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PREFACE 

These proceedings for the "Symposium on Iron and Steel Pollution Abate
ment Technology for 1980" constitute the final report submitted to the 
Industrial Environmental Research Laboratory, U.S. Environmental Protec
tion Agency (!ERL-EPA}, Research Triangle Park, NC. The symposium 
was conducted at the Benjamin Franklin Hotel in Philadelphia, PA, Novem
ber 18-20, 1980. 

This symposium was convened to provide participants an opportunity to 
exchange information on technology problems related to air, water, and solid 
waste pollution control in the iron and steel industry. The program 
included a Keynote Address, presentations on the environmental aspects of 
a proposed formcoke demonstration plant, and the future. of steel technol
ogy and the environment. Sessions were conducted on air pollution abate
ment, covering coke plant emission control, fugitive emission control, inno
vative air pollution technology, iron and steelmaking emission control, and 
inhalable particulates; water pollution abatement, covering recycle/reuse of 
water, coke plant wastewater treatment and coke plant wastewater new 
developments; and a session on solid waste pollution abatement. 

Mr. Robert V. Hendriks, Chemical Engineer, Chemical Processes Branch, 
Industrial Environmental Research Laboratory, U.S. Environmental Protec
tion Agency, Research Triangle Park, NC, was Project Officer and General 
Chairman for the symposium. 

Mr. Franklin A. Ayer, Manager, Technology and Resource Management 
Department, Center for, Technology Applications, Research Triangle Insti
tute, Research Triangle Park, NC, was symposium coordinator and compiler 
of the proceedings. 
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OPENING SESSION 

Chairman: Robert V. Hendriks 
Industrial Environmental Research Laboratory 
U.S. Environmental Protection Agency 
Research Triangle Park, NC 
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STATEMENT OF SYMPOSIUM OBJECTIVES 

Robert V. Hendriks 
Industrial Environmental Research Laboratory 

Research Triangle Park, NC 

Being here in Philadelphia, I am reminded of one of this country's most 
remarkable citizens - Benjamin Franklin. If Franklin were alive, he would 
share many interests with those of us here today. In a sense, he was a 
composite of all of us in this room. He had a keen interest in science and 
technology and made many important scientific contributions in his day. He 
was an inventor, with several notable inventions to his credit. He was an 
author with papers on many subjects. He was a dedicated public servant. Yet 
the most remarkable thing about Franklin was his vision and courage and his 
desire to make life better for his fellow man. 

Franklin can well serve as a symbol for this Symposium as we, too, try to make 
life better through an improved environment. During the next few days we 
will focus our attention on technological solutions to environmental 
problems in the iron and steel industry. Air, water, and solid waste 
pollution control technology will be covered. You will hear about innovative 
technologies and ideas, improvements in design and operating procedures, and 
the results from the latest assessment programs. We have a number of 
excellent papers and excellent speakers representing a wide cross section of 
industry, government, and contractor viewpoints. This year, the symposium 
even takes on an international flavor with speakers from Canada and the 
Peoples Republic of China. But the papers not only convey information, but 
serve as a means of generating questions and discussion from you, the 
audience. 

In additon to this opening session, the Symposium is divided into three 
sessions - Air, Water, and Solid Waste. Each speaker will have 20 minutes for 
~is presentation. To encourage questions, we have grouped papers by similar 
topics to get several views of the same topic. After presentation of all the 
papers in the group, the speakers will sit on a panel to answer any questions 
that you might have concerning their papers or particular area of expertise. 

l see a number of familiar faces here today. Based on last year's attendance, 
almost one-fourth of us work for federal and state regulatory and enforcement 
agencies, one-fourth of us work for steel-producing companies, and. the 
remaining one-half of us represent contractors and other interests. 
Although we frequently sit on opposite sides of the table, we all have at 
least one similar goal - to improve environmental control in the steel 
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industry. I think our diversity is a,good thing. This is an open forum in 
which we encourage a variety of viewpoints. We in~ite you to· ask the tough 
questons and bring important issues to the forefront. 

I welcome you here on behalf of my colleagues in the Industrial Environmental 
Research Laboratory and hope you enjoy the symposium. 
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SMARTER REGULATION: GETTING BUSINESS TO FIND A BETTER WAY 

BY WILLIAM DRAYTON 

Rules, even the very best possible rules, are crude and wasteful. They 
can't do what the manager on the spot can: find the most efficient way of 
getting whatever the public wants done done. Worse, an unrelieved regime of 
rules takes away a manager's incentive to find solutions, let alone to innovate. 

No one can measure just how wasteful our rule-dominated approach to 
regulation is. We don't have a practical alternative in place with which to 
compare it. However, it's clear that the cost is enormous. 

In 1977 EPA stopped to ask if all the regulations it was writing one by 
one* made sense when applied to specific plants. At the first plant it found 
that the cost of removing one pound of dust from the emissions of different 
regulated processes ranged from less than 25¢ to over one hundred dollars. 
Subsequent studies--both of particular plants and of the comparative cost 
effectiveness of the Agency's many regulations--confirm that wide variations 
between the costs per pound removed are common. 

Obviously, we'd all be better off if we could control more 25¢, or even 
$1 pounds and forget about an equal number of the very expensive hundred 
dollar pounds. A DuPont study of fifty of its plants suggests that the company 
could cut its $106 million annual hydrocarbon pollution control bill over 
60 percent if it were allowed to make one simple change to the mix of its 
controls. 

However, under the traditional "command and control" regulatory regime 
neither the company or those charged with regulating it could make this sort 
of common sense trade. Every process must remove a specific percent of the 
pollution it would otherwise emit by a specific, legally binding deadline. A 
rule is a rule. 

*Like many other regulatory agencies EPA writes regulations fitted to the 
particular characteristics of specific production processes, e.g., paint spray 
booths, degreasing operations, printing presses, oil storage tanks. 
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EPA is changing that. Its air pollution rules are no longer chiseled in 
concrete. If a company can make a more sensible counterproposal, one that 
will save the company money and still get the environmental job done, EPA will 
happily accept. 

Instead of 11 command 11 (rule writing) and 11 control 11 (enforcement), EPA is 
moving to a quite fundamentally different "command, counterproposal, and 
control" approach. 

Here's how EPA's new counterproposal approach works. 
EPA begins this new approach much as it did before: it writes the best, 

most responsible rules it knows how. However, it then encourages business to 
trade reduction requirements, substituting more efficient, sometimes innovative 
coritrols for relatively expensive requirements, both within and across plant 
lines. To provide the necessary incentive EPA's policy leaves the savings to 
business. And the Agency is working to create new market structures to facili- · 
tate this trading. 

Offset Trading 

It is illegal to build a new facility in an area where the air is too 
filthy to meet basic health standards, if doing so will aggravate the area's 
air quality problem. To prevent an intolerable conflict between the need for 
local economic growth and modernization on the one hand and this statutory 
public health requirement on the other, EPA first adopted the idea that one 
source of pollution could meet its environmental obligation by getting another 
source to take additional control actions. 

The offset policy requires the new facility to control its emissions as 
tightly as possible and then to offset what it can't control with reductions 
of the same pollutants elsewhere in the community. Thus, for example: 

When the State of Pennsylvania successfully attracted Volkswagen to 
a Western Pennsylvania site, one element in its package of inducements 
was the provision of sufficient offsetting reductions of the pollutants 
that cause photochemical oxidants in the area to meet this requirement~ 
It provided these offsets itself in large part by shifting to water
based rather than petroleum-based asphalt in its road building and 
repair work in 16 nearby counties. The VW plant now needs additional 
offsets and it and the state are exploring several prospects at 
nearby steel facilities. 
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Similarly, the Chambers of Commerce in Shreveport, Louisiana, and 
Oklahoma City, Oklahoma, made room for n,ew GM plants in their com
munities by inducing local oil companies tto close marginal facili
ties and to reduce storage tank emissions. 

General Portland Cement paid Parker Brothers $520,000 to install 
dust collectors on its facility in New Braunfels, Texas, so that 
General Portland could add a new coal-fired preheater to its plant 
there without pushing the area over the health standard for partic
ulates. 

Even during our first two years' experience with this new tool, it has 
made a significant difference. Despite the barrier of novelty and the difficulty 
of knowing what possible, economically attractive control alternatives exist 
outside any one manager's sphere of control, business has completed 650 such 
offset trades during these start-up years. The banking reform outlined below 
will make trading much easier and no doubt increase its volume substantially. 

The Bubble 

The 11 bubble 11 allows managers to escape the narrow vision of existing 
process-by-process regulation and to look at their facilities as a whole. As 
they plan their counterproposal they can imagine that their facilities are 
covered by an enormous plastic bubble. As long as the bubble doesn't let more 
pollution escape than the sum of all the process regulations it covers would, 
the manager can go about controlling the several sources of pollution under 
the bubble as he thinks makes most sense. As long as air quality is protected, 
the bubble can stretch well beyond one plant's boundaries. It covers all 
existing processes. 

Although the bubble.policy was only announced nine months ago, industry 
has already proposed over seventy, quite varied bubble trades. For example: 

3M's Bristol, Pennsylvania, plant has proposed to bubble ten tape 
coating lines. It would save several million dollars by using 
water-based coatings and a new solventless "hot melt" process to 
reduce emissions more than EPA's standard requires on some lines and 
cut back controls on others. 

Weyerhauser proposes to save $5 million in capital costs, $200,000 
in annual operating costs, and up to 1 million barrels of oil a year 
at its Plymouth, North Carolina, plant by increasing its use of wood 
in an existing oil/wood waste boiler and shutting down several oil
only boilers. These trades would hold particulate emissions constant. 
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Andre Greenhouses proposes to switch from low sulfur oil to a mix of 
high sulfur oil and natural gas at three locations in Pennsylvania. 

As we gain more experience with this central innovation, as we work out 
its bugs and loosen some of its restrictions as we gain confidence, we can 
expect it to become more and more important. 

Banking 

In order to further facilitate controlled trading in emission reductions 
EPA is also assisting states in developing 11 Banking11 regulations. 11 Banking11 

will provide additional cost savings and incentives for innovation by allowing 
businesses to achieve extra control (more emission reduction than otherwise 
required) at the most cost-effective time and then using those reductions as 
credits toward emission reduction requirements at some later time. 

* * * * * * * * 
This new approach promises to be the most significant change in how this 

country regulates since the 1930 1 s. 

It returns to business the flexibility to figure out the best way of 
getting the job done. (It leaves the regulatory agency with the 
responsibility of checking to ensure performance.) 

It provides for the first time the same powerful, bottom line incen
tive for business to find new, more efficient methods of control 
that managers now have to cut production costs. "Command and control" 
provides no such incentive to innovate. A plant engineer that found 
a better way of controlling pollution in one area until now could· 
not benefit elsewhere. The much increased rate of control technology 
innovation this reform promises is its most important benefit. 
Without this incentive, the environmental movement is in very deep 
danger. The volume of pollution compounds every year as population 
and the economy compound. But there is never any more air, land, or 
water. Consequently, the cost of any given level of environmental 
safety increases each year. The only way to avoid this dangerous 
result is the increased rate of control technology innovation this 
new approach wou.ld incite. 

It should go a long way to improving industry's dismal failure to 
operate and maintain control equipment properly. Now the average 
"complying" source of air pollution emits more than 25 percent more 
pollution than it legally should, even netting out periods when it 
emits less. This problem, already critical, will get steadily worse 
as equipment ages unless we give plant managers and engineers new 
incentives. Now they commonly neither understand nor care much 

8 



about this equipment. However, once they design their own controls, 
they will have both the necessary understandinQ and a paternal 
professional psychic investment in making them work. 

It should soften the adversarial, overly lawyer-dominated relation
ship now common between managers and regulators by betting both 
sides to talk more about how to get a job done rather than only 
about whether or when it should be done. -----
It will save business a great deal of money. (With air and water 
pollution cleanup costs alone running at roughly $40 billion per 
year, even a small 10 percent savings would be worth $4 billion a 
year. The greater efficiencies I think likely and/or applying the 
reform to broader areas of regulation could of course multiply the 
savings.) 

The same counterproposal principle EPA is currently demonstrating in the air 
pollution area could be applied widely across government's other regulatory 
programs. 

Addendum 

Freeing the Bubble from Unnecessary Constraints 

Our first eight month's experience with the Bubble has convinced us we 
need to relax several unnecessary constraining rules. 

The Bubble policy asked persons who wanted to use the Bubble approach at 
their plants to estimate through "models" the impact of their emissions on air 
quality by methods more stringent than were used to set existing emission 
limits, a common practice when reviewing "variances." In some cases, the 
models showed micro-violations at one or more points, technical violations 
which prevented the bub~le even when the bubbl~ would reduce overall pollution. 

We are modifying our estimating procedures. The policy now says that 
between similar pollution sources we will ask only if total emissions from the 
bubble counterproposal are the same or less than from the existing regulation. 
If so, no models are needed. We will only model in cases where the proposed 
changes will increase emissions on. balance. 

The bubble policy said that to make the counterproposal federally enforce
able, each had to be treated as a revision to the applicable State regulation. 
Revisions are procedurally slow and require multi-layer government reviews. 
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Many businesses have claimed the prospect of such delay prevented them from 
designing a counterproposal. 

The State of New Jersey proposed in its regulations a generic provision 
allowing bubbles under specified conditions. On October 6, EPA accepted this 
New Jersey approach. EPA specifically announced that it would henceforth 
allow states to adopt generic review procedures for bubble applications, 
thereby making unnecessary a formal revision to state regulations for each 
bubble. 
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ENVIRONMUNTAL ASPrcrs OP Tilli PROPOSED 

INLAND STEEL FOJM;OKE DIMJNSTRATION PLANf 

Donald C. Lang, Director, Air and Water Control 

Michael O. Holowaty, Senior Advisor, Research 

Harold L. Taylor, Senior Advisor, Research 

Inland Steel Company 

East Oiicago, Indiana 

ABSTRACT 

A brief history of the development of fonncoking processes 
for metallurgical coke production is presented and blast furnace 
evaluations of fonncoke produced with the FM: fonncoking process 
are reviewed. The flow sheet for the Inland Steel Fonncoke 
DeJTX)nstration plant is presented and the emissions control 
equipment and environmental advantages of the fl.£ fonoc.oke 
process are discussed based on the results of recently completed 
engineering studies. 
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ENVIRONMENTAL ASPECfS OF THE PROPOSED 
INLAND STEEL FORK:OKE DIMJNSI'RATION PLANT 

REVIEW OF PORM::OKE PROCESSES 

111e concept of a fonncoke process was proposed by Dawson in 1856. 
At the present time, almost every steel producing cowitry has a project 
or an idea for fonncoking. The reason for the drive to drastically change 
or to completely replace the conventional by-product coking process lies in 
the fact that the fonncoke process is better suited for present conditions. 
The by-product coking process was satisfactory when the supply of coking coal 
was abundant, air pollution standards more lenient,and labor cheap. This is 
no longer the case. Environmental control is of paramount importance; the 
cost of labor and equipment have skyrocketed, and the supply of inexpensive 
coking grade coals is being exhausted. 

The first recorded conmercial production of partially devolatilized 
coal agglomerates in the United States took place in November, 1933, near 
the Chrunpion coal preparation plant of the Pittsburgh Coal Company located 
approximately 32 1an west of Pittsburgh. Eventually, two more production units 
were added in 1934 and 1936, and the average production for the three kiln unit 
was about 5900 Mg per week of low temperature coke known as Disco fuel. 

1he Disco plant operations were discontinued in 1946. 'Ibere was little 
activity in the fonncoking field until about 1951, when the Belgian Iniex 
process and the British National Coal Board process reached the experimental 
stage. 

General speaking, the fonncoking processes developed since 1951 fall into 
one of the following three categories: 

1. Hot briquetting - coal acting as the binder 

2. Hot balling - coal or coal tar pitch acting as the binder 
3. Cold briquetting of char - coal tar pitch acting as the binder 

Hot Briquettes - Ancit Process(!) 

The hot briquetting process was originally developed in Europe. The 
Iniex process, the B.B.F.-Lurgi process, the Australian Auscoke, and the 
Luxembourg .Ancit processes are typical for this approach to the coal agglomerate 
problem. The Ancit process is shown diagramatically in Figure 1. 

'Ib.e production of fonncoke by this process requires approximately 65% 
inert low volatile coal (anthracite) or char to be preheated to about 590°C. 
At this point, it is thoroughly mixed with a strongly coking coal so that the 
temperature of the blend increases to almost the temperature of incipient 
fluidity (400-430°C}. At this point, the blend is force fed between two 
briquetting rolls and the resulting briquette is green fonncoke. It can be 
completely coked and devolatilized by heating to about 870°C for 1 hour. 
Subsequently, it is cooled to 120°C and used.in the blast furnace. 
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Two fonncoke plants were built on the basis of the B.B.F. process -
a 270 Mg/d plant at Prosper in Gennany, and a 550 Mg/d plant at Scunthorpe, 
England. Both plants now are inactive because of process difficulties. 

