, as a mechanism for aeration, and as a means of contacting the 
microorganisms with the wastewater. 



For better design and operation of the RBC process, it is important to 
understand the interaction of the loading and operating variables such as organic 
loading, flow rate, rotational disk speed, detention time, disk surface area, 
submerged disk depth, and wastewater temperature. It is also important to 
understand the effect of biological film age and thickness on the organic removal 
efficiency. 

This work describes the effects of detention time, influent concentration, 
flow rate and biological film age and thickness on organic removal of RBC. 

EXPERIMENT AL PROCEDURE 

To study the above effects, a six-stage RBC system was constructed with 
each stage 6 in. (15.24 cm) deep, 4 in. (10.16 cm) wide, and 8 in. (20.32 cm) long. 
The system was partially submerged in a constant temperature water bath. 

Each stage contained one or two 6 in. (15.24 cm) diam., 0.25 in. (0.64 cm) 
thick plastic disks. The available surface area from each disk was 0.442 sq. ft. or 
63.6 sq. in. (410 sq. cm). When there were two disks in each stage, the two disks 
were spaced on 1.75 in. (4.45 cm) centers. These were mounted vertically and 
parallel to the flow on a 0.5 in. (1.27 cm) diam. horizontal stainless steel shaft. 
The shaft rotated at controlled speeds by a roller chain connected to a 1/6 hp 
(0.124 kw) ratiomotor. 

In this type of laboratory reactor, the wall area effect could mask the effect 
of the rotating disk area. Therefore, it was necessary to prevent biological growth 
on the walls and bottoms of the reactor and restrict the biological film 
accumulation to the rotating disks. This was accomplished by using two sets of 
0.25 in. (0.64 cm) thick reactor linings for each stage and changing the linings three 
times each day. 

The substrate selected is shown in Table I. The protein was present in the 
nutrient broth representing 65 percent of the chemical oxygen .demand (COD), the 
carbohydrate was present as glucose representing 25 percent of the COD, and the 
fatty acid was present as sodium oleate representing 10 percent of the COD. 

The effect of film age on organic removal rate was studied under three 
different test conditions. These three conditions differed by flow, detention time, 
or organic loading. The first study was made at a flow rate of 21 l/day, a loading 
of 7.56 g COD/day, or 0.63 lb. COD/100 sq. ft. apparent disk area/day (30.8 g/sq. 
m/day), and a detention time of 96 min. per stage while the second study was done 
at a flow rate of 42 1/day, a loading of 15.12 g COD/day, or 1.26 lb. 
COD/100 sq. ft. apparent disk area/day (61.6 g/sq. m/day), and a detention time of 
24 min. per stage. The third study was made at the same flow rate and organic 
loading as the second study, but at a detention time of 48 min. per stage. All three 
studies were made using a single disk per stage, an influent COD concentra~ion of 
360 mg/I, a rotational disk speed of 30 rpm, and a liquid temperature of 20 C. In 
the third study, the effect of film thickness on organic removal rate was also 
investigated. 
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The biological growths on the first three disks (stages) were removed 
successively starting from the third disk with the first disk being the last. This 
reverse procedure was used so that the feed to each stage would not be changed as 
would be the case if the disk cleaning went from stage one to stage three. At least 
four detention times of continuous slime removing was done before samples were 
withdrawn for COD testing in order to insure the purging of the original treated 
liquid in the reactor. Two successive runs were made on each disk. 

The thickness of the biological film was determined with a Bausch and Lomb 
phase contrast microscope. The microscope was focused on the top, and then on 
the bottom of the film. The film thickness was determined from the number of 
divisions turned on the fine adjustment between the two focusings. The microscope 
was calibrated by focusing the top and bottom of one to five pieces of Corning 
cover glass which ranged in thickness from 174.78 microns to 873.92 microns. The 
actual thickness of the Corning cover glass was determined with a precision 
micrometer. By plotting the thickness against the number of divisions turned on 
the fine adjustment between the two focusings, it was found that each division on 
the fine adjustment of the phase contrast microscope used in this investigation 
represented 1.8863 microns of thickness. 

Six and eight random film thickness measurements were made each time, 
respectively, on the four pieces of cover glass and the eight pieces of cloth tape 
which were attached symmetrically on the two sides of the disk. 

All analytical peterminations were made according to the recommendations 
of Standard Methods. 

RESULTS 

Effect of Detention Time at 

Constant Organic Loading 

The effect of detention time was studied by two different methods which 
are summarized in Table II. The detention time was first varied by keeping both 
reactor volume and organic loading constant, and varying both flow and influent 
concentratrion. This was studied at three different levels - 24, 48 and 96 min. per 
stage. Varying detention time was also achieved by keeping flow rate, influent 
concentration and organic loading constant, and varying only the reactor volume. 
This was tested at three levels - 17, 24 and 48 min. per stage. 

Varying Both Flow and Influent Concentration 

Data on the effect of detention time by varying both flow and influent 
concentration are summarized in Figure 1. It was shown that COD reduction for 
the first stage reactor increased as detention time was increased from 24 min. to 
96 min. However, increasing detention time had little effect on the overall organic 
removal efficiency which was about 90% COD reduction. 
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Varying Reactor Volume 

The results on the effect of detention time by varying reactor volume are 
shown in Figure 2 as COD reduction in each stage versus stage number. The COD 
reduction in the first stage increased only very slightly as detention time per stage 
was increased from 17 min. to 48 min. An increase in detention time had little 
effect on the overall organic removal efficiency which was about 91 % COD 
reduction. The results show less fluctuation from decreasing detention time by 
varying reactor volume than from varying both flow and influent concentration. 

From both Figure 1 and Figure 2 it is readily seen that stage 4 removed 
more substrate than stage 3 under all detention time conditions studied. This was 
contradictory to the first order reaction theory if all conditions except organic 
concentration were the same in both stages. It was found that mixed liquor 
dissolved oxygen was absent in the first three stages, but was present in the last 
three under all detention time conditions investigated. Therefore, it appears that 
the absence of the mixed liquor dissolved oxygen was the cause for this reverse 
condition. 

Further insight into controlling mechanisms can be gained by assuming the 
reaction was first order. If the biochemical reactions taking place in the RBC were 
"first order" in character, or the rate of the reaction was proportional to the 
amount of oxidizable organic matter remaining at any time, a straight line should 
be obtained when the logarithms of the concentrations remaining were plotted 
against the linear scale of time. Since the percentage COD remaining is 
proportional to the concentration remaining and the detention time of the liquid in 
the RBC is proportional to the number of stages, data were plotted as the 
logarithm of the percentage COD remaining versus stage number. 

The results showed that two or three straight lines in series instead of one 
were obtained depending on the organic loading. Typical results exhibited three 
straight lines and are shown in Figure 3. The first straight line extended over the 
first three stages where mixed liquor dissolved oxygen was absent. The second line 
covered the next two stages where mixed liqLDr dissolved oxygen was present. The 
last line represented the last stage where the influent organic concentration was 
low. The slope of the second straight line is greater than those of the other two. 
Therefore it can be stated that organic utilization in the first three stages was 
dissolved oxygen limited, the fourth and fifth stages was diffusion limited, and the 
last stage was organic concentration limited. 

Effect of Influent Concentration at 

Constant Flow 

The effect of influent concentration was studied under two different slime 
area conditions - single disk and double disks per stage. 

Single Disk Reactor 

The effect of influent concentration was first tested using a single disk per 
stage at four feed levels - 180, 360, 540 and 720 mg/l COD at a flow rate of 42 1 
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per day and a detention time of 48 min. per stage. The results are shown as stage 
number versus COD reduction rate in Figure 4 and as percentage COD reduction in 
Figure 5. 

As expected, organic utilization in each stage increased as influent COD 
concentration was increased to 730 mg/I except in the fourth stage where more 
organics were removed at an influent COD of 347 .5 mg/l than at influent COD 
concentrations of 533 and 730 mg/l. This was a result of the mixed liquor dissolved 
oxygen being absent at influent COD concentrations of 533 and 730 mg/land being 
present at an influent COD of 347 •. 5 mg/l. 

For a six-stage reactor, the total COD reduction rate was increased from 
6.70 grams per day to 20.70 grams per day as the influent COD concentration was 
increased from 178 mg/l to 730 mg/l. The two highest feed levels yielded almost 
equal COD reductions in the last two stages even though the COD concentrations in 
the reactors were different. At an influent COD of 533 mg/I, the effluent COD's 
from the last two stages were 151.7 and 98.7 mg/l. At an influent COD of 730 
mg/l, the effluent COD's were 288 and 237 mg/l. This indicates that the RBC 
system was overloaded at these two high feed levels. 

At low influent concentration, the last few stages are at low COD levels and 
do not need to utilize their organic removal capacity. As a result, nitrification 
takes place. As can be seen from Figure 4, the last three stages at an influent 
COD of 178 mg/land the last two stages at an influent COD of 347.5 mg/l did not 
need to utilize their ~rganic removal capacity and as expected, nitrification was 
found in these stages. 

Since the mixed liquor dissolved oxygen was absent in the first three stages 
at an influent COD of 347.5 mg/I and the first four stages at influent COD 
concentrations of 533 and 730 mg/I, stage 4 removed more organics than stage 3 
when the influent COD was 347.5 mg/I, and stage 5 removed more organics than 
stage 4 when the influent COD concentrations were 533 and 730 mg/I. Stage 4 also 
removed more organics at an influent COD of 347 .5 mg/I than at influent COD 
concentrations of 533 and 730 mg/I. Again, the depletion of mixed liquor dissolved 
oxygen was found to have a negative effect on the organic removal efficiency of 
the RBC. 

Figure 5 shows that the percentage COD reduction increased markedly as 
influent COD concentration decreased from 730 mg/I to 178 mg/I for the RBC up 
to three stages. For systems of more than three stages, this was also true as the 
influent COD concentration decreased down to about 350 mg/I, and then leveled 
out and became independent of influent concentration at low feed concentrations. 

Double Disk Reactor 

The effect of influent concentration was also studied using double disks per 
stage at three levels - 360, 540 and 720 mg/I COD at a flow rate of 42 liters per 
day and a detention time of 48 min. per stage. The results are summarized in 
Figures 6 and 7. 

It is of interest to note the similarity in COD removal rates in stage 2 even 
though the effluent concentrations from stage 2 were different, namely, 103.1, 
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272.5, and 432.1 mg/l COD for feeds of 345.4, 531.5, and 717.7 mg/l COD 
respectively. As the number of stages increased, the COD utilization decreased 
more rapidly with decreasing influent concentration. As can be seen from Figure 6, 
the last three stages at an influent COD of 345 mg/l, the last two stages at an 
influent COD of 532 mg/l, and the last stage at an influent COD of 718 mg/I did 
not need to utilize their organic removal capacity and as expected, NH3-N removal 
took place in these stages. 

Again, the absence of the mixed liquor dissolved oxygen was found to have a 
negative effect on the organic removal efficiency. The mixed liquor dissolved 
oxygen was absent in the first stage at an influent COD of 345 mg/I, the first two 
stages at an influent COD of 532 mg/I, and the first three stages at an influent 
COD of 718 mg/l. Stage 3 was found to remove more organics than stage 2 when 
the influent COD was 532 mg/I arid stage 4 removed more COD than stage 3 when 
the influent COD was 718 mg/l. Stage 3 also removed more organics at an influent 
COD of 532 mg/I than at an influent COD of 718 mg/l. Stage 2 utilized more 
organics at an influent COD of 345 mg/l than at an influent COD of 532 mg/l. 

Figure 7 shows that the percentage COD reduction decreased markedly as 
influent COD was increased from 345 mg/l to 718 mg/l for the RBC up to four 
stages. For systems of more than four stages, the percentage COD reduction 
became independent of influent concentration. 

Effect of Flow Rate at Constant 

Influent Concentration 

Flow rate (hydraulic loading) determines the rate of organic addition and the 
detention time of the liquid in the RBC system. The effect of flow rate was 
studied at four levels - 14, 21, 42 and 63 1 per day at an influent COD concentration 
of 360 mg/l. 

Figure 8 shows the effect of. flow rate on the COD reduction rate. The COD 
reductions in the first two stages increased only very slightly when the flow rate 
was increased from 42 !/day to 63 !/day. This indicates that the first two stages 
were overloaded at a flow rate of 63 !/day. 

Since the mixed liquor dissolved oxygen was absent in the first one, three, 
and four stages at flow rates of 21, 42 and 63 !/day respectively, and present in all 
stages at a flow rate of 14 !/day, stage 1 removed more COD at a flow rate of 
14 !/day than at a flow rate of 21 !/day, and stage 4 had a higher COD reduction at 
a flow rate of 42 !/day than at a flow rate of 63 !/day. Stage 2 also removed more 
COD than stage 1 when the flow rate was 21 !/day, and stage 4 had a higher COD 
reduction than stage 3 when the flow rate was 42 !/day. Stage 5 also removed 
more COD than stage 4 at a flow rate of 63 !/day. However, in general, increasing 
flow rate increases the COD reduction rate. 

Figure 9 shows that the percentage COD reduction increased markedly as 
flow rate was decreased from 63 !/day to 14 l/day for RBC up to three stages. For 
reactors of more than three stages, this was also true as flow rate was decreased 
down to about 42 l/day and then leveled out and became independent of flow rate 
at low feed rates. 
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Effect of Biological Film Age 

The results of the biological film study were calculated in terms of COD 
removal rate (mg/hr) and correlated with film age as shown in Figures 10, 11 and 12 
for the first, second and third tests respectively. There was a rapid organic 
utilization by films in the early periods of their growth. Utilization rates were 
then increasing more slowly and relative stability was eventually achieved. The 
slight COD reduction at time zero was most likely achieved by the suspended 
microorganisms. Figure 10 shows that it took the first, second and third disks 25, 
34.5 and 38 hours respectively to recover the efficiencies to their former levels. 
Figure 11 indicates that 33, 50 and 42 hours were required, respectively, by the 
first, second and third stage disks to reestablish the normal efficiencies of 
treatment. It was also found in a third test that 34, 44 and 33 hours were required, 
respectively, by the first, second and third disks to recover their normal 
efficiencies as shown in Figure 12. In these three figures, the two straight line 
portions of each curve were drawn by the method of least squares. 

While Figures 10, 11 and 12 delineate average rates, they do not demon
strate trends that might have occured during the individual runs. However, the 
scatter of data shown in these figures suggests that there may be significant 
trends. Therefore, data are presented separately for runs 1 and 2 of the second 
stage disk of the first study in Figure 13. The trends indicated by the data were 
thought to be a reflection of the dynamic nature of the mixed-culture microbial 
films. Sharp decreases were observed in the COD removal rates between 40 
and 60 hours. However, a relative stability in substrate utilization rates would be 
apparent when films were older than approximately 70 hours as shown in ~igure 13, 
and as evidenced by the results obtained from the equilibrium period • These 
results of an increas3, a decrease and an increase in substrate utilization support 
only those of Hoehn , although he used film thickness instead of film age as the 
independent variable. 

Effect of Biological Film Thickness 

Figure 14 shows the effect of film thickness on the COD removal rate. The 
two straight line portions of each curve were drawn by the method of lease squares. 

It is evident that there was a rapid uptake of organics by films in the early 
periods of their growth. Utilization rates were then increasing more slowly and 
~elative stability was finally aJ~;fed. Similar trends of rate changes have been 
reported by other investigators ' ' • Figure 14 shows that reestablishments of the 
normal efficiencies of treatment were achieved when the films on the first, second 
and third disks were, respectively, 135, 220 and 265 microns thick. 

While Figure 14 depicts average rates, it does not manifest trends that 
might have occurred during the individual runs. Therefore, data are presented 
separately for runs 1 and 2 of the third stage disk in Figure 15. Sharp decreases 
were observed in the COD removal rates between 350 and 600 microns. A relative 
stability in organic utilization rates was apparent when films were thicker than 
approximately 600 microns or more than 70 hours old as shown in Figures 15 and 13 
respectively, and ~ evidenced by the constancy of the data fr~ studies during the 
equilibrium period • These results support only those of Hoehn • 

143 



DISCUSSION 

Effect of Detention Time at 

Constant Organic Loading 

A decrease in detention time from 96 min. per stage to 24 min. per stage by 
varying flow and influent concentration at a constant organic loading was found to 
have no appreciable effect on the organic removal efficiency of the RBC. It was 
also found that decreasing detention time from 48 min. per stage to 17 min. per 
stage by varying reactor volume at a constant organic loading had no significant 
effect on the organic removal. Due to the restrictions in the physical conditons, 
lower detention time levels were not obtained. The results indicate that the 
critical detention time was equal to or less than 17 min. per stage, and the system 
could be operated at a detention time of 17 min. per stage without losing 
efficiency. 

Effect of Influent Concentration at 

Constant Flow 

It was found that increasing influent concentration at a constant flow 
resulted in an increase of the COD removal rate while the percentage COD 
reduction decreased. These results are not unexpected. Organic removal is also 
mass transfer limited even if the mixed liquor dissolved oxygen content is a 
controlling factor. Mass transfer is directly proportional to the concentration 
gradient. Increasing influent concentration increases the concentration gradient 
which, in turn, increases mass transfer and thereby increases the organic removal 
rate. However, above a certain loading the biomass and the resulting organic 
removal rate is not sufficient to prevent the overall percentage reduction from 
dropping to a lower level. 

Effect of Flow Rate at Constant 

Influent Concentration 

Increasing flow rate at a constant influent concentration resulted in an 
increase in both effluent COD concentration and rate of COD reduction with a 
decrease in the percentage and mg/l COD reduction. The most plausible 
explanation for these results is that organic removal is mass transfer limited 
because organics in the layer of liquid immediately adjacent to the slime layer is 
depleted rapidly. Mass transfer is directly proportional to the concentration 
gradient. At low flow rates the concentration gradient penetrates into the bulk 
liquid film thus reducing the magnitude of the concentration gradient. Increasing 
feed rate reduces penetration of the concentration gradient into the bulk of the 
film, until at high feed rates depletion of organics is limited to the area 
immediately adjacent to the slime; as a result, the 5oncentration gradient extends 
over a shorter length and is numerically larger • At high flow rates, the 
concentration gradient is limited to a thin liquid film adjacent to the slime layer, 
and further increases in liquid feed rate have no effect. Therefore, organic 
removal becomes independent of flow rate at high feed rates, as seen in Figure 8. 
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Effect of Film Age and Thickness 

Each run made in this investigation to assess the organic removal by 
biological films indicated clearly that at film ages between 4-0 and 60 hours or 
thicknesses between 350 and 600 microns the rates of organic removal changed 
markedly. The composite data of Figures 10, 11, 12 and 14- would suggest that the 
removal rates stabilized at some constant values when films were between 25 and 
50 hours old or between 135 and 265 microns thick. 

Torpey et al.6 found that only 18 hours after cleaning were required to 
restore a biological growth on the disk surfaces of the first stage with the 
reestablishment of normal efficiency of treatment. They did not report the 
procedures used for this evaluation. However, it seems that no continuous slime 
removing was made by them before samples were withdrawn in order to purge the 
original treated liquid in the reactor. This is a possible explanatio6"1 for the 
difference between the limiting film ages obtained by Torpey et al. and this 
investigation. Another possible explanation for this difference is that different 
cultural and operational conditions existed in the two studies. 

Perhaps the most significant trait of the composite removal rate curves 
(Figures 10, 11, 12 and 14-) is that they tend to support the theory that the 
assimilation capacity of the biological films remains constant beyond some limiting 
film age or thickness. It should be emphasized, however, that this is based on 
composite data. It is useful, therefore, only in the determination of the average 
results. 

The limiting film ages found for disks one and two in the first study were 
much less than those found in the second and third studies. This is most likely due 
to the fact that the organic loading in the first study was only one-half of that in 
the other two studies. Therefore, the organic removal rate in the first study was 
less than those in the other two studies. This, in turn, enabled the films in the first 
study to reestablish their normal efficiencies in shorter times. However, the 
limiting film age for the third disk in the first study, 38 hours, was more than that 
in the third study. This event along with the fact that each disk in each study 
required different periods of time to recover their former efficiency may possibly 
be explained on the basis of different cultural conditions on each disk. · 

Figure 14- shows that reestablishments of the normal efficiencies of 
treatment were obtained when the films on the first, second and third disks were, 
respectively, 135, 220 and 265 microns thick. Greater film thicknesses resulted in 
no increase in the organic removal rates. These values were taken as the 
thicknesses of the active microbial films. The above three active film thicknesses 
differ from each other. This again may possibly be explained on the basis of 
different cultural conditions on each disk. 

Data presented by Kornegay and Andrews7 and Tomlinson and Snaddon5 

show that the organic remov&l stabilized at the maximum rates observed when the 
limiting thicknesses were reached. However, both groups of data are of composite 
data. 

145 



Even in studies conducted with strictly controlled laboratory systems, the 
investigator cannot duplicate exactly the cultural conditions each time. 
Differences in microbial metabolism are brought about by slight shifts in 
predominance of organism-type. Therefore, if the results of metabolic studies of 
several film cultures are considered together, the fluctuations in data from the 
individual studies will most likely be masked. An average result will therefore be 
defined. 

Cultures were not reproducible in every detail in this investigation. The 
individual organic removal curves reflect differences that were masked by the 
composite curves. 

The individual utilization rate curves (Figures 13 and 15) were interpreted as 
indicating that some factor or factors caused organic uptake by the microbial films 
to decrease sharply when they were between 40 and 60 hours old or 350 and 
600 microns thick. Relative stability of organic removal rates and recovery to 
their former levels were achieved by the time ages of approximately 70 hours or 
thicknesses of about 600 microns were reached. Thereafter, a quasi-steady state 
with respect to organic removal was apparent. 

Sanders8 showed that organic removal rates for microbial films decreased 
after the limiting film thickness for oxygen diffusion to the lower microbial layer 
had been exceeded. However, there is evidence, based on Sanders' own data, that 
the rates were starting to increase at the time the experiments were terminated. 
Had the growth not dropped off, recovery of the films might have been manifested 
by further increases in the organic removal and a reestablishment of the former 
rates. 

Maier4 did not study films less than 480 microns thick. It is possible that 
changes in organic removal rate would occur before this thickness was reached. 

The observed decreases in the individual organic removal rates might be 
caused by some film instability brought about by the limitation of some necessargv 
growth factor. This gr9wth factor f'flay have been oxygen, as proposed by Sanders , 
Kornegay and Andrews5, and Maier , or it may have been nutrient as proposed by 
Tomlinson and Snaddon • The limiting of either oxygen or nutrient would result in 
population changes within the film, and a period of readjustment would be required. 
It is postulated that during this period the organic removal rate would decrease 
particularly if endogenous respiration were increasing. The latter would result in 
utilization of nutrient either stored in the film or supplied by the microorganisms 
themselves and, in effect, reduce the removal of organics from the incoming 
wastes. Organisms within the film would be dying during this period which would 
provide an additional source of nutrient to the living microorganisms. 

The findings of Hoehn and Ray3 for the reversal effects of film thickness on 
nutrient utilization rates are in good agreement with the findings of this study, 
although the absolute magnitude of the maximum removal rates and the film 
thickness at which they occurred differ from those of this investigation due to 
different cultural conditions in the two studies. Their finding that composite 
results mask the reversal effect was also noted in this work. 
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SUMMARY AND CONCLUSIONS 

1. Organic removal in the RBC can be limited by the dissolved oxygen content, 
diffusion or organic concentration. 

2. Increasing influent concentration at a constant flow resulted in a decrease 
of both the percentage COD reduction and the dissolved oxygen content of 
the mixed liquor, while the rate of COD removal increased. 

3. Increasing flow rate at a constant influent concentration resulted in an 
increase in both effluent COD concentration and rate of COD reduction, 
with a decrease in the percentage and mg/l COD reduction and dissolved 
oxygen content of the mixed liquor. 

4. At low organic loadings, most of the organics is removed in the first few 
stages of the RBC with very little being utilized in the following stages. 
This allows NH~-N removal to take place in these later stages when the 
COD and BOD are reduced to 50 mg/land 14 mg/l respectively. 

5. Organic removal by mixed-culture biological films initially decreases when 
some limiting film age or thickness is reached. However, the organic 
removal will increase again to recover its former level as the films get older 
or grow thicker. A quasi-steady state (with regard to organic removal) will 
then be established. 
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TABLE I 

Synthetic Wastewater Substrate 

Material Amount* 

Trace salt solution'· **ml 16.66 

(NH4 )2so4 ,g 0.264 

NH4Cl,g 2.537 

CaC12 • 2H20, g 0.294 

MgC12 .6H20,g 0.407 

CaS04 .2H20,g 1.350 

MgS04 .7H20,g 3.650 

Na3Po4 .12H20,g 3.650 

KH2Po4 ,g 6.434 

·K
2
HP0

4
,g 16.430 

Na2HP04.7H20,g 1.500 

Nutrient broth, ***g 9.000 

Glucose,g 3.798 

Sodium oleate, g 0.603 

COD,mg/l 360 

*Diluted to 45 l with deionized tap water. 

**Dilute 5.0 g of FeC13 .6H20, 0.672 g of A1Cl3 .6H2o, 0.342 g of 

CoC12 .6H2o, 0.15 g of MnS04 .H20, 0.06 g of (NH4 )6Mo7o 24 .4H2o, 

and 0. 01 g of ZnC12 to 1 l with distilled water. 

***Bio Cert TM Nutrient Broth, Dehydrated, J-1089-C, Fisher 

Scientific Company, Pittsburgh, Pa. 
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Table II 

Detention Time Study Conditions 
f-' 
lJ1 
0 

Organic Loading as COD Influent Total 
lb/ lb/ Flow COD Reactor Detention Detention 

Study 1000 ft3/ 100 ft2/ Rate Cone. Volume Time/Staie Time 
~ day day (l/day) (mg/1) {1/stage) (minutes (minutes) 

Varying Flow 15 .37 114.2 1.28 84 183 1.40 24 144 

and Influent 14.59 108.4 1.22 42 347.5 1.40 48 288 

Concentration 15.25 113.3 1.27 21 724 1.40 96 576 

Varying Only 14.64 108.8 1.22 42 349 0.50 17 102 

Reactor 15.02 111.6 1.25· 42 358 0.70 24 144 

Volume 14.59 108.4 1.22 42 347.5 1.40 48 288 
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The transformation of soluble substrate to cells, metabolic products and 
excreta is the basis of the rotating biological contactor process. Metabolic 
activities associated with the rotating biological contactor occur in fixed
film, or as they are more commonly termed, biofilm cultures. Bacterial 
populations exist as a response to combinations of various environmental 
factors. The sum of all these factors constitute, in an ecological sense, 
a niche, or a specialized environment suitable for microbial occupation. 
These saprophytic bacteria are in turn predated by holozoic organisms such 
as the Phyla: Protozoa, Rotifera and Nematomorpha. Some members of these 
Phyla may prey upon either bacteria, algae or other members of the above
mentioned Phyla. Thus, the niches for these organisms are defined by the 
presence of other organisms as well as environmental factors. 

Factors that affect the growth of microbial populations are generally: 
I. Physical, II. Chemical, and III. Biological. These factors individually 
and synergistically alter suitability and as a consequence, abundance of 
particular organisms. The abundance of an organism in an environment can be 
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used as a measure of its importance in that ecological structure. 

Biological treatment processes select for particular organisms by 
creating very defined niches. However, while these processes are fundamen
tally dependent on the activity of living organisms, their design does not 
account for the specific characteristics of the organisms. 

Recently, problems associated with activated-sludge bulking have 
stimulated morphological studies of sludge-floe particles.1.2. Control of 
activated sludge filamentous bulking by increased hydraulic mixing was 
examined by Chudoba, et al. (1973).3. They found that increased staging 
caused more distinct biological cultures, and a decrease of filamentous 
organisms in pre-clarified effluent. 

Hawkes (1963) integrated fundamental relationships of biology and 
ecology to trickling filter and activated sludge operations.4. He recog
nized that there was a succession of microf aunal organisms affecting the 
efficiency of biological treatment. An informative representation of 
microfaunal food chains was developed for both processes. 

McKinney (1962) briefly discusses predominance of microfauna in 
wastewater treatment processes and presents an interpretation of micro
faunal succession with respect to degree of treatment.5. He indicates 
that protozoa are particularly valuable indicators of the performance and 
stability of treatment processes. 

Various interactions between aquatic organisms have been developed by 
Bungay and Bungay (1968)?· A list and simple definitions are found in 
Table 1. 

Interaction 

Neutralism 
Commensalism 
Mutualism 
Competition 
Amens al ism 

Parasitism 
Predation 

TABLE 1 

MICROBIAL INTERACTION 

Definition 

No interaction 
One benefits, other unaffected 
Each member benefits from the other 
A race for nutrients and space 
One adversely changes the environ

ment for the other 
One organism steals from the other 
One organism ingests the other 

Although Table 1 contains a convenient list of interactions, and all are 
possible in the rotating biological contactor. However, clear cut boundaries 
cannot always be defined. 

Recently, Commensalism, Mutualism, Amensalism and Predation have been 
regarded as important factors mediating activities of aquatic organisms.7. 
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Competition and predation, in these authors' view, are of great impor
tance in the biofilms associated with rotating biological contactors. 
Changes in process parameters such as hydraulic retention time, cellular 
retention time, and specific growth rates of bacteria and protozoa may have 
an effect on the predator-prey relationships in the biofilm. 

The importance of predator-prey interactions was examined in continuous 
flow systems by Pirt and Bazin (1972).8. The necessity of maintaining 
predator and prey growth rates either greater or less than the dilution rate 
was discussed. They claimed that more efficient substrate conversion and/or 
microfaunal predation can be attained if these dilution rates are properly 
controlled. 

A reduction in effluent biomass due to protozoa predation of bacteria 
is reported to be significant (Sudo and Aiba, 1972).9· They state that the 
average yield of protozoan mass from bacterial mass is 0.5. 

Most investigations of microfaunal interactions as a response to changes 
in operating parameters are conducted in either pure or mixed suspended 
growth systems. The list of environmental factors affecting organisms in 
the RBC process may be different from the list of factors that affect 
organisms in other processes. Where the lists have factors in common, the 
biological responses to the connnon factors may be different. 

Full-scale activated sludge and trickling filter culture studies have 
revealed that particular species and taxa occur with greater frequencies in 
these cultures. Curds and Cockburn (1970a, 1970b) examined a variety of 
trickling filters and activated sludge units. They determined the frequency 
that individual species were present in these processes.10., 11. They found 
that ciliated protozoa were generally the most abundant microfauna in 
effluents from both processes. Also, the microfauna of both processes were 
similar in that the organisms were from the same orders. Individual species 
within these orders did vary. Activated sludge units that did not contain 
ciliated protozoa contained significant populations of flagellates. Effluent 
from these plants was turbid and of low quality. 

To date, there is a lack of published investigations addressing the 
types, abundance and ecology of microfauna in rotating biological contactors. 
In view of the importance of microf auna in biological wastewater treatment 
processes, we decided to examine the organisms associated with these bio
films. The following were objectives of this study: 

I. To examine what types of bacteria are responsible for soluble 
substrate conversion. 

II. To identify predatory microfauna that ingest substrate removing 
bacteria. 

III. To investigate successional patterns exhibited by the micro
fauna in a rotating biological contactor. 

IV. To evaluate the possibility of using microfauna as indicators 
of effluent quality and stability of rotating biological con
tactor biofilms. 
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Methods and Materials 

Results from the examination of biofilms from two rotating biological 
contactors are presented in this paper. A plexiglass laboratory scale unit 
was constructed and an experimental program initiated to analyze various 
components of the system. Results from a ~-25 factorial design experiment 
have been reported elsewhere.12 · A full-scale Clow-Envirex rotating 
biological contactor used to treat an overloaded trickling filter effluent 
was examined during the course of study. It was hoped that during the 
course of study, the full-scale RBC would replace the trickling filter. 
However, this did not occur. Consequently, the sampling program on the 
full-scale unit was limited. These results will be discussed in this paper. 

The laboratory unit was a continuous flow, four stage reactor. 
Specific design of the unit and the experimental program has been described 
by Hoag and Hovey (1980). Some basic characteristics at the laboratory and 
full-scale units are found in Tables 2 and 3. 

TABLE 2 

CHARACTERISTICS OF ROTATING BIOLOGICAL 
CONTACTOR UNITS STUDIED 

Number of Stages 
Discs per Stage 
Disc Diameter (ft) 
Surface Area per Stage (ft2) 
Total Surface Area (ft2) 
BOD Mass Loading Rate 

(lbs/1000 ft2 - day) 
NH3-N Mass Loading Rate 

(lbs/1000 ft2 - day) 
Peripheral Velocity (ft/min) 

Laboratory 
Unit 

4 
3 
5 

71 
284 

3.6 or 7 

0.3 or 0.5 
56 or 76 

170 

Full-Scale 
Unit 

6 

12 
100,000 
2.4 x 106 

0.12 

0.17 
57 



TABLE 3 

ONE-HALF 25 EXPERIMENTAL DESIGN 

Factor Level 
Number Factor (-) (+) 

1 Revolutions per minute (RPM) 5.9 8.1 

2 Hydraulic Flow Rate (liters/day) 1032 1750 

3 Disc Surface Area Exposed (percent) 60 74 

4 Nitrogen Mass Loading Rate 
(grams NH3-N per day) 41.5 65.0 

5 Carbon Mass·Loading Rate 258 500 
(grams glucose per day) 

EXPERIMENTAL ORDER FACTOR LEVELS 
CONDITION RUN Factor 1 2 3 4 5 

NUMBER 

1 7 + 
2 1 + 
3 12 + 
4 8 + + + 

5 13 + 
6 2 + + + 
7 5 + + + 
8 16 + + + 

9 4 + 
10 6 + + + 
11 11 + + + 
12 10 + + + 

13 15 + + + 
14 3 + + + 
15 9 + + + 
16 14 + + + + + 
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In brief, the full-scale treatment plant was an overloaded trickling 
filter plant upgraded through the use of rotating biological contactors. 
At the time of the experiment, the rotating biological contactor was treating 
trickling filter effluent Characteristics of the full-scale RBC given in 
Table 2. This treatment plant did not control pH or alkalinity. Low 
alkalinities, low pH and low nitrogen mass loading rates resulted in a 
significant underloading of the process. 

EXPERIMENTAL PROCEDURE 

During each of the 16 laboratory experimental runs, biofilm samples were 
removed from the discs by means of a glass slide. The culture was micro
scopically examined immediately after it was removed from the discs. Micro
fauna present in the cultures were identified using taxonomic keys by Kudo 
(1966)13., Martin (1968)14. and Gibbons (1974).15. Due to the difficulty of 
removing a fixed mass and volume of biofilm and then making representative 
serial dilutions, a quantitative analysis of population number was not 
possible. Relative numbers of individuals of a particular species were 10 
determined in a manner similar to a method used by Curds and Cockburn (1970). • 
Population levels were recorded by estimating relative numbers of a species 
using the following levels: (+) few, (-H-) many, (x) very many, and (xx) 
extremely high level. While the numbers of organisms are not numerically 
estimated, the levels presented indicate proportionate sizes of the popula
tions. 

Diofilm was removed from the laboratory discs approximately six inches 
from the outer edge of the discs. Biofilm samples from the full scale unit 
were taken at a distance of 2.0 feet (0.6 m) from the outer edge of the 
discs. Samples used for the determination of wastewater chemical charac
teristic were taken from the bulk liquid in all cases. 

In addition to the microscopic examination of the biofilms, many visual 
changes of the texture, color and density were observed during the experi
mental period. 

Results 

The characteristics of the biofilm cultures varied from stage to stage 
and often shifted between experimental runs. Biofilm thickness, in the first 
stage, while not measured, was observed to become very rough textured and 
thick with increases in carbon mass loading. Similarly, the latter stages 
increased thickness and roughness with increases in nitrogen mass loadings. 

Microfauna of the biofilm samples also varied between stages and runs. 
Four classes, represented by 16 orders of protozoa, were present at some 
time during the laboratory study. Frequencies of occurrence of the various 
microfauna taxa, separated by stages, are found in Table 4. While Protozoa 
were classified to species, the Phyla Rotifera and Nematomorpha were 
classified to order. 

As indicated in Table 4, members of the class Sarcodina occurred 69% 
of the time in the 3rd and 4th stage laboratory biofilm cultures. Amoeba 
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TABLE 4 

CLASSIFICATION OF MICROFAUNA FROM 

LABORATORY RBC BIOFILMS 

TAXONOMIC CLASSIFICATION FREQUENCY 

Percenta~e.of Biofilms 
containing Species 

Phylum 
Class 

Subclass 
Order s T A G E 

Genus 
Species 1 2 3 4 

Protozoa 
Class Ciliata 

Order Gymnostomatida 

Chilodonella cucculus 6 6 
Traecophylum pusillum 6 6 6 
Didinium nasutum 6 
Orthodonella guttula 6 6 6 
Coleps hirtus 6 
Spathidium spathula 6 6 
Prorodon griseus 6 
Prorodon teres 6 
Litonotus lamellae 19 50 63 56 
Litonotus fasciola 13 44 44 44 

Order Trichostomatida 

Colpoda inflata 6 6 6 

Order Suctorida 

Podophyphra elongata 6 
Podophyphra fixa 13 6 13 

Order Hymenostomatida 

Saprophilus muscarum 31 19 25 38 
Uronema marina 6 
Colpodium colpada 6 
Paramecium caudatum 31 13 38 13 
Paramecium bursaria 6 
Glaucoma scintillans 44 56 50 38 
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TABLE 4 (cont.) 

1 2 3 4 

Order Peritrichida 

Vorticella campanula 19 31 44 
Vorticella microstoma 6 6 13 
Vorticella acquilata 38 38 19 
Vorticella nebuif era 19 
Opercularia coarctata 25 13 13 
Epistyllis plicatis 6 6 
Telotrochidum henneguyi 6 19 13 

Order Hypotrichida 

Euplotes patella 6 6 
Euplotes harpa 6 6 13 
Stylonchia mytilus 6 
Stylonchia pulsata 6 
Osytricha 6 

Class Sarcodina 
Order Amoebina 

Amoeba guttula 6 19 25 
Amoeba proteus 19 69 56 
Amoeba verucosa 13 
Amoeba gorgonia 6 38 38 
Amoeba limax 6 
Amoeba stria ta 13 13 

Order Testacea 

Diffuglia oblongata 25 69 

Order Proteomyxida 

Nuclearia simplex 6 44 31 

Order Heliozoida 

Heterophrys myriopoda 6 6 25 

Class Mastigophosa 
Order Chrysomoadida 

Monas amoebina 6 19 6 6 
Monas obliqua 6 6 
Monas vulgar is 6 6 13 19 
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TABLE 4 (cont) 

1 2 3 4 

Order Phytomonadida 

Chlamydomonas ~· 6 
Carteria globosa 6 

Order Euglenida 

Astasia dangeardi 6 
Peranema trichophorum 6 6 31 

Class-Zoomastigophosea 
Order - Rhizomastigina 

Mastigamoeba longifillum 6 
Mas tigamoeba rep tans 13 13 19 

Order Protomastigida 
Bodo caudatus 6 13 
Bodo globosus 13 
Bodo lens 6 6 
Bodo mutabilis 6 
Cercobodo radiatus 6 
Pleuromanas jaculans 6 

Order Polymastigida 

Tetramitus pyroformis 6 

Phylum Rotifera 
Class Digonata 

Order Bdelloidea 

Philodina 31 63 38 
Rotatia sp. 6 

Class Monogononta 
Subordis Ploime 
Encentrum sp. 6 

Phylum Nematomorpha 25 88 88 38 
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guttula, A. proteus, A. gorgonia, Diffuglia oblongata, Nuclearia simplex and 
Heterophrys myriopoda were the species most commonly found of this Class. Class 
Ciliata was represented by 31 species and occurred in 44%, 56%, 63%, and 56% of 
the cultures in Stages 1 through 4, respectively. Both Free-Swimming Ciliates 
and Attached Ciliates were numerous during the course of experimentation. Class 
Mastigophora species (Flagellates) occurred infrequently. The only flagellates 
which were present in 20% or more of the biof ilms per stage was Peranema trich
ophorum (31% of 4th Stage Cultures). Phylum Rotifera was absent in all 1st 
stage cultures but occured in 31%, 63%, and 38% of the 2nd, 3rd, and 4th stage 
cultures, respectively. Phylum Nematomorpha occurred with the greatest fre
quency of any group (88% in both 2nd and 3rd stages). 

Filamentous Bacteria were always dominant in the first stage cultures. 
A very feathery like series of filaments were quite evenly distributed over the 
entire discs. Although some of the experimental runs had lower depths of submer
gence, the cultures tended to cover the entire disc. At times, the bacterial 
growth near the center of the disc was not as thick and/or rough as was found 
on the submerged (wetted) area. The filiamentous bacteria were not confined to 
the first stage cultures in all cases. Two types of filamentous bacteria were 
identified during the study. A Sphaerotilus sp. (probably S. natans) and a 
Norcardia sp. were the major filamentous species. A Zooglea sp. (probably Z. 
ramigera) was present most of the time in the 2nd, 3rd, and 4th stages cultures. 
These bacteria formed a biological matrix in which the other microfauna lived. 
The amount of surface area these bacteria matrices provided to the predatory 
microfaunal was quite astounding to the microscope viewer. 

The roughness and thickness of these bacterial matrices varied from species 
to species. The roughest cultures were Sphauotilus and Norcardia. Cultures 
associated with the Zoogleal colonies were the smoothest. Roughness and texture 
of the individual species did change with changes the process factors. Table 5 
indicates which bacteria were dominant in thefourstages for the 16 experimental 
conditions. 

Analysis 

Reduction of the number:,of individual taxa was conducted for the following 
reasons: First, while individual species may not be present in all RBC biofilms, 
members of the same Order may perform a function similar to that of the absent 
species. Second, examination of all species may not be necessary because of 
similarities in types food ingested and in means of motility. Third, this meth
odology would have a much greater application for treatment plant operators. 
Fourth, the necessity of tedious taxanomic identification to the level of species 
is alleviated. Accordingly, species were grouped together by motility. The 
groups, and orders contained in the groups are shown in Table 6. 

Another method of reducing the burden of species identification is counting 
the number of species per stage without identifying the species. A list of the 
number of microfauna species per stage (excluding bacteria) for the 16 experi
mental runs is shown in Table 7. The average number of microfauna species per 
stage is also shown in Table 7. Although the number of species per stage in
creases from stage to stage, the rate of increase is much lower going from 
Stage 3 to Stage 4. 
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TABLE 5 

BACTERIA IDENTIFIED IN BIOFILMS 

Expr. s T A G E 
Run 

* 
1 2 3 4 

s N z s N z s N z s N z 

1 x x x + xx xx xx 
2 
3 + xx x x ++++ xx xx 
4 xx x xx ++ + + xx x x x 
5 ++ xx x x + xx + xx 
6 x x ++++xx x x x ++ xx 
7 x x x x + + xx xx 
8 + xx ++ x x ++ ++ x ++++xx 
9 xx ++ ++ x xx xx 

10 xx ++ x ++ + x x x x x 
11 + xx xx ++ + xx x xx 
12 + xx + xx x xx x + + xx 
13 x x + + xx x xx xx 
14 xx + x x xx 
15 xx xx xx xx 
16 + xx x x x x x x + + xx 

+ = few *S Sphaerotilus Sp. 
++ many N = Norcardia sp. 
x = very many z Zooglea sp. 
xx extremely high level 

--I~ 
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Another response was that, in some of the runs, the number of microfaunal 
species decreased from stage 3 to 4. This condition was observed in experi
ments 1, 4, 6, 10, 13 and 16. 

Group 

Sarcodina 

Flagellates 

Free swimming Ciliates 

Attached Ciliates 

Rotif ers 

Nematodes 

Table 6 

Grouping of Microf auna 

Orders or Phyla included in groups 

Amoebina 
Testacea 
Proteomyxida 
Heliozoida 

Chrysomoadidg 
Phytomonadida 
Euglenida 
Zoomastigophorea 
Protomastigida 
Polymastigida 

Crymnostomuatida 
Trichostomatida 
Hymenostomatida 
Hypotrichida 

Suctorida 
Peritrichida 

Bdelloidea 
Monogononta 

Phylum Nenatomorpha 

These 6 runs represented 6 of the 8 runs with high glucose mass loading rates 
(500 g/day). 

Table 7 

Numbers of Microf aunal Species per stage 

Exp. STAGE 
Run 1 2 3 4 

1 1 6 11 9 
2 
3 4 11 10 11 
4 1 7 7 5 
5 5 10 10 13 
6 1 3 4 4 
7 3 6 11 12 
8 5 6 9 12 
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Table 7 (cont.) 

Numbers of Microf aunal Species per Stage 

Exp STAGE 
Run 1 2 3 4 

9 4 2 5 6 
10 1 4 8 7 
11 3 6 8 9 
12 3 7 15 17 
13 3 4 15 12 
14 
15 4 12 22 15 

x 2.9 6.3 9.9 10.3 

Microfauna in the 4 stage in all of the laboratory experiments runs were 
classified according to the groups listed in Table 6. Relative populations of 
each group were determined. An organism was identified as the dominant (most 
numerous) organism in each of the biofilm cultures. The group that this organ
ism was a representative of was then identified as the dominant (most numerous) 
group. The dominant group in each stage was recorded. In some instances more 
than one organism was dominant. To investigate the possibility that a particu
lar group was repeatedly dominant in a stage, Figure 1 was developed. The num
ber of times a group was dominant was recorded for each stage, then plotted in 
Figure 1. 

While only two groups were ever dominant in Stage 1 (Free-swimming Ciliates 
and Flagellates), all groups exhibited dominance in the latter stages in at 
least one of the experimental runs. This indicates that the niche provided in 
stage 1 is more specialized and/or restrictive than niches found in later stages. 

The second stage was most frequently dominated by populations of attach~~
ciliates. In 12 of the 14 runs examined they were either the dominant organ
isms or shared dominance with another organism while the attached ciliates were 
a dominant organism in stage 3 four times and in stage 4 three times their dom
inance in the laboratory rotating biological contactors was most pronounced in 
stage 2. Nematodes were a dominant group in stage 2 in 7 runs. 

Rotifers were the group most often predominant in the 3rd stage (8 of 14 
runs). They showed large increase in the number of times they were a predom
inant organism from stage 2 to 3 (from 1 to 8 times). A decrease in dominance 
from 8 to 1 times was also observed from stage 3 to 4 cultures. 

Attached Ciliates exhibited a similar large decline in dominance from stage 
2 to 3. Because they exhibit a large increase, followed by a rapid decrease in 
dominance, these two groups of organisms could be used as indicators of RBC pro
cess kinetics. The environment in stage 3 varied more than that of any other 
stage. All groups were dominant in at least 4 of the 16 runs. 

Dominance in the 4th stage biofilms was most frequently shown by the Sar
codinians. This group was the only one that steadily increased the number of 
times it was a dominant group going from stage 1 to stage 4. Free-swimming 
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Ciliates and Nematodes were also predominant in some of the 4th stage cultures. 

After the dominant groups in a biofilm were determined, COD and NH3-N con
centrations in the bulk liquid were noted for that particular stage and run. 
Population of a group in the biofilm was plotted against concentration of 
either COD or NH

3
-N (Figures 2 and 3). 

Concentrations of various chemical species are descriptive of the environ
mental condition the biofilms are exposed to. The development of a relationship 
between concentration of a chemical species and microfauna population would pro
vide increased understanding of the species succession found in RBC biofilms. 
Figures 2 and 3 are graphs of concentration versus population levels of Free
swimming Ciliates, attached Ciliates, Rotifers and Sarcodinians. 

It can be seen from examination of Figure 2, that these are two basic dif
ferences in the types of areas enclosed for each of the four groups. 

First, consider the range in COD values that the groups occurs in. Free 
swimming ciliates occur over the broadest range of COD concentrations, followed 
by attached ciliates and then Sarcodinians. Rotifers exist over the narrowest 
range. Secondly, it appears that free-swimming ciliates occurred in high COD 
concentrations than attached ciliates. Rotifers occurred in still a lower COD 
concentration. Sarcodinians occurred at the lowest concentration of COD while 
there is overlap of the areas in Figure 2, there are also areas unique to some 
groups. 

Ammonia Nitrogen (NH
3

-N) concentration and population levels are related 
for the four groups in Figure 3. Similar effects in the concentration ranges 
of NH -N and COD were observed. Both free-swimming ciliates and the attached 
cilia~es occur in wide ranges of NH

3
-N concentrations. Rotifers and Sarcodin

ians were restricted to more narrow conditions, _especially at higher population 
levels. 

A similar methodology to the one used in this study, relating COD and NH3-N 
concentrations to group population levels, may also be used for individual 
species. While this has not been done by these authors, there are indications 
that the area enclosed for an individaul organism would be less than that for 
a group. 

Results From Full Scale Analyses 

Microscopic examinations of the Plainville, Connecticut, RBC treatment 
plant indicate that the number of species per stage decreased from 17 in the 
1st stage to 12 in the 6th stage. Chemical and biological characteristics of 
the full scale operations are found in Table 8. The pH and alkalinity concen
trations are noticeably less than those maintained in the laboratory study. 
66% of the nitrification occurred in the 1st stage. 

The succession of dominant groups from stage to stage is shown in Figure 
4. The peak of attached ciliates followed by a large decline in dominance 
from stage 1 to 2 is very similar to that observed in the laboratory unit. 

A peak in the dominance of flagellates, similar to that observed in the 
laboratory unit was more pronounced in the Full-scale process. The flagellate 
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Table 8 

Chemical and Biological Characteristics 
of the Full Scale RBC 

STAGE CONCENTRATION (mg/l) NUMBER OF 
MICROFAUNAL 

NH -N 
3 

NO-N pH Alkalinity* SPECIES 

INFLUENT 36.7 0.86 7.27 232.0 

1st 9.4 24.4 6.83 112.0 17 

2nd 3.86 28.8 6.63 70.5 17 

3rd 2.26 30.4 6.56 62.0 13 

4th 1.30 32.6 6.51 54.2 13 

5th 1.67 32.0 6.57 57.0 12 

6th 1.38 36.6 6.63 57.0 12 

* Alkalinity expressed as 
mg/l as CAco3 
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species responsible for this peak was Monas obliqua and Mastigamoeba reptans. 
Dominance of Rotifers and Sarcodinians in the full scale biofilms was similar 
to that of the laboratory study. However, the slow increases of the Sarcodin
ians and the rapid increases and decreases of Rotifers was not observed in the 
laboratory. 

Although there are similarities between the laboratory and Full-scale stu
dies, no major comparisons should be made. The lack of pH and Alkalinity con
trol creates a very different niche for organisms and their abundance is very 
likely an indication of this. The biofilm cultures nearly had identical zoo
glea matrices when examined with a microscope. The full scale biofilms were 
much thinner and in some instances did not uniformly cover the entire discs. 

Conclusions 

There is a succession of microfauna from stage to stage in both laboratory 
and full scale biofilms. In the first stage filamentous bacteria dominate bio
films and are responsible for the removal of BOD. Free-swimming ciliates were 
the primary predators of the filiamentors bacteria in the first stage of the 
laboratory unit. Two genera of filamentous bacteria were either singly or in 
combination identified in the first stages of all 16 laboratory runs. A Zoo
glea sp. (probably Zooglea ramigera) played an increasely important role in 
latter stage biofilms associated with nitrification. 

Attached Ciliates were the most frequently dominant microf aunal group (ex
cluding bacteria) in the 2nd stage-laboratory and 1st stage-full scale units. 
Rotif ers and Sarcodinians were most frequently the dominant groups in the 3rd 
and 4th stage laboratory biofilms and in the 3rd through 6th stages of the full 
scale unit. 

While there were similarities in the full-scale and laboratory scale re
sults, ~itrogen-mass loading rates, pH and alkalinity regimes were quite dif
ferent. The decrease of total microfaunal species per stage (excluding bacteria) 
in the full-scale unit may have been the result of lower Nitrification reaction 
rates. 

Microfauna was classified to the level of species whenever possible, but 
results in this paper indicate that this may not be necessary in order to assess 
the overall microbiological condition of the biof ilm. Until there is an ade
quate data base, classification of microfauna to the level of species should be 
attempted whenever possible. 

The average number of microfauna per stage (excluding bacteria) increase 
with increased degree of treatment in the laboratory study. Some individual 
runs did exhibit decreases in the 4th stage cultures. 

Population levels of four microfaunal groups were related to concentration 
of COD and NH3-N. There were also shifts of microfaunal groups related to chan
ges in COD and NH

3
-N concentrations. Ranges for many of the microfaunal groups 

were quite large. Future investigators should address the relationships between 
microfaunal groups or individual species and chemical concentrations in effluents 
from RBC reactors. Rotating Biological Contactor researchers should incorporate 
whenever possible, microbiological examinations of biofilm cultures, to expand a 
minute data base. Hopefully this will provide further insights into the biologi
cal activities of the organisms responsible for the efficient operations of the 
process. 
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THE CHARACTERISTICS OF ROTATING BIOLOGICAL CONTACTOR (RBC) SLUDGE 

By 

C. F. Ouyang 

Deputy Chief Engineer, Sewerage Engineering Department 
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Introduction 

The concept of using natural aerobic microbe in municipal sewage treat
ment has become an important design factor. Activated sludge process has 
been popularly adopted since it useless space, treats large quantity of 
sewage quickly and obtained better quality effluent. However, requirement 
of high degree management skill and high power consumption are disadvantage. 

The RBC process which applies aerobic microbe treatment is become more 
important and popular. This process has a buffer character against varia
tion of load. It generates less sludge and eliminates the bulking and foam
ing problems which usually cause great trouble in activated sludge process, 
and also has no odor and clogging problem which trickling filter process 
has. It also requires less power and operation as well.(l) 

I 

The article discloses data from a pilot experiment of sludge character
istics using RBC process as reference in design RBC sludge treatment 
facilities. 

EXPERIMENT FACILITIES AND METHOD 

Experiments were performed with 2 RBC pilot plants, one with 2 stages 
and the other 4 stages. The inlet water was municipal sewage which has 
been primarily treated and then introduced by pump to the RBC for treat
ment, or had been pretreated with coarse screen, grit removal and fine 
screen and then introduced to RBC for direct treatment. Pilot plants. are 
described as follows: 

(1) 2-stages Pilot Plant: (Unit: nnn) 
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Overall Size: 1550L x 440W x 210H 
Inlet: SOL x 440W x 75H 
Reaction Tank: 950L x 440W 

Gross Capacity: 68.9 liters. Net Capacity: 61.3 liters. 
Liquid Volume/Disc Surface Area: 3.64 1/m2 
RBC Body: 405 0 x 440W x 2 stages, acrylic board: 2 mm thick. 

(30 pieces in 1st stage at 13 nnn interval, 23 pieces in 
2nd sta~e at 15.3 mm interval, total surface area is 
16 .86 m • ) 3 

Settling Tank: SOOL x 440W x 200H (Net Capacity: 0.044 m ) 
Settling Tank Outlet: SOL x 440W x 60H 
RBC Rotation Speed: 2-20 rpm 
Driving Motor: 0.25 KW 

(2) 4-stages Pilot Plant: (Unit: mm) 

Overall Size: 2000L x 720W x 560H 
Reaction Tank: 1550L x 616W x 265H 
RBC Body: 473 ~ x 300L x 4 stages (foamed plastic board, 9 pieces per 

stage, 36 pieces in total.) 
Total RBC Surface Area: 23 m2 
Reaction Tank Capacity: 151 liters 
Rotation Speed: 13 rpm 
Driving Motor: 0.4 KW 

BOD REMOVAL 

RBC process is a multi-stage continuous treatment, therefore, the 
number of stage is an important factor for BOD removal. Fig 1 gives the 
experimental results of the rate of BOD removal by a 2-stages and a 4-
stages RBC process respectively under the same load. It shows that the 
more the stages are, the better BOD removal efficiency is. Fig 2 indicates 
the process of the 1st stage can remove about 65% of BOD and the sequential 
stages have lower efficiency. The BOD removal curve demonstrates that 
while the number of stages is up to 3 or more, the removal efficiency is 
negligible. However, an appropriate number of stages will have buffer 
effect on the shock loading of flow and water quality change. Generally 
2-4 stages may be recommended. 

BOD removal speed has a close relation with the property of raw 
wastewater. Fig 3 shows its reaction. It is proceeded in two stages and 
its reaction is a first order reaction. 

Where Co: 

Ce: 

Kl: 

t: 

Ct 
ln -- = K1t 

Co 

Influent BOD (%) 

Remaining BOD (%) after t time 

BOD removal speed (hr -l) 

reaction time (hrs) 

The 1st stagg1reaction has a BOD reduction ranging from 100% to 35% 
and K1 is 5.0 (hr ). During the 2nd stage reaction, the BOD reduction 
is from 35% to 10%, K{ is 1.75 (hr-1). These are much greater than those 
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in actived sludge process. The time of reaction treatment will be complet~ 
ed within 2 hours. 

According to our long term experiment, the following two assumptions 
are made: 

(1) Organic load and flow load of RBC are factors which affect BOD removal 
rate. 

(2) Rotation speed of RBC and G value (Liquid Volume/Disc surface area) 
should be of the optimum data selected according to experience. 

With reference to the data from continuous operation, relations of 
influent wastewater concentration and removal rate under different load 
are shown in Fig 4. The result can be written as: 

y = 100 - (BL x a ) (1) 

where y = BOD removal rate (%) 

a = the slope of BOD loading and BOD removal rate 

Then, common slope of all influent wastewater concentrations are 
analyzed: 

126.1 
a = Cin + 10.07 

where Cin = Influent wastewater BOD concentration (mg/l) 

Institute (2) into (1), then, 

B.L. = 

H.L. 

Cin + 10.07 
126.1 

Cin + 10.07 
126.1 Cin 

(100-y) 

(100-y) x 1,000 

Remaining BOD 

where 

x (%) = 
126.1 B.L. 

Cin + 10.07 

x (%) = 126.1 Cin H.L. 
(Cin + 10.07) x 1,000 

B.L. = BOD loading (g BOD/m
2 

day) 

H.L. 
2 

Flow rate (l/m day) 
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CHARACTERISTICS OF BIO-FILM 

RBC treatment exposes the disc to air under an appropriate rotation 
speed and provides oxygen for reproduction requirement for various microbes, 
then, bio-film is grown. Microbes, by means of Exo-enzymes, absorb basic 
elements in sewage and perform metabolism. Part of it becomes thermal 
energy and the other becomes the film. 

Under normal operation, compositions of bio-film in different stages 
are as follows: (SS composition in Table 1 and VS composition in Table 2.) 

Table 1: Composition of Bio-film 

Stage Qty. Cone. Chemical Composition (%) Thermal Value VS/TS 
2 (g/m ) (%) c H N 0 Ash (Cal/g.vss) (%) 

1 32.6 4.3 35.2 5.4 5.8 21.4 32.2 5, 790 67.8 
2 28.7 4.4 39.1 6.7 6.9 23.4 23.7 4,230 76 .3 
3 28.8 5.8 37.1 5.7 6.8 25.3 24.5 4,000 75.5 
4 22.4 5.9 37.2 6.0 6.8 25.5 24.5 3,010 75.5 

Table 2: Chemical Composition of VS of Bio-film 

Stage Organic Composition (%) Thermal Value 

c H N 0 (Cal/g.vss) 

1 51.9 8.0 8.6 31.5 8,540 
2 51.2 8.8 9.0 31.0 5,540 
3 49.1 7.5 9.0 33.4 5,300 
4 49.3 7.9 9.0 33.8 3,990 

The molecular formula of this composition is c4 • 2 H8 •1 N0 •6 o2 _1 • 

Content of volatile substance is 67.8% in the 1st stage and 77-78% in 
the 2nd and sequential stages.(2) Ash content in the 1st stage is higher 
than other stages. It might be due to the absorption of inorganic matter 
in the influent wastewater. Sludge concentration is 4.3% in the 1st or 
2nd stage and 5.8% in the 3rd or 4th stage. The latter film is harder due 
to the bio-film formed from the grewth of nitrobacteria. No significant 
difference is occurred in the CHNO ratio among these stages. 

I 

Regarding the appearance of bio-film, during the 1st stage, beca~se 
of the high load, the sludge is in light dark color and the micro-organism 
appears are merely Sphaerotilus, Zooglea and other filamentous bacteria. 
During the 2nd stage, the film is in tan or brown color with slurry; the 
protozoa therein is Rotaria, Diplogaster, Zoothonmium etc. During the 3rd 
stage, the film is harder then previous one and it is in tan color with 
Rot~ria etc. Microbes therein are less than that in the 2nd stage. The 
film in the 4th stage is similar to that in the 3rd stage. There are only 
a few microbes, such as Podophrya etc. Since microbes appear at the RBC 
film is much more than that in activated sludge process, the ecosystem is 
more stable, and is more resistant to the variation of influent wastewater 
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quality. This is one af the reason why this method is easier to operate. 

In the experiment of pilot plant, the thickness and the dry weight of 
the bio-film due to the BOD surface loading (see Fig 5,) vary at each stage, 
due to the rotating speed. Fig 6 shows the relationship between the thick
ness of the bio-film and rotating speed. 

RBC is relying on the bio-film to treat wastewater. The MLSS in the 
activated sludge aeration tank is generally considered to be equivalent to 
the sum of the microorganism and SS in the RBC divided by the net capacity 
of the contact tank. This is defined as equivalent SS (ESS), which is a 
function of removing the organic matter in the wastewater. Thus it can be 
written as(4) 

F/M = B.L./DS 

Where 
. 2 

B.L.: BOD surface area loading (g.BOD/m .day) 

DS: Dry sludge weight (g.SS/m
2

) 

F BOD (mg/l) 

M MLSS (mg/l) 

In 4-stages pil0t plant experiment, the first stage ESS is 10,000 -
13,500 mg/1, and decreases stage by stage. The 4th stage ESS is about 
4,000 - 8,500 mg/l. The average ESS is 7,000 - 11,500 mg/l for the whole 
process. The average ESS for the two stage pilot plant under different 
rotating speed is shown in table 3. It is found that the average ESS for 
the 2-stages experiment is approximately the same as that for 4 stages 
experiment, specially under the same speed where the average ESS is 9,000 
mg/l for 2-stages experiment. 

Table 3: Average SS and ESS of 2-stages experiment 

Rotating Peripheral Average SS in Average bio-film ESS 
speed velocity tank (mg/1) drv weight (g/m2) 
(RPM) (m/min) Stage 1 Stage 2 Stage 1 Stage 2 (mg/l) 

4 6.5 466 263 66.3 30.9 13,940 
7 9.9 370 100 60.7 23.9 12,230 

10 14.1 327 78 54.8 22.6 11,170 
15 21.2 294 76 28.4 21.6 6,960 

ESS and BOD relation under the aerobic conditions vary, depending on 
the loading. From the experiment, no definite relation between F/M loading 
and removed rate at each stage can be evaluated. The BOD removal in the 
experiment can be up to 50% at the 1st stage and it differs substantial at 
each stage. This may be due to the reason that very high adhesion of the 
SS on the disc at the 1st stage experiment result on the reduction of non
organic SS in the waste. Fig 7 show in the relationship between average 
F/M and BOD removal rate. 

Table 4 described the relation between the F/M loading and BOD removal 
for the 4-stages experiment. Because the aeration time for the activated 
sludge process is about 4 times of the RBC process, the F/M ratio of 0.2 -
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0.4 g.BOD/g.ESS.day for the RBC process can be considered as the same as 
that for the activated sludge process. 

Table 4: Aerobic digestion of RBC sludge 

~ 
T.S. v. s. V.S. reduce BOD sv30 Supernatant 

(mg/l) (mg/l) rate (%) (mg/l) (%) BOD (mg/l) 

raw sludge 12,630 9,230 11,400 98.0 
5 11,000 7,500 18.6 6,000 95.0 255 

10 6,300 4,010 56.4 2,900 73.0 140 
15 5,800 3,330 63.8 1, 200 40.0 110 

SETTLING AND THICKENING CHARACTERISTICS OF SLUDGE 

Suspended solid in RBC reaction tank is merely down-scaled bio-film 
and a few SS of influent wastewater. Concentration of SS in the tank 
varies upon the concentration of influent wastewater and rotating speed. 
It increases while the load is high and thickness of bio-film is increasing. 
When the load is lowering, the sloughing of bio-film will be also increased. 

Removed sludge radiates outwards with the Zoogloea sludge as a center 
a great amount of sponge-like bacteria filament. Under microscope they are 
branch-like suspension with lower specific gravity but larger diameter. The 
diameter found is about 0 .1 mm - l.2 mm. 

Generally, SS in the final reaction tank is less than 200 mg/l, the 
solid loading in final settling tank is about one-tenth of that in activated 
sludge process. In the measurement at the overflow weir of reaction tank, 
SS is about 100-150 mg/l, the SV30 is about 1-1.5%, hence, SVI is about 100. 
The settling character is excellent. 

Settling speed varies upon the difference of raw wastewater concentration 
However, large SS sinks quickly and freely within the first 10 minutes. The 
curve in Fig 8 shows the initial sinking speed. If the outlet port has an 
average SS of 150 mg/l and SV30 is 1.5%, fhen, after a settling for 30 
minutes, the sludge concentration is about 10,000 mg/l. 

The lowest settling speed of slough off bio-film as mentioned is about 
6-15 cm/min, i.e. 80-216 m/day. If the surface loading of a clarifier is 
under 30 m3/m2.day, it is enough to settle the flow and separate it from 
water. 

Sludge from final sedimentation tank is withdrawn to a 1,000 ml 
cylinder. The interface is measured at definite time intervals. The 
interface ·change with various sludge concentrations are shown in Fig 9. 
Thickening speed lowers when concentration increases. After keeping still 
for 6 hours, the thickening nearly terminated. 

Since SS is high, the interface of the liquid is obvious. In the 
beginning, the zone falls with a constant speed. However, the lower 
concentrated layer is thickened and the sinking speed at the middle is 
lowered. Thereafter, by the accumulated weight, the inter water being 
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pressed out. Settling speed becomes very slow (compression zone). The 
thickening character is identical to that of activated sludge process and 
in a layer deposit. 

PRODUCTION OF SLUDGE 

Treatment of sludge is the most difficult problem in future sewage 
treatment. We have researched the sludge production by directly treat the 
sewage which is merely through grit removal and fine screen and the sludge 
production from presettled sewage. The actual sludge production from 
direct treatment and pretreatment is respectively shown in Fig 10. In 
direct treatment has a wider range of 0.37 - 1.15 Kg.SS/Kg.BOD.removal.day, 
average is 0.67 KgSS/KgBOD removed.day. Thus ~ndicates that the conversion 
rate between BOD removal and sludge is very low. For secondary treatment, 
depending on the flow rate, the sludge production rate is 0.34 - 0.55 Kg.SS 
/Kg.BOD removal-day is about one third of that from activated sludge 
process, which is considered as the major advantage of this process. 

SLUDGE DIGESTION AND DEWATERING 

The sludge generated from the direct treatment by the RBC process, has 
a water content of about 98.8% with the average quality of SS about 9,200 
mg/l. The VSS has been 18% for the duration of 5 days and 56% for 10 days 
respectively, if the aerobic digestion is applier under the room temperature 
of 15 - 20°c. This result indicates that the digestion due to the RBC 
process has been more efficient than that of the primary plus activated 
sludges.(3) Fig 11 shows the relationship between the VSS reduction rate 
and the aerobic digestion duration. The digestion characteristics due to 
the RBC sludge with the aerobic digestion are also given in Table 4. 

Further, the raw sludge obtained from the RBC process went through the 
thickening process. It was found that the sludge has a water content of 
97.5%. The sludge then was proceeded by anaerobic digestion with a temper-

a o ature of about 36 C and under the room temperature of 18 - 20 C. Table 5 
shows the characteristics of anaerobic digestion. After 30 day the VS 
reduction rate is approximately 38% and the sludge alkality is about 1,500-
2,400 mg/1. 

Table 5: Anaerobic digestion of RBC sludge 

s~ 
S.S. BOD T.S. v.s. Alk. Water 

(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) cont.(%) 

Raw sludge 23, 720 25,000 25' 300 14,500 97 .40 

36°C 15days 18,460 9,200 17,750 11,200 1,580 98.20 
Digestion 

30days 16,600 4,800 18,500 8,900 2,430 98.26 sludge 

19°C 15days 19,270 11,600 20,610 13,150 1,195 97 .93 
Digestion 

30days 18,230 5,400 17,460 9 ,290 1,440 98 .35 sludge 

The raw sludge produceed by the RBC ~~,then, is dewatered 
after the anaerobic digestion for the duration of 15 and 30 days respec
tively. The dewatering characteristics of the obtained sludge cake can 
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be compared with other of the sludge· as shown in Table 6.(2) It appears 
that the specific resistance of the dewatered sludge is lower than those 
of the primary plus activated sludge as well as those of the activated 
sludge. The water content of the obtained sludge cake is also lower. 

Table 6: The characteristics of RBC sludge dewatering and 
compared with others 

Feeding Water cont. Specific resistance 
Sludge FeC13 (%) of Sludge cake Rx 10 7(sec2/g) 

RBC direct raw sludge 5 84.9 18.4 
10 78.8 12.8 

treatment 
sludge 15 days 5 83.1 19.6 

digestion 10 68.3 12.6 

30 days 5 80.5 25.8 
digestion 10 65.0 10.8 

Primary plus 5 79.8 27.0 
activated 10 83.1 27.0 ). 

sludge 

activated 5 82.3 16.8 
sludge 10 86.1 15.2 

CONCLUSIONS 

1. The speed of BOD removal in the RBC treatment is a 1st order reaction. 
The process can be proceeded into two stages. The BOD remaining rate 
rangid from 100% to 35%, K1 = 5.0 (hr-1) and from 35% to 10% K~ = 1.75 
(hr ) in the 1st and 2nd stage respectively. 

2. The thickness of the Bio-film was grown depending on the sewage loading 
and the rotating speed. Under the two stages process and the peripheral 
velocity under 14.1 m/min, the dry weight of bio-film are 54.79 g/m2 and 
22.56 g/m2 for the 1st and 2nd stages respectively. When the peripheral 
velocity is high than 21.2 m/min, the dry weight of the bio-film is only 
28.41 g/m2 for the first stage and 21.56 g/m2 for the 2nd stage. 

3. The ESS in the contact tank varies depending on the load. Under the 4-
stages process of the RBC treatment, the ESS is 6.970 - 11,460 mg/1 with 
the average of 9,000 mg/l, if the BOD loading is under 10 - 641 g.BOD/m2. 
day. For the 2-stages process, the ESS has an average of 11,000 mg/1 and 
has a concentration about 3-4 times of that of MI.SS from the convential 
activated sludge process. Hence, the contact time by the RBC process in 
only below~ of that of the activated sludge process. This may me the 
reason where the RBC is more efficient. 

4. Generally, the larger the F/M loading is, the lower the BOD removal. The 
F/M loading of the RBC process is about 0.2 - 0.4 g.BOD/g.ESS.day, which 
is approximately equal to that of the conventional activated-sludge 
process. 

5. The bio-film from the RBC process has an average VSS of about 74% and a 
water content of 95%. Its chemical composition is c4 •2n8 N0 •6o2• The 
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thermal value is about 8,500 cal/g.SS in the 1st stage, which is 
comparetively higher than that in the 2nd-4th stage (about 5,200 cal/g. 
SS). 

6. The sludge has settled freely and relatively fast. After 10 minutes, 
the settling almost terminated, because, only limit amount of the settled 
sludge was found. The early settling of the sludge has a velocity be
tween 6 - 15 cm/min, which is faster than that due to the activated 
sludge process. A surface loading of 30 m3/m2.day for the clarifier 
design is reconnnended of a rate of less than 20 mg/1 for the effluent SS 
is required. 

7. The sludge production under the RBC secondary treatment process varies 
depending on the influent loading and its BOD. The average sludge 
production rate is approximately equal to 0.54 Kg.SS/Kg.BOD.removal. 
The sludge production due to the direct treatment process has a wider 
range of 0.37 - 1.15 Kg.SS/Kg.BOD.removal (average is 0.67 Kg.SS/Kg.BOD. 
removal). 

8. The VSS reduction rate can reach up to 56% for a duration of 10 days if 
the RBC direct treatment sludge using aerobic digestion applied. 
Consequently, it seems to have better digestion than conventional 
activated sludge. 

9. After the thickening of the sludge from the RBC direct treatment, the 
raw sludge and anaerobic digested sludge is dewatered by feeding Fec13 • 
Its specific resistance is less than those of primary plus activated 
sludge, and activated sludge. 
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The Rotating 'Biological Contactor System, RBC, is becoming more and more 
competitive with the conventional fixed film and suspended growth systems 
because of its simplicity, ease of operation, and low operation and main
tenance costs. Design of RBC sistems has been based primarily on surface 
hydraulic loading, HLA, as gal/d/sq ft of media surface, and only recently 
have the manufacturers suggested BOD influent concentration as having some 
effect on system performance. !~dependant researchers have considered both 
organic and hydraulic loading in analyzing significant parameters and results 
have been somewhat contradictory. Some researchers have suggested system 
performance was strictly a function of HLA and some investigators have said 
surface organic loading, OLA, as lb BOD/d/1000 sq ft of media surface was 
the controlling parameter. Thes~ initial analyses were conducted using pilot 
plant results and suffered from a severe lack of long-term operational data 
from full scale RBC installations. The research' conducted at the University 
of Kansas and summarized in this paper was aimed at clarif ing some of the 
inconsistencies reported in the literature. Full scale operational data 
from a 5 MGD RBC plant at Kirksville, Missouri ·was analyzed to determine 
the parameters that had a significant effect on system performance, to check 
field results against design theory, and to make recommendations on parameters 
that should be used for future design and analysis of the RBC system. 

I 
i 
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EFINITION OF TERMS 

Many different terms have been used in the analysis of RBC process 
fficiency to describe basically the same parameters. Shown in Figure 1 
urface hydraulic loading, HLA, as gal/d/sq ft is determined simply from 
he flowrate in MGD divided by total media surface area in mill ion sq ft. 
he HLA was found to have common units· by all authors reporting hydrc:·Jlic 
oading data. The second parameter of interest is organic surface loading. 
LA, as lb BOD or COD/d/1000 sq ft media surface area. As seen in Figure 1, 
rganic concentration and flowrate or hydraulic loading have an effect un 
LA. The significant characteristic of OLA is that it not only reflects 
he driving force for the diffusion of substrate into the biofilm through 
he Influent BOD concentration term but also the effect of reaction time 
i the system as indicated by the hydraulic loading term. 

FIGURE 1 VARIABLES USED IN DATA ANALYSIS 

fDRAULIC SURFACE LOADING--- HLA 

HLA = GAL/DAY/SQ FT OF MEDIA SURFACE AREA. 

= Q in MGD 
SA in mill ion sq ft 

lGANIC SURFACE LOADING--- OLA 

OLA= LB BOD or COD/DAY/1000 SQ FT OF MEDIA SURFACE AREA 

= (Q in MGD)*(BOD influent concentration in mg/1)*8.34 
SA in 1000 sq ft 

Correspondingly: 

OLA= (BOD influent concentration in mg/1)~~(HLA)~~8.34 
1000 

Many investigators have presented OLA as lb BOD/d/1000 cu ft media 
•lume. The RBC system is a fi~ed film process and as such, microbial 
tivity is concentrated at the media surfaces. It seems more theoreti-
lly sound to be concerned with loading on a surface basis rather than on 
volumetric basis and all data in this analysis is presented in this manner. 
tal organic loading, OL, and BOD removal both as lb BOD/d, were used for 
oss comparisions between specific periods within the overall study period. 
rcent BOD and SS removal values were also used in the analysis for com
rison of Kirksville data with data in the literature. 

EVIOUS STUDIES 

Initial use of rotating media for treatment of wastewater was by Doman 
) in 1925. His experimental "contact fjlter 11 consisted of concentrically 
unted 20 gage steel discs, 1 inch on centers, that was rotated t rpm in 
e effluent from a septic tank~ He used the discs to accumulate ·~ctive 
robic material 11 for removal of colloids from the wastewater. The biological 
ture of the process was not appreciated by Doman and the system was doomed 
failure. Anaerobic conditions plagued the system 1 s opera~ion and poor 
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results caused abandonment of the concept for almost 30 years. The next use 
of rotating media for wastewater treatment came in the late 1950 1 s with the 
investigations of Hartman and Pope] (2) at the University of Stuttgart. One 
meter diameter plastic discs were used as support media and tests were run 
to gather information for process development of what they called 11 lmmersion 
Drip Filter. 11 These investigations, along with the development of expanded 
polystrene as an inexpensive construction material, led to commercial use 
of the 11 lmmersion Drip Filter•• in Europe as early as 1960. 

Allis-Chalmers developed the RBC in the United States independently 
from European efforts In the late 1960's and upon learning of European 
activities, came to a licensing agreement with J, Conrad Stenegl in Company 
of Tutti inger, West Germany for sales and manufacturing rights for the RBC 
process in the United States under the trade name BIO-DISC (2). The process 
was subsequently bought by Autotrol Corporation in 1970 and has been marketed 
since then under the trade name BIO-SURF. 

Most early process performance analyses were carried out by manufacturers 
and it has been only since about 1970 that results of independent investigation 
have been readily available. Table 1 is a summary of important RBC performance 
analysis results and design recommendations found in the literature. Hartman 1 s 
study in 1965 (3) was the first presentation of modern RBC design criteria. He 
recognized the effect of influent BOD concentration on BOD removal~thropgh 
11decomposition curves•• he presented. These 11decomposition curves 11 represented 
percent BOD removal versus 1/HLA for varying wastewater strengths ranging from 
less than 100/mg/1 to over 600 mg/1 influent BOD. He also recommended a 
maximum OLA of 20.5 lb BOD/d/1000 sq ft to the first stage of the RBC for 
efficient process performance. 

Welch and Antonie presented manufacturer 1 s pilot plant results in their 
studies of synthetic waste from 1968 to 1970. Welch (4) investigated both 
hydraulic and organic loading variables in his early studies but design and 
operational analyses, based on organic loading, were abandoned by manufact
urers in the later studies in lieu of HLA or detention time in the reactor. 
All of the studies showed an initial rapid increase in percent removal with 
an increase in detention time, leveling off to a constant percent removal 
between 30 and 90 minutes depending on the waste type used in the study. 
Welch found a constant slope for BOD removal versus OLA, both as lb/d/1000 
cu ft, to an OLA of 650 lb/d/1000 cu ft, beyond which a constant BOD removal 
as lb/d/1000 cu ft was achieved. 

After 1971 studies began to look into the relationship between loading 
and removal on a pound basis. Pescod and Na.ir (5), Cochran, Burn, and Dostal 
(6), and Stover and Kincannon (7) all showed constant rates of removal of 
organics on a pound basis for loadings up to 250 lb COD/d/1000 cu ft for 
bottling waste, 10.6 lb BOD/d/1000 sq ft for cannery waste, and 3.48 
lb COD/d/1000 sq ft for synthetic sucrose waste, respectively. 

The study by Malhorta, Williams, and Morley (13) in 1975 is the only 
presentation of full scale, long-term RBC plant data found in the literature. 
A large amount of average monthly data was provided, but no attempt was made 
to quantify performance in terms of graphs or correlations between significant 
parameters. In analyzing the data it was observed that once the plant estab
lished its microbial population, organic removal was more a function of 
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RELATIONSHIPS 

1800 rCA>Oval vs l/HLA 

BOU rf:QOval vs OLA 
f/d/r.I.f 

icoo rri:-ov.al vs t 0 

,:coo reiroval vs t 0 

,:eoo n:snova 1 vs HLA 

lllA vs 1BOO re!llOval 

SCOO removal vs OLA 
l/d/r.I.f 

:BOO removal vs HLA 

000 rcmova 1 vs OLA 
l/d/r..5f 

BvO effluent vs OLA 
l/d/r..5f 

icoo ra.10val vs coo Inf 

full scale plant data 

11\nt r \ RfVJrW Of 1mc rrr1c1rncv AHAi YSIS SllhltrS 

I/ASTE 

variable 

synthetic 

RESULTS 

decomposition curves to yield 
SA. requirements for different 
W with dlffererol Influent BOD's 

constant slope to 650 lb/d/KCF 

RECOHH!:NDATIO:IS AUTHDR(S) 

use of decomposition curves Hartman 
for design, rnax OLA to first (1965) 
stage of 20.51/d/r..sF 

then pounds removed/d/KCF Is constant 
Welch 

(1968) 

synthetic 

synthetic 
500 1119/1 

decreasing COD Influent yield 
higher constant rate of removal. 
all level off at 30 min 

logrlthr.llcally approach 901 
removal at 60 min. t

0 
primary eff approach 90% remova 1 at approx. 
170 mg/1 90 min 

anaerobic 
paclcin9hse 
waste 

bottling 
1000 ing/1 
inuniciple 
400 :rog/1 

winery 
1003 mg/1 

decreasing BOO inf 206-145 mg/1 
through the study. 65: removal 
HLA=8gal/d/SF, 831 removal HLA= 
4 gal/d/SF. 95% of total removal 
by first stage 

951 removal@250 #/d/Y.SF 

85 S removal @300l/d/KSF 

95: removal@tlLA=O. 75 gal/d/Sf 
(OLA~6.31 lb/d/KSF) 

cannery constant rate of removal for 
varying Q, OLA=3-10.6 l/d/KSf 
BOD, SS 

primary eff increased BOO effluent for 
varying BOD, increased OLA 
Q, SS 

synthetic 
sucrose 
236 r:ig/l 

municiple 
1 MGD 

constant HLA=0.5 9al/d/SF, constant 
rate of COD rer.~val= 90Z@ 1.9x and 
3.6x initial COD'inf. peak DLA of 
3.48 f /d/KSF 

OLA~l.11-2.41 #BOO /d/KSF 
HLA•0.97-2.14 9al/d/SF 
removal 6 function of tei:1perat8re 
T• 45-6!1 F 86-93% removal T<SOOF 

94-97% removal 1>50 F 

t 0 60 111ln for 9C>+S removal 

Welch 
(1968) 

Antonie 
(1970) 

t
0
•50 min for 20 mg/1 SS and Antonie 

BOD eff. 80: NH3-N removal (1970) 

slnnle sta~e unit at an HLA 
of 4gal/d/KSF 

Chittenden 
Wells 
(1971) 

OLA=250 #/d/KSF for bottling Pescod & 
waste Nair 

HLA=0.75 gal/d/SF design 

OLA~l l/d/KSF for BOD eff 
quality of 15 mall 

(1971) 

Labella et al 
(1972) 

Cathran,Burn 
Oos ta l 

(1973) 

Ahlberg & 
Kwong 
(1974) 

Stover & 
Kincannon 

(1975) 

Halhorta, 
I/ill ia111s, 
~rley 
(1975) 

SBOO rcinoval vs no stages synthetic 95X removal through the unit with same Stover & 
Kincannon 

(1976) 
carbohydrate OLA from 3 HLA and BOD inf combinations 

800 inf HLA OLA 
550 0.75 3.13 
850 0.50 3.54 

1870 0.2.5 3.48 

COD rcmov.al vs OLA slaughterhse 701 COD removal for OL.A=3-7 i/d/KSF 
f/d/KSF 4.7 l/d/KSF rerroved at OLA 71/d/Y.5F. 

:COD rer.10val vs OLA carbohydrate 92% coo removal for OLA=6.7-26.71/d/KSF 
logrithmic decrease of S removal to 40X 
at 47 l/d/KSF 
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temperature than organic or hydraulic loading. Resultant removal efficiencies 
were 86 to 93 percent BOD removal for temperatures below 50°F and 94 to 97 
percent BOD removal for temperatures above SOOF. The overall temperature 
range was 45 to 68°F while OLA varied from 1.11 to 2.41 lb BOD/d/1000 sq ft 
and HLA varied from 0.97 to 2.14 gal/d/sq ft. 

Stover and Kincannon's 1976 study (14) of carbohydrate and slaughterhouse. 
waste treatment with RBC's is significant in that it showed definitively that 
percent COD removal is not strictly a function of HLA or influent COD concen
tration, but is dependent on the combination of the two factors, namely the 
total organic loading to the system. Not only was the driving force for 
diffusion into the microbial film, as given by COD concentration, an important 
variable affecting the performance of the RBC unit, but also the ability for 
the biomass to metabolize the waste in a given detention time, as reflected 
by HLA, was important. Influent COD concentrations ranged from 550 to 1670 
mg/1 and HLA values ranged from 0.75 to 0.25 gal/d/ sq ft to produce OLA 
values ranging from 3.4 to 3.5 lb COD/1000 sq ft. Resultant percent COD 
removals varied only between 94 and 96 percent and ind.icated a definite 
rela~ion between OLA and COD removal efficiency as shown in Figure 2. De
creased COD removal efficiency resulting from organic overloading was also 
shown in their ;esults. In Figure 3 their plot of COD removal versus COD 
applied as lb/d/1000 sq ft shows a constant rate of removal of COD up to an 
OLA of 7 lb/d/1000 sq ft, beyond this a constant mass of COD of 4.7 lb/d/1000 
sq ft was removed, causing a decrease in removal efficiency expressed as a 
percent as shown in Figure 4. The effect of varying wastewater character
istics is also evide~t from Figure 4 from the relative removal efficiencies 
for the carbohydrate and the slaughterhouse wastes used in the study. The 
soluble, readily degradable synthetic carbohydrate waste showed 90 percent 
COD removal up to 26.7 lb/d/1000 sq ft before the constant COD removal 
situation developed, resulting in decreased percent COD removal. The 
slaughterhouse waste, on the other hand, showed a maximum JO.percent removal 
with decreasing efficiency beginning at only 7 lb/d/1000 sq ft because of 
the large amount of fats, oils, and slowly degradable organic materials in 
this wastewater. 

Several other studies were important in developing a conceptual back
ground for the understanding of the microbiological relationships within the 
RBC biofilm. The discussion of substrate utilization in relation to oxygen 
and substrate diffusion in the RBC biofilm by Hoehn and Ray (15) in 1973 was 
based on work first presented by Sanders (16) in 1964 and by Kornegay and 
Andrews (17) in 1968 and with RBC pilot plant results described above serve 
as the basis for Figure 5. Three theoretical limitation regions and the 
limiting parameter in each are-identified for BOD removal as percent and 
lb/d/1000 sq ft versus influent BOD or OLA. Initially substrate is limiting 
because of diffusion llmitati~n into the biofilm. Once a minimum load or 
concentration is reached the driving force for diffusion into the biofilm 
is such that metabolism and corresponding percent substrate removal becomes 
independent of substrate concentration and is 1 imited by the mass of sub
strate reaching the organisms on the RBC discs. More substrate would be 
removed as more is applied as shown in Figure 5b. In this- region the mass 
of organisms on the discs increases proportionally to the substrate applied 
as neither oxygen nor substrate are diffusion 1 irnited within the biofilm. 
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Figure 2. Relationship of A COD applied (lbs./day/1000 
sq.ft.) with A COD removed (lbs./day/1000 sq.ft.) for 
slaughterhouse wastewater at various applied organic 
loadings. 

• /--=·-------

Figure 3.· Comparison of percent A c;oD removal versus 
applied organic loading to the ABC for carbohydrate and 
slaughterhouse wastewaters. 

c.,.._, ..... - ... ··--,··--·· ...... _ ..... -.... 

Figure 4. Percent A COD remaining 
per stage· with carbohydrate. waste
water for .various organic concentra
tions and various flow rates (all re
sulting in the same total applied or
ganic loading). 

(From Stover and Kincannon, 1976 (14), Water and Sewage Works} 
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FIGURE 5 THEORETICAL LIMITING REGIONS WITHIN THE RBC BIOFILM 
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Higher organic loadings cause the biofilm to grow to a depth where oxygen 
diffusion within it is limited due to oxygen depletion from microbial meta
bolism of substrate within the biofilm. An active aerobic layer at the 
biofilm surface is established having a constant depth independent of total 
biofilm depth, and removes a constant mass of substrate independent of 
substrate loading. The removal of a constant mass of substrate produces. 
the logrlthmic decrease in percent removal of BOD in this oxygen limiting 
region as shown Jn Figure Sa. 

From this brief review of the literature it becomes obvious that analyses 
and results from past RBC work have been all but uniform a~d results have not 
been generally comparable nor compatible. They do reflect, however, the 
importance of influent BOD concentration and HLA, used together as OLA, to 
describe RBC performance. 

PLANT DESCRIPTION 

The Kirksvllle,Missouri wastewater treatment plant was the first full
scale municipal RBC plant to be built in Missouri and serves a population of 
roughly 20,000. It went lnt'O operation in June, 1976, as part of a $7 
million sewerage system jmprovement program. Two trickling filter plants 
and 12 single-celled lagoons were replaced by the RBC system. A schematic 
flow diagram of the Kirksville plant is shown in Figure 6. 

Flow entered the plant through a 36 inch influent line and was detained 
in a wet well where two, 66 inch diameter, screw pumps lifted the sewage to 
a level where it could flow by gravity through the rest of the plant. An 
emergency holding basin was provided with a capacity of 2.1 MQ to prevent 
bypassing of excess flows. From the screw pumps the flow passed through a 
grit chamber and comminutor/bar- rack structure before being split and 
entering the two primary clarifiers. Effluent from the primary tanks was 
split again before it entered the four flow paths of the RBC media. Once 
through the RBC tanks, the flow was combined and split to flow into two 
secondary clarifiers. Clarified wastewater flowed through the chlorine 
contact chamber, through a Parshall flume for measurement, and into an 
adjacent stream. 

Sludge from the secondary clarifier was recycled to .the front of the 
plant via a 10 inch return line to the wet well. It was settled in the 
primary tank along with primary solids and the combined sludge was pumped 
from the primary clarifier to a two stage digester. Digested sludge was 
then disposed of primarily as liquid for application to farm lands via a 
tank truck. A storage basin for digested sludge was also provided for 
winter months when land application was not possible. Vacuum filters were 
provided as well for dewatering of raw or digested sludge for final dis
posal in the city sanitary landfill. 

The rotating biological media and accompanying equipment was provided by 
the Autotrol Corporation. Four flowpaths of five shafts each were used for 
this 5 MGD plant and each shaft of media consisted of 11 foot diameter rings 
of corrugated polyethylene media, concentrically mounted on a square steel 
shaft 24 inches on a side. Shafts were 25 feet in overall length and were 
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supported at their ends and rotated with approximately 40 percent of their 
area submerged in wastewater. Flow entered the trapezoidal concrete reactor 
chambers perpendicular to the shafts and an overflow weir separated each 
compartment so short circuiting was prevented and each isolated tank approxi
mated a completely mixed reactor. Each of the 20 shafts was rotated by its 
own drive unit rated at a maximum 7! HP. Table 2 shows pertinent equipment 
,and design specifications for the Kirksville RBC plant. No information was 
readily available for design values for influent BOD and SS so average values 
of 200 mg/1 were assumed for each in the table. 