Coke Pellet ·Process 

A second fonncoke process being developed in the United States is the 
Coke Pellet Process, or the Consol-BNR process. 'Tile tmique element of the 
process is the mixing of preheated coal, preheated char, and preheated pitch 
tmder controlled conditions in a rotating dnun to fonn a sized agglomerate 
(snowballing effect), which is later calcined at an elevated tempeTature to 
produce coke. 

Two of the more important objectives of the Coke Pellet Process are: 

1. Produce strong, sized blast funlace coke from a single coal 
or from coal that cannot be used as a 100 percent charge to 
.a conventional slot oven (due, for example, to tmfavorable 
swelling properties). 

2. Reduce pollution. 

Clean Coke Process(Z) 

The Clean Coke Process is a development of United States Steel Corporation 
and, since 1973, has been developed under a joint project with the Office of 
Coal Research (now a·part of the Department of Energy). The objective of this 
development is to pennit the use of high sulfur, nomnetallurgical, high ash 
coals for cokemaking while producing low sulfur liquid and gaseous fuels as 
by-products in an environmentally acceptable manner. Estimates made for the 
case of processing 1 Mg of high ash, high sulfur Illinois3coal indicate a 
yield of about 0.25 Mg coke, 0.12 Mg chemicals and 110 dm of liquid fuel. 
'Ihe process, therefore~ is nruch more than a fonncoking process~ 

f}fC Fonncoke Process(l, 3) 

FMC started laboratory-scale work on a formcoking process in 1956., Rt 
1958, the first few kilograms of coke were produced which appeared strong and 
useable. The basic concept of FM: was directed initially exclusively to the 
needs of their Pocatello, Idaho, phosphorus smelting furnaces. There, the 
high delivered cost of the small sized by-product merchant coke was a great 
incentive to such an effort. However, they soon recognized that their process 
also could benefit the steel industry; and consequently, a joint venture was 
fonned between FM: and United States Steel Corporation. The o\>jective was to 
build and operate a fonncoking plant at KeJTinerer, Wyoming, where very extensive 
coal reserves of subbittuninous coal are available. This high moisture coal was 
regarded for years as excellent steam coal with rather poor storage characteris
tics because of its strong oxidizing properties. Extensive tests in the FttC 
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laboratory and later at the 1 Mg/<l 1~14: pilot facility at Philadelphia showed 
that this geologically young coal with absolutely no coking properties (in 
the conventional sense) yielded carbon agglomerates of apparently, satisfactory 
characteristics. 'Ihe Philadelphia coke was first tested in Pocatello in 1959 
and 1960 with excellent results. 

The f1.C process (Figure 2) utilizes the simple concept that coal having 
no agglutinating properties must first be brought to the level of carbon (char 
or calcinate) and then blended with binder and agglomerated to the desired 
shape and size. 

In the FMC flowsheet, the coal is first crushed to (-3 nm), driedt pre
oxidized, and preheated in the first process step. 'The cn.icial carbonization 
step is carried out in the second fluidized bed vessel in which the previously 
preheated coal is partially devolatilized with steam and air. It is here that 
tars evolve which are later used for bonding the carbonaceous particles into a 
coke agglomerate. The discharge temperature from the carbonizing step reaches 
480 °C and the char, which is somewhat spheroidal in shape, moves to the third 
and last process vessel - the calciner, which operates at 870°G. Here the 
volatile matter is reduced from up to 17% to about 3%. Simultaneously, a 
shrinkage of the char particles is effected. The evolving low heating value 
gas (S. 7 MJ/m3) is used internally in the plant. · 

·me calcinate, cooled to approximately 100°C, is thoroughly and intimately 
blended with a low temperature pitch binder produced from the raw coal tar and 
this blend is briquetted. 'The amount of the binder required varies between 8 
to 15% by weight, depending on the characteristics of the calcinate. 1he 
briquettes are subsequently treated by first heating in an oxygen rich atmosphere 
to harden them and then devolatilized to a coke product containing about 2% V.M. 

The Kenunerer, Wyoming, fonncoke plant, built jointly by B-1: and United States 
Steel, went on stream in 1961 and quickly started producing formcoke sized at 
32 nun x 19 nnn._ In appearance, this plant resembles a chemical plant or a 
petroleum refinery and not a conventional coke plant. By the sunvner of 1962t 
a shipment of 1820 Mg of Kenunerer fonncoke was tested in the United States Steel 
experimental blast furnace at Universal, Pa., with a 1.2 m diameter hearth. 
'The fonncoke performance was compared with that of Gary by-product coke sized 
in two ranges: small coke 19 JIB11 x 5 nun, and large coke 32 nun x 19 nun. 

'The furnace experienced very few problems, and for the duration of the 
test, the Gary by-product coke and the H.l: coke were easily interchanged. 

In 1966, an agreement :was reached between·Annco steel, Inland Steel, and 
the H-l: to carry out the first test with fonncoke on an Armco conmercial blast 
ft1rnace at Hamilton, Ohio. 
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Fir~t, a preliminary test with 500 Mg of 35 nun briquettes was conducted 
in October, 1966. The problem of coke fines, which were generated in handling, 
was noticed but it appeared that the quality of the briquettes being produced 
for the test could be improved. In the spring of 1967, 11,700 Mf of 50 J1ITl 

fonncoke pillow briquettes and about 1,300 Mg of 35 1111\ pillow briquettes were 
shipped to Amico' s blast furnaces at Hamil ton, Ohio. The program was to re
place 100% of.the furnace coke as soon as possible using a stepwise approach. 

After a short period at 50% replacement with 50 HID fonncoke in the burden, 
the furnace operation became erratic; the furnace went cold, slipped, and 
filled the tuyeres and blowpipes with slag. During the test, as compared to 
a nonnal operating period, the production rate decreased by about 35%, and 
the furnace operation was erratic. On the basis of flue dust analyses, it was 
estimated that about 110 kg of formcoke fines were blown out per each Mg of 
hot metal produced. 

'Ihe Annco-lnland-~ test was obviously somewhat of a disappointment. 
However, it nrust be borne in mind that in this test, large 50 nm briquettes 
were used extensively for the first time. The test was conducted without 
knowledge of what to expect from this new coke and what properties to demand. 
The results strongly indicated that the coke JmlSt be structurally strong and 
abrasion resistant. 

In October of 1970, He and Inland Steel undertook a joint study to 
determine the feasibility of producing formcoke from No. 6 Illinois coal in 
the Kemmerer plant. For this purpose, 820 Mg of Illinois coal were shipped to 
Wyoming and processed into 38 mm formcoke briquettes in September of that year. 
It was found that the Illinois coal could be used quite easily if it were 
properly preoxidized in the first process step of the OC process. 

To help control the surface abrasion, the finished coke flowing from 
the loadout bin into the railroad car was sprayed with a solution of calcium 
lignosulfo:hate, which appeared to easily soak into the briquettes. A total 
of three cars of Illinois fonncoke were received at the Indiana Harbor blast 
furnaces, of which two were treated with lignosulfonate and one was left 
untreated. The tmloading of these cars into highline bins showed that the 
_trea'ted fonncoke generated very little airborne dust, particularly when water 
was sprayed during the unloading operation. The untreated car was quite dusty. 

'Ihe lignosulfonate treatment was obviously not the only improvement which 
affected the quality of the resulting Kemmerer briquettes. Changes which greatly 
influenced the structure of the briquettes were made in the plant operating 
practices and a large scale test on an intermediate size, well operated blast 
furnace was considered. 

At about this same time, the British Steel Company and ~ agreed on the 
production 'of 2, 730 Mg of Bl:: fonncoke made of Kemmerer coalt which would be 
subsequently shipped to England for testing at the East Moors Blast Funiace 
No. 3l4). The fonncoke sized 38 nun x 38 mm x 25 nm was shipped in stages with 
transfer points at St. Louis, New Orleans, Barry near Cardiff, and finally 
East M:>ors. 
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The conclusion reached by the British Steel Corporation can be sU11111arized 
as follows: · 

1. The shipment of Bl: fonncqke, which was treated with ligno
sulfonate, was not·hampered by dust problems and breakage, 
despite the numerous.transfer points and the distance (about 
10,500 Jon). 

2. This trial established beyond all reasonable doubt that calcine 
based fonncoke could replace a superior quality conventional 
coke at the 100% level with improvements in efficiency and at 
potentially higher production levels. 

Consortium Test 

In the spring of 1973, a consortium of five steel companies and ff.I: 
was fonned to conduct a large scale blast furnace test with FtC fonm;oke. 
These included Annco Steel Corp. , J&L Steel Corp. , Inland Steel Company, 
M:Louth Steel Co. , and U. S. Steel Corporation. · 

The detailed infonnation developed during the tQtal test program with 
almost 18,200 Mg of coke has been presented elsewherelSJ. However, in 
s1.D1111ary, results were as follows: 

1. The shipment, storing, reclaiming, and handling of the 50 lllll 
fonncoke to the plant and in the blast furnace charging system 
·presented no difficulties. 

2. The furnace operation was found to be nomal when up to about 
50 percent OC coke was used. At high levels of substitution, 
increasing instability of operation was noted, which was attributed 
to factors related to the materials distribution patte111 within · 
the furnace. · 

Because.of the limited quantity of fonncoke available for the test, 
developnent of operating practices to achieve stable operation at fonncoke 
substitution levels up to 100\ was not possible. Inland Steel concluded that 
the experimentation required a fonncoke production plant with a production 
rate that would be in balance with an operating blast furnace. Thus, to 
advance the technology, Inland Steel, in 1978, retained Davy t.t:Kee to conduct 
a preliminary engineering study of a 910 Mg/ d fonncoke production plant.. The 
results of this study were U.Sed as a basis for an tmSolicited proposal to 
the Department of Energy for a cooperative agreement to conduct the Inland · 
Steel Fornv:oke Demonstration Project. This proposal was submitted in April, 
1979, and is currently being considered by OOE. 
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ENVIRONMENTAL ADVANI'AGES OF TIIE FMC FO~OKE PROCESS 

The emission-control problems associated with conventional coking 
operations have been well docl.D'llented and are only too apparent to all of us 
who have striven over the years to improve on coke battery pollution abate
ment. The great difficulties which we have experienced in controlling 
battery emissions are caused by the complexity of operations inherent to 
batch production of coke. 

We won't attempt to review those operations in any great detail, but it 
may suffice to say that the charging, coking, pushing and quenching steps 
associated with operating multiple-slot oven batteries create a great nl.llllber 
of potential sources of emissions. For example, a typical coke battery might 
consist of 87 ovens which--in one complete operating cycle of from 12 to 24 
hours--requires at a minimlll'n, opening and closing 174 doors, 435 topside lids, 
87 standpipe lids, to say nothing of maintaining seals on these closures during 
the actual coking period. Recognizing that a coke battery constructed of 
~arge quantities of brick is subje~ted to considerable thennal stress during 
its lifetime, which exacerbates the leakage problem, it is no wonder that 
pollution abatement requires an intensive round-the-clock maintenance effort. 
Even when emissions are minimized, the major problem remains of collecting or 
capturing these emissions where possible from the nrultiple sources for subse
quent removal in pollution abatement equipment. While great strides have been 
made to date, coke batteries remain one of the toughest problem areas and the 
last to yield to innovative technology. The best equipment and practices 
available today simply cannot prevent intermittent emissions from coke oven 
batteries. 

1he RvC fonncoke process, by its very conception as a continuous production 
sequence, offers excellent opportunities to reduce emissions. The coal feed is 
processed continuously in fluig bed reaction vessels which isolate the coal 
from the atmosphere. As can be seen in the formcoke flowsheet in Figure 3, the 
coal once fed into the first fluid bed vessel is not exposed to the atmosphere 
until it exists as calcined char which is mixed with binder and briquetted at 
midstream of the process. The green briquettes enter again an enclosed process
ing equipment and reappear as cooled coke briquettes being delivered to the 
storage silo. All of the process vessels are made from continuous steel shells, 
rather than the nonmonolithic masonry in conventional coke batteries. 

Prevention and repair of leaks in steel casings are relatively simple. 
The vessels are not routinely opened and closed as an integral part of the 
production process, therefore, there are no charging, door, topside, pushing 
or quenching emissions characteristic of slot coke oven batteries. 

As a result of: 1) the Inland-Davy McKee Engineering study; 2) tg~ 
proposal evaluations conducted for DOE by The Ralph M. Parsons Companyl J and 
for the Envirornnental Protection Agency by Research Triangle Institute(?); and 
3) data obtained from the ~ Kemmerer, Wyoming fonncoke plant, considerable 
information regarding the environmental aspect of the ff.C fonn.coke process are 
now available. 
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To control airborne emissions f1 c•m an FMC formcoke facility, we would 
expect to install LAER (lowest achiev~·ble emission rate) teclmology for a new 
facility on the few point sources which exist and BAT (Best Available Teclmology) 
to control waterborne pollutants. The present process as shown in Figure 3 
indicates the following pollution controls: . 

1. Coal handling and preparation is a separate step in the Inland 
Fonnc.oke configuration. Gases and dust off the coal dryer are 
scrubbed prior to discharge. · 

2. A front end incinerator would combust·ernissions from: 

(a) the catalyzer 
(b) the briquetting step 
(c) the curing oven, and 
(d) the binder preparation area 

Cyclonic separators and scrubbing equipment would precede or follow 
the incinerator as required. In addition to controlling process 
emissions, the incinerator would furnish the inert gas required in 
the process. 

3. '111e off-gases from the Carbonizer and the Calciner which contain coal 
fines in addition to volatile organic compounds distilled from the 
coal are stripped in cyclones, venturi scnibbcrs, wash towers and 
dectrostntic precipitat<;>rs as required. The tar removed in this 
sequence is sent to the binder preparation plant. The off-gases are 
combined and after steps to remove naphthalene, arrunonia and light 
oils (not shown) sulfur is removed in a desulfurization step--possihly 
a Stretford tmit as shown. The dcsulfurizcd gas is· used to genera•c 
steam in a boiler for use throughout the steel plant. 

4. A fabric filter serves the calcinatc storage silo to remove fine dust. 
This material can likely be added to the subsequent mixer step prior 
to th~ briquetter and thus recycled. 

5. Emissions from the Briquette Curing Oven contain dust and some volatiles 
and arc combusted in the front end incinerator as previously mentioned. 

6. Off-gas from.the coking kiln passes through a cyclone, venturi scnlbbcr 
and an electrostatic precipitator to remove dust and tar. 'Ibe tar is 
returned to the binder preparation plant. Some of this low Btu off
gas is returnctl to fuel the kiln, whereas, the rest is sent through 
its own clesulfurizing step. The resulting clean kiln gas is then used 
as fuel in the curing oven and the coal dryer. 

7. Fugitive emissions from the briquette screening step and from the handling 
and distribution steps are removed in cyclonic separators or fabric filter~ 
as required. The dust is recycled back to the mixer preceding the briqucttl 
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8. Generally, all scrubber liqur:r would be recycled after solids 
removal in the calcinate thfrkcncr. The sludge could be dried 
and recyclc<l back into the process or combusted in a separate 
system. Blowdown from the system would be physically-chemically 
treated to remove the small quantities of cyanide and annnonia prior 
to biological treatment. 