TABLE 2 RBC SYSTEM DESIGN SPECIFICATIONS 

CLARI FIERS: 

RBC UNITS: 

INFLUENT: 

EFFLUENT: 

MFG 
Type 
SWD 
Feed 
Overflow 
Sludge Withdrawl 

MFG 
Type 
Configuration 
Rotator Motor HP 
Surface Area 

Shaft 
Total 

Tank Construction 
Cover 
Mode of Operation 

Q, MGO 
B005. mg/l 
SS. mg/1 
Min Temp. °F 
R.T., Hrs. 
HLA, gal/d/sq ft 
Equiv MLVSS, mg/l 
Break HP/Shaft 
Break HP Total 
Clairifier SOR 

gal/d/sq ft 

B005, mg/1 
SS, mg/1 

Smith & Loveless 
2 primary, 2 secondary, 70' Diameter 
10 1 

Center 
Peripheral Weir 
Mechanical Scraper, Full Surface 
Skimming 

AUTOTROL, Inc. 
BIOSURF 
20 Shafts, 4 Paths @ 5 Shafts 
20 @ 7. 5 

95,400 sq ft 
1,900,000 sq ft 
Trapezoidal, One Interstage Baffle/Shaft 
Bui 1 ding 
Flow Perpendicular to Shafts 

Design 
5.0 
(200) 
(200) 
45 
1.25 
2.6 
15,000 
3 
60 

650 

30 
30 
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Peak 
12.3 
(200) 
(200) 

0 .51 
6.4 

'1600 

30 
30 



DATA PRESENTATION 

Data used in this evaluation were from the monthly reports of the 
Kirksville, Missouri WWTP for the period extending from January 1977 to 
November 1978. Two monthly reports were not available, June and July 1977, 
and were omitted from the data analysis. The data included flow, influent 
and effluent BOD, influent and effluent SS, and water temperature. Flow 
and temperature data were generally measured on a daily basis, while BOD and 
SS were initially determined on a daily basis until mid-March 1978 when they 
were measured on an average of three times a week. 

Derived parameters from the available data included HLA as gal/d/sq ft, 
OLA as lb BOD/d/1000 sq ft, BOD removal as lb BOD/d/1000 sq ft, percent BOD 
removal and percent SS removal. Unfortunately no primary, secondary or in
dividual itage measurements of these parameters were made and analysis of 
the treatment efficiency of the RBC in isolation was not possible. System 
evaluation then was based on overall plant performance in the removal of SS 
and total BOD as loading conditions changed. Average weekly values were 
used to indicate overall system performance while extreme daily values were 
used to indicate performance under extreme loading conditions. 

In looking at the data several periods of data within the study period 
become important. August to September 1977 and December 1977 to May 1978 
were periods of reduced surface area in the system because of structural 
failure of the first shaft of two separate flows paths. The surface area 
reduction from 1.9 to 1.4 million sq ft was taken into account in the data 
and allows analysis of the RBC operations under high surface loading 
conditions. Spring 1977 was also an important time at the plant because a 
discharge of highly concentrated metal plating wastes from an industry in 
the city stopped all biological activity in the digesters. Subsequently 
solids were allowed to build up in the primary clarifiers before being 
vacuum filtered for disposal rather then being digested. This period 
allows for comparison of RBC removal efficiency under adverse high solids 
conditions to operations under more normal conditions assumed to occur 
during the balance of the study period. 

Three other specific periods become important in the analysis. First, 
September to December 1977 because it was a time of highly variable flow 
with relatively constant influent BOD and SS. Second, August to December 1978 
because it was a time of relatively constant flow with highly variable in
fluent BOD and SS. These two periods are of interest in determining if changes 
in flow and concentration effect removal efficiency for the same organic load
ing. The third period of interest was February 1978 because of the extremely 
high BOD arid relatively low SS received at the plant during that time. 

No soluble BOD data was available so the ratio of BOD/SS was used to 
give a relative value for the soluble nature of the waste. It was felt that 
with this ratio being maintained throughout the study period at a relatively 
constant value a relatively constant waste type would be entering the plant. 
Municiple waste characteristics would not normally be expected to change 
drastically and BOD/SS was used to indicate possible discharges of other types 
of wastes into the system. The highly soluble waste received at the plant in 
February 1978 was thought to come from a creamery in the city. Several other 
isolated incidents of high BOD/SS ratios occurred throughout the study period, 
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but February 1978 was isolated because the BOD/SS ratio remained high for a 
full four week period, providing a sufficient period for results to show any 
effect on removal efficiency that might occur from the highly soluble organic 
loading. 

Figure 7 shows the variation of weekly flow and HLA values. Flow 
increased gradually from 1 MGD in January 1977 to over 2.5 MGD at the end 
of the study period, still at half design flow. This gradual increase was 
related to growth of the area and to more of the collection system corning on 
line to the new plant. Peak flows that occurred during the study period were 
generally related to seasonal variations in rainfall and subsequent infiltra
tion. Average flow for September to December 1977 was 2.5 MGD and varied 
from 1.6 to 4.2 MGD during that period. Average flow for August to December 
1978 was 2.5 MGD and varied only between 2.1 and 3.4 MGD. Flow during 
February 1978 was relatively constant at 1.7 MGD ranging from 1.6 to 1.8 MGD. 
HLA exhibited similar trends in the data. Values of HLA ranged from 0.75 to 
3.5 gal/d/sq ft and were quite variable at times as was flow. An average 
value of HLA for September to December 1977 was 1.3 gal/d/sq ft, for August 
to December 1978 was 1.3 gal/d/sq ft, and for February 1978 was 1.2 gail/d/sq 
ft. Variations of HLA during these same periods were 0.8 to 2.2 gal/di/sq ft, 
1.1 to 1.8 gal/d/sq ft, and 1.1 to 1.3 gal/d/sq ft respectively. , 

Figure 8 shows influent BOD and SS weekly average variations with time. 
Again no soluble BOD data was available from Kirksville but the ratio of 
influent BOD/SS was used as an indicator of the soluble nature of the waste. 
BOD/SS averaged 1.24 for the study period less February 1978. During February 
1978 the ratio of BOD/SS averaged 2.03. This four week period of high BOD and 
low SS was seen to represent the lowest BOD removal efficiency of the whole 
study period. Influent BOD varied from 113 to 441 mg/1 during the study 
period and averaged 237 mg/1. Influent BOD averaged 192 mg/1 for the period 
September to December 1977, 262 mg/l for August to December 1978, and 383 mg/1 
for February 1978. Influent BOD ranged between 127 and 257 mg/1, 165 and 
343 mg/l, and 299 and 441 mg/1 during the three periods respectively. 

Suspended solids did not show the variation that BOD did and ranged 
from 103 to 312 mg/l, averaging 191 mg/1. Influent SS generally ·ranged 
between 100 and 200 mg/1 except for the period of May 1977 where SS steadily 
rose from 242 to 312 mg/1. This was the period when digester problems 
occurred and the solids build up in the system was thought to be the reason 
for the rise in influent SS. 

Figure 9 shows the variation of weekly OLA and BOD removal for the 
study period. OLA reflects both hydraulic and influent BOD variations and was 
seen to vary widely throughout the study period. OLA varied from 1.2 to 4.9 
lb/d/1000 sq ft and averaged 2.5 lb/d/1000 sq ft for the whole snudy period. 
OLA averaged 2.0 lb/d/1000 sq·ft and varied from 1.2 to 3.6 lb/d/1000 sq ft 
during the period September to December 1977. OLA for August to December 1978 
varied between 1.9 and 3.9 lb/d/1000 sq ft and averaged 2.8 lb/d/1000 sq ft. 
February 1978 OLA values averaged 3.7 lb/d/1000 sq ft, and ranged from 3.2 to 
4.2 lb/d/1000 sq ft. BOD removal followed OLA closely for nearly all of the 
study period except during February 1978 when the highly soluble organic 
loading was applied to the plant. 
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Figures 10 and 11 represent removal efficiency as percent BOD and SS 
removal and resulting effluent quality in mg/1 of BOD and SS. Percent BOD 
removal generally ranged between 80 and 95 percent during the study and averaged 
88 percent for the whole period less February 1978. February 1978 weekly 
average BOD removal values ranged between 78 and 84 percent and averaged only 
81 percent, the lowest of any four week period during the study. Low BOD 
removal during February 5-11, 1977 was due to a reported influent BOD 
concentration of only 23 mg/I which yielded 22 percent BOD removal. Average 
removal without this value would be 90 percent for the period. February 25 
to March 2, 1978 was also a low BOD removal efficiency period averaging little 
better than 81 percent. Again low removal efficiency was due not to high 
loading on the system, but to low influent BOD concentrations reported. In
fluent BOD 1 s as low as 83 mg/I resulted in very low removal efficiencies and 
thus lowered the average removal value for that period. BOD removal for 
Septmeber to December 1977 was fairly constant ranging from 80 to 95 percent 
and averaged 90 percent. August to December 1978 yielded BOD removals ranging 
from 87 to 98 percent, averaging 94 percent for the period. 

SS removal remained over 90 percent for most of the study period but 
was seen to deteriorate after solids built up in the system as a result of 
digester problems in the spring of 1977. Despite the digester problems 
however, removal remained at an average of 91 percent during the latter 
part of 1977. Surge hydraulic loadings were also shown to affect SS removal 
but percent SS removal during the variable flow period of September to December 
1977 st i 11 averaged 90 percent and ranged from 80 to 95 percent. August to 
December 1978, the period of constant flow and varying organic loading, pro
duced a range of SS removal to 87 to 98 percent with an average removal of 
94 percent. SS removal ranged from 86 to 90 percent and averaged 88 percent 
for February 1978. 

Effluent quality as shown in Figure 11 provided valuable information 
as to the trouble areas of the system. Effluent BOD averaged 24 mg/I for 
the study period less February 1978. Effluent quality in February 1978 
deteriorated to an average 70 mg/J with peaks reaching 75 mg/1 during the 
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identified in the discussions above. All values are average weekly values 
from data found in the Ki rksvi 1 le treatment plant monthly reports. 

PARAMETER 

Q (MGD) 
Average 
Range 

HLA (gal/d/sq ft) 
Average 
Range 

BOD/SS 

BOD Influent (mg/1) 
Average 
Range 

SS Influent (mg/1) 
Average 

OLA (lbBOD/d/1000 sq 
Average 
Range 

%BOD Removal 
Average 
Range 

%SS Removal 
Average 
Range 

Effluent BOD (mg/1) 
Average 
Range 

Effluent SS (mg/1) 
Average 
Range 

* 

TABLE 3 RBC LOADING CHARACTERISTICS 

PERIOD 

S-D 1977 February 1978 

2.5 1. 7 
1. 6-4. 2 1 . 6-1. 8 

1. 3 1. 2 
o.83-2. 2 1.1-1.3 ... 

1.24" 2.03 

192 383 
127-257 229-441 

* * 191 191 

ft) 
2.0 3.7 

1.2-3.6 3.2-4.2 

84 81 
78-90 78-84 

90 88 
80-95 86-90 

29 70 
18-43 63-75 

16 23 
8-30 20-30 

Average for the entire study period 

A-D 1978 

2.5 
2.1-3.4 

1.3 
1.i-1.8 ... 

1. 24 ~ 

262 
165-343 

* 191 

2.8 
1. 9-3. 9 

93 
87-97 

94 
87-98 

17 
11-25 

11 
5-18 

The relationships between BOD removal and loading parameters were then 
investigated. Figure 12 shows the relationship between percent BOD removal 
and influent BOD. Without daily extremes a general increase in percent 
removal resulted from an increase in influent BOD. The correlation co
efficient was extremely low however, and the relation did not prove to be 
an.adequate estimator of BOD removal efficiency. With daily extreme values 
added the curve approached the theoretical curve shown earlier in Figure 5, 
with an initial increase in removal to a limiting value of influent BOD of 
approximately 100 mg/l, beyond which an approximately constant removal of 
90 percent resulted, independent of influent BOD concentration to a value of 
700 mg/1. 
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Similar results were observed for the plot of percent BOD removal versus 
OLA shown in Figure 13. A slight increase in BOD removal with increased OLA 
was seen in the plot of weekly averages; but again correlation was very poor 
between variables, making the relation impractical for predictive purposes. 
With the addition of extreme daily values a rapid increase in percent removal 
occurred to approximately 90 percent at 1 lb BOD/d/1000 sq ft, beyond which 
percent removal remained constant for values of OLA to 9.6 lb BOD/d/1000 sq ft. 

Figure 14 shows percent BOD removal as a function of HLA. Generally, 
increased HLA produced decreasing percent BOD removal, but, again, correlation 
between variables was extremely low. When daily extreme values were added, 
correlation of the variables increased; but, correlation was still very low 
and no definitive relation was evident from the plot. HLA was found to be an 
imprecise indicator of RBC performance on a percent removal basis and other 
relationships were investigated to see if they would be more descriptive of 
RBC removal efficiency. 

BOD removal on a pound/d/1000 sq ft basis was plotted against HLA for 
specific influent BOD concentration ranges as shown in Figure 15. These 
ranges were chosen to produce the lines of best fit and were shown to 
describe the data extremely well. Daily extreme values were added to yield 
information on whether peak loadings would cause deviations from weekly 
average plots. Table 4 gives the least squares statistical results for the 
data plotted for Figure 15. It can be seen that the data correlated well 
for all ranges of influent BOD with and without daily extreme values. 

Figure 16 is another form of Figure 15, being BOD removal as lb/d/1000 
sq ft versus influent BOD for a given HLA range. Ranges of HLA were again 
chosen to yield maximum correlation coefficients and daily extreme values 
showed no significant deviation from monthly average trends. Table 5 shows 
the statistical data for the set of curves in Figure 16. Again the data 
correlated extremely well and could be used as an indicator of RBC per
formance for RBC analysis and design. 

Figure 17 shows BOD removal versus OLA as lb/d/1000 sq ft and exhibits 
the same relationship reported in the literature. A constant rate of removal 
resulted for general weekly average values from 1.2 to 5.0 lb BOD/d/1000 sq ft 
and was maintained with the addition of daily extreme values to a loading of 
9.6 lb BOD/d/1000 sq ft. No leveling off of the relationship was observed at 
the high loading conditions, suggesting that the Kirksville plant was mass 
limiting even at these extreme loadings. With the high correlation coeffi
cient of 0.9869 for weekly average values, this relationship can be used as 
an estimator of RBC BOD removal on a lb/d/1000 sq ft basis for a given organic 
loading. The most important variable in analysis of RBC performance, the one 
most indicitive of BOD removal efficiency, was OLA. For this reason OLA 
should be used for design and analysis of RBC's rather than HLA or detention 
time in the system. 

CONCLUSIONS 

The results of the described research and review of the literature enabled 
the following conclusions to be made: 

225 



:c w 
0: 

0 
Cl 
tO 

K 

:r.: w n: 
0 
t:l w 
K 

Ul121 

9121 . 

BE! . 

1121 

6121 -~ 

!i£1 

Y121 

:m . 

2121 

1£1 

0 
21 

121121 

9121 

8121 • 

1121 • 

6121 

J( 

321 

221 

1121 

El 

· . . .. . :·. ._: . . . - . . -· .. -. ... . . : ·: :·· . . . 

KIRKSVILLE RSC PERFORMANCE ~R1R 

.mW££KL~ AVERAGES 

CCRR£LA11DN 'D£rr1c1ENic 21.0633 
SLOP£c 21.J!i6 
Y-1Ni£RCEPT= 86.9 
SiANDARD D£VIR11DN= Y.0 

2 6 1 B 9 10 

DLR <LB/D/lmmm SB FTJ 

J( •• • • • • 
2f< 

• • • • • . . . . . .. -

' 
:~:. :·: .:· .. . -· . . . ... . ~ .... . .. . . . 

1~·· - ... 

• 

x KIRKSVILLE RB! PE.RFDRHANC£ DATA 

,cN£EKL~ AVERAGES 
X=E~iR£H£ DRILY VALUES 

I. 2 ~ DLA ~ LI • .9 

x 

2 3 6 B 9 ll1J 

OLA (LB/O/lemm SB FTJ 

rlGURE IJ P£RC£~i san REHOVRL VERSUS OLR1 WITH RNn 
W11HOUi nRIL~ LJtTR£Ht VRLU£5 

226 



1£1~ 

9'1 

821 

7PJ 

6Pl . 
ei 
n: 

15 S:it ... 
tQ 

~ l!2J ... 
3£! . 

25!1 .. 

121 . 

21 
a 

l 21I'.I 

50 

83 

"7fl 

6PJ 
:I!: w a: 

°' 
S'.l'J 

c 
tQ 

" 'iPJ 

JR! 

21'J 

UI 

El 
El 

··:·.. . ·-: . . . .. . 
i • . . ' 

KIRK5VJLL£ RS( PERFORMANCE oRTR 

.aWEEKLY AVERAGES 

CORRELATION CD£Ffl(IOl1=-~. lS:S:I 
SLOP£~ -1.65:8 
~-lNIE:RCEPl= BS.S 
SiAWDRRD ~EVJRTJON~ Y.B 

HLR (GRL/ntsa flJ 

x 
J( JC 

. . . . x. . . 

x 
.•W£EJ<L~ RV£RRG£5 
Xa£XiREH£ ~All~ VALUES X 

fJ.1) HLR) 2.S: 

CDRRLLATIDN (0£rFJCion~-m.35'2!i 
5LOPE:= -3.Lf76 
,-lt.fTE'.RC£PT= 92.3 
51RNDRRD ~£VIATJONa 6.S: 

KlRKSVILL£ RSC PERfORHRNC£ ~RTR 

3 

HLR tGAL/n/SD flJ 

6 

6 

FIGURE ·~ P£RCENi aan REMOVAL VERSUS HLR, NlTH AND 
NlTHDUi ~AIL~ EXTREME VALUES 

227 



9 

B 

s 

2 

1 

El 

UI 

9 

e 
., 

l 

2 

a 

l!l 

El 

SDD INFLUDrl 
tMG/LJ 

Jl6-'39S 

·•N£Da..'t 
RY£RR6£5 

2 3 14 
HLR t GRL/O/SB r1 J 

ans- ams- l 1 sim 'OE 395 

BDD lNFLUENi 
tM6/LJ 

X•£X1R£tlE 
DRlL~ 
VRLUES 

x 

3 

HLR tGRL/D/5B FTJ 

6 

2&1- n1-
:u E '26il 

6 

l&l-2281 

IB&-168 

8-&I 

FISUR£ n: BDD REIUJVRL tLB/l)/laml SB rT J VERSUS HLR roR R 
SlVtN tNrLUEN1 SDI) CDN(£tnRR11DN RRN&u N11H 
AND IU1HDU1 J)RIL'lf £X1RE"E VALUES 

228 



TABLE 4 BOD REMOVAL VS HLA CURVE STATISTICAL DATA 

BOD INFLUENT RANGE WITHOUT DAI LY EXTREMES WITH DAILY EXTREMES 

(mg/ 1) R M y R M y 

0-60 0.9937 0.30 -0.20 

61-105 0.9927 0.38 0.26 

106-160 0.9594 0.98 -0.02 0.9786 0.87 0.04 

161-220 0.9572 1.26 0. 14 0.9690 1.32 0.03 

221-260 o. 9637 1. 53 0.32 0.9707 1. 76 0.05 

261-315 0.9341 2. 10 0.00 0.9842 2.09 0.08 

316-399 0.9717 2.97 -0.03 0.9533 2.78 -0.13 

400-475 0.9875 3.52 -0.25 

476-700 0.9072 4.34 0.04 

WHERE: R=CORRELATION COEFFICIENT 

M=SLOPE OF LINE OF BEST FIT 

Y=Y-INTERCEPT OF LINE OF BEST FIT 

TABLE 5 BOD REMOVAL VS BOD INFLUENT CURVE STATISTICAL DATA 

HLA RANGE WITHOUT DAILY EXTREMES. WITH DAILY EXTREMES 

(GAL/DAY /SQ FT) R M y R M Y 

0.50-1.00 

1.01-1.50 

1. 51-2. 50 

2.51-4.50 

o. 8778 0.006 0.06 

0.9162 0.009 o. 12 

0.7311 0.013 0.10 

WHERE: R=CORRELATION COEFFICIENT 

M=SLOPE OF LINE OF BEST FIT 

Y=Y-INTERCEPT OF LINE OF BEST FIT 
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0.9489 0.006 -0.04 

0.9591 0.009 -0.06 

0.9649 0.016 -0.51 

0.9582 0.023 -0.07 
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1. 

2. 

3. 

4. 

5. 

6. 

The Kirksville RBC units performed efficiently under normal organic 
and hydraulic loading conditions, giving an average BOD removal efficiency 
of 88 percent with an average BOD of 24 mg/l over OLA values from 1.2 to 
4.9 lbs BOD/day/1000 sq ft and HLA values from 0.5 to 3.2 gals/day/sq ft. 

High soluble organic loadings adversely affected RBC performance, giving 
an average BOD removal of 81 percent with an average BOD of 70 mg/l at 
an OLA of 3.7 lbs BOD/day/1000 sq ft and an HLA of 1.2 gals/day/ sq ft. 

Highly variable hydraulic loadings reduced the treatment efficiency of 
the RBC units as a result of reduced contact time and surges on the 
final clarifiers. 

By itself, HLA was nof a satisfactory indicator of RBC performance; 
but could be combined1with organic concentration to yield the OLA 
which correlated read~ly with RBC operations. 

The best indicator for RBC operations appeared to be the soluble, 
BOD/day/1000 sq ft loading rate. 

' I 
The lack of adequate data prevented the development of more prec'ise 
design criteria for RBC units but the results of this study helped 
to indicate the data required for proper evaluation. 
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ROTATING BIOLOGICAL CONTACTOR FOR THE TREATMENT OF 
WASTEWATER IN INDIA 

By 

A.N. Khan 
Scientist, Sewage Treatment Division 

v. Raman 
Scientist & Head 

Environmental Engineering Consultancy & Sewage Treatment Divn. 

National Environmental Engineering Research Institute, Nagpur, 
India. 

INTROWCTION 

There is a long standing need in India of providing sa
tisfactory, low cost and simple sewage treatment facilities 
for isolated houses, institutions, hotels, small and medium 
sized communities. Such facilities should require occasional 
inspection and maintenance, flexibility in construction and 
operation, relatively unskilled supervision, maintenance and 
operation, and should occupy limited area. They should be 
capable of treating wide variation of flow and organic load 
producing effluent of desirable standards of purity with res
pect to BOD and suspended solids. The Rotating Biological 
Contactor {RBC) or Bio-disc system, a secondary biological 
treatment process, is claimed to have these advantages which 
appear to be suitable to Indian conditions. 

The RBC or Bio-disc unit consists of a series of 
closely spaced circular discs mounted on a horizontal rota
ting shaft. The shaft along with the discs are fixed in 
a semi-circular cylindrical tank through which the waste
water flows. with the water level just below the shaft. While 
rotating a·t a low speed, the disc surface is alternately 
exposed to 1:he atmosphere and wastewater. The disc serves 
as media for growth and adhesion of biological slime, device 
for bringing the slime and film of water in contact with air, 
and creating mildly turbulent mixing conditions within the 
tank contents. As the disc rotates, the biological slime on 
any sector of the disc is alternately dipped into the waste
water, where the slime metabolises non-settleable and dis-
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solved organic matter and aerated with each revolution of 
the disc. The settleable organic matter and the sloughed film 
due to excess growth from the disc, passes along with the 
effluent as suspensions.which are removed in the subsequent 
stage in the secondary settling tank. 

REVIEW OF LITERATURE 

The idea of RBC originated in USA in 1928, and it was 
referred to as 'Biological Wheel' and in Germany as 
'Imnersion Drip Filter•(l). Further developments in the pro
cess took place during the last two decades mainly in · 
Germany and USA. Large number of plants are now in vogue 
in Europe and USA as reported by AnthonieC2). Laboratory 
and pilot plant studies in understanding the kinetics and 
evolving design criteria are repo~t~d by Antonie(3,4)t

7 
S) 

Torpey et al ( 5) ,. Khan and Sidd;qi ~6 J , RaJ'\lan and Khan ' , 
Pescod and Nair(9) Pretortus(lOf Steels ~11), Bru~e and 
Merkens(l2), Clark et al 13) and Kluge and Kipp ~14l. 

The first municipal wastewater treatment plant in Pewaukee, 
USA using RBC process constructed by Autotrol Corporation 
on full scale was in operation since 1971 to treat a flow 
of 1179 m3/day ( o.47 mgd); and the first large scale RBC 
treatment unit with a eapacity of .20 mgd for upgrading the 
existing treatment unit is in operation in Philadelphia. 

Based on the studies reported in USA, Europe and 
Thailand, the general requirements for design and opera-
tion are as follows: The rotational speed of the disc is li
mited to 1 to· 10 rpm and the clear spacing between the discs 
is kept at 2 to 5 ems with a gap of about 5 ems at the 
bottom. A Detention time of 10 to 90 minutes, organic disc 
loading rate of 3 to 16 gms/m2/day, hydrauloc loading rate 
of 0.04 to 0.11 m3/day/m2 of disc area, power consumption 
(depending on capacity) of 0.3 to 2.6 kwh/kg BOD removed and 
power requirements of 0.4 to 1 watt/m2 of disc area are the 
other relevant parameters, while the BOD removal efficiency 
ranges from 80 to 95% at wastewater temperatures of 1ooc to 
2ooc. 

OBJECTIVE OF STUDY 

The RBC as a treatment device is not yet in use in 
India, eventhough it has great potential due to its compact
ness and simplicity of operation and favourable tempera-
ture conditions. As such, it is felt that the feasibility 
of its use in India should be investigated under laboratory 
and field conditions. 'Ihe studies aim to achieve the objec
tives of formulating relationsh~p amongst the treatment eff i
ciency, organic loading, hydraulic loading, rotational speed, 
power consumption, and evolve compact units for various treat
ment capacities. 
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MATERIALS AND METHODS 

Initially, laboratory model studies were carried out 
with synthetic sewage and settled sewage, followed by studies 
on pilot plant treating raw municipal sewage. 

A. Laboratory Model Using Synthetic Sewage and B;>mestic Sewage 

The laboratory model set up of RBC as shown in 
Fig. 1 consisted of 20 cm diameter, 4 mm thick, as-bestos 
cement discs (with perforations) with clear spacing of 
2 ems. They were centrally mounted to a horizontal shaft 
rotated by a fractional horse power motor ( ~ HP ) fitted 
with reduction gear and adjustable belt drive for varying 
the rotational speed ( 3,5 and 8 rpm}. The discs along with 
shaft assembly were mounted to a perspex tank ( of cross 
section similar to Imhoff tank}. About 40 per cent of the 
disc area was submerged in wastewater. The bottom portion of 
the tank acted as a settling tank cum sludge storage tank. 
The reaction-cum-settling chamber was partitioned into small 
compartments to contain varying number of discs. 

It was possible to feed separately each of the compart
ment and work independently of the others with separate 
inlet and outlet arrangements. Continuous feeding was accom
plished by electrolytic pump connected to feed bottle con
taining synthetic or raw settled sewage. Fig. 2 shows the 
set up of the laboratoJ:y model experiment. The sloughed 
material and the settled organic material were periodically 
removed from bottom storage chamber. The feed was varied for 
various hydraulic and organic loading rates. The influent 
and effluent samples were collected at particular time in
tervals regularly and analysed for the usual parameters like 
temperature, pH, BOD, COD, s.s, TDS, NHJ-N. The units were 
continuously dosed at loading rates varying from 6.2 to 42 
gms of BOD per square meter of disc area per day. The synthe
tic sewage was prepared by dissolving a high protein cereal 
and milk powder in water to get a BODs of aoout 250 mg/l. 

Later, the experiments were repeated with settled 
domestic inunicipal sewage, and the unit was operated at or
ganic load rates ranging from 6.2 g/day/m2 to 31.0 g/day/m2 
of disc area~ at rotational speeds of 3,5 and 8 rpm. 

Fuxther studies were carried out usinq cylindrical 
semicircular charrt>er fitted with shaft and some discs with 
separate settling compartment, the total capacity remai
ning the same as that of Imhoff type tank. 
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B. PILOT PLANT. 

{i) Large size comoosite RBC cum Settling Tank with 
A. c. Sheets. 

The studies were carried out initially on a large size 
pilot plant of Imhoff tank type with the settling chamber below 
the reactor. The discs were made from l.22m x l.22m square pie
ces of asbestos cement sheets ( 126 numbers) by chopping off 
the corners to give octagonal shape with surface a~ea of 1.226 
square metres. They were mounted on a mild steel shaft rotated 
at 5 rpm by 5 H.P. motor fitted with reduction gear and chain 
drive. The settled domestic sewage was fed at the rate of 
47.67 m3/day for a continuous period of 10 to 12 hours in a day. 
The studies had to be discontinued after 4 months operation 
due to some structural failure of the discs. 

(ii) Small size Plant with PVC circular sheets. 

Fig. T shows the details of the set up of the RBC where 
the secondary settling chamber is a separate unit. The tank 
located in NEERI campus. Nagpur. consisted of semicircular mild 
steel tank of 1.22 metre diameter and 1.52 m long. 40 plane 
discs made of PVC of 1 meter diameter were fixed centrally to a 
mild steel shaft of 3. 7 cm diameter and they were spaced longtu
dinally at clear interval of 2.5 ems. The clearance from the 
bottom of the tank to the bottom edge of disc was kept at 
7.5 ems. The shaft was rotated at 5 rpm by a 1.5 kw ( 2 H.P.) 
electric motor fitted with reduction gear and belt drive. The 
unit was fed by raw sewage tapped from a distribution chamber 
where raw municipal screened sewage was pumped. The effluent 
from the disc unit passed on to the rectangular settling tank 
( of mild steel) of size 1.22m x 0.91m x o.soa m depth with 
a liquid capacity of o.s m3. The settleable organic material 
and the 'humus' or sloughings from the film attached to the discs 
were removed in the settling tank. The feed to the· system 
was for 8 to 12 hours continuously in a day, and the remain-
ing hours of the day. the RBC was working without any feed. The 
flow measurements were carried out by V-notch attached to a 
separate chamber after the settling tank. Occasionally, volu
metrically also the flow was computed. The performance of RBC 
was observed under two conditions viz. open type and enclosed 
type covered by a mild steel perforated cover ( fig. 4 ). Later, 
some modifications were made in the outlet for the settling 
tank ( vide Fig. 4) by providing serrated weirs instead of 
5 ems. diameter circular opening initially. 

The studies were carried out first with open reactor and 
secondary settling tank with a ~ingle pipe outlet and later the 
same units were modified with the reactor closed by a ventila
ted semi-circular lid and the settling tank provided with 
serrated weir outlets, 
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Photograph a 3 RBC Pilot Plant with cover removed. 

243 



OBSERVATIONS AND DISCUSSIONS. 

A. Laboratory RBC Model Composite (Imhoff tank type) 
Reactor. 

i) Using Synthetic Sewage 

In. the Imhoff tank type reactor with settling charril:>er below 
the disc chamber, it took about 7 to 10 days to reach for 
the optirnwn growth of biological film on the disc surfaces 
and steady state conditions. Table 1 shows the performance 
data of the reactor with reference to hydraulic load, tempera
ture, COD, BOD and s.s. of the influent and effluent, and the 
biomass accumulation on the discs. The organic loading rates 
( in terms of BODs) ranged from 6.2 to 42 gms/day/m2 of disc area 
( 1.2 to 8.7 lbs/day/1000 square feet of disc area). The effi
ciencies varied from 55 to 88 percent removal with reference 
to BODs in the decreasing order of organic loadings. The BOD 
of the influent varied rrom 233 to 276 mg/l while the s.s. of 
the influent was 196 mg/l. The S.S. in the effluent ranged bet
ween 18 to 25 mg/l. 

ii) Using Settled Ibmestic Sewage. 

The same composite unit was later charged with settled 
domestic sewage for different loading rates working at three 
different rotating speeds namely 3 rpm, 5 rpm and 8 rpm. Dif
ferent organic loadings were achieved by utilising different 
chambers having different nwnbers of discs and adjusting if 
necessary the hydraulic flow rate. It took about 5 to 7 days 
£or the biological slime to grow and attain a steady state. 
Table 2 shows the average performance characteristics of the 
unit. The average wastewater temperature was 2aoc. It is seen 
from Table 2 that 90 per cent overall BOJJs removal could be ob
tained with organic loading rate of 10 g/m2/day. when the 
unit was operated at 5 rpm. The BODs of the final effluent 
after settling was always less than 23 mg/l ( 8 to 23 mg/l) 
during the period of study, while the BOD5 of the influent to 
the reactor varied from 10 2 to 130 mg/l, for the three dif
ferent speeds considered. The suspended solids present in the 
settled effluent varied from 8 to 15 mg/l. 

Fig. 5 & Table 2 & 3 show the average overall performance 
of the disc system at the three speeds studied viz. 3,5 and 
8 rpm. There was marginal increase in the efficiency of 
removal of BOD with increase in speed for the same organic loa
ding rates. 

iii) L~oratory RBC Unit with Semi-Circular reactor 
an Separate Settlirig Tank. 

A comparative study for a brief period was made regar
ding the perfo.nnance of semicircular tank reactor with separa
te settling tank and composite Imhoff tank reactcr using 
settled domestic sewage. It is seen from Table 4 that the 
efficiency of BODs removal of 83% could be obtained at an orga
nic loading rate of 14.9 g/m2/day for the semi-circular unit, 
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TABLE- 1 : LABORATORY STUDY DATA ON THE PERFORI"1ANCE OF 
RBC UNIT ( Ilvfi-IOFF TANK TYPE, COMPOSITE ) FOR 
THE TREATMENT OF SYNTHETIC SEWAGE ( 1970-197 2) 

PARAMETERS 

No. of discs 

Surface area (m2 ) 

Hydraulic loading,m3/m2/day 

Detention tL~e (hrs.) 

Organic loading, g/m2/day 

BOD (mg/l) 

COD (mg/l) 

I Influent 

Effluent 

% reduction 

I Influent 

Effluent 

I % reduction 

Effluent suspended solids, 
mg/l. 

Biomass, VSS g/m2of disc 
surf ace 

1 

6 

0.39 

0.0256 

8.4 

6.0 

243 

28 

88.4 

438 

72 

84.0 

12.0 

18 

EXPERIMENT NO.@ 
2 

4 

o. 26 

0.0385 

6.0 

10.6 

276 

33 

87.8 

466 

60 

86.3 

12.0 

25 

Ii For each experiment No. at least 10 observations 
were recorded and the average given. 

* Disc speed - 3 RPM 

* Hydraulic flow for 24 hours in all the experiments 
was 10 litres. 

* Liquid temperature varied between 21-22oc. 

* Influent Suspended solids 196 mg/1. 
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3 

1 

o. 06 

0.166 

1.9 

42.4 

276 

124 

54.6 

466 

195 

58.0 

23.0 
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TABLE -2. : PERFORMANCE OF THE LABORATORY RBC ¥NIT (IMHOFF 
TANK TYPE) TREATING SETTLED SEWAGE ( 197.5 ) 

DISC RPM 3 5 8 
** EXPT. No. 1 2 3 1 2 3 1 2 

Hydraulic 0.051 0.099 0.287 0.047 0.066 0.115 0.051 0.099 
load2 m3/m /day 

3 

o. 288 

Organic load 
g/m2/day 6. 64 11. 76 29. 29 6.20 10.00 14.88 6.64 12 .. 20 31.00 

BOD5 mg/l 

Influent 130 118 102 130 150 129 131 122 108 
Effluent 10 15 29 9 14 23 8 8 22 

% reduction 92 87 71 93 90 83 94 93 79 

COD mc:r/l 

Influent 290 261 218 278 309 265 304 269 234 

Effluent 48 72 96 47 66 80 59 64 90 

% reduction 83 72 55 83 78 70 80 76 61 

12!! 
Influent 7.3 7.3 7.2 7.3 7.3 7.3 7.3 7.1 7.2 

Effluent 7.7 7.6 7.4 7.6 7.6 7.5 7.6 7.5 7.5 

Sus:egnged 
Solids,mg/l 

Influent 91 80 45 74 63 80 86 76 51 

Effluent 11 9 18 8 5 12 10 8 15 

% reduction 88 89 60 89 92 85 88 89 70 

Biomass 2 vss, g/m 19.02 28.16 26.68 20.80 23.36 17.92 16.00 23.00 18.00 

* Average Liquid temperature was 2a0 c. 
+ Municipal Sewage 

** Number of Discs 6,4, 1, fo°'1"" l~ 1I,..0..~3 an ~ (!..O~l'11,..,, • 
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TABLE - 3 -~ WEIGIT OF BIOMASS DEVELOPED ON THE DISCS 
AT DIFFERENT DISC SPEEDS AND LOADS (USING 
SETTLED IX>MESTIC SEWAGE ) - LAB MODEL. 

Organic Loading Biomass * Disc Speed 
RPM .Rate,g/m2/day VSS,g/m2 of 

disc area 

I 
6.7 19.20 

3 
11.7 28.16 

I 6.3 20.ao 

5 10.0 23.36 

I 6.7 16.00 
8 

I 12. 2 23.00 

* A month after start of operation. 
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TABLE - 4: COMPARATIVE STUDIES USING SETTLED SEWAGE WITH 
IMHOFF TYPE AND SEMI ClRCULAR CHAMBERS WITH 
SEPARATE SETTLING TANK ( OCT. 1975 TO MARCH 
1976) AVERAGE VALUES+. 

PARAMETERS 

No. of Discs 

Surface area, m2 

Chamber(s) capacity(litres) 

Hydraulic loading rate, 
m3/m2/day 

Detentime time, (hrs.) 

Organic Loading rate, 
g/m2 

B.O.D. mg/l 

Influent 
Effluent 
% reduction 

c.o.o. mq/l 

Influent 
Effluent 
% reduction 

Effluent Suspended Solids 
mg/l 

Biomass, g/m2 

* Imhoff type of Tank with Discs. 

EXPERIMENT 

1 

2 

0.13 

2.05 

0.115 

3.3 

14.9 

130 
31 
76 

307 
87 
71 

15 

62.8 

No. 

** 2 

2 

0.13 

2.18 

0.115 

3.4 

14.9 

130 
22 
83 

307 
70 
76 

10 

76.8 

** Semicircular tank with Discs followed by a semicircular 
settling tank.( Vol. 0.950 + 1.230 = 2.180 litres) 

+ Average value of 21 observations. 

Disc speed,5 RPM 

Average liquid temperature, 24°C. 

Total flow to the unit for. 24 hours, 15 litres. 
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while for the composite Imhoff tank type, the efficiency of 
BODs removal was 76%, under identical conditions. The removal 
of the s.s. in the former type was 83% while for the compo
site type, was 76%. 

B. Pilot Plant St;udies 
i) Pilot Plant with Asbestos Cement Sheets Using Settled 

Domestic Sewage. 

The pilot plant composite RBC reactor. ( with settling 
tank below) was operated at a rotational speed of 5 rpm for 
feed rate of 47.67 m3/day of settled domestic sewage. While 
the RBC reactor was operating thoughtout the day, the sewage 
was fed only for 10 to l 2 hours continuou·sly during the day. 
An overall BODs reduction of 77 percent was observed, while 
there was SO percent removal of ammonia nitrogen and 30% removal 
of Phosphate ( vide Table 5 ). The studies had to be dis
continued after three months-of continuous operation due to 
structural defects noticed in the disc assembly. 
ii) Pilot Plant with PVC circu1ar Disc Using Raw 

Pomest ic SewaCJEl• 

The raw domestic municipal sewage pumped from a sump re
ceiving sewage from a municipal. manhole was fed by gravity 
to pilot RBC plant with PVC discs ( vide Fig. 3 and 4 ) threugh 
a distribution chamber. The RBC reactor disc were operated 
continuously throughout the day, while the flOlll of sewage was 
restricted to 8 to 10 hours during the day time, due to opera
tional difficulties. For a period of 2 years, the RBC reactor 
was operated by keeping it open to the atmosphereand at a constant 
speed of 5 rpm. The speed of 5 rpm was selected based on 
laboratory studies and with reference to reduced power consump
tion. 

The 'PVC discs were initially found to be smooth and the 
biological film adhering to the disc surface was not apparently 
1thick 1

• After 3 months of operation with smooth discs, the 
disc surface was showered and coated with · fine·· sand which was 
fixed to the discs by 'Wavin PVC Cement•. Table. 6 give· the 
performance data of the pilot plant· stuiU.ee far varyinq condi
tions viz. open reactor tank with smooth PVC disc and raugh
ened with coated sand. closed reactor tank with modifications 
to the outlet of settling tank. The hydraulic. flow rate ran
ged from 4.5._ to 5.77 m3/day cerrespondin9 to ·anorqanic loadJ.n9 
rate of 15.2 to 27.7 g/m2 of disc area- per day. The BODs of 
influent was almost·a:>nsistent duringtheperiGd of the_day 
and as such samples were collected at a time 2·to 3 hours after 
the pwnping of sewage started. The- effective-detention tiJne 
for the stated ranges of.flow in the· RBC reactor tank· was 1.6 
to 1. 26 hours, while ~or the secondary settlirig tank it was 1.1 
to, 0.9 hours.· ~e influent BOD during the period-of the s:tu
dies varied fran 218 mg/l· to .308 mg/l. 
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TABLE -5: SHOWING THE DATA OBTAINED FROM RBC PILOT PLANT 
STUDJ:ES bt>R THE TREATMENT OF SETTLED DOMESTIC 
SEWAGE USING DISCS MADE UP OF ASBES'roS CEMENT 
SHEETS. 

PARAMETERS AVERAGE VALUES AND RANGE 

Temperature Oc. 
Total Flow ( 10-12 hrs/day), m3 

Hydraulic Load, m3 /m2 /day 

Organic Load, g/m2 /day 

e.o.D. mq/l : 

Influent 

Effluent 

% reduction 

c.o.D. mWl :1 

Influent 

Effluent 

% reductiG>n 

NH
3
-N, mg/1 i: 

:Influent 

Effluent 

% reduction 

P041 mq/l I 

Influent 

Effluent 

" reduction 

-(20-30) 

47.67 
0.143 

16.1 

114 
(86-.135) 

26 
(15-45) 

77 

280 
(210-360) 

54 
(30-90) 

80 

11.0 
(13.6.19.0) 

s.s 
(6.5-10.4) 

so 

11.s 
cs.s-14.o> 

s.o 
(c;. 2-11. O) 

30 
* ~e table gives the average -values of 25 observations during 

the operation of RBC from January,.1974 to April, 1974. 
* No. of Discs mounted en two shafts 1 136. 
*Surface Areaef eadl 4lisc (on both sides) 1 2.45 m2 

* 1\>tal. surface area·ef 136 di.acs a 333.2 m2• 
· • DJ.ae speed. 5 lll'M. 
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TABLE-6: DATA ON THE PERFORMANCE OF RBC PILOT PLANT WITH PVC DISCS 
FOR THE TREATMENT OF RAW DOMESTIC SEWAGE. 

PARAMETERS 

RBC tank Temp.oc. 

pH of liquid in 
RBC tank 
Total flow/day 
(8-12 hrs/day)(m3) 

Hydraulic loading 
rate,m3/m2/day 

Organic loading 
rate, g/m2/day 

I Inf. 
BOD, mg/l El 

E2 

I 
Inf. 

COD, mg/l El 

E2 
Inf. 

Jan. 176 
to 

Apr. '76 
1* 

24-27 

7.4-7.5 

5.77 

0.090 

27.7 

308 

98(68%) 

70(77%) 

573 

217 (58%) 

132(73%) 

109 

54(50%) 

36 (67%) 

27.7 

Oct. '76 
to 

Feb. '77 
2 ** 

20-28 

7.5-7.8 

s.s0 

0.001 

25.6 

295 

32 (89%) 

24 (91%) 

588 

105 (82%) 

87(85%) 

405 

44(89%) 

24 (94%} 

;J7 

22 (41%) 

15 (60%) 

Nil 

1.0 

1. 3 

34.7 

PERIOD OF OPERATION 
Feb. 177 

to 
June 177 

3 ** 
26-31 

7.6-7.7 

4.49 

0.010 

22.3 

319 

75(77%) 

55 (83%) 

551 

127 (77%) 

90(84%) 

355 

38(89%) 

26 (93%) 

;a 
30 

26 

Nil 

2.0 

2.3 

so.o 

Aug. '78 
to 

May 179 
4 ** 
29-35 

7.5-7.9 

4.54 

0.071 

15.2 

216 

48 (78%) 

40 (82%) 

600 

134 (78%) 

98(84%) 

June 179 
to 

Aug. '79 
5** * 

29-34 

7.6-7.9 

4.99 

0.078 

20.7 

255 

86 (66%) 

45 (82%) 

662 

199 (70%) 

75(88%) 

314 466 

68(78%) 152(59%) 

22(90%) 44(90%) 

•o a2 
23(43%)16 (50%) 

18(55%) 16 

Nil 

1.2 

1.3 

78.3 

Nil 

2.1 

4.2 

63.0 B io-rnas s on 
Disc, g/rn2 
No. of Discs of lm. dia : 40; Total surface Area : 64.138 m2 
Size of semi-circular contact tank: 1~2m dia, l.52m length, 
Depth : o. 7 2 rn3 
Size of Settling tank: 1.22m x 0.91rn x 0.508m; volume: O.Som3 

Inf: Raw D::>mestic Sewage Influent 
E1 : Effluent from RBC Contact tank . 
E2 : Final Effluent after settling tank : (%) Percentage Efficiency 
*: The RBC plant was operated with smooth PVC discs.without cover. 

***: The RBC plant was operated with ventilated cover and modified 
settling tank- using sand coated discs(coLu:nin 5). 
(The table gives the average values of 10-12 observations). 

The RBC plant was operated with sand coated PVC discs **· . 
without cover. 252 



There was gradual reduction of efficiencies of removal 
of BOD5 and s.s as the organic feed loading rate was increased 
from 15g/m2 of disc area/day to 28g/m2 of disc area/day. The 
overall BOD5 removal varied from 77 to 91 per cent and s.s. 
removal varied from 67 to 94 percent in the decreasing order of 
organic loading rate. The removal of BODs in the reactor 
alone ranged from 68 to 89 per cent. Ammonia nitrogen to an 
extent of 50 to 60 percent was removed in the system. 

D..J.ring the period of studies at various seasons of the 
year the temperature of sewage water varied from 2ooc to 35oc. 
The whole plant was wcrked under natural field conditions 
without any control over temperature, organic strength etc. 
Only the hydraulic flow rate was regulated. 

As can be seen from Table 5, the efficiency of removal 
of BODs in the reactor with smooth PVC discs was lower by about 
15 to 18 percent compared to the reactor with sand coated 
PVC discs. Under similar conditions with sand coated PVC 
discs, the removal of BOD in RBC reactor which was open was higher 
by about 10 to 15 percent to that of reactor which was 
closed by ventilated lid. It was to some extent improved 
with respect to BOD and SS removal after modification of the 
outlet arrangements using serrated weirs. Settling tank with 
modified outlet arrangements was being used for the closed 
reactor, while earlier the same reactor without closed lid was 
operated along with settling tank with single pipe outlet. 

It may be noted that the sewage that was fed to the 
system, had only preliminary treatment of screening and grit 
removal and no pr.hnary settling. Perhaps, the performance 
efficiency of the system could be bettered by charging 
with primary settling sewage. Otherwise, by providing a second 
stage smaller reactor unit in series with the existing one, 
the efficiency could possibly be improved. 

ORGANISMS IN THE SLIME 

After the start up of the plant, about 7 to 10 days 
of continuous operation was required to build up an optimum 
growth of biological slime adhering to the disc and to reach 
a steady state condition producing an effluent of desired 
quality. 

The microscopic examination of slime revealed mixed 
culture of Protozoans, Rotifers, Nematodes, Filamentous 
bacteria, Fungi and Algae, while particular species dominated 
under different conditions of working of the reactor. Iden
tified organisms are shown below 
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PROTOZOA 

Pararnaeciurn cdudatum 
Vorticella sp. 
Epistylis sp. 
Arneoba proteus 
Glaucoma sp. 
Aspidisca costata 
Carchesium sp. 
Opercularia sp. 
Lionotus sp. 
Podophyra sp. 
Chilodonella uncinata 
Colpoda sp. 
Euplotus sp. 

ROTIFERS 

Rotaria rotatoria 
Lecane sp. 
Philod:l;na sp. 

NEMATOIES 

Rhabditis Larvae 
Doriolamus sp. 

ALGAE 
Oscillatoria sp. 
Spirulina sp. 
Phormidrum SR• 
Chlarnydomonas sp. 
Selemastrum SJ.2. 
Chlorella sp. 
Actinosphaerium SR• 
Anacystis sp. 
Synedra sp. 
Denticula sp. 
Diatoma sp. 
Tabellaria sp. 
Nitzschia SR• 
Nav icula sp. 

FU.NGI 

Fusarium sp. 

FILAMENTOUS BACTERIA 

Sphaerotilus natans 

Laboratory studies with synthetic sewage showed abundance 
of filamentous bacteria, .§:Qhaerotilus natans. When the pilot 
plant reactor was operated with raw sewage under ventilated cover, 
the biological organisms present in the slime adhering to the 
disc showed abundance of filamentous fungus, Fusariuem sp. 
and a small proportion of algae. Under conditions of pilot plant 
reactor completely exposed to the atmosphere ( without the 
ventilated cover) and operating with raw sewage, algae was also 
found in abundance in the slime. 

The average concentration of bio mass present on the 
discs of the pilot plant varied from 35 to 78 g/m2 of disc area. 
On an average, the total weight of the biomass adhering 
to the surfaces of 40 discs in the pilot plant, was estimated 
to be about 4 kgs; while the total suspended solids present 
in the mixed liquor in the reactor was found to be aoout 0.25 kg, 
which works out to about 6 percent of the total biomass pre
sent in the discs. The total quantity of sludge accumulated 
in the settling tank for a fixed period was measured and worked 
out to about o.4 gm per gm of BOD applied. 

LOADING AND POWER REQUIREMENTS 

From the results of the performance of the pilot plant, 
it is possible to obtain efficiencies of purification ranging 
frcm 82 to 90 percent for loading rates of 16 to 20 g/m2 of 
disc area per day when screened and de9ritted raw domestic 
sewage ( pumped from municipal manhole) is applied to the system. 
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Power consumption as measured by Wattmeter connected to the 
drive motor of 1.5 kw capacity, worked out to 1 to 1.25 kw/hr 
for one kg. of BOD removed. It is to be noted that the power 
rating of the motor was much higher than that required, and as 
such, the power consumption seemed to be relatively higher than 
that reported elsewhere, even-though the consumption will only 
be slightly less than that for conventional activated sludge 
process. The plant could very well operate with a 0.5 kw motor 
instead of 1.s kw motor. 

COST ASPECTS 

The break up of the cost of different components of 
the pilot RBC fabricated at NEERI are as follows: 

1. Geared Motor 
2. 40 Nos. circular PVC 

disc of lm dia 

3. Settling tank piping 
& fabrication 

Contingencies 

••• 

••• 

••• 

Total 

Rs. 5,890.00 

Rs. 4,680.00 

Rs. 4,soo.oo 

Rs. 15, 07 0. 0 0 

Rs. 930.00 

Rs.16,000.00 ( as in the year 
1976). 

The cost of the system is equivalent to about 2000 US 
dollars, for treating a flow of 0.5 m3/hour ( 110 gallons per 
hour) of raw sewage with BOD of 250 to 300 mg/l and working at 
an efficiency range of 82 to 90%. 

SUMMARY AND CONCLUSION 

1. The Rotating Biological Contactor (RBC) or Bio-disc 
due to its compact construction, simplicity of operation and 
favourable climatic .conditions has great potential for use in 
the treatment of wastewaters in India. Accordingly, studies 
were conducted under laooratory and field conditions with the 
objective of its feasibility for use in India, and formulating 
relationship amongst the treatment efficiency, organic and. 
hydraulic loadings, rotational speed and power consumption. 

2. Perfonnance studies were carried out in a laboratory 
Rotating Biological Contactor using synthetic and domestic 
sewage for nearly two years period, for two types namely, com
posite Imhoff tank type reactor with settling tank below the 
reactor, and RBC reactor with separate settling tank. 
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3. Later, studies were carried out using raw degritted and 
screened municipal sewage, on the performance of RBC pilot 
plant with 40 .Pl1C circular discs of one meter diameter followed 
by a reatangular settling tank. The performance characte
ristics were studied under two conditions viz. when the reac
tor was open, and when the reactor was enclosed by ventilated 
cover. 

4. The operation of the pilot plant was carried out under 
field conditions, and there was no control as regards the strength 
of wastewater and temperature. The RBC was operating conti
nuously, while the sewage flow was limited to 8 to 10 hours 
during the day time, feeding the reactor at a constant rate 
of o.5 m3jhour ( variation ± 10 percent) under arribient con
ditions and temperature of wastewaters varying from 2ooc to 
35oc. 

5. Under the tropical climatic conditions preval.ling at 
Nagpur, India, the RBC pilot plant achieves overall efficien
cies of removal of 82 to 90 percent, for BODs at 2ooc, and 
90 to 93 percent for Suspended solids at an organic loading 
rates of 16 to 20 g/m2 of disc area/day and hydraulic loading 
rate of 0.07 to o.oa m3/m2/day when the applied feed of raw 
screened and degritted domestic sewage has BOD concentration 
of 250 to 300 mg/l, suspended solids concentration of about 
400 mg/l and the temperature of sewage in the reactor varied 
from 200 to 33oc for different seasons of the year. Other 
design parameters include the submergence of 45 percent for the 
discs, rotatioua.L speea o:c .j to 5 rpm, effective detention 
time in the reactor of 1.5 hours. 

6. Such a compact unit occupying an overall area of 1~ 
Meter by 4~ Meter can as well serve a population of 50 to 100 
persons depending on the water consumption. A 0.5 K.W. 
motor with reduction gear and belt drive would suffice to rota
te the discs. 

7. The desludging from the settling tank need to be car-
ried out only once in a week or two weeks. The quantity of 
sludge produced is estimated at 0.4 kg per kg of BOD removed 
in the system. 

a. There were no major mechanical troubles in the 
RBC Pilot Plant during its continuous operation for two years. 
The bearings have to be occasionally lubricated or replaced. 

9. The cost of the PVC discs ( in India) fonn nearly 35 
to 40 percent 0£ the total cost of the RBC system. The cost 
can be reduced by using alternative cheap materials like split 
bamboo, aluminium sheet etc. for discs. By using PVC discs, 
the per capita capital cost works out to ~. 160 for the unit 
serving 100 persons. 
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10. The power consumption varied from l to 1.2 KWH/kg BOD 
removed, which could be brought down by using a lower horse 
power rating motor drive. 

11. Further field studies on pilot plant scale should be 
continued with alternative materi41.s for disc, feasibility 
of use of wind mills as drive mechanism for rotation of discs, 
increasing loading rates, additional. surfaces, methods to 
decrease power consumption, and using the RBC ~s based on 
extended aeration principle for reduction of sludge volume and 
its easy disposal. 

12. Open type of RBC gives higher efficiency for BOD 
removal than that for the enclosed type. 

13. The RBC can be successfully operated with screened, 
degritted sewage, avoiding primary settling tank and the pro
blem of disposal of primary sludge. The efficiency can be 
improved by working the RBC in stages. 
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Introduction 

HIGH SALINITY WASTEWATER TREATMENT 
USING 

ROTATING BIOLOGICAL CONTACTORS 

By 

Nancy E. Kinner 

Paul L. Bishop 

Department of Civil Engineering 
University of New Hampshire 

Durham, New Hampshire, U.S.A. 

Design of wastewater treatment facilities for small, offshore com
munities presents unique engineering problems associated with conventional 
biological treatment. Islands are often inhabited by seasonal populations 
isolated from the basic services available on the mainland. Limited fresh
water supplies are frequently conserved by using seawater as a carriage 
medium for sanitary wastes. The salinity of the domestic wastewater can vary 
from 0% to J.5% depending on the source of the waste at a given time. To 
further complicate design problems, systems must be able to adapt to varying 
flows, little maintenance and intermittent nature of island generated elec
trical energy. 

The inherent flexibility in the operation of the rotating biological 
contactor (RBC) process makes it an ideal candidate for this set of con
ditions. As part of an evaluation of the ability of an RBC unit to treat 
saline domestic wastewater, microbial coIIllllunities attached to disk surfaces 
were studied. Disk populations growing in freshwater and seawater based 
sewage were compared as a function of their distance from the influent end 
of the unit and the hydraulic loading rate. 

Most previous research on saline domestic wastewater treatment has 
been conducted on the activated sludge process. Using a bench scale unit 
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Ludzack and Noran (1) found that free swimming ciliates survived in a con
tinuous high chloride artificial waste made from NaCl (J.5% salinity). When 
the chloride content alternated between high and low concentrations, hypo
trichs and stalked ciliates occurred, but the latter were small and in-
active. The activated sludge took from one to five weeks to adapt to steady 
state conditions during saline treatment. Kincannon and Gaudy (2) fed arti
ficial waste of J.0% salinity to a batch activated sludge system. They found 
a 30% decrease in substrate removal efficiency. When the salinity increased 
to 4.5%, operation was impaired. They hypothesized that a change in species 
composition might occur in saline treatment. In subsequent research, Kincannon 
and Gaudy (3) used a continuous flow activated sludge unit to assess the 
treatment capabilities of organisms exposed to an artificial waste containing 
NaCl (salinity J.0% and 4.0%). After a period of acclimation of up to two 
days, the system achieved excellent removal capacity.. In another bench scale 
study of an activated sludge treatment plant, Burnett (4) conducted research 
using domestic waste mixed with seawater. Acclimation occurred within thir
teen days after changing from freshwater to seawater based sewage (salinity 
3.2% to J.8%). The system operated well under these conditions. He noted 
a rapid die-off of rotifers and stalked ciliates and motile ciliates with 
increasing salinity. After the first few days of acclimation, motile ciliates 
reappeared, but the stall:ed ciliates and rotifers remained absent. Kessick 
and Manchen (5) experimented with another bench scale activated sludge 
system and found that freshwater seed bacteria could adequately treat the 
soluble fraction of the domestic sewage containing artificial sea salts 
(salinity J.6%). Recently Tokuz and Eckenfelder (6) observed a similar treat
ment capacity between a bench scale activated sludge unit fed artificial 
waste at 0% salinity and one at 5.0% salinity. 

Research on the effect of salt concentration on the treatment capacity 
of trickling filters has been more limited. Stowell (7) reported that an 
intermediate type high rate filter with a 1:1 recirculation ratio achieved 
BOD removals up to 90% when treating waste from San Quentin Prison (salinity 
1.1% to 1.5%). Lawton and Eggert (8) found that a bench scale trickling fil
ter treating an artificial waste was able to recover in one day after the 
salinity was increased to 2.0% with NaCl. Mills and Wheatland (9) found 
no change in the removal efficiency of a bench scale trickling filter after 
adding NaCl (final salinity l.?%) to an artificial waste. In this study 
an intermittent application of waste of salinity 1.2% to J.6%, did cause 
a decreased efficiency. 

Rotating biological contactors are a relatively new waste treatment system 
compared with the activated sludge and trickling filter processes. Therefore 
research into the various applications of the unit has been rapidly expan
ding. The major work done on RBC saline waste treatment is reported by Mikucki 
and Poon ( 10), Poon and Mikucki ( 11) and Poon, Chao and Mikucki ( 12). A 
pilot plant study was conducted using a mixture of domestic waste and an 
artificial supplement and seawater with a final salinity of 2.1%. This 
system worked well in removing BOD after a few days of acclimation. Poon, 
Chao and Mikucki (12) reported that the growth on the disks contained 
estuarine forms of filamentous fungi and algae. 

A review of the literature to date reveals that little information is 
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available on the microbial populations inhabiting saline waste treatment 
systems. Populations for our evaluations were obtained from an RBC pilot 
plant fed settled domestic sewage mixed with artificial sea salts to a 
salinity of 1.0% to 2.0%. A qualitative analysis was conducted using photo
microscopy to assess the difference in community structure between fresh
water and salt water based samples. To avoid lowering the BOD and to closely 
simulate seawater based sewage, a small volume of highly concentrated artifi
cial seawater was added directly to the waste. 

The qualitative differences between the populations occurring on the 
disk surfaces in the freshwater and salt water based sewage appeared minimal. 
Under both conditions the community structure consisted of a primary sub
strate composed of filamentous organisms and a zoogleal mass, which sup
ported active populations of rhizopods and stalked ciliates. At an hy
draulic loading rate of one gallon per day per square foot (gpd/ft2 ) stalked 
ciliates occurred in all four compartments of the units. At a rate of 2 
gpd/ft2 these organisms did not appear until the second compartment. 

Materials and Methods 

A pilot plant consisting of four separate rotating biological contactors 
was assembled in the Durham, New Hampshire sewage pumping station. Each RBC 
consisted of a tank made from a plexiglass half cylinder four feet long and 
eight inches in diameter. Each was divided by plexiglass plates into four 
separate compartments. Wastewater flowed from one compartment to the next 
over notched weirs in the dividing plates. A horizontal stainless steel 
shaft supported 64 disks, each with a seven inch diameter, for a total sur
face area of 34 square feet. Two of the units had disks made of polyethylene, 
while the other two units ha.d polyurethane sealed masonite disks. The disks 
in all units were equally spaced, with 16 disks per compartment.· All units 
were rototated at 12 revolutions per minute yielding a peripheral speed of 
0.37 feet per second. The temperature in the pump station decreased during 
~he course of the experiments and the wastewater temperature ranged from 21° 
C to 13~5°C. The units were exposed to a constant low level incandescent 
light of less than 10 footcandles. 2The hydraulic loading rate for one unit 
with each type of disk was 1 gpd/ft ; total retention time of wastewater in 
these RBC's was J.6 hours. The other two units had an hydraulic ·1oading rate 
of 2 gpd/ft2 and a retention time of 1.8 hours. All disks had approximately 
40% of their surface area submerged in the wastewater at a given time. 

Raw sewage was taken from the pump station channel just prior to the bar 
rack and comminutor. The liquid was filtered through a ~ inch wire mesh and 
a 1/8 inch wire mesh to remove large particulates. It was then pumped in ~ 
inch plastic hose to a JO gallon plastic primary clarifier (retention time 
J.5 hours). Sludge from the clarifier was removed every two to three days. 
The flow of the settled sewage was pumped into four separate lines of k inch 
polyethylene tubing, each of which supplied an individual constant head feed 
tank. Influent was delivered directly to the first compartment of each RBC 
unit by gravity flow through 1/8 inch polyethylene tubing from the over
head feed tank. Flow rate was controlled by stopcocks inserted in the influent 
lines. 

261 



The system described above was modified slightly during salt water oper
ation. Concentrated artificial seawater (salinity 13.3%) was made daily by 
preparing a saturated solution of Utility Marine Mixl and tap water. The salt 
water flowed by gravity from two 30 gallon reservoirs (plastic) into the lines 
carrying settled sewage to the constant head feed tanks. Flow rate was reg
ulated by an in-line valve. The salinity of the salt water based sewage 
ranged from 1.0% to 2.0%. 

During the startup period the units received freshwater settled sewage. 
After approximately two weeks the units reached steady state operation as 
assessed by BOD sampling. The disk populations were removed and observed as 
outlined below. The system was then switched to the salt water based waste. 
After one week steady state was achieved and samples were removed and observed. 
The system was returned to the freshwater based sewage and the entire pro
cedure repeated. 

BOD tests were done on the soluble fraction of the waste to determine 
influent and effluent quality. Samples were filtered through Whatman 40 
filter paper or the equivalent. For freshwater based sewage the procedure 
outlined in Standard Methods (13) was followed. For salt water based sew
age Martin's (14) procedure was used with a dilution water of 0% salinity. 
Dissolved oxygen was measured with a YSI 51A Oxygen Probe and Meter2. 

Samples for microscopic examination were scraped from the surface of 
one disk in each compartment of the RBC 1s. The scrapings weighed 2 to 3 
grams. We assumed that each compartment was completely mixed and therefore 
the microbial population would be fairly uniform regardless of position with
in the compartment. Samples were immediately transferred to sterilized 
plastic bags. A few milliliters of wastewater from the· .sampled compartment 
was added to the bag. The samples were sealed and stored in a refrigerator 
in the laboratory at 4.4°c until examined. Observations usually occurred 
within 24 hours, however some samples were held up to one week with no visible 
change in composition upon microscopic examination. Random samples taken from 
each bag were placed on a glass slide and covered with a glass cover slip. 
In some cases one or two drops of 10% MgCl2 were added to slow the protozoans. 
All fields on a slide were examined with an Olympus BRA microscope. O~
servations were recorded in the form of written notes and photomicrographs. 
Kodak Ektachrome ABA 64 daylight film was used with an LBD and two LD 45 
filters for all photomicroscopy. Resources used in identifying organisms 
included Kudo (15), Bergey 1s Manual (16) and Barnes (17). Identifications 
were subsequently confirmed by specialists in protozoology and micro
biology. 

Results 

The soluble influent BOD averaged 150 mg/l. It showed a typical diurnal 
pattern for a small town; lower concentration in the daytime and higher at 
night • During steady state operation on freshwater and salt water based 
sewage the soluble effluent BOD from the RBC 1s was consistently below 30 

~ Utility Chemical Company, Paterson, New Jersey 
YSI Company, Yellow Springs, Colorado 
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mg/l. 

Tables 1 and 2 list the general types of organisms found on the disks 
during steady state conditions when the feed was freshwater and salt water 
based sewage, respectively. 

The populations present during freshwater and salt water operations 
were very similar. A filamentous organism grew on all the disks, forming 
a dense mat varying in color from white to dark brown. Growth was patchy 
in the last two compartments of the RBC's. The other predominate population 
was a zoogleal mass of bacteria. Both the filaments and the zoogleal mass 
were embedded in a thick mucilage. Zooflagelates and rhizopods (amoebae) 
were also observed in all compartments, under both conditions, as were 
fungal fruiting bodies and unidentified cysts. The fruiting bodies and cysts 
were found sporadically. Fewer rotifers and nematodes were observed during 
the saline conditions. 

At an hydraulic loading rate of 1 gpd/ft2 motile and nonmotile peritrichs 
were present throughout the entire unit. The nonmotile peritrichs included 
solitary and colonial stalked forms. At the higher loading rate (2 gpd/ft2) 
peritrichs did not appear in the first compartment, but were present in all 
the remaining compartments. 

There was no difference observed between the populations grown on the 
polyethylene and masonite disks. 

Discussion 

"There has been, and still is, too much engineering and too little micro
biology in this field of environmental sanitation" (18). Fifteen years later 
this generalization is still applicable. One reason for the lack of micro
biological research is the difficulty encountered in isolating and identifying 
specific organisms occurring in wastewater treatment Rystems. Though 
Sphaerotilus (19, 20), Beggiatoa (20), and fungi (12) have all been reported 
as major components of RBC microbial communities, there have been no reported 
instances of successful culturing of these organisms from the disks. Iden
tification of genera by microscopic examination is not a foolproof micro
biological method. Therefore we have not attempted to specify the type of 
filament growing on the disks in our experiments. Research is currently under
way in our laboratory to isolate and culture the filaments and make a positive 
identification of the species. 

The identification of zoogleal bacteria and specifically Zooglea ramigera 
is difficult, though it has been reported growing in RBC 1s (19). Crabtree 
and McCoy (21) conclude that Z. ramigera ma:y consist of a heterogenous popula
tion of bacteria. This view is supported by Unz and Dondero (22), who report 
that two forms of zoogleal mass exist. The most predominant and "biochemically 
active" form is composed of nonzoogleal bacteria (22). In our research we 
have not attempted to identify the species of bacteria present in the zoo
gleal mass. We can only confirm that a zoogleal type of growth occurs on the 
disks. 

We know relatively little about the types of organisms growing on the 
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Table 1. Organisms Present in RBC's Treating Freshwater Based Sewage 

Hydraulic 
Loading 
Rate Compartment Compartment Compartment Compartment 

gpd/ft2 1 2 3 4 
1.0 Mone rans Mone rans Mone rans Monerans 

Filaments Filaments Filaments Filaments 
Zoogleal mass Zoogleal mass Zoogleal mass Zoogleal mass 

Animals Animals Animals Animals 
Protozoans Protozoans Protozoans Protozoans 

Zooflagellates Zooflagellates Zoo flagellates Zooflagellates 
Rhizopods Rhizopods Rhizopods Rhizopods 
Holotrichs Holotrichs Holotrichs Holotrichs 
Peritrichs Peritrichs Peritrichs Peritrichs 

Metazoans Metazoans Metazoans Metazoans 
Nematodes Nematodes Nematodes Nematodes 
Rotif ers Rotif ers Rotif ers Rotif ers 

N 
Q'\ Plants Plants 
~ 

Oomycetes Phycomycetes 

2.0 Mone rans Mone rans Mone rans Mone rans 
Filaments Filaments Filaments Filaments 
Zoogleal mass Zoogleal mass Zoogleal mass Zoogleal mass 

Animals Animals Animals Animals 
Protozoans Protozoans Protozoans Protozoans 

Zoo flagellates Zooflagellates Zoo flagellates Zooflagellates 
Rhizopods Rhizopods Rhizopods Rhizopods 
Holotrichs Holotrichs Holotrichs Holotrichs 

Metazoans Peritrichs Peritrichs Peritrichs 

Nematodes Metazoans Metazoans 
Nematodes Nematodes Unidentified cysts 
Rotifers Rotifers 

Unidentified cysts 



Table 2. Organisms Present in RBC's Treating Salt Water Based Sewage 

Hydraulic 
Loading 
Rate 2 Compartment Compartment Compartment Compartment 

gpd/ft 1 2 3 4 
1.0 Mone rans Mone rans Mone rans Mone rans 

Filaments Filaments Filaments Filaments 
Zoogleal mass Zoogleal mass Zoogleal mass Zoogleal mass 

Animals Animals .Animals Animals 
Protozoans Protozoans Protozoans Protozoans 

Zooflagellates Zoo flagellates Zooflagellates Zooflagellates 
Rhizopods Rhizopods Rhizopods Rhizopods 
Holotrichs Holotrichs Holotrichs Holotrichs 
Peritrichs Peritrichs Peritrichs Peritrichs 

Metazoans Metazoans Metazoans Metazoans 
Nematodes Nematodes Nematodes Nematodes 

(\.f Rotif ers Rotif ers Rotif ers Rotif ers 
en 
Ul Plants Unidentified cysts 

Phycornycetes 

Unidentified cysts 

2.0 Mone rans Mone rans Mone rans Mone rans 
Filaments Filaments Filaments Filaments 
Zoogleal mass Zoogleal mass Zoogleal mass Zoogleal mass 

.Animals .Animals .Animals .Animals 
Protozoans Protozoans Protozoans Protozoans 

Zooflagellates Zooflagellates Zoo flagellates Zooflagellates 
Rhizopods Rhizopods Rhizopods Rhizopods 
Holotrichs Holotrichs Holotrichs Holotrichs 

Peritrichs Peritrichs Peritrichs 
Metazoans Metazoans Unidentified cysts Nematodes Nematodes 

Rotifers Rotif ers 

Unidentified cy?ts Unidentified cysts 



RBC disks, and their community interactions. The disks provide a surface to 
which filamentous organisms adhere. It appears from our observations that 
the filaments provide a primary substrate for all the other members of the 
community including nonfilamentous bacteria, protozoans, rotifers and nema
todes. The primary substrate serves two functions. 1. As a habitat, the 
filaments provide a refuge for bacteria from large celled predators (24) as 
well as a substrate to protect the other microorganisms from the shearing 
force of the fluid as the disks are rotated. 2. The filaments also are a food 
source for some of the protozoans (25). The relationships between filament
ous forms and their associated inhabitants are noted by several authors (25, 
26, 27). 

The protozoans may play several roles in the community structure. We 
have adapted the theories developed by Reid (28) to explain protozoan activity 
on the RBC disks. Protozoans are mainly carnivorous. As primary carnivores 
theypreyon free bacteria, helping to maintain bacterial activity by control
ling the size of the bacterial population. As secondary carnivores, some 
protozoans eat the primary carnivores preventing excess predation. Proto
zoans also assimilate bacterial metabolic by-products, contributing to remov
al efficiency. This simple model of the connnunity structure of the disk 
growth provides a basis for future research on RBC microbial ecology. 

In our observations we found little difference in the organisms present 
during freshwater and salt water based sewage treatment. Only the rotifers 
and nematodes appeared to be present in reduced numbers under saline conditions. 
In two previous bench scale activated sludge experiments on saline sewage, 
rotifers were absent (4), and stalked ciliates were absent (4) or reduced in 
size and inactive (1). We are unable to explain the reasons for the inhibitions 
of nematodes and rotifers and the ability of stalked ciliates to survive under 
saline conditions in our RBC experiments. It is possible that salinity toler
ance is species specific (25) and/or that some inherent characteristic of the 
RBC process may mitigate the inhibition of the stalked ciliates. Further re
search should be conducted in these areas. 

The bactericidal action of the seawater on non-marine species is well 
known (29, 30, 31). In previous experiments on saline biological waste treat
ment it has been assumed that marine and estuarine organisms would predomin
ate due to the die-off of freshwater forms (4,12, 32). Many factors contrib
ute to the die-off of non-marine microorganisms in seawater. The two major 
factors, Jones (33) concludes, are the low nutrient concentrations in sea
water, and heavy metal toxicity. In continuous culture in seawater, E. coli 
can outcompete marine bacteria if substrate concentrations are similar to 
those in sewage (34). In saline sewage the negative effects of seawater are 
mitigated, as the nutrient concentration is high and the heavy metals are 
complexed by organics (3~). We observed no change in species composition under 
saline conditions. We think that the freshwater sewage bacteria are able to 
survive because the environment they "perceive" is not inhibitory. We are 
presently conducting further research on heavy metal complexation in sa-
line sewage. 

The existence of active peritrich populations on our disks indicates that 
good treatment was occurring (28, 36). This is supported by the low soluble 
BOD 1 s we measured (less than 30 mg/1). The organisms we observed were similar 
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to those found by other researchers in activated sludge (J6, J7), trickling 
filters (JS, J9) and RBC's (19, 20) which also exhibited good BOD removals. 
Our microbial populations did not show a distinct succession along the length 
of the unit, which had been observed by others (19, 20). There may be a change 
in the bacterial species which we could not determine in these experiments. 
Identification and quantification of organisms and their position along the 
unit should be examined as it affected by RBC operating parameters. 

Our findings confirm those of Poon and Mikucki (11) that RBC's can achieve 
BOD removal of greater than JO mg/l when treating saline domestic wastewater. 
RBC's do offer a possible treatment alternative for small offshore communities 
which use seawater as a carr~age medium for sanitary wastes. We found that 
microbial populations on the disks during the treatment of salt water based 
sewage were similar to their freshwater counterparts. Under both conditions 
peritrichs were present, indicating a healthy and active microbial growth. 
We developed aLsimple explanation of the interrelationships among disk 
microorganisms. Many questions remain unanswered and we hope that continued 
research on the microbial populations and their ecology inRBC's will help 
provide the solutions. 
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INTRODUCTION 

FULL-SCALE ROTATING BIOLOGICAL CONTACTOR 
FOR SECONDARY TREATMENT AND NITRIFICATION 

BY 

JOHN A. HITDLEBAUGH, P.E. 
ROY D. MILLER, Ph.D., P.E. 

US ARMY ENVIRONMENTAL HYGIENE AGENCY 
ABERDEEN PROVING GROUND, MARYLAND 

A full-scale RBC system, designed to achieve effluent limitations of 
10 mg/l BODS and 2 mg/l NH~-N for domestic wastewater, performed at less than 
design expectations under ooth summer and winter conditions. This RBC system 
constitutes th.e biological treatment portion of a 6 MGD wastewater treatment 
plant serving a major US Army installation (effective population of 40,000) 
and consists of 36 stages arranged with 6 treatment trains of 6 stages each. 
The design hydraulic loading at 6 MGD is 1.33 ~d/sq ft of media surface. 
During the summer (wastewater temperature of 26 C and average plant flow of 
3.7 MGD), the treatment plant effluent BODS and NH3-N levels were higher than 
NPDES permit limitations and design expectations. High levels of effluent 
BODS resulted primarily from oxygen demand of suspended solids and nitrifica
tion in the BOD bottle. In fact, effluent soluble-BOD5 was consistently 
measured at less than S mg/l. High levels of effluent Nit

3
-N resulted from 

DO limiting conditions (less than 1 mg/l) in several RBC stages and'-from rela
tively low pH (less than pH 7.0) in latter RBC stages. During the winter 
(wastewater temperature of 13°C and average plant flow of 4.6 MGD), RBC per
formance actually improved; DO limiting conditions did not exist. The RBC 
system effectively removed soluble organic material during the winter and was 
more effective in removing NH

3
-N than during the summer. NH

3
-N levels of 

design expectation were, however, still not met. Approximately 370 lbs/day of 
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NH3-N were removed during the summer evaluation period while approximately 
500 lbs/day of NH3-N were removed during the winter -- a 36 percent improve
ment. This improved performance occurred during the winter even though 
hydraulic and organic loads were higher and biological activity was considered 
relatively low due to lower wastewater temperature. 

Conclusions from these studies were that low DO levels in initial RBC 
stages and low pH levels in latter RBC stages adversely affected biological 
activity. The importance of evaluating performance in each stage of an RBC 
system was shown necessary to effectively judge design criteria and pinpoint 
operational problems. In addition, both soluble (filtered) and carbonaceous 
(nitrification suppressed) BODS should be used during evaluations, particu
larly where systems are designed for nitrification. Finally, the dependence 
of nitrification on prior soluble-BODS removal was highly evident. Recommen
dations for future RBC system designs include use of supplemental aeration to 
overcome limiting DO levels and chemical feed to maintain optimal pH levels. 

BACKGROUND 

The 6 MGD, domestic wastewater treatment plant had been upgraded from a 
trickling filter system for secondary treatment to a rotating biological con
tactor (RBC) system for secondary treatment and nitrification. Effluent permit 
parameters and limitations for the plant discharge are listed in Table 1. The 
upgraded treatment plant flow diagram and RBC system are shown in Figures 1 and 
2, respectively. As indicated, the upgraded plant consists of a bar screen, 
Parshall flume, comminutor, aerated grit chamber, primary clarifiers, RBC system 
w/pump station, secondary clarifiers, chlorine contact chambers and a step 
aerator. Two anaerobic digesters (high-rate and secondary), together with a 
vacuum filter and sludge drying beds, are used for sludge handling and disposal. 
Secondary clarifier sludge (recirculated flow), digester supernatant and vacuum 
filter filtrate and washings are all returned to the head of the plant. The 
plant has a maximum hydraulic capacity of 18 MGD. The RBC system consists of 
36 stages arranged in a configuration of 6 treatment trains with 6 stages each; 
3 of regular density and 3 of high density media (see Figure 2). Although each 
unit operation of the treatment plant was evaluated during both sunnner and 
winter conditions, this paper addresses only the RBC system. 

LITERATURE REVIEW 

RBC Treatment Process 

The RBC process consists of a series of plastic disks of which 40 percent 
of the surface area is innnersed in wastewater (see Figure 3). As the disks 
rotate, the entire media surface develops a culture of microbiological organ
isms. The organisms adhere and multiply to form a uniform growth referred to 
as a fixed-film. The biomass supported by the plastic media picks up a thin 
layer of nutrient laden water as it rotates through the wastewater. The film 
of water trickles over the microorganisms which remove dissolved organics and 
oxygen. The rotation of the media through the wastewater not only allows for 
aeration and mixed liquor, but also provides shear forces which cause sloughing 
of excess growth. 

RBC units commonly operate in series with the number of units depending on 
the organic and/or hydraulic load to be treated. The function of the first 
stages is to remove organic material, with subsequent stages removing ammonia 
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in cases where nitrification is used to meet effluent NH
3
-N standards. Nitri

fication usually does not begin until the soluble-BODS level and corresponding 
large populations of heterotrophic organisms have been adequately lowered. The 
actual reason that heterotrophs and autotrophic nitrifiers do not co-exist in 
equal quantities throughout successive RBC stages is not clearly understood, 
but it is reported by

1
s2m3 that the activities of the two populations do not 

occur simultaneously. ' ' However, others report that optimal pH levels for 
nitrification (e.g., pH 7.0 -8.S) appear to favor initiation of nitrification 
simultaneously with low-level soluble-BODS removal; whereas, nitrification at 
suboptimal pH levels

4
(5.g., pH 6.6-7.0) is not initiated until soluble-BODS 

removal is complete. ' The amount of nitrification achieved has been corre
lated to the hydraulic loading of the system, usually expressed as the volume 
of wastewater applied to a square measure of surface area per day. One to 5 
4 gpd/sq ft have often been used as standard lotd~n~ rates for pilot plants 
and full scale wastewater treatment facilities. ' ' 

The change in hydraulic load also changes the organic load as more food is 
introduced to the active component of the waste treatment system. It has 
recently been suggested that shortcomings observed in the quality of treatment 
by RBC units was due to exzessive organic loading, while operating at less than 
hydraulic design capac~ty. The question of which parameter, hydraulic loading 
or organic loading, to use for proper design and operation of an RBC process 
has not been resolved. 

As with other biological processes, sufficient dissolved oxygen (DO) must 
be available in the wastewater within the RBC system to insure adequate treat
ment for BODS removal and nitrification. Wastewater DO leveis of 1 to 2 mg/l 
are generally considered to be the minimum requirement to avoid DO limiting 
conditions. Frequently, RBC systems have been designed to provide oxygen mass 
transfer via disk rotation through the wastewater and air. However, in some 
cases, this has been considered a shortcoming of the process since s~pplemental 
oxygen must sometimes be provided to prevent DO limiting conditions. 

Oxygen Demand of Wastewater 

A major criterion used to determine the extent of pollution of receiving 
waters is the measurement of oxygen required for the stabilization of organic 
matter present in the system. The total amount of oxygen necessary to stabi
lize a waste is referred to as the oxygen demand. The ultimate oxygen demand 
includes not only the amount of oxygen required to stabilize oxidizable carbon
aceous materials, but also that which is required to microbially transform 
ammonia-nitrogen to nitrate-nitrogen. For untreated domestic sewage there is 
little §xygen demand by nitrifier populations for the first 8 days of stabili
zation. Therefore, the BODS test is normally considered as representing the 
oxygen damand of carbonaceous material. However, total BoD

5 
is a poor 

indication of treatment where a significant population of nitrifyilig bacteria 
are present. For sewage that has received secondary treatment and nitrifica
tion, conversion of annnonia to nitrate in the BOD bottle may significantly 
increase the BOD5 measurement and erroneously indicate a lesser degree of 
treatment than tfiat actually received. 

In the RBC system, as other biological treatment processes, nitrifying 
organisms may be interspersed among the heterotropic population which utilize 
carbonaceous materials. The relative concentrations of both populations, at 
any specific point in the treatment train, are a consequence of the nutrient 
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supply, environmental conditions (pH and temperature), and the degree of treat
ment received. Therefore, to adequately assess treatment performance, it is 
necessary to know how much of the observed oxygen demand in the BODS test was 
required to stabilize the carbonaceous materials. The presence of autotrophic 
bacteria complicates the BODS measurement at the end of the treatment train 
and gives "false positives" when testing for regulatory compliance. 

The purpose of biological treatment relative to carbona9eous material is 
the conversion of soluble organics to particulate bacteria. However, the un
filtered BO~~ test represents a measure of soluble as well as insoluble organic 
matter and NH3-N oxidation. Biological treatment need not be applied to removal 
of colloidal and suspended organics. Suspended solids that contribute to oxygen 
demand can be removed by physical-chemical processes such as gravity settling 
and filtration. The practical consequence is that optimal treatment for removal 
of oxygen demand may be removal of suspended solids and not biological treat
ment. The use of filtered and unfiltered BODS tests should indicate relative 
fractions of oxygen demand as originating from soluble or particulate material. 
In addition, the filtered BODS test should not undergo nitrification, because 
initial nitrifying populations in the BOD bottle would be reduced to insignif
icant levels and the BOD bottle is subsequently seeded with raw sewage (i.e., 
heterotrophic bacteria). Thus, the unfiltered BODS test is an unreliable param
eter from which to judge biological treatment performance. 

Nitrogen Control 

The principle of biologically induced nitrogen removal in wastewater treat
ment facilities is wholly based on the activity of populations of autotrophic 
nitrifying and denitrifying bacteria and their capability to sequentially 
oxidize and reduce nitrogen from annnonia to nitrate to nitrogen gas. Nitrifi
cation is the oxidation of NH3-N to nitrate, and denitrification is the reduc
tion of nitrate to nitrogen gas. Different types of microorganisms are required 
for each action. The extent of their use in wastewater treatment depends upon 
the end objective. Nitrification is used to control wastewater effluent levels 
of ammonia, but both nitrification and denitrification must be used to control 
total nitrogen levels in wastewater effluents. Although process technology 
for ammonia-nitrogen removal includes breakpoint chlorination, annnonia strip
ping, ion exchange, and nitrification/denitrification, this paper deals only 
with nitrification. 

In addition to nitrification/denitrification, microorganisms other than the 
nitrifiers and denitrifiers require nitrogen for growth. The amount of nitro
gen assimilated during oxidation of carbonaceous material has been gI5erally 
placed at 5 percent of the oxygen demand (i.e., BOD to N = 20 to 1). The 
consequence is two fold: (1) nitrogen must be present for biological oxidation 
of carbonaceous material, and (2) removal of ammonia-nitrogen during biological 
treatment of wastewaters may be due to assimilation, not necessarily due to 
nitrification. 

The importance of nitrogen control in wastewater effluents is its impact 
on receiving waters. As ammonia becomes oxidized to nitrate, the dissolved 
oxygen level of water is decreased. Ammonia-nitrogen at ci~centrations of 
0.25 to 0.30 mg/l are lethal to fish within 14 to 21 days; .L Nitrate is readily 
available for assimil~tion by plant life, causing algal blooms when present in 
too large a quantity. Also, nitrate can cause methemoglobf~emia in infants 
when contaminated water is used as a drinking water supply. 
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Nitrification 

The two microbial genera usually associated with nitrification are 
Nitrosomonas and Nitrobacter. Both genera of organisms are ·autotrophic nitri
fying bacteria indicating that energy for growth is derived from the oxidation 
of inorganic nitrogen. The oxidation of ailllllonia to nitrate is a two step pro
cess requiring both organisms for the conversion. Nitrosomonas transforms 
ailllllonia to nitrite while Nitrobacter further oxidizes nitrite to nitrate. The 
overall oxidation of annnonia by these organisms is given by the following 
equation: 

NH+
4 

+ 20
2 

+ 2 HCO- N~trosomona~ NO- + 2 H CO + H O 
3 Nitrobacter 3 2 3 2 

(1) 

As ammonia is oxidized, carbonate is utilized, As nitrate formation 
occurs, carbonic acid is produced. This microbiologically induced change in 
the carbonate buffering system results in the destrucEion of alkalinity at a 
rate of 7.1 mg (as Caco

3
) per mg of ammonia oxidized. As the nitrification 

process reduces the alkalinity and increases the carbonic acid concentration, 
the pH of the wastewater may drop as low as pH 6.0, and adversely impact the 
rate of nitrification. This decrease in pH can be minimized by aeration to 
~tri~ co

2 
from the wastewater, or by insuring the presence of excess alkalin-

ity. . 

Primary environmental conditions for optimal rates of nitrification are pH 
and temperature. The reported pH optima cover a wide range, but the consensus 
is tha£

3
as the pH decreases, the14ate of nitrification declines. Sawyer, 

et al, and Engel and Alexander have reported pH optima f~5 nitrification 
between 8.0 and 9.0, and 7.0 and 9.0, respectively. Painter has stated that 
nitrifi£gtion processes cease at or below pH 6.3 to 6.7. Poduska and 
Andrews have shown that abrupt changes in pH from 7.2 to 5.8 markedly re
duced the ammonia oxidation by nitrifiers while the reversal in pH restored 
the original nitrification ~ate. 

Temperature optima for nitrification ar5 gI~el~l±~ 2oP21tz~ by various 
authors at about 30°C with a range of 28-35 C. ' ' ' ' ' Temperature 
influences heterotrophic and autotrophic microorganisms, thereby affecting 
secondary treatment and nitrification efficiencies. The nitri9ication rate is 
more temperature sensitive than the rates for organic removal. Nitrification 
rates decrease ab~ut 50 percent for each 10°C drop in wastewater temperature 
below about 30°C. For example, the nitrification rate at 10°C would be about 
half that of 20°C. Secondary treatment efficiency is less likely to be af
fected by temperature changes, probably due to microbial population diversity 
and other system constraints. Organic removal rates for fixed-film processes 

0 should decrease about 25 percent for each 10 C drop in wastewater temperature 
below about 30°C. For example, the rate of biological activity in a trickling 

0 0 filter process, at 10 C would be about 75 percent of that of 20 c. However, 
the actual temperature effect on a biological process is probably characteris
tic only of that system. 

MATERIALS AND METHODS 

RBC Process 

The RBC system evaluated was designed to remove BOD~ (secondary treatment) 
and NH3-N (nitrification) to 10 mg/l and 2 mg/l, respectively, at a 6 ;MGD 
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design flow during both sunnner and winter conditions. These design parameters 
were chosen on the basis of NPDES permit limitations in effect during the 
design phase of the wastewater treatment plant upgrade program. (The seasonal 
variance of the NPDES permit, as shown in Table 1, became effective during 
construction of the upgraded facility and, essentially, relaxed the require
ments for winter operation.) The system, shown in Figure 2, consists of six 
trains of RBC's with six stages per train (i.e., a total of 36 RBC units). 
The first three stages were designed primarily for BODS removal and consist of 
18 standard shafts of 100,000 sq ft of surface area each. The last three 
stages were primarily designed for NH3-N removal and consist of 18 high
density media shafts of lS0,000 sq ft of surface area each. At a 6 MGD design 
flow, the overall hydraulic loading of the system is 1.33 gpd/sq ft. The RBC 
units were manufactured by Autotrol Corporation (Bio-Surf process). The BODS 
removal portion of the RBC system was designed based on hydraulic loading 
(gpd/sq ft) versus BODS removal (percent) curves. A BODS influent concentra
tion (based on total or unfiltered BOD5) to the RBC system of 140 mg/l was 
used for the design. The NH3-N removal portion of the system was designed 
using specific removal rates of NH3-N concentration and was based on an influ
ent NH

3
-N concentration to the nitrification phase of the RBC system of 

15.8 mg/l NH3-N. Based on a dye study, the hydraulic detention time of the 
RBC system was 2 hours and 30 minutes at a flow rate of 5.5 MGD (influent plus 
recirculated and sidestream flows). 

Sampling and Analyses 

Treatment train No. 4 (see Figure 2) was used as the primary train to 
evaluate performance of the overall RBC process. During both summer and 
winter studies, grab samples of the RBC influent and wastewater in each of the 
6 stages of train No. 4 were collected at various times during the studies to 
determine changes in wastewater characteristics through the system. Tempera
ture and DO data were taken at each sample period using a YSI, Model S7 DO 
meter. Twenty-four hour, flow proportioned composite samples were also col
lected at the RBC system influent, effluent and the treatment plant effluent. 
Sample point locations are shown in Figures 1 and 2. 

Twenty-day BOD versus time curves for the STP effluent were developed from 
24-hour flow-proportioned composite samples. BOD values were measured every 
day for the first 10 days and every other day, thereafter. Nitrification was 
suppressed by the addition of annnonium chloride in ~3der to determine the BOD 
exerted by carbonaceous and nitrogenous substances. 

All analytical chemistry procedures were conducted by the Environmental 
Chemistry Division of the US Army Environmental Hygiene Agency. A mobile 
laboratory was set up at the installation for performance of the requisite 
laboratory work. Sampling and analyses were conducted in accordance with 24 Standard Methods for the Examination of Water and Was25water, 14th Edition 
or Methods for Chemical Analysis of Water and Wastes. Tests for soluble-
BOD5 and TOC were conducted on the filtrate of samples filtered through a 
0.45 µm filter. 

RESULTS AND DISCUSSION 

The RBC system influent and effluent characteristics and critical waste
water treatment plant effluent values are sunnnarized in Tables 2 and 3 for 
both sunnner and winter studies. 
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During the summer study, the mean treatment plant effluent BODS level was 
11 mg/l, one mg/l higher than the monthly permit limitation. To reduce the 
BODS level below 10 mg/l did not necessarily mean that additional RBC surface 
area was required. In fact, there was more than sufficient carbonaceous sur
face area available for BODS removal. Detailed analysis of the RBC system 
wastewater characteristics and an evaluation of the BOD

5 
test procedure con

firmed this. As shown in Figure 4, soluble BODS and TOC values were reduced 
to essentially constant values within the initial three RBC stages. Hence, 
the other three stages were available as extra capacity for soluble-BODS re
moval and nitrification. The RBC system effluent soluble-BODS averaged less 
than S mg/l. Detailed evaluation of soluble-BODS removal through the RBC 
system can be obtained from Table S. For example, 9 mg/l (24-lS mg/l) of 
soluble BODS were removed from stage 1 at an average flow rate of 4.S MGD. 

As shown in Figure 4, wastewater DO concentrations were about 1 mg/l or 
less in stages 1 through 4. Hence, the oxidation rate of organics was 
limited by DO level. (The DO levels observed were that of the bulk liquid. 
Since most oxidation of organics takes place at the media interface, the DO 
level at the interface is believed to be much less than observed values; 
therefore, the media interface DO level would limit oxidation rates.) 
Another factor indicating that DO limiting conditions existed was the nature 
of the biomass growing on the first two stages of the RBC trains. A white 
biomass, indicative of the autotrophic, sulfur bacteria, Beggiatoa, was pre
dominant. Beggiatoa utilize hydrogen sulfide and sulfur as energy sources 
in the presence of oxygen, according to the following equations: 

(2) 

(3) 

Although Beggiatoa exist under aerobic conditions, anaerobi~ conditions 
must be present for the formation of hydrogen sulfide and sulfur. Because 
of the low DO conditions of the bulk liquid, oxygen transfer to the fixed 
film was severely limited. Therefore, the bacteria within the film inter
face were most likely anaerobic leaving only the bacteria on the outside sur
face of the media interface aerobic. As such, the anaerobic bacteria pro
duced the hydrogen sulfide and provided an energy source for the Beggiatoa 
to thrive at the media interface. When plenty of hydrogen sulfide is present. 
Beggiatoa store the sulfur in the cells, giving the organism the distin25ive 
milky appearance as was seen on the first two RBC stages (see Plate l)~ In 
later stages, where the oxygen level of the bulk liquid increased, the 
Beggiatoa became visually non-existent (see Plate 2)~ The predominance of 
Beggiatoa noted, not only aggravates soluble-BODS removal; but, because of 
sulfuric acid formation, the pH dependent nitrifying bacteria (optimum pH 
8.0 - 8.S) are aggravated as well. 

The RBC system analysis showed that very little soluble BODS remained after 
treatment. This obviously indicates that other factors contributed to the 
treatment plant effluent BODS. In fact, both suspended solids and annnonia 
were found to exert a five-day oxygen demand in this case (see Table 4). More 
biological treatment may not be needed to overcome this, because the purpose 
of biological treatment is conversion of sol~ble organics to co2 , H

2
o, and 

particulate matter (i.e., suspended solids). Removal of suspended solids may 
be called for to reduce the effluent BODS. Carbonaceous BODS (nitrification 
*Not reproducible in these proceedings. ' 
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suppressed) versus total BODS indicated that anunonia nitrogen was also a factor 
in exerting an oxygen demand in the treatment plant effluent. Since part of 
the RBC process involves nitrification, relatively large numbers of nitrifying 
bacteria were present in the plant effluent and in the BOD bottles. Hence, 
significant nitrification occurred within the first five days. Data in Table 4 
show that nitrification accounted for about 7 mg/l (11-4 mg/l) of the BOD • 
Figure S, an example of the BOD versus time data collected, also shows siinifi
cant nitrification. Consequently, suspended solids (2 mg/l BODS) and nitrifi
cation (7 m.g/l BOD

5
) accounted for most of the BODS (11 mg/l) in the wastewater 

treatment plant effluent. While the effluent did not strictly meet the BOD 
limitations, the reasons for this were oxygen demand of suspended solids ana 
NH3-N oxidation. The RBC system was, therefore, performing adequately for 
soiuble-BODS removal at the existing conditions (26°c and 3.7 MGD). It is 
important to note, however, that at the 6 MGD design flow rate, adequate BODS 
removal could not be assumed. In fact, although adequate soluble-BOD5 removal 
occurred, it must be understood that the system can be considered to fiave been 
operating at suboptimal levels for soluble-BOD

5 
removal because of DO limiting 

conditions. If supplemental oxygen were proviaed to the system at the same 
existing conditions, effluent soluble-BOD levels would still be about the 
same except that less surface area would ~e required to remove the same amount 
of soluble-BODS. Then, more surface area would be available for nitrification. 

During the summer study, the treatment plant effluent NH3-N level was sig
nificantly higher than the monthly effluent limitation (Tables 1 and 3). The 
observed level of ammonia-nitrogen in the effluent was 6.2 mg/l while the 
limitation (and design expectation) is 2.0 mg/l. As with BODS' the short
comings in meeting effluent limitations for ammonia-nitrogen are not obvious. 
Nitrification can be affected primarily by pH and temperature, but also by the 
sequence of organic removal (i.e., nitrification does not begin to any sig-S 
nificant degree at neutral pH levels until soluble-BODS has been oxidized). 
Hence, to evaluate RBC performance for NH3-N removal, progression of treatment 
within the RBC stages as well as environmental conditions.must be assessed and 
discussed. NH -N data are presented in Table S and shown in Figure 6. 
Nitrification ~egan in RBC stage 4 and continued through stage 6. Nitrifica
tion data is also supported by TKN and No2/No

3 
(Figure 6) and alkalinity 

changes (Figure 7). NH -N oxidation rates were also believed to be limited by 
low DO levels in some ot the RBC stages, as discussed earlier for BODS removal. 
In addition, NH

3
-N oxidation rates were limited by low pH lgv9ls shown in 

Figure 6. Optimum pH for nitrification is about pH 8.0-8.S. ' whereas 
observed values were pH 6. 5-6. 7 in latter RBC stag es... (The sunnner wastewater 
temperature of 26°c was believed to be near opti~um for nitrification.) 

During the winter study, the RBC system was operating under markedly dif
ferent conditions than during the summer. Wastewater temperature was, of 
course, much lower, averaging 13°c, and the hydraulic and organic loadings 
were significantly higher (see Tables 2 and 3). These factors would expectedly 
result in poorer RBC performance than noted during the summer. To the con
trary, as shown in Table 3, the average wastewater effluent BODS level during 
the winter was about the same as the sunnner BODS level (10 mg/l during the win
ter and 11 mg/l during the summer). Also, average NH3-N levels were actually 
lower (S.l mg/l during the winter and 6.2 mg/l during the summer), albeit 
NH

3
-N design expectations were still not met. The only positive effect during 

the winter study that could be attributed to this noticeable improvement in 
RBC system performance was the wastewater DO levels in the RBC system. Because 
of the low wastewater temperatures, adequate oxygen mass transfer occurred and; 
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as shown in Figure 8, DO limiting conditions were non-existent. Also, the 
Beggiatoa bacteria had disappeared. 

As shown in Figures 8 and 9, concentration profiles representing soluble 
organic removal and aI!Ullonia oxidation through the RBC system are not signifi
cantly different than those from the sunnner study. Although soluble organic 
removal may have been slightly more sluggish, adequate removal still occurred 
such that nitrification began in the fourth stage. Wastewater pH was, again, 
too low to insure optimum nitrification (see Figure 10). 

The effect of adequate wastewater DO levels in the RBC system cannot, in 
this case, be fully appreciated by merely-comparing suilllller vs winter treatment 
plant effluent and RBC svstem ch:::ir;ictP-ri!=:rir"'- 'T'h"'"'"' ,..,....rnn.:n-;c-,....,.," ~,.,1,, ~'h~ .. 



7. Low pH levels can be easily corrected by chemical feed to maintain a 
pH level of 7.0 or higher. 

8. BOD analyses should include soluble-BODS from each RBC stage when 
evaluating ~C system performance; likewise, BODS analyses should include 
carbonaceous and nitrogeneous oxygen demands. 
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ABBREVIATIONS 

BOD 

BODS 

BODS-S 

BOD
20 

Caco3 

CBODS 

coz 

DO 

Eff 

FC 

gpd/sq ft 

HCO-
3 

H2co3 

H2s 

H2so
4 

Inf 

1 

lbs 

mg 

MGD 

ml 

µm 

µmho/cm 

N 

Biochemical oxygen demand is the amount of oxygen required 
by microorganisms to oxidize dissolved organics in a waste
water. 

BOD measured after S days 

BOD of a filtered sample (BOD5 of soluble organic material) 

BOD measured after 20 days 

Calcium carbonate 

Carbonaceous BODS. Oxidation of any NH
3
-N present in the 

sample is chemically inhibited. 

Carbon dioxide 

Dissolved oxygen 

Effluent 

Fecal coliform 

Gallons per day per square foot 

Bicarbonate ion 

Carbonic acid 

Hydrogen sulfide 

Sulfuric acid 

Influent 

liter 

pounds 

milligram 

Million gallons per day 

milliliter 

Micrometer 

Micromhos per c~ntimeter 

Nitrogen 
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NH+4 

NH3-N 

N02/No3 

N0-3 

02 

pH 

RBC 

T Alk 

Temp 0 c 

TKN 

TOC-S 

YSI 

Ammonium ion 

Ammonia expressed as nitrogen 

Nitrite plus nitrate expressed as nitrogen 

Nitrate ion 

Oxygen 

Negative logarithm of hydrogen ion concentration 

Rotating Biological Contactor 

Elemental sulfur 

Suspended solids 

Total alkalinity 

Temperature in degrees Celsius 

Total Kjeldahl nitrogen 

Total organic carbon of a filtered sample (soluble TOC) 

Yellow Springs Instruments 
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TABLE 1. NPDES PERMIT PARAMETERS AND LIMITATIONS* 

pH 
Chlorine Residual 

Fecal Coliform (FC) 
Suspended Solids (SS) 
Five-day Biochemical Oxygen 

Demand (BODS) 
Ammonia Nitrogen (NH3-N) 
Dissolved Oxygen (DOJ 

Monthly Average 
Summer 

6.0 - 9.0 
Min cone to comply 

w/FC limit 
200/100 ml 

30 mg/l 

10 mg/l 
, 2.0 mg/l 
Greater than 

6.0 mg/l 

Monthly Average 
Winter 

6.0 - 9.0 
Min cone to comply 

w/FC limit 
200/100 ml 

30 mg/l 

20 mg/l* 
S.O mg/l* 

Greater than 
8.S mg/l 

* Limitations at the time of design did not allow for winter variance. 

TABLE 2. RBC INFLUENT AND EFFLUENT CHARACTERISTICS 

lS - 21 AUGUST 1978 23 - 29 JANUARY 1979 
Avg. Wastewater Flow = 4. S MGD* Avg. Wastewater Flow = S.2 MGD* 

Influent Effluent Influent Effluent 

Conductivity 960 930 922 873 
(µmho/cm) 

T Alk 1S8 90 174 97 
SS 69 63 110 89 
BOD 72 61 126 96 
CBO~S 48 28 
BODS -S 21 4 33 s 
TOC - s 23 11 24 9 
TKN 21 8.9 2S.l 11.l 
NH -N 16.0 6.2 16.3 4.8 

3 o.os 8.9 0.89 9.29 NOzlN0 3-N 

* STP Influent flow + recirculated flow. 
All units are mg/l unless otherwise noted. 
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TABLE 3. SEWAGE TREATMENT PLANT EFFLUENT VALUES 

Flow 

lS - 21 AUGUST 1978 

6.7 (median) 

11 mg/l 

6.2 mg/l 

9 mg/l 

3. 7 MGD 

TABLE 4. TREATMENT PLANT EFFLUENT BOD LEVELS 

BODS 

Filtered (soluble) BOD 2 

Unfiltered (total) BOD 11 

Suppressed Nitrification 4 
(carbonaceous only) BOD 

Analysis: 

23 - 29 JANUARY 1979 

7.0 (median) 

10 mg/l 

S.l mg/l 

13 mg/l 

4.6 MGD 

BOD20 

No data 

4S 

8 

BODS: 2 mg/l were due to soluble organics; 4 mg/l were due to 
carbonaceous material (2 mg/l soluble+ 2 mg/l suspended); 
7 mg/l (11-4 mg/l) were due to nitrification. 

At 20 days, 37 mg/1 (4S-8 mg/l) were due to nitrification. 
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TABLE 5. RBC SYSTEM DATA SUMMARY* 

AUGUST (WASTEWATER TEMP ~ 26°C) 

Avg Flow: 3. 7 MGD (plant flow) + 0.8 MGD (recirculated flow) 

.E!! T Alk DO BOD5-s TOC-S TKN NH -N -r-:- N0 2/No3-N 

RBC Influent 6.8 159 3.4 24 24 23 16 <0.04 

Stage 1 6.8 159 1.4 15 18 22 16 <0.04 
2 6.8 158 0.7 9 14 20 16 0.2 
3 6.75 149 0.8 6 11 19 15 1.4 
4 6.6 126 1. 3 4 10 14 12 4.4 
5 6.55 104 1.9 3 9 11 8.3 7.7 
6 6.5 93 2.2 3 9 9 6.6 9.7 

JANUARY (WASTEWATER TEMP ~ 13°C) 

Avg Flow: 4. 6 HGD (plant flow) + 0.6 MGD (recirculated flow) 

PB. T Alk DO BOD5-s TOC-S TKN NH -N -3- NOzlN03-N 

RBC Influent 7.1 163 5.7 32 23 24 16 0.9 

Stage 1 7.1 163 3.3 24 17 23 15 0.6 
2 7.1 161 2.7 12 13 21 14 0.8 
3 7.1 152 2.9 10 11 21 14 1.8 
4 6.95 124 3.5 7 10 16 9.1 5.3 
5 6.8 106 4.2 6 9 14 6.7 7.7 
6 6.75 87 4.8 5 8 12 3.9 10.2 

* Mean of 5 sets of grab samples collected at various times for each study 
period. pH values represent_median values. Units expressed as mg/l unless 
otherwise noted. 
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Introduction 

NITROGEN ,AND PHOSPHORUS REMOVAL WITH 
ROTATING BIOLOGICAL CONTACTORS 

By 

Robert J. Hynek, Manager 
Process Verification and Pilot Plant Program 

Autotrol Corporation 
Milwaukee, Wisconsin 

and 

Hiroshi Iemura 
Chief Process Engineer 

Nippon Autotrol K.K. 
Tokyo, Japan 

As of September, 1979, over 200 municipalities in the United States and 
Canada had chosen Autotrol's Bio-Surf Process for wastewater treatment. Of 
these, 25 percent were installed to remove BOD and to nitrify the sewage. 
Another 5 percent were installed to nitrify effluent from existing secondary 
treatment plants to meet new discharge limitations. About 10 percent were 
installed to include phosphorus removal and one of the largest is designed 
for denitrif ication. 

Those installations concerned with nutrient removal range in size from 0.1 to 
37 MGD. Average flow for.the 70 plants was 3 MGD, with 25 plants within 2 
MGD of this agerage. This wide and relatively uniform distribution of plant 
sizes attests well to the application of the Bio-Surf Process to communities 
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of all sizes, while at the same time offering a non-complex system using a 
minimum amount of energy. 

The first portion of this paper will discuss two case histories of nitrifi
cation and phosphorus removal with the Bio-Surf Process in the United States. 
The latter portion of this paper will be presented by my colleague from 
Nippon Autotrol, Mr. Hiroshi Iemura. His discussion will include information 
on several installations designed for nitrification and denitrification. 
Full-scale performance since 1976 and a new design rationale for methanol addi
tion resulting from this experience should be of keen interest to this 
audience. 

Case No. 1 - Gladstone, Michigan 

The first case history illustrates application of the Bio-Surf Process design
ed for BOD removal from primary clarifier effluent. Nitrification was not 
required, but is achieved at no extra cost because of the temperature 
corrections made for BOD removal at low winter temperatures. Phosphor4s 
removal was required and is achieved by addition of alum and anionic polymer 
to the Bio-Surf effluent prior to secondary clarification. 

This plant is located in Gladstone, Michigan on the southern exposure of the 
Upper Pennisula to Lake Michigan. The existing real estate was narrow and 
little space was available for treatment expansion between the existing 
primaries and the lake. This situation and the desire to maintain process 
simplicity led to the installation of six rotating biological contactors in 
two parallel trains. This arrangement allowed placement immediately adjacent 
to the rectangular primaries under an expanded common building, while at the 
same time allowing for construction of two new secondaries next to the lake. 

Startup of this facility designed for treatment of 1 MGD began in 1974 and has 
provided a most significant contribution to Autotrol's knowledge of the Bio
Surf Process and to current design rationales based on full-scale, rather than 
pilot-scale, performance. 

Table A summarizes monthly average Process performance for the year of 1977. 
This performance is very typical of performance since startup to the present 
day, showing effluent BOD and suspended solids well within discharge require
ments of 35 mg/l and a minimum of 80 percent phosphorus removal. 

The data in Table I were divided into the sunnner and winter periods (June 
through October and November through May) to illustrate performance at the 
different ~vastewater temperatures of 63°F (17.2°C) and 49°F (9.4°C). It is 
quite obvious that only nitrification is affected, as would be expected by 
the transition from warm to cold conditions, whereas BOD, phosphorus and 
suspended solids removals are very consistent at 94, 87 and 81 percent, 
respectively. 

Table B summarizes monthly operational costs with respect to chemicals, elect
rical power and miscellaneous utilities for the same seas.anal and annual 
periods. Little seasonal differences are seen for alum and polymer costs per 
million gallons treated per day, whereas relatively large differences are seen 
for chlorine and utilit~es. Higher chlorine consumption in summer is under
standable from decreased solubility and greater reactivity considerations. 
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The increase in utilities costs in winter reflect the purchase of larger 
amounts of natural gas to maintain anaerobic digester temperatures at proper 
levels. 

Seasonal treatment costs per million gallons are quite uniform in either case, 
however, varying only about 10 percent from the annual average. 

Cost analysis for nutrient removals can be looked at in several ways. How
ever, since this plant was designed and constructed for secondary treatment 
and phosphorus removal, all costs should be so analyzed. In that event, the 
alum and polymer costs are those principally related to phosphorus removal 
and, on an annual basis, the City of Gladstone is expending seventy-six cents 
per pound of phosphorus removed per million gallons treated. The balance of 
the costs for chlorine, power and utilities are largely associated with BOD 
and suspended solids removal. For 1977, these costs were 4.1 cents per pound 
removed, for a total of 80.1 cents for removal of the three pollutants. 

Nitrification could be regarded as being obtained at no cost. However, the 
records· are complete enough to allow differentiation between the removal of 
each "nutrient" category. Field evaluations by Autotrol reveal that soluble 
BOD oxidation is essentially complete with 50 percent of the equipment in 
summer and 67 percent in winter. Nitrification occurs on the remainder in 
each case. In addition, electrical energy consumption has been measured at 
Gladstone with polyphase wattmeters in each season. With the above informa
tion one can compute daily energy costs for nitrification with rotating bio
logical ·contactors for installations similar to Gladstone. Calculations 
summarized in Table C show that less than f.ive cents of electrical energy are 
required for nitrification of one pound of .annnonia nitrogen per million 
gallons treated per day with the Bio-Surf Process at Gladstone. 
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Table A 

Monthly Bio-Surf Process Performance - Gladstone, Michigan 

- 1977 -

Summer Winter Annual 

Q, MGD 0.748 0.707 o. 724 

OF 63 49 55 

mg/1 mg/l mg/l 
Raw FE %R Raw FE. %R Raw FE %R 

BODS 127 7 94.5 155 8 94.8 143 8 94.4 

NH3-N 15.8 1.1 93.0 15.0 4.9 67.3 15.4 3.5 77 .3 

p 6.5 1. 2 81.5 6.1 1.2 80.3 6.3 1.2 81.0 

TSS 131 15 88.5 155 17 85.2 122 16 86.9 
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Table B 

Monthly Operational Costs - Gladstone, Michigan 

- 1977 -

Dollars Per Million Gallons Treated* 

Sunnner Winter Annual 

Alum 28.60 28.15 28.33 

Chlorine 6.00 3.45 4.51 

Polymer 4.31 4.14 4.21 

Power 50.76 59.25 55. 71 

Utilities 3.79 16.92 9.98 

Total $ 93.46 $ 111. 91 $ 102.74 

*Alum, chlorine and polymer costs were $0.041, $0.170 and 
$1.90 per pound, respectively. 
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Table C 

Estimated Nitrification Energy Costs - Gladstone, Michigan 

- Primary Clarifier Effluent -

Per Million Gallons Treated 

LBS/Day 

KWHR/LB 

KWHR $/LB* 

Summer 

117 

1.13 

0.045 

Winter 

81.0 

1.08 

0.045 

*Calculated using $0.040/KWHR 
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Case No. 2 - Cadillac, Michigan 

The second most popular application of the Bio-Surf Process for nutrient 
removal is nitrification of secondary effluent following pretreatment with 
alternative processes. At Cadillac, Michigan, an existing activated sludge 
plant required upgrading for nitrification and phosphorus removal. The final 
design incorporated ferric chloride addition for phosphorus removal ahead 
of the nitrification section. 

Eight rotating biological contactors began operation in 1976 to meet discharge 
requirements of 1.5 mg/l NH3-N during the summer months of June through 
October. Performance did not meet requirements and thorough investigation 
culminating in tracer studies revealed hydraulic shortcircuiting because of 
excessive underflow openings in the baffles separating the reactors. Per
formance improved measureably after corrections were made to improve staging 
and effluent requirements have since been met consistently. 

Current annual operation consists of shutting down the RBC shafts on November 
1st and re-starting on April 15th. This was done to take advantage of the 
annual opportunity to reduce laboratory and maintenance schedules and also to 
reduce overall energy consumption. Performance in this mode of operation 
for 1979 is summarized in Table D. As seen in Table D, both the Bio-Surf and 
final effluent averages are below the 1.5 mg/l requirement for the 5-month 
period. It is also evident that the secondary clarifier effluent NH3-N 
declined considerably toward mid-year, then abruptly increased in October by 
approximately 90 percent, from 5.9 to 11.0 mg/l. This pattern reflects 
eventual nitrification in the activated sludge basin. This results from re
circulation of Bio-Surf nitrifiers removed by the final sand filters back to 
the head end of the plant for separation by the primary clarifier prior to 
eventual digestion. The abrupt decrease in this pre-nitrification cannot be 
explained from plant records, but both the Bio-Surf and the final effluent 
quality remained within the 1.5 mg/l specification. 

An interesting sidelight to these 1979 data was made possible this past year 
by monitoring nitrifier growth on the biological contactors from startup on 
April 15th through shutdown on November 1st. This data was developed from 
hydraulic load cells under the idle end bearing of the first and last shaft 
in one of the tanks. Hydraulic pressure readings were taken during rotation 
on a frequent basis in conjunction with normal influent and effluent sampling 
routines. These pressure readings were converted to dynamic biofilm thickness 
equivalents with Autotrol formulae and Table E summarizes biof ilm response to 
influent NH3-N following flow startup. Growth was evident within two weeks 
and was maximized to biological equilibrium by mid-June. A decline began 
shortly afterward in response to mid-month minimums in daily influent con
centrations and a relatively flat, but gradually declining profile was 
maintained until mid-September. At this time, the partial nitrification 
occurring in the activated sludge unit abruptly failed, and by the latter part 
of October a slight uptrend in biofilm weight was evident. 

Several factors no doubt contributed to this pattern of nitrifier growth. 
Although influent NH3-N must be by far the major factor, it is normal for 
predator growth to respond to bacterial growth and to reduce the population 
until equilibrium is established between influent strength, bacterial kinetics 
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and predatipn efficiency. This phenomenon has been observed many other times 
in our BOD removal studies, but these data represent the first documentation 
in a low BOD, secondary nitrification situation. It will be most interesting 
to see if a similar pattern develops in 1980. 
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Table D 

Nitrification of Secondary Effluent - Cadillac, Michigan 

- 1979 -

NH:3-N, mg/l 
Month Q, MGD T°F S.C.E. B.S.E. F.E. 

June 1.62 63 13 .1 1.40 1.00 

July 1. 61 65 8.9 0.67 0.43 

August 1. 61 67 8.6 0.76 0.57 

September 1.50 66 5.9 0.60 0.42 

October 1.51 63 11.0 1.52 1.22 

1.57 65 9.5 0.99 0.73 
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Table E 

Bio-Surf Biofilm Response to NH3-N 

Cadillac, Michigan - 1979 

Biofilm Thickness 
30-day NH3-N, mg/l Inches 

Date Influent Effluent S-1 S-4 

April 15* 0.000 0.000 
30 16.5 16.3 0.008 0.006 

May 15 0.014 0.010 
30 13.1 1.5 0.022 0.016 

June 15 0.026 0.016 
30 13.1 1.4 0.014 0.010 

July 15 0.014 0.013 
30 8.9 0.7 0.014 0.013 

Aug. 15 0.016 0.015 
30 8.6 0.8 0.014 0.013 

Sept. 15 0.013 0.013 
30 5.9 0.6 0.007 . 0. 005 

Oct. 15 0.004 0.003 
30 11.0 1.5 0.007 0.007 

*Flow began. 

304 



Table 1 

SUMMARY OF RBC INSTALLATIONS IN JAPAN 

FLOW 
WASTEWATER SITES % SHAFTS % 1000 m3/d MGD 

DOMESTIC 309 40 495 44 98.7 26.1 

FOOD 188 24 377 11 25.5 6.7 

INDUSTRIAL 196 25 384 25 82.3 21. 7 

GARBAGE 66 8 110 6 12.8 3.4 

ANIMAL 23 3 48 1 3.2 0.8 

782 100 1,414 100 222 58.7 
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Table 2 

BIO-SURF NITROGEN REMOVAL INTALLATIONS IN JAPAN 

NAME 

MIYASAKI 
CITY 

NIPPON 
CHEMICAL 

IWAKI 
CITY 

CHIBA 
PREF. 

YOKKAICHI 
CITY 

HAMMATSU 
CITY 

WASTE 
SOURCE 

Garbage 
Dump 

Brine 

Garbage 
Dump 

Domestic 

Garbage 
Dump 

Garbage 
Dump 

350 

2,000 

200 

6S 

soo 

400 

NHrN,. MG/L 
INFL. EFFL. 

0.092 200 50 
(TN) (7S%) 

O.S28 200 

O.OS3 200 20 
(90%) 

0.017 20 3 
(8S%) 

0.132 2SO 6 

0.106 .SS 10 
(TN) 
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START 

1976 
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1979 

1979 
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Table 3 

NITRIFICATION AND DENITRIFICATION DESIGN CRITERIA 

CASE NO. 1 - MIYAZAKI CITY 

LOADING RATES 

A. NITRIFICATION SECTION 

BOD5 : 0.9 g/m2-D (0.18 #/1,000 ft 2-D) 

Hydraulics: 18.7 1/m2-D (0.46 gpd/ft2-D) 

NHrN: 3.7 g/m2-D (0.76 #/1,000 ft 2-D) 

Time: 6.9 Hours 

B. DENITRIFICATION SECTION 

Hydraulics: 42.2 1/m2-D (1.04 gpd/ft2-D) 

Methanol: 1.9 times N03-N Concentration 

N02-N + N03-N: 7.4 g/m2-D (1.52 #/1,000 ft 2-D) 

Time: 9.9 Hours 

C. RE-AREATION SECTION 

BOD5: 20.0 g/m2-n (4.09 #/1,000 ft 2-n) 

Hydraulics: 269 l/m2-n (6.62 gpd/ft2-D) 

Time: 0.57 Hours 
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Table 4 

BIO-SURF PERFORMANCE - MIYAZAKI CITY 

- 1977 -

DESIGN Q NHrN, MG/L NOrN, MG/L 
MONTH % 0 c/F IN NITR. DENI TR. IN NITR. DENITR. 

Jan. 21 9/48 101 Tr Tr 1.9 102 15 

Feb. 19 8/46 104 Tr Tr 1.6 108 Tr 

Apr. 34 22/72 128 28 21 22 26 11 

May 47 24/75 132 4 4 1 70 13 

Jun. 53 30/86 119 4 3 1 68 5 

Jul. 43 30/86 138 3 3 1 67 14 

Nov. 71 23/73 128 4 3 1 77 2 

May/Nov. 54 27/81 129 4 3 1 70 8 

PEAK FLOW OCCURRENCE 

Nov. 153 20/68 97 0 0 1 59 0 
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Table 5 

BIO-SURF PERFORMANCE - MIYAZAKI CITY 

- 1977 -

BOD, MG/L TSS, MG/L Caco 3 , MG/L 
MONTH IN NITR. DENITR. IN NITR. DENITR. IN NITR. DENITR. 

Jan. 8 5 3 7 4 1 1,020 324 503 

Apr. 18 5 8 11 27 2 1,068 169 192 

May 23 6 14 48 27 4 1,082 345 384 

Jun. 30 3 10 72 240 4 1,104 354 475 

Jul. 19 6 4 37 198 9 

Aug. 9 4 38 3 

Nov. 24 2 101 92 13 

Avg. 20 5 7 45 98 5 1,067 298 389 

PEAK FLOW OCCURRENCE 

Nov. 16 8 5 5 264 53 10 783 337 484 
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Bio-Surf Process in Japan 

Historical 

The RBC process was introduced to Japan approximately 10 years ago in 1970. 
Initial emphasis was directed to secondary treatment of food processing 
wastewater, as there were many small companies supplying Japan and foreign 
countries with canned fruit, mandarin oranges being only one example. 
Tertiary treatment started six years later in 1976. 

The growth of the RBC process in Japan has been very rapid. Table 1 sum
marizes the number of locations, reactors and the quantity of flow for the five 
major wastewater categories identified as domestic, food processing, indus
trial (such as pulp and paper), garbage dumps and animal breeding. The 
number of firms actively pursuing this market is approximately 20, with only 
two or three of significant corporate size. Nippon-Autotrol is the major 
active company with a manufacturing, R & D and sales organization, accounting 
for 20 percent of the installations, 26 percent of the rotating contactors 
and 25 percent of the quantity treated. 

There are three basic reasons for the rapid growth; (1) low energy and small 
space, very appealing to industrial firms; (2) maintenance and process 
simplicity; and (3) impetus provided by the government in the form of the 
Japan Sewage Works Agency recognizing applicability to municipal wastewater. 

At the present time there are no regulations restricting discharge of nitrogen 
or phosphorus in wastewaters. However, problems associated with nutrient 
discharge intensify with each summer season and many Japanese are becoming 
very concerned with the implications for the immediate and long range future. 

One of these problems is called the 'Red Tide', which occurs annually in many 
of the inland seas of Japan. The microorganism responsible for this 
phenomenon, resulting in significant fish and shellfish kills, has stimulated 
much research. The identity and life mechanisms have not yet been fully 
defined, but nitrogen and phosphorus removal will no doubt play a major role 
in control measures. 

Another problem is referred to as "Flower of Water", or water bloom, in Lake 
Sagami and Lake Biwa. These lakes provide drinking water to the metropolitan 
areas of Tokyo and Osaka and water flavor is noticeably affected. 

A third problem has been associated with the rice growing industry. 
rice yields have been traced to high nitrogen and phosphorus levels, 
result being excessive stalk growth versus the desired kernel growth. 

Poor 
with the 

The fourth problem is linked to the newly-defined limits of available drinking 
water supplies. Water re-use is now.being promoted and is gaining wider 
acceptance each year. Wastewater from hand washing, kitchens and cooling 
towers are being collected sepa~ately, treated biologically with RBC units 
and sand filters, and then chlorinated in order to reuse for sanitary flushing, 
car washing and lawn irrigation, etc. 
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Table 2 sunnnarizes information relative to six Bio-Surf nitrification and/or 
removal installations, five of which are in operation at the present time. 
Flow ranges from 65 to 1000 m3/D (17,000 to 528,000 gpd), with NH3-N concen
trations in the range of 20 to 200 mg/l. Runoff from garbage dumps obviously 
is the major problem area for the present, as 4 of the 6 plants shown are 
directed to this problem. 

Of the six plants, Miyazaki City, Iwaki City and Chiba Prefecture use 
methanol as the source of carbon for denitrification. Nippon Chemical is 
only a nitrification application for the present. Yokkaichi City utilizes 
BOD from the incoming wastewater as a source of carbon, and this coupled 
with 3-1 effluent recycle rates effectively eliminates methanol costs for 
denitrification. 

Hammatsu City is now under construction and will incorporate the new Aero-Surf 
Process for both nitrification and denitrification. 

The following discussion will concentrate on the Miyazaki City application, 
since it is the first installation and has been in operation since October of 
1976. 

Case No. 1 ~ Miyazaki City 

This Bio-Surf plant is installed adjacent to a land area created by garbage 
dumping. Leachate from this landfill flows to a river and at a point down
stream is withdrawn as river wa.ter for rice field irrigation. The nitrogen 
content of this river water was found to be the principal cause of the 
previously discussed poor rice yield and several studies were made to select 
a process to solve the problem. Unit processes evaluated were activated 
sludge, trickling filters, lagoons, stripping and the RBC process. Simplicity 
of construction, operation, maintenance and low energy proved to be the 
decisive factors and the Bio-Surf Process was selected. 

The leachate is characterized as a low BOD (10 - 20 mg/l), low suspended 
so.lids (2 - 30 mg/l), normal pH (7. 6 - 7. 9), low phosphorus (non-detected) 
and high ammonia (100 - 120 mg/l). Alkalinity was sufficient for nitrifica
tion (800 - 1,100 mg/l), and temperature was expected to be at least isoc 
(59°F) year round. 

Design loading criteria for BOD5, hydraulic flow, NH3-N, equivalent detention 
time, methanol dosage, NOz~N and No 3-N are ·summarized for the total installa
tion in Table 3. Influent BOD 5, .total nitrogen, and .. suspended solids values 
were defined as 50, 200 and 100 mg/l. Respective final effluent values were 
defined as 20, 50 and 25 mg/l. 

Figure 1 illustrates the process flow and key sampling points for the 
Miyazaki installation. Two 2-stage Bio-Surf s.hafts in s.eries were provided 
for BOD removal and nitrification. Each shaft w:a.s 7.5-m (25.6 ft.) in length 
and media diameter was 3.6-m (11.8 ft.), for· a total surface area of 

18,680 m2 (200,810 ft2).· 
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A single 4-stage Bio-Surf shaft of special design for completely submerged 
operation with 8,490 m2 (91,265 ft2) was provided for denitrification. For 
reaeration, and residual methanol oxidation, a small 4-stage Bio-Surf shaft 
was provided. Media diameter is 2.0 m (6.6 ft) on a 4.5 m (14.8 ft) shaft. 

The single and final clarifier provided an overflow rate of 15.8 m3/m2-D 
(388 gal/ft2-D) and a detention time of 4.7 hours. Underflow solids are 
transported by truck for disposal elsewhere. 

Plant startup occurred on October 15, 1976 at a flow of 157 m3/D (0.041 MGD), 
or 45 percent of design. Temperature was 20°c (68°F), BOD was about 10 mg/l, 
NH3-N was 118 mg/l, and pH was 7.9 units. After two weeks small amounts of 
N02-N were detected and startup seemed to be progressing very well. Tempera
ture dropped within another two weeks to 12oc (540F) and, disappointedly, no 
N02-N was detected. 

A review of the design data pointed out that lack of phosphorus may be a 
factor. On November 29th, phosphoric acid was added to a 3.2 mg/l as P con
centration. Three days later No2-N rapidly increased to a maximum value of 
39 mg/l. Six days later the No2-N began to decrease and by December 20th, 
nitrification was essentially complete. 

Denitrification followed and was complete in 30 days. Figure 2 illustrates 
the startup NH3-N, No2-N and N03-N concentration profiles during the 4-month 
October 1976 through January 1977 period. It is clearly evident from this 
graph that satisfaction of the phosphorus deficiency was the key factor to 
proper nitrification, as all other factors were in the usual order (tempera
ture, dissolved oxygen, etc.). 

Table 4 summarizes nitrification performance for the January-November, 1977 
period. Plant flow gradually increased to 71 percent of design but the 
NH3-N concentration was at or slightly in excess of the 100-120 mg/l design 
for most of the year. Nitrification was greater than 96 percent, particularly 
in the May-November period, with final effluent NH3-N concentrations averaging 
3 mg/1. 

Denitrification was also very successful and the total nitrogen effluent 
requirement of 50 mg/l was easily met. Although data is sparse for nitrogen 
forms other than ammonia or the oxides, evidence as early as January, February 
and May revealed less than 20 mg/l was being discharged routinely. 

Figure 3 illustrates NH3-N removal as a function of NH3-N loading. Dots 
represent full-scale performance at Miyazaki. Squares denote pilot plant 
data developed elsewhere on municipal wastewater in Japan. The correlation 
is extremely good and signifies no difference despite the great difference in 
wastewater source. 

Figure 4 illustrates ammonia nitrification as a function of influent BOD5 
concentration. It is quite evident that removal decreases rapidly when BOD5 
concentration exceeds 35 mg/l. This represents a confirmation of information 
held during the design phase in 1975 that the converse was true (that high 
degrees of nitrification would occur in the region of 30 mg/l BOD5). 
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Figure 5 illustrates N02-N and N03-N removal in the denitrification unit 
process as a function of loading to the submerged Bio-Surf shaft. The data 
is again contrasted with pilot data on municipal waste (Dots are full-scale, 
squares and triangles are pilot scale.) From Figure 5 it is clear that con
centration is not a factor, as 90 percent removal is attained at comparable 
loading rates despite concentration differences of two or four-fold. 

Figures 6 and 7 provide an illustration of supplementary data with respect 
to nitrification and denitrification: Samples were taken from the individual 
four stages of treatment in each case and various analytical parameters are 
plotted to show the fate of each during progressive degrees of treatment. 
These data are somewhat limited in that samples were taken on only one day in 
each case. However, the data is believed quite representative. 

It is evident from Figure 6 that nitrification is nearly complete after only 
two of the four stages of treatment. That some denitrification was achieved 
is evident from the total nitrogen line which shows a significant decrease 
occurred during nitrification. This is not surprising, as other Bio-Surf 
studies have shown that simultaneous nitrification-denitrification reactions 
occur in the early stages of treatment when soluble BOD is available as a 
carbon source. 

Similarly, Figure 7 shows denitrification is essentially complete by the 
second stage of treatment. Dissolved oxygen concentrations historically are 
zero in Stage One and thus support the small amount of denitrification that 
is shown to occur there. These and other stage data confirm that residual 
dissolved oxygen entering the first stage with the N03-N is preferentially 
consumed by the heterotrophic bacteria and that not until Stage Two is 
N03-N the sole source of oxygen. 

The Miyazaki plant demonstrated its ability to perform under high hydraulic 
overload on November 16, 1977. Heavy rains resulted in a flow of 534 m3/D 
(0.141 MGD), or 152 percent of the design maximum flow of 350 m3/D. Despite 
this hydraulic overload, effluent Bon5, NH3-N, No3- N and TSS values were 5, 
0, 0 and 10 mg/l, respectively. 

Case No. 2 - Yokkaich1 City 

This is a similar application for nitrification and denitrification at a 
garbage dump, although both hydraulic and nitrogen loads are significantly 
higher (See Table 2). 

Experience gained at.Miyazaki City and elsewhere resulted in a new design 
rationale to minimize or eliminate entirely the methanol requirement as a 
carboµ source for denitrif ication. Bio-Surf nitrif ied effluent at this 
installation will be recirculated and combined with raw sewage in a sub
merged Bio-Surf reactor. It is predicted that a recycle ratio of 3 parts 
of nitrif ied effluent to one part of raw sewage will essentially eliminate 
and significantly reduce the need for methanol. 
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The installation consists of two systems in series, with the first half 
employing two fully-submerged, anoxic reactors followed by five standard 
submergence aerobic reactors for the nitrified effluent recirculation scheme. 
The latter half of the installation has a fully-submerged anoxic shaft follow
ed by a standard submergence aerobic reactor for reaeration and BOD polishing. 
Table 6 sununarizes design loadings and Figure 8 illustrates th~ process 
schematic for this plant designed to produce a final effluent with zero con
centrations of BOD, NH3-N and N03-N. 
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FIGURE 3 

BIO-SURF NITRIFICATION 

MIYAZAKI CITY VS. MUNICIPAL PILOT DATA 
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FIGURE 5 

BIO-SURF DENITRIFICATION 

MIYAZAKI CITY VS. MUNICIPAL PILOT DATA 
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FIGURE 7 

STAGE DATA-MIYAZAKI CITY 
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Table 6 

DESIGN PARAMETERS - YOKKAICHI CITY 

LOADING RATES 

A. NO. 1 DENITRIFICATION 

BOD5: 17.4 g/m2-D (3.57 #/1,000 ft 2-D) 

Hydraulics: 140 1/m2-D (3.45 gpd/ft2) 

Methanol: None 

N03-N + NOz-N: 6.3 g/m2-D (1.29 #/1,000 ft2-D) 

Time: 0.9 Hours 

B. NO. 1 NITRIFICATION 

BOD5 : 1.7 g/m2-D (0.35 #/1,000 ft 2-D) 

Hydraulics: 50 l/m2-D (1. 23 gpd/ft2-D) 

NH3-N: 3.0 g/m2-D (0.62 #/1,000 ft2-D) 

Time: 2.6 Hours 

C. NO. 2 DENITRIFICATION 

BOD5 : 13.6 g/m2-D (2.79 #/1,000 ft 2-D) 

Hydraulics: 76 l/m2-D (1.87 gpd/ft2-D) 

Methanol: 108 kg/D (238 #/D) 

NOz-N + N03-N: 4.5 g/m2-D (0.92 #/1,000 ft 2-n) 
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Introduction 

OPERATIONAL ADVANTAGES OBTAINED 
BY INCORPORATING A BIO-DRUM™ 

IN AN ACTIVATED SLUDGE PROCESS 

By 

GEORGE R. FISETTE, P.E. 
Product Manager 

Ralph B. Carter Company 
192 Atlantic Street 

Hackensack, N. J. 

In the continual search for better methods of wastewater treatment, 
several processes have been developed in recent years that are vast im
provements over the basic trickling filter and activated sludge process. 
These new methods have included pure oxygen activated sludge, static tube 
aerators, rotating biological contactors and various types of improved 
media for trickling filters. The most recent addition is a process that 
obtains a synergistic benefit from combining the activated sludge pro
cess with a rotating biological contactor (RBC). 

This process concept was developed in Denmark during 1972. There are 
a number of Bio-Drum™ systems operating in Denmark, Southeast Asia, Saudi 
Arabia, Canada, and the United States. 

The Bio-Drum device consists of a steel cylindrical cage 8 feet in dia
meter by 8 feet long, a media within the cage consisting of polyethylene 
balls, a drive system, and mounting arms with bearings to enable multiple 
drums to be connected together on a single drive system. The cage con
sists of a structural metal framework around which is attached a perforated 
screening -tlsed to retain the balls. The end plates of the cage are design
ed to move inward to compress the balls in order to hold them in a rigid, 
locked position. The balls are molded of high density polyethylene to which 
carbon black has been added for ultraviolet protection. The drive system 
consists of a two speed motor attached to a gear reducer which transmits 
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power to a chain and sprocket assembly. Multiple drums can be connected together 
by means of couplings and solid-lube, pillow block bearings. The bearings 
selected never need to be lubricated and are designed to operate in a water 
environment. The drums and drive assembly are designed to go together in 
one, two or four drum assemblies. In this manner, a single drive motor can 
rotate up to four drums on multiple axes. FIGURE 1 is a photograph of a Bio
Drum. 

In addition to the polyethylene balls within the drum, there are in
stalled around the perifery of the drum polyethylene containers known as 
1i..vaterlifts 11

• These vraterlifts are part of the pumping and diffuser capa
bility of the Bio-Drum. 

While the utilization of fixed film media with the activated sludge 
process is not a new concept(l, 2 ), the Carter Activated Biofilm Method'.rM 
(CABH™) is the first process that effectively combines them in a single 
basin. FIGURE 2 is a schematic of the CABM process, see also TABLE 2, a 
preliminary design for a 2.5 MGD Bio-Drum CABM system. This rotating bio
logical contactor process makes use of sludge recycle and a high strength 
suspended solids culture. The basic process concept is to obtain a very 
high rate biological removal process utilizing an extremely large bacteria 
inventory in order to keep detention time and basin size to a minimum. The 
typical hydraulic detention time is on the order of one to two hours. This 
results in a basin 1/4 to 1/10 the size o~ that for conventional activated 
sludge systems. It is the large inventory of bacteria obtained from both 
the suspended culture (MLSS) and the biofilrn on the polyethylene balls that 
results in an overall design utilizing a minimum of equipment, land area, 
and basin volume. Typical MLSS concentrations in the Bio-Drum basin are on 
the order of 5,000-10,000 mg/l. Combined with the bacteria slime on the Bio
Drum balls, a total effective suspended sol ids concentration of 15,000-25,000 
mg/l is obtained. Since the energy input of the Bio-Drum is into a very 
small basin, one obtains a process with a high degree of efficiency since the 
drive motor of a dual Bio-Drum is only 5 horsepower. 

The Bio-Drum, utilizing the CABM process, is a high rate, short detention 
type process that is extreme!~ stable to shocks, peaks, toxic compounds, and 
is extremely efficient(~, 21 ' 4 ) due to the combination of fixed film and 
suspended growth media. The low horsepower, typically 10-15 horsepower per 
HGD, provides for a low cost operating system. In addition, the simple design 
of the Bio-Drum further minimizes routine maintenance and operating cost. The 
Bio-Drum due to its floating nature, greatly simplifies both construction cost 
and installation cost. Indeed, it can be easily retrofitted to existing basins 
and lagoons with minimal changes to existing structures. A further and highly 
significant advantage of a Bio-Drum system is its ability to provide for both 
BOD and ammonia removals in a single basin in a single stage process. This 
ability to obtain ammonia removals in a single stage system further reduces 
the amount of capital equipment, operating processes, and land required to 
meet present and future effluent standards. 

MECHANICAL DETAILS 

As previously described, the Bio-Drum consists of three major components-
the cage, the polyethylene bal Is, and the drive assembly. The drum (cage) 
consists of an angle-iron sub-assembly that is designed to support the weight 
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of the completed drum. To this sub-assembly the covering of expanded metal 
(screening) is attached. The two circular end plates for the drum are designed 
on a tracking system to move in or out approximately 6 inches each. These 
movable end plates are advanced by means of bolts at numerous pressure points 
around the cross-sectional area. The structural metal is first wire brushed 
then the completed drum and covering is given a finished coat of a rust in
hibitive paint. The ping-pong sized (38 mm) balls are manufactured out of 
high density polyethylene to which carbon black has been added for u~ (ultra
violet) protection. These balls are produced by an injection technique known 
as blow-molding. This results in a ball with minimum seam and no perforations. 
During manufacture, each individual ball is tested to be sure thereare no holes 
or leaks in any individual ball. Approximately 1/4 of a mill ion are included 
in each 8 foot diameter by 8 foot long cage. In addition to the balls, poly
ethylene containers of approximately one liter each are attached to al 1 of 
the periferial structural members around the outside edge of the cage. These 
water! ifts are attached to the structural angle iron by means of plastic ties. 
FIGURE 3 shows a waterlift in use. In order to show detail in the photo
graph the lift is inside a small box to keep the bal Is back. The box does 
not exist in a working drum. The center axis of the cage consists of a thick 
walled 8 inch diameter pipe. Flanges are then welded to each end of the pipe 
for attaching the drum to the drive component or companion drum assemblies. 

The same basic drive assembly is used to power one, two, or four connected 
drums. The drive assembly consists of a two-speed motor, a gear reducer, and 
chain and sprocket sub-assembly. The 2-speed motor is either 3, 5, or 7 1/2 
Hp as necessitated by the number of drums, and runs at 900/1800 RPM. The motor 
is normally operated in 900 R?Mcondition with the higher speed being saved for 
temporary process conditions. The gear reducer is a Koellmann gear reducer 
with a 43 to 1 reduction ratio. This gear reducer operates in a flooded hy
draulic condition using standard greases and lubricating oils. It comes with 
a sight tube for continual monitoring of the oil level within the gear reducer. 
The chain and sprocket sub-assembly consists of a 511 drive sprocket mounted on 
the gear reducer and a 39 11 master sprocket mounted on the companion flange of 
one of the drums. The chain is a heavy duty roller style chain with a master 
link. The supporting structure for the Bio-Drum consists of a. torsion-tube yoke 
which attaches to the basin walls or other permanent structure. The drum axis 
is attached to the support arms by the means of solid-lube pillow blocks. These 
beatings are designed to operate in a flooded and wet environment. The bearings 
do not need any lubrication, and as they wear the bearings inner surfaces can be 
rotated to increase the life of an individual bearing. Multiple drums are 
connected together by a coup I ing which al lows for some independent movement of 
the drums relative to each other. All drums are connected to the common drive 
system. FIGURE 4 shows a single drum with its mounting yoke and drive system. 

When the Bio-Drum assembly is installed andoperating, the manufacturer 
supplies an initial startup service that consists of verifying the proper 
wiring and rotati~.al direction of each drum assembly and provides instructions 
on the simple adjustment of the end plates to maintain the balls in the state 
of proper compression. It is to be expected during the first several months 
that the end plates would have to be adjusted several times as the bal Is work 
into their final permanent locations. After this initial shakedown period, no 
further service or attention need be given to the balls or drum structure itself. 
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The only routine maintenance that is· required will be for checking and lubri
cation of the gear reducer. It is advisable to have on hand as spare parts 
several master 1 inks and several feet of chain in the eventuality that a 
chain breaks or is damaged. Routine maintenance to the chain and sprocket 
assembly would consist of every 6 to 12 months inspecting the chain and sprock
ets for wear. It is recommended that at least every two or three years the 
drive sprocket and chain be automatically replaced as a preventive main
tenance procedure. 

Under normal and anticipated operating conditions and environment, it 
will not be necessary to provide a building or covers for the Bio-Drum assem
bly. However, it may be advantageous for process and operator convenience to 
have covers over the Bio-Drum assembly area. Due to the packed nature of the 
Bio-Drum and the fact that the major volume and bacteria film inventory is 
within the drum itself, sun, rain, and wind have a very minor effect on the 
growth of the biofilm. It must be remembered· that the waterlifts are pur
posely designed to pour water over the balls and biofilm when they are ex
posed to the atmosphere. Therefore, rain will have less effect than the fall
ing water built into the design of the drum. In cold environments, because 
of the short detention time within the bio-basin, there is a very small tem
perature change experienced in this area. As long as the incoming waste is 
sufficiently above the freezing point, the small amounts of ice that may form 
around the edge of the basin are not detrimental to the mechanical operation 
of the Bio-Drum. In addition, operating experience and past history show that 
since there is no splash, spray or .foam with a Bio-Orum system there is very 
small tendency for ice to accumulate on any of the super-structure. However, 
it must be remembered that cold water temperatures are detrimental to the 
biological process and, in fact, result in a significant slowing (retarda
tion) of the biological process. It may be for this purpose then, advantageous 
to provide covers to retain heat within the biologica~ system. 

PROCESS DETAILS 

The 2-speed drive system is incorporated into the Bio-Drum for when a 
biological process is subjected to upsets. Whether these upsets be.brought 
about by the normal durinal cyclic loading or by BOD peaks from industrial 
wastes or by infiltration, the higher second speed is available to increase 
the overall performance of the biological system. $y increasing the rota
tional speed of the drum, it is possible to obtain 9reater oxygen transfer, 
up to 4 times more, greater mixing, and more rapid ~ntermixing of the in
coming BOD with the fixed film bacteria. FIGURE 5 shows the effect of re
cycle upon the operating performance and BOD removal of a rotating biologi
cal contactor, specifically the Bio-Drum. To date 1most rotating biological 
contactors have operated in a plug flow mode withourt the benefit of solids 
recycle. As a matter of fact, previous testing and.research done.by both 
manufacturers and independent consultants had deter.;mined(~hgt:. a RBC system 
received no benefit from the recycle of suspended sol ids ' >. Those RSC 
systems presently using sludge recycle all require •air diffusers and ac
cessory blowers. However, due to the mechanical ae;rator capability of the 
Bio-Drum, the Bio-Drum does not need supplemental ~iffusers and does obtain 
a benefit from the recycle of suspended solids. lllll<deed, the benefit seems 
to be as a result of a synergistic combination of the two types of biologi
cal processes, fixed film and suspended growth. FllGURE 5 shows that with 
recycle considerably more pounds of BOD may be appllied to a given cubic foot 
of media or conversely, for a fixed BOD waste cons.iiderably less capital equip-
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ment is required to obtain the same degree of removal. 

While the Bio-Drum is capable of sustaining a suspended culture (MLSS) of 
2,000 to 10,000 mg/!, economics dictate that the concentration of MLSS be 
about 7,000 mg/1. However, if there are external restraints; such as exist
ing tank size. clarifier efficiency, etc; then the CABM process can be de
signed to operate at lower MLSS levels. 

The quantity of bacteria on the Bio-Drum media can be calculated by 
noting the change in the flotation level of the drum as the film accumu
lates, its bouyancy, and measurements of the film thickness and moisture 
content. If all of the biofilm were removed from the Bio-Drum and placed 
in suspension in the basin an effective MLSS of 15,000 to 25,000 mg/l would 
be obtained. 

A further benefit of the combination of fixed film and suspended growth 
is the ability of the Bio-Drum with the CABM process to obtain removals of 
both BOD and ammonia in the same single step basin. It is theorized that 
this ability, not obtainable with other conventional RBC equipment, results 
from the potentially older sludge age of the bacteria in the biofilm at
tached to the drum itself. The recycle suspended solids are considered 
to consist mostly of carbonaceous bacteria used in the removal of BOD. The 
arrrnonia removing bacteria (NITROBACTER and NITROSOMUS) are .considered to be 
attached to the bio-ball media. Because of the slower growth rate of these 
nitrifying bacteria, they have a requirement of a considerably older sludge 
age than the more rapid growing carbonaceous bacteria. A logical explana
tion then, for the ability to remove ammonia at the same time as BOD re
quires that there be a separate inventory of nitrifying bacteria, indepen
dent of the recycle stream which would typically have a relatively young 
sludge age. 

It has been alluded that the Bio-Drum operates as a mechanical aerator. 
Several unusual features have been incorporated, or are a natural part of the 
design of the Bio-Drum. It is these features and design benefits that allow 
the Bio-Drum to operate as a mechanical aerator. The most obvious feature is 
the waterlifts which are attached to the external periphery of the cage. There 
are approximately 144 of these 1 ifts in each drum. These lifts are capable 
of providing a direct \"ater pumping rate of 100 gallons per minute per drum 
at ·the normal rotational speed (high speed is 200 gpm). This means that a 
single Bio-Drum is capable of providing a complete hydraulic turnover of the 
water within its domain in less than 1 1/2 hours by direct pumpage only. This 
does not take into consideration that movement of water brought about by rota
tion of the drum structure itself; nor intrained flow. Thus, a single drum is 
pumping by direct water movement approximately 150,000 gpd. As this pumped 
water cascades down over the media during the atmospheric portion of each 
cycle, oxygen is transferred from the atmosphere into this falling, cascading 
sheet of water. Of course, the normal oxygen transfer as experienced by rotat
ing biological contactors takes place during the atmospheric portion of the 
rotation from the air directly to the bacterial slime adhered to the media. 
The oxygen transfer, therefore, into the wastewater is above and beyond 
that needed for the bacterial slime attached to the media. Secondly, as these 
lifts, now empty of water, are resubmerged into the wastewater, the air that 
is trapped within bubbles out of the lifts up through the media. In this 
manner, the 1 ifts are acting as a coarse bubble diffuser. TABLE 3 details the 
oxygen transfer of various RBC's and diffusers. The direct air pumpage by the 
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lifts is 13CFM,or19,000 cubic feet of air per day per drum. As this air 
flow passes up through the media, oxygen is transferred into the wastewater 
as the bubbles are continually broken and re-agglomerated during their travel 
through the rotating media. In ·addition to the oxygen transfer and contacting 
provided by the waterlifts, a considerable portion of oxygen transfer and energy 
input into the basin takes place as water and air flow into and out of the drum 
during each rotation. 

The Bio-Drum is designed to rotate at 2.6 rpm, g1v1ng a peripheral speed 
of 1. 1 ft. per second at the norma 1 condition. The high speed condition used· 
for special process conditions is at5~2 rpm, giving a peripheral speed of 2.2 
ft. per second. 

As the drum rotates the water is continually falling out of the back side 
of the drum, from within the media back onto the water surface, giving a wake 
and a small wave. This additional agitation of the water and splashing action 
within the drum again results in oxygen transfer to the wastewater. Because 
of the many sources of oxygen transfer and the mechanical design of the Bio
Drum, the system is able to support a high concentration of mixed liquor sus
pended solids. The oxygen requirement for endogenous respiration and for BOD 
oxidation is provided by the drum for the portion of the BOD removal that takes 
place by the suspended culture. 

Due to the extremely high concentration of bacterial solids, approaching 
15,000-25,000 mg/1, a very rapid assimilation of the BOD takes place. Indeed, 
the biological processes are known to be completed within approximately 15 to 
20 minutes. The major requirement for the longer hydraulic detention time as 
used within the Bio-Drum CABM design of 1 to 2 hours is brought about by the 
necessity to protect the design for shock loadings, for hydraulic peaks, and 
for the nonideality of the intermixing of the bacteria with the incoming BOD. 

The basin size is primarily a function of hydraulic flow rate and such 
associated factors as peaking, hydraulic cycles, BOD, and temperature fluct
uations. The basin conventionally is designed with a depth only slightly 
greater than 1/2 the diameter of the drum, (i.e., 4.5-5 feet water depth). 
The clearance between the bottom of the drum and the basin floor is kept as 
small as possible within the restraints of the design. The basin is norm
ally designed in a fairly square to slightly rectangular pattern in order to 
optimize the completely mixed nature of the process. Conventional wisdom 
dictates that for most waste treatment plants, a parallel scheme be incor
porated whereby two parallel biological basins are provided, each with a 
capacity slightly greater than half the hydraulic design. 

An important consideration to the proper operation of the CABM system is 
the ability of the Bio-Drum to keep the mixed 1 iquor suspended sol ids in uniform 
suspension. At the concentration levels normally encountered of 5,000-8,000 
mg/1, it is necessary that sufficient energy be put into the wastewater to 
prevent separation and deposition of the solids. Even though the total oper
ating horsepower of a Bio-Drum system is quite low, the applied horsepower, 
i.e., the energy imparted directly into wastewater within the basin, is quite 
high. Under normal design considerations, the energy applied directly to the 
wastewater by the rotating drum system is in excess of 2.5 hp./k ftP. In 
addition, the higher speed capability of the drive system allows this value 
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to be raised in those circumstances where a faster settling sol ids or a higher 
density solids is obtained. Furthermore, the clearance between the bottom of 
the drum and the basin floor is kept to a minimum in order to maximize the 
scouring velocity along the bottom of the basin to resuspend any solids that 
have a tendency to settle towards the bottom of the basin. The high direct 
pumping capacity of the drum itself of approximately 150,000 GPO, greatly con
tributes to the ability of the total Bio-Drum CABM system to maintain uniform 
sol id suspension. In a basin with an average hydraulic detention time of 1 
hour, the capability of the Bio-Drum by direct pumping alone to turn over or 
recirculate the entire basin volume in approximately 1.5 hours provides add
itional evidence of the level of agitation within the Bio-Drum basin. 

A second and equally important constraint is that the Bio-Drum exhibits 
no tendency for internal clogging by excessive bacterial growth, sloughing 
off of excess growth, or developing anaerobic areas within the internal volume 
of the drum itself. Two features of the Bio-Drum mechanical design were inten
tionally incorporated to alleviate this problem. However, the proof of the 
drum's ability to perform without clogging and without going anaerobic is best 
obtained from evidence of operating units. The units that have been installed 
and operating for 3 to 4 years have shown no tendency to clog as evidenced by 
the lack of foul odors, or a decrease in the performance rating of the drum 
systeiii""With time. If the internal area of a drum were to clog or go anaerobic, 
or otherwise decrease the performance capability of the Bio-Drum, then a deter
ioration should be noted in the quality of the product produced by the treatment 
plant. To date there has been no evidence of a decrease in performance, rather 
the system appears to increase in removal ability with time. The rotational 
speed of the drum, combined with the small interstitual spaces, means that the 
water velocity around the balls and through the spaces must be very high. The 
size of the balls was purposely selected in order to arrive at the minimum 
practical void space of 35%. In this manner, the Bio-Drum design maximizes 
the surface area available for bacterial film to attach and maximizes the vel
ocity of the water through the open spaces within the packing. Combined with 
these high internal water velocities, is the scrubbing effect obtained from 
the rising air bubbles released by the waterlifts. These rising air bubbles 
provide an expanding action or scrubbing action that, in conjunction with 
the high water velocity, maintains a uniform thickness of biofilm on each ball. 
Th~se released/removed bacteria particles are removed as discreet and small 
particles within the flowing water stream as the drum rotates. In this manner, 
large chunks of matter as typically slough off a trickling filter have been 
prevented. Furthermore, during the atmospheric portion of each rotational 
cycle, the bacterial film is further rinsed with a gentle irrigation of water 
released from the waterlifts. This gentle flow further tends to remove any 
loosely attached and light particles as it flows down over the .balls during 
the rotational journey. It should also be realized that any plugging tend-
ency which is exhibited becomes self-defeating. In that as a particular 
area would tend to plug, the interstitual velocity in that area would increase 
and the excess materials would be rapidly removed due to the higher velocity 
of water within that section of the drum. 

Since it is conceivable to use Bio-Drum in a treatment plant that does 
not have a primary clarifier, consideration must be given to preventing 
clogging or plugging of the drum screen by large foreign objects. ·Such 
things as rags and plastic bags, etc., must be removed from the drum or 
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prevented from reaching the drum in order to prevent an aesthetic problem, 
a potential odor problem, and some interferences with the hydraulic flows 
within a drum. Therefore, it is recommended that in those applications with
out a primary clarifier, that a bar screen of some design and a grinder 
should be utilized in order to reduce the size of the extraneous objects and 
their potential for adhering to the drum screening. In this manner, since 
the drum screen itself is very smooth and presents a small profile for string
like objects to hang on, the tendency of the drum to have string or cloth 
attached to its outside surface should be minimized. 

PROCESS DESIGN 

As with all process equipment, a method of calculation or determining 
the size and quantity of equipment necessary to process a given load is 
necessary. While the theoretical equations have been derived for both the 
activated sludge system and for biofilm devices, at present there are no 
known equations describing the combined system. Therefore, the Bio-Drum 
and CABM system are designed on a semi-empirical basis as follows. 

Based upon both pilot and full-scale testing and operating plants, a 
relationship has been determined which related the applied BOD, the cubic 
foot of drum, and the desired quality of effluent. The design parameter 
used to determine the quantitY. of drums required is a volumetric loading 
factor, F/V (lbs. BOD/day/ft.3 ). This loading factor is used in the manner 
similar to the design parameter used for sizing trickling filters and plastic 
media-type filters. ln conjuction with the drum loading parameter the F/M 
ratio (lbs. BOD/day/lb. MLSS or MLVSS ~s p~eferred), is used in an iterative 
(trial and error) scheme to arrive at the final design. A balance must be 
arrived at between the F/M ratio, the F/V ratio, and the basin size. 

FIGURE 6 shows the interrelationships between BOD removals, F/V, and F/M. 
At a given F/V loading, the F/M must be decreased in order to improve perfor
mance. For a given BOO waste, F/M can be decreased by raising the MLSS con
centration or increasing the basin volume. 

The objective is to maximize the total solids inventory while maintaining 
the F/M concentration within a practical range that can be maintained by the 
Bio~Orum. This means that the typical F/M value obtained is directly related 
to the basin size and the concentration allowed, which ranges from 5,000 to 
18,000 mg/1. The basin size is primarily governed by flow considerations. 
Some allowance in basin size must be considered for unusual BOD or ammonia 
requirements. However, the normal basin has a capacity of 1 hour hydraulic 
detention time. The upper range of the basin size is approximately 2 hours· 
hydraulic detention time. Once the basin size has been established, then 
the MLSS concentration allowed can be determined and the F/M ratio calculated 
at this point. The F/M ratio so calculated must then be related to the F/V . 
ratio to verify that the F/M is within the operating range at the F/V loading 
selected. TABLE 2 is a preliminary design calculation for a 2.5 MGD municipal 
waste. 

Of prime consideration in the operation of the CABM process is the design 
and operation conditions of the clarifier and recycle flows. It is extremely 
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advantageous that the recycle flow be kept to as small a value as possible in 
order to minimize the clarifier surface area required for proper sedimentation 
and solids separation. Therefore, the clarifier design selected must have a 
highly efficient separation capability and a high degree of thickening activity. 
It is imperative that the solids underflow be at the maximum percent sol ids 
concentration obtainable. With proper design of the clarifier and thickenings 
action, the recycle flow would be in the range of 10-100% of the inlet flow. 
Obviously, it is preferred to minimize the recycle flow in the range of 10-30%. 
This high concentration is obtainable even though the MLSS concentration is 
quite high, because of the improved settling characteristics o~ 45he sludge 
that results from the combined biofilm activated sludge system. 

In addition to these major factors affecting the design and process, there 
are several minor parameters which must also be considered in arriving at a 
polished design. In municipal designs, and even in some industrial applications 
considerations must be given to hydraulic peaks. These may be the conventional 
daily cyclic flows as evidenced by most municipal plants, or they may be 
process related flow peaks ciepeident upon the manufacturing processes of a 
specific plant, wherein washwater of batch-type processes are dumped at dis
creet time intervals. Furthermore, there are really two types of hydraulic 
peaks. In one case, the BOD concentration remains constant; in other-words, 
the total load of BOD incoming to the plant increases in direct proportion 
to the hydraulic flow. In the other case, the pounds loading of BOD incoming 
to the plant remains essentially constant and we basically have dilution of 
the normal flow by increased hydraulic input. In evaluating the effect of 
these hydraulic flows on a Bio-Drum design, if the duration of the peak is 
of the order 1/2 to 1 1/2 hours, l ittl~ or no changes are necessary in the 
basic design for a Bio-Drum system. On the other hand, if we are looking 
at hydraulic surges that may run 2 hours or more, then consideration must 
be given in either case to the effect of these flows on the Bio-Drum pro-
cess. If the increased BOD loading during hydraulic peaks represents a sign
ificant portion of the day, then the plant will have to be oversized to allow 
for proper removal of these increased loadings. In the case of dilution or 
infiltration problems, the major constraint will be on the design and operation 
of the clarifier and recycle streams, to prevent the washout of biological 
solids. However, in either case the fact that both a fixed film culture 
and a suspended culture are available for treatment means that the effects 
of these hydraulic·peaks may be rapidly neutralized. 

If the plant is experiencing an upsurge in BOD, this can be offset and 
performance maintained by increasing the amount of recycle and changing the 
drum to its higher speed of operation. The system is now capable of providing 
additional oxygen and suspending additional sol ids to treat this surge in 
BOO. In the condition when~ one obtains a hydraulic surge without corres
ponding BOD increase, the optimal alternative is to increase sludge recycle 
only slightly and maintain a close watch on the clarifier performance such 
that excess solids do not wash over the top and to prevent an excessive 
buildup of slL1dge and a sludge blanket. It is also possible to obtain 
surges in BOD without corresponding changes in the hydraulic flow. Uner this 
condition, it is only necessary to increase the solids recycle and increase 
the drum speed to provide the additional activity necessary for removal of 
the increase in BOD. Again, consideration must be given in the normal 
design to the magnitude of this increase relative to the average design 
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for which the plan was originally designed. 

A somewhat different type of peaking problem is that experienced in small 
municipalities and industries which operate on a 5 day or 6 day cycle, namely 
the lack of flow on weekends or for other extended periods. With a convent
ional rotating biological contactor there is an extreme tendency over these 
low periods for the rotating contactor to have such a high degree of evaporation 
that it essentially dehydrates the entire basin over the course of one or two 
days. The prevention of this occurring, therefore, requires these type of plants 
to be designed with a hydraulic recycle strictly to maintain sufficient hydraulic 
flow to keep the bacterial cultures wet and active. In the Bio-Drum and CABM 
process, however, the recycle flow is already incorporated within the design 
and due to the high suspended sol ids inventory there is always sufficient 
bacterial available to act as the food source for the fixed film culture. 
In other words, the process can go into an endogenous type of respiration 
or cannibalistic activity during these periods of starvation. 

A more severe problem associated with peaks and spasmodic flows is the 
unfortunate occurance of a toxic dump or poison entering the system. Under 
these conditions, the advantages of a combined fixed film and suspened growth 
system shows its superiority to the operation of either type of singular sys
tem. If the system were a pure fixed film culture system, the toxic load 
would quite probably wipe out the entire plant and severely hamper removal 
and process efficiency. On the other hand, with a strictly activated sludge 
type culture it is possible that the sludge would never acclimate to the 
constituants of the toxic input and, therefore, each and every time a toxic 
cyclic occured the activated sludge plant would also suffer in performance 
capability. However, in the combined Bio-Drum CABM system the biofilm can 
adjust over time to the toxic material and provide a reserve bacterial in
ventory capable of treating the toxic component. 

As mentioned previously, temperature, per se, does not affect the mech
anical reliability of the Bio-Drum design. However, the lowering of temp
erature during the winter does severelyhamper the biological processes. 
Therefore, the Bio-Drum system must be designed with consideration for this 
effect. If one wishes to maintain the same degree of removal in the winter 
as in the summer without the use of heat or covers to retain heat, then the 
Bio~Drum system must be oversized in order to produce ~roper removals during 
cold weather conditions. Because of the packed type nature of the Bio-Drum 
and the fact that the water surface and film surface on the media are not 
directly exposed to the atmosphere; the evaporation and heat loss from a 
Bio-Drum system is minimized in comparison to other types of biological 
processes. This means that in temperate climates where only occasional 
cold weather is experienced the Bio-Drum basin will not tend to drop its 
temperature below the freezing point as is common with other biological 
contactor devices. 

COMPARISON TO OTHER PROCESSES 

Inspection of TABLE 4 shows that the CABM process is quite similar in 
design perimeters to both the high rate activated sludge process and the 
contact stabilization sludge process. Comparison of the Bio-Drum to fixed 
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film type processes, 1 isted in TABLE 5, shows that on an organic loading per unit 
volume of media the Bio-Drum is, in fact, considerably higher than conventional 
trickling filter and RBC type devices. However, if one looks at the hydraulic 
load in gallons per day per square foot of media, the Bio-Drum device is loaded 
considerably less than conventional trickling filter designs and well below the 
hydraulic loading for conventional or improved processes. Just as loading peri
meters and loading values are specific for individual processes and different 
from all others; the Bio-Drum and CABM ha~e specific design and leading perimeters 
that relate only to the Bio-Drum design. However, if one puts the design peri
meter of al 1 processes on a comparable basis wherein the loading is measured in 
pounds of active bacteria, which is nearly impossible with fixed fi Im devices or 
per pound of suspended sol ids (MLSS) then it can be seen that the Bio-Drum is 
really no different than any ether biological process. 

Another measurement or comparison of the various processes that can be eval
uated is the energy requirement, i.e. horsepower, utilized in the removal of BOD 
and in the operation of the various types of processes. With a few conservative 
assumptions, the horsepower required to treat one mil 1 ion gallons per day of raw 
waste can be estimated for the various generic types of equipment; mechanical 
aerators, diffused aerators, submerged turbine aerators, rotating biological con
tactors, and Bio-Drum. TABLE 6, lists some of the values of horsepower required 
to treat one MGD of waste. The 15 horsepower shown for the Bio-Drum is consider
ably lower than the more conventional and expected numbers of 40 to 50 horsepower 
for various mechanical systems. However, these high numbers are really an indic
ation of the inefficiency of the processes in that the greater the horsepower 
required to treat an equivalent amount of BOD the more expensive the annual oper
ating cost is for an individual plant. Furthermore, a comparison of the appl led 
horsepower, defined as that horsepower transmitted into the volume of water under 
treatment within a given basin shows that the Bio-Drum is within the range of 
"conventional" treatment processes. TABLE 6 shows these values of horsepower per 
thousand cubic feet of basin water under treatment. Part of the reasoning for 
the inefficiencies of the more conventional mechanical processes is brought about 
by the size of the basins involved under treatment which require large quantities 
of horsepower to maintain proper biological mixing and contacting. 

SUMMARY 

·The difference between the Carter Activated Biofilm MethocrM and other 
biological processes can be summarized in a few words; the same, but with IMPROVE
MENTS. However, the Bio-Drum™ differs from other biological treatment equip
ment in being a more efficient device for removing BOD. The features and bene
fits of the Bio-Drum and CABM process are surnmzrized in TABLE l. 
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Feature 

floats 

compact 8 1 x 8 1 size 
low stress on bearings 
low stress on drive 
simplified design, 
few moving parts 

TABLE 1 

BIO-DRUM 

MECHANICAL 

Benefit 

reduced installation costs, 
no supports required 
easy to install 
1 ong 1 i fe 
long 1 i fe 
low maintenance costs 

CARTER ACTIVATED BIOFILM METHOD 

PROCESS 

high organic loading 
high BOD removal/unit 
short detention time 
low Hp 
BOD.& NH3 in single basin 

high bacteria solids inventory 

built in compensation for BOD, flow, 
and toxic variations 
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less capital ,equipment 
low capital costs 
small basin & land required 
low operating costs 
less unit processes, 
lowest capital costs 
very stable process-
resi st upsets 
easy to operate 



TABLE 2 

PRELIMINARY DESIGN BRIEF 

CARTER BIO-DRUMTM and ACTIVATED BIOFILM METHOD 

Project Location: Anytown, USA Date: 12/12/79 

Consulting Engineer: RBC Consultants, Inc. Prepared by: G. R. Fisette, PE 
Someplace, USA 

Attn: Joe Consultant, PE 

BASIC DATA 

( 1) Waste a) 
b) Process ............................... . 

(2) Design, Flow 

(3) BOD Influent to Bio-Drum Basin 

(4) BOD Effluent 

(5) Removal 

(6) NH3 Influent to Bio-Drum basin 

(7) NH
3 

Effluent 

(8) NH
3 Rernova l 

(9) SS lnfl uent 

( 10) pH range 

(11) Dissolved oxygen level to be maintained in the 
Bio-Orum basin 

(12) Temperature of Waste in Cio-Drum basin a) \.linter 

b) Summer 
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MuntciQal 
Activated B iof i lm 

2.5 MGD 

4170 lbs BOD/day 

625 lbs BOD/day 

85. % 

500 lbs N-NH/day 

n/a lbs N-NH3/day 

n/a % 

4170 lbs SS/day 

6-8 pH 

1. 5 mg/l 

15 oc 

25 oc 



BIO-DRUMS 

(13) Media loading rate (F/V) required 

(14) Hydraulic detention time required 

(15) Volume of Bio-Drums required= 

( 
i tern #3 \ 
i tern # 13} = 

(
4170 \ 
0. 67 -1 

(16) Number of Bio-Drums required= 

= ( it;;/1sj =( 6;~~) = 
(17) Basin volume occupied by Bio-Drums= 

=(Item #16) (127) = (16) (127) = 

(18) Total Basin volume= 

a) ( i tern #2 x 106 ) (i tern # 1 ~ + (Hem #17) 
180 '} 

(
2.5 x 106 \ 

180 ) (1.0) +(2000) = 

b). (yolume, ft3) (7.48) = (16,00) (7.48) = 
(19) M1n1mum area required at 5 feet water depth = 

( item/18a) = t16,~oo) = 

(20) ·Minimum area required for Bio-Drum units = 

(item #16) (144) = ( 16 ) (144) = 

(21) Basin layout for dual assemblies+ 

a) Width= (item #19
2 

or 20Jt= 

b) Length = (width, ft) (2) = 

(22) Power required = (item #16) (2.5) = (16) (2. 5) 
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= 

0.67 lbs BOD/d/ft3 

1.0 hrs. 

6224 ft3 

16 units ---

2000 f t3 

16,000 ft3 

120,000 gal 

3200 f t2 

2300 f t 2 

so ft 

64 ft 

40 BHp 



MLSS 

(23) So 1 ids loading rate (F/M) required 0.55 lbs BOO/d/#MLS 

(24) Pounds of MLSS in basin = 

= (item #3 ) = (4170) 

( i tern #23) (0.55) = 7580 lbs MLSS 

{25) Concentration of MLSS in basin= 

(item #24 x 10~ = (7580 x 106 ) 
( (8.34) (Item #18b)) (8.34) (120,000) 

7575 mg/1 

(26) Effective mass of MLSS in system = 

{item #16) (600# solids/drum)+ (item #24) = 

{16) (600) + (7580) = 17,200 lbs MLSS 

(27) Effective concentration of MLSS in system = 

{28) 

( i tern #26) ( 106) 
(8-34) ( 1 tern #lBl>) 

= 

Estimated Sludge Age of 

(17,200) ( 106 ) 
(8.34) (120,000)= 

recycle solids= 

17,000 

(
lbs MLSS in system) 

lbs MLSS wasted/day 
= (item #24 +clarifier sol ids\= 

item #3 * # MLSS/#BOD/d 1 

(
7580 + 10,600) 
4170 i: o. 75 

CLARIFIER 

= 

(29) Approximate clarifier surface area = 

( 
i tern #2 \=(2. 5 ~-: 106\ 

overflow rate, GPD/ft2) . 500 j 
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5.8 

= 5000 

rng/1 

days 
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TABLE 3 

OXYGEN TRANS~ER CAPABILITIES OF 
BIO-DRUM™ AND OTHER AERATION DEVICES{l6) 

Apparatus I\ ~o 
-

Single 81 <P x 81 Bio-Drum 
Normal speed@ 1.1 fps 2.88 

Dual 8 1 <P x 81 Bio-Drum 
Normal speed@ 1.1 fps 3,33 
Peak speed @ 2.2 fps 12.7 

Pilot unit, 24 11$ x 1811 Bio-Drum<4J 
Low speed @ 0.5 fps 4.27 
Normal speed@ 1.1 fps 8.40 
Mid speed @ 1.6 fps 14.2 
Peak speed @ 2. 1 fps 22.7 
High speed @ 2.6 fps 37.0 

Rotating Biological Contactor (biodiscf17J 
12 1 <P standard media-mechanical drive@ 1.0 fps 1. 18 
12 1 <P standard media-air drive@ 1.0 fps 4. 10 
12' <P high density media-mechanical drive @ 1.0 fps 1. 13 
12 1 <P high density media-air drive@ 1.0 fps 3.55 

Coarse-bubble diffusers<~6 , lB) ---

! KL~O = Mass transfer coefficient, hr-:l 

SOTR = Standard mass transfer rate, lbs 02/hr 

No = Standard mass transfer efficiency, ··1 bs 02/Hp-hr 

SOTR No 

1. 4 0.70 

2.8 0.85 
10.8 1. 5 

0.014 0. 16 
0.028 0.25 
0.047 0. 33 
0.075 0.48 
0. 12 0.71 

o. 17 
0.58 
o. 16 
0.50 

0.8-2.0 0. 8-1.6 



T/\lllf Ii 

IYPICl\l l\CflVl\TEO SLUOG[ l>ESIGN I O/\OltllAZ
4

J 

Process 02 Uptake OT HI.SS F/H r/V Depth F/V' RCflX)ViJ I SRl 02 Required Rec ye I e Slud!IC l'roduced 

mg o2/hr lbs lbs 
rt -I 

9 HLSS hrs mg/I lbs BOO/d 000/d/kf t 3 ft BOO/d/kft3 % lb 02/lh BOO t f I rn~ 1b/lh 1!00/d 
lb HLSS basin media 

Conventional 7-IS 11-8 1500-11000 0. 15-0.li 20-60 10-10 - 90-95 4-8 0.8-1.1 30-100 0 .11-0.6 

lli9h Rate IS-25 2-li 3000-sooo 0.11-1.0 70-180 10-20 - 85-90 2-11 0.7-0.9 30-100 o.s-0.7 

~ Step - 3-6 - 0. 2-0 .4 li0-60 10-20 
...... 

Contact-Stab 10-30 1-6 2000-4000 0.15-0.s 30-70 10-20 - 80-95 3-10 0. 8-1. I 25-100 

6-10 ,000 

Extended J-8 16-211 2000-6000 < o.os 10-15 10-20 - 90+ 230 1. li-1 .6 100-300 0. 1s-o.3 

Lagoon (aerated) 211-211() <ISO 6-IS - 801 - 1 .0-1. Ii llUtte 

Pure Oz - 1-3 )000-5000 0.25-1.0 100-250 15-25 9<H 
-··-

Complete Hix 11-6 3000 0. 2-0. 6 50-120 15-25 90• 

Modi fled 20-110 0.5-2 500-1500 1. S-3 .o 90-180 60-75 .·I 0.11-0.6 10-30 0.8-1. 2 

Cl\BH 'NI 0.5-2 6-10 ,000 0. 1-1 5 0.6-1 .0 Ro-9•; var i.1h le - 10-150 

(15-20,000) 

RIJC(5, 6, II, 12} 
1-J 150 

(10-20,000) "" - 6 0 .<;·O .2 f!0-9'.) 0 0-100 

ABF ( ll , I I, Joi J 2-11 2··5 ,000 0.7-0.9 50-22~ 5··2? 0. 1-0. 35 llO-'JO 1 0. 7-1 .0 50-200 1120 & 0.55-0.75 
JO- I 00 ~I 11cl11e 



TABLE 5 

TYPICAL FIXED FILM PROCESS DESIGN LOADINGS 

Process Depth Remova 1 Organic Loading Hydraulic Loading DT 

-------------------~--~-----~-----~~-~---~--------~~------~~----~------~-------------~---~------------------

1 bs BOD/d per GPO 
ft % kft3 acre ft MGD ftT hrs 

Convention 6-8 80-85 5p25 200 ... 1000 1-4 25-90 
UJ 
ii» Intermediate 6-8 50-70 15-30 700-1400 4-10 90-230 N 

High Rate 3-8 65-80 25-300 1000-1300 10-20 230-900 

Plastic media < 40 65-85 ~_300 1 15-90 350-2100 

Roughing filter 3-20 40-65 > 100 7 60-180 1400.,.4200 

ABF(V, 13, 14). 10-40 80-95 100-300 - - - 2-4 

RB c( 5 , 6 , 11 , 12) 6 80-95 70-150 - - 1-4 1-3 

CABM™ 6 80-95 500-800 - - 8-20 1/2 - 2 



w 
~ 
w 

low speed surf ace 

Turbine-sprayer 

Diffused air, medium bubbles 

Pure oxygen, cryogenic 

RBC 

Bio-Drum 

ABF(9, 14) 

TABLE 6 

COMPARISON OF POWER REQUIREMENTS 

Basis: MGD of 180 mg/l BOD 

Transfer Rate 
tbs o2/Hp-hrli4J 

1. 7 

1.4 

1. 4 

2.7 

0.85 

? 

Loading 
lbs BOD/d/kft3 

110 

700 

200 

Hp/MGD Hp/k#BOD/d 

40 27 

48 32 

48 32 

25 17 

38 25 

15 10 

21 17 

Mixing 
Hp/kft3 

1.2 

1.4 

1.4 

3.4 

4.7 

2.7 

? 



Influent 
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FIGURE 1 

2.5 MGO 810-DRUMT?>I INSTALLATION 
USING THE ACTIVATED BIO FILM METHOD™ 

r 
50, 

Bio-Orum™ Basin Clarifier 

Sludge Recycle 

Clean 
Effluent 

to Sludge Processing 
by BFP™ 

J_ I 

-rtEZ--()-u-E)--(7-r------------------1~ 
FIGURE 2 
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FIGURE 3 

FIGURE 4 
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FIGURE 6 

Performance of the C;irtcr Bio-Orum™ f. C/\BMTN 

for BOD RPmova I 
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EVALUATION OF A ROTATING BIOLOGICAL DISC 

IN A SEWAGE TREATMENT PROCESS 

IN PACKAGE PLANT APPLICATIONS 

BY 

Bob Joost 

Tait/Bio-Shafts, Inc. 

Mike Vesio 

Purestream Industries, Inc. 

The Rotating Biological Disc Process, sometimes referred 
to as the RBC, RBD, RBS, Bio-Shaft, Bio-surf, Aero-surf, Enviro
surf, etc. hereafter will be referred to, as the RBC Process. 
This process caused a very significant impact in the wastewater 
treatment market. This statement is obvious when one considers 
the excellent program we are participating in at the First 
National Symposium on Rotating Biological Contactor Technology. 
However, the simplicity of process flow control, minimal 
maintenance and operator attention, economical installed costs, 
low energy consumption and according to many, the panacea for 
all process problems, has given the RBC Process~usage for many 
applications. The Federal Construction Grant Program contributing 
needed construction monies and a tremendous marketing effort by 
disc manufacturers also spirited the advance and the industry 
acceptance of the RI~C Process. 

Conservatively, there are over 5,000 RBC installations in 
the United States and abroad. In the next ten years, this figure 
will easily double. What caused this phenomenal growth of a 
biological waste treatment process that dates back over 50 years? 
What resurrected this almost forgotten biological wastewater 
treatment process? First and foremost, immediately after World 
War II Germany, with high population densities located in small 
towns and villages surrounded by hilly and mountainous regions, 
needed an inexpensive, dependable, low energy consumption and 
minimal operator attention wastewater treatment system to produce a 
high quality wastewater effluent. Regulatory agencies were 
faced as we are today, with pollution of good water short rivers 
and streams. The University of Stuttgart, Germany, eva.luated 
many processes to meet these water pollution control objectives. 
Among the wastewater treatment processes investigated was the 
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Rotating Biological Discs. Or, commonly then referred to in 
Germany as the Immersion Drip Filter. The use of the relatively 
new material, plastics, substituting for the wood and metal 
biological support surfaces, described in the Weigand Patent (1) 
and the Maltby "Biological Wheel" Patent (2), accomplished the 
needed economies of the RBC Process. A European disc manufacturer 
continued the usage of the RBC Process for relatively small sized 
installations. The virtues of an inexpensive, dependable, low 
energy consumption and minimal operator attention wastewater 
treatment system to produce high water quality effluents made the 
RBC Process ideal for low flow applications. The conservativeness 
of the European disc manufacturer in process application and 
structural design contributed heavily to the credence and 
reliabilities of the RBC Process. 

Independently, in the mid 60's, I headed a group at Allis 
Chalmers Co. in Milwaukee that developed on its own a RBC Process. 
The European work at that time was unknown to us. Later, after 
our own developments and eventual communications with the European 
disc manufacturer, we were convinced the RBC Process had 
commercial application in the United States. The wastewater 
treatment industry at this time, was not the high technological, 
several billion dollar a year sales, regulated industry as we 
know today. Generally, the sanitary engineer used a particular 
wastewater treatment process he had experienced, continued to 
use that same process over and over for every application. 
Rule of thumb designs, personal experiences and time proven 
wastewater treatment processes were the order of the day. 
Some educators and a few pioneers in the industry tried to 
advance the technology of wastewater treatment. Unfortunately, 
since a waste treatment project carried the individual sanitary 
engineer's P. E. stamp and the engineer's reputation was on the 
line, very few new technologies were tried. 

The Federal Water Pollution Control Administration (FWPCA) 
program of complete funding for research of new wastewater 
treatment technologies and upwards of 90% for demonstration 
projects of these new technologies was the breakthrough the 
RBC Process required in the United States. This enableJbasic 
RBC work and several full-scale demonstration projects. Some 
of these projects proved an immediate success, demonstrating 
the RBC values of high performance, simple operation, low 
maintenance and low power consumption. In the mid 70's the 
Federal General Accounting Office (GAO) instructed all applicants 
for federal construction grant funds to submit cost evaluations 
for all applicable wastewater treatment processes including the 
RBC for their projects. This made consulting engineers take 
a realistic appraisal of the RBC Process. 

The many advantages of the RBC Process found its way into 
numerous applications. These applications can be categorized 
as follows: 
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A. Small, medium and large municipal sewage treatment 
plants. 

B. Commercial applications such as subdivisions, 
resorts, shopping centers, trailer courts, and 
campgrounds. 

C. Complete treatment of industrial process wastewater. 

D. Pre-treatment of industrial process wastewater. 

This latter application for pre-treatment of industrial 
process wastewaters will become more prevalent as the State and 
municipal regulatory agencies enforce the reporting waste 
discharges to municipal sewage systems. The reporting of waste 
material with pollution concentrations larger than domestic 
wastewater requires additional municipal treatment capacity. The 
municipality will charge an extra sewage discharge fee to these 
industrial dischargers. Reduction of the industrial waters 
pollution concentration to the levels of domestic wastewater, 
and the resulting savings of these extra municipality discharge 
fees, can in most instances, amortize the cost of wastewater 
treatment equipment very rapidly. 

The Federal Construction Grant Program and associated cost 
effective evaluations gave the RBC Process many opportunities for 
different effluent discharge standards in the municipal market. 
The RBC Process is used for carbonaceous BOD reduction, 
nitrification, following overloaded existing processes, parallel
ing overloaded existing processes, and more recently, the RBC 
Process was used in a de-nitrification application. Unfortunately, 
this very large municipal market with federal funds a~d federal 
regulations with so-called "non-restrictive specifications," 
enable some disc manufacturers to take short cuts in design and 
applications. Insufficient in-house testing and the 
inabilities to use the required process disc design parameters 
resulted in many problems. Horror stories of complete failures 
of installations are commonplace. One of the largest installation 
failures included 96 RBC shafts. There are several RBC 
installations that have been and are still being completely 
replaced for the third time. New installation failures are 
being reported daily. The disc competitive situation in the 
municipal marketplace will still result in future horror stories. 
The original purpose of the European RBC objectives are being 
ignored. The RBC originally developed as an inexpensive, 
dependable, operator insensitive waste treatment process, are 
causing consulting engineers to take another look before 
selecting the RBC Process. 

The Bio-Shaft Co. which I founded, has rigidly kept the 
European RBC objectives in mind. Excellent process performance 
without structural disc or shaft problems have been our trademark. 
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However, you can't put bread on the table in the federally funded 
municipal market with this philosophy. The competitive 
situation does not give Tait/Bio-Shafts credit for stating "We 
are the only disc manufacturers not to have a shaft or disc 
failure." 

Looking for a market area where Tait/Bio-Shafts can market 
our dependable RBC product, we went back to the basics. The RBC 
Process was initially developed for the small size installations. 
Many successful small size installations are in operation. 
Pretorius (3) said it quite well: 

"Treatment works for small communities should be 
relatively cheap, reliable, and easy to operate 
and be maintained by unskilled labor, but should 
produce the same high standard of effluent as that 
from a larger well-controlled plant. The rotating 
disc unit (RDU) seems to fulfill these prerequisites." 

The RBC equipment is only a portion of the complete wastewater 
treatmentsystem. Primary treatment, secondary clarifier, 
disinfection and sometimes, tertiary treatment will complete a 
system. While we can have a simple dependable RBC biological 
reactor, all would be for naught if the rest of the wastewater 
treatment system equipment does not support the simple and 
dependable philosophy. We looked for a market that needed a 
wastewater treatment system where dependability, simplicity and 
high performance are the first and foremost objectives. Where 
is there a market that can support the development and expense 
of a disc manufacturer? 

By coincidence, a very large market in need of these features 
exists. The pre-engineered complete wastewater treatment package 
system, more commonly referred to as the commercial market 
requires the RBC Process features. Dependability, simplicity and 
high performance. The required higher effluent quality standards 
and the enforced reporting of all point discharge sources make 
the RBC Process features desirable. In the past, the extended 
air and contact stabilization processes were supplied for these 
commercial applications. With proper, consistent and knowledgable 
operations, the past effluent water quality operators for small 
installations, enforcement of reporting standards and higher water 
quality would appear to see a decreasing use of these processes. 
The need will still exist for the pre-engineered complete 
wastewater treatment package system because of many small low 
applications. 