In aclclition to the pollution control that can be achieved with the FMC 
fo1mcoke process, recent tests at the FMC Kerrnncrer plant established that 
the plant is in compliance with the 1978 OSHA emission standards controlling 
coke oven worker exposure(8). 1he results indicated no worker was exposed 
to ambient air Benzene Soluble Fraction of Total Pa3ticulate Matter (BSFI'PM) 
concentration as high as the OSHA limit of 150 µg/m • 

In SLUmnary, the envirorunental and health/safety advantages of the.FMC 
fonncokc process arc considerable and, while specific emission and effluent 
limits have not been set, we are confident that they can be met and at a cost 
substantially below that for conventional batteries. This would include the 
abatement cc.1uipmcnt > labor and repair requirements and energy consumption. 
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ABSTRACT 

FUTURE STEEL TECHNOLOGY AND THE ENVIRO~ENT 

Joel s. HirschhOrn 

Off ice of Tecbnology Assessment 
United States congress 

Washington, o.· C. 20510 

According to the OTA report TECHNOLOGY AND STEEL INDU.STRY 
CG1PETITIVENESS, there are considerable opportunities for major new 
steelmaking technologies to be created and introduced in the dt:xnestic steel 
industry during the coming decades. During the decade or the 1980•s there 
will be continued increases in the use of scrap based electric furnace 

· steelmaking by both nonintegrated and integrated steelrnakers. f<t>reover, 
there will be ·substantial increases in the use of continuous casting of 
steel. Qie of the important impacts of these changes will be the need to 
use direct reduced iron as a cc:implenent to ferrous scrap in electric 

· steelmaking furnaces. The shift to greater scrap use and ·the gradually 
increasing use ~f direct reduced iron signifies less dependence on 
irorrnaking in blast furnaces fueled primarily by coke. Thus, pollution 
should be abated. Although there may be very limited introduction of coal 
based direct reduction during the 1980's in the United States, in the 1990's 
we may see large scale direct reduction ·plants based on cbal t gasification 
and more DR plants using coal directly. Federal policies shape the 
development and use of new technotogy. Those policies that aid and reward 
the canpanies with the poorest ~rfonnance may be detrimental to a 
competitive danestic steel industry, such is the nature of President 
Carter's proposal to grant extensions to the canpliance schedule ror the 
Clean Air Act to certain qualifying plants. 
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FUTURE STEEL TECHNOLOGY AND THE ENVIRONMENT 

In his recently announced program 1 for the domestic steel industry, 
President Carter linked the goals of modernization and envircnnental 
protection in a more precise manner than ever before. The key prope>sal is 
an amendment to the reauthorization of the Clean Air Act which would allow 
the EPA Administrator to use discretion, on a case-by-case basis, fOr 
extending by up to three years the deadline for C()mpliance with the 
requirements of the Act. A m.Jnber of conditions must be met, with the key 
point being the requirement to modernize existing steel facilities with the 
funds that would have been spent to meet the original ccmpliance schedule. 
Also included in this p<>licy package for the steel industry is the 
acceptance of greater use of the "bubble concept" and the stabilization of 
discharge pennits under the Clean Water Act until EPA's revised regulations 
take effect in 1981 • How will changing steelmaking technology affect the 
enviromient, and how will these pclicy changes affect the introduction of 
new technology in the domestic steel industry? These are the key issues I 
would like to explore. 

How Much of a Problem Have Environmental Regulations Been for the Industry? 

The premise behind the new Policy thinking described above is that 
compliance with envirormental regulations is costly. As President Carter 
has said, "Fullcanpliance w11i require large additional expenditures at the 
very time that the industry must also make major investments for 
modernization.n1 The implication is that the industry cannot do both 
modernization and ccmpliance at the sane time for all steelmaking 
facilities. Just how easy a case can be made by companies for specific 
facilities for extension of the compliance schedule is not entirely clear. 
But based on the strong Positions taken by individual canpanies and the 
American Iron and Steel Institute that insufficient profitability and 
capital formation have been debilitating, there is some indication that past 
industry interpretations of their financial problens will continue, and that 
many requests for compliance stretchouts would be made. To what extent have 
past envirOllllental regulatory costs been a severe burden to the industry and 
an obstacle to modernization? 

During the period 1971 to 1978 Pollution abatement capital expenditures 
equaled 14.5J of total capital spending for the domestic steel industry 
according to AISI data. In that sane periOd, using data f'rem the sane 
source, spending on non-steel investments (diversification) amounted to 
16.0S of total capital spending.2 BOth diversification and reinvestment 
strategies have been used successfully and unsuccessfully to increase 
profitability. However, regulatory canplianoe investments have not been 
sufficiently large to prrevent di versification when that was desired, nor 
have the considerable diversification effor.ts of the past decade brought 
about any remarkable improvement in steel industry profitability. ~reover, 
the industry has maintained paying relatively high dividends to its 
stockholders, regardless of the generally low profitability it has usually 
had. During this sane period of 1971 to 1978 dividends anounted to 461 of 
net incane and was equivalent to 23.91 of total capital spending. lbere is,. 
of course, a resPonsibility to make a retu~n on stockhelders investments as 
well as to the public to maintain a clean environment. Nevertheless, steel 
industry management have perpetuated a climate in which the value er owning 
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stock in most large steel companies is based on current return rather than 
on appreciation of the stock which is hinged to perceptions of future 
success. Both dividends and non-steel investments are discretionary uses of 
available capital, and it is, perhaps, an ethical issue and a question of 
values as well as anything else as to whether these uses have priority over 
the corporate responsibility to refrain from p0lluting the environment. 

Certainly, diversification is a rightful perogative of corp0rate 
managers, but interestingly Hall's recent study of eight mature domestic 
industries, including steel, revealed that diversification has not been 
successful because: "By waiting too long to begin diversification efforts, 
most lack the capital and managerial skills to enter new markets and/or to 
grow businesses successfully in these markets. 'Ihus their diversification 
efforts to date have been too small or have been managed in too conservative 
a fashion to obtain sustainable performance improvements, as witnessed by 
the very minor performance contribution of U. s. Steel's diversification 
progran into chemicals ••• 0 3 '!he exception for. the steel industry has been 
Armco, the most diversified and profitable "steel company", which used a 
strategy Of investment in low cost steel production in selected regional 
segments as well as early and well .managed diversification. And it has been 
Annco which has lead the effort to use the "bubble concept" to economically 
meet emission standards for nontoxic pOllutants. 

Since the domestic steel industry makes much impcrtance over 
comparisons between itself and the Japanese steel industry, it is 
interesting to note how to Japanese have respcnded to the social demands for 
a clean envirorrnent. During the period from 1971 to 1978 the Japanese spent 
13.4% of their total capital spending on p0llution abatement. Although this 
is slightly more than what the domestic industry spent as a fraction of 
total capital spending, it does not fully capture the difference between the 
industries. By normalizing actual Pollution abatement spending on the basis 
of the anount of raw steel produced during this periOd , it is pOssible to 
see that the Japanese have had a greater intensity of spending. The per ton 
(metric) capital spending on Pollution abatement dur.ing this period was 50% 
greater for the Japanese as compared to domestic·spending.4 ·This was true 
even though the Japanese had the advantage of new plant construction, fOr 
the most part, as compared to retrofitting in the United States. . 

The Japanese have put much effort into Pollution abatement technology 
because Japanese anbient air quality standards are generally more stringent 
than those in the United States. For exanple, the 24 hour S02 standard in 
Japan is 0.04 ppn, as compared to 0.14 ppn in the United States, the one 
hour standard for photochemical oxidants is 0.06 ppn in Japan and 0.12 ppn 
domestically~ and the standard for particulate mat~er in Japan for 24 hours 
is 100 ,.MS/Mj and 260 ps!M3 for the °?ited States. 

Thel"e is no denying the reality that compliance with envirormental 
regulations has been expensive for the domestic steel industry. However, it 
can only be viewed as a contributory factor to t,he industry's problems. By 
itself, regulatory spending cannot explain the industry's declining 
P~Ofitability. 'Ihus, while Federal pOlicies aimed at reducing the costs of 
compliance are useful and appropriate - if they do not also lead to 
significant health threats to the public and the workers of the industry -
they are not likely going to lead to sOme swift or meaningful turnabout in 
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the perfonnance or the industry. in general, or or. the companies and 
facilities With the PoOrest technological and economic performance. 

One factor generally overlooked when considering the burden of 
complying with environmental regulations is the substantial use of 
Industrial DevelOJJTlent Ponds. Such financing reduces the need for 
internally generated capital and makes large anounts of outside funds 
available at low cost and for long periods of time. Since State and local 
governments make tax-exempt revenue bonds available to companies, this is a 
fonn of public subsidy for what is reasoned rightfully to be a public gOOd. 
During the past decade the domestic steel industry has used !DB's to 
generate negrly half the capital requirements for pOllution abatement 
investments. · · 

In the AISI analysis of what the danestic steel industry's capital 
needs are for the next decade, the money needed for regulatory compliance 
($800 million annually in 1978$) represents 12.31 of the total, the sane as 
the fraction designated fOf' diversification efforts. In actual fact $700 
million of this is for pOllution abatement (10.8~ of the total) and $100 
million is for meeting OSHA regulations. An EPA analysis forecasts about 
$500 million annually to meet pOllution control needs during this period.7 
1hus, With the likely lower level of environmental spending, diversification 
would outweight regulatory compliance. 

Trends and Prospects for New Technology 

During the past decade there have been two trends which undoubtedly 
will continue and which reduce Pollution. Tilese are the greater adoption of 
electric furnace steelmaking and the use of continuous casting. 

1he fraction of steel made in electric furnaces rose frcxn about 15% to 
25% during the decade of the 1970' s. Tile greater use of danestic ferrous 
scrap in electric furnaces signifies that less primary irOnmaking in blast 
furnaces and less cokemaking are going on. 1his shift fonn integrated to 
nonintegrated steelmak:tng reduces pOllution and the costs of pollution 
abatement substantially. Although there are limits to bOth the total anount 
of ferrous scrap available and to the amount of high quality scrap, there 
will be a continued increase in electric furnace steelmaking, probably. to 
the 35% to 40% level in the 1980's. 

The second most important trend is the greater use of the highly 
efficient continuous casting method of converting molten steel into solid 
shapes rather than the multiple step ingot casting approach. continuous 
casting reduces pollution directly because of the elimination of soaking 
pits and furnaces, and indirectly because of the substantial increase in 
yield of the process. 1he increase in yield means that more finished steel 
is produced from a given amount of raw steel, usually in the order of 1 Oj to 
15% more finished steel. 1his means that less steel and less iron has to be 
made and thus pollution is reduced. ])iring the past decade danestic use of 
continuous casting, although low canpared to most other industries, has 
increased dranatically fran just a few percent to over 151. By the end of 
the decade it should approach 40% to 50%. Modernization of existing plants . 
will be based on retrofitting existing facilities with continuous casting to 
a large degree because the many benefits of continuous casting, including 



reduced energy consunption, lead to return on investments of over 20~, and 
even more for alloy and specialty steels. 

Both electric furnace steelmaking and continuous casting are well 
proven technologies. considerable attention, both here and abroad, is being 
given to the developnent of truly new technologies that must be proven 
technically and economically on a pilot and demonstration level first. 
According to the recently completed study of the dc:niestic steel industry by 
the Office of Technology Assessment, the most imPortant new technology for 
the dcmestic steel industry during the next several decades will be coal 
based direct reduction. Unlike natural gas based direct reduction titlich is 
undergoing phenomenal expansion throughout the world, coal based direct 
reduction has been used in only a few places in relatively small operations. 
Newer fonns of direct reduction that can use cheap grades of coal and 
PoSsibly coal gasification to produce either conventional direct reduced 
iron (DR!) or molten iron are being developed. 

For the United States with abundant supplies of low grade coals, the 
prospect Of coal based direct reduction offers a nunber of pOtential 
advantages. . Capital and operating costs may be substantially lower than the 
blast furnace and coke oven route once the technology is fully developed. 
Most coal DR technologies are relatively simple, one step processes that 
offer a closed systen approach with very little pOllution. Moreover, like 
natural gas based direct reduction, a modular rather than econany of scale 
approach can be used. For the cyclic steel industry with capital problens 
as well as considerable uncertainties for demand, foreign competition and 
goverrment Policies, the ability to construct relatively small coal DR 
modules is most attractive. 

Since the increasing use of electric fur-naces will put much pressure on 
ferrous scrap supplies, in tenns of quantity and quality, there will be an 
increasing need for direct reduced iron to be used as a Ct:nlplenent to scrap. 
Although DRI is already becoming a world tr.aded carmodity because of the 
rapidly increasing DR capacity in natural gas rich nations, such as Mexico, 
Venezuela and Saudi Arabia, other factors are likely to make dcmestic DR 
plants econanically viable. During the 1980's we will likely se,e several 
different coal based DR technologies both proven and adopted in the United 
States on a small scale, pOssibly at nonintegrated ·steel mills or as 
merchant DR plants serving a geographical region with limited ferrous scrap 
availability and a relatively high rate of growth in steel consunption. 
During the 1990's it is quite conceivable that larger scale coal 
gasification DR plants will be constl'ucted. The integrated plant of the 
future may be based on DR rather than the blast furnace. 

Critics of DR rightfully note that at present large scale DR plants 
· could not be justified. However, it ls crucial to under.s~and that coal DR 
technology is in its infancy and that many improvements are likely to result 
rrcxn the substantial anount of R&D activity in this area. The two most 
imPortant driving forces for developing coal DR technology are the 
reductions in capital costs and pOllution. Creating and adopting new 
technology is facilitated by bOth rapid ccxnpany growth and profitability. 
In the United States there is a segment of the domestic steel industry which 
satisfies these conditions. This is the nonintegrated segment, the scrap 
based minimills, midimills or market mills which have undergone tremendous 
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growth in the past decade, from only a few percent of the danestic market to 
about 15% tOday. The OTA study forecasts that by 1990 these companies could 
account for at least 251 of the market. Since the growth of these canpanies 
must depend on broadening the product mix to include higher quality steels, 
the need to introduce virgin iron in the fonn of DR! will be critical. And 
many of these companies have already dsrionstrated their inclination and 
ability to innovate quickly in new technology. Even with the increased 
capital costs of constructing DR facilities, the total capital costs for 
combined DR I-scrap based mills could be less than the costs for .·a 
conventional greenfield integrated plant or even the costs for extensive 
mOder.nization of existing integrated plants. For exanple, according to the 
arA study, the capital costs of a combined DR-scrap plant would likely be 
app?'Oximately $500 per metric ton of annual steel prOduct capacity, abOut 
one third that for a conventional greenfield integrated plant. 

A m..mber of other major changes in technology are likely to be 
developed commercially within the next decade, these include: fonncoking, 
plasna steelmaking, direct casting and a hOst of relatively incrE1T1ental 
technical improvements which when applied collectively to a particular plant 
represent a substantial overall impr-OvE1T1ent in efficiency. Virtually of 
these changes imply reductions in p0llution because they.make use Of closed 
systems and reduce the de ndence on conventional cokemaki either 
directly or indirectly by improving ef c ency an e s eelmaking 
p0rtion of the mill. 

Contrary to some concepts popularized about the steel industry, iron 
and steelmaking technology is far from static. Technology is a problfJll 
solving tool that bold and risk taking manageJ"s can use to deal w1 th 
problans of limited capital availability, rising labOr costs, envirOl'JDental 
regulations and raw material constraints. Future steel demand is uncertain 
and any increase in demand will be small. Nevertheless, steel will remain 
an absolutely critical material for all societies. Recent oversupply 
conditions have taught valuable lessons to most steel industries, 
particularly those in Europe. There is a good pOssibility of a close match 
between world steel supply and demand leading to higher profits in the mid-
1980' s. It is this perception by many people both in the industry now and 
examining the industry frcm afar that is stimulating the developnent of new 
technologies, particularly thOse such as direct reduction that will make 
entry into the industry easier. All these changes, including the influx of 
increasing anounts of foreign capital into the dc:xnestic steel industry, will 
likely lead to reduced environmental pOllution in the yea~s ahead. 

Federal Policies Affect MOdeJ"nization 

Al though Federal Policies concerned with the envirorment may relieve 
sane of the immediate problems of capital availability, they are not likely 
to senve as a major stimulus for mOdernization based on the most innovative 
technologies or for modernization of plants which are already relatively 
efficient. 

Policies which mor-e directly deal with capital romation, RD&D, and 
prices have greater ability to influence mOdernization based on new 
technology. With the exception of the.growing nonintegrated segment of the 
industry and the highly efficient and ccnpetitive alloy/specialty 
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steelmakers, the absence of a coordinated set of Policies for the steel . 
industry which leads to a substantial increase in profitability tor the 
large integrated C(lmpanies will likely result in the continued ccntraction 
of this segment of the industry. If the nonintegrated segment can 
cClnpensate for the loss in capacity of the integr.ated OOmpanies, 01" even if 
g?teater levels of :impOrts result, the net effect for the. nation will be 
reduced Pollution. There are, of course, a m.111ber of Undesirable side 
effects of increased :impOrts, including loss of employment and a threat to 
our national security should impOrts rise above abOut 20S of >danestic 
const1nption. 

The impOrtant issue is not how to reduce pollution by reducing danestic 
steelmaking capacity and increasing our dependence on foreign steel. It is 
how do we both decrease Pollution and maintain ccmpetitive and profitable 
steelmaking capacity. The key here is a canbination of Federal pOlicies and 
changes in the industry itself which lead to the g:reatest use of the most 
innovative technology by the best managed companies rather than Policies 
which tend to protect the p0orest managed and perfonning canpanies. .. 

If one Object were to insure a viable competitive steel industry, then 
the Prtesident's idea of three year extensions for some plants cculd aid the 
wrong facilities, and the companies that have delayed canpliance and 
mOdernization could be rewarded. Thel'e are, atter all, a n\.lllbel' of Oia 
inefficient and p0orly located steel mills that are not truly canpetitive. 
The spectre of concentrated losses of jobs frt:rn plant closings could be 
dealt with by appropriate worker r.etraining and relocation prograns. Like 
other Policies, such as the recent EDA loan guarantee progran, this 
regulatory approach tends to give advantage to those finns with the least 
ct:rnpetitiveness, rather than rewarding those better managed O(mpanies that 
would benefit frcm incentives for still greater risk taking and investments 
in the future. Greater application of the bubble concept appears to be a 
more acce~table approach to meeting the objectives of reduced pOllution and 
fr.eeing more money for mOder.nization by canpanies. 

The skewing of cc:rnpetitiveness by Federal pOlicy is illustrated by the 
situation of Inland, Bethlehem and U.S. steel, all with large integrated 
plants in the Olicago region. By investing in steelmaking, using innovative 
technol0gy and having good strategic planning and management, Inland becane 
the lowest cost domestic producer (or la!'ge integrated· steelmakers) and 
reduced their pollution. But Bethlehem and U.S. Steel plants serving the 
sane market are far less efficient and, if . President Carter's propOsal is 
accepted by C.Ongress, they coUld use capital to invest in modernization 
rather than pollution abatement at a time when they will l'eceive even 
greater tax benefits frt:rn modernization capital , investment than Inland did 
sane time ago. Interestingly, the extension prOpOsal asks only that "funds 
which would have been spent to ct:rnply with the deadline will be expended in 
the sane time periOd for modernization," but there is little indication that 
such a level of spending would nonnally be sufficient to modernize 
qualifying plants to a significant degree. f-breover, the maxim\.lll or twee 
years for. extension is not long enough to plan and implenent major fonns or 
modernization. Cash now frt:rn such plants could still be used for 
diversification out of steelmaking. Feder.al Policy, such as the three year 
extension, therefo~e, gives Inland's higher cost competitors an advantage, 
but· in the long run it cannot make these less efficient and more p0orly 
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managed plants independently c~petitive. 

tt>reover, Federal Policies need more comprehensiveness. For exanple, 
although modernization is a l«>rthy goal and new teclmologies may indeed 
reduce air and water Pollution, we know that in many cases the pollution 
will merely be shirted to the solid waste category. 1he p!"OpOsed policies 
may demonstrate to companies that they are better off in the long tenn by 
fighting compliance with RCRA and the r.egulations affecting haza?'dOUs 
wastes, and by using available capital for purp0ses such as diversification. 

What is needed are incentives for developing, testing and adOpting new 
technologies that offer less pollution or any kind (including noise for 
example) together with sufficient economic benefits to justify private 
investment. Rather than tying delayed spending on ccmpliance to 
moder.nization, it may be useful to conside?' linking it to high risk R&D on 
innovative steelmaking (including pilot and demonstration aotivities). 1""10 
reasons support this point of view. First, the level Cf R&D spending by the 
industry as a whole and by individual companies is closer to the level of 
spending on c()rnpliance with envirormental regulations; that is, h\.lldreds of 
millions of dollars annually for the industry for bOth cases, f'ather than 
billions o'f dollars needed every year for capital spending on mOde?'nization. 
Thus, the impact would be reater on R&D than on modernization. Second, as 
the OTA stl.liy showed, a relationship between envir.onnental capital spending 
and R&D spending exists for the past decade. For exanple, from 1969 to 1973 
the aver.age ratio of R&D to envirormental capital spending was unity, but 
from 1974 to 1978 the average ratio dropped to one-half. The increase in 
envirormental capital spending from the earlier per.10d to the later-one was 
fran an average of $157 million to $440 million annually. - Envirot111ental 
capital spending appears to be influencing the discretionar-y use of 
corporate funds on R&D in the dcmestic steel industry. R&D spending is not 
linked to total capital spending by the industry. 

This Policy approach of foster.ing R&D rather than modernization appears 
to have the disadvantage Of shitting the use Of f\.llds frt:m the plant to 
cor:porate level. However, by pr.emoting intrinsically profitable, efficient 
and clean technology, it has the petential to roster legitimate, long term 
industry competitiveness. Using the bubble approach to deal With shO~t term 
needs and the freeing of capital for mociel"nization, and the canpliance 
schedule extension fOr suppc:>rting long tenn R&D, federal pOlicies could help 
the domestic steel industry in a fair and comprehensive manner. 
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Abstract: This paper discusses coke oven charging emissions from well 
controlled coke oven batteries. They are found to follow a 
statistical distribution that is badly skewed toward long 
times, although the mode and mean times are short. Causes 
of occasional long emission times are explained. It is 
suggested that charging emission standards of the type that 
permit a limit of L seconds visible emiss.ton per N charges, 
such as 125 seconds per five charges, will inevitably be 
violated and are inappropriate. The paper suggests that the 
standard should be a limit on per cent of visible charge 
emissions exceeding 25 seconds. The limit should depend on 
battery age and features. The paper suggests compliance be 
detennined from an average derived from a month or more of 
observations. 
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A MODEL FOR COKE OVEN CHARGING EMISSIONS 

I. Introduction 

The author has participated in several dialogues of the following 
type: 

Agency Person: 11 The standard for coke oven charging emission should 
not exceed 125 seconds for five successive charges. 11 

Industry Rep: 11That is too strict. It can't be done. 11 

Agency Person: 11 It is being done and it is actually a generous 
standard. We have data to show batteries meeting 
35 seconds for five charges." 

Industry Rep: "But you ignored other data that showed the same 
battery exceeding 125 seconds for five charges. 11 

Agency Person: 11 That was because of equipment breakdown or human error." 

Industry Rep: 11 But there are always breakdowns and human erro.rs at 
coke ovens. 11 

The participants in this dialogue are looking at the same animal from 
two different perspectives and are focusing on two different extremes 
of its possible behavior. I believe the divergence in viewpoint stems 
from the two parties having different 0 models", if you will, of the 
behavior of coke oven charging emissions. I believe the way to 
progress toward the goal of an equitable standard for coke oven charging. 
emission perfonnance will be to first find the right model, one that 
faithfully describes its behavior. Then one can detennine useful 
things about measuring and controlling coke oven charging emissions. 

IL Data 

A. Data Sources 

I have collected data on visible emissions during charging from 
ten different batteries operated by five different steel companies 
in five different geographic ar~as. This was not a random sample. 
These are not average coke batteries from the standpoint of charging 
emission control. Nine of the ten were the best perfonnfng batteries 
out of an aggregate .of about 90 coke batteries col1ectf\le.l:y owned 
by their companies. the tenth battery is an old one which was 
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included to give some perspective to the perfonnance of the 
other nine. Most of this data was measurements of charging 
emissions made on a self-monitoring basis by representatives 
of the individual companies (not necessarily the battery 
operators) who were required to submit monthly or quarterly 
reports to state or local agencies. I don't believe there was 
any tendency to overemphasize long emission times because these 
reports of long emission times are self-reported failures to 
meet regulatory requirements. I picked batteries where much 
effort has gone into equipping the batteries properly.and 
training the operators to perfonn good stage charging. Among 
these are two Which U.S. EPA describes as "exemplary" for stage 
charging control. Several others come very close to the exemplary 
batteries in their performance. One old battery does not. Even 
this old battery performs better on charging emissions than many 
others, including some much newer batteries. In this paper I 
have called them batteries 1, 2, 3, •.• 10. (See Table I). 

Battery 1 
Battery 2 
Battery 3 
Battery 4 
Battery 5 
Battery 6 
Battery 7 
Battery 8 
Battery 9 
Battery 10 

Table I - Battery Characteristics 

Height . Collecting 
Meters Mains Period Observed 

4 1 9/12/79 to 4/2/80 
3~ 1 11/1/79 to 6/30/80 
312 1 11/1/79 to 6/30/80 
6 2 11/1/79 to 6/30/80 
4 1 11/1/79 to 6/30/80 
4 2 6/1/79 to 11/30/79 
4 1 1/1/77 to 2/12/80 

3~ 2 1/1/80 to 4/30/80 

31.a 2 1/1/80 to 4/30/80 

31.a 2 1/1)80 to 4/30/80 

Notes 

(1) 

(2) 

(1) 

(1) Battery described by EPA as 11 exemplary11 for charging emissions 
(2) Battery 7 is more than 35 years old 

B. Histograms ;and Cumulative Frequency Plots_ 

I have plotted two types of histograms of the charging emission 
times. When data on individual charges were provided, (all 
batteries except No. 6), I plotted .histograms of individual charge 
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times (see Figure I). For example, in Figure I the histogram 
for Battery 1 is constructed from 745 observations of individual 
oven charges. When data were available as cumulative time, i.e., 
emission time cumulated from four to seven successive charges, 
I plotted histograms of average charge time (see Figure II). 
For example, in Figure II the histogram for Battery 1 is constructed 
from 149 averages of the cumulated sum of emissions from five 
successive charges. Therefore, Figure II is arrived at as if 
149 comp~iance tests had been perfonned at that battery. Also 
I plotted the individual oven charge emission data on a cumulative 
frequency plot where the per cent of observations less than a 
certain time is plotted on a normal probability scale against 
the logarithm of the time (see Figure III). 

C. Characteristics of the Histograms 

Each battery has its own unique histogram. However, as a class, 
the histograms have cormnon features. They are badly skewed 
distributions with the skew toward the long time. The mode 
and mean times are short, mainly in the range of 5 to 25 
seconds in the individual charge histograms. However, each 
of the batteries produced some very lengthy times exceeding ten 
times the mean. In the average time histograms the distribution 
is not as badly skewed because the cumulation of four to seven 
consecutive emission times tends to average longer and shorter 
times. Even so, on each battery there are a few observations 
that exceed four times the mean. 

D. Characteristics of the Cumulative Frequency Plots 

In Figure III tthe data from all the batteries seemed_to. be 
reasonably representable by a straight line. However, each 
battery has its own line and the slopes of the lines are 
not all equal. Thankfully the short charge emissions greatly 
predominate. But the lengthy emissions are also there, and 
from Figure III one can, determine the percentage of them. . . 

The following performance characteristics were detennined 
from the data. (See Table II). 
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FIGURE Ill 
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E. 

Table II - Average Emission Time Characteri~tics 

Collecting Average % Exceeding % Exceeding 
Mains Charge-Sec. 25 Sec. 34 Sec. 

Battery 1 1 23.5 31.6 19.4 
Battery 2 1 9.7 6.2 4.4 
Battery 3 1 11.2 9.3 7 .1 
Battery 4 2 8.3 3.6 1.8 
Battery 5 1 16.0 14.3 6.7 
Battery.6 2 10.0 3.2 1.0 
Battery 7 1 42.5 83.3 65.0 
Battery 8 2 5.7 0.8 0.6 
Battery 9 2 4.2 0.4 0.4 
Battery 10 2 5.2 0.8 0.6 

Discussion of Charge Time Distributions 

For a coke battery to meet a standard of 125 seconds visible 
charging emission per five consecutive charges, it would have 
to average less than 25 seconds per charge, and similarly to 
meet a standard of 170 seconds per five charges, which is the 
standard in two important coke industry states, it would have 
to average less than 34 seconds per charge. In Figure I and 
Table-II it is apparent that all the batteries in this survey, 
except Battery 7, average well under 25 seconds per charge. 
However, in Figure I it is apparent that every battery also 
produced some long emissions. In Figure II the emission times 
were cumulated for 4, 5 or 7 charges, whichever was required 
by the local regulation. Then the cumulated time was divided 
by the number of charges to get the average charge emission 
length. This figure shows that on all batteries except 8 and 
9 a not inconsiderable number of inspections would have been 
failed. For example, exemplary battery 6 exceeded 25 seconds 
average emission time in 3.2% of the observations and 34 seconds 
in 1.0% of the observations. Even batteries 8 and 9 had a 
rare long emission that would have caused failure of the in
spection. None of these well controlleq batteries would 
always have pas~ed a compliance inspection. 
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Although none of the batteries in this survey is brand new, 
several employ all the equipment that is presently believed 
to be LAER technology. The data suggest any battery using 
this technology will probably not be able to consistently 
achieve the LAER standard of 55 seconds per five successive 
charges visible emission. 

F. Effect of Battery Physical Features on Cha"ge· Emissions 

In this survey the best perfonnance is achieved by Batteries 
6, 8, 9 and 10 which are short batteries with double collector 
mains. The 6 meter battery (No. 4), which also has double 
collector mains, perfonns almost as well as the short batteries 
with double collector mains. Batteries 1, 2, 3, 5 and 7 which 
have single collector mains, perfonn well on the average, but 
are not as consistent as the double main batteries. They 
have more long charge emissions than th~ double main batteries 
have. 

III. The Coke Batter,y.Operator's Problem With Chance 

A. The Equipment Problem 

If everything is working well, the steam aspiration is strong, 
the "tunnel head" space above the coal is open, and inleakage 
through oven openings is controlled, then the charging emissions 
will be brief or even entirely·captured within the oven. 
However, a typical battery has thousands of parts that have 
some effect on charging emission time. All of these parts 
must function well for every charging emission to be captured 
and held within the oven. 

B. The Personnel Problem 

In addition to the equipment having to work right, the performance 
depends on people, to operat~ the equipment in the right sequence, 
to carry out every step correctly, and, to maintain the equipment 
diligently. 

Automation can eliminate some human errors, but automatic equip-
. . 

ment is very vulnerable to the severe heat, cold and moisture 
plus the pounding it will receive at the coke battery. Therefore, 
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machinery that is too automatic seldom works. The optimum 
amount of automation on a coke battery is far less than it 
would be in a more temperate location. The optimum automation 
for a coke battery still relies heavily on human operators. 

C. The Long Emission Time 

There are some types of equipment malfunctions which should 
be apparent (but not necessarily correctable irrmediately) 
before a charge begins, but others are not. For example, a 
misaligned drop sleeve should be apparent. But, a shorted 
electrical wire might not be noticed before there is a loss 
of e1ectrical function that has already resulted in a long 
charge emission. There are also 11 malfunctions 11 caused by 

changes of the fl ow praperti es of the coal • Sometimes coa 1 
moisture or other characteristics can change the coal flow 
behavior enough to result in a long emission time. Freezing 
weather can prevent the coal from flowing freely as needed 
for good stage charging. These coal flow probl:ems are likely 
to cause a string of long charge emissions. 

D. Operators Viewpoint 

Taking all of these factors together, unpredictable equipment 
malfunctions, unpredicatable human errors, and variable coal 
propertie~, the operator usually doesn't know in advance when 
a long charge emission is coming. But, he knows by the law 
of averages that some long charge emissions are going to come. 
Consequently, when an Agency Persons says you may not exceed 

125 seconds for five charges, the operator feels it is an 
inequity. It is like demanding that a baseball player bat 
.300 in every ball game. A good player can bat .300 for a 
season, but he knows he can't do it in every game. Similarly, 
a good coke battery operator can average less than 125 seconds 
for five charges but he will go over 25 seconds on a significant 
fraction of the charges. Occasionally just one charge will 
exceed 125 seconds. 

IV. Emission Quantity· Versus Allowable Emission Time 

A. Operators Want Zero Emissions 

An agency engineer testified in a public hearing that shortening 
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the emission limit from 170 seconds per five charges to 125 
seconds per five charges would .reduce coke oven charging 
emissions by 45/170ths or 26%. This would be true only if 
the emission on each charge occurred for the full time 
allowed by the standard. This in turn implies a degree of 
control over charging emissions which does not exist in 
practice. In reality the operators think this way: 11A bad 
charge can happen at any time, and when it occurs it is 
likely to use up our whole allowable emission time. Therefore, 
we had better make each charge emission as close to zero as 
we can. 11 

Figure II corroborates this. These batteries are required 
in one case to average under 34 seconds, some to average 
under 19 seconds, and one to average under 11 seconds. All 
but one do much better than required. These batteries are 

.not just barely meeting their allowable emission. 

B. Comparison of 170 Seconds to 125 Seconds Standard 

Operators I have questioned felt that for all practical purposes 
a standard of 170 seconds holds emissions down as well as a 
standard of 125 seconds per five charges. They must use the 
same equipment, work practices, and training to attempt to 
meet either standard. As discussed in the preceding paragraph, 
there won't be any difference in the average charge emission 
time. The only difference is that.the battery will violate 
the 170 second standard somewhat less frequently. 

X. Recommending a More Equitable Kind of Charging Emission Standard 

A. The Batting Average Measures Ability in Baseball 

Returning to the baseba 11 analogy, ba .. seba 11 fans recognize 
that the all aro,und best measure of a player's batting ability 
is his medium to long term batting average. They realize 
that hitting a baseball under game conditions is a statistically 
variable function. Even though the player yearns to hit, 
he cannot do it every time or even once in every game. A 
single game batting average is not a reliable measure of 
batting ability. A manager who punished players for failure 
to hit in_ e~_ch_ game would be thought capricious and would 
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probably provoke a confrontation with the players unfon. 

Similarly, there is no/;way ·h1Jmanly possfble .to elim1.nate _ 
long charge emissions from a coke battery. Although the 
operators know that with good equipment, good maintenance 
and careful attention to work practices they can increase 
their chances to pa~s inspection against a limit of 125 
seconds for five charges, still in their perception it is 
inevitable that there will be violations. If they are to 

be cited for violations, they perceive this to be inequitable 
and they find themselves in a disagreeable position. 