Tait/Bio-Shafts, Inc. and its sister division, Purestream 
Industries, Inc., combined its expertise to offer the RBC Process 
in a complete pre-engineered wastewater treatment system. Figure 
No. 1 shows the flow scheme which is used for a complete wastewater 
treatment application. As can be seen, the flow scheme is surge 
or flow equalization, primary clarification, RBC reactor, final 
settling and disinfection. Sludge from final settling and 
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primary settling is directed to the aerobic digestor. Figure 
No. 2 is an elevation view with cutaway of the system. Please 
note the surge and aerobic digestor is aerated. Both primary and 
secondary sludge is air lifted to the aerobic digestor. 
Figure 2A is an artist conception of the assembled system. 
Each equipment component of the system is a modular design, 
completely pre-engineered. All of the components selected have 
the same dependable history as the RBC. These components are 
not only dependable, but are operator insensitive, low installed 
and operating costs, with the ability to consistently produce 
high effluent water quality. Figure No. 3 shows the selection 
tables for the 6 ft. 8 inch diameter RBC system. Figure No. 4 
shows selection tables for the 11 ft. diameter RBC system. 
Please note the design flow selections encompass the range of 
7,000 to 250,000 GPD. Other selection tables for various 
system BOD removals are included in Purestream Industries 
brochure TBRI7500. These brochures are available in the 
Exhibitor Hall. We also have available for your review a 
scaled-down model of this complete pre-packaged RBC system. 

The RBC reactor has been conservative sized for the 
commercial market. In the past, commercial applications equip
ment has been sized with a minimal amount of process information. 
Therefore, anticipating the same lack of complete information, 
the RBC has been sized to insure obtaining the required high 
effluent water qualities. Tait/Bio-Shaft used the staged 
wastewater treatment process design for BOD removal. Each stage 
is sized to remove 50% of the BOD level that the individual 
stage sees. A hydraulic loading of 8 GPD per sq. ft. per 
stage can easily accomplish this performance. The use of the 
staging concept will give the consulting engineer another 
valuable tool in which to select the required number of stages 
for a specific design output. 

The use of modular system components can enable the engineer 
or regulatory agencies to substitute or interchange specific system 
components design parameters to meet the individual installation 
requirements. Figure No. 5 shows a basic modular component for 
the primary modular. This includes the surge compartment, 
aerobic digestor, and primary clarification. By enlarging or 
decreasing the length dimension, incremental capacities of each 
individual component can be obtained. 

Figure No. 6 is the RBC reactor tank in a stage configuration. 
Removal of internal baffles and manipulation of the length 
dimension will again produce incremental system capacity 
changes. Figure No. 7 is the final clarification tank with 
chlorine contact compartment. Again, length changes can 
·accommodate various component sizing. 

The use of modular system component techniques enables the 
engineer to use the specific modular component for other process 
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applications. Inserting the RBC reactor component ahead of an 
existing biological process will rough treat an overloaded 
secondary treatment system. In these applications, the bio
reactor modular alone can sufficiently reduce the BOD directed 
to the existing biological process to the point where the overall 
system will be more effective. Inserting the RBC reactor 
component behind an existing secondary treatment system can be 
used to polish or upgrade the overall system treatment 
efficiency. Once again, the modular concept of a bio-reactor 
makes an existing wastewater treatment plant upgrade or overload 
a simple solution. 

Using the biological reactor with a new clarifier can be used 
very advantageously for an industrial pre-treatment installation. 
The treated water will be discharged to a municipal sewer 
system and as mentioned before, substantial savings to the 
industrial user can be experienced. 

Applications for the small community or complete pre
engineered complete wastewater packaged system in effect will 
give this market area all the advantages of a larger built-in
place municipal system. It also has an inherent advantage that 
all components will be supplied by one company. Purestream 
Industries using the Tait/Bio-Shaft Rotating Biological Disc 
is the only company to supply a pre-engineered, complete 
wastewater packaged RBC system in this country. 
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FIGURE 3 

Selection tables for secondary treatment 

' 95.6% Removal 6 Ft.·8 In. Dia. Reactor -- --·---- -- --1 .. ---·--
NO.OF SURGE PRIMARY DIGESTER SECONDARY CCT TOTAL 

--~.:. --;':i;;.---""";'""' . . . -;:; . -· ~'=-·--· VOL(F1) CLAR.VOL VOL HP 

670 140 670 146 3'1• ------· ---- ---- - - ---
~~-- --~!l606 ___ 1 ___ -· ~ 670 160 670 177 3:V• 

_ _!I"~- -~-f'.l.607 __ 1 - - 9<!_0_ ___ 750 180 750 188 3"4 

10,000 PBR 608 1 1,000 835 200 835 208 3'1• ------- --- ---- ·---·--·· --------
12,500 PBR609 1 1,250 ~~- 250 1,160 260 3'1• ------
15,000 PBR6011 1,500 1,250 300 1,250 312 

_!_7,500 PBR6013 _,_,_~--- 1,500 350 1,500 365 4•;, 

20,000 PBR6015 2,000 1,670 
~----

400 1,670 416 4V1 

22,500 PBR6017 ~--i- 1,875 _ 450 1,875 470 4'h 

25,000 PBR6019 2,500 2, 170 500 2,170 521 4'h 

30,000 PBR6023 ~~ 600 2,500 625 

35,000 PBR6027 000 700 3,000 729 8 

40,000 PBR6031 4,000 3,340 800 3,340 835 8 ----
45,000 PBR6017 2 4,500 3,750 900 3,750 940 

50,000 PBR6019 5,000 4,170 1,000 4,170 1,050 8 

60,000 PBR6023 6.000 5,000 1,200 5,000 1,250 

70,000 PBR6027 7,000 5,830 1,400 5,830 1,460 13'12 

80,000 PBR 6031 8,000 6,670 1,600 6,670 1,670 131/2 

91% Removal 6 Ft.·8 In. Dia. Reactor 
NO.OF SURGE PRIMARY DIGESTER SECONDARY CCT TOTAL 

FLOW MODEL REACTORS VOL VOL VOL(F~ CLAR.VOL VOL HP 

7,000 PBR6C5 1 700 670 140 670 146 3'1.J 

8,000 PBR6C6 1 800 670 160 670 177 . 3'1.J 

9,000 PBR6C7 1 900 750 180 750 188 3'h 

10,000 PBR6C8 1 1,000 835 200 835 208 3'h 

12,500 PBR6C9 1 1,250 1,160 250 1,160 260 3'h 

15,000 PBR6C11 , 1,500 1,250 300 1,250 312 3'h 

17,500 PBR6C13 1 1,750 1,500 350 1,500 365 3'h 

20,000 PBR6C15 1 2,000 1,670 400 1,670 416 3"4 

22,500 PBR6C17 1 2,250 1,875 450 1,875 470 3"4 

25,000 PBR6C19 1 2,500 2,170 500 2,170 521 3:V• 

30,000 PBR6C23 1 3,000 2,500 600 2,500 625 3 3/• 

35,000 PBR-6C27 1 3,500 3,000 700 3,000 729 6 

40,000 PBR6C31 1 4,000 3,340 800 3,340 835 6 

45,000 PBR6C35 1 4,500 3,750 900 3,750 940 6'h 

50,000 PBR6C39 1 5,000 4,170 1,000 4,170 1,050 6'h 

60,000 PBR6C23 2 6,000 5,000 1,200 5,000 1,250 6'h 

70,000 PBR6C27 2 7,000 5,630 1,400 5,630 1,460 9'h 

80,000 PBR6C31 2 8,000 6,670 1,600 6,670 1,670 9'h ./ 
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FIGURE 4 

Selection tables for secondary treatment 
/ 

95.6% Removal 
-· ----

NO.OF SURGE PRIMARY 
FLOW MODEL REACTORS VOL VOL. -- f--
25.000 PBR 1107 1 2,500 2,170 

30,000 PBR1108 1 3,000 2,500 

35,000 PBR 11010 1 3,500 3,000 

.co.coo PBR11011 1 4,000 3,340 

45,000 PBR 11012 1 4,500 3,750 

50,000 PBR 11014 1 5,000 4,170 

60,000 PBR 11017 1 G,000 5,000 

70,000 PBR 11020 1 7,000 5,630 

60,000 PBR11022 1 8,000 6,670 

90,000 PBR 11025 1 9,000 7,500 

100,000 PBR 11028 1 10,000 8,340 

125,000 PBR 11036 1 12,500 10,845 

150,000 PBR 11022 2 15,000 12,500 

175,000 PBR 11024 2 17,500 15,000 

200,000 PBR 11028 2 20,000 16,700 

225,000 PBR 11032 2 22,500 38,333 

'" 250,000 PBR11036 2 25,000 41,666 

91% Removal 
NO.OF CURQE PRIMARY 

FLOW llODEL REACTORS VOL VOL 

25,000 PBR 11C7 1 2,500 2,170 

30,000 PBR 11C8 1 3,000 2,500 

35,000 PBR11C10 1 3,500 3,000 

40,000 PBR11C11 1 4,000 3,340 

45,000 PBR 11C12 1 4,500 3,750 

50,000 PBR11C14 1 5,000 4,170 

60,000 PBR 11C17 1 6,000 5,000 

70,000 PBR11C20 1 7,000 5,630 

60,000 PBR 11C22 1 8,000 6,670 

90,000 PBR 11C25 1 9,000 7,500 

100,000 PBR 11C28 1 10,000 8,340 

125,000 PBR11C36 1 12,500 10,845 

150,000 PBR11C43 1 15,000 12,500 

175,000 PBR11C50 1 17,500 15,000 

200,000 PBR11C28 2 20,000 16,700 
225,000 PBR 11C32 2 22,500 38,333 

'- 250,000 PBR11C38 2 25,000 41,666 

' 11 Ft. Dia. Reactor 
DIGESTER SECONDARY CCT TOTAL 

VOL(F? CLAR.VOL. VOL. HP 

500 2,170 521 3"" 
600 2,500 625 3"" 
700 3,000 729 5"" 
800 3,340 835 6 

900 3,750 940 6YI 

1,000 4,170 1,050 6YI 

1,200 5,000 1,250 6YI 

1,400 5,630 1,460 6Yz 

1,600 6,670 1,670 9 

1,800 7,500 1,860 9 

2,000 8,340 2,090 9 

2,500 10,845 2,605 9 

3,000 12,500 3,125 10YI 

3,500 15,000 3,650 13 

4,000 16,700 4,170 13 

4,500 38,333 4,690 18 

5,000 41,666 5,210 16 , 

11 Ft. Dia. Reactor 
DIGESTER SECONDARY CCT TOTAL 
VOLIF? CLAR.VOL. VOL HP 

500 2,170 521 3.,,. 

800 2,500 625 3.,,. 

700 3,000 729 5'1/o 

800 3,340 835 5'1/o 

900 3,750 940 5,,,, 

1,000 4,170 1,050 6 

1,200 5,000 1,250 6Yz 

1,400 5,630 1,460 6Yz 

1,600 6,670 1,670 9 

1,800 7,500 1,860 9 . 
2,000 8,340 2,090 9 

2,500 10,845 2,605 9 

3,000 12,500 3,125 9 

3,500 15,000 3,850 12 

4,000 16,700 4,170 13 

4,500 38,333 4,690 18 

5,000 41,666 5,210 16 ,I 
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Abstract 

PART IV: BIOKINETIC STUDIES 

DYNAMICS OF MICROBIAL FILM rROCESSES 

by 

W. G. Characklis 
Professor of Civil Engineering 

M. G. Trulear 
Department of Civil Engineering 

School of Engineering 
Montana State University 
BOzeman, Montana, U.S.A •.. 

Microbial film formation at a surface is the net result of several 
physical, chemical and microbial processes including the following: 

1. Transport of dissolved and particulate matter from the 
bulk fluid to the surface. 

2. Firm microbial cell attachment to the surface. 
3. Microbial transformations (growth, reproduction, etc.) at 

the surface resulting in production of organic matter. 
4. Partial detachment of the deposit due primarily to 

fluid shear stress. 

The properties and structure of the resulting biofilm accumulation 
reflect the relative rates of the above processes and influence the 
observed rate coefficients (e.g., coefficients for attachment rate and 
microbial substrate removal rate) and transport coefficients (e.g., 
diffusion coefficient, thermal conductivity and viscosity of biofilms). 
The transport coefficients are useful in analyzing the effects of biofilm 
development on fluid frictional resistance and heat transfer resistance. 

This paper presents a framework for analyzing the interrelated proc
esses contributing to biofouling. Available rate and composition data are 
presented so that the relative process rates can be compared. 
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INTRODUCTION 

Bacteria stick firmly, and often with specificity, to almost any 

surface submerged in an aqueous environment. The bacteria attach by 

means of a matrix of polymers, primarily polysaccharides, that extend 

from the cell surface and form a mass of tangled fibers, termed a 

3 glycocalyx. The adhesion mediated by the glycocalyx determines parti-

cular locations of bacteria in many aquatic environments. The cells grow 

and reporduce at the surface increasing the mass of cells and their asso-

ciated material, i.e., the biofilm. 

Biofilm processes may be beneficial as exemplified by fixed-film 

wastewater treatment processes (e.g., trickling filters and rotating bio-

logical contactors). In addition, biofilms frequently play a major role 

in stream purification processes. In fact, microbial activity in natural 

waters is concentrated at the interfaces. 3612913 However, biofilms 

can be quite troublesome in certain engineering systems. For example, 

biofilms in water conduits can cause energy losses resulting from in-

creased fluid frictional resistance and increased heat transfer resis-

tance. Table 1 lists the effects and relevance of biofilm processes 

to various sectors of our society. 

Prior research from our group has been directed to problems of 

fouling (primarily sponsored by NSF and Electric Power Research Insti-

tute). Fouling refers to the formation of inorganic and/or organic de-

posits on surfaces. In cooling systems, these deposits form on conden-

ser tube walls increasing fluid frictional resistance and heat trans-

fer resistance. Four types of fouling, alone or in combination, may 

occur: 

1. crystalline fouling caused by precipitation of Caco
3

, 
CaSOy or silicates 
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2. corrosion fouling resulting from formation of insula
ting layers of metal oxides on the tubes 

3. fouling due to adherence of particulate matter on 
tube surf aces 

4. biofouling resulting from attachment and growth of 
microorganisms. 

Our work has been concerned with biofouling. 

The most common method for controlling fouling biofilm development 

and maintaining heat exchange performance is periodic chlorination. 

Chlorine, added to cooling water, serves either to kill the microor-

ganisms or to hydrolyze the extracellular polymers which hold the bio-

film together. The chlorine dosage and application schedule is typi-

cally determined by (1) observation of condenser performance as indica-

ted by plant steam back-pressure, or (2) operator experience. 

Recently, concern over residual toxicity from hypochlorous acid 

or its reaction products has resulted in federal regulations which limit 

the allowable concentrations of free available chlorine in cooling water 

discharges. At the present time, there is no sound basis for assessing 

the impact of the regulations. Our previous investigations stemmed 

from the apparent need for a better basic understanding of biofilm de-

velopment and biofilm destruction so that the impact of these new regu-

lations on power generation could be evaluated. 

The nature of the problem and the widespread concern regarding 

biofilm processes (evidenced in Table 1) led us to more fundamental 

studies in the dynamics of biofilm processes and its relevance in areas 

besides biofouling. Results of these and other studies are described 

in succeeding sections of this document. We propose to extend the work 

by further study of the fundam~ntal processes which contribute to bio-

film formation and destruction including the following: 
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Table 1. Effect and relevance of biofilms on various rate processes. 

Effects 

Heat transfer reduction 

Increase in fluid fric
tional resistance 

Mass transfer and 
chemical transformations 

Specific Process 

Biof ilrn formation on condenser tubes 
and cooling tower fill material. 
Energy losses. 

Biofilrn formation in water and sewage 
conduits as well as condenser and heat 
exchange tubes. Causes increased power 
consumption for pumped systems or 
reduced capacity in gravity systems. 

Biofilm formation on ship hulls. Causes 
increase in fuel consumption. 

Accelerated corrosion due to processes 
in the lower layers of the biof ilm. 
Material deterioration in metal conden
ser tubes, sewage conduits, and cooling 
tower fill material. 

Biofilm formation on remote sensors, sub
marine periscopes, sight glasses, etc. 
Reduces effectiveness. 

Detachment of microorganisms from bio
films in cooling towers. Releases patho
genic organisms (e.g., Legionella) in 
aerosols. 

Biofilm formation and detachment in 
drinking water distribution systems. 
Changes water quality in distribution 
system. 

Biofilm formation on teeth. Dental 
plaque and cavities. 

Attachment of bacteria to animal cells. 
Diseases of lungs, intestines, and 
urinary tract. 

Concerns 

Power industry 
Chemical process industry 
U.S. Navy 
Solar energy systems 

Municipal water supply and sewage 
collection 

Power industry 
Chemical process industry 
Solar energy systems 

U.S. Navy 
Shipping industry 

Power industry 
U.S. Navy 
Municipal water supply and sewage 
collection 

C~emical process industry 

U.S. Navy 
Water quality data collection 

Public heal th 

Water supply industry 
Public health 

Dental health 

Human health 
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Table 1. (continued) 

Effects Specific Process Concerns 

Extraction of and oxidation of organic Wastewater treatment 
and inorganic compounds from water and Water treatment 
wastewater. Reduction in "pollutant" Stream analysis 
load. For example, rotating biological 
contacters, biologically-aided carbon 
adsorption, and benthal stream activity. 

Biofilm formation in industrial produc- Pulp and paper industry 
tion processes. Reduced product quality. 

Immobilized microorganisms or community Chemical process industry 
of microorganisms for conducting specific 
chemical transformations. 



l. transport rate of microbial cells from the bulk liquid to 
the surface. 

2. interfacial phenomena resulting in adsorption/attachment 
of microbial cells to the surface. 

3. reactions within the biofilm which increase the mass of 
the accumulation (e.g., microbial growth, exopolysaccha
ride production). 

4. strength of the biofilm deposit as related to partial bio
film removal in a fluid shear field. 

PROCESS ANALYSIS 

Process analysis refers to the application of scientific methods to 

the recognition and definition of problems and the development of procedures 

for their solution. This generally requires 1) mathematical specification 

of the problem for the given physical situation, 2) development of a mathe-. 

matical model, and 3) synthesis and systematic presentation of results to 

ensure full understanding. The process denotes an actual series of opera-

tions or treatment of materials as contrasted with the model, which is a 

mathematical description of the process (1). 

Fundamentals (after Churchill (2)) 

The fundamental relationships which underlie process analysis are the 

equations for conservation of mass, momentum and energy which are a result 

of the laws of thermodynamics and Newton's laws of motion. The conserva-

tion equations are generally expressed in terms of intensive factors 

(independent of system mass) such as composition, velocity and temperature. 

The conservation equations also introduce physical properties such as 

thermodynamic properties, stoichiometric coefficients, transport rates 

and chemical reaction rates. 

The thermodynamic properties, such as density, heat capacity and 

chemical equilibrium constants can be estimated with reasonable confidence 
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from mechanistic models and can be measured with reasonable accuracy. The 

transport coefficients, such as viscosity, thermal conductivity and diffu

sivity, and the chemical reaction rate coefficients can rarely be predicted 

and are difficult to measure. Even the definition of these latter quan

tities is somewhat arbitrary. 

The physical, chemical and biological transformations of interest in 

biofouling are completed in a certain period of time. With respect to 

biofouling, a specified change may signal the shutdown of operations and 

the beginning of cleaning operations. The time required for this specified 

change is inversely proportional to the rate at which the process occurs. 

Thus, rate is the most important quantity in process analysis. 

The equations for conservation of mass, energy, momentum and 

chemical species equate the rate of accumulation to the net rate of input 

by flow and the net rate of input by various rate processes such as chemi-

cal reaction, diffusion, radiation, convection and viscous dissipation. 

The process rates are fundamental quantities in that they can be generalized 

and correlated simply with factors such as temperature, pressure, com

position, velocity and diameter which describe the environment. The 

rate of accumulation and the net rate of input by flow are herein called 

rates of change. These rates of change are observed or measured quantities 

which may be the result of several process rates. They cannot be correlated 

simply or generalized. It is essential that rates of change not be con

fused with process rates (Fig. 1). 

The procedures involved in process analysis are: 1) the mathematical 

description of the rate of change, i.e., the rate of accumulation in batch 

operations and the net rate of input by flow in continuous operations, 

2) the experimental measurement of the rate of change and the determination 
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RATE PROCESS ANALYSIS 

Volumetric 
Flow rate Q 
Inlet 
Concentration C0 

Q 
c 

Reaction _ k C 
Rate - · 

MATERIAL BALANCE ON COMPONENT C 

d(vc) 
dt = 

Rate of Net Rate of 
Accumulation Input by Flow "" / RATES OF CHANGE 

Figure 1 

k.C 

Output by 
Reaction 

PROCESS RATE 

PROCESS RATES can be correlated with temperature, 
composition and geometry 
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of process rate from the experimental measurements, 3) the correlation and 

generalization of the process data, and 4) the use of the rate data in process 

calculations, including conditions outside the range of the experimental 

conditions. 

Introduction to Microbial Fouling Processes 

Microbial fouling is the net result of several physical, chemical 

and biological processes including the following: 

o organic adsorption at the wetted surface 

o transport of the microorganisms to the wetted surf ace 

o microorganism attachment to the surface 

o metabolism and growth of attached microorganisms 

o detachment or reentrainment of biofilm by fluid shear stress 

Organic adsorption. Microorganisms select their habitats on the 

basis of many factors, including the nature of the wetted surface (material 

of construction and surface roughness). 

Figure 2 illustrates an initially "clean" surface exposed to turbulent 

flow of a fluid containing dispersed microorganisms, nutrients, ·and organic 

macromolecules. Adsorption of an organic monolayer occurs within minutes 

of exposure as shown in Fig. 3. Investigations have shown that materials 

with diverse surface properties (e.g., wettability, surface tension, elec

trophoretic mobility) are rapidly conditioned by adsorbing organics when 

exposed to natural waters with low organic concentrations. 

Transport of microbial particles to the surface. Figure 4 indicates 

the physical transport of bacterial particles from the bulk fluid to the 

surface covered by an organic film. Within a turbulent flow regime, par

ticles suspended within the fluid are transported to the solid surface 

by two mechanisms: molecular diffusion and turbulent eddy transport. 

Theory indicates that the flux of particles to the surface increases with 
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increasing fluid velocity and particle concentration. However, particle 

flux is also strongly dependent on the physical properties of the particles 

(e.g., size, shape, density) and may be influenced by other hydrodynamic 

processes near the attachment surface. 

Microorganism attachment to the surface. Research suggests the 

existence of a two-stage attachment process: reversible adhesion followed 

by an irreversible attachment. Reversible attachment refers to an initially 

weak adhesion of a bacterium to a surface. Organisms still exhibit Brownian 

motion and are readily removed by mild rinsing. Conversely, irreversible 

attachment is usually aided by the production of extracellular polymers 

and attached cells can not be removed easily. 

Many microbial cell attachment studies have been conducted at rela

tively low fluid shear rates or under quiescent conditions. Rates of 

accumulation determined from these studies are potentially mass transfer

limi ted and may not be applicable to condenser biofouling where fluid 

shear rates are quite high (equivalent to average fluid velocities of 

6 ft/sec in a 3/4' I.D. tube). 

Metabolism and growth of attached microorganisms. Attached and dispersed 

microorganisms assimilate nutrients, synthesize new biomass and produce 

extracellular polymers. Biomass production on the surface is the net 

result of cell division and extracellular product formation, as shown in 

Fig. 5. 

Biofilm growth has been described by a wide variety of rate expressions 

whose rate constants are functions of pH, temperature, limiting nutrient 

concentration, nutrient type, terminal electron acceptor, and organism 

concentration. 

Postulated rate expressions for nutrient depletion by a fixed biofilm 
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Fig. 5. Continued flux of microbial cells to the surface 
with simultaneous growth processes occurring. 
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Flux, Growth and Shearing 

Fig. 6. Continued flux of microbial cells to the surface and simultaneous 
growth processes opposed by attachment or reentrainment of biomass 
due to fluid shear. 
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BIOFOULING PROCESSES 
Summary diagram of biofouling processes. 
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are numerous, but all agree that nutrient depletion rates are first order 

in biofilm mass for thin films and that diffusion rates in the biofilm can 

often control the overall removal rate of nutrients. 

Reentrainment of biofilm by fluid shear. At any point in the development 

of a biofilm, portions of biofilm peel away from the inert surface and are 

reentrained in the fluid flow (Fig. 6). Reentrainment is a continuous 

process of biofilm removal and is highly dependent on hydrodynamic conditions. 

Sloughing, on the other hand, appears to be a random, massive removal of 

biofilm attributed to oxygen/nutrient depletion deep within biofilms. 

Sloughing is more frequently witnessed with thicker, dense films especially 

in laminar flow. More work is needed to quantify either effect. 

In summary biofouling is the net result of all these processes occur

ring simultaneously (Fig. 7). However, at specific times during biofilm 

development, certain processes may contribute more than others. 

PROPERTIES AND COMPOSITION OF BIOFILMS 

Microorganisms, primarily bacteria, adhere to surfaces ranging from 

the human tooth and intestine to the metal surface of condenser tubes ex

posed to turbulent flow of water. The microorganisms "stick" by means of 

extracellular polymer fibers, fabricated and oriented by the cell, that 

extend from the cell surface to form a tangled matrix termed a "glycocalyx" 

by Costerton et al., (3). The fibers may conserve and concentrate extra

cellular enzymes necessary for preparing substrate molecules for ingestion, 

especially high molecular weight or particulate substrate which is available 

in natural waters. 

The biofilm surface is highly adsorptive, partially due to its poly

electrolyte nature, and can collect significant quantities of silt, clay 

and other detritus in natural waters. 
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Physical, chemical and biological properties of biofilms are dependent 

on the environment to which the attachment surface is exposed. The physical 

and chemical microenvironment combine to select the prevalent microorganisms 

which, in turn, modify the environment of the surface. As colonization 

proceeds and a biofilm develops, the microenvironment is altered and bulk 

biofilm properties change. Biofilm properties and changes that occur during 

biofilm development are critical to determining the effect of biofilms 

on fluid and heat transport in turbulent flow systems but have been largely 

ignored in past studies. 

Physical Properties 

The most fundamental biofilm properties are volume (thickness) and 

mass. In turbulent flow systems, wet biofilm thickness (Th) seldom exceeds 

1000 µm (4). The biofilm mass can be determined from the wet biofilm thick-

ness if the biofilm dry mass density (pTh) is known. pTh reflects the 

attached dry mass per unit wet biofilm volume and measured values in turbu-

3 
lent flow systems range from 10 - 50 mg/cm • pTh increases with increasing 

turbulence (4) and increasing substrate loading (5,4) as indicated in Figs. 

8 and 9. The increase in pTh with increasing turbulence may be caused by 

one of the following phenomena: 

1. selective attachment of only certain microbial species 
from the available population 

2. microorganism response to environmental stress 

3. fluid pressure forces "squeeze" loosely bound water from 
the biofilm. 

The relatively low biofilm mass densities compare well with observed 

water content of biofilm (6,7,8). 

The transport properties of biofilm are of critical importance in 

quantifying effects of biofilms on mass, heat and momentum transfer. 
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Table 2. Experimental diffusion coefficient measurements from the literature 
[9]. 

Diffusivity Dno/DH20 Biomass Growth Refer-
Reactant lo-5cm2s-l x100% Type System Procedure ence 

Oxygen 1.5 70 Bacterial Rotating Reaction (12] 
Slime Tube Products 

Analysis 

Oxygen 0.21 8 Fungal Fluidized Nonlinear (13] 
Slime Reactor Curve Fit 

Zooglea 
ramigera 

Glucose 0.048 8 Zooglea Fluidized Nonlinear (14] 
ramigera Reactor Curve Fit 

Glucose 0.06-0.6 10-100 Mixed Fluidized Two [15] 
Culture Reactor Chamber 

Oxygen 2.2 90 Nitrif ier Fluidized Two [16] 
Ammonia 1.3 80 Culture Reactor Chamber 
Nitrate 1.4 90 

Oxygen* 0.4-2.0 20-100 Mixed Fluidized Two [17] 
Culture Reactor Chamber 

Glucose* 0.06-0.21 10-30 

*Tests conducted under a variety of experimental conditions. 

Table 3. Viscoelastic properties of biofilm developed at 40°C at a fluid 
shear stress of 3.3 Nm-2. Glucose was growth-limiting and was 
applied at 6 .2 mg m-2 min-1 [7]. 

Elastic (storage) Modulus 

Viscous (loss) Modulus 
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Table 4. Thermal conductivity of biofilm and other selected materials -relevant 
to biofouling of heat exchangers. 

Material 

Biof ilm 

Water 

Carbon Steel 

Steel 

Stainless Steel (type 316) 

Aluminum 5052 

Cupronickel 10% 706 

Copper 

Titanium 
(commercial pure) 

Glass 

Thermal 
Conductivity 
(W m-loK-1) 

0.68 ± 0.27 
0.71±0.39 
0.57 ± 0.10 

0.61 
0.62 

51.92 

46.86 

16.30 

138.46 

205.85 

44.71 

384. 

16.44 

0.6-0.9 
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Temperature 

(oC) 

28 .3 ± o. 3 
26.7±0.3 
28.3±0.3 

26.7 
28.3 

.. 
0-100 

18 

0-100 

20 

100 

0-100 

18 

0-100 

Reference 

[6) 

[18) 

[19] 

(20] 

[19) 

[19] 

(20] 

[19] 

[20] 

[19] 

[18] 



Diffusion coefficients for various compounds through microbial aggregates 

have been reported in the literature (9), mostly for floe particles (Table 2). 

Matson and Characklis (9) report variation in the diffusion coefficient for glu

cose and oxygen with growth rate and carbon-to-nitrogen ratio. In biofilms, 

the diffusion coefficient is most probably related to biofilm density. In 

situ rheological measurements indicate that the biofilm is viscoelastic 

with a relatively high viscous modulus as indicated in Table 3 (7). Re-

ported biofilm thermal conductivities are presented in Table 4. As expected 

from reported water content, biofilm thermal conductivity is not sig

nificantly different from water. 

Chemical Properties 

Inorganic composition of biofilms undoubtedly varies with the chemical 

composition of the bulk water and probably affects the physical and biolo

gical structure of the film. Calcium, magnesium and iron affect intermole

cular bonding of biofilm polymers which are partially responsible for the 

structural integrity of the deposit. For example, EDTA is effective, 

although costly, in detaching biofilm (7). In heat exchangers, corrosion 

products and inert suspended solids can adsorb to the biofilm matrix and 

influence its chemical composition. Table 5 reports the range of inorganic 

composition observed in selected biofilms. 

The organic composition of the biofilm is strongly related to the 

energy and carbon sources available for metabolism. Classical papers (10,11) 

have demonstrated the effect of environment and microbial growth rate on 

the composition of the cells and their extracellular products. For example, 

nitrogen limitation can result in production of copious quantities of micro

bial extracellular polysaccharides. Table 6 presents data on the composition 

of biofilrns developed in the field and in the laboratory. In terms of ma-
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Table 5. Chemical properties of biofilms obtained from fouled surfaces 
experiencing excessive frictional losses (after Characklis [8]). 

REFERENCE 

(21] [22] [22] [23] [ 7] 

Water 87 85.6 90 95 96 

Volatile Fraction 2.5 2.7 1. 9 2.4 3.2 

Fixed Fraction 10.5 11. 7 8.1 2.6 0.8 

Si (as percent fixed fraction) 7.0 11.8 12.5 

Fe 18.5 7.9 1.4 

Al 7.5 3.9 

Ca 1.0 5.6 

Mg 2.5 3.2 

Mn 59.5 56.3 4.9 

Table 6. Chemical composition of biofilms obtained in the field and laboratory 
emphasizing the primary constituents (C,N,P). 

% DRY WEIGHT 

Fixed Refer-
Source c N p Solids C/N C/P ence 

Biofilm - 6.4 - 13.8 0.5-3.0 2-27 [24] 
power plant 
condenser 

Biofilm - 42.8 10.0 4.3 [25] 
laboratory 
reactor 

Biofilm - 19.0 9.2 1.8 20 2.1 10.5 [7] 
laboratory 
reactor 

E. coli 50.0 14.0 3.0 3.6 16.7 [26] 
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crornolecular composition, Bryers (27) has measured protein-to-polysaccharide 

mass ratios ranging from 0 to 10 (polysaccharide concentration in terms of 

glucose and protein concentration based on casein) with increasing biofilm 

accumulation. Other chemical analyses of biofilm have been reported by 

Bryers and Characklis (28). 

Biological Properties 

The organisms which colonize the attachment surface will strongly 

influence biofilm development rate and biofilm chemical and physical pro

perties. However, organism-organism and organism-environment interactions 

undoubtedly shift population distributions during biofilm accumulation. 

Several investigators have observed succession during biofouling (29,30). 

The first visible sign of microbial activity on a surface is usually 

small "colonies" of cells distributed randomly on the surface. As biofilm 

development continues, the colonies grow together forming a relatively uni

form biofilm. The viable cell numbers are relatively low in relation to 

the biofilm volume (104 - 108 cm- 3 biofilm) occupying only from 1-10% of 

the biofilm (7). Costerton (31) and Jones et al., (32), present photomicro

graphs which corroborate these data in natural and laboratory systems. 

In many cases, filamentous forms emerge as the biofilm develops further. 

Hyphomicrobium, Sphaerotilus and Beggiatoa are frequently identified. The 

filamentous forms may gain an ecological advantage as the biof ilm develops 

since their cells can extend into the flow to obtain needed nutrients or 

oxygen which may be depleted in the deeper portions. 
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RATE PROCESSES CONTRIBUTING TO BIOFILM DEVELOPMENT 

Transport from the Bulk Fluid to the Wall 

The transport and deposition of entrained particles from a turbulent 

stream onto the walls of a pipe have been investigated by Friedlander and 

Johnstone (33) for large particles (>lµm in diameter) and by Lin (34) for 

small particles (soluble components). Beal (35) has described a unified 

approach to cover a size range including these extremes which agrees reasonably 

well with published data. In microbial fouling, the particles of interest 

range in size from approximately 0.5-20 µm and are "in between" the size 

ranges that have occupied many researchers' interests. Therefore, Beal's 

model will be used for this discussion. 

Beal begins with an equation describing particle flux, N, as follows: 

where N 

D 

D 
e 

N 

-2 -1 
particle flux (L t ) 

( D ) 
dC 

D + 
e dy 

diffusion coefficient (L2t-l) 

eddy diffusion coefficient (L
2
t-

1
) 

C particle number concentration (L-
3

) 

y distance from the wall (L) 

(1) 

The diffusion coefficients for various particles of interest are pre-

sented in Table 7. Eddy diffusion coefficients are dependent on turbulent 

intensity and therefore vary across the pipe section for a given particle. 

Eddy diffusion coefficients are characteristically orders of magnitude 

greater than diffusion coefficients (i.e., D >> D). Beal integrated Eq. (1) 
e 

to obtain N , the flux at the wall: 
w 

N 
w 

KC 
D avg 

(2) 

3$5 



Taole 7 • Calculated diffusion coefficients for particles of interest. 

Molecular Particle 
Weight Diameter 

-1 (g mol ) (µm) 

Tobacco mosaic 31,400,000 
virus 

Myoglobin 17,000 

Glucose 180 

Particle3 10 

5 

3 

3 

1 

0.1 

0.01 

1 Calculated from· Wilke-Chang equation. 
2 Measured Value [ 8 ] 
3 Calculated from Stokes-Einstein equation. 
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Diffusion 
Coefficient x 1010 

2 -1 (cm sec ) 

58.8 1 

5320 1 

97300 1 

67300 2. 

4.3 

8.6 

14.2 

18.5 

42.S 

430 

4300 

Temperature 

(oC) 

20 

20 

25 

20 

20 

20 

30 

20 

20 

20 



where 

v 
r 

K 

p 

Kv P 
r 

K+v~ 

deposition coefficient (Lt-1
) 

radial velocity of the particle (Lt-1
) 

transfer coefficient (Lt-
1

) 

"sticking" efficiency of the particles (dimensionless) 

(3) 

The radial velocity of the particle, v , can be considered the result 
r 

of the following: (1) motility generated by internal energy (e.g., chemo-

tactic response by a bacterial cell), vM, (2) sedimentation, v , (3) Brownian 
s 

motion, vB, and (4) fluid motion, vf. An analysis of the relative contribu-

tion of the components indicates that vB is dominant for particles up to 

about 1 ].lm in turbuient flow. Above 1 µm, fluid motion (in the turbulent 

flow regime) is most important. 

Two simplified forms of Eq. (3) are useful. If K>>pv , the only par
r 

ticle concentration gradient is very close to the wall and 

N = pv C 
w r avg 

(K>>pv ) 
r 

(4) 

If pv >>K, transport through the bulk fluid in the pipe controls wall flux 
r 

and 

N = KC 
w avg (pv >>K) 

r 
(5) 

For microbial fouling, pv >>K, based on calculations assuming the fol
r 

lowing (Table 6): 

particle density 

particle diameter 

avg. fluid flow 
velocity 

3 
1. 07 g/cm 

0.01 - 10 jJm 

= 50-350 cm/sec (in a 1.27 cm ID tube) 

sticking efficiency = 1.0 
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Figure 10 illustrates the effect of fluid velocity and particle diameter 

on K. Bryers (27) results suggest that sticking efficiency is considerably 

less than 1.0 (approximately 0.01) and calculations reported in Fig. 10 

must be used cautiously. 

Accumulation of organic material at the wall in the early stages of bio-

fouling (assuming growth is negligible) is a result of two fluxes: (1) micro-

bial cells and (2) organic macromolecules. So 

where 

where 

(Nw) total 

(N ) 
w 

(N ) 
w x 

(N ) 
w total 

c 
Mavg 

c 
Xavg 

KC 
M Mavg 

-2 -1 
flux of macromolecules (L t ) 

KC 
x xavg 

-2 -1 
flux of microbial cells (L t ) 

KC +KC 
M Mavg X Xavg 

(6) 

(7) 

(8) 

(9) 

-1 
transfer coefficient for macromolecules (Lt ) 

transfer coefficient for microbial cells (Lt-l) 

average macromolecule number concentration in 
-3 

the bulk fluid (L ) 

average microbial cell number concentration in 

the bulk fluid (L- 3 ) 

In calculating flux, the units of measurement become critical in inter-

preting the data with respect to biofouling. Assuming a microbial cell dia-

3 
meter of 3 µm and a cell density of 1.07 g/cm , the mass flux of macromole-

cules and microbial cells are equal when 

KC M 
M Mavg w 
KC 

X Xavg 
-1 

where ~ = molecular weight of macromolecule (gmol ) 

(10) 

An illustrative example is presented in Table 8 which suggests that 

deposition of macromo!ecules is negligible in terms of mass flux. 
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Table 8. A comparison of particle flux and mass flux for a hypothetical water 
source flowing at 150 cm -1 in a circular tube (1.27 I.D.). Macro
molecular particle flux is much greater than microbial particle flux. 
However, the reverse is true for mass flux. 

Carbon Content (%) 

Particle Mass Concentration in 
Bulk Fluid (µg cm-3) 

Molecular Weight (g mol-1) 

Particle Number Concentration in 
Bulk Fluid (cm-3) 

Transfer Coefficient (cm s-1 ) 
(from Table 7) 

Particle Flux (cm-2 s-1) 

Mass Flux (g cm-2 s-1) 

Macromolecule 

40 

2 

50,000 

6 x 1013 

6 x 10-4 

3.6 x 1010 

5 x lo-23 

1Assuming cell diameter 3 µm and cell density 1.07 g/cm3 
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Microbial Cell 
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7 .6 l 

100 
-9 1.5 x 10 



Molecular Fouling 

Figure 2 illustrates an initially "clean" surface exposed to turbulent 

flow of a fluid containing dispersed microorganisms, nutrients, and organic 

macromolecules. Within a short period (minutes) of exposure, adsorption 

of measurable quantities of the organic molecules occurs (Fig. 3). These 

molecules are usually polysaccharides of glycoproteins. Loeb and Neihof 

(37) and DePalma et al. (38) have measured rates of adsorption in sea-

water, and Bryers (27) has observed adsorption in a laboratory system. 

Rates and extent of adsorption of these investigations are presented in 

Table 9. Maximum accumulation from molecular fouling is less than 0.1 µm. 

The rate of molecular fouling is much greater than rates of microbial fouling 

which is generally reported in terms of days or weeks. Consequently, mole-

cular fouling can be considered instantaneous. However, based on "thickness" 

measurements, molecular fouling can have no significant effect on fluid 

flow or heat transfer. Nevertheless, the surface properties resulting 

from adsorption of an organic film may affect the sequence of microbial 

events which follow. 

Costerton et al. (3) have discussed the pronounced specificity of 

some bacteria that attack only a particular animal host tissue and suggest 

that specificity may be explained by the specificity of the host-tissue 

glycocalyx. It remains to be seen whether a surface, wetted by the adsorp-

tion of organic molecules indigenous to that environment, will be initially 

colonized by a specific microbial cell. 

Brash and Samak (39) present experimental evidence that significant 

turnover occurs in molecular fouling films (proteinaceous) on polyethy-

lene. This may be occurring in microbial systems even when relatively 

thick films have developed. 
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Table 9 • Maximum rate and extent of molecular fouling. 

Maximum Maximum 
Maximum Rate Accumulation Accumulation 

(run/min) (run) (µg COD/cm2) Surface Reference 

0.15 - 0.45 30- 80 Pt 1 [37] 

0.004 7.1 Ge 2 

[38] 0.044 77 .3 Ti2 

0.01 5 13.5 5 1.5 glass 3 

[27] 0.22 5 22.5 5 2.5 glassi+ 

1Immersed in quiescent Chesapeake Bay water (3-4 ° C) containing 2. 3 mg carbon/l, 
salinity between 9-16 o I oo and pH between 7. 9 - 8. 2 

2 Gulf of Mexico water (22 ° C) flowing past the surface as a fluid shear stress 
of 7.1 N/m2. Salinity was 34 °/oo. Carbon concentration not reported. 

3Medium consisted of a sterile 1:1 w/w of trypticase soy broth - glucose mix
ture (34° C; pH 8). The glass surfaces were immersed in tubes placed in a 
mechanical shaker. Carbon concentration was approximately 80 mg carbon/l. 

!+Medium was effluent (30° C; pH 8) from a chemostat (10-20 mg/l COD, 3 mg/l poly
saccharide) with no primary substrate remaining. Hicroor.ganist:ls were present 
(approximately 106 cells/ml) but no cells attached during the period of in
terest. Fluid shear stress was 3.8 N/m2. 

5Estimated from measurements of chemical oxygen demand (COD) adsorbed per unit 
area. Assumed COD of protein is 0.855 mg COD/mg protein and protein density 
is l.3g protein/cm3. 
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Attachment of Microorganisms 

Previous research (40,41) suggests the existence of a two-stage 

attachment process: (1) reversible adhesion followed by, (2) an irrever-

sible attachment. Reversible attachment refers to an initially weak ad-

hesion of a cell which can still exhibit Brownian motion but is readily 

removed by mild rinsing. Conversely, irreversible attachment is a perma-

nent bonding to the surface, usually aided by the production of extra-

cellular polymers. Cells attached in this way can only be removed by rather 

severe mechanical stress. Marshall (29) and Corpe (42) have implicated 

polysaccharides and glycoproteins in irreversible attachment. 

Most of the research on cell attachment has been conducted at very 

low fluid shear stress or in quiescent conditions. There is yet to be a 

demonstration of reversible adhesion in turbulent flow. 

Fletcher (43) presents an excellent analysis of the rate of attach-

ment of a marine pseudomonad. The model and results are very similar to 

those observed in molecular adsorption from solutions onto surfaces. In 

both cases, the process rate is controlled by the concentration in the 

bulk solution. The Langmuir adsorption isotherm model was used by Fletcher 

and assumes the following: 

1. adsorption is limited to a monocellular layer 

2. adsorbed components are restricted to specific adsorption 
sites 

3. the heat of adsorption is independent of surface coverage. 

Fletcher observed no cell desorption and modified the Langmuir model 

accordingly. 

According to Fletcher's development, the rate of attachment is pro-

portional to the cell concentration in the bulk fluid and the probability 
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of a cell contacting a vacant adsorption site: 

where 

R = k XB (1 - 8) 

R rate of cell attachment 
-2 -1 

(L t ) 

XB = cell number concentration in the bulk fluid (L-
3

) 

(11) 

e fraction of surface covered by cells (dimensionless) 

k rate constant (Lt-
1

) 

The number of cells adsorbed is proportional to the fraction of surface 

covered so: 

where 

x = k'8 
A 

number of cells adsorbed per unit area (L-
2

) 

k' = number of cells required for total coverage (L-
2

) 

Then, by combining Eqs. (11) and (12): 

R 

(12) 

k' can be obtained from "adsorption isotherms" and is reported to be from 

2-3 x 10
7 

cells/cm
2

• k is estimated at 1-8 x 10
5 

cm/min from Fletcher's 

data. 

Fletcher indicates more rapid attachment with log phase cells and 

slower rates with cells from the stationary phase and death phase, respec-

tively. More cells attach at higher temperatures (ranging from 3 - 20°C). 

The nature of the attachment surface is an important factor affecting 

attachment in heat exchangers. Wettability or critical surface tension, 

is the property used most frequently to describe surface characteristics 

in microbial attachment studies (44,45). In seawater, cell attachment 

increases with increasing critical surface tension of the surface (in-

eluding glass, copper, polyethylene, teflon) with the exception of the 

copper surface on which fewer cells attached (44). The copper may inhibit 
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cell attachment by inhibiting a metabolic process necessary for attachment. 

Even so, there are many examples of biofouling on cupronickel condenser 

surfaces (46). 

Microbial Reaction Processes 

Table 10 is a matrix representation of the fundamental microbial 

reaction processes. The rows of the matrix define the stoichiometry of the 

process. For example, the growth process (Row 1) can be represented by 

the following stoichiometric equation where the V's are stoichiometric 

coefficients: 

0 (14) 

The columns of the matrix define the "observed" rate as opposed to the process 

rate. For example, observed substrate removal rate (Col. 1) can be repre-

sented by the sum of process rates as follows: 

(15) 

Thea's are "observed" stoichiometric ratios. Table lO only begins to 

describe the complexity of microbial metabolism. Nevertheless, this amount 

of "structure" is useful in modelling the rate processes affecting biofilm 

development. 

Trulear and Characklis (5) have observed substrate removal rate, q , 
s 

and net biomass production rate, µn, in an experimental biofilm reactor. 

It was convenient to express the substrate removal rate as: 

where qs 

MA 

p 

Th 

A 

specific 

q pATh 
s 

substrate removal 

total biofilm mass (M) 

biofilm density (ML -3) 

biofilm thickness (L) 

wetted surface area (L2) 
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Table 10. A matrix represent~tion for the fundamental microbial rate processes. 

J .----· STOICHIOMETRY 

PROCESS RATE REACTANTS PRODUCTS 

FUNDAMENTAL PROCESS Electron 
Substrate Nutrient Acceptor Biomass Product Hetabolit e 

Process Rate s z e xr xd Pe Pi a 

Growth µ - - - + + (+) + 

Maintenance 

exogenous m - - + + 

endogenous k + - - (+) + - + e 

Product k - - - + + + 
Formation p 

Death 

loss of kd - + 
viability 

lysis ~- (+) - (+) + 

OBSERVED RATE qs qz qe µn qp qa 

q s: specific production or removal rate (t-1) 

µn = net specific growth rate or specific biomass production rate (t-1) 

XT = total biomass concentration (ML-3) 

xd :::: inert solids concentration (ML-3) 

Pe = extracellular microbial product concentration (ML-3) 

Pi = intracellular microbial product concentration (ML-3) 

s = substrate concentration (ML-3) 

z = nutrient concentration (ML -3) 

e = electron acceptor concentration (ML -3) 
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The substrate removal rate, defined in this way, increases in proper-

tion to biofilm thickenss up to a critical thickness beyond which removal 

rate remains constant (Fig. 11). The critical thickness is observed to in-

crease with influent substrate concentration (S.) or, more fundamentally, 
l 

surface loading rate. This behaviqr is confirmed by other investigators 

(47,25,4) and is attributed to nutrient diffusional limitations within 

the biofilm. Once the biofilm thickness exceeds the depth of substrate or 

oxygen penetration into the biofilm (Fig. 12), the removal rate is unaffected 

by further biofilm accumulation. 

Observed substrate removal rate cannot be used to distinguish between 

growth, maintenace, product formation, and death. It seems clear from other 

data (27) that product formation (primarily polysaccharide) is significant 

in the early stages of biofilm formation. Maintenance requirements become 

important as the film gets thicker and substrate does not entirely pene-

trate the biofilm. These other process rates have not been measured and 

are critical for determining stoichiometric coefficients and predicitng 

biofilm development rates. 

The substrate removal rate is also dependent on fluid velocity (Fig. 13). 

At low fluid velocities, a relatively thick mass transfer boundary layer (o) 

can cause a liquid phase diffusional resistance which decreases substrate 

concentration at the liquid-biofilm interface and thereby decreases sub-

strate removal rate (Fig. 14). 

Detachment of Biofilm 

As the biofilm grows thicker, the fluid shear stress at the biofilm 

interface generally increases. Also, as biofilms grow thicker, the poten-

tial for substrate, oxygen or nutrient limitation in the deeper portions 

is great. These limitations may weaken the biofilm matrix and cause de-
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Fig. 11. The influence of biofilm thickness and substrate loading on 
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tachment. Trulear and Characklis (5) report that the biofilm detachment 

rate increases with increasing substrate removal rate, probably because 

thicker biofilms result (Fig. 15). 

Overall Rate of Biofilm Development 

The development of 
,,,,,.. .. .,..· 

a biofilnt is adequately described by a sigmoidal-
/'// 

shaped curve (Fig. 16). The slope of this curve at a particular time is 

the net biofilm "development" rate, R , and is plotted vs time in Fig. 17a 
p 

for two experiments at different substrate loadings (5). The rate increases 

to a maximum value corresponding to the sigmoidal inflection point and 

then decreases to zero. Trulear (48) has measured maximum biofilm develop-

-5 rnent rates during an experiment which range from 8.3 - 66 x 10 mg biofilm 

-2 . -1 -1 cm min for glucose concentrations of 6 and 130 mg 1 , respectively. 

Since the biofilm detachment rate, ~' is proportional to biofilm thick-

ness, a higher detachment rate is observed in the high substrate loading 

experiment (Fig. 17b). Thus, 

(17) 

where µn is the net biomass production rate. At steady state µn = ~ 

since thickness remains constant. 

The effect of fluid velocity on the plateau (or maximum) biofilm 

thickness is illustrated in Fig. 18 for various substrate loadings. An 

increase in fluid velocity increases biofilm detachment rate which minimizes 

the plateau biofilm thickness. However, at low substrate loadings, fluid 

velocity seems to have little effect on the plateau thickness. 

SUMMARY 

Microbial film formation has been discussed in terms of the more 

fundamental physical, chemical and biological processes which contribute 

to the biomass accumulation at a surface. The discussion suggests that 

400 



Biof ilrn 
I.:etachment 

Rate, 

(mg/hr) 

\ 

Biof ilm 
Detachment 

Rate, 

~ 
(mg/hr) 

15 

10 

5 

15 

10 

5 

I 

/ 
/ 

/ 
I 

20 

'/ 
~ 

20 

v= 124 

- --
.,,,,. 

,, -1 
/ v = 96 cm s 

/ 
/ 

40 

Time (hrs) 

60 

v= 124 -1 cm s 

/ 

-- ---
/ 

_.,.- --; :96 cm s-1 
/ 

40 60 ao 100 

Biofilrn Thickness, Th (µm) 

Fig. 15. The influence of biofilm thickness and fluid velocity on biofilm 
detachment rate [5]. 

401 



70 • 
-a • --.- - - -60 -;:i. -...... 
.c 50 / 
e-- / 
' / UI 40 UI 

/ <IJ 
c: /e .>: 30 tl 

·.-! / 
.c ~ e.. 20 
E ~/ 

...-! / ·.-! 

"" 10 .... 
• 

10 20 ., 30 40 50 
Time (hrs) 

Fig. 16. The progression of biofilm development [5]. 

30 
17a 

Net Bio film 
Development 

20 Rate 

~ 

(mg/hr] 10 

30 
Bio film 

Detachment 
Rate 

~ 
20 

(mg/hr) 
10 

17b 

20 

20 

Si 35 mg/l 

40 

Time (hrs) 

7 mg/l 

60 

= 35 mg/l 

S. 7 mg/l 
1 

40 60 

Time (hrs) 
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more attention must be directed at the following topics: 

1. More information is needed on the physical, chemical and 
biological properties and structure of biofilrns as a func
tion of the interfacial environment. 

2. Mathematical models for process rates as a function of bulk 
concentrations, surface characteristics, and biofilm composi
tion are needed to ascertain the rate-controlling process 
in a given environment. 

3. The models must be tested by experiments under controlled 
conditions. 

The results of such programs will lend insight necessary for scientists 

and engineers to design appropriate systems which utilize reactive fixed-

film surfaces. 
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Oxidation of ammonia-nitrogen in rotating biological contactor 
systems can be economically achieved with domestic and industrial 
wastewaters using biofilm growths containing nitrifying bacteria. 
The design of such wastewater nitrification systems is controlled by 
the kinetics of growth of the autotrophic bacteria, Nitrosomonas and 
Nitrobacter, which grow at rates lower than those of heterotrophic 
bacterial populations routinely used in removing carbonaceous organic 
matter. In addition, autotrophic nitrifying populations are sensitive 
to such wastewater characteristics as temperature, pH and dissolved 
oxygen concentration. Therefore, in systems developed to concurrently 
remove carbonaceous organic matter and oxidize ammonia nitrogen, the 
growth characteristics of nitrifying bacteria establish the minimum 
specific growth rate for use in the design of the process system. 

Considerable data and experimental relationships1- 9 are available 
which quantitatively express the effects of wastewater characteristics 
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and process operational parameters on the growth of pure and enriched 
culture suspensions of Nitrosomonas and Nitrobacter. The objective of 
the research herein was therefore to experimentally determine if these 
fundamental relationships for nitrifying bacteria could be applied 
directly to attached films in RBC systems. It was, therefore, necessary 
to develop procedures for evaluating growth rates of nitrifying bacteria 
in mixed heterogenous cultures. Mean solids retention time, a parameter 
routinely utilized in the evaluation of net growth rates in suspended 
growth systems, was utilized to relate RBC reactor performance to the 
growth characteristics of attached biofilms. The primary objective was 
to determine if growth and annnonia removal rates for attached nitrifying 
bacteria could be predicted with relationships established for growth 
rates of nitrifying bacteria in pure and mixed culture suspensions. The 
ultimate objective of the research initiated with this project is to 
determine if these growth rate relationships can be used in design, 
operation and evaluation of RBC systems. 

EXPERIMENTAL PROCEDURES 

Experimental Reactor. A laboratory-scale RBC system was used to 
evaluate the effect of organic loading and mean solids retention time, 
SRT, on nitrification. The continuous-flow RBC reactor used in the study 
is presented schematically in Figure 1. As indicated in Figure 2, mixed 
liquor from the RBC reactor was continuously pumped through a glass-walled 
heat exchanger and discharged to the surface of a filtration sieve 
(U.S. Sieve No. 80; sieve opening= 0.177 mm). Mixed liquor passed 
through the sieve by gravity into the RBC reactor leaving only sloughed 
biomass on the sieve surface. The mixed liquor recycle flow rate was 
maintained at 1 1/min, a rate sufficient to circulate the to~al volume 
of the RBC reactor approximately one time every 6 min. The use of the 
heat exchanger, in conjunction with a reactor cover which minimized heat 
and evaporative losses, was sufficient to maintain mixed liquor tempera
tures between 21 and 25°C. The gravity-flow sieve effectively retained 
sloughed biomass and mixed liquor suspended solids concentrations werro 
maintained within limits typically experienced in full scale systems. 

The physical characteristics of the RBC reactor are indicated in 
Table 1. 

TABLE 1 
Physical Characteristics of Laboratory-scale RBC Reactor 

Characteristic Parameter 

Number of discs 
Disc diameter 
Disc thickness 
Disc spacing 
Disc submergence 
Total wetted area 
Rotational velocity 
Tip velocity 
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Value 

12 
25.4 cm 

0.3 cm 
2.5 cm 
7.6 cm 
1.0 m2 
0.5 rps 

40 cm/s 
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Figure 1. Schematic Diagram of End and Front View of Laboratory
scale RBC Reactor 
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These parameters were held at constant values throughout all experimental 
runs. Disc rotational velocity was set at 0.5 rps to provide an adequate 
supply of dissolved oxygen throughout the experimental study. An examina
tion of gas transfer characteristics of the reactor system indicated that 
the overall oxygen mass transfer coefficient was approximately 1.1 x lo-3 
cm/s (20°C),which resulted in a maximum oxygen transfer rate of 8.7 g o2/d. 

Wastewater Composition. A synthetic wastewater was utilized to 
simulate the soluble portion of a domestic wastewater. The synthetic 
wastewater was introduced into the reactor in three separate flows, i.e. 
an inorganic substrate flow, an organic substrate flow and a dilution 
water flow. The inorganic and organic substrates were each applied at a 
rate of 5 ml/min, while dilution water was applied at 40 ml/min for a 
total flow of 50 ml/min and a hydraulic retention time of 2.0 hr. The 
composition of the inorganic and organic substrates is presented in 
Table 2. The COD concentration of the composite influent wastewater was 

TABLE 2 
Composition of Synthetic Wastewater 

Inorganic Substrate Organic Substrate 
Compound Mass Fraction Compound Mass Fraction 

(NH~) 2so4 12.15 Acetic Acid 1. 7 
NH4 1 0.22 Benzoic Acid 1.4 

Butyric Acid 1. 7 

KHzP04 1.12 Citric Acid 4.6 
K2HP04 2.87 Formic Acid 3.2 
Na2HPO . 7H2o 4.40 Lactic Acid 3.2 

Propionic Acid 1.8 

CaC1 2 0.66 Valerie Acid 1. 7 
Mg SO 0.66 
NaHC~3 22.15 Arabinose 10.3 
Na2co3 27.95 Galactose 10.3 
Na2so4 26.37 Sucrose 26.0 

Xylose 10.3 

MnS04 • H2o 0.07 
ZnC1 2 0.13 Phenol 0.2 
Cuso4 • 5H20 0.04 
CoC12 • 6Hz0 0.05 Humics (Tea) 22.6 
Na2B4o7 

. lOH20 1.16 

(FeC13 
. 6H20) (1.0) 

varied from 49 to 190 mg/l while influent annnonia concentrations ranged 
from 15.6 to 20.5 mg NH4+-N/i. The COD/N ratio of the influent wastewater, 
therefore, ranged from 2.5 to 10.5. Phosphorus and other essential 
nutrients were provided in sufficient quantities so as to not limit the 
growth of attached microbial populations. 
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Operation of RBC Reactor. A primary objective of the study was to 
determine if classical data1- 9 for nitrification growth and substrate 
removal rates could be applied to attached films in RBC reactor systems. 
To examine net microbial growth rates in the RBC system, mean solids 
retention time, SRT, values were controlled during a series of eight 
experimental runs operated over a range of organic loading rates. Since 
only organic loading rates were varied and nitrification growth rates 
were to be examined, an experimental technique was developed to simul
taneously control and monitor attached film growth rates. Several pro
cedures were used to routinely monitor the rate of accumulation of (1) 
sloughed biomass and (2) attached biomass. 

Biomass which sloughed periodically from disc surfaces was collected 
and monitored daily as mixed liquor suspended solids and effluent sus
pended solids. Mixed liquor suspended solids were those collected on a 
sieve in the recycle system and those actually in suspension within the 
RBC reactor. Effluent suspended solids were collected with an effluent 
composite sampling system. 

In addition to natural sloughing of attached biomass, a portion of 
the biomass attached to disc surf aces was mechanically removed on a 
regular basis to more effectively control SRT values for the attached 
biof ilm. The twelve discs in the experimental reactor were subdivided 
into 4 groups of 3 discs each, with disc sides numbered from 1 to 6. 
The biomass attached to similarly numbered disc sides (i.e., one side 
of each of four discs) was mechanically removed at intervals of 6, 12 or 
18 days. All disc surfaces were sequentially scraped one time every 
6, 12 or 18 days. For example, at a scraping interval of 6 days, all bio
mass on disc sides numbered 1 was removed on day 1, all biomass on disc 
sides numbered 2 was removed on day 2 and so forth until all sides had 
been scraped once in a 6 day period. The mass quantity of biomass removed 
from each disc was monitored every 1, 2 or 3 days, i.e. for scraping 
intervals of 6, 12 or 18 days, respectively. The scraping of biomass 
was continued until a steady state response was achieved for each reactor. 

The controlled scraping and recovery of attached biomass, and sub
sequent analysis of biomass contained in the mixed liquor and effluent, 
provided sufficient data for determination of the net rate at which 
biomass accumulated in the RBC system. To calculate SRT values for the 
RBC system, a measure of the total quantity of attached biomass was 
required. Periodically, the total quantity of attached biomass was 
estimated through removal of a fixed portion of biomass from each of the 
6 disc sides in a single set of discs. Experimental data collected in 
this manner indicated that attached biomass was linearly distributed as 
a function of time of biomass accumulation. Therefore, controlled 
scraping of disc surfaces and recovery of all biomass naturally sloughed 
within the RBC reactor allowed for the examination of biomass growth 
rates as measured with SRT values. Further details of the scraping 
procedures and biomass monitoring techniques are presented by Cruzll 
and Ponel 2 • 
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Analytical Procedures. Analytical methods and procedures presented 
in Standard Methods13 were followed in the analysis of wastewater and 
biomass properties. A micro-COD11 - 13 procedure was used to monitor 
all effluent COD concentrations. The coefficient of variation for 
replicate effluent samples containing 10 to 50 mg COD/~ was 2 to 5%, 
indicating excellent analytical precision. Ammonia nitrogen was 
determined using an ammonia specific-ion electrode (Orion Research, 
Cambridge, MA) and a standard addition technique. 11 •12 Nitrite-
and nitrate-nitrogen concentrations were determined with diazotization 
and chromotrophic acid procedures, 13 respectively. Total kjeldahl 
nitrogen of biomass solids and filtered effluent samples was determined 
with an automated method (Industrial Method 28-69A, Technicon Corp., 
New York). Suspended solids measurements for mixed liquor, effluent 
and attached biofilm samples were determined with Gooch crucibles 
containing glass fiber filter mats. 13 

RESULTS 

A total of nine experimental runs were performed sequentially in 
three phases over a period of 11 months. Phase A included four runs 
in which the effect of attached biof ilm SRT on nitrification efficiency 
was examined. Organic and nitrogen loading

2
rates were maintained at 

relatively constant values of 4-4.6 g COD/m • d (0.82-0.94 lb COD/ 
1000 ft2 • d) and 1.11-1.45 g N/m2 • d (0.23-0.3 lb N/1000 ft2 • d), 
respectively. 

Phase B included one experimental run in which the effect of 
hydrolysis of organically-bound nitrogen was examined. Glycine was 
the sole source of nitrogen during this run and was supplied at a rate 
of 1.62 g N/m2 • d (0.33 lb N/1000 ft2 • d). Organic loading for this 
run was increased to 5.9 g COD/m2 • d (1.21 lb COD/1000 ft 2 • d) as a 
result of the use of glycine as a nitrogen source. 

Four experimental runs were included in Phase C to examine the 
effect of increased organic loading on nitrification efficiency. 

2 Organic loading was sequent~ally increased from 6.4 to 13.7 g COD/m • d) 
(1.31 to 2.8 lb COD/1000 ft • d) while nitrogen loading rates remained 
at 1.3 to 1.44 g N/m2 • d (0.26 to 0.29 lb N/1000 ft 2 • d). Experi
mental conditions for the nine experimental runs are summarized in 
Table 3. 

SRT Values. The calculation of SRT was accomplished using values 
for total attached and suspended biomass in the RBC system, ~· and the 
average rate of accumulation (i.e. wastage) of biomass, r , in the 
reactor system. SRT was then calculated using Equation l~ 

SRT = 
r w 

(1) 

The rate of wastage of biomass, r , was equal to the summation of the 
rate of accumulation of biomass i~ the mixed liquor and rate of discharge 
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TABLE 3 
Experimental Operating Conditions for Phases A, B and C 

Parameter Experimental Run 
Al A2 A3 A4 Bl Cl C2 C3 C4 -- -- -- -- -- -- -

Scraping Interval, d None 6 12 18 18 12 12 12 12 

Influent DO, mg/l 3.1 3.4 2.4 2.6 2.2 2.2 1.5 3.1 3.3 

~ Influent COD, mg/l 49.0 54.0 59.0 62.0 84 90 136 172 190 
I-' 
Cl'\ : 

Influent Nitrogen,* mg/l 19.6 17.5 19.8 15.6 23.1 19.2 20.5 20.2 18 

Hydraulic Retention Time, h 2.1 2.0 2.0 2.0 2.0 2.0 2,0 2.0 2.0 

Hydraulic Loading, gpd/ft 2 
1.67 1.74 1. 79 1.74 1. 72 1. 74 1. 72 1. 72 1. 77 

Organic Loading, lb COD/1000 ft 2•d 0.84 0.82 0.94 0.90 1.21 1.31 1.95 2.46 2.8 

Nitrogen Loading, lb N/1000 ft 2·d 0.27 0.25 0,30 0.23 0.33 0.28 0.29 0.29 0.26 

*Nitrogen as NH4+-N for all runs except Bl which was as Organic-N. 



of biomass in the reactor effluent. The rate of accumulation of mixed 
liquor biomass was equal to that retained on the recirculation sieve 
and that removed directly from the mixed liquor in the reactor. Both 
mixed liquor fractions were removed for analysis on a 1, 2, or 3 day 
cycle, depending on the scraping interval used, and expressed herein as 
average concentrations of mixed liquor suspended solids. 

Measurement of total attached biomass could not routinely be achieved 
without significant disruption of process performance. However, the net 
accumulation of total biomass attached to disc surfaces over 6, 12 and 
18 day scraping intervals was monitored throughout each experimental run 
and these data were used to calculate total system biomass. By periodically 
scraping a portion of the attached biomass from the six disc surfaces 
in a set of four discs, the distribution of attached biomass on disc 
surfaces was established for each run. 

Data presented in Figure 3 indicate the distribution of attached 
biomass solids during experimental runs A4 and Bl. The organic 
loading rates during run Bl were higher than those for A4 and, as 
expected, total attached biomass was higher for run Bl. Further-
more, the data in Figure 3, and those for other runs, indicate that the 
quantity of attached biomass on disc surf aces was a linear function of 
the time of accumulation, i.e. the time since biomass was last scraped 
from a disc surface. The rate of growth of attached biomass was there
fore uniform throughout the reactor system and total quantities of 
attached biomass on disc surfaces varied primarily as a result of disc 
scraping techniques. Furthermore, the quantity of biomass scraped from 
similarly numbered disc surfaces, in accord with the scraping intervals 
used, was indicative of the total quantity of attached biomass on other 
disc surfaces. Total attached biomass, 11.r• was then estimated with solids 
data for biomass scraped from disc surf aces and the associated elapsed 
time intervals for which biomass had accumulated on other disc surfaces 
in the reactor system. 

Average values of the individual suspended and attached solids 
fractions for the eight experimental runs during which controlled 
wastage of attached biomass was practiced are presented in Table 4. 
Mixed liquor suspended solids concentrations (calculated as an average 
value using data for biomass solids collected on the recirculation 
sieve) ranged from 33 to 487 mg/l and were generally consistent with 
values reported by Antonie 10 (i.e. 49 to 275 mg/l). Effluent suspended 
solids concentrations were maintained at low concentrations, i.e. 3.7 
to 9.8 mg/l and reflected the high efficiency with which mixed liquor 

. solids were removed from suspension in the recirculation system. This 
furthermore indicated that the majority of the biological uptake of 
influent carbonaceous and nitrogenous oxygen demand was achieved with 
attached, and not suspended, biomass. 

SRT values for the eight runs varied from 1.3 to 3.6d reflecting 
the rapid growth of the attached biomass. These rapid growth rates 
were dictated by intentional biomass wastage, however, natura], 
sloughing of biomass accounted for a significant portion of overall biomass 
wastage rates, as reflected in the disparity between actual SRT values and 
the scraping intervals of 6, 12 and 18 days. 
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Figure 3. Distribution of Attached Biomass in the RBC System for Experimental 
Runs A4 and Bl 



TABLE 4 
Suspended and Attached Solids and Mean SRT Data 

for the RBC System 
Mean 

Mixed r SRT 
~ 

w 
Liquor Effluent Rate of ~ Suspended Suspended Total RBC Wastage of 

Experimental Solids Solids Biomass Biomass r w 
Run (mg/l) (mg/l) (g) (g/d) (d) 

A2 33 5.2 1.63 1.26 1,.3 

A3 212 4.3 5,64 2.4 2.4 

A4 232 5.0 4.77 1.43 3.3 

Bl 290 9.8 7.23 2.03 3.6 

Cl 198 5.1 3 .04 1.66 1.8 

C2 363 7.3 6.25 3.18 2.0 

C3* 330 3.7 5.27 2.66 2.0 

C4* 487 7.7 7.96 4.04 2.0 

*Calculations are for highly transitory periods 
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Nitrification Efficiency. During experimental phase A, organic and 
nitrogen loading rates were held at constant levels. The average COD/N ratio 
of the influent wastewater was 3.1, indicating a low organic loading rate 
(i.e. influent COD= 49-62 mg/2). SRT was varied from 1.3 to 3.3d for the 
three runs (A2-A4) in which controlled wastage of attached biomass was 
performed. During the first experimental run (Al), an attached biofilm 
was allowed to develop without controlled wastage of attached biomass. While 
it was not measured, the SRT value for this run was much higher than the 
highest value (SRT = 3.3d for A4) achieved during runs with controlled bio
mass wastage. 

Effluent nitrogen data for phase A were presented elsewhere 14 and are 
sununarized in Table 5. Effluent ammonia and nitrate concentrations for runs 
Al, A3 and A4 indicated that nitrification was achieved at the 91 to 99% 
level, i.e. virtually complete nitrification. Nitrification was not achieved 
during run A2, the run with the lowest SRT value (i.e. SRT = 13d), due to the 
washout of nitrifying bacteria from the attached film. 

TABLE 5 
Steady State .Ammonia - Nitrogen Concentrations in Influent and 

Effluent Wastewaters During Phase A 

Influent Effluent 
NH4+-N NH4+-N N03--N NOz--N Percent 

* Run (mg/2) (mg/2) (mg/2) (mg/2) Nitrification 

Al 19.6 0.1 15.8 <0.01 99 
A2 17.5 14.4 0.2 <0.01 1 
A3 19.8 1.0 18.7 0.80 91 
A4 15.6 0.1 14.0 <0.01 99 

* Percent of effluent soluble nitrogen attributable to N03--N 

Since effective nitrification was achieved at low SRT values using 
anunonia as the sole source of nitrogen, an experimental run was performed 
during phase B to examin~ the effect of hydrolysis of organically-bound 
nitrogen on nitrification efficiency. The RBC system was operated during run 
Bl at the same scraping interval as the previous experimental run (A4) to 
minimize the time to achieve steady state conditions. The low SRT value 
associated with this run was used to determine if the rate of hydrolysis of 
organic-nitrogen was a rate-limiting step with respect to nitrification. As 
indicated in Table 6, influent organic-N, i.e. glycine, was hydrolysed and 
liberated ammonia was oxidized at a 93% efficiency level. Hydrolysis of 
organic nitrogen was, therefore, not a rate limiting step, even at a high 
growth rate, i.e. a SRT value of 3.6d. 

Four experimental runs were conducted during phase C to examine the 
effects of increased influent organic matter concentrations on nitrification. 
Influent COD was increased in step intervals, as indicated in Figures 4 and 5, 
from an average COD concentration of 90 mg/2 to 190 mg/2 and approached that 
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Run 

Bl 
Cl 
C2 
C3 
C4 

TABLE 6 
Steady State Ammonia- and Organic-Nitrogen 

Influent and Effluent Wastewaters for 
Influent Effluent 

+ 
~4~ 
(mg/£) 

19.2 
20.5 
20.2 
18 

Org-N 
(mg/£) 

23.1 

+ 
~4~ 
(mg/£) 

0.3 
0.5 
0.1 
0.2 
0.8 

Soluble 
Org-N 
(mg/£) 

0.5 

Concentrations in 
Phases B and C 

N03 -N* 
(mg/£) 

14.8 
16.7 
16.0 
15.9 
12.3*** 

Percent 
Nitrification** 

93 
98 
99 
98 
95 

* N02 -N concentration was less than detectable limit (<0.01 mg N/£) 
** Percent of effluent soluble nitrogen attributable to N03--N 

*** Effluent nitrate-N indicated was not a steady-state value 

equivalent to a low strength domestic wastewater during run C4. Effluent 
annnonia-nitrogen concentrations remained low throughout the four runs as 
indicated in Figures 6 and 7. 

High levels of nitrification were achieved during all runs ranging from 
95 to 98%, as indicated in Table 6. Therefore, organic loading up to 13.7 gCOD/ 
m2 •d (2.8 lb/1000 ft 2 ·d) had no negative impact on nitrifying bacteria in 
attached biofilms. Factors contributing to this favorable response included 
mixed liquor dissolved oxygen concentrations which averaged 5.0mg/£. Mixed 
liquor pH values, in addition, were stable at 7.3 and temperature averaged 23°C. 
R.irther study is required to examine attached film nitrification, especially at 
low mixed liquor dissolved oxygen concentrations. 

Nitrogen Mass Balance. Formation of nitrate-nitrogen by nitrifying 
bacteria may result in denitrification in anoxic portions of an attached bio
film. To determine if denitrification occurred in the RBC system and to 
examine the extent to which nitrogen was removed by inclusion into microbial 
cell mass, a detailed nitrogen balance was conducted for the nine experimental 
runs. 

The mass flows of nitrogen in influent and effluent wastewaters and in 
the biomass removed from mixed liquor and disc surfaces were examined for 
each experimental run and are presented in Table 7. Quantitative data were 
obtained for all nitrogen fractions except the wasted biomass nitrogen for 
run Al. Within the limits of cumulative analytical capabilities, the majority 
of influent nitrogen was detected in the effluent wastewater and wasted biomass. 
For runs A2 through C4, the overall nitrogen balance averaged 103% of influent 
nitrogen. Therefore, no measurable denitrification occurred within the RBC 
system. In addition, wasted biomass nitrogen data indicated that biomass 
nitrogen content varied from 8.7 to 13.5% nitrogen and increased with biomass 
SRT value. 
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TABLE 7 
Nitrogen Balance for RBC System 

INFLUENT NITROGEN* 

+ NH4 -N 
Organic-N 

* EFFLUENT NITROGEN 

+ NH4_-N 
N02_-N 
N03 -N 
Organic-N 

WASTED BIOMASS NITROGEN 

Organic-N 

NITROGEN BALANCE (% of 
influent-N) 

Al 

1.33 
--

0.01 
0 

1.08 
--

* 

--

82 

* Nitrogen expressed as (g-N/m2 ·d) 

A2 --

1.24 
--

0.97 
0 

0.01 
--

0.12 

89 

A3 A4 Bl 

1.45 1.11 --
-- -- 1.62 

0.07 0.01 0.02 
0.06 0 0 
1.35 1.02 1.05 
-- -- 0.06 

0.20 0.19 0.30 

116 110 88 

Cl C2 C3 C4 

1.36 1.44 1.41 1.30 

0.03 0.01 0.02 0.05 
0 0 0 0 

1.25 1.12 1.11 0.88 

0.19 0.39 0.30 0.48 

108 106 101 108 

_) 



Organic Removal Efficiency. The removal of influent COD was excellent 
for all experimental runs as indicated in Figure 8. Effluent organic quality 
improved slightly with increased SRT values, as ex~ected 15 • At organic loading 
rates as high as 13.6 gCOD/m2 ·d (2.8 lbCOD/1000 ft ·d) COD removal efficiency 
was 92% and compared very favorably with pilot-scale systems loaded at similar 
levels10 • 

DISCUSSION 

Examination of SRT values in Table 4 and nitrification data in Tables 5 
and 6 indicated that nitrification efficiency was related to SRT. As presented 
in Figure 9, nitrification did not occur below a SRT value of 1.8 days. However, 
at and above SRT values of 1.8 days, nitrification was virtually complete and 
the data indicated a response typical of the growth of nitrifying bacteria. 
When examining growth relationships for these bacteria, a Monad-like hyper
bolic relationshipl6 is used, i.e. 

A 

µS (2) 
µ = 

Ks + S 

where µ = net specific growth rate constant, µ maximum net specific growth 
rate, S = concentration of limiting substrate and Ks = half-velocity constant. 
Values of Ks for nitrifying bacteria range from 0.18 to 1.0 mg N/2 3 indicating 
that ammonia and nitrite oxidation reactions proceed at maximum rates as near
zero order reactions, at substrate nitrogen concentrations of 1.5 mgN/21- 5 • 
Nitrifying bacteria then typically grow very rapidly at or near critical wash
out growth rates (i.e. µ) while continuing to remove ammonia- and nitrite
nitrogen to sub-mg/£ levelsl-5, 

The response of the attached biof ilms in the experimental RBC system 
was consistent with that of nitrifying bacteria. Washout of nitrifying 
populations from the RBC system occurred abruptly between SRT values of 1.3 
(Run A2) and 1.8 (Run Cl) days. This furthermore indicated that the maximum 
net specific growth rate constant, µ, for the nitrifying population was 
between 0.56 and 0.83 d-1, in accord with the relationship SRT = (l/µ) 15 • 

Of the nitrifying bacteria, Nitrosomonas is the slowest growing 
bacteriuml, 4 ,s and, therefore, the oxidation of ammonia to nitrite is the 
rate-controlling reaction. Examination of reported values of µ forA 
Nitrosomonas, as presented in Table 8, indicated that the range of µ values 
obtained in this experimental study were consistent with pure and mixed 
culture data for Nitrosomonas, i.e. µ = 0.17 - 1.08 d-1 . 

While determining the precise µ value for the nitrifying population in 
the experimental system was not possible, the response of the attached bio
film population was virtually identical with that predicted with data for 
nitrifying bacteria. Therefore, the use of classical nitrification data in 
predicting and modelling the response of RBC systems is justified. This 
conclusion is further substantiated in Figur~ 10, in which experimental 
nitrification data from numerous wastewater treatment studiesl 9 , 2 1-26 are 
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presented with those from this study. The response of the RBC system in 
this study was then consistent with that for numerous wastewater treatment 
studies, providing further justification for the use of classical growth 
and substrate removal relationships1- 9 in the design and evaluation of RBC 
systems. 

TABLE 8 
Values of µ for Nitrosomonas in Pure and Mixed Cultures 

Temperature 
oc 

21 
25 
25 
21 
23 
25 
23 
20 

µ 

d-1 

0.85 
0.88 
0.55 
0.85 
0.37 
0.17 
1.08 
0.94 

Reference 

8 
17 
15 
18 
19 
20 

3 
6 

With regard to modelling RBC systems for concurrent carbonaceous BOD 
removal and nitrification, Mueller et al. 27 presented a comprehensive mathe
matical model of an RBC system. The model was calibrated and verified with 
actual operational data from full-scale systems. A critical component of 
the RBC model was the use of the classical Monod-like growth relationship 16 

to predict growth and substrate removal rates for nitrifyingAbacteria. 
Although the predicted values of the growth rate constants, µ and K8 , for 
nitrifying bacteria were significantly lower than reported values27 , results 
of the study reported herein strongly indicate that such modelling approaches 
should be vigorously pursued. 

SUMMARY AND CONCLUSIONS 

Nitrification can be concurrently achieved with removal of carbonaceous 
organic matter in single-stage RBC systems at high biofilm growth rates. In 
addition, mean solids retention time, SRT, is a critical variable with respect 
to the retention of nitrifying bacteria in attached biofilms. Reported values 
for the growth constants, µ and Ks, can be used to predict critical SRT values 
at which washout of attached nitrifying populations will occur, as well as 
establish effluent ammonia levels from RBC systems. 

The hydrolysis of organically-bound nitrogen, when provided as simple 
amino acids, i.e. glycine, is not a rate limiting reaction and does not 
impede nitrification, even at high biofilm growth rates. Organic loading 
rates up to 13.6 gCOD/m2 ·d did not impede nitrification at attached biofilm 
SRT values slightly higher than those resulting in washout. The continuous 
availability of dissolved oxygen within the RBC system, however, provided 
condtions for near optimal growth of nitrifying bacteria. Further studies 
must be pursued under oxygen limiting conditions to more effectively evaluate 
the use of Monad kinetic relationships16 in the design of RBC systems. The 
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close agreement of the results of this experimental study with kinetic 
data and relationships for Nitrosomonas and Nitrobacter cultures confirmed 
the validity of the use of these relationships in modelling, designing and 
operating RBC systems. 
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The rotating biological contactor is receiving increased interest as a 
biological wastewater treatment process. As a wastewater treatment process, 
the kinetics of the biological population are very important in the design 
and/or operation of the process. While some researchers have speculated 
that the RBC process may possess some of the behavioral traits of both the 
fixed film and suspended culture processes, the majority, if not all, of the 
design methods developed have discounted the effects of the mixed liquor 
suspended solids present in the system. The biofilm concept has been com
monly used for kinetic description of the RBC process. 

Kornegay and Andrews (1) developed a kinetic model to describe fixed 
reactors. In their mass balance they included the suspended solids. How
ever, they made the assumption that RBC would be operating under "wash out" 
conditions and the suspended solids would play no part in substrate removal. 
Therefore, their actual model does not include suspended solids. They also 
found that there was an active film thickness. The substrate utilization 
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reached a steady state value after the biological film reached a thickness 
of 70 µ. Hoehn and Ray (2) fully supported the active film thickness theory, 
however, they found that the active film thickness was 200 µ instead of 70 µ. 

In general, the kinetic models do not take into account the actual bio
mass. They consider the area that the biofilm covers and base their models 
on this area. This study was undertaken to study whether or not the suspend
ed solids play a role in the RBC process. It was also of interest to deter
mine whether or not the consideration of actual biomass would provide a means 
of comparing the RBC process with the activated sludge process. 

MATERIALS AND METHODS 

The model RBC unit used in this study consisted of a plexiglass tank 
divided into four stages with four polyethylene discs in each stage. Each 
disc was approximately 1/8 inch thick and 6 inches in diameter. This result
ed in a total disc surface area of 6.28 square feet or 1.57 square feet per 
stage. The volume of the liquid in the reactor was 5.1 liters. This pro
vided a forty percent submergence of the discs. The hydraulic flow rates to 
the RBC were maintained through the use of a constant head tank which re
ceived a continuous flow of tap water. The flow from the constant head tank 
was regulated by a valve combined with a flow meter on the tank outlet line. 
Water from the constant head tank fed by gravity into a wet well, where it 
was mixed with the concentrated synthetic waste to achieve the desired organ
ic concentration. The synthetic waste was pumped to the wet well using a 
Cole-Parmer Masterflex pump. From the wet well, mixture flowed by gravity 
into the first stage of the RBC. The rotational speed of the discs was 
maintained at 10 rpm. 

The synthetic waste used in this study contained glucose as the sole 
carbon source. All required nutrients were added in excess so that carbon 
was the limiting growth factor. The COD of the influent wastewater was 
maintained at 300 mg/l. 

The RBC was initially seeded with effluent from the primary clarifier 
of the Stillwater, Oklahoma, Wastewater Treatment Plant. The RBC was allowed 
to operate as a batch unit for three days and then operated as a continuous 
flow reactor. The RBC was operated in this manner for two weeks to allow 
the development of a biological growth. Analyses were initiated after two 
weeks. COD and suspended solids were run daily until a steady state condi
tion was established. After steady state had been achieved, samples were 
collected on two consecutive days. These were averaged and recorded as the 
results of that phase of the study. In addition to COD and suspended solids 
measurements, samples were also collected for determining the residual COD 
and for conducting a batch growth study. 

The residual COD determination consisted of taking one liter of the 
RBC effluent and aerating it as a batch reactor for one week. COD analysis 
was conducted at various times to ascertain the residual COD. Batch growth 
studies using a shaker were conducted to determine the maximum specific 
growth rate. 
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Studies were conducted at five different flow rates. These flow rates 
were 36 £/day, 71 £/day, 143 £/day, 178 £/day and 250 £/day. These resulted 
in hydraulic loadings of 1.5 gpd/ft2, 3.0 gpd/ft2, 6.0 gpd/ft2 , 7.5 gpd/ft2 
and 10.5 gpd/ft2. 

RESULTS 

The ~COD remaining at each stage for the five flow rates studied is 
shown in Figure 1. ~COD represents the total amount of organic matter avail
able as substrate to the microorganisms. It is determined by substrating the 
residual COD from the observed COD. Figure 1 shows that the ~COD removed 
by stages follows zero order kinetics for flow rates of 36 £/day 
(1.5 gpd/ft2) and 71 £/day (3.0 gpd/ft2). All other flow rates showed 
kinetics approximating first order. 

Figure 2 shows the mixed liquor suspended solids concentrations ob
tained at each stage for the flow rates studied. The suspended solids in
creased with the first stages and then decreased in the latter stages. Also, 
the suspended solids concentrations decreased as the flow rates increased. 
Suspended solids concentrations of 2000mg/l were reached for flow rates of 
36 and 71 £/day, whereas, a suspended solids concentrations of 820 mg/l was 
the maximum achieved at a flow rate of 250 £/day. 

Figure 3 shows a comparison of the dilution rate and the maximum spe
cific growth rate that was obtained by batch studies. The dilution rate was 
greater than the maximum specific growth rate for all growth rates studied. 
However, the dilution rate and growth rate were close for the 36 £/day and 
71 £/day flow rates. It must be recognized that the batch procedure used 
for obtaining growth rates may not give the true growth rates that are occur
ing in the continuous flow reactor. Therefore, it is possible that the true 
growth rate in the RBC reactor was greater than the dilution rate. If this 
is true, then the suspended solids would be effective in removing substrate 
at these flow rates. Also, it appears that suspended solids are retained in 
each stage rather than being held for only the detention time. This would 
provide a smaller dilution rate for the solids. The retention of solids has 
been observed at low hydraulic loadings for all RBC studies conducted in this 
laboratory. The maximum specific growth rates for the 143 £/day, 178 £/day 
and 250 £/day flow rates were much lower than the dilution rate and the possi
bility that the suspended solids would be effective in removing substrate is 
very small. Therefore, it appears that the suspended solids may remove sub
strate at low dilution rates (high detention times) but not be responsible 
for substrate removal. at higher dilution rates (low detention times). 

Two parameters were used to evaluate the role of the suspended solids. 
These were specific substrate utilization and specific substrate utilization 
rate. 1he specific substrate utilization is given as 

s - s i e 
x m 

(suspended solids not included) 
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or 

where 

s. - s 
i e 

x + x v m s 
(suspended solids included) 

Si = influent COD, mg/9., 

s = effluent ti.COD, mg/£ e 

~ = mass of microrganisms on discs, mg 

x = suspended solids in reactor, mg/9., s 
v = liquid volume of RBC reactor, i 

The specific substrate utilization rate is given as 

(Si - Se) F 

x 
m 

or 

where 
F = flow rate, 9.,/day 

The mass of microorganisms on the rotating discs were calculated by using the 
active film theory. It is evident that an accurate estimate of the amount of 
biological solids present on the discs and actively participating in the sub
strate removal is not, easy to make. The mass of microorganisms was calculat
ed by multiplying th~/ disc surface area times the density of the microorgan
isms, times the active film thickness. The density of the microorganisms 
was taken as 95 mg/cm3 and the active film thickness was taken as 200 µ. As 
mentioned earlier, Kornegay and Andrews (1) reported an active film thickness 
of 70 µ and Hoehn and Ray (2) reported an active film thickness of 200 µ. 
Famularo, Mueller, and Mulligan (3) used their model to calculate an active 
film thickness of 120 µ. This provides a rather large range of active film 
thicknesses to choose from. In the study being reported, an active film 
thickness of 200 µ was selected because this value gave results that appeared 
to be more reasonable than those obtained from other film thickness. The 
biomass per stage would be 

1.57 ft2/stage x 929 cm2/ft2 x 95 mg/cm3 x 0.02 cm 2771 mg/stage 

and the substrate utilization may be calculated for various stages and flow 
rates. 

Specific substrate utilization calculated by using only the active 
film biomass is shown as a function of the effluent ti.COD in Figure 4. It is 
clearly seen that two different relationships exists. One for the 36 9.,/day 
and 71 t/day flow rates and another relationship for the 148 9.,/day, 178 
t/day and 250 t/day flow rates. 

Specific substrate utilization can also be calculated by taking into 
account the suspended solids for the 36 9.,/day and 71 9.,/day flow rates. The 
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suspended solids were not included for the higher flow rates. This relation
ship is shown in Figure 5. It is seen that all data fit one curve. This is 
in contrast to Figure 4 in which there are two different curves. 

Another parameter that is often used to describe activated sludge is 
the specific substrate utilization rate. This parameter includes the hy
draulic flow rate. Figure 6 shows the relationship between the specific 
substrate utilization rate (active biofilm solids only) and the effluent 
6COD. The data fits one cur·ve with the relationship 

39 s 
e 

-232 + s 
e 

When the suspended solids are included with the 36 i/day and 71 i/day flow 
rates, a straight line relationship is obtained (Figure 7). The mathematical 
relationship is 

(S. - S ) F 
l. e 

x + x v m s 
= 0.13 s e 

Regression analyses were conducted with the data presented in Figures 6 and 7 
and these relationships gave the best fit. The correlation coefficient for 
the data presented in Figure 6 was 0.93 and the correlation coefficient for 
the data presented in Figure 7 was 0.95. 

The food to microorganism ratio has been used to evaluate activated 
sludge processes for a number of years with much success. Bentley and 
Kincannon (4) have also used the food to microorganism ratio to evaluate 
biological towers. This ratio can also be used to evaluate the performance 
of an RBC. The active film biomass and suspended solids at flow rates of 
36 £/day and 71 £/day were used to calculate the food to microorganism ratio. 
Figure 8 shows the treatment efficiency obtained at various ratios. This 
Figure also suggests that the suspended solids should be considered as part 
of the active biomass at higher detention times. It is also seen that re
moval rates greater than 95 percent were achieved at food to microorganism 
ratios below 1.0. 

Figure 9 shows the treatment efficiencies obtained for various hydrau
lic detention times. The only flow rates that produced detention times 
capable of achieving treatment efficiencies of 95 percent or greater were 
36 £/day and 71 i/day. These flow rates gave a hydraulic loading of 1.5 
gpd/ft2 and 3.0 gpd/ft2 • 

DISCUSSION 

The results of this study show that there are conditions where the 
suspended solids are active in removing substrate in an RBC. The general 
concept is that the suspended solids are washed out of the reactor and are 
not active in substrate removal. This certainly is the case when the dilu
tion rate exceeds the maximum specific growth rate. However at low hydraulic 
loadings, the dilution rate may be less than the maximum specific growth rate. 
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Under these conditions, the suspended biological solids would be active in 
utilizing substrate. It appears that this is what happened in this study. 
At hydraulic loadings of 1.5 and 3.0 gpd/ft2, the batch growth studies gave 
maximum specific growth rates close to the dilution rates. Higher hydraulic 
loadings resulted in the dilution rate being much greater than the maximum 
specific growth rate. 

After making the assumption that the biological suspended solids were 
only active in substrate removal at hydraulic loadings of 1.5 and 3.0 gpd/ft2, 
comparisons were made between parameters using suspended solids and those not 
using suspended solids. A single relationship between specific substrate 
utilization and effluent ~COD was obtained only when the suspended solids 
were included in calculating the specific substrate utilization. 