B. A Batting Average for Coke Oven Charging Emissions 

I suggest that a different kind of charging emission standard 
is needed. It should be more in the nature of a medium to 
long tenn batting average and not have the nature-of a single 
game batting average. A good coke battery operation will 
have the great majority of its-charging emission time short. 
But even the best operated batteries also will have unpredictable 
occurrences of long charging time. The coke battery has to be 

allowed occasional bad charges, and even a string of bad 
charges. My suggestion is purely a personal one. This is 
not an industry opinion nor a Republic Steel opinion. My 
suggestion is that the charging emission time for single 
charges ought not to exceed 25 seconds more than X% of the 
time. The data suggest X could be larger for single main 
batteries than for double main bat'teries;. and larg~r for 
tall batteries than for short ones. In general, X should 
take into account design features, condition, age and 
remaining life of the battery. The very select batteries 
studied in this paper {with one exception) had X in the range 
of 5 to 35. One must bear in mind that whereas Table II 

deals with average emissions, the X l am suggesting would 
be derived from individual emissions and might be larger 
than the values in Table II. For example, on battery 5, 
while 14.3% of the daily averages exceed 25 seconds, 17 .2% 
of the individual charge emissions exceed 25 seconds. Additionally, 
X should be adjusted upward or downward according to the number 
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of observations frf the sample. It should be larger for 50 
observations than for 500 observations. 

I believe the "batting average" for determining compliance 
should be based on at least a month of data {preferably a 
quarter) where five consecutive charges are timed daily, 
five days a week. This, of course, would require the company 
observers to inspect themselves because no agency can'afford 
the manpower to in~p~ct so frequently. But, I believe the 
experience already obtained in several states with self
reported coke battery observations shows the majority of 
company observers to be trustworthy. I believe the agencies 
will easily discover which batteries can seldom pass ]inspection 
when agency personnel are present to observe. 

C. All Around Ability Versus Batting,Average 

As important as hitting is to baseball, there are other abilities 
that a player needs. Since no player is equally as strong at 
all facets of the game, a manager may be willing to forego a 
certain amount of hitting ability to get outstanding fielding 
or base running. Though I have not studied door leaks and 
topside emissions as thoroughly as I have studied charging 
emissions, I have data (not presented in this paper) that 
indicates exemplary charging emission control seldom combines 

' ' . 
with exemplary door leak control and topside leak ~ontrol on 
the same coke battery. There may be interactions between one 
and another. Agency people may have to adapt a pragmatism 
toward balancing the various facets of coke battery emissions 
control. 

VI. Conclusion 

This paper discusses the problem of establishing an equitable and 
effective coke oven charging emission standard. The solution depends 
on having a model that describes accurately the behavior of coke 
oven charging emissions. 

Data collected by the author from ten of the best controlled coke 
oven batteries in the industry, two of which are considered exemplary 
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batteries by U.S. EPA reckoning, are skewed distributions. These 
data imply that even the best controlled batteries will have some 
charges with long emission times. Nevertheless, the average charge 
emission time is short. 

The inappropriateness of present standards of the type which limit 
visible emissions to L seconds per N charges is discussed. This 
paper suggests that an equitable emission standard ought to pennit 
occasional long charge emissions. It is reconJnended that the 
standard measure perfonnance over a month or more of inspections 
and require that no more than X% of the individual oven charges 
exceed 25 seconds emission time. For the very select batteries 
studied in the paper, X could be in the range of 5 to 35 depending 
on the features of individual batteries including the number of 
collection mains, and whether the battery is short or tall. Also 
for statistical reasons X should be adjusted to accord with the 
number of observations in the sample. 
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The SCAT System for Fugitive Particle Emission Control 

by 
Shui Yung, Richard Parker and Seymour Calvert 

Air Pollution Technology, Inc. 
and 

Dennis Drehmel 
U.S.-E.P.A 

A B S T R A C T 

The Spray, Chargi.ng and Trapping {SCAT) scrubber system is unique 
fugitive emission control system being developed by Air Pollution Technology, 
Inc. It has many potential applications in the Iron and Steel industry 
including major sources such as coke ovens and blast furnaces. The SCAT uses 
air curtains and push jets to contain, divert and convey the fugitive emissions 
into a charged spray scrubber. 

Experiments were perfonned on an 8,000 CFM bench-scale spray scrubber to 
verify the theory and demonstrate the feasibility of collecting fugitive 
particles with cha.rged sprays. The effects of charge levels, nozzle type, drop 
size, gas velocity, and liquid-to-gas ratio were determined experimentally. 
The experimental data and theoretical predictions are presented in this paper. 

A prototype SCAT system was built and tested on a crosswind and on a hot, 
buoyant smoke plume. Theoretical predictions and experimental data are 
presented. 
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INTRODUCTION 

Controlled disposal is the permanent way to control fugitive particle 
emissions because it prevents the redispersal of particles. This technique 
involves gathering and conveying the fugitive emissions to particulate control 
devices. Present methods used to contain fugitive emissions, such as total 
hrJilding enclosure and evacuation, or secondary hooding at the local source of 
emissions, are ineffective and costly. 

The SCAT (Spray, Charging,·and Trapping) scrubber system is a ·novel, 
controlled disposal scrubber system for controlling industrial process fugitive 
emissions. It uses air curtains and/or air push jets to contain, divert, and 
convey fugitive particles intq a· fine particle scrubber. The SCAT scrubber 
uses charged water sprays for removing particles entrained in the gas stream. 

A schematic drawing of the SCAT system is shown in Figure 1. The SCAT 
system uses four major components: (1) air curtain or air push jets, 
(2) particle charger and charged water sprays, (3) entrainment separator, and 
( 4) water treatment and recyc 1 i ng sys tern. There is no one fixed des_i gn or 
configuration for the SCAT and it is not necessary for a SCAT to have all four 
components. Its design varies from source to source. 

The most important features and advantages of the SCAT system are listed 
below. 

1. Inexpensive, simple design. 
2. Portable, does not interfere with process equipment. 
3. Minimum use of solid boundaries enabling access to the source. 
4. Minimum use of duc~ing and hooding. 
5. Deflects crosswinds. 
6. Contains hot buoyant plumes. 
7. Enables controlled disposal of particles. 
B. Flexible design to suit individual process. 
9. Energy efficient fine particle collection. 
The purpose of this wor.k was to evaluate available engineering design 

models for the SCAT system. Specifically this included evaluating air curtains 
and charged spray mode 1 s. A 1 tho.ugh air curtains and charged sprays have been 
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studied and used in industry for years, there are surprisingly few useful design 
models and few studies reporting sufficient data to evaluate these models. 

This work was broken into two phases: the air curtain study and the 
charged spray study. The goal was to arrive at an understanding of the SCAT 
system which was sufficient to enable the design of a SCAT system for any 
specific industrial installation. Details of the engine.ering models and 
calculations are reported by Yung, et al (1980). 

AIR CURTAIN STUDY 

An air curtain is a sheet of air blown out of circular or rectangular 
nozzles at high speed. Air curtain design for the SCAT system requires 
information on several parameters of the jet stream including the velocity 
distribution, jet expansion angle, the air entrainment ratio, and the effects 
of hot buoyant plumes and crosswinds. The jet expansion angle detennines the 
overall cross-sectional dimensions of the receiving hood. The air entrainment 
ratio determines the volumetric flowrate of the gas to be cleaned. The cross
wind and/or buoyant plumes dictate the placement of air curtains and the 
receiving hood. Design models for these parameters were evaluated experimentally 
in this study. 

Air Curtain Manifold 

The air curtain distribution manifold should give a uniform discharge 
velocity distribution along the manifold length to perform properly. In 
addition, the discharge direction should be as close to perpendicular to the 
flow direction in the manifold as possible. 

To obtain a uniform discharge, a constant static pressure must be maintained 
a1ong the duct. This was done by using a tapered duct to counterbalance static 
regain in the manifold. 

The discharge angle was maintained near 90° by' using a continuous slot 
nozzle divided by deflector vanes which protruded 9 inches from the air 
curtain duct. This is illustrated in Figure 2. 

Jet Expansion Angle and Air Entrainment Ratio 

The jet expansion angle and ai.r entrainment ratio were detennined experi .. 
menta1ly. They were calculated from velocity distribution measurements at 
several downstream locations from the manifold. The calculated jet expansion 
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angle was about 25° which is identical to that predicted for a pure momentum 
jet, but it is smaller than the 30°-40° reported in the literature (Tuve and 
Priester, 1944 and Hemeon, 1963). 

The measured jet stream centerline axial velocity decay agrees with that 
predicted from Prandtl's eddy viscosity model for turbulent flow as shown in 
Figure 3. The total air flow increases with distance from the air curtain 
manifold because the air curtain jet entrains surrounding air. The air 
entrainment ratio was measured and the data agree fairly well with predictions 
as shown in Figure 4. 

Crosswind Experiments 

Experiments were carried out to evaluate the effect of crosswinds on the 
trajectory of an air curtain. The air curtain jet may be used either to deflect 
the crosswind so that it bypasses the scrubber or to entrain and deflect the 
wind and fugitive emissions into the scrubber downwind from the emission source. 
In either case the design of a specific installation will require the ability 
to predict the momentum balance between the wind and air curtain and thus the 
resultant air flow trajectory. 

Wind deflection depends on several SCAT operating parameters such as the 
distance between the air curtain and the scrubber, air curtain slot width, slot 
exit velocity, the incidence angle between the wind and air curtain jet stream, 
and the wind speed. The incident angle at which the air curtain meets the wind 
is the most important parameter. For maximum deflect-ion, the jet stream should 
be at 4?0 opposing the wind. 

The purpose of these experiments was to determine the requirements for 
deflecting crosswind and to verify published correlations. For the SCAT 
system, complete wind deflection is required to avoid disturbances in dust 
containment. Complete wind deflection is defined as the condition for which 
the resultant air flow of the crosswind and the SCAT air curtain bypassed the 
SCAT scrubber. 

Several formulae for correlating the parameters mentioned above are . 
available in the literature. Instead of fixing the incident angle at 135°, 
which gives the maximum range, wind deflection experiments were perfonned by 

fixing the range (distance from air. curtain to scrubber), wind speed, air· 
curtain s.lot width, and slot exit Velocity and varying the incident angle for 
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wind deflection. The measured angle was then compared with predictions. It 
was found, as shown in Figure ·s, that the measured a.ngle .agrees with that 
calculated from theory (for details on the theory see Abramovich, 1963). 
Thus the deflection of a crosswind can be accurately predicted from the air 
curtain design and operating parameters. 

Hot Source Experiments 

In many metallu.rgical processes very hot fugitive plumes containing high 
concentrations of particles are released. The most efficient and economical 
way to clean these plumes would be to capture them at the source where the 
concentration is highest and gas volume lowest. However, for practical reasons 
such as the presence of overhead cranes, it is impossible in many cases to 
capture the plume at the source or even vertically above the source with fume 
hoods. In these situations a SCAT system could be applied to control the 
emissions. An air curtain could be used as the ceiling to contain the fumes 
and dust and horizontally displace the plume into a receiving hood or directly 
into a scrubber if space is available for its installation. 

Experiments were done to study the feasibility of contain-ing hot plumes 
with air curtains. The hot source was simulated with an open top furnace which 
had a natural gas, open flame burner. The furnace was a rectangular box lined 
with insulating fire-bricks. There was an opening on top of the furnace for the 
hot gas to exit. 

The furnace was located at the center of the SCAT system. The distance 
between the air curtain assembly and the spray scrubber was 3.1 m. Since the 
operation of the burner was fixed, the "ceiling" air curtain location was 
adjustable so that the jet stream could meet the hot plume at different 
temperatures. At a height of 60 cm above the furnace·; the hot· plume had a 
temperature of 500°C and a velocity of 2 m/s. 

The effect of buoyancy on the air curtain flow field was deduced by 
comparing the velocity and temperature profiles before and after the burner 
was turned on. Fly ash particles were ~ho injected into the furnace with the 
ceiling air curtain off and on for hot plume trajectory observations. 

A correlation for predicting the hot plume trajectory was derived. It is 
based on a momentum balance which accounts for the buoyancy and momentum of 
the plume. Figure 6 shows the experimental layout and predicted and observed 
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plume center line at the scrubber inlet. Predicted plume rise is slightly 
higher than observed. 

CHARGED SPRAY STUDY 

For a spray scrubber collection by drops is the pri nci pa 1 col 1 ectic:m 
mechanism and the partic1e penetration for a given size particle may be 
calculated from theory (Calvert, et al, 1975). 

The charged spray scrubber has been studied theoretically and experimentally 
by a number of researchers, including Melcher and Sacher (1974), Leari et al~ 
(1975, 1976), and Pilat, et a1, (1975, 1976, 1978 a, b). However, data reported 
by these researchers were not sufficient to verify the theory. 

An experimental cha_rged spray scrubber system was bui 1 t to obtain design 
data under well defined conditions. The scrubber consisted of a flow 
straightening section, an inlet particle sampling section, a particle charging 
section, a spray section, an entrainment separate~, and an outlet sampling 
section. The spray section consisted of two·removable spray banks and their 
configuration varied depending on nozzle type. 

The drops were cha_rged by induction. A high voltage grid assembly was 
placed in front of nozzles to induce charge on the water drops. The distance 
between the grid and nozzle was adjustable to allow for maximizing the drop 
charge level. 

Two types of nozzles were tested. The hook type nozzle (type 11A11
) 

produced drops with mean diameter around 240 µm at a nozzle pressure of 430 kPa. 
The discharge coefficient and spray angle for this nozzle were 0.63 and 100°, 
respectively. 

The particle collection efficiency of the spray scrubber was measured for 
the following four conditions: 

1. ND/UP (Neutral drops/uncharged particles), 
2. CD/UP (Charged drops/uncharged particles), 
3. ND/CP (Neutral drops/charged particles}, and 
4. CD/CP {Charged drops/charged particles). 

Note that the "uncharged" particles may not be neutral because they may carry 
some charge when they enter the scrubber. 

Figures 7, 8 and 9 show typical data along with theoretical predictions. 
The particle collection efficiency of the scrubber was found to fmprove by 
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charging either the water drops or the particles. Measured drop ch~rge and 
particle charge levels were +5.8 x 10- 7 C/g and -1.5 x 10-5 C/g, respectively. 
Test particles were_ hydrated lime with mass median diameter of 3.5 µmA and 
geometric standard deviation around 2. Further improvement was obtained when 
the drops and particles were oppositely charged. The improvement was more 
with submicron particles. For particles larger than 5 µmA diameter, charging 
the water and/or particles has little effect on efficiency. 

Hook type nozzle gave a higher collection efficiency than the pigtail type. 
This is consistent with the smaller drops produced by hook type nozzles. 

The data agree with predictions for the ND/UP conditions (spray scrubber 
only). When either or both the particles and drops were charged, the measured 
collection efficiency was higher than that predicted. In fact the theory 
predicted that there should be no improvement in efficiency for ND/CP and 

CD/UP conditions. Slight improvement was predicted for the CD/CP condition. There
fore a better theoretical design model is required for predicting perfonnance 
of charged spray scrubbers. 

CONCLUSIONS 

A simple technique for controlling fugitive process emissions has been 
developed. The technique involves the use of air curtains and air jets to 
contain and convey the emissions into a nearby spray .scrubber. 

The collection efficiency of a spray scrubber was investigated experimentally. 
The collection efficiency was improved by charging the water and/or the particles. 
The measured particle ,Penetration agrees with theoretical predictions for the 
ND/UP condition. For the electrostatically augmented scrubber, the measured 
penetration is lower than that predicted. 

Air curtains have been used in industry to contain dust but no carefully 
performed study has been reported in literature. The air curtain developed 
in the present study can achieve a smaller expansion angle and a lower entrain
ment ratio than those reported in the literature. Small expansion angles and 
entrainment ratios are beneficial to the control of fugitive process emissions 
with the SCAT system. 

The effects of crosswind and the containment of a hot buoyant plume were 
also studied. It has been shown that available theory (Abramovich) gave 
reasonable predictions for the air curtain range, trajectory of the air curtain 
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axis in the presence of a crosswind, and the required spray scrubber rotation 
angle for intercepting the jet stream~ Therefore, in operating the SCAT system 
under crosswind conditions, there is a rational basis for locating the air 
curtain and spray scrubber relative to the crosswind and emission source. 

The air curtain was successful in containing a hot buoyant plume. At 
an air curtain/spray scrubber separation of 3 m, an air curtain with slot width 
of 5.1 cm and air exit velocity of 20 m/s can contain a hot plume which is rising 
at a velocity of 200 cm/s and has a ~emperature of 470°C.· The trajectory of 
the plume can be predicted from a plume rise fonnula. 

We have done most of the necessary basic research in the present study. 
The general SCAT system can be applied to many kinds of sources. The next step 
is to select a source and demonstrate the feasibility ·of the SCAT system. 
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ABSTRACT 

This paper presents empirically developed predictive emission factor 
equations for open dust sources in iron and steel plants. The ranges of 
applicability and the precisions of the equation are discussed. Presently, 
the equations for the two open dust sources of greatest magnitude (unpaved 
and paved roads) have good precision, with 68% of the predicted values lying 
within factors of 1.21 and 1.53 of the measured values for unpaved and paved 
roads, respectively. 

Also presented are the results of tests performed on control techniques 
to mitigate fugitive dust from vehicles traveling on unpaved roads. Limited 
testing of chemical dust suppressants for industrial unpaved roads indicates 
a high initial control efficiency (exceeding 90%) which decreases more than 
10 percentage points within about 24 hr after application. The emission 
factor equations are shown to be useful in estimating control efficiencies 
in the absence of adequate efficiency test data. 
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FUGITIVE EMISSION CONTROL 
OF OPEN DUST SOURCES 

INTRODUCTION 

Two types of fugitive emissions occur in the iron and steel industry-
process fugitive emissions and open dust source fugitive emissions. Pro
cess fugitive emissions include uncaptured particulates and gases that are 
generated by steel-making furnaces, sinter machines, and metal forming and 
finishing equipment, and that are discharged to the atmosphere through 
building ventilation systems. Open dust sources are those that entail the 
generation of fugitive particulate emissions by the forces of wind and ma· 
chinery acting on exposed raw, intermediate and waste aggregate materials 
during storage, transfer and disposal. 

The ranking of the emissions potential of open dust sources at a given 
iron and steel plant or across the industry is an important tool in deciding 
where controls may be needed. This requires the development of emissions 
inventories, i.e., calculation of average emission rates for all significant 
sources at one or more plant sites. 

Calculation of the emission rate for a given source requires data on 
source extent, uncontrolled emission factor and control efficiency. The 
mathematical expression for this calculation is as follows: 

where 

R = Me (1 - c) 

R = mass emission rate 
M = source extent 
e =uncontrolled emission factor, i.e., rate of uncontrolled 

emissions per unit of source extent 
c = fractional efficiency of control 

Because of the wide range of particle size associated with fugitive 
particulate emissions, it is important that the applicable particle size 
range be specified for the calculated emission rate. The particle size 
range should be that for which the uncontrolled emission factor and the 
fractional efficiency of control apply. 

In a recent study of fugitive particulate emissions from integrated 
iron and steel plants, Midwest Research Institute1 (MRI) determined that 
open dust sources (specifically, vehicular traffic on unpaved and paved 
roads and storage pile activities) ranked with fugitive emissions from 
steel-making furnaces and sinter machines as sources which emit the largest 
quantities of fine and suspended particulate matter, taking into account 
typically applied control measures. It became evident that open dust 
sources should occupy a prime position in control strategy development for 

· fugitive particulate emissions within integrated iron and steel plants. 
Moreover, preliminary analysis of promising control options for both pro
cess sources of fugitive emissions and open dust sources indicated that 
control of open dust sources has a highly favorable cost-effectiveness 
ratio for particulate matter. 
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The industry-wide open dust source emissions inventory compiled by MRI 
utilized predictive emission factor equations developed by MRI based on 
field tests of a variety of uncontrolled sources at iron and steel plants. 
The most significant limitation to the reliability of the emissions inven
tory resulted from a lack of detailed knowledge of control efficiencies for 
various open dust source control techniques. 

The following sections of this paper discuss: (a) t~e ranges of appli
cability and the precisions of the empirically developed predictive emis
sion factor equations for uncontrolled open dust sources; and (b) the use 
of the emission factor equations to estimate the efficiencies of open dust 
source controls. In addition, the-results of the tests performed on con
trol techniques to mitigate fugitive dust from vehicles traveling on un
paved roads are presented. 

A mixture of metric and English units was used in this paper. The 
symbol "T'' refers to short ton, which is equivalent to 2,000 lb. The sym
bol "t" refers to the metric tonne, which is equivalent to 2,200 lb. An 
English-to-metric conversion table is presented at the end of this paper. 

EMISSION FACTORS FOR UNCONTROLLED OPEN DUST SOURCES 

The emission factor ~quations empirically developed by MRI 1 ' 2 for uncon
trolled open dust sources are shown in Table 1. The equations describe emis
sions of particles smaller than 30 µm in diameter based on a particle density 
of 2.5 g/cm3 . Although the equations represent anthropogenically uncontrolled 
emissions, most of the equations do incorporate natural control due to prel · 
cipitation. 

The precision of each equation in predicting measured emission factors 
over given ranges of independent variables has been calculated for those 
open dust sources which have been tested frequently enough to support a sta
tistical analysis. Table 2 shows the one-sigma precision factors for the 
predictive equations. The one-sigma precision factor (f1 ) is defined such 
that 68% of the predicted emission factors will be with a factor of f 1 of 
the measured values. The two-sigma precision factor (f2 ) is defined such 
that 95% of the predicted emission factors will be within a factor of f 2 of 
the measured values. 

The precision factors given in Table ~ are applicabl.e only when the 
predictive equations are used with values of the independ'ent variables that 
are within the ranges tested, which are also shown in Table 2. The equa
tions are of undetermined precision when applied to sources for which in
dependent variables lie outside of the ranges tested. Tables 3, 4, and 5 
list the parameter ranges that have been measured by MIU 3 for road surface 
dust and aggregate materials within the iron and steel industry. 

The precisions of the various equations differ extensively. The one
sigma precision factor for unpaved roads is 1.21, while the two-sigma pre
cision factor is 1.46 based on 23 tests. Because unpaved roads are often 
tlte largest open dust source in an iron and. steel plant, more effort has 
been placed on the testing of this source in relation to the others, with 
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TABLE 1 

Source category 

1. Uapaftd road• 

2. Paved roads 

3. latch load-in (e.g., front.-· 
ellAI loader, railcar dump) 

4. Continuous load-in (e.g., 
slacker, transfer station) 

s. Active storage pile .. tote 
1111Dce and traffic 

'· Active storage pile v:illd 
erosion 

7. Batch load-nt (e.1, fromt
emd loader 

a. Wind erosion of eapoaed areas 

OPEN DUST SOURCE EMISSION FAcrOR EQUATIONS 

Emission factor a 

Heasure of extent (lb/unit of source extent) 

Vehicle-•iles traveled S.9 s s <no.1 (i)°"s d 
12 30 365 

Vehicle-•iles traveled 0.09 I 4 s L (~)0.7 
ii 10 1,000. 

! !! b 

Tons of .. terial loaded in 0.0018 s 5 5 
{;)2 (!) 

o.33 

8 ~ b 

Tons of .. terial loaded in 0.0018 5 5 10 

<~t 
• d fOQS of .. terial put through 0.10 IC CT 235 storage 

Tona of .. terial put through o.os • d f D 

storage CT 235 15 90 

Tona of .. terial loaded out. 0.0018 

Acre-yeara of eapoaed land 

a Represents particulate 1111aller tlaan JO IJll in dia11eter ba1ed on particle density of 2.S g/cm3 • 

Correction parameters 

a = Silt content of aggregate or road 
surface material ti) 

S = Average vehicle speed (mph) 

W = Average vehicle weight (tons) 

L = Surface dust loading on traveled 
portion of road (lb/•ile) 

U = Hean wind speed at 4 • above 
ground (mph) 

H = Unbound moisture content of 
aggregate or road surface 
aaterial ci> 

Y = D1,111ping device capacity (ydl) 

IC = Activity fact.orb 

d = lh111ber of dry days per year 

f = Percentage of time wind speed ex
ceeds 12 11ph at 1 ft above the 
ground 

D = Duration of .. terial storage (days) 

e = Surface erodibility (tons/acre/year) 

P-1 = Tbornthvaite'a Precipitation
Evaporation Index 

R = N1111ber of 1ctive travel lanes 

I = Induatri~l road aui-entation 
factor 

v = Averaae n•ber of vehicle wheels 

h = Drop height (ft) 

b Equals 1.0 for front-enol :ia..er .. intaiaina pile tidine•• and SO round tripe of cu•t011er tracks per day in the atorage area. 

c * Equals 7.0 for tnacll:s tG9illg fr.,. unpaved to paved road• and releasing dust from vehicle 1111derbodiea; 
* Equals 3.5 when 20I of ~ 'llt!lriclea are forced to travel te11porarfly with one aet of wheels on an unpaved road bel'll while passlng on narrow roads; 
* Equal• 1.0 for traffic e.t:irely Oil paved surfaces. 



TABLE 2. PREDICTIVE EQUATION PRECISION FACTORS 
AND RANGES OF APPLICABILITY 

Source category 
Tested range.of 

independent variable 

Precision £actor 
for 6ai confidence 

interval 

1. Unpaved roads s: 4.3-68% 1.21 

2. Paved roads 

3. Batch load-in an4 
load-out (e.g., 
front-end loader, 
railcar dump) 

4. Continuous load-in 
(e.g., stocker, 
transfer station) 

5. Active storage pile 
maintenance and 
traffic 

6. Active storage pile 
wind erosion 

7. Wind erosion of 
exposed areas 

Source: References 1, 2, 

S: 22-64 km/hr (13-40 mph) 
W: 3-142 t (3-157 T) 
w: 4-12 wheels 

I: 1-7 
N: 2-4 travel lanes 
s: 5.1-13.2% 
L: 42-629 kg/km 

(150-2,230 lb/mile) 
w: 3-12 t (3-13 T) 

s: 1.3-7 .3% 
U: 2.1-22 km/hr (1.3-14 mph) 
h: 1.5 m (5 ft) 
M: 0.25-0.7% 
Y: 1.5-7.7 m3 (2-10 yd3 ) 

s: 1. 9-19. 1% 
U: 0.8-2. 7 m/s (1.8-6.0 mph) 
h: 1.5-12 m (5-40 ft) 
M: 0.64-4.8% 

K: 1.0 
s: 1.5% 
d: 235 days 

s: 1.5% 
d: 235 days 
f: 15% 
D: 90 days 

e: . 2.24 x 107 kg/km2 yr 
(100 T/acre/yr) 

s: 8.5% 
f: 100%. 

P-E: 40 

and 3. 

a Limited number of tests combined with theoretical development. 
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1.53 

4.9 

5.4 

a 

a 
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TABLE 3. SILT CONTENT VALUES APPLICABLE IN 
THE IRON AND S'.l'EEL INDUSTRY 

Range of silt 
Number content 

Source of tests (%) 

Unpaved roads 12 4 -13 

Paved roads 9 1.1-13 

Material handling activities and 
storage pile wind erosion 

Coal 7 2 - 7.7 
Iron ore pellets 10 1.4-13 
Lump iron ore 9 2.8-19 
Coke breeze 1 
Slag 3 3.0- 7.3 
Blended ore 1 
Sinter 1 
Limestone 1 
Flue dust 2 14 .. 23 

Source: Reference 3. 
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Average silt 
content cu 

7.3 

5.9 

5.0 
4.9 
9.5 
5.4 
5.3 

15.0 
0.7 
0.4 

18.0 



TABLE 4. SURFACE MOISTURE CONTENT VALUES APPLICABLE 
IN THE IRON AND STEEL INDUSTRY 

Source 

Material handling activities and 
stora~e pile wind erosion 

Coal 
Iron ore pellets 
Lump iron ore 
Coke breeze 
Slag 
Blended ore 
Flue dust 

Source: Reference 3. 

Range of surf ace 
Number moisture content 

of tests (\) 

6 2.8 -11 
8 0.64- 3.5 
6 1.6 - 8.l 
1 
3 0.25- 2.2 
1 
1 

Average 
surf ace moisture 

content (%) 

4.8 
2.1 
5.4 
6.4 
0.92 
6.6 

12.4 

TABLE 5. SURFACE LOADING ON TRAVELED LANES OF PAVED 
ROADS IN IRON AND STEEL PLANTS 

Number 
of tests 

9 

Source: Reference 3. 

Range of surf ace 
loading 

(lb/mile) 

65-17,000 
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Average surf ace 
loading 

(lb/mile) 

2,700 



the result that equation for unpaved roads is the most precise. By com
parison, the one-sigma precision factor for paved roads is 1.53, while the 
two-sigma precision factor is 2.34 based on 10 tests. 

To illustrate the effectiveness of the predictive emission factor equa
tion for unpaved roads, comparisons may be made between predicted emission 
factors and the corresponding measured values in the supporting data base. 2 

As shown in Figure 1 (Case 3), the measured emission factors for unpaved 
roads, which span two orders of magnitude, are predicted using the emission 
factor equation with a two-sigma precision factor of 1.46, i.e., the 95% 
confidence interval for a predicted emission value, P, extends from P/1.46 
to 1.46 P. If the average of all emission factor measurements is used in
stead of the equation, the two-sigma precision factor escalates to 5.2. In 
the other case shown in the figure, the average of measurements at a given 
site predicts the measurements at that site with a precision factor of 2.3. 

The one-sigma precisions of the equations for batch and continuous ma
terial handling are 4.9 and 5.4 based on 8 and 9 tests, respectively. The 
diversity of materials handled and handling 'operations necessitates that 
more tests be performed and that the predictive equations be modified to 
achieve a higher degree of precision. However, the measured emission fac
tors for typical material handling operations indicate that these opera
tions are small sources in most industrial settings and may not merit fur
ther testing. 

The precision factors for the storage pile maintenance, storage pile 
wind erosion and exposed area wind erosion equations are unknown since only 
limited testing of these sources has been performed to date. Wind erosion 
is currently being investigated by MRI using a portable wind tunnel with 
the goal of developing a statistically precise predictive emission factor 
equation for the wind erosion of storage piles and exposed areas. 

EFFICIENCIES OF OPEN DUST SOURCE CONTROLS 

Only limited testing results are available to define the efficiencies 
of various open dus~ source control techniques. However, MRI is currently 
engaged in a project funded by the U.S. Environmental Protection Agency 
(EPA Contract No. 68-02-3177, Task 4) and entitled "Iron and Steel Plant 
Open Source Fugitive Emission Control Evaluation," which is directed to the 
quantification of control efficiencies for open dust sources. 

In the absence of adequate test data on control efficiency, the pre
dictive equations shown on Table 1 can be used to estimate control effi
ciencies, if the changes in the independent variables affected by these 
control techniques can be quantified. Table 6 identifies the independent 
variables in the predictive equations in Table 1 which are affected by var
ious open dust source control techniques. 

Table 7 shows the results of 8 control technique quantification tests 
for emissions from unpaved roads. Two tests were performed on roads treated 
with Coherex® (petroleum resin), three on roads treated with TREX (ammonium 
lignin~sulfonate), and two roads were tested after a precipitation event. 
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95 PERCENT CONFIDENCE INTERVALS FOR 
UNPAVED ROAD EMISSION FACTORS 

CASE 1 - Use of 
Overal I Average 
Measured Emission 
Factor to Pre di ct 
Individual Measure-
ments at All Test Sites 

CASE 2 - Use of 
Average Measured 
Emission Factor for 
Each Test Site to 
Predict Individual 
Measurements at 
Only That Site 

CASE 3 - Use of 
Emission Factor 
Equation to Predict 
Individual Measure-
rnents at All Test Sites 

Figure 1. Comparison of unpaved road emission factor precisions. 
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Source 

Unpaved roads 

Paved roads 

Material handling 

TABLE 6. EFFECT OF CONTROL TECHNIQUES ON 
INDEPENDENT VARIABLES 

Control technique 

Watering (anthropogenic) 

Precipitation 

Chemical dust suppressants 

Vehicle speed and type 
control 

Flus bing 

Broom and vacuum sweeping 

Vehicle speed and type 
control 

Windbreaks 

Watering (anthropogenic) 

Precipitation 

Chemical dust suppressants 
Water extenders 
Agglomerators 

Reduce aggregate material 
drop height 

Use larger capacity 
equipment for batch 
handling · 
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Independent variable affected 

a None 

Number of dry days (d) 

Silt content (s) 

Vehicle speed (s) 
Number of wheels (w) 
Vehicle weight (W) 

Silt content (s) 
Total loading (L) 

Silt content (s) 
Total loading (L) 

Vehicle speed (s) 
Number of wheels (w) 
Vehicle weight (W) 

Mean wind speed at 4 m (U) 
Percent of time wind exceeds 

12 mph at 1 ft above 
eroding surface (£) 

Moisture content (H) 

Moisture content (H) 

Moisture content (M) 
Silt content (s) 

Drop height (h) 

Dumping device capacity (Y) 



Source 

Wind erosion of 
storage piles 

Wind erosion of 
exposed areas 

TABLE 6. (continued) 

Control technique 

Watering (anthropogenic) 

Precipitation 

Chemical dust suppressants 

Windbreaks 

Crusting of inactive piles 
(induced by watering, 
precipitation, and chem
ical suppressants) 

W~tering (anthropogenic) 

Precipitation 

Chemical dust suppressants 

Windbreaks 

Crusting of inactive 
surfaces (induced by 
watering, precipitation, 
and chemical dust 
suppressants) 

Independent variable affected 

u a. none . 