A Monad like relationship between the specific substrate utilization 
rate and effluent ~COD was observed when the suspended solids were not in
cluded. However, a first order relationship was observed when the suspended 
solids were included. 

These two comparisons show that the suspended solids do exert an effect 
on the kinetics of the RBC process. This is especially true at low effluent 
substrate requirements. The normal way to achieve a low effluent substrate 
is by using a low hydraulic loading. This produces a detention that allows 
the suspended solids to not "wash out". This then allows the suspended 
solids to be active in removing substrate. Since present design models do 
not consider suspended solids, most designs have a built-in safety factor. 
This may be an advantage of not considering suspended solids when designing 
an RBC process. However, suspended solids consideration could provide a 
more economical design. 

It was also an interest of this study to determine whether or not 
parameters using biomass could be used to describe the RBC process. Such 
parameters would allow a more direct comparison between the RBC process and 
the activated sludge process. It was found that food to microorganism ratios 
could be calculated using an active biomass and suspended solids that compare 
well with food to microorganism ratios calculated for activated sludge. RBC 
food to microorganism ratios of one or less gave treatment efficiencies of 
95 percent or better. 

A reaction rate constant that compares with Eckenfelder's activated 
sludge reaction rate constant was also determined in this study. Figure 7 
shows this relationship. The slope of the straight lines is 0.13 l/mg/i-day. 
This reaction rate compares well with Eckenfelder's constant that has been 
reported for easily biodegraded organic wastewaters. 

This study has shown that suspended solids can play an important role 
in the kinetics of RBCs and that they should not be completely disregarded. 
The actual importance of the suspended solids depends upon a particular 
situation. 
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INTRODUCTION 

Background 
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The Rotating Biological Contactor (RBC) has been employed for 
biological treatment of municipal and industrial wastewater for several 
years. The process has been shown to be efficient and cost effective 
in various types of applications. Traditionally, the design of RBC 
systems has been based primarily on empirical relationships and design 
curves developed from pilot plant studies. This empirical design 
approach has ignored the basic concepts of biological substrate 
removal kinetics. Although several recent investigations have 
developed various models to describi the performance of the RBC process, 
there is limited data available describing the kinetic constants 
associated with substrate removal. Also, there is very little 
available information concerning the effect of temperature on the 
kinetic constants associated with RBC substrate removal. 
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Objectives 

The general objective of this study is to develop the kinetic 
constants describing carbonaceous substrate removal in the RBC process 
treating domestic sewage and to determine the effect of temperature 
on these constants. The kinetic constants developed will then be 
employed to develop a rational approach to RBC systems design for 
treatment of municipal wastewater. 

To accomplish the above general objective, the following specific 
objectives will be achieved. 

l. Develop a Monad type [Monad 1942], steady state model which 
describes carbonaceous substrate removal in the RBC process. 

2. Determine the values ~f the kinetic constants (maximum specific 
growth rate,P; half saturation constant, Ks; decay coefficient, 
ka; and the yield coefficient,Y) for the above model as a 
function of temperature. 

3. Develop, using laboratory scale RBC units treating domesti,c 
sewage, the data base required to achieve the above specific 
objectives. 

4. Employ the kinetic constants produced to develop a rational RBC 
design procedure for domestic wastewater. 

Scope 

This paper details preliminary results obtained from the initial 
phase of the study. The results presented in this paper are limited to 
only one temperature (l5°C) and the analysis is preliminary in nature. 
The study is currently underway at Utah State University, Logan, Utah, 
and will be completed in the near future. The results of the entire 
study will be presented at a later date. 

PREVIOUS INVESTIGATIONS 

Initial attempts to model the performance of rotating biological 
contactors (RBC) were empirical in nature and mainly employed regression 
analysis [Hartman 1965, Jost 1969, Antonie and Welch 1969, and Weng 
and Molof 1974]. Their efforts generally ignored temperature effects 
and were not directly related to microbial substrate removal. Substrate 
kinetic removal equations have been developed by several investigators 
[Grieves 1972, Hansford et aZ. 1976, Benjes 1978, Kornegau and And:t>ews 
1968, Kornegay 1972, Kornegay 1975, and Clark et aZ. l978J. In general 
these models employed either saturation kinetics [Monod 1942] or first 
order kinetics to describe substrate removal. Usually these equations 
were limited to a single stage system or treated a multi-stage system 
as a single unit. 

Kornegay and And:t>ews [1968] investigated the kinetics of fixed 
film biological reactors at 25°C using a rotating drum and glucose as 
the substrate. Under controlled flowrates, glucose concentration, and 
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attached film thickness, they found active biomass thickness to be 70µ, 
the half saturation constant (Ks) 121 mg/i (glucose), and the maximum 
specific growth rate (µ) 0.28 hr- 1 (6.7 day·· 1

). Grieves [1972] 
developed a theoretical dynamic and steady state model for the RBC 
using kinetic constants from the literature. He verified his model 
by conducting dynamic tests at 20°C using glucose as the substrate. 

ciark et ai. [1978] investigated the kinetics of BOD removal under 
varying wastewater flows and concentrations, using primary effluent 
with soluble BODs of 32-88 mg/1. Working with a four-stage RBC unit, 
they obtained a yield coefficient (Y) of 0.96 (based on soluble BODs), 
a half saturation constant (Ks) from 431 mg/1 (first stage) to 18 mg/1 
(fourth stage), and maximum growth rates (µ) of 4.4 day- 1 (first stage) 
to 0.3 day- 1 (fourth stage). 

Recent investigations have employed either mass transfer models 
or have combined mass transfer concepts with substrate removal kinetics 
to describe RBC performance [Schroeder 1976, Friedman et ai. 1976, and 
FamuZaro et ai. 1978]. These equations have generally been applied in 
oxygen limited substrate removal situations. 

MATERIALS AND METHODS 

Four, four stage, 38 cm diameter, laboratory scale rotating 
biological contactor (RBC) units furnished by the Environmental Systems 
Division, George A. Hormel and Company, Coon Rapids, Minnesota, will 
be employed to develop the data necessary to determine the values of 
the kinetic constants. These units will receive settled domestic 
sewage from the Hyrum City Wastewater Treatment Plant, Hyrum, Utah. 
The sewage is collected during a 30 minute period three times per week 
and is transported to the Utah State University campus and stored at 
approximately 2°C until fed to the RBC units. The sewage is collected 
at the same time of day to ensure uniform composition and strength. 

The units will be operated at four dif.ferent organic loading 
rates at four different temperatures. This paper details the 
preliminary results of the 15°C experimental design. The hydraulic 
loading rate will be held constant and is the same for each unit. The 
experimental apparatus is shown schematically in Figure 1. 

Tables l and 2 indicate the hydraulic loading rate, the organic 
loading rate, and the liquid temperature of each unit during the l5°C 
experimental phase. The organic loading rates ranged from 5.9 g COD/ 
m2 /day in Unit A to 22.0 g COD/m2 /day in Unit D. The various organic 
loading rates are achieved by diluting the raw sewage with dechlorinated 
tap water. The liquid temperature in the RBC units ranged from 14.1 
to 16.6 °C. This temperature variation was a result of heat loss 
through the stages rather than temperature differences between similar 
stages. 

The influent to the system and the effluent from each stage was 
monitored using 24-hour composite samples (20 minute intervals) and 
occasionally grab samples every two days during steady state conditions 
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Figure 1. Schematic of experimental apparatus employed to develop 
data base for developing kinetic constants. 

Table 1. Average hydraulic and organic loading rates in the four 
laboratory scale rotating biological contactor units. 

Unit 

Parameter A B c D 

Average 
hydraulic loading 274±12 285±6 283±14 291±9 
rate (.!!./day) 

Average organic 
loading rate 5.9 11.5 15.5 22.0 
(~rams of COD/ 
m /day) 
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Table 2. Average liquid temperature (°C) in each stage of each 
laboratory scale rotating biological contactor unit during 
data collection phase. 

Stage Unit Average 
Number Temperature 

A B c D (oc) 

1 16.6±0.4 16.0±0.3 16.0±0.4 16.4±0.3 16.3 

2 15.4±0.5 15.4±0.4 15.0±0.4 15.7±0.2 15.4 

3 14.8±0.3 14.4±0.5 14.4±0.5 15.1±0.2 14. 7 

4 14.8±0.3 14. 1±0.5 14. 1 ±0.4 14. 7 ±0. 3 14.4 

for chemical oxygen demand (COD), suspended solids, volatile suspended 
solids, ammonia-nitrogen, nitrite-nitrogen, nitrate-nitrogen and 
total Kjeldahl nitrogen. In addition, in-situ measurements of flow, 
temperature, pH and dissolved oxygen were conducted. The ampule 
technique [Oceanographies 1978] was employed for COD analysis while 
all other analyses were conducted according to Standard Methods [APHA 
1975]. 

At the conclusion of the data collection phase, the entire solids 
from each disc in each stage was removed from the disc and analyzed for 
total and volatile solids. Thus, the total biomass of the system was 
determired. 

Kinetic Constants 

The model employed in the study is based on Monad [1942] substrate 
removal kinetics and assumes steady state conditions. 

The substrate removal in a single stage Rotating Biological 
Contactor (RBC) can be equated to the growth of microorganisms as 
shown in equation 1. 

where 

Q = flowrate 
So = influent substrate concentration 
s = effluent substrate concentration e 
y = yield coefficient = mass of biomass produced 

mass of substrate removed 
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~ = change in biomass per unit time 

Monad [1942] indicated that the change in biomass under substrate 
limiting conditions can be represented by a saturation function 

where 

"' µ 

x 
Ks 

s 

= 
= 
= 

= 

maximum specific growth rate 
biomass concentration 
half saturation constant (i.e., substrate concentration at 
a growth rate equal to half the maximum specific growth 
rate) 
limiting substrate concentration 

Equations l and 2 can be combined and expressed in linear form as 
shown below. 

X _ (Ks) l + l ( 3) 
Q(S 0 -Se)Y - p Se p 

If the value of the yield coefficient, Y, is known, experimental 
data can be fitted to equation 3 and the value of the kinetic constants, 
P and K , can be determined. 

s 

The value of the yield coefficient, Y, can be obtained by writing 
a mass balance biomass in a single RBC stage as shown in equation 4. 
This equation assumes no change in the mass of biomass occurring once 
steady state conditions are achieved. 

where 

B. P d d _ Biomass sloughed + 0 iomass ro uce - from the disc ecay 

Equation 4 may be expressed mathematically as 

dX = Q(X ) + k .X 
dt e a 

Xe = effluent biomass concentration (generally measured as 
volatile suspended solids) 

kd = decay coefficient 

(4) 

(5) 

x = total biomass (generally measured as volatile suspended solids) 

Equation 5 does not distinguish between 11 active 11 and 11 nonactive 11 

biomass. Combining equation 5 with equation l and rearranging into 
linear form results in equation 6. 
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Q(X ) YQ(So-S ) e e 
~~=~~~~ 

(6) 
x x 

Experimental data fitted to equation 6 will result in values for 
the yield coefficient, Y, and the decay coefficient, ka. Thus, all of 
the desired kinetic constants can be determine from equations 3 and 6. 
Solving these equations with experimental data collected at various 
temperatures will yield kinetic constant values at these temperatures. 
Thus, the effect of temperature on the kinetic constants can be 
determined. A previous study conducted by the authors indicates that 
this effect may be described by an Arrhenius type relationship 
U~ikuZa 1979, Mikula et aZ. 1980]. 

RESULTS AND DISCUSSION 

Process Performance 

The laboratory scale rotating biological contactor (RBC) units 
were operated for approximately one month before steady state conditions 
wPrP nrhiPvPrl in Pnrh stnnP. ThP nttnrhPrl hinmnss in thP first' stnnP 



Table 3. Dissolved oxygen and pH of the laboratory $-C'ale rotating 
biological contactor (RBC) units. 

Stage December 1 , 1979 December 24, 1979 
Unit Number 

Dissolved plI Dissolved pH Oxygen Oxygen 
(Mg/l) (Mg/l) 

A l 7.80 5.0 
2 7.85 6.7 
3 7.90 7.4 
4 8.00 7.8 

B l 7.70 3.9 
2 7.80 5.3 
3 7.85 6.8 
4 7.90 7.5 

c l 7.70 3. l 7.70 4.0 
2 7.80 4.6 7.65 5. l 
3 7.85 5.8 7.60 4.3 
4 7.85 7.6 7.60 5.2 

D l 7.65 2.5 7.80 2.8 
2 7.80 3.6 7.75 3.2 
3 7.85 4.5 7.65 3.4 
4 7.85 10.2* 7.50 3.9 

* Suspected analytical error 

Table 4. Total volatile solids biomass present in each stage of the 
laboratory scale rotating biological contactors. 

Volatile Solids in Each Stage (grams/m2
) 

Stage 
Number Unit A Unit B Unit C Unit D 

l 27.8 36.4 47.5 46.7 

2 6.6 29.6 36.0 38.8 

3 4.1 10.9 21.5 23.2 

4 2. 1 6.2 13.8 16.8 
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Kinetic Constant Determination 

The steady state data employed with equations 3 and 6 to determine 
the carbonaceous substrate removal kinetic constants are reported in 
Table 5. The values for the influent substrate concentration, S0 , are 
measured in terms of total chemical oxygen demand (COD). While the 
effluent substrate concentrations are measured in terms of soluble 
COD. This approach assumes that all the influent particulate organic 
material is solubilized within the reactor and is available for uptake 
by the microorganisms. · 

The values ·for the total biomass, x, present in each reactor are 
measured in terms of volatile solids and the entire depth of biomass 
is assumed to be active. This assumption was made because measurements 
for the fraction of active biomass were not conducted. 

The data obtained from Unit Awerenot included in the development 
of the kinetic constants due to the high degree of nitrification 
occurring within this unit. Initial attempts to include the Unit A 
data in the analysis resulted in unrealistic and inconsistent results. 
Future data analysis at other temperatures will attempt to account 
for the nitrification phenomenon. 

The results of the linear regression for equation 6 to determine 
the values for the yield coefficient, Y, and the decay coefficient, kd, 
are reported in Table 6. The yield coefficients varied from 0.81 in 
the fourth stage to 1.44 in the second stage. These values are 
based on COD removal. These values are similar to those found by 
Clark et aZ. [1978] who reported yield coefficients of 0.68 to 1.11 
based on soluble biochemical oxygen demand (BOD 5 ). 

The values for the decay coefficient, kd, range from 0 days- 1 in 
the third stage to 0.44 days- 1 in the second stage. These values appear 
to be relatively high and are probably highly influenced by the incor
poration of the total volatile biomass in the analysis rather than 
only the 11 active 11 biomass. 

The values for the other kinetic constants developed from 
equation 3 are reported in Table 7. The regression plots of equation 
3 for each stage are shown in Fi.gures 5 to 8. The values for the 
maximum specific growth rate, µ, appear to decrease with stage, except 
for the second stage. The half saturation values, Ks, also decrease 
significantly in the fourth stage. The values of Orange from 1.47 
day-1 to 2.92 day- 1 • Kornegay and Andrews [1968] reported a O of 6.7 
days-1 at 25°C and Clark et al. [1978] reported a O of 4.4 days- 1 in 
the first stage of an RBC unit and 0.3 days- 1 in the fourth stage of 
an RBC unit. The relatively small values of O reported in this 
eresent study are probably due to the low temperature {15°C). Reynolds 
Ll975] reported that the value of O for algae is temperature related 
and is smaller at lower temperatures. 

The values for the half saturation constant, K8 , range from 6.0 
mg COD/i is the fourth stage to 67.4 mg COD/tin the second stage. 
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Table 5. Steady state data employed to develop kinetic constants for carbonaceous substrate removal at 15°C. 

Influent Total CODt Effluent Total COD§ Effluent Soluble COD Effluent Volatile 
Suspended Solids 

-- ------

Unit Stage 
Number No. of Average No. of Average No. of Average No. of Average 

Samples Concentration Samples Concentration Samples Concentration Samples Concentration 
(mg/.R.) (mg/ .R.) (mg/ .R.) (mg/.R.) 

A 1 8 76. 1 2 41. 9 4 20.7 4 24.0 
2 4 53.3 3 23.4 5 27.7 
3 2 35.0 2 20.6 5 25.3 
4 2 21.3 5 20.7 

""' B 1 9 141.4 2 80.0 2 28.3 5 52.3 O'I 
f-' 

2 3 47.4 3 23.1 5 37.8 
3 2 55.9 2 24. 1 5 30.2 
4 2 41.5 3 22.5 5 33.7 

c 1 11 192.6 5 123.6 6 38.3 7 85.4 
2 4 101. 9 5 38.2 7 58.5 
3 5 96. 7 5 33.5 7 72.0 
4 4 I 77 .1 4 24.6 7 54.8 

D 1 12 265.2 5 168.5 6 52.1 7 141.3 
2 5 131. 7 7 42.4 7 122.5 
3 5 136.2 6 53.6 7 99.1 
4 4 107. 7 6 40.2 7 73.5 

t Influent to first stage 
§ 

Influent to next stage 
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Table 6. Results of analysis for determination of the yield coefficient, 
Y, and the decay coefficient, kd. 

Parameter 

Yield coefficient, Y 

Decay coefficient, 
kd, (days- 1

) 

Regression coefficient, 
R2 

1 

1.00 

0.42 

0.991 

Stage Number 

2 3 4 

1.44 1.04 0.81 

0.44 0 0.07 

0.990 0.880 * 

* The values for the fourth stage are based on Units C and D only and, 
therefore R2 is meaningless. 

Table 7. Values for the maximum specific growth rate, 0, and half 
saturation constant, K , at l5°C. 

8 

Parameter 

Maximum specific growth 
rate, P, (days- 1

) 

Half saturation constant, 
K

8
, {mg COD/Jl) 

Regression coefficient, R2 

1 

2.43 

56.6 

0.87 

464 

Stage Number 

2 3 4 

2.92 2.26 1.47 

67.4 61.5 6.0 

0.89 0.93 0.89 



The Ks values for the final three stages are approximately the same. 
The fourth stage Ks value is substantially less than the other three 
values. This could be due to the occurrence of nitrification in the 
fourth stage. The low fourth stage Ks value also indicates that the 
liquid entering the fourth stage is less biodegradable. This is 
expected as the easily biodegradable organic compounds are assimilated 
in the earlier stages of treatment. These Ks values are slightly 
lower than those reported by Clark et al. [1978] who reported Ks values 
ranging from 8 mg BOD5 /9., to 431 mg BOD5 /£ . However, the Ks values in 
this study are similar to those reported by Mikula [1979], who reported 
Ks values ranging from 10 to 186 mg COD/£. 

SUMMARY AND CONCLUSIONS 

Little information is available concerning the kinetics of 
carbonaceous substrate removal in the rotating biological contactor 
(RBC). The general objective of this study was to develop the kinetic 
constants describing carbonaceous substrate removal in the RBC process 
treating domestic sewage and to determine the effect of temperature on 
these constants. This paper details preliminary results of only the 
l5°C phase of the study. The study is currently underway and the 
completed study results will be reported at a later date. 

The values for the kinetic constants in a Monod steady state 
carbonaceous substrate removal equation have been developed for 15°C 
using data collected from four laboratory scale four stage RBC units 
treating domestic sewage. The values for the yield coefficient, Y, 
ranged from 0·.81 to 1.44, while the values for the decay coefficient, 
ka, ranged from 0 to 0.44 days- 1 • The maximum specific growth rate,µ, 
varied from 1.47to 2.92 days- 1 while the half saturation constant, K8 , 

ranged from 6.0 to 67.4 mg COD/i. 

Additional study will verify the values of these kinetic constants 
and also indicate the effect of temperature on substrate removal. 
These results will be presented at a later date. 
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APPENDIX 

Nomenclature 

a = Particulate COD to VS 
BOD = Biochemical oxygen demand 
COD = Chemical oxygen demand 
DO = Dissolved oxygen 
ka = Endogeneous respiration 
Ks = Half saturation constant 
Q = Flow rate 
s = Substrate concentration 
8 0 = Influent substrate concentration 
Se = Effluent substrate concentration 
t = Time 
v = Stage volume 
VS = Volatile solids 
X = Biomass amount 
Y = Yield coefficient 
0 = Maximum specific growth 
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FIXED FILM NITRIFICATION SURFACE REACTION KINETICS 
AND ITS APPLICATION IN RBC SYSTEMS 

Ching-San Huang, Ph.D., P.E. 
Consultant 

USAF Occupational and Environmental Health Laboratory 
Brooks AFB, Texas 

INTRODUCTION 

The waste removal process in a biological fixed film, as in the 
trickling filter, or in the rotating biological contactor (RBC), depends 
on mass transfer from the wastewater to the slime layer, followed by 
metabolism of the waste by microorganisms. The carbonaceous substrate 
removal in the fixed film process has been found to be a substrate 
diffusiun-limited, heterogeneous model by numerous studies (Ames, et al., 
1962, Atkinson, et al., 1967, Gulerich, et al., 1968, Maier, '1969, and 
Ross, 1970). The nitrification process, however, may differ from the 
carbonaceous substrate removal process because the autotrophic nitrifiers 
have a much lower growth rate than the heterotrophs and also the ammonia 
diffusivity in water is several times higher than the carbonaceous 
substrate diffusivity such as glucose (Perry, 1963). Therefore, the 
surface reaction model in nitrification process should be investigated, 
so that the correct model can be applied in the fixed film nitrification 
process design. 

This paper includes two stuides: STUDY I used a stationary inclined 
pl~te on which a nitrifying biological film was developed for nitrifi
cation surface reaction model study; STUDY II used a bench scale rotating 
biological contactor to check if the findings from the stationary 
biological film process are also applicable to the rotating biological 
film process. 



SURFACE REACTION MODELS IN BIOLOGICAL FIXED FILM PROCESS 

Two possibilities exist for the geometry of the interface between the 
microorganisms and the liquid phase: 

1. The Pseudo-Homogeneous Model: This model assumes the biological 
oxidation process takes place throughout the liquid film as if the microbial 
population were suspended in the liquid film, and there is no diffusional 
resistance to retard the rate of reaction, as shown in Figure l(A); 

2. The Heterogeneous Model: This model assumes that the biochemical 
reaction occurs at the interface of the liquid and microbial mass as depicted 
in Figure 2(A). 

STUDY I: STATIONARY BIOLOGICAL FILM STUDY 

1. Model Development 

In order to·describe the surface reaction models mentioned above in a 
more comprehensible form, the mathematical models should be developed. To 
describe the problem in mathematical terms, some assumptions were made: 

a. A steady-state, in the biological sense, exists in that the 
thickness, composition and mass of the biological film remains invariant with 
respect to time; 

b. The laminar flow regime is fully developed; and 

c. The liquid film thickness on' the inclined plate is defined by 
Nusselt's equation: 

0 - ( 3µQ 
- pg sine 

1/3 ) ............................................. ( 1 ) 

in which o = thickness of liquid film, µ = viscosity of liquid, 
Q = hydraluic loading, p = liquid density, g = acceleration due to gravity, 
e = angle of the plane with the horizontal. 

(1) The Pseudo-Homogeneous Model--

If the liquid phase diffusional resistance is neglected, a 
mass balance applied to a length, ~y, of unit width, as in Figure l(B), yields: 

Q dS = ro dy .••••••••••.••••...••.•••••••..••••...•••..••• ( 2) 

in which Q = hydraulic loading, S = substrate concentration, r = reaction 
rate, and o = liquid film thickness. 

The reaction rate in the nitrification process on a fixed 
film reactor was. found to be zero-order by Huang, et al. {1974a), That is, 

r = -k ..•.......•........•............•......•.•.•.•....• {3) 
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(A).· POSSIBLE GEOMETRY FOR niE INTERFACE 
BElWEEN MICROORGANISMS AND LIQUID 

. . . . . . . .. 

(B). SCHEMATIC DIAGRAM 

FIGURE l - PSEUDO-HOMJGENHllS n:mEL OF THE BIOLOGICAL FILJ-1 
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in which k = reaction rate constant, and Equation (2) becomes: 

Q dS =-kody ............................................... (4) 

·Integration Equation (4) and substituting Equation (1) gives: 

so. - Se= (l/Re)2/3. (Rv· Pa)l/3 .••.•••.•••••.••.•••••• (5) 

in whic~ S0 and Se = influent and effluent substrate concentration, 
respect1ve1y; 

- 3 k3 
µ ·, Reaction Number, Rv - pgz sinze L3 2 • 

Packing Number, Pa = P2 9 sine ; 
µ 

Reynolds Number, Re = P~ (Fulford, 1964); and L =length of·biol.ogica'f!i:\reactor. 

For the pseudo-homogeneous film flow reactors, it has been 
found that recirculation has a beneficial effect on the removal of total 
soluble substrate (Kehrberger, et al., 1969, and Atkinson, et al., 1963). 

(2) The Heterogeneous Model--

Under steady-state conditions an equilibrium situation must 
exist such that the rate of transfer of substrate from the main body of the 
liquid film to the bacterial phase will be balanced by the rate of removal 
and degradation by the organisms. Thus the overall rate will be determined 
by the relative resistances due to diffusion and removal. 

The heterogeneous model can be broken into other sublevels: 

(a) A reaction controlled situation- if the substrate 
removal rate at the reaction site is much slower than the substrate diffusional 
rate to the reaction site, the reaction rate will control the surface reaction 
model; 

(b) A diffusion controlled situation- if the diffusion rate 
is so low that the substrate diffused into the reaction site is practically 
consumed immediately, the diffusional rate will control the surface reaction 
model; 

(c) A diffusion limited situation- this is the condition 
which exists in between the reaction controlled situation and the diffusion 
controlled situation and so both the reaction rate and the diffusional rate 
are controlling. 

The nitrification rate on a fixed film reactor was 
found to be a zero-order reaction ·(Huang, et al., l974a). That is, there is 
always an excess amount of substrate at the reaction surface to allow for 
maximum reaction rate. The condition in which there is always an excess 
amount of substrate at the reaction site indicates that neither a substrate 
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diffusion controlled situation nor a diffusion limited situation can exist in 
the fixed film nitrification process. For this reason, only the reaction 
controlled situation warrants a further investigation. 

Under the situation that the substrate diffusional rate. 
will not control the reaction rate, a differential mass balance applied to a 
length 6Y in a unit width, as in Figure l(B}, can be described as follows: 

Q dS = ·r dy ......................................... ( 6) 

Substituting Equation (3) into Equation (6) and integrating and substituting 
previously defined numbers, Equation (6) becomes: 

So - Se = (l/Re) • (Rv • Pa) 113 ••••••••••.•..••.•••• (7) 

Equation (5) and Equation (7) can be place~ in the 
general form: ~ 

So - Se= K· (l/Re)M, or 

S0 - Se 1 _ ( I )M ( ) Sa - Se2 - Re2 Rel .•••••••••••.•••••.•••...•.•••• 8 

in which K = (R • Pa) 113, M =exponential constant, S0 =influent substrate 
concentration, ~el and se2 = effluent substrate concentration in the first 
hydraulic loading and the second hydraulic loading, respectively; Rel and 
Re2 = Reynolds Number in the first hydraulic loading and the second hydraulic 
loading, respectively. 

From Equation (5), the M value for a pseudo-homogeneous 
model is 2/3, and from Equation (7), the M value for a reaction controlled 
heterogeneous model isl. 

2. Method and Experimenta.l Results 

A stationary inclined plate surface, 4-in. wide and 36-in. long, 
provided a support surface for the slime growth. The surface of the plate 
was covered with a fiberglass screen which served as a structural framework 
for slime growth. This reactor was supported by angle frames with an inclined 
slope of 10° with the horizontal. Feed was introduced into a stilling basin, 
where it passed over a precise mechanical overflow weir. A schematic view of 
the physical model is shown in Figure 3. This kind of biological film reactor 
has been used by many researchers for the study of biological.behavior in 
wastewater treatment processes. 

A synthetic wastewater was used for this study. A summary of the 
constituents of the synthetic wastewater is as follows: 
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(NH4)2S04 
NaHC03 · 
FeCl3 
CaCl2 
MgS04 
Phosphate Buffer Solution 
Na2Mo04 • 2H20 
Glucose 
Tap water 
Distilled water 

varied 
300 mg/l 
3.5 mg/l 
1 ml/l* 
l ml/l* 
l ml /l * 
0.5 mg/l 

10 mg/l 
100 ml/l 
To make· up l liter 

*Note: Standard BOD dilution water nutrient (Standard Methods, 1975) 

A boric acid-sodium hydroxide buffer solution was used to maintain a pH of 
8.5 ± 0.1, for the optium pH for nitrifiers is in this range (Huang, et al., 
l974b). . . 

The analytical methods in this study followed Standard Methods (1975). 
Four forms of nitrogen constituents, i.e., NH3-N, N02-N N03-N, and organic-N 
were analyzed. The organic nitrogen content of the synthetic water was nil, 
and the recovery of all other nitrogen forms was good. Since the 
ammonia-nitrogen oxidation controls the nitrification rate, the 
arrmonia-nitrogen analysis was the primary measurement of nitrification 
efficiency. 

Surface Reation Model Study--

According to Equation (8), the M values can be obtained by varying 
the Reynolds Numbers, i.e., by varying the hydraulic loadings. By using two 
sets of inclined fixed film reactors and reproducing the experiment at 
different times, the M values were calculated for the data obtained and 
plotted in Figure 4. Figure 4 reveals that the surface reaction model of 
nitrification in a biological film is pseudo-homogeneous. 

· As indicated previously, recirculation of the effluent has a 
beneficial effect on removal of total soluble substrate in a pseudo-homogeneous 
film flow reactor; therefore, a side study for recirculation effect was also 
performed. The results for recirculation ratios of 0.5, 1.0, l .5, and 2.0 all 
showed that recirculation improved the nitrification in the fixed film reactor 
as shown in Figrue 5. Improving the efficiency of the system by recirculation 
also supports the conclusion that the correct surface reaction model for the 
nitrification in the fixed film process is of the pseudo-homogeneous type. 

The design equation for a fixed film nitrification process can be 
derived by putting Equation (5) in another form: 

- 2/3 . 50 - Se - ak/ ( Q) ••••••••••••••••••••••••••••••••••••••••••••••• ( 9) 

in which a = constant reflecting the characteristics of the packing media. 
Equation (9) indicates that the nitrification efffciency in a fixed film 
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process depends on the characteristics of the packing media used and the 
reciprocal of the two-third power of the hydraulic loading. Therefore, the 
hydraulic loading and the packing media should be properly selected during 
the treatment plant design. · 

STUDY II: ROTATING BIOLOGICAL CONTACTOR STUDY 

Conceptually, RBC units are similar to other kinds of fixed film 
biological treatment systems such as trickling filters. However, rotation 
of the RBC media provides a more positive supply of oxygen and nutrients to 
the bacteria than trickling filters. 

In organic substrate removal studies of RBC systems, an oxygen
substrate diffusion limited situation are often assumed for organic substrate 
removal kinetics derivation (Famularo, et al., 1978, Hansford, et al., 1978, 
and Schroeder, 1976). In RBC nitrification process kinetics, however, much 
less work has been done. The pseudo-homogeneous model found from the 
stationary fixed film process, as described in STUDY I, could be applied to 
the RBC system. 

l. Mass Balance in RBC Unit 

If the pseudo-homogeneous surface reaction model is applied to an, 
RBC system (see Figure 6(A)), the mass nitrification rate per disc face is 
then 

Mz = rON Al ....•..........................................•••..•. (10) 

In which Mz = mass nitrification rate per unit time; r = reaction rate; 
oN = liquid film thickness on the slime layer at rotating speed N rpm; and 
A1 =.contact surface area per disc face. 

Because the discs are closely spaced, a continuous nitrification rate 
function can be made which is analogous to a plug-flow reaction through a 
whole shaft of the RBC unit. Therefore, 

dS · · 
V 1 d t = Mz ••••••••••. • •••••••••••••••••••••••••••••••••••••••••••• ( 11 ) 

in which v1 = liquid volume per disc face; S = NH3-N concentration; and 
t = contact time. 

The RBC nitrification reaction order found to follow a zero-order reaction 
by several studies (Murphy, et al., 1973, Torpey, et al., 1973, and Weng, et 
al., 1974) and by this study, which will be described later. That is, 

r = -k ················································.········~····(3) 

The liquid film thickness, 5~, can be defined as follows (Bintanja, et al., 
1975): . 

cSN = K1 C µ .N R) l/2 •••••••••••••••••••••••••••••••••••••••••••••• (12) 
pg 
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in which oN =liquid film thickness at rotating speed N rpm (µm); 
K1 =constant;µ= viscosity of wastewater (kg mass)/(m)(sec); N = rotating 
speed (rpm); R =radius of disc at the average tangential velocity point (m); 
p = density of wastewater (kg/m3); and g = acceleration due to 
gravity (m/sec2). 

The constant K1 calculated by Bintanja, et al. (1975) is 0.93. 

At a certain wastewater temperature, and a certain disc size, 
Equation (12) can be expressed as 

0 N = K2 • N 1 I 2 ••••••••••••••••••••••••••••••••••••••••••••••••••• ( 13). 

where K2 is a constant. 

Substituting Equation (3), (10), and (13) into Equation (11), and 
integrating over the entire RBC unit, yields 

V (So - Se) = K • ,Nl/2 At ••............••.•••....•.•...•.•...••• (14) 

in which V = liquid volume in RBC unit; S0 , Se = influent and effluent 
NH3-N concentration, respectively; K = k K2 = reaction rate constant; 
A = total contact surface area; and t = contact time. 

Since the contact time is close to the hydraulic retention time, 

t = V/Q ......................................................... . (15) 

where Q is the flow rate. Substituting Equation (15) into Equation (14), 
yields 

Q(SoA- Se)= K Nl/2 •••....... · ...• , ••..•....•••.••••.•...•...•.... (16) 

Equation (16) indicates that NH3-N mass removal rate per unit area is a 
function of the square root of the rotating speed. 

2. Method and Experimental Results 

A bench scale RSC unit which consists of 3-3/4 in. diameter discs 
was used for this study. The flow direction was parallel to the disc shaft. 
The schematic flow diagram is shown in Figure 6(8). Recycling was employed 
only during the Recirculation Study mode. The synthetic wastewater used was 
similar to the one used in STUDY I. The analytical procedures also followed 
Standard Methods (1975). 

a. Reaction Rate Study--

The reaction rate study was performed by feeding the matured RBC 
unit with different initial NH3-N concentrations at a constant flow rate and 
a constant rotating speed. The results for pH= 8.5 and pH= 7.2 are 
plotted in Figure 7. The test for pH= 7.2 was done in few days because the 
nitrifying bacteria will acclimate to a lower pH as shown in Figure ~ 
(Huang, et al., l974b). 
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Figure 7 indicates that the NH3-N removal process follows a zero-order 
reaction. 

b. Recirculation Study--

A recirculation study was performed by recycling the underflow 
from the settling tank. The underflow MLSS concentration was approximately 
600 mg/l. The results are shown in Figure 8. It can be seen from Figure 8 
that the NH3-N removal rate increased up to 16 percent at a recirculation ratio 
of 0.9. 

c. Rotating Speed Study--

During this mode of study, the influent NH3-N concentrations and 
·hydraulic loadings were kept in four groups: 

GrouE Flow Rate {ml/min} Initial NH3-N Cone. (mg/l} 

I 12 + 2 33 + 2 
II 20 + 2 43 + 2 and 52 + 3 
III 30 + 2 47 + 3 
IV 35 + 2 54 + 4 

Rotating speeds were varied from 6.5 rpm to 128 rpm. Temperature was room 
temperature and w~stewater pH was 8.5 + 0.2. The results are plotted in 
Figure 10. 

Figure 10 reveals that the NH3-N mass removal rate per unit area 
increases proportional to the square root of the rotating speed up to a 
point (Point Bin Figure 10), and then levels off. The rotating speed at 
Point B is approximately 75 rpm, which corresponds to a peripheral velocity 
of 1.23 ft/sec. This indicates that the pseudo-homogeneous model is also 
valid for the RBC unit used in this study with the rotating speeds from 
6.5 rpm to 75 rpm. 

The liquid film thickness at 75 rpm is 72 µmas calculated from 
Equation (12). According to the conceptive geometry of the 
pseudo-homogeneous model {See Figure l(B)), a liquid film thickness of 72 µm 
may be close to the 11effective 11 slime thickness. And this is probably why 
the NH3-N mass removal rate levelled~off at a rotating speed of 75 rpm in 
this study. 

DISCUSSION 

According to STUDY I and STUDY II, the pseudo-homogeneou~ surface 
reaction model derived from a stationary inclined nitrifying fixed film also 
applies to an RBC unit. That is, the NH3-N mass removal rate per unit area 
in proportional to the 0.5 power of the rotating speed up to 75 rpm, or 
equivalent to a peripheral velocity of 1 .23 ft/sec in the bench scale RBC 
unit used. The NH3-N mass removal rate per unit area then levelled off at 
a higher rotating speed. 

Weng, et al. (1974) used a 6-in. diameter RBC unit for their 
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nitrification study. The rotating speeds tested were from 10.5 rpm to 42 rpm, 
or a peripheral velocity of from 0.27 ft/sec to 1.10 ft/sec. Their results 
indicated that the NH3-N removal is a function of the 0.53 power of the rotating 
speed. 

The liquid film thickness on an RBC disc is a function of the square root 
of the rotating speed as shown in Equation (12). That is, the liquid film 
thickness increases if the RBC rotating speed increases. According to the 
conceptive geometry of a pseudo-homogeneous model as shown in Figure l(B), 
increasing the liquid film thickness will also increase the NH3-N removal until 
the liquid film thickness approaches to the "effective" slime thickness. 
Therefore, the NH3-N removal level-off point on Figure 10 may be used to 
estimate the "effective" slime thickness on a nitrifying RBC unit. The RBC 
'unit used in this study has an "effective" slime thickness of 72 µm estimated 
from this method. The thickness of the effective microbial film in carbonaceous 
substrate removal sy~tem has ·been reported w1th the range from 70 µm to 200 µm 
(Kornegay & Andrews, 1969, and Tomlinson & Snaddon, 1966). 

According to one RBC manufacturer (Autotrol Corp., 1978), the nitrifica
tion RBC unit design should be based on hydraulic loading and the desired 
effluent NH3-N concentration. The peripheral velocity is reconn:nended at 1.0 
ft/sec. This peripheral velocity corresponds to 1.6 rpm in a lJ-ft diameter 
RBC unit. According to this study, the maximum NH3-N removal will be achieved 
at a peripheral velocity of 1.23 ft/sec, or equivalent to 2.0 rpm in a 12-ft 
diameter RBC unit. Of course, the differences in RBC configurations and in 
wastewater characteristics may show a different optimum rotating speed for 
NH3-N removal. Also, both the peripheral velocity and the rotating speed 
should be used for pilot study scaleup factors as reported by Friedman, et al. 
(1979). Therefore, a pilot plant test may be required for a nitrification RBC 
plant design. The ~1H3-N mass removal rate and power consumption data at 
different rotating speeds should be obtained to evaluate the economic tradeoffs 
so that an optimum system can be designed. 

CONCLUSIONS 

Based on the results of these two studies, some conclusions can be drawn 
as follows: 

1. The nitrification process follows a zero-order reaction both in 
stationary fixed film system and in rotating fixed film system. 

2. The pseudo-homogeneous surface reaction model can be applied to both 
trickling filter systems and RBC systems. That is, the nitrification efficiency 
in a trickling filter process depends on the characteristics of the packing 
media used and the reciprocal of the two-third power of the hydraulic loading; 
in RBC nitrification system, NH3-N removal is a function of the square root of 
the rotating speed up to a certain speed. 

3. The active microbial film in a nitrifying RBC unit may be estimated by 
locating.~ optimum NH3-N removal rotating speed and the corresponding liquid 
film thickness ·at that rotating speed. The RBC unit used in this study has an 
active (or effective) slime thickness of approximately 72 µm. 
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Rotating Biological Contactors (RBC) have become established as 
competitive, cost-effective systems for the treatment of biodegradable 
wastewaters. These units are being used to treat many different types 
of wastewaters in a multitude of treatment process configurations. 
Although RBC's are used in many industrial and domestic wastewater 
treatment schemes, there is incomplete information on the performance 
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capabilities of the RBC. Specifically, the mechanisms of substrate 
removal have not been fully postulated and verified. 

The general objective of this study was to develop a kinetic model 
which describes the performance of a rotating biological contactor 
treating cheese processing plant wastewater. The model employs 
Michaelis-Menton-Monod kinetics and steady state conditions to describe 
the system performance as a function of temperature and organic loading 
rate. 

To accomplish the above general objectives the following specific 
objectives were achieved using a four stage, four foot diameter, pilot 
plant rotating biological contactor (RBC) treating cheese processing 
plant wastewater. 

l. Determine the pilot plant performance at three separate organic 
loading rates (hydraulic loading rates) under steady state condi
tions. 

2. Develop a Michaelis-Menton-Monod equation which describes the 
performance of the pilot plant on a stage by stage basis. 

3. Determine the kinetic constants associated with the model by 
stage and with temperature, using the pilot plant performance data. 

PREVIOUS INVESTIGATIONS 

Initial attempts to model the performance of rotating biological 
contactors (RBC) were empirical in nature and mainly employed regression 
analysis [Hartman 1965, Jost 1969, Antonie and Welch 1969, and Weng 
and Molof 1974]. Their efforts generally ignored temperature effects 
and were not directly related to microbial substrate removal. Substrate 
kinetic removal equations have been developed by several investigators 
[Grieves 1972, Hansford et al. 1976, Benjes 1978, Kornegay and And.rews 
1968, Kornegay 1972, Kornegay 1975, and Clark et al. 1978]. In general 
these models employed either saturation kinetics [Monad 1942] or first 
order kinetics to describe substrate removal. Usually these equations 
were limited to a single stage system or treated a multi-stage system 
as a single unit. 

Recent investigations have employed either mass transfer models 
or have combined mass transfer concepts with substrate removal kinetics 
to describe RBC performance [Schroeder 1976, Friedman et al. 1976, and 
Fa.mu.Zaro et al. 1978]. These equations have generally been applied in 
oxygen limited substrate removal situations. 

MATERIALS AND METHODS 

Wastewater Source 

The Cache Valley Dairy Association Plant in Amalga, Utah, served 
as the site for the research project. Monterey jack, swiss, and cheddar 
cheese are the principal products of the plant. Approximately 430 
farms contribute a total of 327,000 kg/day (720,000 lb/day) of raw 
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milk for the cheese making process. 

All of the process wastes from the plant are discharged to an 
aerated primary lagoon followed by several facultative lagoons. A 
portion of the final lagoon effluent is recycled back to the plant 
for use as non-contact cooling water which, after use, is returned to 
the wastewater treatment facility. 

Experimental Apparatus 

Wastewater was pumped from the headworks of the treatment facility 
to a 15.2 cm (6 inch) wide, pilot-scale Hydrasieve screen (Bauer 
Brothers Division, Combustion Engineering). The Hydrasieve was 
equipped with a 1.0 mm (.04 inch) screen size opening during the two 
lower hydraulic loading rates (HLR) in the experimental procedure. At 
the highest loading rate, a 1.5 mm (.06 inch) screen size opening was 
utilized. This system removed most of the suspended solids from the 
wastewater (see Figure 1). 

The rotating biological contactor (RBC) (Environmental Systems 
Division, Geo. A. Hormel & Company) was a four stage, 1.19 m (47 inch) 
diameter, pilot-scale system. The disc media was type SC (sinusoidal 
circular) extruded polyethylene. Each stage contained 12 discs, which 
yielded a total system area of 145 m2 (1680 ft 2

). Flow through the 
stages was perpendicular to the shaft, or parallel to the disc faces. 
Flow to successive stages was allowed via externally mounted 5.1 cm 
(2 inch) pipe connections. The discs were kept at approximately 37 
percent submergence by adjusting the fourth stage outlet piping. 

Figure 1. Schematic drawing of the experimental apparatus. 
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Because of the placement and hydraulics of the RBC unit, the first 
stage had a liquid depth of 44.4 cm (17.5 inches) while stages two 
through four had a liquid depth of 45.7 cm (18 inches). The dimensions 
of the RBC are summarized in Table 1. 

The influent and effluent from each stage was monitored on a 
weekly basis using 24-hour composite samples with analyses being 
performed for suspended solids, volatile suspended solids, total 
chemical oxygen demand, soluble chemical oxygen demand, and nutrients. 
All analyses were conducted according to Standard Methods [APHA 1975]. 
In addition, in-situ measurements of flow, temperature, pH, and 
dissolved oxygen were conducted. 

Table 1. Summary of the pilot-scale RBC dimensions. 

Parameter 

Number of stages 
Number of discs/stage 
Area/disc 
Area/stage 
Total area 
Net first stage volume 
Remaining stage volumes (net) 
Specific surface area 
Rotation speed 
Linear velocity 

Experimental Procedure 

4 
12 

Value 

3.25 (35) 
39 (420) 

156 
. 113 ( 3. 99) 
. 123 ( 4. 34) 

119 . 4 ( 36 . 4 ) 
6 

22.5 (73.9) 

Units 

m2 (ft2
) 

m2 (ft2 ) 

m2 (ft2 ) 

m3 (ft 3 ) 

m 3 (ft 3 ) 

m2 /m 3 (ft 2 /ft 3
) 

rpm 
m/mi n (ft/min) 

Full-scale testing began in January, 1978, and was completed at 
the end of June, 1978. The system was operated at three different 
hydraulic loading rates (HLR) as shown in Table 2. Rotation speed 
was kept constant at 6 rpm throughout the experiment. 

Table 2. Summary of the experimental hydraulic loading rates. 

Mean daily Mean hydraulic Hydraulic 
Loading flow rate loading rate Mean daily retention 
Number m.Q/min (gpm) m3/m2 day (gpd/ft2

) flow JI, (gal) time (hrs) 

1 850 (. 22) 0.008 (. 19) 1225 (320) 9.5 
2 1250 (.33) 0. 011 (. 28) 1880 (475) 6.5 
3 3300 (. 87) 0.030 (.75) 4750 (1250) 2.4 1 

i Actual measured retention time. Retention times for the first two 
loading rates were interpolated. 
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Each HLR was maintained until steady-state conditions were 
reached. The criterion defining steady-state was a relatively constant 
effluent soluble COD concentration, i.e., three consecutive weeks 
within ± 10 percent of a mean concentration. Once steady-state was 
reached, the system was switched to the next HLR and operated until 
steady-state was again reached. In this fashion, data were collected 
for three complete and distinct loading rates. 

MODEL DEVELOPMENT 

Derivation 

The model development is similar to that employed by Kornegay 
[1972] and employs the following assumptions: 

1. The liquid portion of each stage is completely mixed. 
2. The growth of attached microorganisms is limited by the concentra

tion of a particular nutrient. 
3. Organism decay is negligible as compared with microorganism 

growth. 
4. Substrate removal is a saturation function with respect to 

substrate applied, i.e., Monad kinetics apply. 
5. Substrate removal occurs both within the biofilm of the attached 

microorganisms and in the liquid portion of the RBC. 
6. Substrate removal for microorganism maintenance is negligible 

compared with substrate removal for growth. 
7. The attached microorganism growth on the entire disc area is 

included. 
8. Substrate removal in the biofilm occurs through the entire depth 

of the biofilm. 
9. Suspended microorganism growth contributes to substrate removal. 

10. Suspended biomass consists entirely of sloughed attached biomass, 
and there is no growth of suspended microorganisms. 

11. The stage total suspended solids concentration consists entirely 
of suspended biomass. 

The model development in this study diverges from Kornegay [1972] 
due to differing assumptions. The first difference is in the use of 
the entire surface area of the discs in computing the mass of attached 
microorganisms. In this study, the biofilm developed uniformly across 
the entire surface area of the discs; therefore, the entire disc area 
served as a support medium for the microorganisms. Kornegay assumed 
that growth was confined to the wetted submerged segment of the discs. 

The second difference is in the use of the entire depth of biofilm 
in computing the active mass of attached microorganisms. Here it was 
assumed that the entire depth of biofilm contributed to substrate 
removal, and thus the total mass of attached growth (dry weight mass) 
consisted of active microorganisms. Kornegay differentiated between 
total and active biofilm depth, and assumed that substrate removal 
occurred only in an active portion of the total depth. The remainder 
of the biofilm was assumed to be diffusion limited. 
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Thirdly, it is assumed that the suspended organisms contribute to 
substrate removal, whereas Kornegay assumed that substrate removal 
was confined solely to the active layer of the biofilm. 

It is also assumed that the suspended biomass consists entirely 
of sloughed attached biomass, and there is no growth of suspended micro
organisms. Furthermore, it is assumed that the stage total suspended 
solids (TSS) concentrations consist entirely of suspended biomass. 

The total active mass of microorganisms, then, in each stage (X1) 
equals the total attached biomass per stage plus the suspended biomass 
(TSS) in each stage. That is, 

where 
Aw = 
xf = 
v = 

total area of disc (L 2
) 

total attached biomass concentration (M/L 2
) 

liquid volume of the reactor (L 3
) 

X
8 

= stage TSS concentration (M/L 3 ) 

( 1 ) 

The model was derived in a fashion analogous to suspended growth 
model derivations. Performing a substrate mass balance on a single 
stage yields: 

(
net mass rate of \= {mass input) _ {~ass removal)- (mass output) (2) 

change of substrate/ \ rate \ rate rate 

which may be expressed mathematically as: 

[_4_ (vs,j = FoSo _ [. _4_ ( VS 1 ~ F1S1 (3) 
dt net dt . 

growth 

where 
v = liquid volume of the reactor (L3) 

Fo = influent flow rate (L 3 iT) 

F1 = effluent flow rate {L 3 /T) 

So = influent concentration of the growth-limiting substrate 
(M/L 3 ) 

81 = effluent concentration of the growth-limiting substrate 
(M/L 3

) 

t = time (T) 

The substrate mass removal rate is represented by microbial growth. 
Since V, the reactor liquid volume, is a constant, it can be removed 
from the differentiation. Therefore, equation (3) becomes: 
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[v(ds1~ = FoSo _ lv(ds1)~ _ FiSi 
dt ~net L \dt ~growth (4) 

Employing the concepts for microorganism growth and substrate 
removal developed by Monod [1942], assuming steady state conditions 
and utilizing Equation 1, Equation 4 can be reduced to: 

where 
µ 
y 

K s 

(5) 

= maximum specific growth rate of the microorganisms (T- 1
) 

= yield = O.:S 
= half saturation constant (M/L 3

); substrate concentration 

where 11 = % j) 

Here K and 11 represent the kinetic constants for the total biomass 
popula~ion, i.e., the attached and the suspended biomass. Since the 
suspended biomass is assumed to represent only sloughed attached 
biomass, the suspended biomass specific growth rate 11 is assumed to 
equal 11 for the attached biomass. Bintanja et al. [1976] made the 
same assumption in developing a steady-state model to predict carbon
aceous removals in an RBC, and achieved excellent fit of the data. 

The growth yield Y is a measure of the mass of microorganisms 
produced per mass of substrate removed. In this study it is defined 
as: 

where 

TSS n 
Yn = (~soluble COD) 

n 

n stage number. 

(6) 

Although many authors use the volatile suspended solids (VSS) concen
tration to indicate the viable fraction of the mass of microorganisms 
produced, in this study TSS concentration was used. 

Reaction rate constants show a definite temperature dependency. 
This is due to the fact that higher temperatures cause more energetic 
and more frequent collisions between molecules, and thus increase the 
chance of chemical reaction. This temperature dependency is usually 
represented by an Arrhenius-type relationship [Bailey and Ollis 1977]. 
Similarly, growth rates of bacterial cultures are proportional to 
temperature [Stanier et al. 1975]. Thus the temperature dependency 
of the maximum specific growth rate can be incorporated into an 
Arrhenius-type relationship: 
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where 
A 

-E /RT 
0 = Ae a 

= frequency factor (T- 1
) 

activation energy (cal/mol) Ea = 
R = universal gas constant (1.987 cal/mol°K) 
T = absolute temperature (°K) 

Substituting Equation 7 into Equation 5 results in Equation 8 
which describes substrate removal as a function of temperature. 

(7) 

(8) 

In this study it is assumed that the system parameters in Equation (8) 
all change with stage. Wu and Kao [1976] and Clark et al. [1978] found 
that the kinetic constants for a two stage suspended growth system, and 
a four-stage RBC, respectively, all changed with stage. Kornegay [1972] 
assumed that the kinetic constants did not vary with stage; however, 
Kornegay did assume that substrate removal was additive with stage. 
The concept of summing the substrate removal contributions of each 
stage can be utilized to describe RBC stage performance [Kornegay 1972]. 
It follows that Equation (8) can be generalized for a multi-stage 
reactor as: 

n 
l 

i=l 

where 

-E /RT. 
A.e ai 1.-

1.-

n = total number of stages 
i = number of specific stage 

(A Xf + V .X ) ( ) W i 1.- Si 8. 
1.-

Y. K + S. 
1.- Si 1.-

Since Fis constant through the stages, it can be removed from the 
summation. Equation (9) represents steady-state substrate removal 

(9) 

in a multi-stage reactor, and is the general model used in this study. 

Application 

The primary intent of the modeling effort in this study is to 
obtain the kinetic parameters - A, the frequency factor, E , the 
activation energy, and Ks, the half-saturation constant - ~or each of 
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the four stages in the reactor. One solution technique is to input 
stage data into a linearized version of Equation (9), and determine 
the stage kinetic parameters from the resultant plots. However, since 
there are three unknowns, one of the parameters would have to be 
assumed in order to use the linearization method. 

A more rigorous approach is to use a nonlinear curve-fitting 
solution technique to determine the optimum values for the kinetic 
parameters. The 11 NONLIN 11 FORTRAN program developed by Grenney [1973] 
is clearly suited for this purpose. Following the User's Manual 
written by Cleave [1978], the stage data from this study is entered 
into the NONLIN program along with initial estimates from A, Ea, and 
Ks· The NONLIN program uses an iterative finite-difference technique 
to converge to the optimum correlation. Thus the 11 best-fit 11 values 
of A, Ea, and Ks for each stage are determined. 

Nonlinear equations used in the NONLIN program must be of the 
form y = f(x,z, ... )where y is the dependent variable, and x, z, 
etc., are the independent variables. Rearranging Equation (9) so 
that F becomes the single dependent variable, Equation (9) becomes: 

l F=--
So - S n 

n 
l 

i=l 

-E /RT. 
A.e ai i, (AX + V.X ) 

i, 1.JJ fi i, Si 

Y. 
1,, 

( 10) 

Utilizing Equation (10) is not as cumbersome a task as it may appear. 
This is because the previous stage best-fit solution becomes a constant 
in solving for the successive stage best-fit. For example, for the 
first stage, Equation (10) is: 

F 1 = 1 (stage l term) 
So - S1 

( 11) 

where F has been subscripted to indicate the stage in question. For 
simplicity, the entire term in the summation is called the 11 stage l 
term11

• For the second stage, Equation (10) becomes: 

From Equation (11), 

(stage l term) + s .1 s (stage 2 term) 
0 - 2 

(stage 1 term) = F1(S 0 - S1) 

Therefore, Equation (12) becomes: 

F (So - S1) + l 
1 So - S2 So - S2 

(stage 2 term) 
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Here F 1 is the flow rate predicted from the best-fit of the first 
stage data. Similarly, for the third stage, Equation (10) becomes: 

( 15) 

where F2 is the predicted flow rate contribution of the second stage, 
and is found from equation (14): 

( 16) 

Therefore, 

( 17) 

For the fourth stage, Equation (10) becomes: 

F1 2 3 1t 
' ' ' 

( 18) 

where F3 is found in the manner analogous to the above solution for F2. 

In general, for n ~ 2, Equation (10) becomes: 

1 
(So-S ) n 

n-1 
l 

i=l 
F.(S 0 -S.) + ( 1 ) (stage n term) 
~ ~ So-Sn 

( 19) 

Equation (19) serves as the general form of the model incorporated 
into the NONLIN program for stages 2 through 4. Equation (11) serves 
as the simplified form for the first stage. 

RESULTS AND DISCUSSION 

Steady-State Data 

In this study, steady-state was defined as non-time-varying 
effluent soluble COD concentration. The criterion defining steady-state 
was three consecutive weeks of effluent soluble COD concentrations 
with values between ± 10 percent of their mean concentration. The 
weeks chosen to represent steady-state for each of the three loading 
conditions are summarized in Table 3. 

The three-week periods chosen represented the best steady-state 
approximations for their respective loading conditions. However, the 
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Table 3. Summary of the steady-state parameter values entered into the 
summation model (Equation 9). 

Hydraulic Influent Stage Stage Attached Suspended Flow loading Stage soluble effluent temperature biomass biomass Growth rate rate, COD, mg,£ soluble OK g/m2 TSS, mg/R. yield m3 /day mR./min (So) COD, mg/t (T) x, x .Y 
F (Sn) s 

850 357.2 98.8 295.3 74.0 115. 7 .45 1.22 
850 389.8 101.8 295.3 74.0 365.0 1.27 1.22 
850 506.8 76.8 295.3 74.0 165.3 .38 1.22 

1250 269.7 81.3 300.6 66.5 179.7 .95 1.80 
1250 502.2 81.8 300.6 66.5 636.3 1. 51 1.80 
1250 469.0 76.9 300.6 66.5 291.1 .74 1.80 
3300 1263.8 496.6 305.8 88.2 245.1 .32 4.75 
3300 464.6 330.9 305.8 88.2 206.8 1.55 4.75 
3300 855.0 461.7 305.8 88.2 183.8 .47 4.75 
850 2 357.2 76.0 294.6 31. l 154.6 .51 1.22 
850 389.8 78.7 294.6 31. 1 219.9 .61 1.22 
850 506.8 65.3 294.6 31. 1 96.3 . 21 1.22 

1250 269.7 63.2 299. l 36.6 132.3 .56 1.80 
1250 502.2 63.2 299.1 36.6 339.7 • 71 1.80 
1250 469.0 66.0 299.1 36.6 302.0 .73 1.80 
3300 1263.8 453.9 304.4 69.2 447.6 .53 4.75 
3300 464.6 264.0 304.4 69.2 437.5 1.66 4.75 
3300 855.0 313.5 304.4 69.2 384.8 .58 4.75 
850 3 357.2 64.6 293.9 16.9 196 .0 .64 1.22 
850 389.8 69. 1 293.9 16.9 137.5 .37 1.22 
850 506.8 48.0 293.9 16.9 63.5 • 14 1.22 

1250 269.7 79.6 297.4 24.0 79.6 .35 1.80 
1250 502.2 184.3 297.4 24.0 184.3 .40 1.80 
1250 469.0 106.0 297.4 24.0 106.0 .22 1.80 
3300 1263.8 368.3 302.9 53.5 368.3 .36 4.75 
3300 464.6 337.9 302.9 53.5 337.9 .96 4.75 
3300 855.0 285.9 302.9 53.5 285.9 .47 4.75 
850 4 357.2 57.0 293.2 14. 7 101 .0 .30 1.22 
850 389.8 61.4 293.2 14. 7 131 .5 .35 1.22 
850 506.8 55.6 293.2 14.7 482.7 1.05 1.22 

1250 269.7 55.8 295.9 22.0 259.6 1.21 1.80 
1250 502.2 39.0 295.9 22.0 302.0 .54 1.80 
1250 469.0 46.7 295.9 22.0 238.7 .53 1.80 
3300 1263.8 181.6 301.5 44.0 615.0 .34 4.75 
3300 464.6 126.7 301.5 44.0 684.0 .76 4.75 

3300 855.0 167.2 301.5 44.0 299.7 . 16 4.75 
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criterion defining steady-state was not met by the 1250 and 3300 m£/ 
min loading rates. For the 1250 m£/min HLR, the upper and lower 
boundaries of the three data points deviated 18.2 and -13.5 percent 
from the mean, respectively. For the 3300 m£/min HLR, the upper and 
lower boundaries deviated 14.6 and -20.0 percent from the mean, 
respectively. 

The other parameters required to solve the model equation (Equa
tion 9) were obtained from the data of these nine weeks. The actual 
data values of RBC influent soluble COD (So), stage effluent soluble 
COD (Sn), stage temperature (T), attached biomass (Xf), suspended 
biomass (X8 ), growth yield (Y), and flow rate (F) were used in the 
model (Table 3). The value entered into the model for the total disc 
area per stage (Au,) was 39.0 m2

• The stage volumes (vi) used were 
.113 m3 for stage one, and .123 m3 for stages 2, 3, and 4. 

The equation for growth yield was modified, assuming that the 
stages cannot be treated as independent reactors in terms of growth 
yield. Thus the growth yield was assumed to be represented by a 
summation model, with the growth yield in any particular stage equal 
to the total system growth yield minus the particular stage growth 
yield. For the first stage, then, the equation was the same, i.e., 
growth yield equalled TSSnl( soluble COD)n. For stages 2 through 4, 
Y was defined as: 

n n-1 
l TSS. l TSS. 

'/.. 1.-

y i=l i=l (20) = n-1 n n 
I (L'.).soluble COD). l (L).so 1 ub le COD) . 

i=l 1.- i=l 1.-

where n equals stage number. The resulting values of Y predicted by 
Equation (20) varied from 0.16 to 1.66. 

Model Results 

The best-fit solutions for the stage kinetic parameters, subject 
to the constraints listed, are shown in Table 4. The results in 
Table 4 show that the frequency factor A is essentially the same for 
stages 1 and 2, but decreases through stages 3 and 4. The frequency 
factor is related to the number of chemical reactions in the biomass, 
and thus shows that the number of reactions is biomass concentration 
dependent. 

The activation energy Ea is a quantitative measure of the energy 
input needed to cause a reaction to occur. In terms of microorganism 
growth, it is the heat energy required for substrate removal by the 
microorganisms. The results of this study show that Ea is independent 
of stage, since the values for all four stages are essentially constant. 
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Table 4. Summary of the stage kinetic parameters found using the summation model (Equation 9) with the 
NONLIN program. . 

Maximum 
Specific Growth 

Frequency Activation Half-Saturation Rate, j}, day- 1 
Constraint Stage Factor, A Energy, E Constant, K Flow Rate, mi/min 

R2 
day- 1 cal/mol a (mg/i) 8 

850 1250 3300 

l l.5xl012 17780 32 .109 .185 .307 .8283 
None 2 l.4xlQ12 17850 186 .084 .132 .223 .8559 

3 .46 x 10 12 17810 59 .027 .039 .068 .8404 
U1 4 . 26 x l 012 17790 -36 .015 .020 .034 .7636 
0 
w 

Fourth Stage l l. 5 x 1012 17780 32 .109 .185 .307 .8283 
K fixed at 2 1.4 x 1012 17850 186 .084 .132 .223 .8559 s 3 . 46 x l 012 17810 59 .027 .039 .068 .8404 0.1 mg/£ 4 1.6 x 10 12 18510 0. l .027 .036 .064 .7404 

Stages 3 and 1 1.5 x 10 12 17780 32 .109 .185 .307 .8283 
4 lumped 2 1.4 x 10 12 17850 186 .084 .132 .223 .8559 
together as 3-4 2.5 x 1012 17800 10 .145 .202 .349 .7825 
one stage 



The mean value of Ea for all four stages is 17807.5 cal/mol (17.81 
kcal/mol), and the standard deviation is 30.95. 

Mur~hy et aZ. [1977] found A, the frequency factor, to be 9.45 x 
10 x hr- (2.27 x 10 12 day- 1

), and Ea to be 13900 cal/mol in an RBC 
pilot-scale nitrification scheme. Wong-Chong and Loehr [1975], in a 
chemostat study of nitrification, found Ea for the ammonia oxidation 
step to be between 16.0 and 21.6 kcal/mol, depending on the pH in the 
chemostat. The values of Ea for nitrite oxidation were similarly pH 
dependent, and ranged from 14.0 to 39.6 kcal/mol. 

The values of Ea found in this study are in the range reported by 
Wong-Chong and Loehr, and the values of A are of the same order of 
magnitude as those reported by Murphy et aZ. This may indicate that 
the activation energy Ea and the frequency factor A are independent of 
the type of substrate - carbonaceous versus nitrogenous - used; by the 
microorganisms. Corresponding values of Eq and A for carbonaceous 
removal systems could not be found in the literature. ~ 

The values for Ks in Table 4 are listed as whole numbers because 
of the tremendous variability of these constants in mixed cultures. 
The first stage value of Ks indicates an abundance of usable organic 
carbon in the substrate. Thus one-half the maximum growth occurs at 
the low concentration of 32 mg/t. The low Ks value also implies that 
the microbial population is well adapted to the carbonaceous substrate, 
i.e., assimilation of the compounds in the substrate occurs quite 
readily. 

The Ks value of 186 mg/t in the second stage indicates that the 
second stage microbial mass has a reduced concentration of usable 
carbonaceous substrate in its environment, and thus maximum growth 
requires a much higher "second stage carbonaceous substrate" concentra
tion. The higher Ks concentration in the second stage may also be 
indicative of greater species diversity, with resulting varying 
nutritional needs. 

The value of 59 mg/t for the third stage Ks indicates that the 
third stage biomass is more adapted to its available substrate than 
the second stage biomass, and thus a lower concentration of "third 
stage substrate 11 wi 11 achieve mp.xi mum growth. 

The negative K in the fourth stage is indicative of model 
inadequacy beyond t~e third stage. This appears to be an artifact 
of the summation model and is not to be considered a true representa
tion of the fourth stage kinetics. The summation model adds a 
decreasing increment to Equation (9) with each successive stage. Thus 
a point can be reached where the stage data is best-fit by subtracting 
it from the previous stage terms. This is what happened at the fourth 
stage in this study. The values of Ks found in this study show an 
increase from stage l to stage 2, followed by a decrease through stages 
3 and 4. A similar trend in Ks values was found by CZark et aZ. 
[1978] in a four stage pilot scale RBC treating domestic wastewater. 
The K8 values found by CZark and coworkers for the four stages were 
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431, 546, 32, and 8 mg/i, respectively. The Ks values found in the 
first two stages were much higher than the corresponding Ks values 
found in this study. This was probably due to a number of reasons, 
e.g., different substrate, higher loading conditions, and lower 
temperatures. 

Because Equation (9) yielded a negative Ks in the fourth stage, 
it was decided to verify whether or not zero-order kinetics actually 
governed carbonaceous substrate removal in the fourth stage. Therefore, 
the fourth stage data were entered into the NONLIN program with Ks 
arbitrarily fixed at 0.1 mg/i. The resulting predictions (Table 4) 
for A, Ea, and µ, the maximum specific growth rate, were inconsistent 
with the previous stage data. Therefore, it appears that zero-order 
kinetics did not govern substrate removal in the fourth stage. 

Also, since the fourth stage data yielded a negative Ks, the data 
from stages 3 and 4 were lumped together as one stage and entered in 
the NONLIN program to determine if these two stages could be treated 

0 as one stage. The resulting values forµ (Table 4) were greater than 
for any previous stage, indicating the inappropriateness of the 
concept, i.e., the two stages have different kinetic characteristics. 

The values for P in Table 4 show a decrease with stage, which is 
expected. The highest maximum specific growth rate in the first 
stage is about nine times the highest maximum specific growth rate in 
the fourth stage. The O values have been calculated for each flow 
rate, since these flow rates occurred at different average temperatures. 

The high values for R2
, the correlation coefficient, indicate 

that the summation model fits the data, and that carbon was in fact 
the limiting nutrient. The decreased R2 for the fourth stage is 
attributed to the inadequacy of the model at that stage. 

In comparing the values of O obtained in this study with litera
ture values, a tremendous discrepancy is noted. The values ofµ 
obtained in this study are an order of magnitude less than published 
literature values. For example, Gaudy et al. [1967] found O to be 
5. 10 day- 1 (BOD 5 basis) for a suspended growth reactor treating skim 
milk. Wu and Kao [1976] found a O of .91 day- 1 (BODs basis) in a 
suspended growth reactor treating yeast waste. Clark et al. [1978], 
using a four-stage pilot scale RBC, found a p of 4.4 day- 1 (BODs basis) 
in the first stage. 

The discrepancy appears to be based on two reasons. First of all, 
although several authors have used COD as the basis for kinetic 
equations [Heukelekian et al. 1951, Benedek and Horvath 1967, Gaudy 
and Gaudy 1971, and Bintanja et al. 1976], the trend has been to apply 
BOD 5 as the basis. In this study, the COD removed per stage was 
probably much greater than the BOD 5 removed per stage because of the 
high COD:BOD 5 ratio. Therefore, since COD removal is in the denomina
tor of our model equation, this could have severely reduced µ. 

Secondly, the discrepancy in O is probably more directly related 
to the low hydraulic loading rates employed in this study. For 
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example, the hydraulic loading rates in this study varied from .008 
to .030 m3 /m2 ·day (. 19 to .75 gpd/ft 2

). Clark et al. [1978] varied 
HLR's from .044 to .196 m3/m2 •day (1.09 to 4.81 gpd/ft2

). This 
difference alone almost negates the order of magnitude difference 
in f). 

In this study, the hydraulics of the RBC prevented any higher 
increase in HLR. The .028 m3 /m2 ·day HLR {.75 gpd/ft2

) was the 
maximum safe loading rate for the chosen rotation speed that would 
allow each stage to operate without carryover of wastewater into the 
next stage. 

Simulation 

For the data simulation, the stage kinetic parameters obtained 
from the NONLIN solution technique (Table 4) were substituted back 
into the model. The average influent soluble COD concentration,of 
the three data points used for each HLR was then entered into the 
model as So, along with the average values of the remaining steady 
state data (Table 3). Stage effluent concentrations were then solved 
for, and the predicted stage effluent concentration became the 
influent for the next stage. Thus the model was forced to fit the 
same data used in generating the kinetic parameters to predict the 
stage effluent concentrations. This procedure.is not a verification 
of the model, but an exercise to show the model "fit. 11 

The simulation results, using the value of 0.10 mg/i for the 
fourth stage K8 , are shown in Figures 2-4. As it is seen, the simula
tions become less accurate with increasing loading rate. For the 
850 mi/min and the 1250 mi/min flow rates (Figures 2 and 3), the 
assumption of 'zero-order kinetics in the fourth stage is inaccurate. 
This is especially noted in the 850 mi/min flow rate, where the fourth 
stage simulation deviates from the actual data. The 3300 mi/min HLR 
(Figure 4) shows a different pattern of stage soluble COD concentration. 
The steady-state data show a greater range in concentrations than the 
other two flow rates, and the fourth stage has significant effects on 
substrate removal. The system reached its maximum biomass production 
at the 3300 m£/min HLR, i.e., saturation was reached and zero-order 
kinetics (with respect to substrate) governed. Therefore, the 
simulation shown in Figure 4 appears to accurately represent the data. 
The downward inflection after stage 3 does correspond to the decrease 
in fourth stage soluble COD concentration. 

The simulations of the steady-state data, lumping stages 3 and 4 
together, are shown in Figures 5-7. The resulting curves do not 
simulate the third and fourth stages, and this is most apparent at 
the lower concentrations, i.e., the 850 m£/min flow rate (Figure 5). 
The two stages act differently, and lumping them together creates 
greater inaccuracy in the simulation. 

Several possible reasons exist for the poor model simulation at 
the higher loading rates. They are: 
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1. Soluble COD was chosen to represent the carbonaceous substrate. 
The kinetic parameters obtained are lower than those that would 
be obtained using soluble BOD5 or soluble organic carbon as the 
carbonaceous substrate. Better correlations may have been achieved 
using these other parameters. 

2. Inaccurate values for the growth yield, Y, may have been used. 
The steady-state values of growth yield used in the model varied 
from .16 to 1.66. Although high growth yields were expected 
due to maximum substrate utilization, the computed values greater 
than 1.0 probably should not have been used; Growth yields of 
greater than 1. 0 probably occur instantaneo.i.Jsly, or for short 
periods of time, but not at steady-state. !The dynamics of sludge 
production in the RBC are quite complicated, and the attempts in 
this study may not have successfully esta~lished an empirical 
basis for Y. 

3. The entire depth of attached biomass plus the suspended biomass 
was assumed to affect substrate oxidation. This assumed that 
diffusion of oxygen or substrate into the biofilm was not limited 
by temperature, film thickness, dissolved oxygen concentration, 
etc. In this study, however, low DO concentrations and high 
wastewater temperatures at the highest HLR could have limited 
substrate oxidation in the attached biomass. Other authors have 
used a partial depth of biofilm in modeling substrate removal 
[Kornegay and Andrews 1968 and Williamson and McCarty 1976]. 

The suspended biomass comprised only a small percent of the total 
mass of the system; therefore, its inclusion in the model probably had 
negligible effects. 

ENGINEERING SIGNIFICANCE 

The steady-state model (Equation 9) developed in this study can 
be utilized as a tool in designing RBC systems for similar applications. 
This is done by constructing a nomograph of flow rate versus required 
disc area for desired percent soluble COD removals. The isoconcentra
tion lines (percent soluble COD removal lines) are found by solving 
Equation (9) for Aw, the disc area, as a function of the flow rate F. 
The resulting nomograph is shown in Figure 8. Equation (9) is solved 
in this manner using an average value for each of the kinetic constants. 

In constructing this nomograph, the four stage RBC is treated as 
one stage, so that the disc area needed to obtain a specified percent 
COD removal at a specified flow rate is the total disc area for the 
entire multi-stage system. Nomographs could similarly be constructed 
for each stage. 

Figure 8 was constructed based on the average influent soluble 
COD concentration of 575 mg/i. The influent soluble COD concentration 
determines the position of the isoconcentration lines, since the 
required disc area is dependent on 6COD removed. Thus a different 
influent soluble COD concentration would shift the position of the 
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isoconcentration lines. Note that the isoconcentration.lines are 
nonlinear because xf, the attached biomass concentration, varies with 
the flow rate F. Ir xf did not vary with F, the isoconcentration lines 
would be linear. 

SUMMARY AND CONCLUSIONS 

A four stage 1.2 m (47 inch) diameter Rotating Biological Contactor 
treatment system was operated continuously for six months in treating 
a cheese processing plant wastewater. The system was operated under 
flow rates of 850, 1250, and 3300 mi/min, and steady-state effluent 
carbonaceous substrate concentrations were achieved for each of the 
three flow rates. Treatment process performance was measured via 
weekly chemical analyses of 24 hour composite samples of the influent, 
stages, and effluent from the system. System physical parameters were 
monitored regularly at the field site. 

Carbon was determined to be the growth limiting nutrient, and 
a steady-state Monod kinetics model was developed to simulate carbona
ceous removal in the RBC. In the model, the temperature dependency of 
the maximum specific growth rate µ was represented by an Arrhenius-type 
relationship. A nonlinear FORTRAN curve-fitting solution technique 
was used to solve for the stage kinetic parameters E , the activation a 
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energy, A, the frequency factor, and Ks, the half-saturation constant. 
The kinetic parameters found from the curve-fitting technique are 
listed in Table 4. 

Leaving the kinetic parameters unbounded and free to 11 float 11 

during the solution technique, Ea ranged from 17.78 to 17.85 kcal/mol 
in the four stages. Likewise, A varied from 1.5 x 10 12 to .26 x 1012 

day- 1 , and Ks ranged from 186 to -36 mg/£. The corresponding values 
of P ranged from .307 to .015 day- 1

• The high correlations obtained 
for each stage indicate that the assumptions used in deriving and 
applying the model are valid. 

From the results of this study, the following conclusions can be 
made: 

1. In the lower concentration ranges encountered, soluble COD removal 
follows first-order kinetics, while at the higher concentration 
ranges, soluble COD removal is zero-order. 

2. Carbon is the growth limiting nutrient in the wastewater, and the 
average C:N ratio for the steady-state data is 44.6:1. 

3. Carbonaceous substrate removal can be best described by the Monad 
kinetics model of Equation (9). 

4. The maximum specific growth rate,µ, of the microorganisms 
decreases with available substrate and temperature, among other 
factors, from .307 day-1 in the first stage to .015 day- 1 in the 
fourth stage. 

5. The maximum specific growth rate temperature dependency can be 
described by an Arrhenius-type equation. 

6. The activation energy, Ea, is independent of stage, and has a mean 
value of 17807.5 cal/mol. 

7. The half-saturation constant, Ks, changes with stage, and the 
values for the four stages are 32, 186, 59, and -36 mg/£, 
respectively. 

8. The sununation model (Equation 9) becomes inaccurate at the fourth 
stage, as shown by the negative Ks value in this stage. 

9. Using an empirical equation for Y, the growth yield, the steady
state values for Y varied from .16 to 1.66. 

10. The percent soluble COD removal was 88.0, 88.0, and 71.1 percent 
for the 850, 1250, and 3300 mi/min flow rates, respectively. 
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INTRODUCTION 

PART V: AIR DRIVE AND SUPPLEMENTAL AERATION 

AERATED RBC'S WHAT ARE THE BENEFITS 

By 

Kevin J. Mccann 
Applications Engineer 
Autotrol Corporation 

and 

Richard A. Sullivan 
Manager, Process & Application Engineering 

Autotrol Corporation 

Since 1973 Autotrol Corporation has conducted extensive testing, evaluating 
the impact of the aeration process on the operation of RBC units.. Zarli.er 
studies were conducted solely under the auspices of the Company at its Corp
orate laboratories and at test facilities located in the Milwaukee Metropoli
tan Sewerage Connnission's Wastewater Treatment Facility South Shore plant. 
Other pilot studies have been performed in cooperation with private engineers 
such as Greeley and Hansen (Portsmouth, VA), Metcalf & Eddy Engineers (South
west Water Pollution Control Plant, San Francisco, and Jenks and Harrison Inc. 
(Union Sanitary District, CA). The conclusions derived from these studies 
have been confirmed in more recent full-scale evaluations comparing the 
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effluents of aerated biological contactors (ABC) and standard mechanically 
driven rotating biological contactors (RBC) at identical loadings. These 
tests have been conducted by Greeley & Hansen at the Alexandria, VA Waste
water Treatment Plant and Duncan, Lagnese & Associates at an industrial 
installation. The results of these studies will be more fully discussed in 
papers to be presented later in this conference. This presentation summarizes 
the benefits of subjacent aeration in the RBC process. 

RBC - Unaerated Mechanical Drive units 

To appreciate the benefits of aerating an RBC unit one should have some 
familiarity with typical process limitations and problems encountered by 
standard mechanically driven units. Overloading, anaerobic growth, beggiatoa 
and lack of operator control comprise the majority of problems and criticisms 
encountered at RBC facilities experiencing difficulties. Most of these 
criticisms are interrelated and can be discussed under a few general areas. 

a) Overloading 

For every RBC system, treating either municipal or industrial waste, there 
is a limit to the rate at which the waste is applied beyond which first stage 
RBC units will not be able to maintain aerobic conditions. Once pushed into 
this anaerobic region there are a number of problems which can develop. 

Undesirable organisms will proliferate and retard oxidation of the BOD 
substrate. The two most common bacterial forms are anaerobic and sulfur 
oxidizing micro-organisms. 

The anaerobic bacteria normally co-exist with aerobic micro-organisms form
ing the underlayer of the biofilm. Mathematical model studies have shown 
that the aerobic layer is extremely thin, its depth controlled in early 
stages by oxygen diffusion and in downstream stages by substrate diffusion. 
These same models indicate that aerobic layers average only .004 to .008 
inches thickness with any greater depth attributed to anaerobic growth. 
When overloading occurs, the tremendous growths which tend to develop are 
primarily inactive anaerobic bacteria. This extra "dead load" potentially 
reduces the life expectancy of the equipment. 

However, the anaerobic layer is not inactive. Any sulfate present in the 
waste is reduced to sulfide under anaerobic conditions. The sulfide becomes 
a food source for beggiatoa, or sulfur oxidizing bacteria. Although an aerobic 
bacterial form, this chemotroph is extremely successful in competing with 
carbon bacteria, but provides no removal of BOD. ~urther, the growth is 
gelatinous, effectively blocking oxygen transfer and further inhibiting carbon 
bacteria. 

Even with a correctly loaded system, beggiatoa presents a potential problem if 
sulfide already exists in the system due to either septic conditions in the 
collection system or the primary clarifier, an industrial waste discharge 
having a high sulfide content or any other uncontrollable source of sulfide. 
In addition to causing reduced BOD removal through the system, beggiatoa growth 
has poor settling characteristics and will normally create a pinpoint white 
floe which easily crests the effluent weirs in the secondary clarifier. 
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b) Lack of Operating Control 

This historically has been and continues to be one of the most serious 
arguments by engineers and operating personnel against the use of RBCs. It 
is especially strong in small applications where the operator frequently 
does not have the luxury of removable baffles for some measure of control. 
It is the unforeseen situation causing a short term problem, for which there 
is no easily applied correction, which makes this criticism valid. With a 
strictly mechanically driven RBC. The only potential controls available to 
the operator are rotational speed adjustment and removable baffles. However, 
the rotation of the RBC unit provides both aeration and shearing force for 
controlling biomass thickness. 

Rotational speeds are fairly uniform in the industry between 1.4 and 1.7 rpms. 
These numbers cannot be lowered because of reduced oxygen transfer efficiency. 
This loss of oxygen transfer efficiency would further complicate an already 
overloaded first stage, while. reduced shearing force would cause further 
proliferation of anaerobic biomass. Increasing rotational speed is not a 
viable alternative since an increase to ven 2.25 rpm would cause the RBC process 
to be non-competitive with other biological treatment systems. This seemingly 
small adjustmant would double the power consumption, doubling the operating costs. 
Baffle adjustment for staging alternative does not easily lend itself to short 
term problems. This option entails draining tankage to remove baffles and would 
most likely be accomplished after the problem had passed. 

ABC - Aerated Biological Contactors 

Understanding these major limitations of the tradition?l RBC unit should give 
greater appreciation for the following improvements which have been evaluated 
for ABC systems. 

a) Thinner Biomass 

From the earliest research, the major concern of investigators attempting to 
optimize any biological fixed film treatment system has been control of 
biomass. Few fixed film processes, if any, offer an operator an "activ<." 
method for controlling film thickness. 

As we have discussed, RBC systems effectively control the film thickness 
through a "passive" system of shearing forces created by the rotation of the 
unit. 

Figure 1 presents data from six consecutive test periods of the South Shore 
test facility comparing biofilm thickness for stages 1 and 3 for RBC and ABC 
systems each loaded at identical rates. For only the first two test periods 
for Stage 3 of the ABC system and the first test period for Stage 3 of the 
RBC system, is the biofilm thin enough that a completely aerobic growth is 
indicated. 

At every point, however, the ABC system is carrying less anaerobic growth 
than the RBC train. A dramatic disparity in growth thickness is especially 
obvious in the first stage. The two systems start to approach the same 
thickness in stage 3, with stage 4 showing little or no difference in biomass 
thickness. 
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Figure 1 
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In these later stages the low organic loadings act as a control on the bio
film thickness without any need for further "outside" measures, or operator 
control. 

The major implication of this benefit is that high density media, which 
provides more surface area per cubic foot, because of the closer spacing of 
the plastic media layers, can be used earlier in the treatment train without 
fear of bridging caused by excessive bacterial growth. The thinner biofilm 
can be attributed to the stripping action of the bubbles rising across the 
surface of the media. In addition to keeping the biomass to a thickness 
which can be kept primarily aerobic, the decreased weight carried by the 
shaft can only increase the life cycle of the equipment. 

b) Higher D.O. Concentrations 

Since the aeration arc of the RBC unit is augmented by an additional source 
of oxygen in an ABC system, comparisons of identically loaded side by side 
evaluations have always shown improved D.O. profiles for the ABC units. 
Figure 2 indicates such a comparison for the first stages at South Shore. 
Plotting the change in dissolved oxygen versus organic loading the ABC system, 
Figure 2 shows that the ABC units have excess oxygen transfer capability above 
loadings of 5 lbs of soluble BOD.per day per 1000 ft2 surface area. RBC 
systems' oxygen transfer capability, however, is exceeded above loadings of 
3 lbs of soluble BOD per day per 1000 ft2 of surface area. 

This advantage permits an ABC system to be loaded at higher levels and 
remain aerobic. This coupled with the higher ORP prevents septic conditions 
from prevailing and avoids the undesirable effects of an overloaded system. 
Further, ABC units can more easily control situations where sulfides already 
exist in the waste prior to entering biological treatment. This has been 
demonstrated in full-scale studies at Alexandria, VA and in pilot plant 
studies at San Fransicso. In both cases sulfide content of the influent 
stream is such that an RBC system during summer operation cannot meet effluent 
criteria without drastically lowering the organic loading to prevent beggiatoa 
poliferation. 

Metcalf & Eddy recommended, in their Summary Report for the Southwest Water 
Pollution Control Plant Project, th~t " ••• RBC units be used following 
primary sedimentation and that they be mechanically driven with supplemental 
air provided or .that they be air driven." This was based upon the Engineer's 
experience with a beggiatoa problem and his evaluation that the " ••• correction 
of the problem by supplemental air addition wa.s demonstrated dramatically ••• 
where the addition of air to the wastewater flows under the discs eliminated 
the beggiatoa growth within a matter of hours. The air not only corrects 
the low dissolved oxygen condition but, through the shearing action of the 
air bubbles results in a thinner layer of biomass on the disc, allowing the 
entire biomass to remain aerobic." 

c) Increased BOD Removal 

Primarily due to the higher dissolved oxygen concentrations, denoting im
proved oxygen transfer, coupled with the control of undesireable bacterial 
forms, increased BOD removal rates have been noted for ABC systems. Figures 
3 and 4 show side by side comparisons of an RBC and ABC systems at Al~xandria, 
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Figure 2 

South Shore Test Facility 
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Virginia. The stage analysis for soluble BOD concentrations shows lower 
concentrations fer each stage of the ABC units than the RBC stages, although 
both systems were loaded at similar rates. 

This improved performance has been eveluated to a much greater extent at the 
South Shore test facilities and has resulted in Autotrol Corporation 
publishing a separate design curve for ABC systems. The major improvements 
have been noted in early stages, the more highly loaded units, demonstrating 
further that this advantage is primarily an oxygen transfer improvement 
phenomena. 

This reduced surface area requirement, coupled with the more efficient use of 
higher density media, has resulted in the elimination o.f 10% to 20% of the 
number of shafts required, depending on the application. 

d) Operating Flexibility 

Because of the improved oxygenation and additional shearing forces for bio
mass control, the operator has available one more level of control with an 
ABC system - air flow rate. These can be adjusted as required during seasonal 
peaks or unanticipated discharges from heavy industrial users. Further, the 
system can be earily "turned down" during seasonal low periods. 

While this would permit the operator to take advantage during low periods of 
additional power savings, the major thrust is the ABC's ability to safeguard 
against the unforeseen heavy load. 

CONCLUSION 

In sturnnary by applying aeration equipment to an RBC unit, an engineer can 
offset the traditional criticisms of earlier applications. Further, by 
efficient application, an ABC system can offer a necessary safety factor to 
the total installation without increase in total life cycle cost. 
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Figure 3 
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Figure 4 · 
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PERFORMANCE EVALUATION OF AIR DRIVEN 
RBC PROCESS FOR MUNICIPAL WASTE TREATMENT 

INTRODUCTION 

By 

R. Srinivasaraghavan 
Associate, Greeley and Hansen 

Carl W. Reh 
Partner, Greeley and Hansen 

Sven Liljegren 
Director, Pinners Point STP 

The existing I'inners Point Wastewater Treatment Plant is 
a primary plant treating an average flow of 12 mgd. The 
plant is to be upgraded to provide secondary treatment at a 
design average flow of 16.4 mgd. The effluent criteria for 
the secondary plant are 30 mg/l biochemical oxygen demand and 
30 mg/l suspended solids. 

Based on preliminary comparative process evaluation 
studies, the Rotating Biological Contactor (RBC) process has 
been chosen as the secondary treatment process at Pinners 
Point. A pilot plant study was conducted to establish bases 
of design for the secondary treatment facilities. 

EXPERIEMNTAL SET-UP 

Pilot Unit 

An "aerosurf" RBC pilot unit was used in the study. The 
pilot unit was a four-stage air-driven RBC, 10 feet long and 
a 10.4 feet diameter. The total surface area of the unit 
was 23,000 ft2. ~he disc was rotated by air provided through 
the diffusers located at the bottom of the tank. 

The primary effluent was the feed to the pilot plant. 
The waste flow to the RBC pilot unit was controlled by using 
a throttle valve to obtain the desired rate. The wet well 
was aerated to reduce the sulfide level and provide a positive 
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ORP in the sewage to avoid the growth of undesirable organisms. 
The RBC effluent was settled for thirty minutes in a six-inch 
diameter experimental column to simulate the operation of the 
secondary settling tanks. A diagram of the pilot plant is 
shown on Figure 1. 

Operating Conditions 

The start-up period lasted for about three weeks in 
September, 1977. The test program lasted approximately six 
months and consisted of seven phases. Overall hydraulic load
ings were adjusted to cover a range of 1.0 to 3.0 gpd/ft2 during 
Phases I through V. The shaft speed was maintained, through 
the adjustment of air flow rate, at about 1.60 rpm through all 
phases except Phase V when the speed was 1.04 rpm. 

Phases VI and VII studied the effect of instantaneous and 
diurnal variations in flow on RBC performance. Plant operating 
reports indicate an instantaneous flow fluctuation cycle to be 
20 to 25 minutes long, with a flow variation of 5 to 30 mgd 
during the day and 3 to 15 mgd during the night. A cyclical 
flow pattern as indicated on Figure 2 was maintained to approx
imately simulate this condition in the pilot study. The flow 
fluctuation was accomplished by using three constant head tanks 
with outlet solenoid valves, each controlled by a timer. 

A summary of the program schedule and the operating con
ditions are shown in Table 1. Settling and thickening tests 
were performed on the RBC effluent using an eight-foot settling 
column and one liter glass cylinder, respectively. 

Data Collection 

As indicated on Figure 1, samples were collected at five 
sampling points for the RBC influent, effluent, and wastewater 
in three intermediate stages. All samples from the RBC unit 
were composited. Grab samples were taken for settling tests. 
The weekly analytical schedule is shown in Table 2. 

RESULTS AND DISCUSSI'ON 

Influent Characteristics 

The characteristics of the influent to the RBC unit are 
shown in Table 3. The values shown are the means of the daily 
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determinations. The percent coefficient of variation for 
each parameter is also shown to indicate the extent of in
fluent quality fluctuation. 

The overall average influent BOD5 and SBOD5 were 
104 + 34 mg/l and 42 + 22 mg/l, respectively, and the SS and 
VSS concentrations were 79 + 44 mg/l and 67 + 40 mg/l, re
spectively. It can be seen-that there were considerable fluc
tuations in BOD5 and SBOD5 in each phase as reflected by the 
high coefficient of variation values. Even greater amounts of 
variation were observed in SS and VSS concentrations in the 
influent. 

Table 4 shows the ratio of BOD5 to COD on both soluble and 
total bases. The ratio ranged from 36 percent to 59 percent, 
indicating a significant amount of not r~adily biodegradable 
fraction in the influent. The average COD to BOD5 ratio did not 
change significantly between phases, averaging about 2.3. 

The average DO concentration in the RBC influent after 
aeration in the wet well ranged from 2.3 mg/l in Phase I to 
7.3 mg/l in Phase VI. This increase is believed to be due to 
the decrease in water temperature from September to March. 

RBC Performance 

Effect of Loading: 

Loading to RBC has been expressed in three different ways: 

1. Hydraulic, gallons/ft2/day 

2. Soluble Organic, pounds SBODs/1,000 ft2/day 

3. Total Organic, pounds BOD5/l,OOO ft2/day 

Each has been plotted against the performance parameters, SBOD5 
and BOD5 pounds removed, effluent quality, and removal effi
ciency, and summarized in Table 5. All plots are based on 
linear regression calculations. 