Number dry days (d) 

Silt content (s) 

Percent of time wind exceeds 
12 mph at 1 ft above 
eroding surface (f) 

Silt content (s) 

None8 

PE Index (PE) 

Silt content _(s) 
Erodibility (e) 

Percent of time wind exceeds 
12 mph at 1 ft above 
eroding surf ace (£) 

Silt content (s) 
Erodibility (e) 

a 
Watering does not affect silt content since s is determined by ~ sieving. 
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TABLE 7. SUMMARY OF CONTROL EFFICIENCY TESTS FOR UNPAVED ROADS 

Time after Measured 
Uncontrolled chemical Controlled 

emission application emission Control 
factor or rainfall factor efficiency 

Road surf ace (lb/VMT) Control type cessation (hrs) (lb/VMT) (%) 

· Dirt/slag 2.3 (M)a 10% Coherex® in water 20 0.073 97 

10% Coherex® in water 22 0.36 84 

i Crushed rock 21.5 (P) 25% Trex in water; 0.1 gal/yd2 24 2.0 91 

26 2.3 89 

27-1/2 3.6 83 
CD 
~ 

1 
Crushed ·rock 21.6 (M) Ra inf all of 1. 13 in. on two 23 2.3 89 
& glacial till preceding days 

Crushed lean 21.5 (P) Rainfall of 1.13 in. on two 28-1/2 11.6 54 
taconite rock· preceding days 

29-1/2 11.6 54 

·Source: References 2 and 4. 
a 

K =.measured 
b P = predicted 



Consistent with the emission factor equation for unpaved roads, the lowering 
of emissions on the Coherex-treated road was reflected by a reduction in 
silt content from 9.0% to 0.03%. 

It is evident from Table 7 that in all cases the decay in control ef
ficiency with time after application and road usage was dramatic. The con
trol efficiency of Coherex decayed from a high initial value (exceeding 90%) 
to 84% efficiency within 22 hr after application, whileTREX s:i,Jnilarly de
cayed to 83% efficiency within 27-1/2 hr after application. The natural 
control of precipitation decayed to 54% within 29 hr after the rain ended. 

CONCLUSIONS 

Emission factor equations which are applicable to uncontrolled open 
dust sources in iron and steel plants have been developed and are being im
proved through the generation of a more extensive and reliable data base. 
The use of predictive emission factor equations provides for much greater 
precision than single-valued emission factors by incorporating correction 
parameters which account for source variability. Presently, the ·equations 
for the two open dust sources of greatest magnitude (unpaved and paved roads) 
have good precision, with one-sigma precision factors of 1.21 and 1.53 for 
unpaved and paved roads respectively. The tested ranges of independent vari
ables which enter into the equations generally encompass the un~ontrolled 
source con~itions found at iron and steel plants. 

The lack of quantitative data on open dust source control- efficiencies 
indicates a strong need for more source testing. As an interim measure, 
the predictive emission factor equations may be used to estimate control 
efficiencies. This entails the measurement or estimation of the independent 
variables under controlled conditions rather than the more difficult mea
surement of the reduction in particulate emissions. 

Limited testing of chemical dust suppressants for industrial unpaved 
roads indicates a high initial control efficiency (exceeding 90%) which de
creases by more than 10% within about 24 hr after application. Consistent 
with the emission factor equation, the lowering of emissions is reflected 
by the reduced silt content of the road surface material after the applica
tion of chemical dus~ suppressants. Additional testing is needed to better 
quantify the performance of road dust suppressants. 
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ENGLISH TO METRIC UNIT CONVERSION TABLE 

English unit Multiplied by Metric unit 

lb/T 0.500 kg/t 
lb/vehicle mile 0.282 kg/vehicle km 
lb/acre yr 112 kg/km2 yr 
lb 0.454 kg 
T 0.907 t 
mph 0.447 m/s 
mile 1.61 km 
ft 0.305 m 
acre 0.00405 km2 
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ABSTRACT 

To reduce the wind blown dust from storage piles of coal or other 
bulk materials, wind tunnel tests of scale models are being made to 
determine the effect of pile configuration and use of wind barriers· to 
reduce wind penetration. · 

Preliminary results show that a wind break or barrier simulat~ng a 
snow fence whose he_ight is 1/2. the pile he.ight with a solidity of 2/3 
may reduce the penetration velocity of wind by one-half when it is 
placed three pile-he.ights away as an optimwn. A similar barrier of 1/4 
pile he.ight located 2. 5 pile-he_ights. away reduces the wind velocity by 
23 percent. The effect of leeward barriers is less obvious, however. 
Reduced wind penetration into a pile also conserves the moisture in the 
pile thus improving the adhesion.of dusts. 
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NOMENCLATURE 

SYMBOLS 

C Pressure coefficient 
p 

h Height of pile 

k ·Permeability of a pile, m2 
p 

L Characteristic length, m 

NRe Reynolds number, dimensionless 

P Pressure, Pa 

V Wind velocity, m/s 

P Density of fluid, kg/m3 

µ Viscosity of fluid, kg/ms 

Subscripts 

o Characteristic or freestream quantitites 

p Qua~tities inside the pile 
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INTRODUCTION 

The significance of the abatement of fugitive emission the form of 

wind blown dust from storage piles of bulk materials such as coal and 

ores is seen from the measurements reported by Cowherd and Hendricks 

(1977) 1 . The annual wind loss of particles below 30 µm size from a 

single steel plant may run into thousands of tons from storage piles 

alone. Nationally, this mode contributes to 10 percent of total 

suspended particle em1ssions of particles below 30 µm (Cowherd, et al. 

1979) 2 thus constituting an important pollution source. Estimated 

typical control efficiency is around 40 percent. 

Many factors influence this wind erosion loss such as wind velocity, 

moisture content, rainfall, duration of storage, compaction of pile and 

the amount and size of fines, and the pile configuration. To this, we 

may add the effectiveness of means of abatement. Wind erosion tests 

were made in wind tunnels to simulate both stationary piles and rail 

cars (Nimerick, et al 1979) 3 . Similarity relations are, however, 

complicated in that wind velocity distribution over a pile is affected 

by the characteristic Reynolds number of the pile while the lifting of 

particles from a pile is influenced by the size of particles and shear 
4 flow (Soo and Tung 1972) . 

The present research concerns abatement of such a pollution source 

as well as conservation of resources. The task consists of quantifi-

cation, simulation, and optimization of the shape and orientation of a 

porous storage pile and the strategic use of economically feasible 

barriers (windbreaks) or covering. The desirable condition includes 

minimum penetration at the windward end of the pile by dynamic pressure 

and the leeward ehd of the pile by separated flow and trailing vortices. 

This part of the study has been made by wind tunnel testing and numerical 

modeling of the fluid mechanics involved in wind penetration. The 

results will facilitate prediction of the behavior of the dust plume. 

This will lead to the desirable external protection and pile configuration 

and orientation and accurate estimation of dust production by wind based 

on the characteristics of particles. 

To insure accurate prediction, strict modeling criteria have been 

followed. 
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SIMILARITY RELATION 

Similarity of flow over a porous specimen or model to that of the 

prototype storage pile is achieved by keeping their characteristic 

Reynolds numbers equal. The latter is given by: 

NR = L p V /µ e o o 

where L
0 

is a characteristic length such as pile height, V
0 

is the 

characteristic wind velocity, p and µ are the density and viscosity of 

air, respectively. For the present study~ control of the boundary layer 

thickness of the approaching flow is also needed. Typical relations are 

seen in the following example: 

Prototype Model 

Pile Height---------------------3.05 m-------------76 nun. 

Air Velocity (V
0
)---------------l.l4 m/s-----------46 m/s 

Because of the large wind velocity needed in the model for similarity, 

the above pile of simulating bulk material has to be confined by a wire 

screen. 

Similarity in wind penetration into a porous pile is characterized 

by a parameter which is the ratio of viscous resistance to external 

freestream to the resistance to flow through the pores: 

where k 
p 

relation 

is the permeability -0f the pile given by the Kozeny-Carman 

(Carman 1956) 5 : k = £
3/s2 a, where sis fraction void called 

p 
porosity, S is the surface area per unit volume, and a is constant which 

is nearly 5. The basis of choosing k is given by the relation for the 
p 

flow velocity in the porous body VP is given by: 

v = (k /µ) ~p 
p p 

88 



where V'P denotes gradient of pressure in the porous body. For similar 

materials and chips of coal of similar size distributions, typical size 

relations are: 

Prototype: 10 x 0 an; Model: 2.54 x 0 mm (No. 8 Sieve) 

EXPERIMENTAL FACILITY 

For the quantitative modeling of a coal pile under the influence of 

wind, our present multiphase wind tunnel facility of 305 mm square 

cross-section have been modified to accommodate a specimen as in Figure 

1 showing traversing stations. This device makds possible testing of 

two-dimensional porous specimens, simulating a coal pile. Wind velocity 

distributions are determined by traversing of pitot-static and yaw 

probes outside of the pile model. From these measurements, penetration 

of wind into the inside of the pile was deduced, 

Models were designed to simulate prototype storage piles. Field 

observation of storage piles of coal was made by J. D. Tyrrel at the 

Consumer Power Company, J. C. Weadock Plant, Essexville, Mi~higan. 

Measurements from photographs taken gave angles of 37.4 and 37.7 degrees 

from the horizontal. These coal piles had an average height of 3.05 m 

(10 ft). Variables affecting coal pile configurations and packing 

frequencies were amount and frequency of coal supply, area of coal pile, 

coal usage demands, hopper location, stacking capabilities, and manpower. 

Based on these observations, a 76 mm and a Sl mn thick porous piles 

of haydite* 305 nun wide and 610 mm long (base) were prepared with pile 

angles of 40 and 35 degrees on the two ends for the preliminary measure

ments. These models can be reversed in the wind tunnel to test effects 

of pile angle~. 

Preparation of the porous specimen include~ crushing solids, haydite 

(sp. gr. 1.31) in this case, to the ~.e~,ired sizes followed by sieving 

and mixing to achieve the desired porosity for the purpose of simulation. 

A 3 mm square wire screen has been used to cover the particles of 

3 mm by 6 mm to maintain the prescribed geometry and porosity. This 

* A high grade shale product which is kiln processed and crushed to nearly 
10 nun size. 
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screen cover is needed because of the high wind velocity used in the 

simulation. The pile has a porosity (void) of 0.40 and a permeability 
-8 2 of 1.77 x 10 m . 

Figure l shows that for each given particle size constituting the 

bulk of the pile, the variables of geometry are the height (h), length 

(L), and angles (8 1 and e2) of the pile. Simulation of actual wind 

profiles is accomplished by a long inlet pipe length to give a fully 

developed boundary layer. Standard pitot and yaw probes were used with 

fluid and electronic manometers. A hot wire anemometer was used to 

determine the velocity fluctuations. 

Figure 1 also shows the model and the stations at which air velocity 

was measured. At stations A through I, a pitot probe was inserted 

vertically to determine the flow configuration surrounding the pile. At 

points 1 through 11, the yaw probe was inserted horizontally in order to 

measure the air velocity and angle at the surface of the pile. 

For these experiments, average wind velocities were chosen by 

damper adjustment and fan speed. 

Type of barriers tested include 25.4 mm barriers, solid and slotted 

to a solidity of 2/3, and 13 mm barriers, solid and slotted to 2/3 

solidity. All these were tested for optimum locations ahead of the pile 

(windward) and behind the pile. All locations are in terms of nominal 

pile heights. 

When testing the 51 mm pile model, the 25.4 mm barrier corresponds 

to 1/2 the pile height in order to simulate a likely real situation. 

The objective was to simulate simple fences that could be used as a 

means to reduce wind penetration and lift of dust. In all cases, the 

barriers were set parallel to the front or back edge of the pile and 

perpendicular to the bottom plate of the wind tunnel. 

MEASUREMENTS AND EXPERIMENTAL RESULTS 

Tests have been made principally with a pile of 51 JJD'll height and a 

pile of 76 mm height. Extensive measurements have been made both to 

determine the reference condition of flow over the pile with an inlet 

boundary layer simulating the atmospheric wind tests were ma.de first 

without protective barriers and subsequently with various forms of 

barriers. 
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1. Tests without Barriers 

A typical set of test results is shown in Figure 2. Figure 2a shows 

the wind velocity contour over the pile in the wind tunnel at a nominal 

wind velocity of 30 m/s based on pitot static tube traverses. Figure 2b 

shows the result of a yaw prove survey giving velocity and direction of 

wind in the vicinity of the pile. The increase in air velocity above 

the pile needs correction for comparison to free flow above ground. 

Figure 2 provides for a general understanding of the flow field around 

a pile. 

Detailed typical measurements in Figure 3 show the evolution of the 

air velocity profile around the porous pile specimen. As is readily 

seen, Fig. 5 shows a typical turbulent flow profile for the approaching 

flow. Velocities at stations D through G represent clearly the regions 

where separation of the flow occurs while velocities at stations G and H 

show the reattachment at the boundary layer .. Figure 4 shows the results 

of traverse across the pile specimen with the velocity profiles of the 

flow at the testing points near the surface. It should be noticed that 

even when the limits of the regions of flow separation cannot be exactly 

determined due to the finite number of probe points, these separation 

zones appear clearly defined by zero velocity readings at the surface of 

the pile as shown in Figure 3. 

2. Windward Barriers 

The use of barriers in front of the J?ile model appear to be the 

simplest way to control wind penetration. In order to test how effective 

this method is, two kinds of barriers of two different heights were 

tested (solid and slotted). The probe was placed, in turn, at stations 

3 and 9 (see Figure 1) which were located in regions where flow penetration 

was likely to occur. At those points, the air velocity was measured at 

different distances from the front glass of the tunnel and the barrier 

was placed at different distances from the edge of the pile. The 

experimental results for a solid barrier placed in front of the pile 

model are shown in Figure.S. 
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It is seen that at a distance equivalent to three pile heights 

measured from the bottom edge, the air velocity at point 3 is a minimum. 

In other words, the barrier becomes most effective at this distance. 

Furthermore, it was found that this distance is optimum for different 

wind velocities and also for the slotted barrier. 

Figure 6 shows the effect of the 25.4 mm solid barrier at three 

pile heights ahead of the pile, the limiting streamline and the velocity 

profiles outside of this limiting streamline. The fluctuating wind 

velocity behind the barrier was measured with a hot wire anemomter at 

stations l (Figure 1) and 2 to be 12.7 m/s and 10.6 m/s, respectively, 

for a free stream velocity of 33 m/s. This shows the effectiveness of a 

forward barrier. 

Figure 7 shows the limiting streamlines produced by the 13 mm solid 

and slotted barriers. They correspond to a barrier height 1/4 of the 

pile height. 

Figure 8 shows the velocity at station 3 (Figure 1) for various 

barriers and locations in terms of number of pile-heights f~r solid 

barriers and 2.5 pile-heights for slotted barriers of heights equal to 

1/4 of the nominal pile-height, and three pile-heights for solid and 

slotted barriers of heights equal to 1/2 of the nominal pile-height. 

The scaling relation is that the model corresponds to an actual pile of 

3 m high under 20 km/hr wind arid a l.S m high snow fence reduces the 

wind approaching the pile to 9 km/hr when placed 9 m from the foot of 

the pile. Other pile heights and velocities remain to be tested. 

Reduction in wind velocity also contributes to conserving the 

moisture in the pile, thus improving adhesion of fine particles. 

3. Leeward Barriers 

Expecting the back part of the pile to be a region for flow pene

tration, the air velocity at station 9 (Figure 1) was measured with a 

barrier placed at various distances from the back edge. Test results of 

the downwind barrier to this stage appears inconclusive, although nondetri

mental if the windward barriers become downwind due to a reverse in wind 

direction. 
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Figure 9 shows the limiting streamlines of flow separation for the 

condition of no barrier (solid line) and the wind velocity distribution, 

the use of 25 mm solid barrier (dotted lines for the barrier and the 

limiting streamline) and the use of 13 mm solid barrier (dashed lines 

for the barrier and the limiting streamline). 

Figure 10 shows the wind velocities at stations 9, 10, and 11 for 

25 mm solid barrier at various pile heights from the foot of the pile. 

DISCUSSION 

Experimental study to this stage shows that, wind barriers such as 

snow fences, when properly deployed, can reduce wind penetration into a 

storage pile bj one-half. This reduces blowing of dust as well as loss 

of moisture from the pile. Loss of moisture tends to increase the 

amount of fine dust in loose form. It appears desirable to have the 

length of a pile normal to prevailing wind, with snow fences along both 

sides. 