The total BOD5 are 30-minute settled effluent values and 
the SBOD5 are RBC effluent values. Total BOD5 values are plot
ted only to obtain the order of magnitude of BOD5 concentrations 
to be expected in the effluent. The thirty-minute settling 
test only grossly simulated the performance of a full-scale 
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secondary clarifier. It is anticipated that the effluent 
quality would be better with a full-scale secondary clarifier. 

o Hydraulic Loading 

The average hydraulic loading was varied from 
1.0 to 3.0 gpd/ft2 during the test program. 
The pounds SBOD5 and BOD5 removed, effluent SBOD5 
and BOD5, and SBOD5 and BOD5 removal efficiencies 
are plotted as functions of hydraulic loading for 
all phases on Figures 3 through 8. 

It can be seen from Figures 7 and 8 that, in spite 
of high fluctuations, the treatment efficiency 
generally decrease with an increase in hydraulic 
loading. Figures 5 and 6 show the same result, but 
in terms of effluent quality. Overall the correla
tion is not satisfactory for performance prediction. 

o Soluble Organic Loading 

The average soluble organic loading ranged from 0.5 
to 1.2 pounds SBODs/1,000 ft2/day. Since the in
fluent SBOD5 varied widely, individual data points 
were plotted in addition to the average phase data. 

An average phase value plot of pounds SBOD5 removed 
versus pounds SBOD5 applied is shown on Figure 9. 
Figure 10 is the same graph using daily data points. 
It can be seen that excellent correlation exists 
between the pounds of soluble organics applied and 
removed. The correlation coefficient is 0.97 which 
is extremely good for a biological system. The slope 
of the regression line which is representative of the 
percent removal efficiency indicates about 80 percent 
SBOD5 removal. 

Figure 11 is a plot of pounds BOD5 removed versus 
SBOD5 loading. The correlation coefficient for this 
graph, 0.92, is also relatively high. Figures 9, 10 
and 11 show that the pounds of organics removed in
creased linearly with increases in soluble organic 
loading, indicating nonoxygen limiting conditions. 

On Figures 12 and 13, the average percent SBOD5 re
moval and BOD5 removal are plotted against SBOD5 
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loading for each phase. The regression lines in
dicate that the performance of the RBC decreases 
with an increase in soluble organic loading. 

Figures 14 and 15 are plots of effluent SBOD5 and 
BOD5 against SBOD5 loading. These plots indicate 
that effluent quality decreases as the soluble 
organic loading decreases. 

o Total Organic Loading 

The average total organic loading ranged from 1.1 
to 3.5 pounds BOD5/l,OOO ft2/day. As with the 
soluble BOD5, the influent total BOD5 varied widely, 
and individual data points were plotted in addition 
to the average phase data. 

Figures 16 and 17 are average phase value plots 
of SBOD5 removed and BOD5 removed versus BOD5 load
ing. The same correlation is shown on Figure 18 
using daily data points. The plots based on BOD5 
loading have high correlation coefficients: 0.89 
for SBOD5 removal' and 0.95 for BOD5 removal. The 
regression lines indicate nonoxygen limiting con
ditions. 

The SBOD5 and BOD5 effluent concentrations and re
moval efficiencies are plotted as functions of BOD5 
loading for each phase on Figures 19 through 22. 
These graphs show that the treatment efficiency and 
effluent quality decrease as the total BOD5 load
ing increases. 

Effluent Characteristics 

The characteristics of the RBC pilot plant effluent are 
shown in Table 6. Both BOD5 and SS are the properties of the 
30-minute settled effluent. 

The effluent ammonia nitrogen (NH3-N) concentrations were 
compared to the influent NH3-N concentrations. The average 
NH3-N concentration for all seven phases decreased from 30 + 
10 mg/l in the influent to 24 + 9 mg/l in the effluent. This 
decrease is due to bacterial assimilation. The largest de~ 
crease in NH 3-N occurred during Phase II when the average NH3-N 
concentration_decreased from 36 to 19 mg/l across the RBC, in
dicating some nitrification. 
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In order to estimate the BOD5 in the effluent, an at
tempt was made to correlate the particulate BOD5 (total 
BOD5 - soluble BOD5) and SS removals during the settling pro
cess. Figure 23 is a plot of particulate BOD5 removal ver
sus SS removal, mg/l, during the 30-minute settling test. 
The particulate BOD5 removal was determined by the differ
ence between the total BODS concentrations in the RBC effluent 
and 30-minute settled effluent, assuming there was no change 
in the SBOD5 concentrations during the settling process. The 
slope of the regression line is 0.37, indicating 0.37 mg par
ticulate BOD5 per each mg SS. 

Settling Characteristics 

Settling tests were performed during each phase to deter
mine the required surface overflow rate, gpd/ft2, and surface 
area of settling tank. The tests indicate better settling 
characteristics during the lower soluble organic loading phases. 

Figure 24 is a plot of settled effluent suspended solids 
as a function of soluble organic loading. The purpose of the 
plot is not to determine effluent SS at various loading but to 
observe the effect of organic loadings on general settling 
characteristics reflected by 30-minute settling test. The re
gression line indicates that the effluent quality decreases as 
the SBOD5 loading increases. 

Figure 25 shows a plot of percent SS removal versus surface 
overflow rate calculated from the settling tests conducted for 
all of the phases. A band is shown to illustrate the range of 
values observed. 

Sludge Production 

The RBC influent solids to effluent solids ratio was plot
ted to determine if there is any net sludge increase or de
crease due to synthesis or oxidation. This is shown on Figure 
26. No definite trend is apparent. Therefore, the mean value 
is chosen for the estimation of sludge production. The sludge 
production is approximately equal to 0.83 times the amount of 
suspended solids entering the RBC. 

Effect of Rotational Speed 

A shaft speed of about 1.60 rpm was maintained through 
all of the phases except Phase V when the speed was 1.04 rpm. 
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Comparing Phase V with Phase II and III which had similar sol
uble organic loadings (about 0.6 pounds SBOD5/l,OOO ft2/day), 
there is no significant difference in effluent quality. The 
SBOD5 removal was lower when the rotating speed was reduced, 
but this is probably due to a lower influent SBOD5 concentra
tion in Phase V. 

Comparing Phase V to all of the phases, no significant 
difference is observed in the performance of the RBC. This is 
probably because oxygen limiting conditions did not occur during 
any of the phases. 

Effect of Diurnal Flow Variation 

During Phase VI and VII, the RBC influent flow was varied 
in a four-step cyclical flow pattern to simulate.day and night 
flow variations. There is no significant difference between 
the results of these phases and the first five phases. This in
dicates that the diurnal flow variation of the magnitude and 
range experimented has no significant effect on the performance 
of the RBC unit. 

SUMMARY 

The pilot plant data generally seemed to correlate bet-
ter with loading when loading is expressed as organic rather 
than hydraulic. The performance characteristics showed a direct 
dependence on the soluble BOD5 loading. 

The bases of design for the full scale RBC process is shown 
in Table 7. Based on these design conditions and the RBC pilot 
plant study, the performance of the RBC can be estimated as 
follows: 

o Effluent SBOD5 

From the regression equation developed based on 
data shown on Figure 10, it is estimated that 
the effluent SBOD5 at the design loading rate of 
1.4 pounds SBOD5/l,OOO ft2/day would be 17 mg/l. 

o Effluent SS 

Better than 80 percent of the RBC effluent sus
pended solids can be removed in the secondary clar
ifier at the design surf ace overflow rate of 
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740 gpd/ft2 and a hydraulic retention time of 
2.97 hours. Assuming an RBC effluent SS con
centration of 88 mg/l, the effluent SS concen
tration would be 18 mg/l. 

o Effluent BOD5 

The ratio of particulate BOD5 to SS in the efflu
ent was found to be 0.37. An effluent with 18 mg/l 
SS will have a particulate BOD5 of about 7 mg/l. 
Therefore, the total BOD5, soluble and particulate, 
in the effluent is estimated to be about 24 mg/l. 

o Sludge Production 

The secondary sludge production under the assumed 
design conditions is indicated to be approximately 
0.83 times the influent suspended solids. 

o Effect of Rotating Speed 

Comparing Phase V, when the rotating speed was 
changed from about 1.6 rpm to 1.04 rpm, with the 
other phases, no significant difference is observed 
in the performance of the RBC. 

o Diurnal Variation 

T-he diurnal flow variation of the magnitude and 
range experimented during Phases VI and VII has 
no significant effect on the performance of the 
RBC unit. 
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TABLE 1 

Study Phases and Hydraulic Loading Characteristics 

RBC 
Number Influent Mean 
of Days Average Shaft Hydraulic 

at Temperature Speed Loading 
Phase Period Steady State OF rpm gpd/ft2 

I 9/18/77- 9/30/77 13 81 1.61 3.00 

II 10/ 9/77-10/30/77 22 73 1. 71 1.00 

III 11/ 6/77-12/ 2/77 27 69 1.62 1. 79 

IV 12/11/77- 1/ 4/78 25 61 1.66 3.03 

v 1/ 8/78- 1/31/78 24 57 1.04 2.16 

VI 2/22/78- 3/ 7/78 14 56 1.55 2.74 

VII 3/ 8/78- 3/22/78 15 55 1.58 1.41 
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TABLE 2 

Sam2lin~ and Testin~ 

NUMBER OF ANALYSES PER WEEK 
J2H Tem.12. D.O. SBOD* BOD SS vss COD SCOD* NH~-N s- ALI<. 

Influent 5 5 5 5 5 5 5 3 3 1 2 1 

Stage 1 - - 5 5 5 5 5 

Stage 2 - - 5 5 5 5 5 

Stage 3 - - 5 5 5 5 5 

Stage 4 5 5 5 5 5 5 5 3 3 l* 2 l* 

30 Min. - - - - 5 5 

U1 
Settled 

w Effluent 
~ 

Settling Test - Once a week during steady state operation in each phase. 

* .Analyses on Filtered Samples 
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TABLE 3 

RBC Influent Characteristics, mg/l 

BODS SBOD5 COD SCOD --
% % % % % 

Phase Mean cov(l) Mean cov SBOD5 Mean COV Mean cov Mean 

I 144 25 49 62 34 328 25 126 21 92 

II 146 20 71 35 49 262 32 124 29 108 

III 93 30 41 51 44 202 23 126 45 70 

IV 100 27 40 40 40 226 21 134 32 84 

v 84 30 29 52 35 181 16 105 22 84 

VI 90 22 34 36 38 211 22 133 31 64 

VII 96 25 40 36 42 237 35 119 16 58 

Overall 
Average 104 33 42 53 40 226 30 123 32 79 

(1) % COV = Percent Coefficient of Variation = Standard Deviation x 100 
Mean 

SS vss DO 
% % % 

cov Mean cov Mean cov 

29 75 34 2.3 16 

29 97 34 3.1 16 

21 54 28 3.8 14 

40 75 43 4.4 19 

102 68 106 5.9 12 

33 54 43 7.3 6 

36 48 40 7.0 10 

56 67 59 4.7 37 



TABLE 4 

Influent COD/BOD5 Ratios 

COD BOD5(100) SCOD SBOD5(lOO) 
Phase B5Ds COD SBOD5 SCOD 

I 2.34 43 3.01 33 

II 1.80 59 1. 79 56 

III 2.26 44 3.28 31 

IV 2.40 42 4.00 25 

v 2.32 43 4.11 24 

VI 2.32 43 5.06 20 

VII 2.80 36 2.74 36 
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TABLE 5 

Perfonnance of RBC Pilot Plant at Various Loadings(!) 

Loadings SBOD5 BOD5 Effluent Effluent 
Lbs SBOD5 Lbs BODS ~ Removed Removed SBOD5 BOD5 % SBOD5 % BOD5 

Phase 1000 ft2/day 1000 ft2/day ft lbs/1000 ft2/day lbs/1000 ft2/day mg/l mg/l Removal Removal 

I 1.22 3.53 3.00 0.98 2.73 9 35 81.6 75.7 

II 0.57 1.14 1.00 0.54 1.08 8 17 88.7 88.4 

III 0.65 1.42 1. 79 0.51 1.11 7 19 82.9 79.6 

U1 
w IV 1.07 2.62 3.03 0.60 1.67 12 34 70.0 66.0 
-..] 

v 0.60 1.60 2.16 0.40 1.10 9 23 69.0 70.2 

VI 0.78 2.05 2.74 0.59 1. 72 9 18 75.1 80.5 

VII 0.47 1.13 1.41 0.38 0.97 8 13 75.4 85.2 

(1) BOD5 concentrations are 30-minute settled effluent values; SBOD5 concentration are RBC effluent values. 
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TABLE 6 

Effluent Characteristics, rng/l 

Boos err-- - sBons r2) 
---

% % 
Phase Mean cov Mean cov SBODS 

I 35 26 9 77 26 

II 17 40 8 92 47 

III 19 47 7 43 37 

IV 34 38 12 33 35 

v 23 40 9 49 39 

VI 18 27 9 47 50 

VII _13 __ 26 8 32 62 

Overall 
Average 23 5 9 65 39 

(1) 30-rninute settled effluent values 

(2) RBC effluent values 

For effluent before settling, BOD5 = 
SS 

COD (2) 
% 

Mean cov 

220 25 

141 24 

155 21 

171 24 

140 24 

159 18 

141 29 

156 27 

50 + 19 (Range: 
71 + 31 (Range: 

scoo-(2) 
% 

Mean cov 

89 17 

65 30 

83 40 

95 27 

77 11 

89 34 

85 17 

83 33 

20-135) mg/l 
8-224) mg/l 

ssUJ vssC2J ooC7J 
% % % 

Mean cov Mean cov Mean cov 

32 42 73 25 1. 7 35 

24 74 88 35 4.2 7 

20 75 49 31 4.3 6 

24 46 51 37 5.1 27 

18 63 44 32 5.8 17 

11 61 36 36 7.3 5 

9 56 48 59 7.5 8 

20 71 55 47 5.1 36 



TABLE 7 

RBC Bases of Design{l) 
{16.4 mgd) 

1. RBC dimensions 
Diameter, ft. 
Surface area per unit, ft2 

2. Maximum shaft speed, rpm 

3. Number of shafts per tank 

4. Number of tanks 

5. Number of shafts 

6. Annual average loading 
Total BOD5, lbs/1,000 ft2/day 
Soluble BOD5, lbs/1,000 ft2/day 
Hydraulic, gpd/ft2 

7. Annual average influent concentration 
Total BOD5, mg/l 
Soluble BOD5, mg/l 
Suspended Solids, mg/l 

(1) Design year: 2010 
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INTRODUCTION 

•SURFACT: CURRENT DEVELOPMENTS 
AND 

PROCESS APPLICATIONS 

By 

Jeffrey D. Cowee 
Application Engineer 
Autotrol Corporation 
Milwaukee, Wisconsin 

and 

Richard A. Sullivan 
Manager, Process & Applications Engineering 

Autotrol Corporation 
Milwaukee, Wisconsin 

A new secondary wastewater treatment concept called the SURFACT Process has 
been developed for upgrading existing activated sludge plants to h~gher cap
acities, with no additional land ·usage and little or no increase in energy 
consumption. The Surfact process is a biological system resulting from the 
combination of a rotating fixed film contactor, called Bio-Surf, an~ an act
ivated sludge system. The process can be applied to augment any overloaded 
activated sludge system or for new treatment facility construction. Revamp
ing of existing systems is enhanced by minimal capital and operating ~xpendi
ture~ while allowing for unusually rapid construction scheduling. 
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In the Surfact process, rotating biological contactor (RBC) media assemblies 
are installed in the aeration basin of an activated sludge system, a·s shown 
in Figure 1. The media for the rotating contactor is. iahr).cated from poly
ethylene plastic. Air cups are then att~ched to the periphery of the media 
to capture the diffused air, which is the preferred means of driving the 
shaft. The air being diffused at the bottom of the aeration tank provides 
rotation o~ the shafts primarily through capture in th.e air cups, although 
some assistance is derived from.the hydraulic roll of the tank fluids. A 
supplementary air header, using air from the main blower air supply, can be 
installed for additional control.of.rotational speed. 

The combination of fixed film growth and suspended growth within a single 
tank, provides additional biological solids i.n the system, ma.king higher 
treatment capabilities possible. The result can be· a higher treatment level 
at the same flow rate or the same level of treatment at an increased flow 
rate, or a·combination'of increased flow rate at increased treatment levels. 

By merging the two systems, the Surfact process increases the efficiency and 
stability of the existing activated sludge system •. inherent process benefits 
include: 

Higher Treatment Efficiency - Higher levels of treatment in excess 
of 90% result from increased "sludge age" by adding fixed bio-· 
logical culture to the existing suspended culture. 

Process Stability - Because of the high oiclogical solids· inventory 
on the media, the Surfact system is less susceptible to process 
upset from hydraulic or organic shock loads. 

Flexibility - The Surfact process lends itself to upgrading treatment 
facilities because of its ·modular construction and low hydraulic head 
1os~. 

Maintenance and Power Consumption - Minimal maintenance is required 
on the RBC units. · Utilization of the existing aeration system 
achieves higher treatment efficiencies wit.h minimal additional power. 

Low Initial Cost - The Surfact concept permits upgrading facilities 
with minimal capital expenditures. Little or no plant modification 
is required to install the Aero-Surf units in existing plants. 

Ease of' Nitrification - By provid.ing the proper sludge age, the 
Surfact process allows for. nitrif.ication to proceed without costly 
separate ~eration, se~tling and sludge recycle systems. Under 
~roper load~ng conditions, the Surfact process prov~des· both BOD5 
removal and nitrification in the tankage. 

Improved Sludge Characteristics - Result~ng.sludge has improved 
settl~ng characteristica, permitting secondary clarifiers to be 
designed for. relatively higher overflow· -r.ai:es.. When upgrading. plants . 
for higher degrees of tr'eatment, additional secondary clarifier 
surface area will not.be requi~ed. 
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SURFACT PRO.GESS 

Rotating 
Biologica1 Contactor 

. . .,.. 
-·/O 

Supplemental Air Header 

Air Diffuser 

FIGURE 1 

END VIEW SKETCH BIO-SURF MEDIA SUPERIMPOSED 
ON AN ACTIVATED SLUDGE AERATION TANK • 

. HYDRAULIC ROLL AND AIR CAPTURE WITHIN THE TANK 
CAUSES ROTATION OF THE MEDlA. 

AUTOTROL CORP. 
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PILOT PLANT OPERATIONS .At.'D HISTORY 

The Surfact process is currently undergoing pilot and full-scale testing. To 
date, both the full-scale demonstration plant testing and .the pilot scale 
testing is proving the concept to be a very effective and economical means 
of upgrading existing activated sludge plants. The process has demonstrated. 
capability to improve flow characteristics, improve loading rates and success
fully provide single stage nitrification at loading rates in excess of those 
considered practicai for single stage activated sludge nitrification systems. 

Due partially to the success of Philadelphia Phase I studies, several other 
pilot facilities have been designed and placed in operation throughout the 
world. A detailed discussion of these investigations would be both cumber
some and incomplete at this point. However, data generated fro~ some of 
these studies is included in taoles and figures as noted. 

A brief summary of the ongoing pilot studies appears in Table 1. Unfortunate~ 
ly, of the six pilot facilities, data is available fron only three. The data 
available from two of these units has only recently become available in a 
preliminary and incomplete fashion. 

Philadelphia, Pennsylvania 

Based on the predicted process advantages, the first pilot work was initiated 
by the City of Philadelphia, Pennsylvania in 1974. All testing was performed 
at the Northeast Water Pollution Control Plant in one of the existing aera
tion basins. The primary objective of inital studies was to determine 
whether the RBC units would rotate under the conditions of·captured power 
from the aeration system. Other objectives included observation of the ten
dencies to support uniform biomasses and structural observations .related to 
clogging of the media •. The studies also included observation of·the con
tactors rotational speeds during periods in which air was supplied by means 
of the special supplemental diffuser pipe directly under the Aero-Surf unit. 
The unit was tested at two tank locations ~nd observations of the biological 
growth were made at each location. Preliminary results were favorable to the 
point that additional testing was conducted. 

Since favorable indications were observed during the initial evaluation, 
additional testing of the Surfact system continued with the installation of 
one full-scale air driven shaft in the existing aeration tank. The air 
driven shaft incorporated a plurality of circumferential cups placed on the 
media periphery such that ·a major portion of shaft rotational power could be 
accomplished with existing aeration tank air supply and hydraulic motion. 
Due to the capture of aeration tank energy, minimal additional power is 
required to obtain shaft rotation. 

After ~avorable operating results were obtained with the full-scale shaft, 
a prototype installation of 22 shafts incorporated in two passes of the 
existing tank was undertaken. This installation necessitated the isolation 
of an existing secondary clarifier to avoid .the intermixing of the existing 
suspended activated sludge culture and the Surfact mi~ed liquor. 
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Table 1 

SUMMARY OF ONGOING SURFACT PILOT STUDIES 

Unit Expected Data Included 
Location ~ Size Start-Up Completion In Paper Comments -----
Domestic 

Philadelphia, PA Carbon Only ,,, Full 9/77 . Not Known Yes Heavy 
Industrial 
Influent 

Milwaukee, WI Single Stage 
(Autotrol) Nitrification Bench 9/79 Winter '80 Yes Influent 

U1 Solitls 
U1 
-..J Contro.1 

Di ff i.c11 l t 

Reno-Sparks, NV Single· Stage Bench 10/79 ·summer '80 Yes Phostrip 
Nitrification process 

& Return 
Sludge 
Plugging 

Forei&!!, 

Japan Carbon Only Interme~iate Fall '79 Not Known No No D~1ta 

Available 

Japan Single Stage Bench 12/79 -Not Known No. No Dat.:i 
Nitrification Available 

Sweden Carbon Only Intermediate 12/79 Not Known No No Datc:i 
Available 



A settled sewage pumping station provided a known controlled flow to the 
isolated reactor. A separate return sludge pumping station was also provided. 
Because of the simplicity of S.urfact retrofit, construction ~as completed in 
only sixty days. 

Operation of the full-scale demonstration plant was initiated in mid-October
of 1977. Stabilization of operation' occurred oy the end of December ~f 1977. 
The most significant start-up problems were related to return and waste 
sludge pumping facilities.. Virtually no structural clogging p~oblems were 
observed in relation to the internal structure of.the disc units. By the 
end of eleven months of.testing, several significant combinations of conditions 
had been observed and a generous amount of.data had been re~orded. 

The conditions of testing and results generated appear as Tables 2 and 3, 
respectively. An in-depth discussion of the data accumulated during Phase I 
was presented by ·Michael D. Nelson, et al, at the Slst Annual WPCF Con
ference. 

Following a brief down-time, a second ~esting phase was initiated. The 
aerated tank was dewatered and the existing coarse bubble diffuser system 
was removed 'from under the Aero-Surf units and replaced.with a rel~tively 
high efficiency fine bubble, ceramic type diffuser system. · 

Data included in Tables 4 and 5 demonstrate.the performan~e with fine bubble 
diffusers. 

Milwaukee, Wisconsin 

The pilot plant in·Milwaukee, Wisconsin is operating at the Autotrol Corporate 
Testing Facility located at the South Shore Wastewater Treatme~t Facility. The 
unit is receiving primary clarifier effluent from the channel feeding the 
existing activated sludge reactors. Th.e Surfact unit is operating :i,n ·parallel 
with the activated sludge plant. Operating data summaries appear as Tables 
6 and 7. 

Two primary objectives were established for the Surfact Study in Milwaukee. 
These were to verify operating resµlts from Philadelphia and to establish 
operational parameters for nitrification. In essence, verification of·Philal
elphia parameters would also establish a suitable environment for at least 
partial nitrification. This is duet~ the fact. that·unde-r: many of the test 
conditions and environmental conditions were adequate to allow the establish
ment of nitrifying cultures. It is believed that .nitrification was not 
achieved at Philadelphia due to a significant degree due __ to toxic.or inhibi
tory industrial influents. 

The Period I study at South Shore was aimed at verifying the validity of a 
single stage nitrifying concept. The conclusions from this period are pre
sented in Table 7. The overall conclusion is that single stage nitrification 
is viable and econom~cally feasible~ Definit~ve analysis of parameters and 
environmental conditions will be undertaken ~n reriod III of the study. 
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TABLE 2 
PHILADELPHIA, PA. 

QIRONOLOGY OF OPERATION 
PHASE I 

PERIOD NO. START DATE STOP DATE FLOW SRT DESCRIPTION AND COMMENTS -
9/14/77 10/1/77 12 MGD LOW Preliminary start up and debugging. 

10/1/77 12/4/77 12 MGD 3.3 Start up problem resolution period and debugging 

I 12/23/77 1/9/78 12 MGp 3.3 Low tank suspended solids SRT and nonnal combined SRT. (1) 

II 1/31/78 2/14/78 12 MGD 4.4 Nonnal tank suspended solids SRT and high combined SRT. 

III 2/27 /78 4/2/78 10 MGD 5.5 Nonna! suspended solids SRT. 

lJl IV 4/4 /78 5/12/78 15 MGD 4.4 Low tank suspended SRT and medium combined SRT .. 
lJl 
\D 

v 5/26/78 7/16/78 10 MGD 7.0 High tank suspended SRT and high combined SRT. 

VI 7/17/78 8/3/78 10 MGD 1. 7 Operation without benefit of return sludge -
non-equilibrium and non-acclimated culture. 

VII 8/4/78 8/13/78 10 MGD 1. 7 Operation without benefit of return sludge -
pseudo-equilibrium and acclimated culture. 

(1) Tank suspended solids refers to those solidS contributed by the activated sludge process. 

Combined solids refers to those contributed by both the activated sludge process and air driven 

rotating biological contactor media surface slimes. 

Source: Nelson, et al. 



TEST PERIOD: 
START DATE 
END DATE 

RJM)VAL: 
SBOD5 (%) 
TBOD5 (%) 
SS (%) 

INFLUENT: 
SBOD5 (mg/1) 

Ul TBOD5 (mg/1) 
(j\ SS (mg/l) 0 

EFFLUENT: 
SBOD5 (mg/1) 
TBOD5 (mg/1) 
SS (mg/1) 

TOTAL REMOVAL: 
TBOD5 (%) 
SS (%) 

SECONDARY CLARIFIER 
SOR (gpd/ ft 2) 
DETENTION TIME(hrs) 

I 
12/23/77 

1/9/78 

83 
82 
72 

82 
181 
115 . 

10 
31 
29 

85 
86 

720 
2.8 

TABLE 3 
PHILADELPHIA, PA 
OPERATIONAL DATA 

PHASE I 

II III 
1/31 2/27 
2/14 4/2 

93 93 
87 87 
84 84 

97 101 
198 183 
163 153 

7 7 
25 23 
26 23 

88 89 
87 89 

720 600 
2.8 . 3.3 

IV v VI VII 
4/4 5/26 7/17 8/4 
5/12 7/16 8/3 8/13 
----

86 95 87 88 
76 91 85 86 
67 82 79 83 

86 92 91 65 
190 158 159 135 
136 100 97 107 

. 12 5 12 7 
44 14 24 . 18 
42 18 20 18 

78 92 89 91 
81 93 92 93 

900 600 N/A 600 
2.2 3.3 NIA 3.3 



(.]1 

O'\ 
~ 

TEST PERIOD: I 
START DATE 12/23/77 END DATE 1/9/78 

REACTOR: 
LOADING 

(#TBODsAflOOOft2) S.40 
(#SBODsA/1000ft2) 4.03 
(#TBODsAflOOOft3~ 67 .80 
(#SBOD5A11000ft3 32.50 

F/M 
WIIB RBC 0 .so 
WIIBOlIT RBC 0.99 

SRI' 
WITI-1 RBC 3.28 
WIIBOlIT RBC I.11· 

DETENTION TIME (hrs) 4.0 

AIR RATES: (NOTE BELOW) 
AIR/VOLUME (ft3/gal) 0.9 
AIR/LOAD 

(1000ft3/#TBOD5R) 0.65 
. (1000ft3/#SBOD5R) 1.35 

OXYGEN/LOAD 
(#OzA#TBOD5R) 0.49 
( #OzA#SBODSR) 1.02 

POWER CONSUMPTION: 
POWER/LOAD 0.61 

(KWH/#TBOD5R) 1.27 

TABLE 3 (Cont.) 
PHILADELPHIA, PA 
OPERATIONAL DATA 

PHASE I 

II III 
1/31 2/27 
2/14 4/2 

8.99 6.94 
4.68 4.08 

73.94 57.09 
38.48 33.54 

0.34 0. 30 
0.56 o. 75 

4.42 5.54 
2.82 2. 70 
4.0 4.8 

1.2 1.2 

o. 70 0.87 
1.35 1.48 

0 .. 50 0.62 
0.96 1.06 

0.59 0. 76 
1.13 l • .Z9 

IV 

4/4 
5/12 

10.83 
5.49 

89.09 
45.16 

0.55 
1. 74 

4.44 
1.92 
3.2 

0.8 

0.51 
1.01 

0.42 
0.83 

0.50 
1.QO 

v VI 

5/26 7/17 
7/16 8/3 

6.01 .6.69 
3.63 3.83 

49.43 SS.OS 
29.86 31.48 

0.27 0. 79 
0.43 10.50 

6.97 1.07 
4.35 0.08 
3.3 3.3 

1.1 0.6 

0.90 0.49 
1.49 0.45 

0.61 0.26 
1.01 0.52 

o. 71 0.46 
1.18 0. 79 

(KWH/#SBOD5R) 
NOTE: All air rates quoted at a diffuser efficiency of 3% --. . . 

VII 

8/4 
8/13 

5.12 
2.54 

42.14 
20.89 

0.55 
·8. 28 

1. 72 
0.13 
3.3 

0.4 

0.40 
0.81 

0.29 
0.58 

0.58 
1.17 



TABLE 4 
PHILADELPHIA, PA 

CHRONOLOGY OF OPERATION 
PHASE II 

PERIOD :NO. START DATE Sf OP DATE FLOW RPM SRT DESCRIPTION AND Ca.MIWI'S --
I 11/14/78 12/7/78 15 MGD (1) 4.5 

I A 11/14/78 11/29/78 15 MGD 1.5 4.2 

I B 11/30/78 12/7/78 15 MGD 1.25 4.5 

II 12/10/78 2/7/78 18 MGD. 1.25 4.7 

III 3/1/79 4/25/79 6 MGD (1) 5.7 

Ul III A 3/1/79. 4/12/79 6 MGD 1.25 6.2 (j) 
N 

III B .3/13/79. 4/25/79 6 MGD 1.25 5.9 

IV 5/26/79 6/7/79 7 MGD 1.5 4.2 

v 6/9/79 6/19/79 8 MGD 1.5 8.0 

(1) RPM during this period was changed to allow for treatment observations. 



TABLE 5 
PHILADELPHIA, PA 
OPERATIONAL DATA 

PHASE II 

TEST PERIOD: I IA IB II III IIIA IIIB IV v 
START DATE 11/14/78 11/14/78 11/30/78 12/10/78 3/1/79 3/1/79 3/13/79 5/26/79 6/9/79 
END DATE 12/7/78 11/29/78 12/7/78 3/7 /79 4/25/79 4/12/79 4/25/79 6/7/79 6/19/79 

REfvOVAL 
SBOD5 (%) 91 91 92 80 92 91 94 93 97 
TBOD5 (%) 87 86 88 64 88 87 90 87 91 
SS (%) 80 79 82 53 85 85 85 83 84 

INFLUENT: 
SBOD5 (rng/1) 95 93 101 89 92 94 89 69 79 
TBOD5 (rng/1) 183 181 187 168 176 181 165 129 144 

lJl SS (mg/1) 148 148 149 158 220 236 168 107 116 
Cl"\ 
w 

EFFLUENT: 
SBOD5 (mg/1) 8 8 8 17 7 7 5 5 2 
TBOD5 (mg/1) 24 25 21 57 20 22 16 17 13 
SS (mg/1) 28 29 26 68 25 26 22 18 17 

TITTAL REfvOVALS: 
TBOD5 (%) 89 88 91 75 91 90 93 92 94 
SS (%) 90 90 92 73 90 90 91 93 93 

--·-- -

SECONDARY CLARIFIER: 
SOR (gpd/ft2) 900 900 900 891 360 360 360 420 480 
DETENTION TI~1E (hrs.) 2.2 2.2 2.2 2.5 5.5 5.5 5.5 4.7 4.1 



lJl 

°' ""' 

TEST PERIOD: 

TABLE 5 (cont) 
PHILADELPHIA, PA 
OPERATIONAL DATA 

PHASE II 

I IA IB II III IIIA IIIB IV V 
START DATE 
END DATE 

11/14/78 11/14/78 11/30/78 12/10/78 3/1/79 3/1/79 3/13/79 5/26/79 6/9/79 
12/7/78 11/29/78 12/7/78 2/7/79 4/25/79 4/12/79 4/25/79 6/7/79 6/19/79 

REACTOR: 
LOADING 
(#TBOD~/1000ft2) 
(#SBODSA/lOOOftZJ 
(#TBODsA/1000ft3) 
(#SBODsA/1000ft3) 

F/M 
WIIB RBC 
WIIBOUf RBS 

SRT 
WIIB RBC 
WIIBOUT RBC 

DETENTION TIME (hrs.) 

AIR RATES: (NafE BELOW) 
AIR/VOLUME(ft3/gal) 
AIR/LOAD 

(1000ft3/#TBOD5R) 
(1000ft3/#SBOD5R) 

OXYGEN/LOAD 
( #0 zA/ #TBOD5R) 
(#02A/#SBOD5R) 

POWER CONSUMPTION: 
POWER/LOAD 

(KWH/ #TBOD5R) 
(KWH/ #SBOD5R) 

10.41 
5.42 

85.64 
44. 59 

0.47 
0.75 

4.58 
2.80 
3.2 

10.30 10.63 11.47 8.33 8.40 8.24 7.53 
5.28 5. 72 6.05 4.35 4.38 4.43 4.01 

84.74 87.43 94.34 66.00 67.78 61.64 56.30 
43.44 47 .OS 49.76 34.47 35.34 33.14 29 .98 

0.47 0.57 0.27 0.27 0.28 0.35 
0.76 0. 71 1.17 0.35 0.36 0.33 0.44 

4.54 .4.66 5.74 6.20 5.85 4.20 
2.69 3.01 2.56 4.56 4.79 4.98 3.39 
3.2 3.2 2.7 4.0 4.0 4.0 3.4 

An error in the reporting and computation procedure h~ 
prevented inclusion of this data at time of this printing. 

NOfE: All air rates quoted at a diffuser efficiency of %. 

9.62 
5.26 

71.95 
39 .34 

0.46 
0.58 

8.00 
6.36 
3.0 



U1 
Cl'\ 
U1 

PERIOD NO. START DATE 

5/16/79 
I 7/26/79 

II 9/4/79 

III Fall· 80 

Average daily flow 
Operational Mode 
Maximum flow 
Minirnt.nn flow 
Average RAS flow 
Average WAS flow 
Removal Efficiencies: 

TBOD5 · ---94 . ..;;;.-%--
SBOD5 = 94% 

STOP DATE 

TABLE 6 
MILWAUKEE, WISCONSIN 

CHRONOLOGY OF OPERATION 

FLOW DESCRIPTION AND CCMMENTS 

7/16/79 Variable Preliminary Start-up and debugging 

8/20/79 950 gpd Verification of single stage nitrification capability 
with Surfact. Process successfully completed. 

Sumrner80 Variable Verify Philadelphia Phase I results and determine 
approximate design parameters. 

Sumrner81 Variable Determine design parameters for single stage nitrifica-
tion facilities. 

TABLE 7 
MILWAUKEE, WISCONSIN 

CONDENSED OPERATIONAL DATA SUMMARY 
FOR 

TEST PERIOD I 
SINGLE STAGE NITRIFICATION VARIFICATION 

= 950 gpd 
= diurnal flow reariation 
= 1.200 gpd 
= 290 gpd 
= 570 gpd 
= so gpd 

Av. Influent Characteristics: 
TBOD5 = Z35 mg/l 
SBOD5 = 93 mg/l 
TSS = 236 mg/l 
SCOD = 135 mg/1 
NH3-N = 26 mg/l 
HC03 = 250 mg/l 
PH = 7.7 

Av. Effluent Olaracterist.: 
TBOD5 = 15 rng/l 
SBOD5 = 6 rng/l 
NH3-N = 5 mg/1 
Plant Operating Conditions: 

F/M overall = 0.29 
Reactor: 

= 3 ,051 mg/l 
= 2,197 mg/l 

NOTE: Due to operational difficulties with 

Terrip. = 190 C 
D.O. = 0.9 mg/l 

MLSS 
MLSS 

SHAFI': 
MLSS 
MLSS 

= 1,100 mg/l 
891 mg/1 secondary clarifier samples are decanted 24 hour 

composi ts of Surfact Tankage Effluent. Biomass WAS and RAS 
samples were grab. 

= 



Test Period II is currently ongoing. Results appear to fall within the 
ranges predicted by Philadelphia. However, several ·conclusions and recommenda
tions are becoming clear. Specifically, the process is seeing a break in 
SBODs in the front end of the reactor.basin, indicating that step feed or 
step aeration would allow for a significant increase in flow and load 
capability. Concurrent with these increases, effluent quality would be 
improved. 

Reno-Sparks, Nevada 

The pilot plant in Reno, Nevada is operating at the Reno-Sparks Wastewater 
Treatment Facility. The unit is operating in a similar fashion to the unit 
at South Shore. One major exception is noted in that phosphorus stripping 
process called PHOSTRIP is in use. The return method from this process 
appears to be affecting tne activated sludge significantly but does not 
appear to have a major or adverse impact on the fi~ed film solids inventory. 
The effect on the reactor basin solids inventory is a significant reduction 
in concentration. 

The activated sludge system appears to hav~ entered a recovery mode shortly 
after initiation of the PHOSTRIP process. Further investigation ·in,to the 
performance reduction indicates possible plugging of solids flow lines within 
the return sludge system. Proper maintenance of these lines may significantly 
increase performance and effluent quality. 

The data generated, although not presented here, indicates a significant 
stabilizing effect of the fixed film. In conjunction with the data from 
South Shore and Philadelphia, this data indicates an inherent capability of 
Surfact systems to provide stable treatment under conditions which would 
otherwise shut down conventional activated sludge systems. 

CONTACTOR INSTALLATION 

Several methods of contactor installation have been proposed. The two 
primary categories are shafts mounted in a "longitudinal'' axis and those 
mounted in a "transverse" axis. Several advantages are common to both 
systems. 

Longitudinal placement may be defined as locating an RBC unit parallel to the 
longest dimension of the tankage as shown in Figure 1. Thus~ in a standard, 
spiral roll activated sludge tank, the shafts would be mounted end to end in 
such a fashion as to take advantage of hydraulic roll concurrently with air 
capture. This physical placement may be accomplished by means of either 
supporting the shafts off the bottom of the tank, or by hanging a cantilever 
across the existing wall structure. 

Several advantages are seen for this type of installation. The shafts and 
mounting structure could be assembled exterior to the existing tankage. This 
allows for installation of a complete shaft and support structure in one 
crane lift. This reduces the amount o~ time required for installation and the 
length of time an individual basin would be out of service. 
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Transverse installation could be defined as mounting shafts 90° from the 
longest dimension of the tank. In esscnc;:~,. tn0 s:'...:;-.?:...est fashi.on of install
ing shafts is to secure the bearings to .existing wc,ll structure~; This 
installation allows for the adva.ntages of completely preparing the tank for 
installation without dewatering, shaft installation without a supplemental 
structure and a requirement for one single crane lift. Figure 2 is an 
example of this installation method. 

Length of time out of service is of major importance to most wastewater treat
ment facilities requiring upgrading. In many cases the process of removing 
tanks from service seriously hinders eff],uent quality and must be avofded. 

GENERAL DISCUSSION 

Indepth study of the data generated indicates that Surfact systems functi~n in 
a similar fashion to activated sludge processes. Similarities can be seen in 
SRT relationships, effectiv~ness of RBC biomass versus suspended biomass, 
oxygen uptake rates, F/M relationships, retention time and sludge characteri~
tics. 

Percent Removal Versus SRT 

Figure III shows the relationship between SRT and percent removal of BOD5, 
soluble BOD5 and suspended solids. The relationship depicted.is similar to 
that expected for activated sludge with percentage removal increasing with an 
increasing SRT. Significant increases in percentage removal occur below an 
SRT of 5 to 6 days• Above six days the expected leveling off occurs. Percent
age removal of soluble BOD ranges from 83 - 97 percent with the majority of 
data in excess of 90 percent. 

The consistent performance depicted is indicative of a strong biological 
process. 

Effectiveness of Fixed Growth 

One of the questions of primary importance is a determination of biological 
growth effectiveness. In specific, a determination of relative effectiveness 
of the suspended growth versus that maintained on the RBC surf aces is requir
ed. Table 7 contains data comparing operation during a period of no sludge 
return to periods high suspended mass·concentrations~ The indication is that 
fixed film masses are at least as effective as suspended masses. 

Uptake Rate Studies - Biofilm Versus Suspended Culture 

Several studies have been performed on the oxygen uptake rates of fixed film 
versus suspended film reactors. Table 8 is a compilation of the k rate 
determinations conducted at Philadelphia. As shown, the specific oxygen uptake 
rates are roughly equivalent. The work done by the disc and suspended cultures 
is thus shown to be roughly equivalent on a unit mass basis. 
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FIGURE 3 

SURFACT PERCENT REMOVAL VS SAT 
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Table 8 

Philadelphia, Pennsylvania 

Biological Hass Effectiveness Comparison 

PHASE II II I 

PERIOD II VI vr 
SBOD5 Applied (fl) 13' 361 12,460 6,755 

SBOD-( Effluent 17 8 8 
mg/l) 

% SBOD5 Removal 80 90 87 

MLVSS - Total (ff) 45,786 36,812 i9,566 

MLVSS - RBC (5) 44 35 93 

IJ SBOD5 REM/f/MLVSS 0.24 0.31 0.30 

F/M with RBC 0.57 0.66 0.69 
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Table 9 

Philadelphia, Pennsylvania 

Uptake Rate Studies 

Oxygen UEtake Ratio K rate 
LBS BOD/ mg 02/mg VSS/hr mgzO /1/hr K 10 

-· 
PERIOD FLOW ·SRT 1000 cf Suspended Biof ilm SusEended Biofilm SusEended Biofilm 

III 10 5.5 57 .022 .022 35 33 

IV 15 4.4 89 .063 .048 76 78 
U1 
....] v 10 7.0 49 .039 .035 74 39 .160 .174 l-' 



Data generated from several RBC installations confirms the uptake rates on 
fixed film reactors pres.ented here. Sources of data are found in the 
history and bibliography prepared for this seminar by Ron Antonie and Dannette Lank. 

Volatile Mass Comparison 

In comparing the concentrations of volatile masses on the RBC shafts ~o tbe 
mixed liquor there is an average of 7.9 percent more volatile mass per 
pound on the disc surface area than appea.ring in the mixecl liquor. Consider
ing all cases, there is ~ range of 0 - 18 percent improvement in the volatile 
solids per pcund of total solids maintained on the RBC as opposed to the 
suspended mass maintained within the aeration tank. Therefore, from a volatile 
solids concentration standpoint, the disc solids appear to be more viable. 
Based on Table 10, treatment capacity appears to be independent of the MLVSS 
location and primarily dependent on.total biological solids inventory within 
the reactor system. 

Thickening Test Results 

A series of pilot-scale thickening tests were conducted on the waste activated 
sludge generated from the Philadelphia Surfact Facility. The investigations 
included both gravity and dissolved air floatation thickening. Several runs 
were p~rformed on both secondary sludge and combined secondary and primary 
sludge. 

The gravity thickening results fell within the normal expected ranges for 
activated sludge plants. Average results indicated concentration in execess 
of 2% with a 3 hour detention time. 

Results from the floatation thickening study were impressive. Secondary 
sludge, introduced at 1.0% concentration, thickened to 4.5% without addition 
of supplemental chemicals. The resulting ·captur:e rate w.;is 99% at an ai.r to 
solids ratio of 0.008. These ranges are within extremely e~onomical operating 
ranges while performing at well above expected concentration increase and · 
capture rates. 

CONCLUSION 

Conclusions drawn from the data presented show the Surf act Process to be 
superior to a standard activated sludge process based on treatment reliability, 
adjustment to varying flow and load conditions and reduced dependence upon 
secondary clarifier operations. The process can readily be applied to over
loaded activated sludge systems or to the construction of new treatment 
facilities. Upgrading is enhanced through the minimal construction time 
required, ease of operation and low power consumption. 

The combination of fixed and suspended solid growth within a single reactor 
tank provides a significant increase in biological solids without increasing 
solids loads on the secondary clarifier. Thus, the capability for treatment 
is not dependent totally u~on the capture, settling and return of solids to 
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Table 10 

Philadelphia, Pennsylvania 

Comparison of Treatment Based on MLVSS 

PHASE I I II 

PERIOD II III ....1L 

F/M with RBC 0.34 0.30 0.35 

SBOD5 Removal (%) 93 93 93 

MLVSS-Suspended 2163 1577 2184 
(mg/l) 

MLVSS-Shaft (mg/l) 1373 1512 560 

MLVSS-Shaft (% of 39 49 29 
Total) 

SBOD5 Applied (#) 9708 8423 8056 

Effluent SBOD5 7 7 5 

(mg/l) 
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the activated sludge process. The result can be a higher treatment level 
at the same rate of flow or the same level of treatment at a significantly 
higher rate of flow or a combination of increased flow and treatment level. 

The Surfact Process, by merging two systems, increases the efficiency and 
stability of the existing activated sludge system. Inherent process benefits 
include: 

Higher Treatment Efficiency 
Increased Process Stability 
Increased Flexibility 
Reduc~d Maintenance and Power Consumption 
Low Initial Cost 
Ease of Nitrification 
Improved Sludge Characteristics 
Increased Mass Without Increased Oxygen Provision 

Ease of nitrification has been demonstrated at the South Shore Wastewater 
Treatment Facility. The use of single stage reactors enhances the upgrading 
of existing activated sludge systems. This concept is based upon carbon 
removal within the existing tank structure and nitrification primarily attain
ed by the fixed film. 

The data related to single stage nitrification and high load periods indicates 
that a Surfact system is significantly more stable than a standard activated 
sludge facility. Based on loading parameters, the Surfact system can be 
operated well beyond the bounds of standard activated sludge operation. 
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1. BACKGROUND 

PLANT SCALE INVESTIGATION OF RBC 
PROCESS SUPPLEMENTAL AERATION 

By 

R. Srinivasaraghavan 
Associate, Greeley and Hansen 

Carl w. Reh 
Partner, Greeley and Hansen 

James Canaday 
Deputy Engineer - Director 

Alexandria Sanitation Authority 

The advanced wastewater treatment plant at Alexandria, Virginia in
cludes preliminary treatment, primary settling, Rotating Biological Con
tactor (RBC) secondary treatment, carbon adsorption, phosphorus removal, 
filtration, ion exchange for nitrogen removal and chlorination. A process 
flow diagram of the plant is shown on Figure 1. This is the largest pla.~t 
in operation in the U.S.A. employing RBC process at a design capacity of 
54 mgd and was designed based on pilot study data. The secondary treatment 
consists of 56 motor driven RBC shafts in 14 tanks of 4 stages each. The 
design criteria is shown in Table 1. 

The RBC process was placed on line in 1977. The operating results 
indicated less than expected performance. The RBC discs developed a very 
thick biological growth white in color. This was identified as beggiatoa. 
The beggiatoa predominance was evident in all stages of the RBC tanks. On 
the lead stages, where the discs were covered with beggiatoa, a black 
under layer was observed. It appeared that this un~er layer was not aerobic 
due to the thickness of the growth. 
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Inf. BOD5 

Inf. SBOD5 

Inf. N 

Inf. P 

TABLE 1 

ASA Plant Design Bases 
(mg/l) 

Flow 54 mgd 

220 Eff. BOD5 

30 Eff. SBOD5 

42 Eff. N 

15 Eff. P 

3 

1 

1 

0.2 



The start-up data are compared with the pilot study ~ata and design 
bases in Table 2. The average influent SBOD5 during start-up period was 
significantly higher than during the pilot study period. It is noted that 
the SBOD5 during start-up averaged 13 mg/l higher than pilot study data. 
Any increase in RBC effluent SBOD5 would be removed by carbon adsorption 
process which would, therefore, require more than anticipated level of per
formance by the carbon columns and more frequent regeneration of the carbon 
bed. 

An experimental program was developed to investigate the apparent 
differences in the RBC performance observed during the start-up and pilot 
study periods. This paper presents the information on tests conducted and 
the findings and conclusions of this dtudy. 

2. EXPERIMENTAL PROGRAM 

The experimental program was designed to eliminate unlikely hypo
theses and converge on an approach to improve treatment efficiency. The 
first part of the experimental program comprised the following: 

o SBOD5 tests on composite samples before and after treatment 
with coagulant chemicals. The effects of 100 mg/l FeC1 3 
and 200 mg/l alum were studied. 

o Batch carbon adsorption tests on 24-hour composite samples 
of the RBC effluent. The initial and final SCOD concentra
tions were measured after two hours of contact with Calgon 
"Filtrasorb 400" activated carbon, 10 grams per liter. 

The second part of the experimental program included on-line testing 
as follows: 

The north RBC tanks were used as control units while the south 
RBC tanks were used as test units to study the operational 
modifications shown on Figure 2. The modifications were: 

Tank 
Mo. Description of Experiment 

2 Addition of hydrogen perioxide to first stage (5 mg/l) 

4 Supplemental aeration in each stage (180 cfm) 

8 Operation in 1-1-1-1 mode 

10 Operation in 3-1 mode 

12 Operation in single-stage mode 

The supplemental aeration equipment could not be installed in time 
to collect data in parallel with other on-line experiments conducted. The 
effect of supplemental aeration was studied at a different time on a long 
term basis subsequent to the completion of other on-line tests. 
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TABLE 2 

RBC Pilot, Design and Start-Up Data 

Parameter Pilot Design Start-Up 

Flow, mgd 54 30 

Loading 

GPD/l,000 Ft2 11.5 9.6 5.4 

PPD SBOD5/l,OOO Ft2 3.6 2.5 2.7 

Influent SBOD5, mg/l 38 30 60 

Effluent SBOD5, mg/l 12 12 25 

Chemicals Addition Alum Alum None 
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During the test period, 24-hour composite samples were collected by 
automatic samplers at each sampling point shown on Figure 3. The samples 
were analyzed for SBOD5, BOD5, COD and suspended solids concentrations. 

3. RESULTS AND DISCUSSIONS 

a. coagulation Tests 

The SBOD5 concentrations of coagulated and uncoagulated samples are 
shown in Table 3. There are significant differences between the values. 
The SBOD5 concentrations in the samples analyzed were reduced by coagulation 
with both ferric and alum. Data are summarized as follows: 

Ferric Alum 

Number of sets 5 9 
Reduction of SBOD5, mg/l: 

Mean 16 11 
Maximum 21 28 
Minimum 12 4 

Based on the mean of all samples, the reduction in SBOD5 by coagulation 
with ferric was greater by 5 mg/l than by coagulation with alum. The ex
pected SBOD5 reduction by ferric coagulation is on the order of 15 mg/l. 

b. Carbon Adsorption Tests 

The SCOD concentrations were used to indicate the performance of 
carbon adsorption. The SBODs concentrations are not considered reliable 
indicators in the low ranges expected. The SCOD values observed before and 
after contact with carbon in four tests are shown in Table 4. In all of 
the tests, the SCOD concentration was significantly reduced by carbon 
adsorption; the mean reduction was 77 percent. Based on a BOD/COD ratio of 
0.33 (as was observed during the pilot work), an initial COD concentration 
of 40 mg/l and a 75 percent reduction, the estimated SBOD5 in the effluent 
would be as follows: 

Initial SCOD, mg/l 
Percent reduction 
Final SCOD, mg/l 
BOD5/COD Ratio 
Estimated Final SBOD5 , mg/l 

c. On-Line Testing 

40 
75 
10 

0.33 
3 

In this section, all on-line test data except the supplemental aeration 
test are discussed. The supplemental aeration test data are discussed in the 
next section. 

An overall summary of the SBOD5 results on composite effluent samples 
from the RBCs i~ each stage configuration, along with their control, is 
presented in Table 5. Hydraulic and organic loadings to all RBC tanks for 
this test period (Jan. 17 - Feb. 17, 1978) are sununarized as follows: 
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TABLE 3 

Coagulation Test Data Summary 

SBOD51 rng/l 

Before After 
Date Sample Point Coagulation Coagulation Reduction 

FeCl3, 100 rng/l 

2/4/78 RBC Inf. 58 40 18 
RBC Eff. - lD 41 29 12 
RBC Eff. - 2D 30 16 14 

2/5/78 RBC Inf. 44 23 21 
RBC Eff. - 2D 28 12 16 

Mean of 
all samples 40 24 16 

Alum, 200 rnsi/1 

2/13/78 RBC Inf. 73 45 28 
RBC Eff. - 2D 37 24 13 

2/14/78 RBC Inf. 39 35 4 
RBC Eff. - lD 32 14 18 
RBC Eff. - 2D 26 18 8 

2/15/78 RBC Inf. 63 53 10 
RBC Eff. - lD 42 34 8 
RBC Eff. - 2D 28 24 4 

2/16/78 RBC Eff. - 9D 23 12 9 

Mean of 
all samples 40 29 11 
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TABLE 4 

Activated Carbon Test Data Sununary 

Sample scoo(l), mg/l Percent 
Date Point Initial Final Reduction Reduction 

2/13/78 2D 44 3 41 93 

2/14/78 2D 30 14 16 53 

2/15/78 2D 43 14 29 67 

2/16/78 9D 39 6 33 85 

Mean 39 9 30 77 

Median 43 9 34 79 

(1) Coagulated with alum. 
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TABLE 5 

Summary of On-Line Data{l) 

SBOD5 mg71 
Sample Stage No. of Mid-
Point Configuration Samples Max. Min. Range range Mean Median Remarks 

rnf. NA 20 93 41 52 67 61 55 

lD 2-1-1 20 71 24 49 48 47 44 Control: 20 

20 2-1-1 20 92 12 80 52 41 36 Peroxide 

70 2-1-1 20 80 19 61 50 37 33 Control: 8D 
lJl 
00 
~ SD 1-1-1-1 20 74 19 55 47 35 32 4-Stage Mode 

9D 2-1-1 17 60 21 39 41 36 31 Control: lOD 

lOD 3-1 1 57 19 38 38 37 35 2-Stage Mode 

llD 2-1-1 20 55 27 28 41 37 35 Control: 120 

120 Single 20 55 19 36 37 36 34 Single-Stage Mode 

(1) No coagulant chemicals were added to the plant or to the samples before analysis. 



Max. Min. Mean 

Sewage quantity, mgd 54 36 44 
Hydraulic loading, gpd/sf 9.6 6.4 7.9 
Influent SBOD5, mg/l 93 41 61 
Organic loading, ppd SBOD5/ 

1,000 sf 6.5 2.6 4.0 

The suspended solids concentrations were widely scattered. This is attri
buted to nonrepresentative solids samples obtained by the sampling equip
ment. For this reason, it is considered that the SBOD5 concentrations are 
the primary performance indicators in this study. 

The average effluent SBOD5 concentration from the RBCs on the 
1-1-1-1, 3-1 and single stage configurations and the respective control 
units which were operated on the 2-1-1 mode did not differ significantly, 
ranging from 35 to 37 mg/l. These results indicate that in terms of SBOD5 
removal, the performance of the RBCs is not affected by stage configuration. 

Tank ~o. 2, where peroxide was added to the first stage, showed a 
mean effluent SBOD5 of 41 mg/l compared to 47 mg/l for its control, Tank 
No. 1. The peroxide unit performed marginally better than its control unit 
with about 10 percent difference in SBOD5 removal. 

The poorer performance of Tanks Nos. 1 and 2 (average effluent SBOD5 
of 41 and 47 mg/l) compared to Tanks Nos. 7-12 (average effluent SBOD5 of 
35 to 37 mg/l) may be due to additional aeration of sewage along the RBC 
influent channel. It has been observed all along that the biology at the 
west end tanks included greater numbers of the higher order growths and less 
beggiatoa growth than the east end tanks. It apperas, therefore, that 
aeration may help in improving the biological growth and enhancing SBOD5 
removal. 

Peroxide treatment did affect the biology observed on the first stage 
of RBC Tank No. 2 compared to its control tank. Before the test program 
began, the growth on the RBC media in the first pass of Tank No. 2 appeared 
similar to that observed at Tank No. 1, with patches of white biomass, 
beggiatoa, mixed with brown growth on top of a black underlayer. After two 
days of peroxide treatment, the white patches disappeared from the peripheral 
layers of the media where very thin areas and bare spots were observed. 
After ten days the white patches had entirely disappeared from the leading 
passes of Tank No. 2 and the bare spots were replaced with anew thin layer 
of brown growth. 

The peroxide addition appears to have had a positive effect on bio
logy as well as SBOD5 removal in the tank where the beggiatoa growth was 
noted. While the improvement in treatment efficiency due to peroxide could 
not be quantified based on these results, it is anticipated that peroxide 
addition would control the beggiatoa growths especially during summer con
ditions. 
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d. Supplemental Aeration 

The supplemental aeration test data analysis has been divided into 
two phases, related to the addition of Fecl3 to the primary settling tanks, 
as follows: 

o No chemical addition 

o Daily chemical addition 

(1) ~o Chemical Addition 

During this phase, the effect of single stage aeration versus four 
stage aeration was studied. The average RBC effluent SBOD5 values for the 
control and single stage supplemental aeration tanks were 19 and 16 mg/l, 
respectively. The data shows some marginal improvement in SBOD5 removal 
with single-stage supplemental aeration. When the aeration was extended to 
all four stages of the RBC, the average effluent SBOD5 decreased to 11 mg/l, 
while the control unit produced an effluent with SBOD5 of 18 mg/l for the 
same period. The daily influent and effluent SBOD5 values for this phase 
are shown on Figure 3. It is noted that fluctuations in the effluent SBOD5 
concentration in the supplemental aeration tank had been dampened considerably 
compared to the control unit which follows influent SBOD5 closely. 

The daily SBOD
5 

removals are correlated to the applied load for the 
control and supplemental aeration units on Figures 4 and 5. It is evident 
from these plots that supplemental aeration unit performance was superior 
to the control unit. The improvement in performance is higher when aeration 
is provided to all four stages than single stage aeration. Therefore, only 
four stage aeration was studied in the subsequent phases. 

(2) Daily Chemical Addition 

During this phase, 20 mg/l of ferric chloride as Fe 3+ and 0.5 rng/l 
polymer were added to the primary settling tanks. The influent SBOD5 to 
RBC's averaged 32 rng/l, over 150 days of dat~ collected. The average ef
fluent SBOD5 for the control and supplemental aeration units for the same 
period were 14 and 6 rng/l, respectively. Some statistical data on these 
values are shown in Table 6. The daily influent and effluent SBOD5 values 
for the two units are plotted on Figure 6. 

The SBOD5 removal versus applied load relationship for the two units 
is shown on Figure 7. It is to be noted that the specific removal rate ex
pressed in pounds of SBOD5 removed per unit surface RBC area per unit time 
is clearly higher for the supplemental aeration unit than for the control 
unit. It is also observed that the difference in removal becomes more 
pronounced as the loading increases as indicated by the diverging regression 
lines shown on Figure 7. The correlation coefficients as noted on Figure 7 
for the two lines are 0.83 and 0.93 testifying to the excellent correlation 
between the two parameters plotted. 
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'l'ABLE 6 

On-Line Supplemental Aeration Test Data with Daily 
Chemicals Addition 

Standard 
Parameter Minimum Maximum Mean Deviation 

Flow 18 51 27 5 

Influent SBOD5 Cone., mg/l 11 59 32 9 

Control Unit Effluent 
SBOD5 Concentration, mg/1 4 24 14 4 

Supplemental Aeration Unit 
SBOD5 Concentration 1 15 6 2 

Control Unit SBOD5 
% Removal 10 88 54 14 

Supplemental Aeration Unit 
% Removal 44 99 81 10 

Mode Median 

28 27 

32 32 

14 14 

5 5 

50 56 

83 83 
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The effluent SBOD5 concentrations for the supplemental aeration and 
control units are plotted against the loading on Figure 8. While the data 
are scattered, as anticipated, it is clear that the effluent quality from 
the supplemental aeration tank is superior to the control tank effluent in 
terms of SBOD concentration. It is also seen from Figure 8 that the effect 
of loading on effluent SBOD5 is more severe for the control unit than on 
supplemental aeration unit. 

(3) Summary 

The supplemental aeration test data are summarized in Table 7. It 
is noted that the aerated unit produced effluent of better quality in every 
case. The average values of SBOD5 removal for single stage and four stage 
aeration with and without chemical addition were 60, 69 and 81 percent, 
respectively, while average percent removal in the control unit was approxi
mately 50 percent. The average SBOD

5 
concentrations for these three modes 

of operations were 16, 11 and 6 mg/l. 

4. COST COMPARISON FOR INSTALLATION OF THE RBC SUPPLEMENTAL AERATION 

The treatment criteria require plant effluent BOD5 and SBOD5 con
centrations of 3 and 1 mg/l, respectively. Removal of the SBOD5 is achieved 
both in the RBCs and the activated carbon columns. Therefore, lower 
efficiency of the RBCs requires higher efficiency of activated carbon column 
and vice versa. The tests described above have shown that SBOD5 removal 
efficiency of the RBCs can be improved by providing supplemental aeration to 
the existing motor driven RBC units. An analysis was performed to compare 
the costs of removing the SBOD5 in RBC process versus its removal by carbon 
adsorption. The following assumptions were used in costs development: 

RBC Performance 

The mean effluent SBOD5 concentrations of 6 mg/l from aerated 
tank and 13 mg/l from unaerated tank are assumed. 

Carbon Regeneration 

A uniform carbon exhaust rate of 8.2 lbs. per lb. SBoo5 removed 
is assumed for regeneration requirements. A 6 percent loss of 
carbon during regeneration is assumed for make-up carbon re
quirements. 

Operating Costs 

The operating costs used for the cost estimate are as follows: 

Labor, dollars per man-year 
Make-up carbon, dollars per lb. 
No. 2 fuel oil, dollars per gallon 
Electricity, dollars per kilowatt-hr. 
Ferric chloride (28 percent) , dollars 

per dry ton 
Polymer, dollars per lb. 
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15,000 
0.50 

0.525 
0.0317 

128 
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TABLE 7 

Summary of Supplemental Aeration 
Test Data. 

SBOD5 , mg/l 

Flow Influent Effluent SBOD5 Removal, % 
Mode of Operation _.mgd Control Supp. Air Control Supp. Air 

Without Chemical Addition: 

Single Stage Aeration 
Four Stage Aeration 

Daily Chemical Addition: 

Four Stage Aeration 

30 
30 

30 

40 
35 

32 

19 
18 

14 

16 
11 

6 

53 
49 

56 

60 
69 

81 



Maintenance Costs 

The annual maintenance costs for equipment were estimated at 5 
percent of the capital cost. 

Supplemental Aeration Equipment Costs 

The supplemental aeration equipment capital and installation costs 
were quoted by the manufacturer of the REC units (Autotrol Corpora
tion) at $3,125 per unit. The initial capital cost was amortized 
at a 7 percent interest rate over the assumed design life. 

The alternatives investigated for cost analysis are as follows: 

Alternative 

No. 1 

No. 2 

No REC supplemental aeration 

Supplemental aeration installed at 
four stages of each REC tank (for 
total of 56 units installed). 
Five-year assumed design life. 

Both alternatives include chemical addition to primary tanks with 
carbon adsorption following RECs to produce same quality effluent. 

A comparative cost summary of the two alternates is shown in 
Table 8. 

The chemical cost is common to both alternates at $492,000 per 
year. The carbon regeneration and make-up cost is highest for 
Alternate 1 at $540,000 per year. This is due to higher exhaustion 
rate ~ecause of higher effluent SBOD5 from RECs without supple
mental aeration. Carbon regeneration and make-up cost for 
Alternate 2 is $194,000 per year. 

The initial cost of providing supplemental aeration to REC tanks 
is estimated at $175,000 for 4· stage aeration. The annual costs 
including the amortized and O&M costs for supplemental aeration 
for Alternate 2 is $86,500. 

The total annual costs for the alternates are $1,032,000 and 
$774,000, respectively. The corresponding unit costs per pound 
of SBOD5 removed are 93¢ and 70¢, respectively. 

The cost evaluation, under the assumptions used show the instal
lation of REC supplemental aeration equipment is cost effective. 
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TABLE 8 

Cost Summary for SBOD5 Removal 

Basis: Flow 36.5 MGD 

Item 

1. Chemical feed to primary tanks, $1000 per year 

2. Carbon regeneration and make-up, $1000 per year 

3. RBC supplemental aeration equipment: 
Capital cost, $1000 
Amortized cost, $1000 per year 
Operating cost, $1000 per year 
Total annual cost, $1000 per year 

4. Total cost for SBOD5 removal: 
$1000 per year 
Dollars per lb. SBOD5 removed by overall process 
Dollars per 1,000 gallons sewage 

No. 1 

492 

540 

1,032 
0.93 

0.077 

Cost of Alternate(l) 
No. 2 

492 

194 

175 
43 
46 
89 

774 
0.70 

0.058 

(1) These costs do not include the cost of existing facilities such as RBC's, carbon columns, 
and regeneration equipment. 



5. CONCLUSIONS 

The following conclusions can be drawn from the tests conducted. 

o A portion of the organic material observed in the filtrate of 
primary effluent and RBC effluent samples, and measured as 
SBOD5 is due to a colloidal fraction. Based on the overall 
mean SBOD5 reduction of primary effluent and RBC effluent 
samples treated with ferric chloride, this fraction appears 
to be about 15 mg/l. 

o The three RBC operational modes tested did not indicate signi
ficant difference in performance. 

o The peroxide treatment controlled beggiatoa predominance and 
established a healthy culture on the RBC discs. Increases in 
SBOD5 removal on the order of 10 percent were experienced 
using perioxide. 

o The supplemental aeration of the RBCs essentially eliminated 
beggiatoa population on the discs. The thickness of biomass 
growth on the aerated discs was much thinner compared to the 
unaerated units. 

o The average SBOD5 removal was increased by about 27 percent 
across the RBCs. The average effluent SBOD5 concentration 
was reduced by 57 percent. The fluctuations in SBOD5 in the 
effluent was attenuated considerably. 

o The comparative cost analysis indicate that the removal of 
SBOD5 would be cheaper by supplemental aeration of RBCs than 
by carbon adsorption for Alexandria Treatment Plant. 
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" EFFECT OF SUPPLEMENTAL AIR ON RCII'ATING ~'.IOLOGIC1\L CONTACTOR 
PROCESS DOMESTIC WASTE" 

Introduction 

By 

J. ·r. Madden & R.B. Friedman 
Clow corporation 

Envirodisc Systems 
Beacon, New York 

The general acceptance of Rotating Biological contactors for secondary 
and advanced wastewater treatment has led to the divulging of many different 
opinions concerning the use of various techniques to improve the wastewater 
treatment process with this equipment. One such modification that has 
received widespread interest among consulting engineers and designers has 
been the use of air to aid the biological oxidation that occurs on the media 
surface area. Much of the efficiency of the Rotating Biological Contactor 
can be credited to the relatively high concentration of biological growth 
that is exposed alternately to the food source in the wastewater and oxygen 
in the atmosphere. This vigorous cont.act in a short detention time is not 
matched in any other treatment process. We are qoinq to look at the work 
that has ~een done thus far in the use of supplemental air provided for 
mechanically driven Rotating Biological Contactors. 

DISCUSSION 

Before we look at the direct application of supplemental air in varying 
quantities.to ~astewater of varying strengths, we are first going to review 
the work done by Warren Chesner, Roy F. Weston Company1 , concerning the use 
of air with the Rotating Biological Contactor process. In their paper pre
sented at the New York Water Pollution Control l·'cdcration in January, 1977. 
it was stated that increased amounts of dissolved oxygen in the wastewater 
stream of the Rotating Biological Contactor process above 3 to 4 mg/l did 

599 



not materially effect the performance of the Rotating Bioloyical Contactor 
process. The data also showed that there was virtually no effect on the 
suspended solids nor was there any appreciable effect in the reduction in 
soluble or total BOD as a result of maintaining a high dissolved oxygen. 

Chcsncr's conclusion supports earlier work by Welch2 who found that a 
mixed liquor dissolved oxygen above 1. 5 mq/l did not siynificantly affect 
the Rotating Biological Contactor process. 

On the other hand, information developed from Alexandria, V'/\ as shown 
on Table 1, indicates that copious amounts or supplemental air added to a 
mechanical drive Rotating Biological Contactor System, did affect the 
effluent quaiity. 3 '/\t this installation, approximately 200 cubic feet per 
minute of air was added for each Rotating Rioloqical Contactor unit with all 
of the air available to add oxygen rather than a substantial portion used 
for rotational force. The addition of air did reduce the soluble BOD, but 
had little or no effect on the total BOD. Refer again to Table 1. This 
installation is reported to be a side by side comparison of wastewater having 
similar characteristics of temperature, BOD, suspended solids and nutrients. 
In both of the cited examples, it should be noted that the treatment process 
for the Rotating Biological Contactor is beinq pcrfonned on what is commonly 
called domestic wastewater. By definition, domestic wastewater normally has 
influent strengths of 150 to 300 mg/l BOD and suspended solids, 15 to 35 mg/l 
nmrnonia ni tr0gen and a temperature ranqe from 40°1~ to 75°1··. 

Now that we have examined both ends of a detennined spectrum for this 
presentation, let us examine what is happening in between the extremes and 
sec if a conclusion can be drawn for further study, investigation and use. 

At the PUrdue Industrial Wastewater Conference in 1979, Chou & Hynek4 

presented information on '/\utotrol's South Shore Pilot Testing Program in 
Milwaukee, WI. This program compared their mechanical drive and a prototype 
air drive treating domestic wastewater at relatively low soluble BOD loadings 
and when using their relatively closed media. 4 'l'he media is termed as being 
relatively closed as the flow of wastewater and air throughout the interior 
surfaces of the media are dependent on a limited number of radial flow 
passages. The data presented shows that side by side runs for comparison did 
have equal influent concentrations, but different hydraulic and absolute 
organic loadings. Chou & Hynek conclude.d that the addition of air via the 
prototype nir drive system did increase the soluble BOD removal. 

STUDY AT COLD SPRING, NY 

l\ study was started in June, 1979 at the Village of Cold Spring, NY 
Wastewater Treatment Facility, using a Clow Envirodisc Rotating Biological 
Contactor having a total nominal surface area of 11,000 SF. The tankage pro
vided was designed to enable testing of each of the four stages independently 
of the other stages. The system was also designed to allow varying quantities 
of air to be discharged at the bottom of the tank in any stage and its effect 
measured independently of any of the other stages involved in the study. 
During the testing period from June through November, 1979, two parallel two 
stnge flow paths were created, equal in all ways, except that air was added 
to one of the flow paths. The amount of air added was equivalent to 150% of 
the non-motive or biologically active air that is available in an air driven 
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Rotntin<J nioloqical Contactor. 
•; 

C<•O Cl·'M/100,000 81"). 

Figure 1 shows the testing locations, sampling locations and a general 
outline of the flow diagram showing how independent and separate testing 
could be achieved on wastewaters that were identical in all significant 
characteristics. During the first phase of the study, relatively high 
loadings of BOD were applied to determine whether or not 3 lbs. soluble 
BOD/1000 SF/day is the relatively low maximum removal rate as stated by the 
Autotrol Corporation. 6 

Figure 2 shows loading rates of up to 14 lhs/1000 SI" with resulting 
removal rates of up to 6 lbs/1000 SI·'. Upon completion of this first phase, 
successive phases at increasingly lower loadin<JS were run. 

Table 2 summarizes all of the data from June through November, 1979 and 
removals as a result of adding supplemental air to an open media at 
rates equal to 150'?; of the non-motive air in an air drive system. 
It is interesting to note and quite gennane to the title of this 
presentation that by introducing supplemental air to wastewater of the 
strength that these wastewaters had, there w~s virtually no difference 
in removals of soluble BOD between the fl.ow path that had supplemental 
air and the flow path that did not have any supplemental air, again 
as shown on Table 2. It is also noted, that the substrate loadings and 
removals in the initial phases were significantly above those which are 
normally encountered in waste treatment plants that have been designed 
for treatment of domestic wastewater, while latter phases of the testing 
program were run at loadings normally found in such facilities. 

Figure 3 shows the percent of removals at various "normal" loadings with 
a 6ne stage process, both for the cold spring Study using Clow•s open media 
and a study using closed media. Again by looking at this data, it can readily 
be seen that no significant reduction in soluble BOD occurred as a result of 
adding supplemental air. Similarly, Figure 4 shows the percent of removals at 
various loadings with a two stage process. The points for the closed media 
are taken directly from Autotrol's South Shore, Milwaukee Test program 
published data, while the points for open media are taken directly from Clow's 
Cold Spring Study. 

Conclusions of the south Shore program show that closed media with an air 
drive did reduce the soluble BOD loadinqs as compared with a closed media 
mechanical driven Rotating Biological Contactor. At Alexandria, V~ as 

·m<'nt.ioned <'«rlicr, th<' addition of lanw amllUl\ls of supplPml~ntal nir tll the 
samr• typt~ nf ~loscd 11wdia als~) n~dlh~t'l\ the ~l'luhl1• l\t1D, <tllh1,uqh lll't. Uw 
total BOD. One could conclude then from those t.wo studies that. the addition 
of supplemental air to a relatively closed type media can and docs improve 
the removal of soluble BOD. 

On the other hand our studies at cold Spring, using a relatively open 
media with supplemental air showed that there is no increase in the soluble 
BOD removal or advantage to providing supplemental aeration at the loading 
rates studied. If we then take the published data of pounds applied versus 
removal rates for the closed media and compare them at the same loading rates 
with Clow•s open media as in Figure 3 and 4, we see that regardless of 
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whether its mechanical drive or supplemental air to a mechanical drive or 
air drive, that the type of media that is open and that does not depend upon 
radial passages, appears to consistantly remove a greater percentage of the 
applied soluble BOD. 

CONCLUSION 

The data presented here clearly shows that with the use of a relatively 
open Rotating Biological Contactor media, the addition of supplemental air 
to enhance w.:istewater treatment with mechanically rlriven Rotating 
Biological Contactors does not offer any significant improvement over units 
that do not have supplemental air provided. Secondly, by compariny 
published data on soluble BOD removals usin(f a closed media with our 
studies using an open media, the open type media Rotating BiolocJical 
Conta~tor removed a greater percentage of soluble BOD regardless of whether 
additional or supplemental air was provided, and finally, the open type 
media as used in the Cold Spring Study does not have an upper removal rate 
limit of 3 lbs/1000 SF/day for soluble BOD as reported for the closed type 
media; removal rates of up to 6 lbs/1000 SP/day were obsf'.!rved. 

602 



REFERENCES 

1. Chesner, w., Roy Weston Engineers, "Effect of the Dissolved 
Oxygen on the Rotat.inq Biological Contactor Process." 
Presented at N.Y.W.P.c.F.A. 1977 Annual Conf., New York, 
N.Y. 

2. Welch, F.M. (1968) "Preliminary Results of a.New Approach in the 
Aerobic Biological Treatment of lliqhly Concentrated wastes." 
Proceedings of the 23rd PUrdue Industrial Waste Conference, 
PUrdue University, Lafayette, Indiana. 

3. Strinivasaraghavan, R., Greeley and Hansen Engineers, Personal 
Communications, November, 1979. 

4. Hynek, R.J. and Chou, c.c.s., Autot.rol Corporation (1979) 
"Dcvnlopmcnt and l'crformancc of 1\ir-Drlvcn RotatincJ Bioloqical 
Contactors." Presented at 1979 PUrduc Annual Industrial 
Waste Conf. 

5. Friedman, R., and Roeber, J., "Encrqy Reduction Consideration for 
the RBC Process." Presented at. Energy Optimation of waste and 
Wastewater Management for Municipal and Industrial Application 
Conf., December, 1979, New Orleans, LI\. 

6. Autotrol Corporation, "Wastewater Treatment Systems (1979) "Design 
Manual." Pages B-11 and D-3. 

603 



TABLE 1 

SUMMARY OF DATA FROM ALEXANDRIA, VA 

MODE No. OF BOD SBODS SS 
STAGES m~1/~ mg/1 mg/1 

Avg of 5 month's M 43 1 5 48 
testing MS 41 8 50 

Without chemical M 1 1 9 
addition MS 1 16 

M 4 28 
MS 4 1 1 

With chemical M 4 1 3 
addition MS 4 6 

K = ~uto:ro1 Kechanlca' Jrlve R.5.C. 
HS= Autotrol Mechanical Drive R.B.C. with 200 CFM supplemental 

Air added per shaft 
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TABLE 2 

COLD SPRING, NY TEST PROGRAM (1) 

AVERAGE OF ALL TESTING 

June 28, 1979 - November 31, 1979 

Total BODS Soluble 

mg/J 

Influent 157. 1 

Mechanical Drive 47.4 
1st Stage 

Mechanical Drive 46.3 
with supplemental 
a i r - 1st Stage 

Mechanical Drive 30. 1 
2nd Stage 

Mechanical Drive 30.2 
with supplemental 
air - 2nd Stage 

(1) Clow Envirodisc Model A-10 
(2) TSS - Prior to clarification 
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BODS 

mg/l 

86.3 

40.9 

39.8 

28.6 

27.6 

Dissolved Total (2) 
Oxygen Suspended 

Solids 
mg/1 mg/1 

4.67 11 3. 2 

4. 1 9 11 9. 4 

4. 51 118. 5 

5. 1 9 101. 1 

5. 21 1 06. 1 
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USE OF SUPPLEMENTAL AIR TO CORRECT AN OXYGEN LIMITATION 
CONDITION OF AN OPERATING RBC SYSTEM 

By 

Joseph F. Lagnese, Jr. 
Duncan, Lagnese and Associates, Inc. 

INTRODUCTION 

Howes Leather Company is a vegetable sole leather tanner with two operat
ing plants, one in Curwensville, Pennsylvania and one in Durbin, West Virginia. 
The original treatment system for each plant relied upon a combination of 
primary lagoons for solids removal and storage, and secondary aerated lagoons 
for some biological reduction of organics. In 197S, a six month waste charac
terization and bench scale treatability evaluation of the Durbin plant wastes 
was undertaken in preparation for enhanced treatment capability at both plants. 

This effort revealed the wastes to be of high lime content and high 
organic strength. Alhough amenable to biological treatment after significant 
pretreatment, the persistant tannin content of the wastes demonstrated adverse 
effect in the operation of the dispersed growth experiments, particularly with 
solids separation. Thereafter, in the late winter and summer of 1976, pilot 
plant studies of activated sludge and rotating biological contactors (RBC) 
were conducted at the Durbin tannery. This evaluation favored the use of the 
rotating biological contactors as the secondary biological process for the 
application required at the Curwensville, Pennsylvania tannery, which had the 
earliest compliance schedule of the two tanneries. 

For the Curwensville plant, the State of Pennsylvania established ef
fluent standards limiting total biochemical oxygen demand during warm weather 
conditions to 900 pounds per day, calculated as the total of 1. S times the 
effluent five day biochemical oxygen demand (BOD5 ) and 4.56 times the effluent 
ammonia nitrogen. Based on the estimated flow of 200,000 gallons per day and 
the predicted influent ammonia nitrogen level of 7S mg/l, not anticipated to 
be signicantly reduced through the treatment process, the effluent BODS would 
have to be controlled to a level of about 131 mg/l. For the period of Novem
ber through April, the State permits the BODS to increase to 228/mg/l. 
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The two tanneries were considered to be similar in the tanning procedures 
utilized and in the resulting wastes. The only difference in the two plants 
was in the production level, with Curwensville processing about 1400 hides per 
day and Durbin, about 1900 hides per day. 

PILOT PLANT EVALUATION 

The pilot plant work at Durbin provided the design basis for the Cur
wensville treatment plant. 

Pretreatment for the pilot plant was comprised of primary settling, 
equalization, pH adjustment and phosphorus enrichment. An 8200 square foot, 
four stage pilot plant RBC system, leased from the Autotrol Company, was used 
for the test work. It was operated at a rotary speed of 2. 9 rpm and a 
peripheral speed of 60 fpm, the same peripheral speed as is standard for this 
manufacturer's full scale units. After preliminary experimentation with general 
flow rate ranges, a more detailed evaluation, upon which the design criteria 
were formulated, was carried out at flow rates in the general range of 0.25 
gpd/sf, to 0.75 gpd/sf. 

The characteristics of the influent to the pilot plant RBC are summarized 
in Table 1. The soluble portion (SBOD) of both the influent and settled 
effluent BOD5 averaged 85 percent. 

Graphical presentations of the pilot plant data are given in Figures 1 
and 2. It is evident that as the SBOD loading increased, the specific removal 
rate increased, but the overall efficiency of removal decreased. At all test 
loadings, the SBOD removal efficiency remained above 88 percent. 

Within the hydraulic and SBOD loadings tested, the major influence on 
performance appeared to be SBOD loading. For the limited amount of per
formance data obtained at comparable SBOD loading, a small improvement in SBOD 
removal was observed for decreased hydraulic loading, but there was too little 
data to determine with much certainty the quantitative significance of this 
indicated effect. 

The level of performance for the first stage reactor at the lowest and 
highest hydraulic loading is shown graphically in Figure 3. Although showing 
a slightly less consistency of performance, the low specific hydraulic loading 
appears to show no dramatic sign of performance limitations due to either 
oxygen or biomass limitation. However, at the highest hydraulic and SBOD 
loading, the system appears to have reached a maximum SBOD removal rate of 
about 9 pounds per day per 1000 square feet. At this level of removal, it is 
apparent that the system was oxygen and/or biomass restricted. Having only 
limited and somewhat conflicting dissolved oxygen data for the first stage, it 
cannot now be determined with certainty the specific cause of this indicated 
removal limitation. 

However, it is now apparent that the oxygenation capability of the pilot 
plant's first stage was disproportionally higher than for a full scale system 
at the same peripheral speed. This was unfortunately not realized at the time 
the pilot plant's overall performance was being evaluated for development of 
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1. 

TBOD1 . 

SBOD 

COD 

TSS 

TKN 

NH - N 3 

pH 

Temperature 

TABLE 1 

RBC INFLUENT CHARACTERISTICS 
PILOT PLANT STUDY 

Average 

939 mg/l 

798 mg/l 

1650 mg/l 

250 mg/l 

65 mg/l 

58 mg/l 

7 .4 (median) 

68°F 

Total 5-day Biochemical Oxygen Demand 
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Range 

585 - 1290 mg/l 

500 - 1080 mg/l 

1400 - 1870 mg/l 

140 - 790 mg/l 

37 - 88 mg/l 

35 - 81 mg/l 

6.4 - 8.2 

55 - 75°F 
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design criteria for the full scale installation. The problems relating to 
scale-up limitations due to the higher oxygenation capability of the pilot 
plant's smaller disc sizing (regardless of comparable peripheral speed control) 
did not come to our attention until the full scale problem was upon us. 

Although BOD was the most closely monitored parameter for performance 
measurement of the RBC, some performance data for chemical oxygen demand 
(COD), total suspended solids (TSS) and nitrogen was obtained. Effluent COD 
varied between 227 and 436 mg/l. Effluent TSS averaged 38 mg/l with a range 
of 20 to 96 mg/l. No nitrification was observed for any of the testing, 
although conversion of organic nitrogen to ammonia nitrogen through the RBC 
was consistently observed. 

DESIGN BASES OF RBC FACILITY 

The design bases for the Curwensville RBC facility is summarized in 
Table 2. 

Allowing for no change in the predicted 75 mg/l influent ammonia con
centration through the RBC, a plant discharge TBOD of 131 mg/l (219 pounds per 
day) would thus be required for the total oxygen demand to remain within the 
900 pounds per day summertime limit of the DER and EPA permits. On a SBOD 
basis, the effluent concentration to be achieved by the RBC was set to be 112 
mg/l. Based on the estimated influent SBOD concentration of 800 mg/l, the RBC 
would be required to remove 1149 pounds of SBOD per day. 

Referring to Figure 2, a removal rate of 3.25 pounds of SBOD per day per 
1000 square feet was indicated for this required effluent concentration. A 
total surface area of 353,000 square feet was indicated. 

To provide a margin of safety and to work within the manufacturers' 
standard sizing of four stage systems, a unit comprised of four shafts, each 
25 feet long, and each having a rated surface area of 100,000 .square feet, was 
selected and installed. The total surface area of 400, 000 square feet, re
lated to the design hydraulic loading and required SBOD removal, provides a 
specific hydraulic loading of 0.5 gpd/sf and a specific SBOD removal rate of 
2.9 pounds per day per 1000 square feet of total shaft area. 

A flow diagram of the treatment system, as it was initially provided, is 
given in Figure 4. 

INITIAL OPERATING EXPERIENCES 

The construction of the plant was completed in early 1978, with all 
treatment units in operation by April, 1978. It became evident soon there
after that the RBC facility was seriously stressed under the conditions which 
then prevailed. The symptoms were ominous - significant presence of hydrogen 
sulfide in and around the RBC facility, unfavorable growth conditions on the 
surface, and depleted dissolved oxygen levels in the first stage. 

Concurrently, it was discovered that the waste load to the RBC was much 
greater than the design anticipated. A summary of this initial waste load 
characterization is given in Table 3. 
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Flow (Equalized) 

Soluble BOD 

Loading 

Required Effluent 

Required Removal 

TABLE 2 

DESIGN BASES FOR 
SIZING RBC FACILITY 

CURWENSVILLE TANNERY 

200,000 gals/day 

800 mg/l 1336 lb/d 

112 mg/1 187 lb/d 

688 mg/l 1149 lb/d 

Minimum Sizing Criteria, Based 
On Pilot Plant Findings (Figure 2) 

4-Stage Removal Rate 3.25 lbs/day/lOOOsf 

Total Area Required 353,000 sf 

Selected RBC System 

4 - Stage, 25 ft. Shaft Per Stage 

Total Area Provided 400,000 sf 
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TABLE 3 

RBC INFLUENT WASTE CHARACTERISTICS 
DURING PERIOD OF PLANT START-UP 

Flow 210,000 gallons/day 

TBOD 1490 mg/l 

SBOD 980 mg/l 

TSS 900 mg/l 

Sulfide 27 mg/l 

TKN 360 mg/l 

NH -N 3 180 mg/1 

pH 8 
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As indicated, the flow was higher, as was the SBOD load. Further, the 
suspended solids were greater, as is probably the reason for the higher pro
portion of non-soluble BOD than found in the pilot plant wastes. The presence 
of high sulfide concentration was also unexpected from our pilot plant work. 
Because of the total oxygen demand limitations of the permit, the influent 
presence of ammonia nitrogen higher than the effluent design expectations was 
another serious difficulty revealed by this evaluation of initial operating 
conditions. 

Thereupon, a multi-faceted program was initiated to reduce waste load and 
increase treatment capability in order that permit requirements could be met. 
This was eventually accomplished with the full cooperation and support of the 
Meadville Office of the Pennsylvania DER. This discussion is mostly limited 
to the efforts made to enhance RBC performance. 

The first relief attempt was to remove the baffle between the first and 
second shaft to reduce the first stage specific BOD loading rate. Also, flow 
reduction to the RBC unit was made. The major concern at this point was to 
relieve the hydrogen sulfide generation problem. The results of these efforts 
are tabulated in Table 4. Although the specific hydraulic and SBOD loads were 
reduced to or below design levels, the effluent SBOD concentration remained 
high as did the hydrogen sulfide levels in and around the RBC basins. A 
dissolved oxygen level could not be maintained in the mixed liquor of any of 
the stages. 

The problem appeared to be more than oxygen limitations related to BOD 
conversion. Both the high sulfide and suspended solids content of waste to 
the RBC were significant contributors to the pervasivenss of the reduced con
ditions within the RBC. Influent sulfide levels varied between 30 - 60 mg/l, 
and lesser values persisted through the stages. Though each shaft assembly 
was equipped with external devices to increase turbulence and minimize solids 
deposition, substantial deposition did occur midway between. the shafts pro
viding a source for anaerobic conditions within the tank. High mixed liquor 
solids concentrations in the 1500 - 2000 mg/l range, with a 50 percent vola
tile content were observed, as were high oxygen uptake rates in the 2 - 3 mg/l 
per minute range. 

The attached growth on the surfaces was gray to black and quite thick. 
Under the biomass, there was a thin crystalline inorganic layer on the media 
surface, assumed to be a calcium carbonate accumulation. 

USE OF HYDROGEN PEROXIDE 

As an expedient measure to temporarily relieve the sulfide problem, 
hydrogen peroxide was added to the RBC influent. At a reduced waste flow of 
about one-half of the design basis, hydrogen peroxide was used initially at 
the rate equivalent to approximately 35 mg/l of influent flow. It was in
creased later to higher levels sufficient to totally oxidize all sulfides. At 
even the lower dose of hydrogen peroxide which did not totally remove all 
sulfides, significant improved performance was observed. A summary of two 
test runs when hydrogen peroxide was used is given in Table 5. 
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TABLE 4 

INITIAL PERFORMANCE OF RBC 

Specific Specific Specific Percent Effluent 
Hydraulic SBOD SBOD SBOD SBOD 
Loading Loading Removal Removal Cone. 
(gpd/sf) (ppd/lOOOsf) (ppd/ lOOOsf) (%) (mg/l) 

0.45 3.0 1.67 56 353 

0.45 2.1 1.00 48 300 

0.45 1.9 0.90 47 267 

0.25 1.6 1.18 74 221 
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TABLE 5 

USE OF HYDROGEN PEROXIDE 
TO IMPROVE RBC PERFORMANCE 

Specific Hydrogen Specific Specific Percent Effluent 
Hydraulic Peroxide SBOD SBOD SBOD SBOD 

Loading Cone. Loading Removal Removal Cone. 
(gpd/sf) (mg/l) (ppd/lOOOsf) (ppd/lOOOsf) (%) (mg/l) 

0.283 35 2.85 2.35 82 213 

0.17 125 1.17 1.11 95 47 
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In the first test of higher flow and lower hydrogen peroxide dose, the 
sulfide in the RBC influent was reduced from an average level of 46 mg/l to 14 
mg/l. For the most part, the RBC effluent showed only occasional signs of 
sulfide. The dissolved oxygen level remained consistently low at 0.1 mg/l in 
all stages. The heavy biomass accumulation in the RBC surfaces was, however, 
significantly reduced. At the higher hydrogen peroxide dose and lower flow, 
total sulfide control was attained. With this control and with the reduced 
SBOD loading of 1.17 pounds per day per 1000 square feet, good performance of 
the RBC was realized for the first time. 

However, with the high cost ($100/day) of the hydrogen peroxide and the 
limited hydraulic loading, other methods of obtaining improved treatment 
performance were considered. These efforts were in two directions, one in
volving treatment facility alterations and the other involving waste pro
duction alternatives. 

PRODUCTION CHANGES TO IMPROVE WASTE CHARACTERISTICS 

Although detailed discussion of the production changes to improve waste 
characteristics is beyond the intent of this presentation, it should be noted 
that an interested and technically oriented plant manager worked diligently 
and effectively to reduce both the constituent and volumetric level of the 
wastes from the time of plant start-up to the present. This program is still 
continuing. It is pertinent to note that as changes were made in production 
practices to reduce flow and critical waste constituents, problems were often 
encountered in product quality. This was particularly problemsome and costly 
due to the lengthy time sequence involved in processing a raw hide. There
fore, any modification in processing which proved to impair product quality 
could be damaging to 15 - 20 days of hide processing, before the effect of 
re-adjustment could be realized. 

Somewhat offsetting this risk for the tannery was the potential savings 
in chemicals and water such a conservation effort could provide. At this 
time, substantial reduction in lime, sulfide, ammonium chloride and water has 
been realized. 

A summary of the reductions in raw waste quantity and quality which were 
effected from June, 1978 to September, 1979, at approximately the same hide 
processing level, is given in Table 6. The reduction is significant for all 
parameters, being highest for TBOD and TSS. A comparison of the settled TBOD 
and TKN for the two periods tends to somewhat decrease the significance of the 
constituent reduction, as relates to RBC feed. Nevertheless, the reduction is 
still significant and overall helpful to the intended improved performance of 
the RBC. 

FACILITY ALTERATIONS FOR IMPROVED PLANT PE'.RFORMANCE 

From the beginning of the full scale operation, it was realized that the 
amount of suspended material entering the RBC and becoming deposited in the 
basins was contributing to the oxygen limitation problem of the RBC. The 
amount of suspended matter in the pre-settled and equalized wastes was also 
being increased by partial precipitation of soluble constituents, as a result 
of the acid adjustment of the pH to 7 - 9 just prior to the RBC. Laboratory 
experiments also revealed further pH adjustment to a level of 4 - 5 signifi
cantly reduced the BOD by coagulation of the protein. With the reduction of 
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TABLE 6 

REDUCTION OF RAW WASTE CONSTITUENTS 
BY PRODUCTION CHANGES 

June 1978 SeEtember 1979 

Flow 210,000 gal/day 130,000 gal/day 

COD 15,000 lbs/day 10,000 lbs/day 

TBOD 8,200 lbs/day 3,300 lbs/day 
(2,600 lbs/day) (1, 900 lbs/day) 

TSS 10,600 lbs/day 3,600 lbs/day 

TKN 1,160 lbs/day 620 lbs/day 
( 630 lbs/day) (485 lbs/day) 

NH -N 3 460 lbs/day 315 lbs/day 

Sulfide 170 lbs/day 110 lbs/day 

Note: Data in parenthesis is for settled wastes. 
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this substrate portion, the resulting waste could be expected to be more 
amenable to biological degradation. 

It was also evident that improved mixing and oxygenation in the equali
zation tank would be beneficial to the control of the sulfide generation 
problem in the wastes prior to the RBC and, more particularly, prior to the 
desired addition of the acidification and intermediate clarification pro
cesses. Because of the high pH of the primary settled wastes, the aeration of 
the equalization tank provided a potential further benefit of reducing the 
ammonia content of the wastes by air stripping, and concurrently reducing the 
alkalinity and subsequent acid requirements for protein coagulation. 

Accordingly, an acid feed/mix system and an intermediate clarifier were 
installed between the equalization tank and the RBC unit, to permit the acid 
coagulation of the equalized wastes and the reduction of suspended matter in 
the feed to the RBC. Concurrent with placing these alterations into operation, 
the use of hydrogen peroxide was discontinued. 

The use of supplemental air with the RBC also was considered a beneficial 
alteration, in that such use would decrease oxygen limitation conditions and 
create increased agitation to prevent the thick biomass accumulation and the 
sub-surface anaerobic conditions in which sulfur reduction occurred. 

This facility alteration program was undertaken in stages and, in fact, 
was not totally implemented at the time this presentation was being prepared. 
The acidification system and intermediate clarifier were installed first, with 
operation commencing in November 1978. Supplemental air was added to the 
first shaft in January 1979, to the second shaft in April 1979 and to the 
third and fourth shafts in August 1979. The turbine aerators for the equali
zation tank are just now being installed. Initially, in late 1978, two 
surface aerators were taken from the existing aerated lagoons as an interim 
effort to aerate the equalization tank. Although reasonably successful in 
terms of maintaining an aerobic environment and stripping ammonia, this old 
equipment's operation was unreliable and had to be totally discontinued half 
way through the testing period. 

All of the facility changes were innovatively detailed, fabricated and 
installed by plant engineering and maintenance staff. 

The desired intent of developing comparative data for the variable 
conditions of production and treatment was made difficult by (1) the EPA 
pressure to expedite compliance of effluent standards, (2) the trial and error 
nature of the production changes being attempted for improved wastewater 
conditions and (3) the problems involved in retrofitting and altering existing 
facilities within a constrained space and time situation. Adding further to 
the burden of this evaluation was the required experimentation being carried 
on at this plant with a second stage biological system to achieve nitrifi
cation capabilities within a very expedited compliance schedule to meet EPA 
proposed BAT standards. 

The test effort on the first stage RBC facility reached final frustration 
on October 31, 1979 when an RSC shaft broke. As of January, 1979, the RBC 
facility was still out of operation, with all four shafts being replaced by 
the manufacturer. 
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A flow diagram of the altered treatment system is given in Figure 5. A 
sketch of the supplemental air system installed in the RBC is given in Figure 
6. 

PERFORMANCE OF ALTERED SYSTEM, WITH SUPPLEMENTAL AERATION OF RBC 

Prior to the completion of the installation of the diffused air system in 
the first two stages, but following the completion of the intermediate 
clarifier and aeration of the equalization tank contents, there was a short 
period of time when some limited observations were made of this change in RBC 
performance. Although the dissolved oxygen level in the first two shaft mixed 
liquor volumes remained absent, or at very low fractional level, the sulfide 
generation problem appeared to be greatly improved. At reduced hydraulic 
loadings of approximately . 28 gpd per square foot of total shaft area, 
effluent SBOD levels of 100 - 120 mg/l were being achieved at SBOD removal 
rates of near 1. 5 pounds per day per 1000 square feet of total shaft area. 

The major impact on RBC performance, however, occurred with the use of 
supplemental air. A graphical representation of the testing performed with 
supplemental aeration of the RBC, is shown in Figure 7. 

As shown, the best performance was achieved when the wastes were 
additionally pretreated by acid coagulation and clarification. For this 
series of tests, supplemental aeration was limited to the two shafts of the 
first stage, at a total air flow of approximately 600 cfm. This is equivalent 
to about 12 cfm per lineal foot of shaft. 

The data for partially aerated RBC receiving acid treated wastes do not 
indicate for the SBOD range tested that the maximum SBOD removal rate had yet 
been attained. Without acid pretreatment, the maximum SBOD removal rates is 
indicated to be approximately 2.5 pounds per day per 1000 square feet of total 
shaft area. 

Although there is some indication for the non-acid treated conditions 
that supplemental aeration of all shafts at an air flow of 1100 cfm results in 
better performance than when only the first stage is aerated, more data is 
required before a final judgement can be made on this point. 

For the acid treated conditions, some experimentation was made with 
effluent recycling. Two data points shown in Figure 7 for where non-settled 
effluent from the RBC was recycled at a rate of 50% of the influent rate 
suggest somewhat reduced performance when compared to the non-recycle con
ditions of operation. It should be noted, however, that the influent flow 
rate (172,000 gpd) during the recycle testing was somewhat higher than the 
influent flow rate (138,000 gpd) during the non-recycle testing periods. On a 
specific hydraulic rate basis, the loading, including recycle flow, for the 
recycle operation was 0. 68 gpd/ sf as compared to 0. 36 gpd/ sf for the non
recycle operation. 

A comparison of aerated and non-aerated operation of the RBC treating 
these tannery wastes is given in Figure 8. Interestingly, the best performance 
with supplemental aeration of the RBC with acid pretreatment was similar to 
the pilot plant performance of the nonaerated RBC unit, under similar hy
draulic conditions. 
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Examining performance of the RBC by stages, it appears that for the acid 
treated wastes the aerated first stage operation is not oxygen or biomass 
limited up to the maximum observed specific SBOD removal rate of approximately 
6 pounds per day per 1000 square feet of first stage area. However, for the 
wastes not acid coagulated and settled, the aerated first stage operation is 
apparently biomass limited at a specific SBOD removal rate of about 4. 25 
pounds per day per 1000 square feet of first stage area. This is shown 
graphically in Figure 9. Based on the relatively significant level of dis
solved oxygen in the first stage mixed liquor for this period of testing, it 
does not appear to be a problem of oxygen limitation. For the most part, the 
dissolved oxygen level in the aerated first stage averaged over 1 mg/l, vary
ing between 0. 6 and 2 .1 mg/l. Surprisingly, the third shaft (second stage) 
and fourth shaft (third stage), during this testing of the RBC with only first 
stage aeration, maintained lower dissolved oxygen levels at the 0 .5 mg/l 
level. It had been expected, based on the low specific SBOD removal rates in 
these last two stages as related to the normal oxygenation capability of the 
rotating discs, that the dissolved oxygen levels would increase. However, 
when aeration was added to the last two shafts, the dissolved oxygen level 
gradient changed to the more expected increasing type, with dissolved oxygen 
concentrations reaching levels of 3 to 4 under the third shaft and 4 to 5 
under the fourth shaft. 

It is evident that the major removal of SBOD occurs in the first stage, 
with only minor removal occurring in the last two stages. A summary of the 
stage removal rates for the acid treated and non-acid treated waste testing of 
the aerated RBC is given in Table 7. It is noted that both the first stage 
and the combined stages for wastes of reduced protein content have a greater 
specific removal rate of SBOD than do the wastes which did not have benefit of 
acid coagulation and settling for reduction of protein. Interestingly, the 
reverse is true for the last two stages, probably because some of the protein 
content in the lesser pretreated waste is degraded in the latter stages. 
In more closely evaluating shaft performance during the period of protein 
reduction and first stage aeration, the data indicates that as total SBOD 
loading and removal increases through the RBC unit, the percent of the total 
removed by the first stage reduces somewhat as the removal percentages by the 
last two stages increase. This is shown graphically in Figure 10. 

For this same period of pretreatment to reduce the protein content, some 
analyses were made to determine the change in the BOD rate constant as the 
flow passed through the stages. The "k" value decreased from 0.26 for stage 1 
influent to 0.15 and 0.08 for stages 2 and 3 influents, and 0.06 for stage 3 
effluent. 

Also shown in Figure 10 are two data points for the same pretreatment 
conditions and supplemental aeration except that 50% recycle of effluent has 
been provided. It is apparent that some of the SBOD removal has been trans
ferred from the first stage to the second stage, by the effect of recycle. 
Presumably, as the recycle rate would be increased further, the specific 
removal rate would be more uniform throughout all the stages. This limited 
testing indicates, however, that the overall removal rate would be reduced 
somewhat by such effluent recycling possibly due to the increased hydraulic 
rate. 
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1st Stage 

2nd Stage 

3rd Stage 

All Stages 

TABLE 7 

AVERAGE SPECIFIC SBOD REMOVAL RATES 
FOR RBC STAGES 

Supplemental 
Aeration With 
Acid/Settling 
Pretreatment 

5.1 ppd/lOOOsf 

0.7 ppd/lOOOsf 

0.4 ppd/lOOOsf 

2.83 ppd/lOOOsf 
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Supplemental 
Aeration Without 

Acid/Settling 
Pretreatment 

3.7 ppd/lOOOsf 

1.4 ppd/lOOOsf 

0.7 ppd/lOOOsf 

2.38 ppd/lOOOsf 



Similar to the pilot plant, the full scale RBC with its best performance 
of SBOD removal still did not effect nitrification. The effluent ammonia 
nitrogen concentration remained within a range of 180 to 220 mg/l. Although 
COD removal was substantial through the entire treatment system, effluent 
values from the RBC remained in the 350 - 450 mg/l range. 

Although the use of supplemental aeration with the RBC involves addition
al electrical energy to provide the compressed air, the SBOD removal rate per 
horsepower for the RBC in this application still appears to be reasonable. 
Based on the high performance curve of Figure 7 and a total of 20 draw horse
power for the blower and the four rotary drives, the SBOD removal rate per 
horsepower to meet summertime permit requirements of 112 mg/l is approximately 
2.7 pounds of SBOD per hours per horsepower. Obviously, if diffused aeration 
is used for both supplemental oxygenation and shaft rotation, the energy 
efficiency should be enhanced. 

SUMMARY AND CONCLUSION 

The use of supplemental aeration with the RBC unit at the Curwensville 
Tannery significantly improved the performance of this process. Supplemental 
aeration, through limited diffusion to the basin contents, provides an 
additional source of oxygen for biomass respiration and for prevention/control 
of sulfate reduction. The diffused air flow below the rotating assemblies also 
assists to maintain a thinner biofilm on the plastic surfaces, which reduces 
the possibility of developing sub-surface anaerobic conditions which can 
promote sulfide generation with these wastes of high sulfate content. In 
combination with improved pretreatment and product processing modifications, 
the diffused air supplemented RBC facility was able to achieve design based 
pilot plant performance and to exceed present effluent permit requirements for 
BOD. 

The serious problems caused by the generation of sulfide within the tank 
contents of the RBC and within the attached biomass should be viewed as a 
limitation to the use of non-aerated RBC for wastes of high sulfur or sulfate 
content. 

Upon repair to the fullscale RBC facility and installation of the turbine 
aerators in the equalization tank, additional testing will be undertaken. 
This will be to determine the effect of equalization tank aeration in reducing 
the ammonia content of the waste by air stripping, and agglomerating and 
precipitating BOD constituents for removal in the intermediate clarifier prior 
to the RBC. This approach for reducing the BOD content to the RBC is prefer
red to the acid coagulation procedure, because of the difficulties involved in 
concentrating and dewatering the acid sludges. 

It is also intended that a more quantitative evaluation be made of the 
effect of calcium accumulation on the rotary surfaces both in terms of 
structural stress and biological effect. 

The problems in applying pilot plant experience to full scale design as 
reported herein is further evidence of the difficulty which can be encountered 
in scaling-up RBC pilot plant results. Although it is evident that the 
differences in waste characteristics were in part responsible for the perfor
mance problems of the fullscale system, significant contribution to the 
problem was also due to the much higher oxygen supported SBOD removal rate of 
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OXYGEN-ENRICHED ROTATING BIOLOGICAL CONTACTORS 

By 

Ju-Chang Huang 
Professor of Civil Engineering and Director of 
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-Rolla, Missouri, U.S.A. 

The use of rotating biological contactors (RBC) for treating both 
municipal and industrial wasters has gained considerable popularity in 
recent years. This is partly because of its low energy need and ease 
of operation and maintenance. It is also partly because the attached 
microbial growth on the RBC unit can allow different groups of micro
organisms to exist at different discs within a single treatment unit. 
This provides a valuable feature for achieving biological nitrification. 

One of the major factors limiting the performance of an RBC unit is 
the availability of oxygen in the treatment system. In the literature 
it has been well documented that the rate of organic stabilization in such 
a system is generally limited by the oxygen penetration rather than by 
the substrate diffusion into the biological film.1,2 It is only in a 
multi-stage system that the substrate diffusion may become a rate-limiting 
factor in the last stages of the system.3,4 In fact, numerous field 
installations have experienced variable degrees of septic problems in 
their treatment units. Many researchers3,S,6,7 have also found that 
the organic stabilization rate increases with the disc rotating speed. 
This is because a higher rotating speed would cause a greater oxygen 
transfer efficiency. Unfortunately, the rotating speed cannot be increased 
indefinitely without causing some major drawbacks. First, power requirement 
increases exponentially with the disc rotating speed.3,8 Secondly, an 
excessively high rotating speed creates a high hydraulic shearing force 
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which may interfere with satisfactory development of biomass on the disc 
surface. Antonie8,9 has suggested that the optimal peripheral speed for 
treating domestic wastewater is about 18.2 m/min (60 ft/min). Therefore, 
in order to increase the oxygen penetration in the RBC system, some appro
priate means other than unlimitedly increasing the rotating speed is neces
sary. There are at least two possible methods to accomplish this. One 
is to use an .enclosed RBC system and replace air with pure oxygen as the 
feed gas. The other is to pressurize the enclosed RBC system using either 
air or pure oxygen. In either case, the partial pressure of oxygen in the 
gaseous phase is increased and the oxygen penetration into the biof ilm 
can thus be increased. The objective of this study was to investigate the 
operational characteristics of several bench-scale, enclosed RBC units 
receiving oxygen as the feed gas. 

EXPERIMENTAL SWDY 

For the convenience of this study, a synthetic milk waste was used as 
the influent feed. Three bench-scale, enclosed RBC units were built and 
each of them was operated under a specifically designed condition. The 
operational characteristics of these units were evaluated in order to assess 
the advantages of using the oxygen-enriched RBC system. 

Influent Feed. The synthetic milk waste was prepared at two different 
strengths, the higher one being twice as strong as the lower one. The 
single-strength waste was prepared by adding 0.900 g of a commercial dry 
milk powder (Kroger Brand, a product of Kroger Company, Cincinnati, OH) 
and 0.084 g of K2HP04 to each 1 of tap water. The dibasic potassium 
phosphate was added to both supplement the phosphorus content and buffer the 
pH so that the feed solution would not drop to the isoelectric range of 
casein to cause protein precipitation. The chemical oxygen demand (COD) 
of this waste was about 1,000 mg/1 • Its pH was 7.2. During the experi
mental study, a suitable quantity of this waste was prepared each day, 
which was then placed in three 55-gal drums stored inside a 4oc walk-in 
cooler. The waste was continuously stirred to keep undissolved milk solids 
in suspension. 

Rotating Biological Contactors. The three bench-scale RBC units were 
built with plexiglas tubes, each 30.5 cm (12 in.) OD and 0.61 m (2 ft) 
long with a wall thickness of 3.18 mm (0.125 in.). Each tube was made to 
hold a series of discs submerged at one-half tube depth. The end plates 
as well as the rotating shaft-bearing assembly were so constructed that the 
entire unit could withstand a pressure of 68.95 kN/m2 (10 psig) without any 
water or gas leaks. The detail construction drawing is shown in Figure 1. 

The end plates, each 12.7 mm (0.5 in.) thick, were milled to have a 
groove 1.5 mm (0.06 in.) deep to fit the tubular wall with a clearance of 
0.64 mm (0.025). The groove was filled with a rubber-based silicone seal 
to serve as an 0-ring gasket. The two end plates were pressed against the 
tubular body and secured together with eight connector rods, each 4.76 mm 
(0.188 in.) and spaced at 450 intervals. With this construction, the unit 
was able to achieve a gas-tight condition, even with an applied pressure 
of up to 68.95 kN/m2 (10 psig). 

638 



°' w 
~ 

' 

112" 11 

3/16" Connector rods at 45• 

\ \ ·- \ 

A-
12'' 12" 

PLAN 

t 120• 

-.. 
',. 

112" PltJ 

for influent/effluent 
spigots ot both tnds 

1910s 

- ;::::= 7 10 l/2"x vs'' ma50nilt discs 
17 o'i1cs per 1toge 

I l/Z" ~o_rt x 1/2" wood spacers 

1/2" Steel rod 

112" 
End plate 

WATER SEAL ASSEMBLY 

Top V2'' pipe tliread 

for o- ~O psi pressure 
relief valve {I end only) 

~Drill 3/8'' hole for V4"10 
effluenl pl811glas pipe 

~Countersink Miaft holt lo stat 

112" ID rubber O-ring 

ENOPLATE DETAIL 

Delco 7110 
bearing 

I" Pipe fJonge machined 
to s«ure o I 1/4'' OD 
Delco 7110 bearing 

Top 4-10x24 thread 
holes 10 secure 
flange to endplate 

~l/2"Shaft 

ENDPLATE a· BEARING 

ASSEMBLY 

Mill t;1roove 0.06" deep 
to fit tube with a 

0 025" wall clearance 

SECTION A-A 
STAGE DIVIDER 

Stage divider 

Figure l. Construction Detail of the Experimental Rotating Biological Contactors 



Inside the tublar body was a total of 34 circular discs, each 26.7 cm 
(10.5 in.) in diam x 3.2 mm (0.125 in.) in thickness. The discs were equally 
spaced with wood spacers to result in a face-to-face clearance of 12.7 mm 
(0.5 in.). Three threaded stabilizer rods, each 4.76 mm (0.188in.) in 
diam and spaced at 1200 were passed through holes drilled 12.7 mm (0.5in.) 
from the outer edge of each disc, and then bolted at both sides of the 
disc to hold it in alignment. 

The tubular body was divided at the midpoint into two equal sections 
with a divider so that each RBC unit would function as a two-stage system. 
The bottom 25.4 mm (1 in.) portion of the divider was cut off to facilitate 
passage of the liquid and sludge. Numerous 11.1 mm (0.44 in.) holes were 
drilled in the upper half of the divider to allow the passage of gas. 
The divider was cut to fit exactly into the tubular body and was then secured 
in place using hose clamp pressure around the circumference of the outer 
wall of the tubular body. 

In order to make the entire RBC system air and water tight, a special 
shaft-bearing assembly had to be devised. The shaft holes of the end plates 
were countersunk to seat a 12.7 mm (0.5 in.) ID 0-ring. A spring was then 
positioned to push the 0-ring into the countersunk space and prevent leaks 
around the shaft. However, due to friction the 0-rings were found to grad
ually wear out and had to be replaced at 2-3 wk intervals. 

The end plates were properly tapped and threaded for installations 
of liquid influent and effluent lines, gas inlet and outlet, the latter 
being a pressure relief valve, and a pressure gauge or mercury manometer 
for accurately monitoring the internal operating pressure. Both influent 
and effluent lines were connected to positive displacement pumps so that the 
system could be maintained at any desirable pressure. Also, just before the 
stage divider, a spigot was tapped to facilitate the withdrawal of the first
stage effluent sample. The detail schematic of the three experimental RBC 
systems is shown in Figure 2. 

During operation, the water level was maintained at half depth of the 
tubular body, and the rotating speed was set at 12 rpm, which provided a 
peripheral velocity of 10 m/min (33 fpm). The flow rate was rigidly con
trolled at 56 ml/min (2,105 gal/day). The following represents the pertinent 
information about the system operation: 

Liquid flow rate 

No. of stages 
in each RBC system 

No. of discs 
in each stage 

Disc diam 

Rotating speed 

Face-to-face spacing 
between discs 

56 ml/min (21.5 gpd) 

2 

17 

266.7 mm (10.5 in.) 

10 m/min (33 fpm) 

12. 7 mm (0.-5 in.) 
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Liquid volume 
in each stage 

Gas volume 
in each stage 

Total disc surf ace 
in each stage 

Ratio of vol/surface 
in each stage 

Ratio of flow rate/surface 
in each stage 

Detention time 
in each stage 

10.58 1 (2.82 gal) 

10.58 1 (2.82 gal) 

1.89 m2 (20.6 ft2) 

5.60 l/m2 (0.14 gal/ft2) 

42.7 l/m2-day (1.04 gpd/ft2) 

3.15 hr 

Experimental Approach. Three separate experimental runs were conducted 
in this study. The operating conditions designed for each RBC system in 
these three experimental runs are shown in Table I. 

The first experimental run was conducted using air as the feed gas. 
The gas flow rate was controlled at 420 ml/min for all three RBC units. 
This was equivalent to 1. 0 ft3 air per gal of influent waste flow, similar 
to that commonly used by an activated sludge plant. The first RBC system was 
not operated under pressurization, and it was designated as Unit I. The 
second RBC system was operated under a gauge pressure of 27.6 kN/m2 (4 psig). 
Since this unit received the same influent waste (i.e., single- strength or 
1000 mg/l COD) as the first unit except that it was pressurized, this 
second unit was designated as Unit I-P. The notation "P" indicates 
operation under pressure. The third RBC system received a double-strength 
waste (i.e., 2000 mg/l COD) and it was also operated under a pressure of 
27.6 kN/m2 (4 psig). Thus, this unit was designated as Unit II-P; that 
is, the notation "II-P" indicates that the unit received the double-
strength waste and it was operated under pressure. 

The first experimental run was started in late April of 1978 when the 
three RBC systems were first placed in operation. During the first month 
the synthetic milk waste was mixed with gradually decreasing concentrations 
of sewage to provide microbial seedings and speed up the establishment of 
biomass on the disc surface. Thereafter, only the synthetic milk waste 
was used. By early August, all three RBC units had reached consistent 
operation as evidenced by a fairly uniform reduction of COD in the day-to
day operation. An intensive monitoring program starting August 7 and ending 
August 18, was undertaken to evaluate the operational characteristics of 
each RBC system. This included the measurement of such performance parameters 
as soluble chemical oxygen demand (COD), suspended solids (SS), ammonia 
nitrogen, nitrate nitrogen, and sludge settling rate. Also, the mixed liquor 
suspended solids (MLSS) and the dissolved oxygen (DO) concentrations in each 
stage of the three RBC system were also determined. All of these tests were 
performed according to the procedures set forth in Standard Methods. 10 
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After the detail operational characteristics of the first experimental 
run were obtained, the three RBC units were switched to the new operating 
condition designed for the second experimental run. That is, the feed 
gas was switched to pure oxygen and its flow rate was reduced to 240 ml/min, 
which was equal to 0.57 ft3 oxygen per gal of influent waste. A "transitional" 
period of slightly more than a week was observed before the three RBC units 
reestablish consistent operation. Thus, at the end of the third week 
(i.e., beginning September 11, 1978), a 10-day intensive monitoring program 
was again undertaken to assess the performance characteristics of the second 
experimental run. 

Similarly, at the conclusion of the second experimental run, the three 
RBC units were switched to the operation condition designed for the next 
phase, or the third experimental run. Actually, the only change in this 
phase was to reduce the oxygen flow rate from 240 ml/min to 42 ml/min. This 
low flow rate was attempted because in the second experimental run, the 
DO levels in all three RBC units were found to be excessively high. It 
took only a few days for the three RBC units to reestablish consistent per
formance. Thus, the intensive monitoring work was again started October 1, 
1978. It lasted for 10 days before this phase of work was concluded. 

RESULTS AND DISCUSSION 

The main objective of this research was to evaluate the operational 
characteristics of parallel bench-scale RBC units under an oxygen-enriched 
environment with various organic loadings. The following will discuss the 
findings of various operational parameters examined in this study. 

D.O. In this study, the main reason for using either pure oxygen 
or pressurization in an RBC unit was to increase the partial pressure of 
oxygen in the treatment system so that the oxygen availability would not 
become a limiting factor in the biooxidation process. In the three separate 
experimental runs, the first was conducted using compressed air, while the 
latter two were conducted using pure oxygen. Since the rate of organic 
loading on each specific RBC unit was the same for all three experimental 
runs, it was reasonable to expect that the use of pure oxygen would yield 
a higher D.O. level provided that the gas flow was adequate. This expecta
tion was generally verified from the results obtained in this study (Fig
ure 3). 

In the first experimental run (conducted in August, 1978), the D.O. 
levels in the first stage of all three RBC systems were generally low. 
The two units under pressurization (Units I-P and II-P) were actually found 
to have D.O. from 0.1 to 0.5 mg/1 , which were less than the value observed 
for the unpressurized unit (Unit I), approximately 2-3 mg/l Since Unit 
II-P received twice as much organic loading as Unit I and the inerement of 
oxygen partial pressure through pressurization amounted to only 27 percent 
(i.e., 4/14.7=27%), it was understandable that the D.O. in this unit would 
be lower than that in Unit I. However, it was difficult to explain why 
Unit I-P had a lower D.O. level than Unit I. The D. o. in the second stage 
did follow a reasonable trend, i.e., Unit I-P had the highest level, followed 
by Unit I, and then Unit II-P. 
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In the second experimental run (September 1978), in which pure oxygen 
was injected at a rate of 240 m l/min or equivalent to 0.57 ft3 oxygen/gal 
waste, all three RBC systems were found to have high D.O. (at least 20 
mg/l ) in both the first and second stages. The day-to-day fluctuations of 
D.O. in any specific units were partly due to variations of MLSS present in 
the systems (as will be shown later) and partly due to possible experimental 
errors encountered in the D. O. measurement using the probe technique. Be
cause of the excessively high D. o. present in the withdrawn samples, they 
had to be diluted first with deoxygenated water to bring the D.O. down to 
a measurable range (maximum 15 to 20 mg/l ) by the probe technique. Through 
this dilution, a portion of the over-saturated D. O. could be easily released. 

In the third experimental run (October 1978), in which the ~ure oxygen 
flow rate was reduced to only 42 m l/min or equivalent to 0.1 ft /gal waste, 
the D.O. variations in all three RBC units generally followed an expectable 
pattern. That is1 Unit I-P had the highest D.O., followed by Unit I and 
then Unit II. In fact, the D.O. in Unit II, particularly in the first 
stage, was either zero or close to zero in many observations, indicating 
that the supply of oxygen to this unit was not adequate to meet the biological 
demand. 

Biomass Growth The periodic sloughings of biomass from the disc 
are normally due to the anaerobic activity developed at the deep layer of 
the biofilm~,11 Thus, in any RBC system if the oxygen transfer is in
creased (through the use of either pure oxygen or pressurization), the de
velopment of biofilm would also be expected to increase. This expectation 
was substantiated in this study. It was consistently demonstrated in the 
three separate experimental runs that whenever the unit was supplied with 
pure oxygen, particularly in conjunction with pressurization, an extra
ordinarily heavy growth of biofilms was found. In fact, the biofilms 
in the first stage were so thick that the clearance between many discs were 
covered with biomass (Figure 4). 

However, the observed heavy accumulations of biomass on the disc 
surface must not be misinterpreted as large productions of sludge mass 
from the RBC system. It has been reportedl2 that the use of oxygen
enriched atmosphere tends to reduce sludge production in an RBC system. 
In this study no attempts were made to measure the biofilm thickness 
because of the difficulties involved in gaining an access to an enclosed 
RBC unit. However, routine determinations of the '·MLSS were made for al 1 
liquid samples withdrawn from both stages of the three RBC units, and ·the 
results are shown in Figure 5. It was found that the MLSS observed during 
the short monitoring period of each separate experimental run was quite 
variable and therefore, did not truly reflect the exact quantity of biomass 
present in the RBC system. This variation of MLSS was caused mainly by 
inconsistent sloughings of the biofilms during the three experimental runs. 
It appeared that the sloughings occurred in a somewhat cyclic manner. As 
such, there were times when the measured MLSS was low, but the thickness of 
biofilm on the disc surface was very high. Therefore, if it were intended 
to determine the relative sludge productions arnoung different RBC units, it 
was necessary to conduct each experimental phase over a sufficiently long 
period of time so that the collected MLSS data can be analyzed statistically 
in order to obtain a realistic sludge production rate. Neverthless, the data 
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Figure 4. Development of Thick Biofilm in the 
Oxygen Pressurized RBC Unit 
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shown in Figure 5 did indicate that the quantity of MLSS in the first 
stage of each RBC unit was considerably higher than that in the corresponding 
second stage. This was, of course, because there were not much organics 
remaining in the second stage, and the growth of biofilms was limited by 
the availability of organic substrate rather than by the oxygen penetration. 

£!:!_ Throughout the three separate experimental runs, the pH values 
in eaCh of the RBC systems were found to stay within 7 + 1 units. In 
general, the pH level was slightly higher in the second stage than in the 
first stage. This could be due to deamination of milk protein in the bio
oxidation process. There was only one instance at which the pH did fall 
below 6. This occurred in Unit II of the third experimental run when the 
oxygen supply to this unit was not adequate to maintain a complete aerobic 
condition (Figure 3). As such, a buildup of organic acids could have 
occurred. 

Soluble COD The reduction of COD in each RBC unit depended not only on 
the quantity of biomass present in the system, but also on the diffusability 
of organic substrate into the biomass. It was mentioned earlier that when 
an RBC unit was supplied with an adequate flow of pure oxygen, particularly 
under pressurization, it was able to develop an extraordinarily thick layer 
of biomass in its first stage. However, this heavy growth of biofilms had 
not always been accompanied by a higher level of COD removal compared to 
the other units, as shown in Figure 6 (a). In fact, the unpressurized 
Unit I showed a consistently better removal of COD than its pressurized 
counterpart (Unit I-P). It was believed that the over development of the 
biofilm and its subsequent bridging over the disc clearance actually re
duced the available surface area for organic substrate to reach the bulk of 
the biomass. This kind of problem was not observed in the second stage of 
Units I and I-P, Figure 6 (b). Therefore, their relative COD reductions 
in the second stage were quite comparable and both were likely limited by 
the substrate diffusion. Because of this, in the future practical design of 
an RBC system using pure oxygen, it is important to provide adequate spacings 
(depending on the waste strength, but at least 1 in. for a waste having a 
COD of 1000 mg/L) between discs to aviod biomass-bridging over the discs. 

In the RBC unit receiving the double-strength waste (i.e., Unit II), 
the COD reductions in both stages were considerably higher in the second 
experimental run (the unit received an adequate flow of pure oxygen) than 
those in the first and third experimental runs. This would apparently 
suggest that, at a high organic loading rate, the limiting factor for the COD 
removal was the oxygen flux. Since the second experimental run supplied more 
oxygen than the other two, it was able to achieve a better COD removal. 
Therefore, it is reasonable to conclude that use of pure oxygen in sufficient 
quantities was able to increase the COD removal in a heavily loaded RBC sys
tem. If the oxygen supply was not sufficient, such as that occurred in the 
third experimental run, the system could become anaerobic (Figure 3) and the 
COD removal would be drastically reduced. 

Sludge Settleability and Effluent Suspend Solids. The overall treatment 
efficiency of any biological system depends greatly on the settleability of 
biological solids in the secondary clarifier. Since sloughings of biofilms 
in an RBC system generally occur in a cyclic manner, its secondary clarifier 
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would be subject to periodic shock loadings of biological solids. Thus, 
the sludge settleability would become critical in dictating the overall 
treatment efficiency. It has been reported by Bintanja, et a1.12 that 
the use of an oxygen-enriched atmosphere is able to improve the sludge 
settleability. This finding had also been substantiated in this study. 

Figure 7 shows a striking improvement of the sludge settleability 
observed in Unit I when pure oxygen was used to replace airo Figure 8 
further indicates that, even with pressurization alone, an RBC unit supplied 
with air could also achieve a significant improvement of the sludge settle
ability as compared to an unpressurized unit, i.e., Figure 7 (a) vs. Figure 
8 (a). When pressurization was used in conjunction with pure oxygen, the 
sludge settleability was extremely good, and the settled sludge also 
compacted well, as shown in Figure 8 (b). In fact, the sludge produced 
from such a unit appeared to consist of very dense granules, as shown in 
Figure 9 • This figure compares the relative settling and compaction of 
the three MLSS samples taken from the three "oxygenated" units designated, 
respectively, as Units I (0 psi), I-P (4-psi) and II (0 psi). 

In order to shed some light on the microbial nature of the sludges 
obtained from different RBC units, photomicrographs were taken throughout 
the course of the study. Typical results are shown in Figure 10 which in
dicates that Unit I (with unpressurized air) contained a large quantity of 
filrunentous microorganisms, Photo (a). But when the air was replaced by 
oxygen, the extent of filamentous growth was significantly reduced, Photo 
(b). Pressurization of an RBC system also showed a reduction of the fila
mentous growth, Photo (c) and (d). The sludge in the oxygen-pressurized 
RBC unit appeared to be "chunky" and dense, as shown in Photo (d). 

Because of the good sludge settleability, Units I and I-P almost 
consistently had lower effluent SS (measured after 1-hr settling) in the 
se~ond and third experimental runs (i.e., using pure oxygen) than in the 
first experimental run (Figure 11). The effluent SS of Unit II were high 
in the third experimental run. This was because this unit had experienced 
anaerobic conditions from time to time, which had a deteriorating effect 
on the sludge settling quality. 

Nitrification. Rotating biological contactors have been known to 
be effective in achieving nitrification in the multi-stage operation. This 
is possible because the slow-growing nitrifiers can grow separately from the 
saprophytes in the latter stages of the RBC system. Torpey, et al.4 reported 
that use of an oxygen-enriched atmosphere was able to accelerate the BOD 
removal, thereby allowing nitrification to occur effectively in an earlier 
stage. In addition, the rate of nitrification was also increased by the 
oxygen enrichment. 

In this study, it was found that when an RBC unit was supplied with 
air, pressurization was able to enhance nitrification. Figures 12 and 13 
show that in the first experimental run (August 1978), both stages of Unit 
I-P had lower NH3-N and higher N03-N than the unpressurized Unit I. Even 
in the double-loaded Unit II-P, considerable extents of nitrification were 
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also observed in both stages of the systemo When air was replaced with 
pure oxygen in the second experimental run (September 1978), both stages 
of Units I and I-P appeared to have lower NH3-N than those in the first 
experimental run. However," this was not always accompanied by greater 
amounts of N03-N in the treated effluent. There were two possible explan
ations for this. First, the heavy production of biofilms in this experi
mental run could have assimilated a greater amount of NH3-N into the bio
mass. Secondly, the excessively high concentrations of oxygen (well above 
20 mg/l ) present in these RBC units could have imposed some inhibitory effects 
on the nitrifiers. The latter explanation may also apply to the data observed 
in Unit II, which showed a lower N03-N content in the second experimental run 
than in the first one. 

The data of the third experimental run (October 1978) generally 
repeated the pattern of the second experimental run, except that more
extensive nitrification occurred in Unit II due to its "less than excessive" 
oxygen content present in the system. All of these seems to support the 
suggestion that an excessively high concentration of oxygen (20 mg/l or 
above) in an RBC system can impose an inhibitory effect on nitrifiers. If 
this suggestion is indeed true, then in the future multi-stage design, use 
of pure oxygen should be limited to only the front stages of the system. 
The latter stages should use only regular air to allow effective nitrification 
to occur. This conclusion must be considered preliminary, and further re
search work has to be done to substantiate its facto 

CONCLUSION 

Based on the findings of this study, the following conclusions can 
be drawn: 

1. Use of pure oxygen, especially in conjunction with a pressur
ization of 27.6 kN/m2 (4 psig), was able to allow a thick layer of bio
films to develop in an RBC system treating a synthetic milk waste having 
a COD of 1000 mg/I The biofilms were thick enough to bridge the 1.27 
cm (O.S in.) clearance between discs in the first stage of the RBC system. 

2. l~1en the bridging of disc clearance was too extensive, the 
available surface area for organic substrates to diffuse into the bulk of 
the biomass became significantly reduced. This would result in a reduction 
of the COD removal. Therefore, in the design of an RBC system using pure 
oxygen, an adequate spacing ( at least 1 ino) between discs must be provided 
to avoid the biomass-bridging. 

3. If there were no extensive biomass bridging and the substrate 
concentration was high, use of pure oxygen in sufficient quantities was 
able to improve the COD removal as compared to the use of air. 

4. Use of pure oxygen in an RBC system showed a definite improvement 
of the sludge settleabilityo The sludge appeared to be very dense and was 
generally absent of filamentous growths. The use of pressurized air had 
a similar, but less noticeable effect. 
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5. Pressurization of an air-supplied RBC unit was able to enhance 
nitrification. However, when air was replaced with pure oxygen, the ex
cessively high concentration of oxygen present in an RBC treatment system 
appeared to have an inhibitory effect on the nitrifiers. 
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Pilot scale test units are normally recommended when evaluating the 
applicability of Rotating Biological Contactor (RBC) systems for the treatment 
of industrial wastes. However, insufficient samples, lack of funds and/or 
tight schedules often create circumstances which make it impractical to 
conduct treatability studies in the larger pilot test units. To accommodate 
these situations, the Environmental Systems Division of Catalytic, Inc. 
has fabricated bench-scale, modular design RBC systems and utilized them 
for industrial waste treatability studies where the benefits of the RBC 
concept appeared to have potential application. 

This paper describes an application of this equipment on a project 
where pilot-scale operation was not possible; and where the treatment system 
design was part of a total design of a grassroots production facility. 

Catalytic International in London, England was one of several contractors 
working on different process areas and off-sites of a large chemical complex 
for the client, Berol Kemi AB of Sweden. 
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During the engineering design phase, Catalytic's Environmental Systems 
Division provided consultation and laboratory services to Catalytic in 
London for treatment of the wastewaters that would be generated from the 
whole chemical complex. The plant was to be built in a virgin area on 
Swedens western coast. The combined discharge was estimated to be about 
120,000 gpd including contaminated stormwater. 

The site was in an area previously classified as non-industrial in 
Stenungshund, Sweden. Oxochemicals and phthalate plasticizers were the 
principal compounds scheduled for production. The wastewater treatment 
facilities had to be installed and operable at the time of plant start-up. 

The test work included primary treatment of the phthalate ester waste 
stream and of the partial oxidation wastes, and biological treatment of 
the total combined wastewaters using a rotating biological contactor. 
The development program was initiated on 10 June 1977 and completed on 
12 August 1977. These tests and the resulting conclusions are sunnuarized 
herein. 

APPROACH 

A sample representative of the combined wastewaters projected for 
the new facility was not available at any single site. However, some of 
the chemical process routes included in the proposed design were in operation 
at various locations around the world as part of other manufacturing operations. 
Consequently, it was necessary to calculate the wastewater composition 
using material balances and process experience. And then, where it was 
possible to obtain access, a limited number of selected wastewater streams 
were gathered at operating process units similar to those under design. 
These samples were used for characterization by comparison with material 
balances and for evaluation of pretreatment options. 

A "recipe" was derived and the combined "wastewater" was synthesized 
in Catalytic's Environmental Laboratory in the U.S. to conduct the concept 
development study for RBC treatment of the wastes. The wastewater fed 
to the units was prepared daily using purchased chemicals, where possible, 
or from chemical combinations synthesized in the laboratory using the same 
process technology as for the production plant design. After simulating 
all the preferred pretreatment steps, the mixture was evaluated using two 
parallel bench-scale (25 centimeter diameter disks) 5-stage RBC units. 
The units were operated at steady state conditions under various loadings; 
and performance data were collected for each stage. 

Pretreatment studies on selected process streams, settling and thickening 
tests on the biosludges, and screening for sludge dewatering were part 
of the study. The need to have the treatment plant on line for the start-up 
of the manufacturing facility created a tight schedule. Due to lack of 
time the following activities were not evaluated: 
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o Waste variability effect on treatment 
o Evaluation for chronic toxicity of the waste 
o Biological treatment plant limits 
o Dilution effects on the biological treatment plant 
o Sludge stabilization 

Regulatory Limits 

There was no permit available at the time of the study. The following 
limitations were obtained from the presiding regulatory board, and these 
numbers were used as design basis: 

At design 

BOD
7 

COD 

Organics 
BOD

7 COD 
Total Solids 
Cyanide 
Specific Metals 

flow, this can be 

Avg Kg/da~ 

49 

101 

further 

Ton/year 

25 
18 
37 
To be determined 
To be determined 
To be determined 

summarized as follows: 

Avg. mg/l @ * Avg. Daily Flow 
3 

225 @ 450 m /day 320 @ 317 3 m /day 

110 3 @ 450 m /day 155 @ 317 3 m /day 

The Swedish regulatory board requirements stipulated 7-day BOD analysis 
as opposed to 5-day BOD. All BOD's run during the study are BOD7 . 

Waste Characterization 

Material balance data was obtained through the client from all the 
contractors involved in the design of the whole complex. These were reviewed 
and additional data were then requested more specific to waste discharges, 
since some of the process materials balances were not entirely adequate 
for this purpose. Additional information, derived from their existing 
processes, was obtained ·from the client, and also from the licensee of 
another of the processes. Wastewater "formulas" were developed, including 
process washes and process pad wash downs and stormwater. Following sampling 
and analytical characterization, treatability studies of certain process 
streams were run in order to evaluate pretreatment. The formulas were 
then refined in order to characterize the waste after pretreatment steps. 
This was done in order to make a judgement on whether or not the final 
concentration of any components would be detrimental to the biological 
process at concentrations present in the combined wastewater, or would 
exceed effluent limitations following biological treatment. 

3 *450 m /day is the projected wet weather flow (includes storm water) 

317 m3/day is the projected dry weather flow 
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Table A summarizes some of these formulations. Due to their possible 
proprietary nature, the * components are not identified specifically. 
As can be seen from the table (Column A), there was a considerable quantity 
of "unidentified organics" that were derived from the material balances. 
The rest of the columns have these quantities distributed proportionally 
among the other organic components. Many of these unknowns may be byproducts 
of the process reactions. Some of the components had to be chemically 
synthesized in our laboratory using the proposed process technology. This 
necessity had one possible advantage. By synthesizing the chemicals, some 
of these unknowns are possibly included in the mix. 

INVESTIGATIVE PROGRAM 

Some of the process streams contained pollutants that could be harmful 
to biological treatment; or that might be of regulatory concern, but not 
significantly removed by biotreatment. Considerable characterization and 
treatability screening was conducted on the samples that were obtained 
from similar existing processes. 

Acute microbiological toxicity studies were conducted separately on 
most of these constituents, in the form that they were added to the synthetic 
wastewater used in the "recipe". All the levels of acute toxicity were 
significantly greater than the levels that were expected in the wastewater 
derived from the material balance. Chronic toxicity was not observed, 
although the study period was too short for a meaningful evaluation of 
this aspect. Pretreatment studies were run, however, in order to gain 
some assurance of the feasibility of removal of certain of these pollutants 
from the process discharge, should it become necessary. These pretreatment 
studies are discussed briefly followed by discussion of the RBC study. 

Pretreatment Screening 

During an on-site visit to two existing chemical plants, samples were 
taken and jar tests were conducted on a "Sour Water" wastewater that was 
a product of one of the process steps. 

The chemicals evaluated for removal of the suspended solids, metals, 
and sulfide in these two streams were lime (CaOH); aluminum sulfate (Al 2 Cso

4
)
3

. 
18H20); potassium hydroxide (KOH) in combination with ferric chloride (Fec1 3 . 
6H2o); potassium hydroxide (KOH) in combination with ferrous sulfate (Feso4 . 
7H20); and lime (CaOH) in combination with ferric chloride (Fec13 .6H20). 

The results of the jar tests conducted on-site were not conclusive. 
These tests were repeated in the laboratory, and based on these repeated 
tests and the improved treated suspended solids level, ferric chloride 
(FeC13 .6H 0) was found to be the best chemical treatment scheme for these 
waters. aowever, the dosage of ferric chloride was not optimized for metals 
or sulfide removal, and would not be until the plant was in operation. 
A high-molecular weight polymer was also needed to improve the settleability. 
The following table summarizes the results of settling without chemicals 
and the ferric chloride treatment. 
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TABLE A 

Sunnnary of Waste Characteristics Tables 

A B c D 
Dry Weather Wet Weather 

Flow, cubic meters per day 317 317 317 450 
*Unidentified organics, ppm 750 
*Oxochemical, ppm 60 95 95 67 95 
*Oxoalcohol, ppm 6 10 10 7 10 
*Oxochemical, ppm 246 395 35 25 3S 
*Plasticizer intermediate, ppm 6SO 103S 3S 2S 3S 
*Plasticizer, ppm - - 70 50 70 

Isopropanol, ppm 246 39S 39S 278 39S 
Butraldehyde, ppm - - so 35 so 
Naphtha, ppm 4 5 10 7 10 
Sodium Formate, ppm 54 86 90 63 90 
Hydrazine, ppm 11 11 11 8 11 

(j\ Trisodium Phosphate, ppm 11 11 11 8 11 
(j\ 
Ul Sodium Sulphate, ppm 3763 3763 3763 2655 3763 

*Heavy Metals, Catalysts & Iron 1-2 1-2 0.2-0.4 0.2-0.3 0.4 
Sulfide, ppm 35 3S 10 7 10 
Chloride, ppm 44 44 150 106 150 
Cyanide, ppm 1 1 0.2 0.1 0.2 
Ammonia, ppm 3S 35 35 2S 35 
Settleable Solids, ppm 123 123 1 Trace 1 
Dissolved Solids, ppm 4000 4000 4000 2818 4000 
BOD, ppm - - 1100 775 700 
COD, ppm - - 1900 1340 1200 

A - Waste characteristics from material balance 

B - Synthetic Waste Composition (no pretreatment) 

c - Synthetic Waste Composition (with pretreatment) 

D - Synthetic Waste Composition Fed to RBC 



BOD 
COD 
SS 
TOC 
NH 
CN3 

*Heavy 
*Heavy 
Fe 
Phenol 
Sulfide 

BOD 
COD 
SS 
TOC 
NH 
CN3 

*Metal 
*Metal 
Fe 
Phenol 

Raw 

8.0 mg/l 

1412.0 mg/l 
128 mg/l 
62.0 mg/l 
0.74 mg/l 

Metal 0.6 mg/l 
Metal 0.39 mg/l 

5.8 mg/l 
.01 mg/l 

0."23 mg/l 

Raw 

2.0 mg/l 
237.0 mg/l 
60.0 mg/l 

132.0 mg/l 
500.0 mg/l 

15.2 mg/l 
73.0 mg/l 
0.98 mg/l 
0.25 mg/l 
7.25 mg/l 

Gravity 
Settled 2 hrs. 

5.0 mg/l 
39.0 mg/l 
43.0 mg/l 
73.0 mg/l 
62.0 mg/l 

1. 7 mg/l 
0.2 mg/l 

.05 mg/l 
0.9 mg/l 

.01 mg/l 
0.23 mg/l 

Gravity 
Settled 2 hrs. 

20.0 mg/l 
256.0 mg/l 
34.0 mg/l 

109 .o mg/l 
500.0 mg/l 
10.5 mg/l 
1.9 mg/l 
0.34 mg/l 
0.25 mg/l 
9.6 mg/l 

Sample 1 

Feela Treated 

5 mg/l 
23 mg/l 
14 mg/l 
31 mg/l 
62 mg/l 

0.13 mg/l 
0.2 mg/l 
0.1 mg/l 
2.9 mg/l 

.01 mg/l 
0.28 mg/l 

Sample 2 

FeCl.i Treated 

7.0 mg/l 
169.0 mg/l 
13.0 mg/l 
23.0 mg/1 

500.0 mg/l 
13.2 mg/l 
0.2 mg/l 
0.55 mg/l 
0.25 mg/l 
7.0 mg/l 

In addition to the jar tests conducted above, a sample was spiked 
with NH3 , sulfide, CN, heavy metals, and Fe. A portion of the spiked sample 
was allowed to settle for one hour untreated and the supernatant was submitted 
for analysis. A portion of the spiked sample was treated by the addition 
of 400 mg/l ferrous sulfate with the pH adjusted from 8.2 to 10.0 with 
7 mg/l of a 10 N solution of sodium hydroxide. Dow A-23 was also added 
at 5 mg/l. The sample was allowed to settle for thirty minutes and the 
supernatant submitted for analysis. Another portion of the spiked sample 
was treated with the same chemicals, however, ten minutes was allowed to 
elapse between each chemical addition to simulate separate mixing tanks. 
The remaining portion of the spiked sample was treated by the addition 
of 400 mg/l ferric chloride with the pH adjusted from 8.1 to 10.0 with 
7 mls/l of a 10 N solution of sodium hydroxide. The results of these tests 
are suumarized in the following table. 

Raw 

NH 47 mg/l 
Sutfide 3.4 mg/l 
CN 0.23 mg/l 
Metal 0.35 mg/l 
Metal 1.77 mg/l 
Fe 3.9 mg/l 

Spiked 

2,000 mg/l 
0.9 mg/l 

30.23 mg/l 
60.05 mg/l 
80.8 mg/l 
46.9 mg/l 

Settled 
1 Hour 

1,600 mg/l 
0.9 mg/l 

12.l mg/l 
41. 7 mg/l 
4.38 mg/l 

666 

Fe SO 
Singi:e 

Fe SO 
Multipte 

Addition Addition FeClJ 

1,450 mg/l 1,450 mg/l 1,300 mg/l 
1.1 mg/l 1.1 mg/l 1.1 mg/l 
7.5 mg/l 7.2 mg/l 7.55 mg/l 
2. 77 mg/1 1. 56 mg/l 1. 63 mg/l 

30 .. 4 mg/l 26.0 mg/l 30.1 mg/l 
5.09 mg/l 4.12 mg/l 5.68 mg/l 



Data from the preceding jar test indicate that either chemical treatment 
procedure would be effective in removing the metals. The quantities of 
chemicals used in the jar tests were not optimized; this would require 
more testing after plant start-up. 

During an on-site visit to one of the plasticizer plants, wastewater 
samples were taken from the water phase of the plasticizer catch tanks 
and submitted for analysis. The results of these analyses are contained 
in the following table. 

Tank 4Fl Tank #2 Tank 4f3 

BOD 16,000 mg/l 
Soluble BOD 13,500 mg/l 8,000 mg/l 8,000 mg/l 
(filtered) 
COD 25,800 mg/l 15,000 mg/l 13,400 mg/l 
Soluble COD 21,600 mg/l 13,600 mg/l 12,500 mg/l 
..(filtered) 
Suspended Solids 578 mg/l 338 mg/l 414 mg/l 
Total Solids 2,600 mg/l 1,800 mg/l 2,300 mg/l 
pH 6.7 5.5 6.7 

Gravity separation tests were conducted on the plasticizer catch tank 
wastewater. The results of a typical test where the water phase from the 
catch tank was settled for 2 additional hours are shown in the following 
table. 

COD 
BOD 
TOC 

20°F 

17,008 mg/l 
11, 500 mg/l 
4,600 mg/l 

80°F 

17,401 mg/l 
9,600 mg/1 
4,260 mg/l 

155°F 

15,951 mg/l 
9,900 mg/l 
4,200 mg/l 

Distillation/stripping screening tests were conducted on the catch 
tank wastewater, and also the use of vacuum was evaluated. This testing 
confirmed that adequate allowance for ambient gravity separation should 
be included in the design, and that further removal or recovery by enhanced 
physical separation techniques would not be fruitful. 

Biological Treatability 

Evaluation of the rotating biological contactor was the main thrust 
of the treatability studies. Two identical bench-scale RBC's were run 
in parallel to gain the most data within a minimum time period. 

Each unit consisted of five stages. The first stage contained five 
circular styrofoam discs, 0.25 meters in diameter, with a total surface 
area of 0.51 square meters; the second stage contained four discs with 
a total surface area of 0.408 square meters; and the remaining three stages 
each had three discs for a surface area of 0.306 square meters in each 
stage. The unit was constructed using a 12-inch diameter PVC pipe, cut 
longitudinally in half, as the basin. PVC sheet was cut and formed to 
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section off each individual stage. The discs were fastened to a wooden 
shaft. Each disc was spaced ~-inch apart on the shaft. The actual volume 
of water contained in the combined disc sections of the unit was 11.5 liters. 
Contact times through the 5-stages ranged from 5 to 11 hours for the different 
loadings. The flow pattern through the biocontactor was plug flow; determined 
by dye testing. The flow entered the head end of the shaft, and criscrossed 
through the various stages through alternately placed overflow weirs. 
The clarifier section of the unit was the last stage of the unit without 
discs. Sludge was syphoned from the bottom of the clarifier section each 
day. The drive unit was a variable speed motor and controller. Nutrients 
were added in the form of ammonium phosphate to the synthetic wastewater 
in a slight excess of what would be needed to support a biological culture. 
The tests were carried out over a nine-week period. The first week and 
a half was needed to start an active biological culture growing on the 
discs. During this period, the synthetic wastewater fed to the discs was 
a composition containing small amounts of the chemicals determined in the 
material balance. After the acclimation and start-up period, the biosystems 
were run at steady state using the "recipe", with samples being taken at 
each stage to gain the information required to predict the surface area 
necessary to meet the effluent limitations. Three runs were made at design 
concentration at three different hydraulic loadings. The performance data 
for these are summarized in Table B. The data were analyzed statistically 
to ensure steady state and normal distribution. An additional run was 
made at twice the design influent concentration at the same hydraulic loading 
as the intermediate loaded system of the first 3 runs. The data from that 
system are not summarized, but were used to test some of the design correlations 
that will be discussed and graphically presented. 

The use by others of peripheral disc speed as a design parameter has 
led to higher RPM's and excessive aeration in smaller units which can lead 
to scale-up problems. That is, full-scale performance something less than 
bench or pilot-scale predictions. To avoid that problem, all our study 
work is performed by operating the units at the minimum rotation speed 
that will maintain a dissolved oxygen concentration of 1.0 mg/l in the 
liquid of the first stage. During the different runs the rotation of the 
shaft varied according to loading from 6 rpm to 10 rpm. 

Settling and thickening tests using a one-liter graduated cylinder 
were conducted. The sludge that sloughed from the rotating biological 
contactor during the test period did so in very large gelatinous pieces; 
uncharacteristic of other industrial RBC sludges we have encountered. 
Much of it had to be physically removed from each stage because it would 
not pass through the small channels of the bench-scale biocontactor. In 
addition, a whole stage would slough all at once. No two stages sloughed 
simultaneously, however, and the units operated without any excessive loss 
of efficiency through a sloughed stage. 

The settling and compaction time for the sludge was approximately 
one hour,and the sludge compacted to a concentration of approximately one 
percent. The effluent TSS concentration in the biocontactor averaged about 
20 mg/l. A typical settling time is shown in Figure 9. 
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TABLE B 

RBC 411 RUN ftl 2 32.98 liters/total m /day 

2 CODgm/m /daz_ CODmg/l % Reduction 2 BODgm/m /day BODmg/l % Reduction 

Influent - 1160 - - 708 
Stage 1 75.1 556 52.1 
Stage 1,2 41. 7 352 69.7 
Stage 1,2,3 31.3 173 85.1 
Stage 1,2,3,4 25.0 73 93.7 
Stage 1,2,3,4,5 20.9 45 96.1 12.7 17 97.6 

RBC 4f2 RUN /Fl 
2 12.24 liters/total m /day 

Influent - 1154 - - 706 
(J) Stage 1 49.0 371 67.9 
(J) 

Stage 1,2 27.2 223 80.7 \.0 

Stage 1,2,3 20.4 114 90.l 
Stage 1,2,3,4 16.3 62 94.6 
Stage 1,2,3,4,5 13.6 50 95.7 8.7 6 99.2 

RBC 411 RUN /f2 2 48.24 liters/total m /day 

Influent - 1210 - - 687 
Stage 1 114.3 585 51.6 
Stage 1,2 63.5 463 61. 7 
Stage 1,2,3 47.6 274 77 .4 27.0 125 81.8 
Stage 1,2,3,4 38.1 165 86.4 21.6 71 89.7 
Stage 1,2,3,4,5 31. 7 77 93.6 18.0 22 96.8 



Sludge stabilization was not one of the items included for laboratory 
evaluation, however, brief screening tests were conducted on unstabilized 
sludge for dewatering applications. Centrifugation screening tests were 
conducted to determine the feasibility of the application of centrifugation 
for dewatering of sludges generated by the installation of a rotating biological 
disc. A gravity thickened sludge with a suspended solids concentration 
of 10,200 mg/l was screened. The sludge could only be concentrated by 
centrifugation to 30,600 mg/l which is a sludge containing 96.3 percent 
moisture. Gravity thickened sludge would not filter in a vacuum filtration 
screening test. Separate chemical additions of lime, alum, FeC13 , nonionic, 
cationic, and anionic polymers did not improve either process. At this 
point the study ended, and a reco1IUI1endation was made that due to the relatively 
low volume of sludge projected, the design of any dewatering equipment 
be done after the plant had been started-up, and the actual sludge generated 
could be evaluated after stabilization, using on-site pilot equipment. 

RBC DESIGN 

Several of the design bases that were available at the time of the 
study were evaluated, as well as a number of additional empirical approaches 
of our own, based on fitting a line(s) to the data (rather than vice-versa). 
The design ~hosen was coincidentally equivalent to one of the laboratory 
runs. However, the data from that run falls on a straight line that includes 
the data from the other loadings that were run. These several approaches 
and the recoillllended design parameters will be explained in this section 
and presented graphically. 

For several reasons that will also be further delineated, COD was 
used as the design parameter. 

Design Parameters 

Of the parameters mentioned in the regulatory limits section, dissolved 
organics and the resultant oxygen demand parameters were those considered 
for the RBC design. 

Of the others, total solids (essentially total dissolved inorganic 
species) would not be treated in a biological process and should future 
limits require treatment, other unit processes and/or source controls would 
have to be evaluated separately. Since the ultimate discharge of this 
effluent is to the sea, it is not expected that the projected dissolved 
solids concentrations would be in excess of any limits. (Also effluent 
suspended solids are anticipated to be less than 30 mg/l). 

Projected cyanide and heavy metals concentrations are low enough not 
to effect the biological system, and would not be expected to be in excess 
of future limitations. However, should the material balance projections 
be inaccurate for these paramters, or if regulatory limits dictate, space 
has been left near the major process sources of these pollutants for future 
pretreatment to reduce these parameters before going to the RBC system. 
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As to the design parameters, the "organic" limitation is somewhat 
elusive, however, the following approach was applied: 

In Column C of Table A showing the projected wastewater constitutents, 
a calculated BOD and COD are presented. The COD values were calculated 
using theoretical oxygen demand. For the major components (those accounting 
for 90% of the organic loading) the ratio of weight of calculated oxygen 
demand to weight of organic was never lower than 2.4. That is, one gram 
of "organic" exhibits a theoretical COD of 2.4 gms. From Column D of Table A 
the actual COD was slightly lower. Even reducing the ratio by that much 
still results in COD to organic ratio of 1.52. The ratio of "organic" 
to COD as derived from the regulatory limits is 1.48. This is all based 
on the influent to biotreatment, but it appears safe to assume that if 
the required COD reduction is obtained, the "organic" will be sufficiently 
removed. Also, although not discussed in detail here, should this parameter 
ultimately prove to be regulated using "TOC" or "oil and grease" measurements, 
the data also project adequate removal. 

An examination of Table C and Figure 1, derived from that table shows 
that BOD removed at all loadings never falls below 80%. At all reason-
able COD removals, BOD will be more than adequate to meet effluent targets 
as discussed in the next section. Because of this, and as COD is a more 
efficient operating analysis to obtain, the interstage data and the resultant 
correlations were derived using COD as the design parameter. About 40% 
of the COD analyses runs had accompanying BOD analyses. The samples were 
not filtered, but were very low in suspended solids. Some data were taken 
on filtered vs. unfiltered COD and the difference was not significant, 
and is not of concern for the RBC design. 

TABLE C 

COD 
% COD Appl~ed No. of Eff. Eff. BOD:COD % BOD 

Removed gms/m /da'l. Stages mg/l COD mg/l BOD Ratio Removed 

96.1 20.9 5 45 17 .38 97.6 
95.7 13.6 5 50 6 .12 99.2 

*77 .4 47.6 3 274 125 .46 81.8 
*86.4 38.1 4 165 71 .43 89.7 

93.6 31. 7 5 77 22 .29 96.8 
95.3 39.6 5 102 22 .22 98.3 
92.1 47.5 4 171 71 .42 94.3 
80.0 59.3 3 431 221 .52 82.4 

Design Targets 

A summary of the data used to determine the design effluent targets 
is shown in Table D. 
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TABLE D 

Design Parameters 

Wastewater Characteristics 

Flow Dry weather 

BOD
7 COD 

- Wet weather (Design) 

Influent Concentrations 

3 317 m
3

/day 
450 m /day 
222 kg/day 
380 kg/day 

~ Weather 

845 mg/l 
1200 mg/l 

Wet Weather 

BOD7 COD 

BOD:COD ratio 

Effluent Requirements 

BOD7 COD 

~rapolated Effluent 

BOD7 COD 

BOD:COD ratio 

0.58 

495 mg/l 
700 mg/l 

18 metric tons/year (49 Kg/day-avg.) 
37 metric tons/year (101 Kg/day-avg.) 

Requirement Concentrations 

Dry Weather Wet Weather 

155 mg/l llO mg/l 
320 mg/l 225 mg/l 

0.485 

Based on the projected numbers, an average of 73% COD removal and 
78% BOD removal would appear to be adequate for meeting the regulations, 
and would keep capital expenditures as low as possible. However, there 
are several reasons, some rather obvious, why such a design basis would 
be improprietas. 

The primary reason is that such a design is at the limit of the require
ments. Also, the resultant loading would surely place the system in a 
log growth mode and any shift in efficiency relative to loading and varia
bility would necessarily be drastic. Although the projected waste is quite 
biodegradable, such a loading would be in excess of prudent and accepted 
design loadings with no allowance for other adverse factors such as: 

1. The raw waste load is a projection and some allowance might be 
made for the probability that the actual concentration and loading 
will not be exactly as predicted. 

2. Although every effort was made to minimize conditions that might 
adversely effect scale-up, some allowance might be made for this 
aspect. 

3. It might reasonably be assumed that the final regulatory permit 
would require daily averages and maximums. 
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As mentioned earlier, wastewater variability, chronic toxicity, and 
low loading conditions were not part of the laboratory study either, and 
any "allowances" for any of these or the factors listed above would be 
purely subjective. However, a COD removal of 85% and the resultant BOD7 
removal of 90% or greater was chosen as the lower limit of a reasonable 
operating range, and recommendations were based on the minimum requirements 
to operate at that average condition. Although the loading of BOD per 
area of RBC at that condition may still appear high to some, the extent 
of the "allowances" such as design will afford will be further detailed 
as the design is discussed. 

Design Evaluation 

As a point of reference in the following discussion and figures, "loa2ings" 
are expressed generally as gms COD/sq meter of surface area (eq. Kg/1000 m ), 
and the hydraulics are expressed as cu meters/day. Among other evaluations 
the following linear plots were prepared using the study data: 

AEplied COD vs. COD 

Figure 2 wt/cumulative area % removed 
Figure 3 wt/cumulative area Concentration Remaining 
Figure 4 wt/cumulative area Wt removed/area 

(of 1st stage) 
Figure 5 wt/cumulative area *Wt removed/cumulative 

area 
Figure 6 wt/cumulative area **Wt removed/cumulative 

area 
Figure 7 wt/area for each stage Wt removed/area 

for each stage 

Further explanation of the above summary table is contained in the 
figures themselves, as well as the following text. 

Figures 2 and 3 are variations of plots that were part of two design 
approaches that were generally considered viable at the time of design. 
The percent removal basis shows no real pattern. The concentrations plot 
is not usable either. If the effluent limitations were concentration based, 
it may have been of some use; however, the first stage data did not plot 
in the realm of the other stage data and a single line did not emerge, 
rather three separate lines. If substrate concentrations were dependent 
of loading, one would expect a single line to emerge. Also, since the 
effluent limitations were based on weight (mass), a "mass removal" approach 
might be better suited if the data fit. 

*Points for each run drawn. 

**Points for each stage of the different runs drawn. 
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In Figures 4,5,6, & 7, the mass applied is plotted against mass removed; 
however, they are normalized in several different manners. In Figure 4 
the removal at each stagz is shown as a function of the loading applied 
to the 1st stage (gms/cm /stage 1) as that l~ad is spread out over a larger 
area (loading is expressed gms/cumulative cm ). Again a family of curves 
developed with the first stage data are askew from the others. In looking 
at the percent removal at each stage it was noted that although percent 
removal varied, the points from the same stages (except stage 1) of the 
different systems when connected formed a line, and that all these when 
extrapolated, intersected at a single point (Figure 4). This exercise 
still did not provide a usable design approach. Figures 5 & 6 show the 
same plots except, that the loading and removal are normalized based on 
the cumulative area. Figure 6 was used for design. It shows that mass 
removal is a function of mass loading, as well as number of stages, and 
that the number of stages continues 20 diminish in importance down to a 
level, in this case of 20 COD gms/cm applied, where the number of stages 
would no longer appear to affect mass removal at a steady state. It also 
shows that the enhanced effect of staging diminishes with increasing stages; 
with 4 stages being the limit beyond which little is gained by increased 
staging. This last piece of information, of course, is no discovery, but 
it does show an agreement of this approach with established fact. 

This plot was used for design projections. Beyond a single stage 
system, removal can be projected for a design loading based on number of 
stages. This plot was tested by using the data from the very highly loaded 
fourth system to see if concentration difference may have an effect. (This 
fourth run was at double the concentration of the previous runs). In Figure 6A, 
the first and second stage data for that system does not fall on the curves, 
but actual performance is better than projected. Third stage data fall 
in line, but is again slightly better than projected. It cannot be determined 
with certainty whether these differences are due to higher concentration 
or to the overall higher loading, but in either case the design approach 
seems to be a safe one. In lieu of such study data, an attempt to look 
separately at removals at lower concentrations was made using Figure 7. 
Here, each stage is plotted separately; gms applied vs. gms removed, or 
in 7A, gms applied vs. gms remaining. There is some scatter particularly 
on the higher loaded runs. A least squares regression was made using the 
two lower loaded systems (see Figure 7B). This line had a correlation 

2 coefficient of 0.961 and intercepted the Y-axis at 4.4 (less than 4.4 gms/m 
applied per stage removes zero gms COD). Using the slope and plotting 
3 stages in the line shows increased system removal as the initial loading 
is decreased. Less mass is removed, but a greater percent of the applied 
load is. Low loading could not be evaluated with actual data. 

Design 

Catalytic's Environmental Systems Division advised Catalytic International, 
who was preparing the final design, of our determination of the minimum 
area and number of stages that should be included based on the scope of 
our study and the discussed evaluation. 
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Although Figure 6 indicates that a two-stage design could theoretically 
meet the effluent requirements, there were two primary reasons why at least 
3 stages were reconnnended. 

These studies were at steady state and as loading might shift up and 
down, considerable efficiency could be gained at higher loadings for the 
same area of contactor surface using a 3-stage vs. a 2-stage design. Three 
stages or greater would assure system operation even if one stage were 
malfunctioning. This was of specific concern because of the way the sludge 
sloughed in our study work. It appeared possible that a whole stage might 
be "denuded" at once and although we saw no great reduction in overall 
efficiency from this occurrence on the lab scale, it appeared prudent to 
allow for 2 fully covered stages to be in operation at any one time. 

Looking at Figure 6 2gain, 85% COD removal for a three stage system 
plots out to be 30 gms/cm applied. If the system were at a const2nt steady 
state, the a~erage regulation limit would be just met at 40 gms/cm applied 
or 32 gms/cm removed. Rzstated, us~ng minimum area recommznded (for 85% 
COD removal) of 12,667 cm , 8 gms/cm remaining x 12,667 cm is 101 Kgs~day 
in the effluent. The recounnended minimum design would leave 4.5 gms cm 
remaining at steady state conditions. 

It was difficult to obtain quantitative sludge production data in 
the confines of this study. Some of the difficulties with sloughing sludge 
were discussed earlier. However, a range of numbers were obtained from 
the study work. We used the conservative end of that range (the highest 
sludge yields). The number used was still within the realm of experience 
(0.33 gms of solids per gm BOD7 removed). 

The RBC study was conducted at temperatures ranging from 18°c to 28°c 
and no data for evaluation of cold temperatures operation was collected. 
Since the biological unit is preceded by considerable equalization and 
the units have a rather long contact time, it was recommended that the 
systems be covered and heated. 

SYSTEM DESIGN 

The final design as completed by Catalytic International in London 
is summarized in Figure 8, and includes surge capacity, oil removal, equaliza
tion, 2-stage neutralization, RBC, and final clarification. 

Other recommendations supplied from the laboratory data were clarifier 
sizing, degree of pre-treatment required, and solids (bio-sludge) production. 

The final design is a 3-stage system; two air-driven shafts with the 
second shaft baffled to provide the second and third stages. The system 
totals 20,000 sq. meters of effective area. The shafts are covered and 
the influent water is heated as it comes from the equalization basin by 
direct steam injection. The effluent then flows to a single circular clarifier 
which overflows to a basin with about 8-hours hydraulic retention time 
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where it will be continually monitored for flow and quality. If necessary, 
it can be diverted from this basin back to the surge basin to go through 
the system again. 

The final design also provides 15 day heated aerobic digestion of 
sludge followed by centrifugation for dewatering. 

SUMMARY 

The use of bench-scale RBC systems broadens the scope of applicability 
for this unit process. It becomes another option in areas where completely 
mixed systems could only be evaluated before, due to the logistic limitations 
of pilot scale studies. Bench-scale units can establish feasibility and 
provide design data, allowing technical and economic comparisons to other 
bio-processes and a rational design when it is the unit process of choice. 

The study herein discussed illustrates that there is a reasonable 
approach to defining and testing wastewaters and process plant effluents 
when they do not actually exist on an entity. This approach allows a treatment 
plant design that can better meet the needs of the grassroots process plant 
once it is constructed and operating. 
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INTRODUCTION 

THE TREATMENT OF SALINE WASTEWATERS 
USING A ROTATING BIOLOGICAL CONTACTOR 

By 

Mark E. Lang 
Graduate Research Assistant of Civil Engineering 

Stanley L. Klemetson 
Associate Professor of Civil Engineering 

Colorado State University 
Fort Collins, Colorado, U. S. A. 

Recently aquaculture has become increasingly useful for the production 
of food for world-wide consumption. Aquaculture is the raising and harvest
ing of aquatic organisms in a controlled environment. As the use of aquacul
ture increases, the need for the development of treatment methods for the 
wastewaters generated becomes more apparent. The method of treatment to be 
evaluated by this study is rotating biological contactors (RBC). 

The type of aquaculture of interest in this study is the raising and 
harvesting of Macrobrachiwn Rosenbergii (prawns). Prawn larvae are cultured 
in a 30 percent sea water solution. As the prawns mature they are able to 
survive in decreasing saltwater concentrations until, at the adult stage, 
the prawn are able tosurvive in freshwater. In a recirculating aquaculture 
facility, certain aspects of water quality must be kept within prescribed 
limits in order to provide optimum conditions for prawn growth and develop
ment. The most significant parameters include dissolved oxygen (DO), temper
ature, pH, unionized ammonia, and organic substances. The rotating biological 
contactor will be evaluated for its ability to maintain these parameter~ at 
levels allowing maximum prawn develpoment. 

The rotating biological contactor is an aerobic treatment process that 
consists of a s·eries of circular discs connected to a common horizontal shaft. 
The discs rotate partially submerged within the wastewater. A biological 
film (biofilm) is allowed to form on the discs as they rotate through the 
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wastewater contained in the contactor basin. While submerged in the waste
water, the biofilm adsorbs organic matter and as the discs rotate, the bio
film containing the adsorbed organic matter is exposed to the atmosphere. 
The microorganisms, comprising the biofilm, use the oxygen from the atmos
phere and the organic matter from the wastewater in a biodegradation-biotrans
formation process. Waste organics are entirely or partially reduced to their 
basic components (including ammonia, carbon dioxide, and water), and the 
microorganisms suspended in the. water are subsequently removed from the 
system by sedimentation. 

Rotating biological contactors are becoming increasingly popular in the 
field of wastewater treatment for a number of reasons which include: (1) 
lightweight and compactness, (2) low power consumption, (3) combination of 
functions as a trickling filter and an activated sludge process, (4) high 1 
efficiency in oxygen transfer, and (5) ability to achieve nitrification easily. 
Success has been found in using the contactors to treat freshwater, domestic 
wastewaters. This study, however, has been designed to evaluate the treat
ment efficiency of rotating biological contactors in a closed marine system. 

Previous studies have been concerned with the treatment of saline waste
waters, and one study performed at the University of Rhode Island dealt with 
the use of rotating biological contactors to treat saline domestic wastewaters. 
This study will be somewhat different than others previously performed in 
that nitrification of saline wastewaters will be evaluated, Ammonia is toxic 
to aquatic organisms at extremely low concentrations. These toxic concen
trations are dependent upon pH, temperature, and ionic strength and will be 
determined for each of the sampling programs in order to evaluate the amount 
of nitrification necessary at the different salinity levels. 

In summary, it has been hypothesized that rotating biological contactors 
can be used effectively to treat wastewaters such as those generated in 
an aquaculture facility. This pilot study will concentrate on the technical 
feasibility to achieve nitrification in a closed saline system using rotating 
biological contactors. 

LITERATURE REVIEW 

Biological Treatment Cost Comparison 

As previously stated, one of the reasons for the increased popularity 
of rotating biological contactors is the low power consumption when compared 
to other biological treatment methods. Poon et al., based on work from a 
pilot study,estimates rotating biological contactor power requirements to 
be 45 percent lower than an activated sludge unit of equivalent capacity 
(0.8 NGD).2 In a study of winery wastes, La Bella et al., found the capital 
costs of a RBC and activated sludge to be equal. Labella, however, found 
the yearly operational costs to be approximately $6,000 less for the rotating 
biological contactor than the activated sludge for flows between 0.34 and 
0.44 MGD.3 

System Loadings 

Rotating biological contactors have been sized using a number of methods 
including hydraulic loading, detention time, .and total organic loading. The 
method utilized in this study was total organic loading. 
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The organic loading is the total organic mass applied to the system over 
a period of time and is determined by multiplying the hydraulic loading rate 
and the influent organic concentration, yielding a unit of mass per time 
per area. Cook and Kincannon, in evaluating trickling filters as a fixed
film biological treatment process, found the total mass of BOD and/or COD 
applied to the system to be of importance when designing a process.4 The 
total mass applied takes into account both the flow rate and the organic 
concentration of wastewater. The process performance evaluated as COD 
removal efficiency was dependent upon the total COD applied to the system as 
gram/hr/m2, rather than its concentration or flow rate.5 The COD removal 
efficiency remained constant at constant total loadings regardless of whether 
the load was caused by high organic concentrations and low flow rates or low 
organic concentrations and high flow rates. 

Poon and Mikucki, while testing rotating biological contactors for the 
treatment of saline wastewaters, agreed with Cook and Kincannon in concluding 
that although the hydraulic loading is important in the rotating biological 
con.tactor- process design, organic loading should be considered equally as 
important. High hydraulic loadings applied to low BOD influents will yield 
the same removal efficiency as low hydraulic loadings applied to high BOD 
influents.6 The work performed at Colorado State U~iversity was based on 
the total organic load in order to monitor the effect of both the hydraulic 
load and organic concentrations on the rotating biological contactor. 

NITRIFICATION 

As previously mentioned, the main objective of this stidy was to obtain 
an optimum loading rate for nitrification of a saline wastewater. Nitrifica
tion is the biological transformation of ammonia to nitrate and nitrite. 
Ammonia, even at low concentrations, can have acute toxicity effects on 
aquatic organisms and deplete the dissolved oxygen concentration wh~le being 
converted to nitrates in receiving waters. The toxicity of aqueous solutions 
of ammonia can be attributed to the NH3 species. The toxicity of arrunonia is 
dependent upon the pP. and concentration of total ammonia (NH4++ NH 3). 7 There 
are other factors which also affect the concentration of the NH3 in solution; 
the most important of which are temperature and ionic. strength. The Red 
Book states that the concentration of the NH 3 increases with increasing 
temperature and decreases with increasing ionic strength.8 

In a review of the EPA Red Book, the American Fisheries Society states 
that the NH4+/NH3 ratio is a function of the activity of the changed speices 
and the total ionic strength of the solution. Thruston et al., state that 
there is a slight decrease in the unionized fraction of the total ammonia as 
the ionic strength increases in a dilute saline solution (less than 40 per
cent sea water).9 

The American Fisheries Society also states that a decrease in the dis
solved oxygen concentration will increase the toxicity of ar:1monia. It is 
hypothesized that a reduction in the dissolved oxygen concentration would be 
accompanied by an increased ventilation rate by organisms, increasing the 
exposure to unionized ammonia.10 

Nitrogen in the form of ammonia is converted to nitrate in two steps 
by autotrophic nitrifying bacteria: Nitrosomonas and Nitrobacter. The 
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reactions as presented by Metcalf and Eddy, Inc. are as follows: 

NH+ 1.5 02 
Nitrasomonas . + 

+ ·--'- N02 + 2H + H20 
4 

N0
2 + 0.5 02 

Nitrobacter 
'>- N0

3 

These reactions can be combined to read: 

NH+ 
4 + 202 + N0

3 + 2H+ + H20 

The nitrifying organisms needed to convert ammonia to nitrate are present 
in almost all aerobic biological treatment processes. In many instances, 
however, the numbers are limited. Nitrification is brought about or encour
aged by suitable adjustment of the operating parameters, namely the reduction 
of total applied loads. 11 Antonie et al., state that nitrification in a 
rotating biological contactor begins when the ROD approaches 30 mg/Q., At 
this concentration, nitrifying organisms are able to compete with the more 
rapidly growing carbon oxidizing organisms and establish themselves in the 
process. With the establishment of nitrifying organisms, nitrification 
is allowed to proceed rapidly until at a BOD concentration of approximately 
10 mg/i the nitrification is complete.12 

Weng and Nolof found using a pilot scale RBC and an ariticial substrate, 
that the chemical oxygen found (COD) must be below 50 mg/Q. for nitrification 
to occur.13 Using the artificial substrate, this 50 mg/Q. COD corresponded 
to a BOD concentration of approximately 14 mg/£. This is less than half the 
concentration stated by Antonie for nitrification (approximately 30 mg/Q.). 
Weng and Molof's results show that increasing the disc surface area increased 
the rate of nitrification. In the tests conducted, Weng and Molof found 
that nitrification took place only in the stages where the mixed liquor dis
solved oxygen was greater than 2 mg/£. From a review of the literature, it 
may be stated that nitrification can be accomplished using a rotating biolog
ical contactor operated under the proper conditions. 

EFFECTS OF CHLORIDE CONCENTRATION 

Researchers have found that wastewaters with high chloride concentrations 
may be treated satisfactorily.14,15,16 The chloride concentration does, 
however, play a major role in the treatment of wastes. 

There is a marked difference between biodegradation-biotransformation 
rates of the suspended fraction in saltwater and freshwater environments. 17 

It is believed that, for a microbial population such as those present in 
freshwater, domestic wastes, certain exoenzyme action may be inhibited in 
an environment with high chloride concentrations. This exoenzyme action is 
generally considered necessary for the metabolism of insoluble substrates, 
and its inhibition may result from a change in the surface configuration of 
the suspended material or in the configuration of the enzymes themselves.18 

With regard to nitrification, Ludzack and Noran state that the nitrifi
cation during high-chloride operation was approximat.ely 10 percent of that 
expected for the same operation at lower chloride concentrations.19 This 
lower rate of nitrification may bring a.bout the need for longer hydraulic 
detention times in order to achieve the desired levels of ammonia removal. 
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Treatment of Saline Wastewaters with RBC 

Previous work has been performed on the use of rotating biological con
tactors to treat saline wastewaters.20 This work, performed at the University 
of Rhode Island, focused on the highly saline, domestic wastewaters generated 
on the island of Kwajalein in the South Pacific. Poon and Mikucki performed 
the plot studies to obtain a secondary treatment method to meet the provisions 
of the 1972 amendment of the Water Pollution Control Act (PL 92-500), along 
with regulations implemented by the US Environmental Protection Agency.21 

The major concern of the pilot plant study was to demonstrate that 
rotating biological contactors could meet the standards set by the national 
pollutant discharge elimination system (NPDES) while treating a highly saline 
wastewater. In order to do this, Poon and Mikucki conducted a series of 
experiments with and without sea water. Initial tests were conducted with
out the addition of sea water and high chloride concentrations in order to 
demonstrat~ that the pilot plant could successfully treat a wastewater of 
Kwajlein's strength to meet NPDES standards. Poon and Mikucki then evaluated 
the performance of the rotating biological contactors using various hydraulic 
and organic loadings at different chloride concentrations. 

The two major findings of Poon and Mikucki were that: (1) the change 
in chloride concentrations had no effect on the RBC treatment efficiency 
after the microorganisms were allowed to acclimate and (2) the performance 
of the RBC is dependent upon the combination of the hydraulic and organic 
loadings. This combination of loading results in a loading term of mass per 
area per time.22 

From the literature review, it can be seen that there is some controversy 
within the field as to the effects of various parameters on rotating biological 
contactors. These differences do not mean that RBC's cannot be prop~rly 
managed; rather, that continued research is necessary in certain aspects of 
design and operation. 

This literature review has shown that although the objectives of this 
study have been met in other studies, they have not been incorporated into 
one. Studies have shown that the rotating biological contactor can achieve 
nitrification and can successfully treat saline wastes. This study has been 
designed to determine the ability of a rotating biological contactor to 
achieve nitrification in saline wastewaters, such as those generated by a 
closed aquaculture system. 

METHODOLOGY 

The section on methodology is concerned with the approaches used in the 
pilot study in order to attain values. The methodology of the study is 
important since it will have direct effects on interpretation of the data 
collected. 

The section has been divided into four segments. The segments describe 
the pilot rotating biological contactor, the entire pilot system, the tests 
performed on the system, and the quality control program followed during the 
secondary program. The segments have been arranged in order to describe the 
entire system from its initial design to tests performed to analyze the 
systems treatment efficiency. 
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Description of the Rotating Biological Contactor 

The rotating biological contactor used for the study was a relatively 
small four-stage unit having a capacity of 0.92 ft3 (0.026 m3) with discs 
in place. Each stage contained five discs having a total surface area of 
26.40 ft2 (2.45 m2), and a specific surface area of 28.7 ft2/ft3 (93.47 m2/ 
m3). 

The rotating biological contactor was constructed at the Engineering 
Research Center of Colorado State University. The tank was fabricated from 
a section of 12 inch (30.5 m) PVC pipe. The tank ends, staging baffles, 
and discs were all fabricated from pelxiglass. The discs have been placed 
perpindicular to the flow with 36 percent of the discs submerged. The discs 
were rotated clockwise using a 1/4 horsepower Dayton gear reduced motor. 
The discs rotational speed was 14 revolutions per minute yielding a periph
eral velocity of 40.8 ft/min (12.4 rn/min). 

Description of the RBC System 

The RBC was fed from a 1. 01 ft
3 (O. 03 m3) hol<ling basin which was kept 

at a constant head using an overflow wier and two 4.0 ft3 (0.11 m3) storage 
tanks. This system was incorporated into the study so that the REC could 
be fed using gravity rather than a pump which could possibly fail after 
extended use. 

The two storage tanks were used to hold the saline synthetic wastes 
to be treated by the system. The synthetic sea water was produced using 
Instant Ocean Sea Salts obtained from Aquarium Systems of Eastlake, Ohio. 
The system was fed a balanced minimal media with a carbon source, sucrose, 
serving as the growth limiting nutrient. The composition of the synthetic 
feedstock is shown in Table 1. Compressed air was introduced into the two 
storage tanks to insure adequate mixing. 

T<tblc 1. Composition of Svnthetic Feedstock 

Constituent Concentration 

SUCROSE 100 mg/£ 

(NH4 ) 2 so4 
25 mg/9., 

MgS04 • 7H20 10 mg/ 'l 

K2HP04 6 mg/'l 

Mn so . 
4 H2o 1 mg/9., 

CaC12 0.76 mg/ Q, 

FeC12 • 6H2o 0.05 mg/<J., 

After leaving the rotating biological contactor, the effluent flowed to 
the drain of the Research Center. No recirculation was performed during 
testing. The main advantages of recirculation are the delay of plant expansion 
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along with the ability to supress shock loads, neither of which fall into the 
scope of this study. With regard to nitrification, Lue-Hing et al., found· 
that recirculation of clarified secondary effluent did not significantly 
increase nitrification.23 For these reasons, recirculation was not included 
in the study. 

Tests Performed on the RBC System 

A series of tests were performed on 
system in both fresh and saline waters. 
the saline wastewaters. The major tests 

Ammonia 
Chemical Oxygen Demand 
Specific Conductivity 
Dissolved Oxygen 
Nitrate 
Nitrite 
pH 
Salinity 
Temperature 

the rotating biological contactor 
The testing was more extensive on 
conducted were as follows: 

All tests, with the exception of ammonia, were performed in accordance with 
Standard Methods for the Examination of Water and Wastewater, 14th Edition.24 

Anunonia concentrations were determined using two methods: (1) Orion 
specific ion electrode model 95-10 for ammonia was used on the freshwater 
samples, and (2) the Nesslerization Method 418B of Standard Methods was used 

·on the saline samples. The ammonia probe was not used in the saline samples 
because membrane fouling caused unstable results. These tests were conducted 
in order to monitor the performance of the rotating biological contactor 
under various ammonia loadings in both freshwater and 10 percent sea water 
environments. 

LABORATORY QUALITY CONTROL 

A quality assurance program should be an imoortant component of any 
water quality study involving chemical or biological analysis. In order to 
analyze the quality of data being collected, replicate and spiked samples 
were run where applicable on a minimum of 15 percent of all samples. 

Although this program of laboratory quality control does not entail any 
quality control charts, the program was able to act as a satisfactory warning 
system when any problems developed in sampling or analysis. The significant 
problems encountered during the sampling and analysis segments of the study 
will be discussed in the results. 

The sampling program was similar for both the freshwater and 10 percent 
sea water wastes, The two major exceptions being the method of determining 
ammonia and the number of samples taken. More tests were performed on the 
10 percent sea water wastes than were performed on freshwater. The fresh
water data was obtained to verify that the contactor was able to achieve 
adequate nitrification treating freshwater. This could be done without 
extensive sampling. The saline wastewaters, being the primary interest of 
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the study, have been monitored more closely in order to observe the various 
stages of treatment. A discussion of the information obtained in both fresh 
and saline wastewaters will follow in the section on results. 

RESULTS 

As previously discussed, the sampling program was divided into two main 
segments: freshwater and saltwater. The freshwater segment was undertaken 
in order to show that the rotating biological contactor could successfully 
nitrify a freshwater waste, and to achieve loading rate-removal efficiency 
relationships to compare to those of saline wastewaters. The 10 percent 
sea water saline segment was undertaken to determine the loading rate-removal 
efficiency relationships for a wastewater similar to those generated in a 
Maarobraahiwn Rosenbergii (prawn) rearing aquaculture facility. 

Freshwater Results 

The rotating biological contactor was first acclimated under freshwater 
conditions using the synthetic feed material. This testing was conducted 
to monitor the contactors' ability to nitrify wastewater under "nonsaline" 
conditions. The results obtained during the freshwater testing may be seen 
in Table 2. 

Table 2. Freshwater Results 

Maximum 
Influent Effluent Hydraulic Ammonia Ammonia 
Ammonia Annnonia Load in~ Loading Remcval 

(mg/ 1'.) (mg/£.) (liter/100 m /day) (g/100 m2/day) (%) 

S.77 2.29 6,100 30 60 
7.28 2.36 6,100 40 67 
7.68 3.68 6,100 so 52 
9.70 3.10 6,100 60 68 

12.13 4.39 6,100 70 64 
12.46 4,53 6,100 80 64 
13.42 7 .16 6,075 90 47 
14.15 7.71 6,075 100 46 
16.29 8.35 6,075 llO 48 

The removal efficiency of the contactor was found to be dependent upon 
the applied ammonia load. A plot has been prepared of ammonia load versus 
maximum ammonia removal. This plot may be seen as Figure 1. Under the 
freshwater conditions, the optimal ammonia loading rate (from Figure 1) was 
found to be approximately 60 grams/100 m2/day. The 60 gram/100 m2/day load
ing rate resulted in a maximum ammonia removal efficiency of 68 percent, 
yielding an effluent total ammonia (NH4+ + NH3) concentration of 3.1 mg/£. -
NH3 (2.6 mg/'l - N). The pH of the system's effluent was 7.1 at a tempera
ture of 18°C. This pH and temperature, in combination with the total ammonia 
concentration of 3.1 mg/1'. yields an unionized ammonia concentration of 
0.013 mg/i - NH3. This unionized value has been calculated using a percent 
unionized ammonia of 0.430 based on work performed by Thruston et al., at 
Montana State University.26 As previously stated, this data demonstrates the 
contactors ability to successfully nitrify a "nonsaline" wastewater. 
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a, 

In order to more precisely determine the optimum ammonia loading, the
7 model used by Weng and Molof in their nitrification studies will be used. 2 

The model presented by Weng and Molof is as follows: 

Log F = Log k + Log L0 + b Log Q + c Log S + d Log t + e Log A + 
f Log d + g Log T 

Where: 
F fraction of influent loading remaining in the effluent 
k = the intercept value 

Lo = influent loading 
Q = flow rate 
s = rotational disc speed 
t = detention time of the liquid in the BFFRD system 
A = effective disc surf ace area 
D submerged disc depth 
T liquid temperature 

b, c, d, 
e, f, g, = the partial regression coefficients 

Since all of the variables, with the exception of influent loading, 
remained constant (assuming the variation of flow rate to be negligible), 
the following constant may be determined: 

Log k2 = b Log Q + c Log S + d Log t + e Log A + F Log D + g Log T 

Combining the two equations yields: 

Log F = Log k + Log k 2 + a Log L 

If: 
Log k + Log k2 Log k 

then 
Log F = Log k + a Log L

0 

In order to use the equation with the data collected, Table 2 has been pre
pared. 

Table 2. Freshwater Ammonia Resu]ts 

Ammonia Loading Log L % Removal F Log F 
L (grams/100 m2/day) 0 

0 

30 1.48 60 .40 -0.40 
40 1. 60 67 .33 -0.48 
50 1. 70 52 .48 -0.32 
60 1. 78 68 .32 -0.49 
70 1.84 64 .36 -0.44 
80 1.90 64 . 36 -0.44 
90 1. 95 47 .53 -0.28 

100 2.00 46 .54 -0.27 
110 2.04 48 .52 -0.28 
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A plot of Log F vs Log L0 may be seen as Figure 2. The plot shows two 
distinct straight lines, the intersection of which represents the optimum 
loading rate. In this case, the optimal ammonia loading rate for freshwater 
was found to be 54 grams/100 m2/day which yielded an annnonia removal effi
ciency of 73 percent. This determination of the optimal annnonia loading 
represents a more precise method than plotting ammonia loading versus ammonia 
removal to determine the optimal loading. 

Ten Percent Sea Water Results 

After completion of freshwater data collection, the RBC system was 
allowed to acclimate to a 10 percent sea water salt concentration. As 
anticipated, the system's nitrification capacity was altered by the addition 
of saltwater. 

At an ammonia loading rate of 60 grams/100 m
2

/day (optimum for the fresh
water system from visual inspection), the maximum ammonia removal was S6 per
cent in the 10 percent sea water waste. This removal efficiency is 13 percent 
less than that of freshwater at the same loading rate. 

Using the model described by Weng and Molof, the optimal ammonia loading 
for the 10 percent sea water was found· to be 60 grams/100 m2/day. This load
ing rate resulted in a maximum ammonia removal of S6 percent. The data used 
to obtain these values may be seen in Tables 3 and 4 and has been presented 
graphically in Figure 3. 

Table 3. Saltwater Results 

Maximum 
Influent Effluent Hydraulic Ammonia Ammonia 
Ammonia Ammonia Loading Loading Removal 
(mg/ R.) (mg/R.) (liter/100 m2/day) (g/100 m2/day) (%) 

4.5 3.1 5,470 2S 34 
7.5 4°.6 S,470 40 41 
9.5 4.3 S,470 so so 

10.4 4.6 S,470 60 S6 
14.8 8.4 S,470 80 43 
16.2 9.2 S,470 90 40 

Comparing these results with those from freshwater testing, it can be 
seen that although the optimal ammonia loading remained essenti<1J.ly the same 
tl1e contactor's ability to nitrify decreased in the 10 percent sea water. 
This decrease in nitrification in the 10 percent sea water coincides with the 
conclusions of Ludzack and Noran that the nitrification will decrease with 
increasing chloride concentrations.28 

The ammonia loading rate was the only parameter that varied throughout 
the monitoring program. The artificial substrate described in methodology 
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section yielded an influent chemical oxygen demand of approximately 115 mg/!l. 
The 10 percent sea water system had the same organic removal efficiency as 
the freshwater system. Both systems achieved a 70 percent reduction in 
chemical oxygen demand. 

Table 4. Saltwater Ammonia Results 

Ammonia Loading Log L % Removal F Log F 
L (grams/100 m2/day) 0 

0 

25 1.40 34 0.66 -0.18 
40 1. 60 41 0.59 -0.23 
50 1. 70 50 0.50 -0.30 
60 1. 78 56 0.44 -0.36 
80 1. 90 43 0.57 -0.24 
90 1. 95 40 0.60 -0.22 

The chemical oxygen demand was monitored at each stage of the contactor 
during saltwater testing. The results of this monitoring may be seen in 
Figure 4. These results show a rapid decline in the COD in the first stage, 
approximately 50 percent, followed by lower removal efficiencies in the 
remaining three stages. Based on these results, it can be said that the 
design of a rotating biological contactor for saline wastewaters is limited 
by the ammonia load to the system. 

The 10 percent sea water concentration yielded a salinity of 3.5°/00 

(grams/kilogram). This corresponds to a chloride concentration just under 
2,000 mg/!l (1,920 mg/Jl). This chloride concentration is considerably lower 
than others used in previous saltwater testing. The 10 percent sea water 
salt concentration was used in this study because it is within the range of 
salt concentrations required by Macrobrachiwn Rosenbergii as they develop 
from the juvenile to adult stage. 

The specific conductance of the 10 percent sea water increased slightly 
as it passed through the contactor. The influent specific conductance was 
5,500 µmho/cm @ 2-0°C. It increased to 5,800 µmho/cm @0 20 C in the first stage 
and remained constant through the remaining three stages. This increase of 
300 µmhos/cm represents an increase of dissolved ionic matter of approximately 
4 percent based on the assumption that dissolved ionic matter in mg/!l is 29 
equal to the specific conductance multiplied by an empirical factor of 0.8. 

The dissolved oxygen and temperature were also monitored within the 
contactor during saltwater testing. The influent dissolved oxygen was 0 mg/!l 
and increased to a concentration of 7.6 mg/!l in the effluent of the fourth 
stage. This increase represents a reaeration capacity of 1.6 mg/fl/hour. The 
temperature of the wastewater decreased as it passed through the contactor. 
The influent temperature ranged between 28° and 30°C (82° and 86°F) and 
dropped to between 18° and 15°C (64° and 59°F) in the influent of the fourth 
stage. The dissolved oxygen-temperature profile may be seen as Figure 5. 
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In summary, the results show that although the increased salinity did 
not seem to affect the contactors' ability to remove organic material 
measured as the chemical oxygen demand. The increased salinity did, however, 
alter the system's ability to nitrify ammonia. This decreased nitrification 
will become the limiting parameter in the design of a rotating biological 
contactor for use in an aquaculture facility. 

CONCLUSIONS 

The following conclusions can be made based on observations and analyses 
of the data collected in this plot study: 

(1) The nitrification of ammonia can be accomplished in a 10 percent 
sea water waste, 

(2) The ability of the rotating biological contactor to nitrify 
decreased with increased salinity, 

(3) The organic removal efficiency of the contactor measured as COD 
was not affected by increased salinity (to 10 percent sea water). 

(4) In designing a rotating biological contactor to nitrify a saline 
wastewater, the ammonia loading will be the limiting design parameter. 

(5) The reaeration rate of the contactor was satisfactory to maintain 
a level of dissolved oxygen required within an aquaculture facility. 
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RBC FOR MUNITIONS WASTEWATER TREATMENT 

By 

P. Gail Chesler 
Physical Scientist 

Gerald R. Eskelund 
Branch Chief, Environmental Technology Branch 

US Army Mobility Equipment Research & Development Command 
Fort Belvoir, Virginia 

Introduction 

The United States Army operates one of the largest industrial complexes 
in the United States. Just as other large chemical industries, the Army is 
subject to all Federal laws, including EPA regulations in the form of National 
Pollution Discharge Elimination System (NPDES) allowances. A part of the 
Army's chemical production is a group of products known as explosives. Since 
most of the manufacturing operations involved with this group of products are 
unique to the military industrial complex, it has been necessary for the Army 
to pursue a vigorous pollution abatement program, often being on the fore
front of technology development. 

This study was instituted to determine if a rotating biological 
contactor (RBC) could be used to treat wastes from a proposed new RDX-HMX 

manufacturing facility. Several problems were posed for this study. 
Initially, what would be the composition of the waste stream from the proposed 
facility? Secondly, what types of treatment would be effective? Finally, 
would there be any residual problems not handled by proper sequence of treatment? 
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The question of chemical composition of the waste stream was handled by 
Armament Research and Development Command (ARRADCOM), Dover, NJ. From pilot 
plant studies at Holston Army Ammunition Plant (RAAP) and the plans and 
material balances for the proposed X-Facility, two ranges of waste streams 
were predicted. The two ranges, designated A stream and B stream, differ 
only from dilution by condensate from a cooling tower. The predicted chemical 
compositions of the two waste streams are shown in Table 1. Table 2 gives 
the actual values chosen for use in the bench scale study. One concern was 
that the toxic concentrations of the constituents of the waste stream might 
not allow biological degradation to take place. Results of preliminary test
ing showed BOD removal taking place indicating biological degradation. A 
result which had impact on further testing was the wide disparity between 
anticipated and actual values of BOD and COD. Projected values were roughly 
1/6 the initial readings of these two parameters. The stream was unique in 
composition and clearly the need existed to determine the most effective 
treatment system. 

In determining the type of treatment, current technology was examined. 
Work had been conducted previously at Holston Army Ammunition Plant on wastes 
similar to those proposed. It was determined at that time that a biological 
system could be the most effective treatment for their operation, but the 
system chosen was not a RBC. Radford Army Ammunition Plant had also investi
gated a biological system and had used a rotating biological contactor for its 
wastes, but these wastes were not similar to those expected at the proposed 
facility. The designer of the new manufacturing facility reviewed both sets 
of data and proposed a treatment system which contained, as a key element, 
a RBC. The proposed treatment scheme is shown in Figure 1. To establish 
the validity of the treatment scheme, it was decided to perform bench scale 
studies at Mobility Equipment Research and Development Command (MERADCOM) and 
pilot scale studies at Atlantic Research Corporation. The authors of this 
paper were involved with the bench scale testing, though close proximity of 
the two organizations allowed good communication. It was determined that a 
complete treatment train at the bench scale level would be set up. Emphasis 
would be given to the biodisc component since this would contribute the 
major portion of the removal. Due to a number of system operational problems, 
it was quickly discovered that operation of more than the aerobic biodisc 
would prove fruitless, so work was limited to a detailed study of the aerobi·c 
bench scale biodisc. The immediate experimental goal was the determination of 
the optimum flow rate of formulated wastewater to the biodisc to achieve 
maximum BOD removal in conditions A and B. 

A critical concern in the system was the explosive components because 
of possible residual toxicological and mutagenicity problems. For the past 
several years, the Surgeon General has had an extensive toxicology study under
way for TNT, ROX, and HMX among other explosives. These materials have been 
found to be toxic in varying levels, depending on the conditions to which the 
explosives have been subjected. TNT, for instance, is photolyzed by sunlight 
and its composition is altered if the solution is basic. The ROX and HMX do 
not photolyze but do undergo some hydrolysis reactions. In both cases, the 
toxic properties are altered but. not eliminated. The ROX and HMX went through 
the system almost unchanged, while the TNT degraded before treatment by the 
disc. From the data, it is clear that treatment, other than biodisc, of the 
explosives in the contaminated wastewater will be necessary. Carbon studies 
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have been done and if a properly designed carbon system is employed, tests 
have established that the explosive components can be removed to acceptable 
levels. 

EXPERIMENTAL DESIGN AND OPERATION 

As previously mentioned, the original flow scheme is illustrated in 
Figure 1 and constituents of the hypothetical waste stream are set out in 
Table 2. Initial mixing of the waste stream took place in a covered 1100 
litre tank on a weekly basis. PH adjustment was made using ammonium 
hydroxide on a batch basis to raise the pH to approximately 7.4. The waste
water was pumped into a smaller feed tank, 120 litres, for controlled flow 
into the biodisc system. Continuo~s additional pH adjustment was made in 
this tank by an automatic control system. Uniform mixing in both tanks was 
accomplished by use of submerged pumps. 

From this feed tank, the flow went into the aerobic biodisc under control 
of a Masterflex pump. A picture of the aerobic biodisc unit appears as 
Figure 2. Effluent from the aerobic biodisc flowed into the anerobic biodisc 
unit which was covered and airtight. Beyond the anaerobic unit, the flow was 
pumped into an aeration chamber where air was bubbled through the effluent. 
This process enhanced settling of sludge which consisted primarily of biomass. 
A clarifier followed in the flow pattern, and effluent was pumped next into 
a multi-media column and on through a carbon column. The liquid was then dis
charged into the drain. 

A number of alterations in the physical set up took place over the course 
of the experiment. The first was removal of the multimedia column and carbon 
column due to growth of microorganisms which appeared similar to those present 
on the discs. Backwashing the columns was not effective in removing these 
microorganisms, particularly in the multimedia column, as they clumped together, 
forming flake-like particles which clogged the column and caused substantial 
back pressure. 

The second alteration in the system was the removal of the anaerobic unit. 
At a point early in the testing, it was necessary to dewater the entire system 
and it was noted that virtually no growth had occurred on the discs rotating 
in the anerobic unit. This fact had been anticipated due to the lack of gas 
evolution from the unit. Possible explanations include the relative delicacy 
of anerobic organisms and the fairly wide fluctuations in pH and flow rate to 
which the system was subjected at start up. 

The third alteration was in feed tank size. After two months of opera
tion, it became apparent that use of the 1100 litre tank for feed mixing was 
not an experimentally sound procedure. Extensive biological growth had taken 
place there, and the symptom of that growth was consumption of COD by these 
organisms. That is, COD was significantly higher for the tank mixture immedi
ately after mixing than it was later in the week. For this reason, mixing 
was done in the smaller 120 litre feed tank on a more frequent basis, in the 
hope that the shorter retention time would inhibit growth. As of this writing, 
four additional months into the testing program, it appears that growth in 
the feed tank. is again a problem, calling for further modification of the 
feed fl ow system. 
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At this point, then, 'the system has been pared down to functioning 
units as illustrated in Figure 3. 

It is noteworthy that very early in the testing program, growth on 
the aerobic disc unit was limited, as was COD removal. It was necessary 
to balance the ingredients required for good biological growth by the 
addition of two chemicals. Addition first of nitrogen, as ammonium 
hydroxide, and then of phosphorous, as sodium phosphate, as supplemental 
nutrients proved to be the necessary changes, and substantial growth 
appeared within a week; COD removal efficiency increased dramatically as 
well. Amounts of nitrogen and phosphorus to be added were calculated 
using a molar ratio of carbon:nitrpgen:phosphorus::l06:16:1 which is the 
approximate ratio at which the microorganisms are thought to synthesize 
those elements. 

At start up, projected pH levels were in the range 5.5-7.3; by contrast, 
it was found that the actual pH of the mixture in the feed tank was approxi
mately 3. It was necessary to add significant amounts of ammonium hydroxide 
during the use of each batch. This was above and beyond the initial addition 
and must be considered in the actual plant operational costs. 

In bench scale testing, it was important that the three explosives be 
completely dissolved to be sure that they were actually included in the feed 
stream to the biodisc. In order to reduce times and facilitate complete mix
ing, it was necessary to enhance the solubility of the ROX and HMX by the 
addition of more cyclohexanone than was called for in the hypothetical waste 
stream. Sufficient acetone was present in the formula to insure the solubility 
of the TNT. For reasons to be discussed later, ROX, HMX and TNT were deleted 
from the feed stream for the second half of the experimentation. 

Once the waste stream composition was fixed, analytical methods were used 
to follow its progress through the treatment process. Analyses of the waste
water were performed using techniques described in Standard Methods, 14th 
edition. The specific parameters which were determined and the procedures used 
are shown in Table 3. Analysis of the microbiological growth was done at 
Natick Research and Development Command, Natick, Massachusetts, using culture 
techniques and visible identification. The Ames· test was run by Atlantic 
Research Corporation with the five tester strains of Salmonella typhimurium. 

RESULTS AND DISCUSSION 

Figure 4 shows a curve which represents the COD and BOD removal efficien
cies from start up through attainment of optimum removal. The initial goal of 
95% BOD5 removal efficiency has been shown to be attainable consistently and 
repeatably. In spite of the high levels of formaldehyde, it is safe to con
clude that the microorganisms were able to survive and to degrade the organics 
in the waste stream effectively. 

For A stream with BOD5 near 1600 mg/L, optimum removal efficiency was 
found to occur at a loading rate of 3.3 lb BOD per day per square foot of 
disc surface area. Experimenters on both bencR and pilot-scale levels were 
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reassured that very similar removal efficiencies were attainable with both 
systems when comparisons were made using loading rates per square foot of 
disc surface area. This allowed confidence in scale-up factors from bench 
to pilot-scale and from pilot to plant-scale for design purposes. 

Data generated at the bench-scale level was the result of feeding the 
biodisc unit on a 4-stage basis, that is, flow from compartment one went to 
compartment two, and so forth. When COD analysis was done on a stage by stage 
basis, it became clear that a substantial majority of the removal (around 70% 
of the total) took place in stage one. Atlantic Research modified the pilot 
plant scheme to have influent flow directly into stages one and two. In so 
doing, they simulated three stage operation and were able to increase COD 
removal. 

It is interesting that pH measurements in the chambers of the biodisc 
unit gave indication of COD removal efficiencies. If the pH dropped precipi
tously i~ the stage 2 chamber, COD removal could be expected to be less than 
adequate. Investigation of this situation could yield an on-line monitoring 
technique. 

It became apparent as the testing progressed that the ROX, HMX and TNT 
were not being processed effectively by the system. ROX and HMX were found 
in identical concentrations in the influent and effluent and TNT was trans
formed as previously mentioned. In both cases, it is clear that treatment 
other than by biodisc will be necessary and it is likely that TNT will not be 
part of the ultimate influent to the biodisc. For these reasons, the decision 
was made to leave the explosives out of the stock mix for the second half of 
the experimentation. It should be noted that though the TNT was transformed, 
it is not reasonable to conclude that the contamination problem had been 
dealt with. It is known that TNT is readily transformed into compounds as 
toxic as TNT. It has been found subsequently that the mix without the explo
sives is not as toxic. Clearly, disposal of the explosives is a problem yet 
to be dealt with. Treatment by carbon will probably be used, but the 
designers must allow for the fact that biological growth can hinder the 
operation. 

In the course of the investigation, it appeared that the microorganisms 
were not as differentiated as is often found in sewage treatment plants using 
RBC's. Evidence was sought that the strain found was not so pure in culture 
as to be susceptible to total kill should some toxic agent enter the system. 
The test results showed that this was not a pure culture, and in fact, con
sisted of two strains of fungi and seven different colonial morphologies. Two 
fungi identified were Fusarium sp. and Geotrichum sp. Three pseudomonads were 
isolated, one from the pseudomonas genus and two pseudomonad organisms. Two 
common bacillus organisms of a ubiquitous nature rounded out the lot of mi
crobes found. No further analysis was done to classify the organisms once it 
was apparent that they were typical of normal sewage system organisms, and 
obtaining seed material would not be difficult should a massive kill take 
place. Roughly 10-14 days were required to go from clean disc start-up to 
optimum removal, though clean disc start-up is not a likely occurrence due to 
the hardiness of the microbial population in the face of adversity. 
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CONCLUSIONS 

As shown previously, the biodisc is effective in reducing the BOD and COD 
significantly. This is true even if there are explosives present which are 
known to be toxic. Ames tests run on biodisc effluent show that the explosives 
produce a mutagenic effect. When explosives are not included in the waste 
stream, the Ames test results are negative. These results were anticipated 
from previous work done by the Surgeon General's office. The most toxic of 
the explosives is TNT and its conversion products. This leaves two choices, 
either pretreat or posttreat to remove the explosives. Both solutions may 
be feasible but must be evaluated from an economic and a safety standpoint. 
Further investigation is needed concerning these toxic by-products and their 
removal. 

One production line in the X-Facility had been originally designed with 
supplemental pollution abatement equipment to deal with high levels of nitrogen 
in the effluent. Since the bio-system needs nitrogen, that separate pollution 
abatement process can perhaps be eliminated; this would provide a substantial 
cost savings for the plant. Before the process can be changed it will be 
necessary to determine if the nitrogen is in a usable form for the biosystem 
and whether that stream contains any potential toxicants. 

The small bench scale model has proven to be linear in scale-up when 
considering pounds of BOD per square foot of disc surface area. This means 
that small bench scale systems can be used to perform tests which should be 
valid for full scale systems. Many variations and conditions can be investi
gated such as changes in food sources and flow rates, potential plant chemical 
surges, and other anticipated problems. The effect on the organisms as well 
as on the efficiency of removal can be determined. The system is cost 
effective. A small scale unit takes less chemicals, requires less power to 
run, and can be conditioned more rapidly to changing parameters. Therefore, 
the bench scale unit is a mini-ecosystem which provides fast, cost effective, 
and reliable data for the investigation of large scale operations. 
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TABLE l 

PREDICTED QUALITY OF INFLUENT TO INDUSTRIAL 
WASTEWATER TREATMENT PLANT - X FACILITY 

CONDI TI ON A CONDITION B 

Total Flow, Gallons/Day l ,539,800 993,600 

Contaminants: LB/DAY MG/L LB/DAY MG/L 

N03-No2 230 18 225 27 
Ammonia 19-46 2-4 19-46 2-6 
ROX 60-147 5-11 60-147 7-18 
HMX 20 2 20 2 
TNT 64-155 5-12 64-155 8-19 
Acetic Acid 420-1052 33-82 420-1052 51-127 
Hexamine 464-576 36-45 464-576 56-70 
Cyclohexanone 518-648 40-51 518-648 63-78 
Propyl A le oho l 653-816 51-64 653-816 80-99 
Methyl Acetate 250-312 20-24 250-312 30-38 
Propyl Acetate 77-96 6-7 77-96 9-12 
Formic Acid 2246-2808 175-219 2246-2808 272-339 
Nitromethane 250-312 20-24 250-312 30-38 
Formaldehyde 6912-8640 539-674 6912-8640 836-1045 
Phosphate 66 5 56 7 
Sulphate 1102 86 829 l 00 
Acetic Anhydride 400 37 400 48 
Amine 60 5 60 7 
Organic Nitrogen 69 5 69 8 
Toluene 38-48 3-4 38-48 5-6 
Stearic Acid 12-24 1-2 12-24 1-3 
Acetone 566-696 43-54 556-696 67-84 

Condition A: Total wastewater includes heat exchanger condensate 

Condition B: Total wastewater without heat exchanger condensate 
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TABLE 2 

EXPERIMENTAL PARAMETERS 
FOR CONDITIONS A AND B 

CONDITION A CONDITION B 
(MG/L) {MG/L) 

INCLUDES HEAT INCLUDES HEAT 
CHEMICAL EXCHANGER CONDENSATE EXCHANGER CONDENSATE 

Formaldehyde 674 1045 

Formic Acid 219 339 

Sul fate 86 100 

Acetic Acid 85 184 

1-Propanol 64 99 

Acetone 54 84 

Cyclohexanone 51 78 

Hexamine 44 70 

Methyl Acetate 24 38 

Nitromethane 24 38 

n-Propyl Acetate 7 12 

Phosphate 5 7 

Toluene 4 6 

Amines 5 7 

Stearic Acid 2 3 

TNT 12 19 

ROX and HMX 13 20 

COD 1650 2300 

BOD 1390 1660 

pH 3 3 
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TABLE 3 

LIST OF PARAMETERS TO BE MEASURED 
AND ANALYTIC METHODS OR PROCEDURES 

PARAMETER! 

Biochemical Oxygen 
Demand. 

Chemical Oxygen 
Demand 

Total Organic Carbon 

pH 

Temperature 

Ammonia, Nitrites, 
Nitrates 

TNT I RDX I HMX 

METHOD 

1 
per Standard Methods 

Dichromate Reflux method 
(Standard Methods , p. 550) 

Dohrmann TOC Analyzer 
(Standard Methods 1 , p. 532) 

BecJanan pH meter 

Thermometer 

Hach tests 

Water.s Liquid Chromatograph 

1Ainerican Public Health Association, Standard Methods for the Examina
tion of Water and Wastewater, 14th edition, APHA, Washington, D.C. 
(1975). 
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REMOVAL OF WASTE PETROLEUM DERIVED POLYNUCLEAR AROMATIC 
HYDROCARBONS BY ROTATING BIOLOGICAL DISCS 

Abstract 

By 

John T. Tanacredi* 
Institute of Health Sciences 

Department of Environmental Health Science 

Hunter College, C.U.N.Y., N.Y. 10029 

A staged, partially submerged rotating biological disc system was 
assessed to determine its performance in the reduction of concentrations of 
polynuclear (PNA) aromatic hydrocarbons attributable to waste crankcase oils 
(WCCO) in wastewater effluents. Removal of petroleum derived PNA hydrocarbons 
is important because of their known toxicity and carcinogenicity which pose 
potential public health risks. Samples of the influent, several successive 
stages of treatment by the disc system and the final effluent were collected, 
extracted with carbon tetrachloride (CCL4) and analyzed. Two UV-fluorescence 
spectroscopic techniques provide qualitative evidence of the presence of WCCO 
hydrocarbons. An IR-quantification method was utilized to determine the total 
extractable organics at each stage. The UV-fluorescence techniques rely upon 
the ability of aromatic hydrocarbons from WCCO to generate a "fluorescence 
profile" differentiable from other petroleum entities. Excitation of ex
tracts at a specific wavelength produces WCCO fluorescence emission profiles 
which can be compared to known "standard oils." These fluorescence methods 
were successfully employed by us to identify weathered petroleum products 

*The analyses for this investigation were performed under the auspices 
of the analytical research facility of the U.S. Environmental Protection 
Agency, Industrial and Environmental Research Laboratory, Oil and Hazardous 
Spills Branch, Edison, New Jersey, through an approved program that supports 
graduate level research study of the environment. 
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using exposed stock oils, and therefore they were used in this project for 
the detection of a gradient hydrocarbon response to the disc treatment 
system. Fluorescence maxima profiles (FMP's) showed a significant decrease 
in detectable PNA's attributable to WCCO through the successive stages of 
the disc system. Preliminary statistical analyses of IR quantification 
data revealed a direct relationship between the degree of treatment and the 
level of PNA concentration •. These results indicate that such biological 
systems for the removal of WCCO aromatic hydrocarbons are viable alter
natives to secondary treatment systems commonly being employed. Varying 
the flows, loadings and recycling may further improve removal efficiencies. 
Additional studies are warranted in light of the possible future need to 
reuse wastewaters. 

Introduction 

Considerable attention has been directed toward the use of rotating 
biological contactors (RBC's), and they have been shown to be an effective 
means of treating wastewaters.l Previous investigations2 into the polynuclear 
aromatic hydrocarbon (PNH) character of wastewaters in New York City Water 
Pollution Control Facilities (WPCF), attributable to waste crankcase oils 
0~CCO) have exhibited a range of PNH's. Recent investigations3 have also been 
directed at such compounds attributable to automotive WCCO not only because 
several constituents of these compounds (i.e. napthalenes) have been shown 
to "bioactivate" compounds into mutagens,4 but also because of energy con
servation needs.5 The purpose of this preliminary work was by use of UV
fluorescence techniques, to qualitatively determine the performance of a 
pilot RBC system in the reduction of initial concentrations of detectable 
PNH's attributable to WCCO. 

EQUIPMENT 

The pilot plant at Newtown Creek is the same system operated by W. 
Torpey at the Jamaica WPCF during the period July to November 1969, and was 
comprised of three main component parts: (a) Ten stages of rotating disks 
(all discs were 3 1 in diameter) for the removal of organics and for ox
idation of ammonia to nitrate, (b) six stages of illuminated rotating discs 
for the removal of nitrogen and phosphorus from the effluent of the pre
ceding system by synthesis into attached algal cells, and (c) six packed 
beds of granular activated carbon columns for the adsorption of refractory 
organics from the preceding algal system. Sedimentation of 1.5 hours was 
interposed between the effluent from the ten stage unit and the algal unit. 
A mixed media filter preceded adsorption in carbon columns for removing the 
particulates, which were mainly algal cells generated on the illuminated 
disks. 

The flow through the ten stages was 28.39 l/min. ~ 10%, where as the 
algal unit rate was 11.35 l/min. Flow to the pressure downflow carbon 
columns was at a surface loading of 203.6 l/min/m~. Disks rotated opposite 
to the direction of a flow through the successive stages. The theoretical 
detention time was six minutes in each stage, measured when the disks were 
devoid of slime. Actual time was somewhat less, depending upon the degree 
of displacement of fluid volumes by the slime. Addition information of the 
RBC system operating results can be obtained from Torpey, W., et. al. (1973).6 
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ANALYTICAL APPROACH 

Because of the complex chemistry of petroleum, each petroleum sample 
lends itself to differentiation from others. This passive-tagging approach 
establishes specific qualitative parameters for oil samples in the form of 
"profiles l'or "fingerprints" to be compared to a "reference standard profile." 
Thus, positive correlations for RBC pilot plant effluent samples are either 
established or not established with reference standards depending upon those 
portions of the petrochemical waste that exhibit themselves in fingerprints 
and remain stable under physiochemical processes and environmental con
ditions. 

METHODOLOGY 

Water samples were collected at successive stages along the system in 
980 ml. wide-mouth, glass Mason jars with Teflon-lined caps. Samples were 
taken from the raw influent, stages 1, 3, 6, 8, 10, settling tank, 13, 16 
and the final effluent. Each sample was adjusted for pH 3 and refrigerated 
throughout storage until analysis. Samples were extracted with 50 ml CCL4 
in seperatory funnels and the bottom layer collected. Solvent was stripped 
off and residue weight recorded. An infra-red (IR) quantification method 
was used to determine total extractable hydrocarbons (mg/l) from each 
sample.7 CCL4 extracts were jet-air evaporated, concentrated, and residtes 
weighed and brought to volume in hexanes for UV fluorescence analysis. 

Previous investigators have exhibited the ability of fluorescence 
spectroscopy to detect trace quantities of petroleum derived hydrocarbons 
in oceanic waters. Investigators9 have been able to differentiate between 
a lubricating oil and a crude or fuel oil using fluorescence spectroscopic 
techniques. All petroleum products fluoresce when excited by UV light be-
cause of the presence of aromatic hydrocarbons with multi-ring configurations 
such as fused ring polynuclear aromatics.10 A UV-fluorescence spectrophotometer 
with two independent monochromaters (150 watt xenon are light source), 
and a constant temperature cell bath maintained a lOmm path length quartz 
cell at 20° ± 0.5°C, was used for all fluorescence analyses. A synchronous 
excitation fluorescence spectroscopic technique was utilized for all analyses.11 

A standard reference WCCO was excited at 290 run while scanning the emission 
spectrum from 240 to 540 nm, generating a maxima emission profile (MEP) for 
that excitation wavelength. This MEP was then used to correlate presence 
of WCCO in successive stages along the RBC system. In addition, each sampled 
stage was excited at successive excitation wavelengths from 240 nm to 440 nm 
(at 20 nm-intervals) while scanning for the maximum fluorescence emission at 
that excitation frequency. (Figure 1) Each maximum peak was utilized as 
a point to be plotted graphically, generating a "fluorescence maxima profile" 
(FMP) for each sample. Correlation was determined by visual comparison of 
maxima profile plots of the WCCO reference standard, to RBC stage maxima 
profile plots. (Figure 2). 
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Fi~ure 1.Fluoresence maxima profile (FMP) for WCCO. 

It should be noted that the correlation criteria utilized for these analyses 
is essentially qualitative, in that source identification, (such as gas station 
or individuals dumping WCCO into sewers) of the detected waste petrochemical 
cannot be directly established by the technique. The Newtown Creek Sewage 
Treatment Facility (STF) however, is in an area of high petroleum hydrocarbon 
load. 

There are several refineries and industrial facilities surrounding the 
treatment plant. Investigation by Mueller, J.A., et. al., 12 revealed the 
Newtown Creek STF to be the principal discharger of oils and grease in treated 
wastewaters to the New York Bight (12.6 metric tons/day). 
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Figure 2. FMP's for RBC stages and reference standard. 

Table 1 exhibits the total extractable organics (including petroleum 
hydrocarbons) obtained from the pilot RBC system at Newtown Creek. Prelim
inary statistical regression analysis appears to indicate that this data is a 
linear representation of RBC stage and PNH removal. Further detailed quanti
tative work is required here to substantiate a consistant linearity to PNH 
removal. In addition, fluorescence profiles of RBC stages RAW, to #16, 
correlate with WCCO FMP's. The final effluent sample and sample #16, at lOX 
over initial influent sample sensitivity setting, did not reveal profiles 
correlating to WCCO. (See Figure 2) Investigations into which PNH's are not 
being removed should be conducted. Results strongly indicate a considerable 
reduction of PNH's attributable to WCCO, in the final effluent. Future work 
in this area should establish an extensive sampling scheme, coupled with 
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TABLE 1 

TOTAL EXTRACTABLE ORGANICS FROM RBC SYSTEM 

Fluorescence Correlation with 
Sample Sample FMP of WCCO MG/l (TEO) 

Sensitivity 

Raw .3 (+) 16.7 

1 .3 (+) 10.2 

3 .3 (+) 9.9 

6 .3 (+) 7.9 

10 .3 (+) 4.4 

Settling Tank 1.0 (+) 2.6 

13 1.0 (+) 4.8 

16 3.0 (-) 2.6 

Final 3.0 (-) 0.12 

variations in operational modes so as to clearly establish whether such 
petroleum derived h~drocarbon loadings are consistantly and effectively removed 
by RBC systems. 

DISCUSSION AND CONCLUSION 

A number of PNH's are potent carcinogens in animals and man. WCCO has 
been shown, along with other petroleum products to contribute significant 
quantities of detectable PNH's to aquatic environments. Traditional wastewater 
treatment facilities in major urban areas have been shown to be relatively 
ineffective in elimination, or providing a significant reduction of these com
pounds. RBC systems have on th~ other hand, been s~ccessfully employed in 
treatment of wastewaters,13,14 ,is and have exhibited here surprisingly 
effective removal of PNA's over suspended cultures. 

lvith more investigation into variations in such operational parameters 
as detention times, slime build-up, influent loadings, effective disk surface 
area, submerged disc depth, wastewater flow rates and temperature, greater in
sight into PNH removal efficiencies may be provided. 

This preliminary investigation appears to provide some credence to RBC 
systems as an effective means to treat sewage, and to prepar~ water for future 
re-use. 
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Phenol-formaldehyde resin manufacture produces a very high strength 
waste (COD approximately 200,000 mg/l), containing 60,000 mg/l phenol, 
20,000 mg/l formaldehyde and 15,000 mg/l methanol (PFM waste). Economical 
and environmentally acceptable disposal of this waste is a major problem. 

The problem is emphasized because of recent regulatory activity 
which places phenols on the EPA list of priority pollutants. A survey of 
local sewer use ordinances for 40 municipalities (POTW's) [l] revealed 
phenol discharge limits of 0.005 - 3000 mg/l with a mode of 0.5 mg/l. 
Thus, to discharge PFM waste to most POTW's would require pretreatment 
and/or dilution to reduce phenol by 99.99992%. Because of such stringent 
requirements, PFM waste has been destroyed by incineration. While this 
method results in zero discharge, the economic attractiveness is decreased 
as the price of energy increases. 
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After researching the techniques available to treat and/or dispose 
of PFM waste including chemical oxidation [2,3,4], recovery systems 
[5,6,7], and biological treatment [8,9,10], a multi-staged process 
scheme was selected. Although all unit processes involved established 
technologies, the proposed combination of treating and disposing of the 
PFM waste was unique. A rotating biological contactor (RBC) was an 
essential part of the process train. This paper focuses on the use of 
the RBC in treating PFM waste; discussion of the other components in the 
process can only be covered briefly here. 

PROCESS SELECTION 

The selection of processes was largely influenced by the stringent 
local sewer ordinances for phenol (~.O mg/l), by the location of the 
plant in Northern California, and by the low waste volume (less than 
10,000 gpd). The stringent phenol limit meant that a treatment plant 
treating the PFM waste would have to attain greater that 99% phenol 
removal. The combination of Northern California location and climate, 
low waste volume and available land area made attractive a zero dis
charge approach, using terminal facultative evaporation ponds. Prior to 
discharge into the ponds, it was necessary to consider additional bio
logical treatment so that pond area for treatment could be reduced and 
the need for pond aeration could be eliminated along with the possi
bility of stripping PFM into the atmosphere. Rotating biological con
tactors were selected for the pre-pond biological treatment step because 
of their ease of operation, their relative freedom from sludge settling 
problems compared to activated sludge, the ability to cover the system 
for odor control, and their ability, compared to trickling filters, to 
operate at high loadings without clogging. 

A survey of the literature on phenol and formaldehyde removal by 
biological treatment revealed that up to 2000 mg/l of phenol is amenable 
to biological treatment with 91% phenol removal;formaldehyde concentra
tions of up to 670 mg/l have been treated biologically with removals 
generally in excess of 90%. The results of this review (Table I) indi
cate that the usual phenol and formaldehyde levels subjected to aerobic 
biological treatment are in the range of 100-500 mg/l phenol and 100-300 
mg/l formaldehyde. 

Organic removal rates have been reported for some phenol-containing 
wastes in fixed film biological systems. Porter and Dutch [15] report 
the use of a plastic media trickling filter tower with effluent recycle 
to dilute influent phenol to approximately 100 mg/l. Phenol removal was 
98% when the filter was loaded at approx. 22 lb phenol/1000 ft3 of media 
(approx. 2 lb COD/1000 ft2/ day.) Jenkins [16] indicated that a phenol
formaldehyde resin waste was diluted 40-fold and treated at the rate of 
5000 Imp. gal/yd3/day on a rock media trickling filter (assumed specific 
area of 15 ft~/ft~) at a rate of 45 lb COD/ft 2/day with approximately 
25 percent phenol removal. 
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Method 

~ctivated Sludge 

Oxydation ditch 
!Lagoon 
~rickling filter 

Trickling filter 

Trickling filter 
and lagoon 

Activated Sludge 

Activated Sludge 
Activated Sludge 

Trickling filter 

Trickling filter 

TABLE I 

BIOLOGICAL TREATMENT . OF PHENOLIC/FORMALDEHYDE WASTES 

Initial Initial 
Phenol Phenol Formaldehyde 

Reference Concentration Reduction Concentration 
(mg/l) (%) (mg/l) 

Eisenhauer, 1968 100-750 90-100 -
[11,· 12] 

II 400-900 87.99 -
II 100-250 90-95 -
II 200-.500 85-98 -

Wolnak, 1971 200 
[13] - -

II - - 200 

Biczysko, 1969 2000 91.0 670 [14] 
II 1000 97.6 330 
II 300 99.4 100 

Porter-Dutch, 
1960 [15] 100 98 -

Jenkins, 1957 
[16] 1000 25 -

Formaldehyde 
Reduction 

(%) 

-

-
-
-

75-90 

99 

93.2 

99.6 
99.6 

-

-



While these literature values for phenol waste loading and removal 
efficiency served as a guide for the the dilution requirements and 
loadings, as well as removals expected in an RBC plant, no specific 
information was available on the performance of RBC systems treating PFM 
wastes. It was also known that facultative fonds can act as clarifier, 
sludge digestor and a source of recycle water, and are able to effi
ciently treat low phenol concentrations (25-100 mg/l [11,12,17]). The 
RBC/ facultative pond recycle system was thus to be the basic treatment 
approach; however, we also discovered in laboratory scale testing that 
PFM waste, itself the distillate from a high temperature distillation at 
the resin manufacturing site, could be further distilled at low temp
erature (40-70°c) reducing phenol and formaldehyde concentrations 
significantly. The pot residue of the low temperature distillation could 
be incinerated at close to self-supporting combustion, as the residue 
had almost 60 percent of the energy content of #2 fuel oil. 

A pilot study was needed to test the feasibility of this combined 
treatment process, to provide data that would establish the effective
ness of the approach, and to allow an attempt at optimizing the sizing 
of a distillation/RBC/facultative pond recycle system, or just an RBC/ 
pond system should the distillation step not prove cost-effective. The 
pilot study described in this paper had this objective. 

MATERIALS AND METHODS 

Pilot Plant Description 

Two parallel but separate pilot plants were constructed during 
September and October 1977, and operated from November 1977 through 
March 1978. The biological treatment sections of both plants were 
identical (Figures 1 and 2), and consisted of two stage RBC units 
followed by a settling pond from which a recycle stream was drawn. The 
recycle stream passed through a small RBC that was installed to provide 
a source of seed organisms, in the event the larger two-stage RBC was 
inactivated by toxic shock loads of PFM waste. 

Pilot Plant A. A 4-stage, 250 f t 2 surface area RBC pilot plant was 
leased from the Autotrol Corporation (Milwaukee, Wisconsin) and sub
divided into two 2-stage, 125 ft2 units by blocking the overflow weir 
between stages 2 and 3. RBC Unit A consisted of the first two stages of 
the Autotrol unit. It was fed by a calibrated scoop which rotated coax
ially with the contactor. The discharge was taken from the second stage 
of this unit. The combination of raw waste and recycle flow rates,used 
in the pilot plant operation provided a hydraulic residence time of 3 
hours in the RBC. 

The settling pond was constructed from a 15-ft diameter, 4-ft deep 
plastic pool. With a water depth of 3 ft, the pond contained 4000 gal. 
Recycle flow was taken from a point 6 inches below the water surface by 
an 0.2 hp submersible pump, and discharged to a sump with an overflow 
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back to the pond. The recycle rate was controlled by a manually-operated 
valve on the sump outlet. The recycle flow then passed through a locally
fabricated RBC containing six 2-foot diameter roughened plastic discs, 
to provide 35 ft2 of contact surface. 

Raw PFM waste, diluted 4-fold with domestic primary treated sewage 
was fed into the RBC feed chamber, where it mixed with the recycle 
stream from the preliminary RBC. When required, nutrients (ammonium 
phosphate) were added directly to the diluted PFM waste reservoirs to 
provide a 90:3:1 ratio of C:N:P. 

Pilot Plant B. In addition to the units described for Pilot Plant 
A, this plant had two 25-ft2 solar stills prior to the biological system, 
fabricated from galvanized sheet metal, with glazing consisting of two 
3-ft x 5-ft x 1/4" glass plates, set at 22° to the horizontal. The 
design of these solar stills was based upon those currently used for 
desalination of seawater (18,19). 

Analytical and Sampling Methods 

Analytical Methods. All samples were preserved and analyzed in 
accordance with Standard Methods for the Analysis of Water and Wastewater 
14th Edition [20], except as noted. COD was by the method of Ryding and 
Forsberg (21). The method was validated by running parallel samples by 
Standard Methods techniques and obtaining values which were 95-100% of 
those determined by the Standard Methods technique. Phenol was by gas 
chromatography with a Varian Aerograph, Model 1200, with a 3-ft x 1/8 
in. SS, 10% FFAP on Chrom W column. Parallel and additional determi
nations were by the 4-amino-antipyrine method (Standard Methods) . 

. Formaldehyde and methanol were by gas chromatography, using a 5-ft x 1/8 
in. SS Poropak N column. Parallel and additional analyses were attempted 
by the method of Jephcott (22]. Ortho-phosphate was by the stannous 
chloride method; Nitrate was by the zinc reduction method; Ammonia 
Nitrogen was by the method of Zadorogny, et al (23]; Dissolved Oxygen 
was in-situ, using a YSI specific oxygen electrode; pH was in situ 
using a Corning No. 6 pH meter. 

Sampling and Data Collection. The pilot study was conducted during 
Fall and Winter of 1977-1978. Mean daytime temperature averaged 13°C. 

In the pilot-scale distillation studies, distillation was discon
tinuous, with make-up volumes of raw PFM waste added as required to 
maintain a certain minimum volume in the still. The reported results of 
low temperature PFM distillation are weighted averages of fractions 
collected. 

In the biological treatment studies, all samples were grab samples. 
At a minimum, a bi-weekly sample was collected and stored on ice until 
it was returned to the laboratory for analysis. Grab samples were deemed 
generally representative because of the controlled hydraulic and organic 
loading rates. 
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PROCEDURE 

The pilot plant program is subdivided as follows: 

Start-up and acclimatization 
Phase I - Operation at moderate PFM waste loadings 
Phase II - Operation at high PFM waste loadings 
Phase III(a) - Treatability of pond recycle flow 
Phase III(b) - Treatability of PFM solar distillate 

Start-up and Acclimatization 

Primary treated domestic sewage was fed into each pilot plant at 
the hydraulic loading rate recommended by the maufacturer (1.6 gal/ft2/ 
day, or 200 gal/day) for a period of two weeks.When an observable 
biomass had developed on the RBC surfaces, PFM waste was introduced in 
steadily increasing concentrations, while maintaining the hydraulic 
loading constant at the above stated value. 

Increases in PFM waste concentr~tion were introduced first to 
Plant A and then one week later, to Plant B, as a precaution in case an 
overdose inactivated Plant A. This proved to be an unnecessary pre
caution, as no toxic effects ascribable to increasing PFM waste levels 
were observed during the study. 

The PF!-1 waste feed rates were increased to produce phenol incre
ments of 50 to 75 mg phenol/l at approximately weekly intervals, until 
influent phenol concentrations of 300 to 400 mg/l were reached in each 
system. At this influent phenol level, the influent COD concentration 
was approximately 1500 mg/l. After 6 weeks of acclimatization the do
mestic sewage was replaced by recycle from the ponds. 

Phase I - Moderate PFM Waste Loading 

Influent COD levels greater than 1200 mg/l in RBC Unit A were 
obtained on December 1, 1977 (day 1 of the pilot program, and aver-
aged 1543 mg COD/l (21 lb COD/1000 ft2 media/day) over the next 48 
days. RBC Unit B, the back up or control unit, did not reach influent 
COD levels over 1000 mg/l until December 23, 1977 (day 14) and averaged 
1219 mg COD/l (16 lb COD/1000 ft2 media/day) over the next 34 days. 
During this period it was attempted to keep the influent COD loadings as 
constant as possible because at these COD levels phenol concentrations 
averaged 350-400 mg/l, a value that from the literature was estimated to 
be readily treatable. 

Dilutionwaterwas continually provided to both RBC units by 
recycling pond effluent. Nutrient sources present in the pond recycle 
stream left over from the RBC treatment of domestic primary effluent 
during start-up and acclimatization were sufficient to support bio
logical growth during this phase. As a result additional sources of 
nutrients were not required. 
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Phase II - High PFM Waste Loading 

The application of PFM waste was increased dramatically to RBC Unit 
A during the period from the forty-eighth to the fifty-eighth day and 
then gradually decreased over the next 19 days to test the stability of 
the RBC treatment process to shock loading. During this ~eriod influent 
COD and phenol averaged 3061 mg COD/l (41 lb COD/1000 ft /day) and 624 
mg/1 respectively with peak values on day 58 at 6228 mg COD/1 (83 lb 
COD/1000 ft2/day) and 1200 mg phenol/!. It was attempted to use RBC Unit 
B as a control during this phase and it was thus operated at a fairly 
consistent COD loading of 1442 mg/l (19 lb COD/1000 ft 2/day), almost 
the same influent loading as applied to RBC Unit A in Phase I. 

Nutrients in the holding ponds were exhausted during this phase and 
nitrogen and phosphorous in the form of ammonium phosphate were added to 
both RBC waste feed systems in the C:N:P ratio of 90:3:1. 

Phase III(a) - Treatability of Pond Recycle Flow 

During the high PFM waste loading of Phase II, Pond A became over
loaded with effluent COD and phenol concentrations over 600 mg/1 and 100 
mg/1 respectively. To determine the comparative treatability of this COD 
and residual PFM waste in the holding pond, RBC Unit A continued to 
receive the recycle flow from Pond A but raw PFM waste was no longer 
added to the influent,i.e., RBC Unit A was used to treat the water in 
Pond A. This phase lasted 24 days. 

Phase III(b) - Treatability of PFM Solar Distillate 

The solar distillation rates of PFM waste during November through 
February for the size of stills used were inadequate to provide a suffi
cient distillate volume to adequately load an RBC Unit at 1200 mg COD/l 
on a daily basis. Therefore, solar distillate was collected and stored 
until March 1 and then fed for 24 days to RBC Unit B at the average 
influent COD loading level of 1235 mg/l (17 lb COD/1000 ft2/day) and 
phenol level of 219 mg/l. 

Solar distillation of PFM waste produces a distillate with a higher 
relative percentage of methanol compared to phenol and formaldehyde than 
in the raw PFM waste. This operating test run was undertaken to evaluate 
the comparative treatability of solar distilled PFM waste versus the 
previous runs treating raw PFM wastes. 

PILOT PLANT RESULTS 

Waste Streams 

The chemical composition of the PFM waste stream to the pilot 
plants is summarized in Table II. Raw PFM waste was applied to RBC Units 
A and B during Phases I and II. Solar distillate from the PFM waste was 
applied to RBC Unit B during Phase III(b). Raw PFM w~ste has a pH of 4.6 
and the chemical composition of its solar distillate'is shown in Table 
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II. When the pH of the raw waste is elevated by the addition ·of NaOH or 
lime to pH 9 or 10.5, the phenol-formaldehyde removals increase substan
tially. Although this distillate was not used in the biological pilot 
system the chemical composition is presented in Table II for comparative 
purposes. 

Pilot Plants A and B 

Concentrations, loadings and removals of COD and phenol by each 
pilot plant unit are tabulated in Table III. Figures 3 and 4 present the 
time course of COD influent and effluent for each RBC unit. The effect 
of COD loading on COD removal rates by each unit is presented in Figures 
5 and 6. The effect of COD loading on percent COD removal for both pilot 
plants is presented in Figure 7. 

Results of COD, phenol, formaldehyde and methanol removal rates 
attained by the RBC units and pond system for Phases I through III are 
summarized in Table IV. 

DISCUSSION OF RESULTS 

It had been intended to conduct the pilot plant feasibility study 
during June through December; however, delays and time limitations 
required the program to be conducted from October through March during 
the coldest part of the year. Water temperatures in the small pilot 
plant averaged only 13-14 °C during the day and dropped to as low as 
10 °C at night despite enclosing the RBC. Thus biological performance of 
the RBC was not optimal at these low temperatures and was reduced 
somewhat over what would be expected in a larger facility operating 
year-round. Despite the adverse weather conditions and organic loading 
extremes, the RBC pilot plant units showed operational stability and 
treatment reliability. 

Biological Treatment of Waste 

During Phase I when COD loadings were relatively steady and of 
moderate intensity RBC Unit A removed 61 percent of the influent phenol 
and 63 percent of the influent COD at average influent concentrations of 
427 mg/l phenol and 1543 mg/l COD. On a media surface area basis COD 
loadings were approx. 21 lb/1000 ft2/day with COD removals at 13.1 
lb/1000 ft2/day. The performance of RBC Unit B was slightly inferior -
54 percent phenol removal and 54 percent COD removal. Influent concen
trations were 355 mg/l phenol and 1435 mg/l COD. The influent COD 
loading rate was 16 lb/1000 ft2/day with COD removals of 8.8 lb/1000 
ft2/ day. The reason for this small difference in performance of the two 
RBC Units is not understood; in general, the results of the entire pilot 
program suggest that RBC Unit A may have performed slightly more effi
ciently than Unit B at the same organic loading rates. It should also be 
noted that the interpretation of the phenol results for Phase I of Pilot 
Plant B is limited as these are estimated values only consisting of two 
actual data points combined with extrapolations from the much more 
extensive COD data from Phase I. 
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TABLE II 

PFM WASTE STREAM CHARACTERISTICS 

COD PHENOL, FORMALDEHYDE, METHANOL, 
mg/1 mg/l mg/l mg/l 

180,000 - 200,000 45,000 - 65,000 20,000 - 24,000 15,000 - 22,000 

123,000 32,000 17,000 14,000 

31,300 9,000 5,000 6,900 

18,600 2,700 800 7,600 



TABLE III 

COD AND PHENOL REMOVALS BY RBC UNITS 

RBC UNIT A RBC UNIT B 

COD PHASES PHASES --
I II III I II III 

----
lt"fl\•P.nt 

2 min 1220 1550 295 138 1031 800 

(mg/1) max 1842 6228 1070 2082 1830 1659 
ave 1543 3061 694 1219 1442 1235 

Effluent min 340 630 111 62 349 310 
(mg/l) max 769 5568 315 744 1572 973 

ave 563 2007 195 561 812 455 

Percent 
Removal min 46 11 47 30 14 44 

max 76 59 84 78 66 72 
ave 63 34 72 54 44 63 

Removal 
lb min 8.6 4.4 2.4 1.0 3.4 6.5 
3 2 max 20.0 18.7 10.0 19.3 13.6 14.8 10 ft·day ave 13.1 11.1 6.7 8.8 9.0 9.8 

PHENOL 

Influent2 min 220 325 <10 55 20 64 
max 660 1200 210 6001 1751 71 
ave 427 624 127 355 165 54 

Effluent min 28 61 <l 175 47 31 
max 320 1181 145 325 183 83 
ave 161 414 51 263 128 51 

Percent 
Removal min 20 1.5 47 110 19 19 

max 91 83 84 300 100 83 
ave 61 34 60 219 82 63 

10 Estimate based on 2 data points and extrapolation from more extensive data. 

20 Diluted with pond recycle. 
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TABLE IV 

SUNMARY OF PILOT PLANT RESULTS 

PILOT PLANT A PILOT PLANT B 
Parameter Avg. Cone. Removal Avg. Cone. Removal 

(mg/l) 
2 

Percent (mg/l) 2 
Percent 

Phases I II III I II III I II III I II III 

COD -
RBC Inf. 1543 3061 694 - - - 1219 n_442 1235 - - -
RBC Eff. 563 2007 195 63 64 72 561 812 455 54 44 63 

Pond Eff. 308 1112 298 46 45 (-)53 292 429 293 48 47 36 

TOTAL: - - - 79 64 57 - - - 76 70 76 
! 

PHENOL I 

427 624 

I 

3551 I 
RBC Inf. 127 - - - 263 219 - - -

165
1 I 

RBC Eff. 161 414 51 61 34 60 128 ~2 54 51 63 

Pond Eff. 371 139 22 73 66 57 781 92 22 44
1 

28 73 

TOTAL: - - - 90 78 83 - - - 76 65 90 

FORMALDEHYDE 

RBC Inf. 147 112 47 - - - 94 70 83 - - -
RBC Eff. 25 56 14 83 50 48 37 36 42 61 49 49 

Pond Eff. 20 12 10 20 79 29 10 18 15 73 50 64 

TOTAL: - - - 86 89 63 - - - 89 74 82 

METHANOL 

RBC Inf. 100 323 72 - - - 118 181 318 - - -
RBC Eff. 43 205 41 57 37 43 38 144 170 68 20 47 

Pond Eff. na 124 26 - 40 37 na 115 39 - 20 77 

TOTAL: - - - >57 62 64 - - - )68 36 88 

1 • Estimate based on 2 data points and extrapolation from more extensive COD 
data. 

2 ·niluted with pond recycle. 
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During Phase II the influent COD concentration fed to RBC Unit A 
was increased to 3000 mg/l. The average percent COD removal dropped to 
34 percent but the COD removal rate decreased only 15 percent from 13.1 
lb/1000 ft2/ day to 11.l lb/1000 ft2/day. At these high loadings phenol 
removals also decreased to 34 percent. During this period the biological 
film on the biodiscs which previously had a greyish-brown appearance, 
rapidly became white and filamentous. Microscopic examination of the 
biofilm showed that Beggiatoa spp. was predominant in the film .to the 
extent of nearly excluding all other organisms. When the COD loadings to 
Unit A were again lowered in Phase III the amount of Beggiatoa spp. in 
the biofilm decreased as the biofilm regained its original grey-brown 
appearance concurrent with the increase in percent COD and phenol removals. 

During this Phase II RBC Unit B continued to operate as a control 
to Unit A. The average COD loading to Unit B was increased 18 percent to 
19 lb COD/1000 ft2/day to approximate the COD loading applied to Unit A 
in Phase I. Comparing Unit B performance between Phases I and II phenol 
removal efficiency apparently decreased only 6 percent while COD removal 
efficiency decreased 19 percent; however, absolute COD removal rates 
were essentially unchanged at 9.0 lb COD/1000 ft2/day. The comparison 
of phenol efficiency removal between Phases I and II is limited by the 
uncertainty level associated with the Phase I phenol data for Pilot 
Plant B, but the more extensive COD data indicate that the increase in 
loading was sufficient to significantly reduce COD removal efficiency. 
As a control RBC Unit B did not perform well in comparison to Unit A as 
there appeared to be consistent treatment efficiency differences between 
them. 

In Phase III(a) RBC Unit A treated only the recycle stream from 
Pond A which had become overloaded during Phase II. As the pond contents 
were treated, the COD levels in the pond were reduced and the COD loadings 
to the RBC decreased gradually to an average of 9.3 lb/1000 ft2/day 
with COD removals averaging 60 percent. It would appear that this 
recycle stream may have been somewhat more resistant to biological 
oxidation than the diluted raw PFM waste fed during Phase I because, 
although COD removal efficiency was 14 percent higher than in Phase I, 
the average COD loadings in Phase III were only 45 percent of those in 
Phase I. 

When influent COD loading is plotted against COD removal for 
RBC Unit A (Figure 5) a maximum COD removal rate at approximately 14 
lb/1000 ft2/day is observed at a COD loading rate of 22-23 lb/1000 
ft2/day. For RBC Unit B (Figure 6) a maximum COD removal rate is not 
clearly defined because COD loadings were not increased to values high 
enough to establish the shape of the curve at COD loadings above 20 
lb/1000 ft2/day. Percentage COD removals for RBC Units A and B were then 
combined and plotted against influent COD loading as shown in Figure 7. 
The result is an almost linear relationship with 80 percent removals 
found at COD loadings of 11-12 lb/1000 ft2/day and 20 percent removals 
found at COD loadings of 38 lb/1000 ft2/day. The general relationships 
established between COD loadings and removals as shown in Figures 5,6, 
and 7 can now be used to assist in sizing an RBC to treat a PFM-waste. 
Various COD loadings and required removals can be plugged in to optimize 
the sizing and performance of the RBC unit in the overall process train. 
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Biological Treatment of Distilled PFM Waste 

In Phases I and II it was clearly demonstrated that both RBC Units 
were able to remove 50-60 percent of the COD from diluted PFM waste with 
COD loadings of 16-20 lb/1000 ft2/day. In Phase III(b) the impact of a 
distillation pretreatment step on the biodegradability of PFM waste was 
investigated. Here, RBC Unit B received solar distillate from raw PFM 
waste which had an undiluted COD of 123,000 mg/l but contained a much 
higher percentage of COD attributable to methanol than the raw PFM waste 
(Table II). 

During biological treatment of the solar distillate COD removals 
in RBC Unit B were 63 percent at influent COD levels that were almost 
the same as in Phase I and only slightly lower (17 percent) than in 
Phase II. The higher percent COD removal in Phase III (63 percent) 
compared to Phases I and II (54 percent and 44 percent) indicate that 
the distilled PFM waste was somewhat easier to treat. Also a plot of COD 
removal versus influent COD loading in Figure 6 seems to indicate that 
absolute removal rates in Phase III were higher than in Phases I and II. 
Phenol removal in RCB Unit B was also higher in Phase III than in Phases 
I and II by an amount that would largely account for the higher COD 
removal. This result suggests that distillation may remove some poorly 
oxidizeable phenolic compounds with the more biodegradeable phenolics 
being more distillable. Thus, distillation of raw PFM waste besides 
reducing COD loading by up to 90 percent [if the pH is adjusted to 10.5 
(Table II)] may also provide a distillate slightly more amenable to 
biological treatment. 

Formaldehyde and Methanol Removal 

Problems were encountered especially prior to Phase II with the 
analytical methods for formaldehyde and methanol. The colorimetric 
method of Jephcott was unsatisfactory and non-reproducible in our lab, 
even with standard solutions, so that a gas chromatographic method had 
to be adopted in the study. Data for formaldehyde and methanol are 
presented in Table IV together with the COD and phenol data for both 
pilot plants and all phases of operation. 

Based on only 2 measurements, formaldehyde removal by RBC Unit A 
in Phase I was 83 percent; in Phases II and III formaldehyde removal 
decreased to 50 percent for both Units A and B. The only supportable 
conclusion that can be made is that formaldehyde removals of 50 percent 
were obtained independent of influent formaldehyde concentrations bet
ween 72 and 323 mg/l. This percentage removal rate is lower than some 
data reported in the literature for activated sludge. It is speculated 
that some removals of PFM in activated sludge are probably due to 
stripping by aeration. 

In general, methanol removals in Phase I were 60 percent and about 
40 percent in Phases II and III. 
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Pond Performance 

Table IV presents COD and PFM results for Recycle Ponds A and B, 
and overall removals for the RBC units and the recycle ponds together. 
The pond data should not be considered representative of full-scale 
facultative pond performance because the pools were shallow and had a 
low hydraulic residence time. In particular during the heavy loading of 
RBC Unit A during Phase II, the Recycle Pond A was highly overloaded so 
that in Phase I only pond effluent was recycled to RBC Unit A. RBC Unit 
B was not so heavily loaded as RBC Unit A so that the performance of 
Recycle Pond B did not change markedly during the pilot program. The 
pond recycle retention times were 20 days so that changes in pond per
formance between various phases of operation were difficult to distin
guish. On the average, it can be said that these shallow pools removed 
approximately 45 percent of the influent COD (largely through settling 
since very little algae grew during the winter months of operation) to 
produce an overall pilot plant removal of 70-75 percent. Pond phenol 
removalyle Pond A was 60-70 percent and 30-70 percent in Recycle Pond B 
to produce an overall plant phenol removal of 80-90 percent in Pilot 
Plant A and 70-90 percent in Pilot Plant B. 

Formaldehyde removals in the Recycle Ponds varied substantially 
about an average removal of approximately 60 percent. Overall pilot 
plant removal for formaldehyde was generally greater than 80 percent. No 
methanol data was available for the Recycle Ponds in Phase I but in 
Phases II and III the Recycle Ponds averaged 40 percent methanol removal 
to produce an overall pilot plant methanol removal of greater than 60 
percent. 

Degradation of PFM Waste in RBC 

Effluent COD values reported for both RBC units are for filtered 
samples in order to trace the removal of soluble COD. Unfiltered ef
fluent COD values were also obtained throughout the pilot study to 
evaluate the relative percentage of influent COD biologically oxidized 
and converted to organic material. The unfiltered COD results for both 
RBC units showed that at average influent COD levels of 1500 mg/l, 32 
percent of the influent COD was oxidized and 22 percent was converted to 
suspended COD (Table V). The suspended COD in the RBC effluent will then 
settle in the facultative pond and be anaerobically digested while the 
soluble COD will need to be treated aerobically in the pond. The pond 
soluble COD will be treated further by recycle of the pond effluent 
through the RBC. 
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TABLE V 

SOLUABLE COD REMOVAL AND CONVERSION TO BIOMASS 

minimum maximum average 

Influent COD, unfiltered (mg/l) 1030 1566 1445 

Effluent COD, unfiltered (mg/l) 375 1906 982 

Effluent COD, filtered (mg/l) 345 1818 715 

COD removal (%) 1 76 32 

COD conversion to biomass (%) 1 66 22 

Air Quality 

Considerations of State of California Air Resources Board and OSHA 
regulations made the emission of phenol and formaldehyde into the atmo
sphere from the RBC units a major concern. Air in the enclosed main 
contactor section of the RBC units was sampled for both phenol and 
formaldehyde utilizing a micro-impinger, when influent COD concentra
tions were at 1500 mg/l. No formaldehyde was detected in 1 m3 of 
sampled air; phenol levels were 0.013 mg/m3 of sampled air. By com
parison, the TLV (Threshold Limit Value) for phenol established by 
OSHA is 10 (19 mg/m3) and the NIOSH recommended limit for phenol is 
20 mg/m3. 

RBC Performance 

The RBC part of the pilot plant performed well overall removing 60 
percent of the phenol and COD at moderate loadings i.e., influent phenol 
levels of 300-400 mg/l and COD levels of 1200-1500 mg/l. The RBC's 
demonstrated excellent treatment stability and showed no toxic effects 
even at very high influent phenol levels (over 1000 mg/l). By comparison 
to the literature values shown in Table I, however, the pilot plant RBC 
units did not achieve consistently the 85-95 percent phenol removals 
reported. It is possible that RBC's are not as efficient at treating PFM 
wastes as activated sludge or trickling filters; but, it should be noted 
that the aeration process in activated sludge and the cascading of 
sewage in the trickling filter dosing process certainly strips volatile 
organics from the water adding to the overall removal efficiencies. No 
data were found to indicate the level of phenol or formaldehyde in the 
air over activated sludge or trickling filter units treating high 
levels of these wastes and thus no relative weight can be given to the 
contribution of this process in the overall efficiency of treating PFM 

754 



waste. In this study in an enclosed RBC unit no formaldehyde and less 
than O.l mg/m3 of phenol could be detected in the enclosure, indicating 
that very little stripping of these organics occurred in the enclosed 
RBC pilot system. 

The temperature of the pilot system also probably played a signi
ficant role in that optimum pilot plant performance can not be expected 
when the temperature is only 13 or 14°C. If the operation of the pilot 
plant had been continued through warmer temperatures biological activity 
would have increased and removal efficiences would no doubt have improved 
somewhat, perhaps to 80 percent but probably not higher unless loading 
rates were reduced significantly from the average values used. Despite 
the apparent inefficiencies of RBC's in treating PFM waste compared to 
activated sludge or trickling filters, it is likely that RBC's are 
actually equally efficient if all conditions were equal and air stripping 
of organics was included in an overall mass balance. This could only be 
proven though by comparing parallel pilot systems. 

SUMMARY AND CONCLUSIONS 

Economical and environmentally acceptable disposal of high strength 
phenol-formaldehyde waste (PFM waste) from resin manufacturing is a 
major problem. Phenol is on the EPA list of priority pollutants and 
local sewer use ordinances are generally stringent with respect to 
phenol, usually allowing less than 1 mg/l. With the phenol level at 
60,000 mg/l in PFM waste, conventional biological treatment systems even 
designed for 99 percent removals can not achieve 1 mg/l effluents. Thus a 
no discharge approach was selected as the most appropriate solution. 
Currently PFM waste is disposed of by incineration and, while this 
method results in zero-discharge, its economic attractiveness decreases 
with the increasing cost of energy. 

The selection of an alternative zero discharge treatment process 
was largely influenced by the local climate, availability of land, and 
the volume of waste to be treated - less than 10,000 gpd. The biological 
system selected consisted of a rotating biological contactor (RBC) 
followed by an evaporative facultative ponding system. A solar dis
tillation unit was also evaluated as a pretreatment step for the PFM 
waste. The pilot program demonstrated that a strong phenol-formaldehyde
methanol waste from resin manufacturing or its solar distillate could be 
treated by a combination of rotating biological contactor and recycle 
ponding system. 

The pilot system as a whole and the rotating biological contactors 
in particular performed well but less efficiently that expected when 
compared to literature values for activated sludge and trickling filters. 
However, the pilot program was carried out during winter conditions and 
the resulting low temperatures in the small pilot system undoubtedly 
reduced bacterial activity and thus prevented optimum removal rates from 
being attained. Furthermore, the extent to which air stripping contri
buted to the literature removal efficiencies quoted is not known. The 
RBC's did operate effectively throughout the study period under varying 
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climatic and loading conditions and exhibited excellent stability in 
withstanding periodic shock loadings. Percentage and absolute COD 
removal rates for the RBC's were found to be a function of the influent 
COD loading and this data provided sufficient information to allow the 
sizing of full-scale rotating biological contactors for the treatment of 
the PFM waste involved. 

The choice of treatment system and the relative sizing of the 
components would depend mainly upon the relative availability of land 
area, capital, solar insolation and process waste heat. The solar dis
tillation of the PFM waste has the advantage of producing a distillate 
that is 15-20 percent more biodegradable and of reducing the COD loading 
from 40-90 percent depending upon the level of pH adjustment of the raw 
PFM waste. These benifits of solar distillation must be traded-off 
against the capital and operating costs of the solar still, as well as 
the decrease in sizing of the RBC and ponding system. Still size and 
hence cost is dependent most strongly upon solar insolation values and 
upon the amount of of process waste heat that could be made available 
to supplement solar energy. 

The relative sizing of the RBC/pond system depends upon the land 
available for ponding and the waste stream volume if evaporative and zero
discharge are treatment goals. The overall sizing of these units depends 
on whether or not solar distillation is used and to what extent pH ad
justment is made during solar distillation. After detailed cost-benifit 
analysis comparing all of the above variables in a capital and operating 
cost matrix and with the goal of an evaporative-zero discharge system, 
it was determined that the least cost system for capital as well as 
0 & M was a 1.1 acre still, operated at pH 9, followed by 2 RBC units 
with 100,000 ft2 of contactor surface each, and four 1-acre ponds. Two 
of these ponds would be deep facultative primary ponds, one would be 
a second pond and one just for evaporative and blowdown. 
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ENERGY RECOVERY FROM ANAEROBIC ROTATING BIOLOGICAL CONTACTOR 
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The continuing development of ever more stringent industrial effluent 
discharge standards coupled with rapidly escalating energy costs encourage 
the development of new approaches for the treatment of high strength carbon
aceous wastewaters. Aerobic treatment designs for high strength wastewaters 
are usually constrained by energy intensive mixing, oxygen transfer or sludge 
handling processes. Previous experimental work with overloaded conventional 
rotating biological contactors (1, 2, 3) led to the concept of the anaerobic 
rotating biological contactor (AnRBC) for the low cost treatment of high 
strength wastewaters. Based on the bench scale pilot plant data presented 
below, it appears that the AnRBC process can attain high quality effluents 
with relatively low energy inputs and can even result in net energy yield 
under appropriate loading conditions. 

AnRBC CONCEPT 

Conceptually the AnRBC is similar to conventional aerobic rotating bio
logical contactors in that microorganisms become attached to and grow on ro
tating discs that are partially submerged in the wastewater as shown schemat
ically in Figure 1. Groups of discs, separated into sequential compartments 
called stages, are partially immersed in the wastewater and rotated continuous
ly both to provide mixing within each stage and to facilitate product gas 
transfer to the anoxic atmosphere maintained above the water surface. Adjacent 
stages are separated by baffles to minimize short-circt1iting. The flow is 
passed from stage to stage through holes in the baffles below the waterline. 

However, unlike conventional RBC units, the AnRBC is enclosed in an 
airtight housing with an anoxic atmosphere maintained above the liquid. Also, 
the depth of disc submergence is substantially greater than in conventional 
aerobic units. Microorganism attachment to the rotating surfaces provides 
long mean cell retention times in the reactor, which in turn encouraqes the 
development of the slow growing methanogenic bacteria responsible for the con-
version of low molecular weight compounds to methane. Sloughed excess bio
mass is carried from stage to stage through openings in the baffles and 
leaves the reactor in the effluent. Conceptually, the AnRBC process couples 
the advantages of the short hydraulic detention times typical for the fixed 
film horizontal flow RBC process with the high strength, carbonaceous degra
dation capabilities of anaerobic systems. 

AnRBC PILOT PLANT AND EXPERIMENTS 

The primary purpose of this study was to ascertain the conditions whereby 
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anaerobic non-methanogenic and methanogenic microorganisms could successfully 
be grown on rotating disc surfaces. Secondary purposes included (a) the de
velopment of the models for predicting the removal of soluble organic substrat~ 
as a function of both wastewater organic strength and feed flow rate, and (b) 
the preliminary evaluation of process net energy requirements or yields. 

To accomplish these goals, two identical four-stage reactors were con
structed from plexiglass as shown in Figure 1. The inside diameter and disc 
diameters were 13.97 cm {5.50 in.) & 12.70 an (5.00 in.),respectively. The 
1.270 cm (0.500 in.) horizontal shaft was supported by external end bearings 
and was rotated by attachment through a pulley and belt arrangement with a 
variable speed drive motor. Successive stages were separated by fixed baffle 
plates with three 1.91 cm holes below the waterline for the passage of solids 
and the wastewater carrier stream from stage to stage. Ten 0.318 cm thick 
discs were contained in each stage, providing a total reactor disc surface 
area of 1.013 m2 (10.908 ft. 2 ). The first stage of each reactor was preceded 
by a small mixing chamber that contained a flat bladed impeller to distri
bute the influent feed evenly through the numerous holes in the baffle ~ 
separating the mixing chamber and the first stage. The water level in the 
reactor was controlled by a dynamic head tube resembling a vented inverted 
siphon on the effluent line. Valved liquid sampling ports permitted grab 
sampling from each stage as well as from the effluent. Gas collected in 
each stage was vented through a common manifold to a wet test gas meter. 

The AnRBC pilot plants were operated with about 70 percent of the disc 
area submerged for the studies reported herein. The reactor liquid volume 
for these conditions was about 5.27 liters. Both reactor systems were housed 
in a controlled temperature room with the internal reactor temperatures main
tained at 35 + 0.5°C. 

Experimental Parameters 

The feed stock used for these experiments is similar to that used in 
earlier loading studies with aerobic RBC pilot plants (1, 2, 3). The syn
thetic wastewater contained dissolved sucrose as the sole organic carbon 
source and was mixed with the soluble inorganic constituents shown in Table 1. 
Anmonium salts served as the sole nitrogen source for these experiments to 
avoid denitrification conditions. These soluble wastewater constituents are 
biochemically similar to those that might be expected to result from food, 
bottling and some organic chemical processing industries. 

Soluble organic carbon was measured with a Dohrman DC50 Organic Carbon 
Analyzer on samples that had been filtered through a 0.45 micrometer Milli
port HA filter. Total alkalinity at a pH end-point of 3.7 was determined 
as suggested in Standard Methods (4). Volatile acid akalinity (VAA) was 
measured by the procedure developed by Dilallo and Albertson (5). Because 
the analytical results of this test are not exact, the volatile acid alkalin
ity results reported below should only be interpreted qualitatively. Since 
influent organic substrates were entirely soluble, effluent solids (measured 
as total residue, volatile residue, total ~onfilterable residue, and volatile 
nonfilterable residue as suggested in Standard Methods) (4) represent either 
solids grown and sloughed in the reactor or solids precipitated in the reactor. 
Product gas generation rates were measured with a wet test gas meter and gas 
composition was detennined with a gas chromatograph. 

A total of eight experiments with variable loading conditions was con
ducted and they can be considered portions of a single factorial experiment 
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as indicated in Table 2. Loading conditions for each steady state experiment 
are multiples of the influent flow rate (H) and the influent TOC concentration 
(F) used in Experiment 1. Thus, the 3F-2H loading notation shown in Table 2 
for Experiment 8 indicates that the influent feed concentration (Ci) was about 
three times stronger than that used in Experiment 1 and the flow rate 
(Q) was twice as large. 

Operations 

Prior to start-up, tracer study experiments indicated that these four
stage reactors can be described hydraulically as four complete-mix reactors 
in series. The initial start-up procedures have been described elsewhere (6). 
The reactors were operated for a given loading condition until effluent 
soluble TOC concentrations and gas production rates varied by less than +5% 
for three successive days. Operation for a minimum of three weeks following 
a step change in loading was required to achieve these quasi-steady state 
operating conditions. Intensive sampling over the next day was used to obtain 
the data reported below. Continuous operation was extended for 218 days 
until an 0-ring failed and reactor fluids began leaking from a bearing. 
Experimentation was discontinued at this time and both reactors were dismantled 
for inspection. Microbial solids were observed to coat all disc surfaces and 
decreased in thickness from the first through the fourth stages, with only a 
thin attached film layer present on the fourth stage discs. 

RESULTS 

Figures 2, 3, and 4 display the general data patterns seen as a result of 
these experiments. The influent volatile acid alkalinity (VAA) was nearly 
negligible relative to the values observed in the reactors for all feeding 
conditions. Even though stage data points have been connected with straight 
lines, it should be remembered that each stage is acting as a complete-mix 
reactor and that there are hydraulic and reaction discontinuities between 
adjacent stages. 

Figure 2 illustrates that the VAA generated in the first stage was ac
companied by simultaneous minor depressions of pH and carbonate alkalinity. 
About 80% of the TOC removal occurred inthe first stage. Both TOC and VAA 
were further reduced in succeeding stages while the pH and alkalinity increased 
in the downstream direction. Note that the fourth stage did not contribute to 
TOC removal for this loading condition and apparently the hydraulic residence 
time in the reactor could have been reduced from 17.5 to about 13 hours with 
no loss in soluble TOC removal performance. 

The results from Experiment 6, shown in Figure 3, are similar even though 
the organic loading rate has been increased by a factor of four and the reactor 
hydraulic detention time reduced to one-half that of Experiment 1 conditions. 
For this loading situation, the first stage removed about one-half the influent 
TOC. However, volatile acid production was more significant in the first 
stage. Note also that the fourth stage TOC and VAA concentrations were sig
nificantly higher, and that the overall soluble TOC removal was reduced from 
the 96% found in Experiment l to about 79% in Experiment 6. It is probable 
that additional stages would have resulted in more complete TOC removal. 

Figure 4 illustrates the eff9cts of a high loading rate and short hydraulic 
detention time on system performance. The organic loading rate in Experiment 
4 was increased by a factor of about 8.5 compared to Experiment l, with the 

761 



detention time being reduced to one-eighth that of the original conditions. 
The sharp drop in pH and alkalinity along with the high production of VAA 
suggests that acid fermentation occurred at a rate that overwhelmed the 
slower-growing methanogenic bacteria in the system. Only 46% of the soluble 
TOC was removed under these loading conditions. The increase in VAA in the 
fourth stage may suggest that the fermentation process was inhibited by high 
concentrations of soluble substrate in the first three stages. 

When the data from these experiments are arrayed as shown in Figures 5 
and 6, the effects of influent feed concentration (C.) and flow rate (Q) on 
performance can be observed. Figure 5 shows that increasing the flow rate 
(reducing the hydraulic detention time [8]) for constant Ci conditions results 
in higher TOC concentrations at most points within the reactor. Under rel
atively low mass loading conditions (Experiments 1 and 2), effluents contained 
relatively low volatile acid concentrations. At the higher mass loading rate 
(Experiments 3 and 4), the effluents contained relatively high volatile acid 
alkalinity concentrations and the product gas had a lower methane content. 
Thus, an increase in the influent flow rate has the apparent effect of moving 
methane fermentation downstream in the reactor. Alternately, these data sug
gest that there might be a critical reactor hydraulic detention time required 
to sustaineffective methane fermentation. Based on these data, it appears 
that this critical time period is between 4.4 and 8.8 hours. Of special 
interest is the fact that the first stage substrate removal rates shown in 
Figures 5 and 6 are substantially higher than those reported for conventional 
aerobic RBC systems. 

The data shown in Figure 6 can be used to compare TOC removal as a func
tion of influent substrate concentration for constant flow rate conditions. 
As expected, the system requires more stages (area) to achieve a specific 
residual organic effluent concentration with increasing c1 values. Again, 
the first stage organic removal rates are substantially higher than those 
reported for conventional RBC treatment. 

Mass loading and removal data are shown in Figure 7. Up to a loading of 
about 22 g TOC per day (21 .7 g TOC per m2 -day), soluble TOC removal appears 
to be independent of either influent concentration or flow rate and averages 
95+ percent removal. Although a smooth curve could have been passed through 
all the data points, a sharp discontinuity in soluble TOC removal exists near 
this limiting mass loading and it is evident that both additional increments 
of TOC removal and the overall percent removal are highly dependent on mass 
loading conditions. 

Due to the small flow rates, gas production was difficult to monitor 
with the available equipment. However, as shown by the dashed line in Figure 8, 
a good linear correlation exists between soluble TOC removed and total gas pro
duction. When data from Experiments 4 and 8 are omitted because high VAA 
effluent concentrations indicate incomplete reactions, an even better corre
lation exists (solid line). Hence, total gas production can be conservatively 
estimated as 1.76 m3 /kg TOC removed. Methane and carbon dioxide were present 
in about even quantities for Experiments 1, 2, 5 and 7. The carbon dioxide 
content increased from 54% in Experiments 3 and 6, to about 60% in Experiments 
4 and 8. These, along with the VAA, pH, and TOC data, provide evidence that 
methanogenic activity was unable to proceed to completion under the higher 
loading conditions. 

Effluent solids production is a critical consideration in the design of 
biological treatment systems. As expected, gross solids production was depen
dent on the mass of TOC removed as shown in Figure 9, with more net solids 
being generated for the higher loading conditions. The observed yield (Yobs)' 
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defined as the mass of solids generated per mass of soluble TOC removed, appears 
to be related to the logarithm of the loading factor (eci) as shown by the 
solid line in Figure 10. Nearly as good a correlation and probably a more 
meaningful relationship was found when Yobs was compared to the logarithm of 
e~c as shown by the dashed line in Figure 10. It seems rational to 
expect lower observed cell yields under conditions of long detention times 
and more complete carbon conversion to stable end-products. 

PREDICTIVE MODELS 

When stage TOC data from the eight experiments are displayed on a semi
logarithmic plot as shown in Figure 11, apparent pseudo-first order relation
ships between soluble TOC remaining and time are observed with slopes and 
intercepts dependent on c .. For a given influent substrate concentration C., 
TOC remaining can be appr6ximated by 1 

ln C = ln Ci - KfT' (1) 

where C is the soluble TOC (mg/l), Kf is the pseudo-first order rate constant 
(hr 1

), and Tis the hydraulic residence time (hr). When the slopes from the 
three lines are compared with Ci' a strong correlation between the pseudo-first 
order rate constant (Kf) and Ci is observed (Figure 12). Both linear and loga
rithmic relationships provide good predictions for Kf over the range of Ci 
data evaluated. Using the empirically determined linear relationship 

Kf = 0.3744 - 7.96 x 10- 5 Ci (2) 

for simplicity with Equation 1 yields 

ln c = ln Ci - (0.3744 - 7.96 x l0 5 Ci)T. (3) 

As shown in Figure 13, Equation 3 provides reasonably good predictions for C 
when compared against the measured data. The data scatter is suprisingly small 
when~~considers that a simple pseudo-first order expression is being used to 
descr1oe the results of a complex series of anaerobic reactions that were only 
partially complete for some of the loading conditions employed in these 
studies. 

Of course, the empirically determined constants indicated in Equations 2 
and 3 are only valid for the experimental parameters employed in this study. 
One would expect these constants to change as a function of substrate type, disc 
diameter, rotational speed, imnersion depth, etc. Additional studies will be 
required to develop these relationships. However, a pseudo-first order ap
proximation of the form indicated in Equation 3 may prove useful for some 
design situations. 

A more useful model for applying the AnRBC concept to design situations 
is based on an empirical model originally developed by Schroeder (3) that 
considered mass flux concepts for the removal of organic material on the face 
of an RBC disc. Friedman, Woods, and Wilkey (2) and later Friedman, Robbins, 
and Woods (3) applied Schroeder's model to aerobic RBC systems by considering 
each RBC stage as a completely mixed reactor. They proposed the mass of organic 
material removed per stage could be described by 
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where: 

K c. 2 
l (4) 

Mn = mass or organics removed per stage per unit time, mass/time 
K = a removal rate constant, volume/mass-time per stage 
Ci = substrate concentration entering the stage, mass/volume 
k' = a constant. 

If in the first stage Ci>>k 1
, then Equation 4 can be closely approximated by 

(5) 

A K value was calculated for each set of loading conditions by using Equation 
5 and first stage data for each of the eight experiments (Table 3). Using 
these K values, k1 was calculated with Equation 4 for each experiment using 
the last stage data for which significant TOC removal occurred. This results in the 
average k1 value of 0.0426 g/1. Despite significant scatter for individual 
k' values, this average value for k1 was used for the succeeding calculations 
since k1 has little effect in the early stages where most soluble TOC removal 
occurs. 

Under identical mass loading conditions, first stage mass removal rates 
vary significantly as seen by comparing M and K values for Experiments 2 and 5 
as well as Experiments 4 and 6 in Table 3.n The observed differences are 
dependent on both the stage hydraulic detention t.ime (es) and the influent 
organic concentration Ci. The natural logarithm of the product of these two 
parameters, ln(esci)' has been termed the "loading factor" and appears to 
be related to K as shown in Figure 14. A straight line provides a reasonably 
good fit of these data considering that pH and VAA values varied significantly 
for each first stage loading condition. Again, future studies will probably 
show K to be a function of disc diameter, rotational speed, substrate type, 
and other operating parameters as well as the loading factor. However, since 
a reasonable relationship does appear to exist between Kand ln(e C.), 
trade-offs between hydraulic detention time (flow), influent conc~ntration, 
and desired effluent concentration can be predicted with the use of an empir
ically determined relationship such as that shown in Figure 14. 

In order to verify this empirical model, the measured soluble TOC data 
from the eight experiments were compared to calculated model values for each 
set of loading conditions. The linear relationship shown in Figure 14 was 
used to predict the K value for each set of loading conditions. Equation 4 
was next used with the resulting K value and k1 average to predict the mass 
removal for each stage. The Ci for the following stage was back calculated 
from the mass remaining in the previous stage. This iterative process was 
used to calculate the results shown in Figures 14, 15, and 16. The experimental 
and predicted values agree closely for the loading conditions investigated. 

ENERGY CONSIDERATIONS AND PROCESS SCALE-UP 

Estimating anticipated prototype performance :based on bench scale data 
obtained under ideal laboratory conditions is subject to numerous errors and 
unforeseen problems. However, the following two examples will describe the 
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net energy requirements and yield that may be obtained with the AnRBC designed 
to meet specific effluent requirements. It is assumed that conventional twelve 
foot diameter plastic discs will be used for the prototype installation. Based 
on torque measurements made with clean, full size discs with an additional 45 
percent allowance for the mass of microorganisms adhering to the discs as well 
as motor and gear box losses, it is assumed that 4 HP will be more than suffic
ient to rotate a shaft carrying 9300 m2 (100,000 ft 2

) of media. As will be 
seen later, net energy requirements are relatively insensitive to motor horse
power requirements. The following analysis also ignores external pumping 
requirements, product gas compressor requirements and heat losses from the 
reactor. This latter loss is assumed to be offset by a heat exchanger oper
ating between the AnRBC effluent and the influent streams. Because the direct 
scale-up of bench scale aerobic RBC data has been previously shown to lead to 
poor prototype design 3 , the effective area used in three examples has been 
reduced by 25 percent from 9300 m2 to 6975 m2 per shaft. 

Example 1 - High Quality Effluent Required (95 percent Removal) 

Using the critical loading of 21.7 g/m 2 /day from Figure 7 as a basis 
for design, the mass of TOC that will be removed per day can conservatively 
be estimated as 

21 .7 g/m 2/d x 9300 m2 x 0.75 x 0.95 = 143,800 g TOC day. 

Using the gas production rate indicated by Figure 8 and a value of 50 percent 
methane in the product gas yields 

VCH /day= 143.8 Kg TOC/day x 1.76 m3/Kg TOC x 0.5 = 126.5 m3 /day CH4. 
4 

Therefore, the potential energy, Ep, available from this methane is 

Ep = 126.5 m3 /day x 35,800 KJ/m 3 = 4.529 x 10 6 KJ/day. 

Assuming that 7 9 percent of the methane energy content can be converted to 
useful heat, the net available energy becomes 3.57 x 10 6 KJ/day/reactor. 

Energy input to the reactor will be required to turn both the discs and 
to heat the wastewater to a temperature of 35°C. The 4 HP will require an 
input of about 258,000 KJ/day, far below the energy eq~ivalent of the methane 
proauced by the reactor. However, the energy required to heat the influent 
wastewater to a reactor operating temperature of 35°C is dependent on both the 
influent temperature and the concentration of biodegradeable TOC. For this 
design example, the product of the flow rate and influent TOC concentration is 

21.7 g/m2 /day x 9300 m2 x 0.75 =151,358 g/day. 

Thus, an influent concentration of 2000 mg/l yields a flow rate of 75,679 l/day. 
The minimum energy (~) required to heat this flow for a 20° temperature increase 
is 

0 6 ·/ Q = 75,679 Kg/day x 4200 J/Kg-°C x 20 c = 6 .. 357 x 10 KJ,day 

Figure 18 demonstrates the interactions between influent substrate con
~entration, required temperature change and net energy requirements. The 
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solid portions of the curves represent the region where experimental evidence 
is available. The dashed portions of these curves represent projections for 
a well buffered wastewater. The vertical difference between any point on a 
curve and the 3.6 x 106 KJ/day line represents the net energy yield or input 
requirement for the reactor. The breakover points for energy equivalence for 
5°, 10° and 20°C heating requirements appear to be around 800, 1700 and 3000 
mg/l TOC, respectively. The region below the horizontal line and above the 
appropriate heating curve represents the potential energy recovery available 
from high strength wastewater treatment with the AnRBC process. 

Example 2 - Lower Effluent Quality Required (68% Removal) 

This example illustrates an AnRBC energy balance for conditions when a 
lower effluent quality is acceptable. Based on the data obtained from Experi
ment 6 (shown in Figures 7 and 8) and a 45 percent methane content in the 
product gas, it can be shown that a loading of 33.4 g TOC/m2 /day will yield 
about 123.8 m3/day of methane with the same areal safety factor used in the 
previous example. Using the same procedure for estimating energy availability 
as in the previous example, gives a useable energy yield from product methane 
of about 3.32 x 106 KJ/day/reactor. Again, it is conservatively estimated that 
4 HP of electrical energy will be required to rotate the shaft. Figure 19 
illustrates substrate concentration and heating requirement effects on total 
energy requirements. This family of curves has been shifted to the right 
relative to those shown in Figure 18 due to the larger volumes of water that 
must be heated. 

CONCLUSIONS 

Based on the data and discussion presented above, it can be concluded 
that 

1. The AnRBC treatment is both feasible and practical for high strength 
wastewaters. 

2. Microorganisms, including the difficult to culture methanogenic bac
teria, will readily adhere to and grow on rotating surfaces. 

3. Because reaction phases or components can be separated by feed strength 
and flow rate adjustments, AnRBC pilot plant studies should prove 
useful for describing the complex interactions and removal kinetics 
for anaerobic systems. Similarly, AnRBC pilot plants should prove 
advantageous for the study of presumed toxicants on anaerobic proc
esses. 

4. The AnRBC process appears to be ideal for the pre-treatment of high 
strength wastewaters with energy recovery potentially available as a 
result of the production and utilization of methane in the product 
gas~ 
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CONSTITUENT 

Cl 1 H2201 l 

MgS04 . 7 H20 

KCl 

MgCL2 6 H20 

CaC1 2 · 6 H20 

CoC1 2 . 6 H20 

FeC1 2 4 H20 

( NH4 ) Cl 2 

{NH4) 2HP04 
NaHC0 3 

BOD5 
TOC = 1.72, 

TABLE I 

AnRBC FEED* 

COD 
TOC = 2.79, 

CONCENTRATION 

Variable 

60.0 mg/l 

120.0 mg/l 

300.0 mg/l 

100.0 mg/l 

14.2 mg/l 

90.0 mg/l 

** 

** 

*** 

COD 
BOD5 

= 1.62 

* 
** 

Tap water was used to provide trace nutrients. 

*** 

Amount added depended on influent carbon concentration. 
The N and P concentrations were maintained in excess of 
a C:N:P ratio of 150:15:1. 
3000 mg/l for Experiments 1-4, 6000 mg/l for Experiments 5-8. 
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TABLE 2 

AnRBC LOADING CONDITIONS, 12 RPM 

Unit Hydraulic Stage Hydraulic 
Flow Rate Detention Time Detention Time Influent TOC Concentration, mg/l 
(Q), l/hr (<3), hr (0 ), hr s J n7."i 2320 3050 

0.30 17.50 4.38 lF-lH (1) 2F-1H (5) 3F-1H (7) 

0.60 8.75 2.19 1F-2H (2) 2F-2H (6) 3F-2H (8) 

1.20 4.39 1.09 1F-4H (3) 

2.40 2.19 0.55 1F-8H (4) 

Experiment number indicated in parentheses. 

768 



TABLE 3 

CALCULATED FIRST STAGE K VALUES 

Mn* Ci* K LN 

Experiment No. g/day ill l/g-day (EJCi)* 

1 6.18 1.05 5.89 8.43 

2 10.2 1. 05 9.67 7.74 

3 8.35 1.10 7.58 7.10 

4 14.1 1.10 12.8 6.40 

5 12.2 2.32 5.25 9.23 

6 15.7 2.32 6.75 3.53 

7 7.98 3.05 2.62 9.50 

8 9.75 3.05 3.20 8.81 

*Measured or the product of measured parameters. 
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