It appears that wind loss of dust from storage piles occur in three 

modes (2) : blowing due to wind penetration, erosion of the flat top as 

an effective exposed area, and during load-in and load-out. The first 

. two modes occur over long durations. Wetting down with water as a dust 

suppressant and reducing wind penetration will reduce the loss signifi

cantly. The eventual computer program wi11 include estimation of loss 

of dust and dispersion according to existing models. The former concerns 

entrainment and blowing of dust from the passages of the porous pile 

(Soo 1967, Settari 1975) 617 and the latter concerns diffusion of dust 

plume from nonpoint areas (Neuman 1975)
8

• These will also be covered in 

future tests. An input to the emissions factor equations such as in 
2 Cowherd, et al. (1979) is expected with the presence of barriers. 

Application of coating or other dust suppressant on storage piles 

is also within consideration. Economic justification and cost effective

ness of protective devices are essentiaL 
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CONCLUSIONS 

To this stage of an experimental program, we conclude, in a prelim

inary sense, that barriers such as snowfences or height 1/4 to 1/2 of 

that of the storage pile, if properly deployed in the windward direction 

of the pile at two to three pile heights away, can reduce the wind 

penetration and the resulting lift of dust by 25 to 60 percent,not 

counting the reduced rate of drying of the materials in the pile. If 

these barriers are located also in the downwind location, no harmful 

effect is noted. A tentative reconunendation is to have the pile protected 

in the directions of prevailing wind as an inexpensive means of reducing 

wind blown dust. 

Continuing study will include the effect of changes in pile heights 

and geometry (angles, etc.), pile porosity and amount of fines. Wind 

velocity patterns behind a windward barrier and in front of a trailing 

barrier will be studied in detail with a hot wire anemometer. 
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INTRODUCTION 

The Source Evaluation and Analysis Division (SEA) of Acurex 
Corporation undertook a series of tests for EPA Region 5 at the hot metal 
desulfurization plant of Kaiser Steel located in Fontana, California. The 
tests were performed to develop emission factors (particulate mass, 
particle size, S02) for uncontrolled and controlled emissions from this 
process. 

PROCESS DESCRIPTION 

Kaiser Steel owns and operates an external hot metal desulfurization 
(HMOS) plant at its Fontana Works located in Fontana, California. The 
plant began operation in the spring of 1978 and uses technology based on 
the Nippon Steel Corporation desulfurization process. Hot metal from the 
blast furnace arrives at the HMDS plant in torpedo cars which are rolled 
into a partially open shed attached to the HMDS building. Lances with 
stoppers are inserted into as many as three torpedo cars at one time and a 
predetermined amount of calcium carbide (CaC2} and calcium carbonate 
(CaC03) is blown into the hot metal using nitrogen {200 cfm at 30 to 40 
psi). The calcium reacts with the sulfur in the metal to form a slag 
which floats to ·the top of the torpedo car. The hot metal is usually 
desulfurized to <0.03 percent sulfur but can be reduced to as low as 0.003 
percent sulfur for special 1ow sulfur steel production. The stopper on 
the lance fits into the mouth of the torpedo car to minimize emissions 
during the desulfurization process which lasts approximately 8 to 16 
minutes. Emissions which do escape around the stopper are captured by a 
local hood and ducted to a six compartment, positive pressure 
Wheelabrator-Frye baghouse. The design capacity of the baghouse is· 
100,000 scfm and it contains 1728 Dacron bags, each 5.25 inches in 
diameter and 14 feet 3 inches long. The air-to-cloth ratio of the unit is 
3:1 at a design pressure drop of 7 to 8 inches w.g. Bag cleaning is 
accomplished by mechanical shaking and the cleaned gases are exhausted to 
the atmosphere via six stacks -- one for each compartment. The dust 
collected by the baghouse (-2 tons per day) is trucked to landfill for 
disposal. After desulfurization is complete the torpedo cars are taken to 
the skimming station of the Basic Oxygen Plant (BOP) where the slag is 
skimmed from the hot metal. This hot metal is now suitable for use in the 
Basic Oxygen Furnace (BOF). 

SAMPLING LOCATIONS 

Uncontrolled Emissions Location 

Samples of the uncontrolled emissions from the HMDS process were 
collected at the inlet to the baghouse as indicated in Figure 1. The 
particle size sampling ports (six total, three equidistant ports on each 
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vertical side of the rectangular inlet duct which was 63 inches high and 
72 inches wide) were located 24 inches downstream from the beginning and 
72 inches upstream from the end of the transition piece in the ductwork. The 
particulate mass sampling ports (three total, each port equidistant on one 
vertical side of the rectangular inlet duct which was 57 inches high and 
80 inches wide at this point) were located 48 inches downstream of the 
beginning and 48 inches upstream of the end of the transition piece in the 
ductwork. Particle size and mass measurements were made at nine sampling 
points at each of these locations (three points per sampling port). 

Controlled Emissions Location 

Samples of the controlled emissions from the HMDS process were 
collected at the outlet of the baghouse as indicated in Figure 2. The 
particle size sampling ports (one 6-inch diameter port located at 450 to the 
mass sampling ports on stacks 2 and 5 which were 30 inches in diameter) were 
located 45 inches downstream of the top of the baghouse and 27 inches upstream 
of the stack exits. The particulate mass sampling ports (two 4-inch diameter 
ports located at goo to each other on stacks 2 and 5 which were 30 inches in 
diameter) were also located 45 inches and 27 inches downstream of the baghouse 
and upstream of the stack exits respectively. S02 tests were also conducted 
in these sampling ports. Particulate mass measurements were made at twelve 
sampling points along two diameters of each stack. Particle size measurements 
were made at a single point of average velocity as were the S02 measurements. 

SAMPLING EQUIPMENT 

Particulate Mass 

All particulate mass measurements were made with the Acurex High Volume 
Stack Sampler (HVSS) which is an EPA Method 5 sampler. Figure 3 illustrates 
the heated oven containing a 3 µm cyclone and a 142 mm filter holder. The 
cyclone was used for all the inlet tests to capture the large, abrasive 
particles greater than 3 µm in size to prevent damage to the glass fiber 
filter in the filter holder. No cyclone was used for the outlet tests, just 
the filter holder. 

Particle Size 

Two different'particle size sampling devices were used to measure the 
size distribution of the uncontrolled and controlled emissions from the HMDS 
process. Uncontrolled emission size distributions were measured with a· SoRI 
in-stack, 2-cyclone train (15 µm and 2.5 µm) with a 2.5-inch backup glass 
fiber filter. Controlled emissi.ons were measured with an Andersen Mark III 
in-stack cascade impactor equipped with a 15 µm cyclone precutter with 
straight nozzles. All filter media was Reeve Angel 934 AH. Figures 4 and 5 
illustrate these devices. 

Since both of these particle sizing devices were used in-stack, these 
devices were mounted directly on the end of a 5-foot long stainless steel 
probe. The remainder of the sampling train components were identical to a 
Method 5 train. 
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Figure 3. Cyclone and filter holder in heated oven of Method 5 train. 



Figure 4. SoRI in-stack 2-cyclone train with 2.5-inch backup filter. 



Figure 5. Andersen Mark III cascade impactor with 15 µm cyclone precutter. 



Sulfur Dioxide 

An EPA Method 8 sampling train was used to sample the controlled HMDS 
process emissions for S02 to maximize the volume of gas sampled since the 
concentration of S02 was expected to be very low. 

SAMPLING PRCX:EDURES 

Particle Size Device Comparisons 

Since the SoRI 2-cyclone train was a relatively new sampling device 
duplicate comparison tests of the SoRI 2-cyclone train and the Andersen Ma;k 
III impactor were carried out at the inlet location prior to the test 
program. Each device was compared against the other to determine if there was 
any difference in the performance of these devices. For example, the SoRI 
2-cyclone train was inserted into one sampling port on one vertical side of 
the inlet duct while the Andersen Mark III impactor was inserted into the 
sampling port on the opposite vertical side of the inlet duct. Hence, both 
devices were in the same measurement plane 6 inches apart (to minimize 
interference effects of one device on the other but close enough to see the 
same particle concentration and size distribution). The results of these 
comparison tests are presented in Table 1 and indicate reasonable agreement 
between the devices. 

The repeatability of each measurement device was also determined in a 
similar manner. For example, two Andersen Mark III impactors were positioned 
in the duct work 6 inches apart and were used to simultaneously sample the 
uncontrolled emissions. The samples were recovered and weighed in an 
identical manner to determine each device's measurement repeatability. The 
results of these precision tests are presented in Figures 6 and 7 and indicate 
good measurement repeatability is possible with careful operation of each 
device. 

Particulate Mass 

The particulate mass tests were basically conducted in accordance with 
EPA Method 5 procedures. Sampling involved careful timing and coordination 
since particle size and mass determinations were made simultaneously and were 
dependent on the desulfurization time (varied with the number of torpedo cars 
to be desulfurized, the degree of desulfurization required, and the start of 
each torpedo car desulfurization). Since the time of desulfurization varied 
from 5 to 18 minutes, each sampling point in the inlet duct (nine total) was 
sampled for 30 seconds for a total sampling tim~ of 4.5 minutes. The volume 
of gas sampled per test varied from 10 to 15 ft • It should be noted that 
the inlet test location was under considerable negative pressure (upstream of 
baghouse fan) and the sampling probe was inserted into the duct -15 seconds 
before the start of a test with the vacuum pump drawing -0.05 cfm through the 
train to prevent the filter paper from lifting off the support screen and 
possibly tearing and to prevent the impinger liquids from being sucked forward 
through the train. At the comp let ion of a test, the fl owrate through the 
train was again reduced to -0.05 cfm as the probe was withdrawn from the 
duct. The pump was then shut off when the probe was outside the duct. 
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TABLE 1. COMPARISON TEST RESULTS FOR PARTICLE SIZING DEVICES 

15 µm 2.5 µm 

Less than Less than Total 
Volume of Stated Size Stated Size Particulate 

Gas Mass 
Particle Size Sampled Concentration 

Device (dscf) (%) (gr /dscf) (%) (gr/dscf) (gr/dscf) 

SoRI 2-cyclone train 4.375 31. 7 a. 733 13.3 0.308 2.313 
with 2.5 inch backup 4 .237 34.4 1.120 12.6 0.410 3.256 
filter 

Andersen Mark III 0.859 27.1 0.763 11.3 0.318 2 .815 
impactor with 15µ 0.857 32.2 1.090 14.3 0.484 3.385 
cyclone precutter 
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At the outlet test location, several desulfurizations had to be sampled 
consecutively to collect enough particulate matter for sample evaluation. 
Hence, each point on two traverses (12 points total) was sampled for 1 minute 
for a to~al sampling time of 20 to 24 minutes. The volume of gas sampled per 
test var1ed from 47 to 75 ft3. It took a minimum of two days to complete 
one test at the baghouse outlet. The outlet test location was at a slight 
positive pressure and was sampled in a normal manner. Only stacks 2 and 5 
were tested simultaneously (for economical reasons) for particulate mass and 
size. 

Particle Size 

As a result of the comparison tests, it was shown that the performance 
of the devices (SoRI 2-cyclone train, Andersen Mark III} were equivalent. 
Hence, the SoRI 2-cyclone train was used for all inlet tests (high grain 
loadings) and the Andersen Mark III impactor with a 15 µm cyclone precutter 
was used for the outlet tests (very low grain loadings). 

Prior to conducting a particle size test, each device (SoRI 2-cyclone 
train and Andersen Mark Ill impactor) was thoroughly brushed and cleaned with 
reagent grade acetone. In addition, both the cyclones and the impactor were 
cleaned in an ultrasonic bath (using a liquid cleanser) after every second or 
third test. 

The sampling procedures for the particle size sampling trains were 
identical to those of the particulate mass sampling trains except for the 
number of points sampled during a given desulfurization. Tests conducted with 
the SoRI device consisted of sampling in one sample port for equal times 
(2.0 minutes) at each of the three sampling points. Approximately 2.5 ft3 
of gas was sampled per test which provided a more than adequate amount of 
particulate matter in each collection stage. Three points per test were 
selected to minimize the number of discrete tests required to traverse the 
entire duct based on the preliminary velocity measurements which indicated 
very little horizontal stratification. All three points in all three sample 
ports were sampled repeatedly to account for particulate stratification {in 
the vertical direction) over the entire duct. The tests conducted with the 
Andersen Mark III impactor at the baghouse outlet were done at a single point 
of average velocity in stacks 2 and 5 since the preliminary measurements 
indicated very uniform profiles in a given stack although velocities 
varied from stack to stack. Since the outlet grain loadings were so low 
(<0.01 gr/dscf), several desulfurizations were tested in order to collect 
5 to 6 ft3 of gas for a weighable sample. 

RESULTS 

Uncontrolled Emissions 

Table 2 sunmarizes the sampling data obtained with the EPA Method 5 
particulate mass train. Table 3 provides a surrmary of the HMDS production 
data obtained during these tests. The emission ·factor data (based on Method 5 
measurements) are dependent on the degree of sulfur removal (higher for larger 
sulfur removal) from the hot metal but does not appear to correlate with the 
rate of desulfurization; the desulfurization agents injection rate used 
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TABLE 2. INDIVIllJAL PARTICULATE MASS TEST SAMPLING DATA 
(Uncontrolled Emissions) 

Volume Particulate 
of Gas Particulate Particulate Emission 

Test Sampled Mass Concentration Rate 
Number (dscf) (mg) (gr/dscf) (lb/hr) 

14 14.064 631.54 o. 6930 605 

18 14.340 2,705.84 2.9919 2,266 

19 11.854 2,805 .15 3.6519 2,633 

20 14.514 696.11 0.7401 605 

22 13 .314 2,129.50 2 .4683 1,862 

23 14.154 2,549.61 2.7798 2,151 

25 13.960 622.60 0.6882 547 

26 12.912 1,028.64 1.2294 904 

27 11. 710 2,290.14 3.0191 1,977 

28 10.908 2,294. 71 3.2323 2,017 

' 
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TABLE 3. HMDS PRODUCTION DATA (Uncontrolled Emissions) 

Desu 1fur i zat ion 
Agents Particulate 

Mass Average Particulate 
Oesulfurizat ion Emission Desulfurizat ion Emission 

Test Tlme cacj CaC03 Rate Rate Factor 
No. (min) ( 1 b (lb) (lb/min) (tons/min) (lb/ton) 

14 5.50 333 32 10.08 21.82 0.46 

18 9.53 1063 33 37. 77 12.31 3.07 
9.97 1033 46 

19 5.45 470 35 43.87 20.19 2 .17 
5.45 316 26 
6.93 613 51 

20 13.55 1043 46 10.08 8.86 1.14 

22 10.40 814 42 31.07 12.87 2.41 
9.03 565 S2 
5.97 342 61 

23 12.53 1oa; 41 35.85 9.82 3.65 
13.48 1095 53 
14.02 1191 113 

25 19.00 2073 100 9.07 6.37 L42 

26 8.97 691 58 15.08 11.lS 1.35 

27 7 .35 551 96 32.95 14.54 2 .27 

9.23 570 64 

28 8.75 558 87 33.61 15.18 2.21 
6.60 314 40 I 

l I 
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during these tests was much higher (average 83.3 lb/min) than 50 to 65 
lb/min cited by Kaiser and the CaC2 usage averaged 6.4 lb/ton hot metal 
to obtain an average sulfur reduction of 65.2 percent compared to the 
cited 3.6 lb CaC2/ton hot metal for 60 percent sulfur removal. 

Controlled Emissions 

Table 4 sumnarize the sampling data obtained with the EPA Method 5 
particulate mass train. Table 5 provides a sumnary of the HMDS production 
data obtained during these tests. The emission factor data {based on 
Method 5 measurements) are dependent on the degree of sulfur removal 
(higher for larger sulfur removal) from the hot metal; the average 
desulfurization injection rate was 83.9 lb/min and the CaC2 usage 

·averaged 3.95 lb/ton hot metal to obtain an average sulfur removal of 
50 percent. 

SUMMARY OF TEST RESULTS 

Emission Factor Data 

The average emission factor (based on Method 5 measurements) for 
uncontrolled HMDS process emissions was 1.09 +0.44 lb/ton for one torpedo 
car (TC}, 2.53 +0.47 lb/ton for two TC's, and-2.74 +0.79 lb/ton for three 
TC's. Based on-the particle size measurements made-with the SoRI 
2-cyclone train, approximately 25 percent of these particles are less than 
15 µm in size and 12 percent are less than 2.5 µm in size. 

The average emission factor (based on Method 5 measurements for 
controlled HMDS process emissions was 0.009 +0.003 lb/ton. Based on the 
Andersen impactor measurements, the Dp50 for-these emissions was 3.4 µm. 

The average mass removal efficiency of the baghouse based on 
Method 5 measurements (not simultaneous) was 99.36 percent and no 502 
was detected in the baghouse exhaust. 

Comparison of Sampling Train Data 

Tab 1 es 6, 7, 8 and 9 compare the Method 5 train test --~esults with 
those obtained by the particle size trains. All inlet particulate mass 
tests traversed the entire inlet duct; all particle size tests were done 
at three points only as follows: tests 18, 19, and 26 \\ere done in the 
top sampling port (points 1, 2, 3}; tests 20, 23, and 25 were done in the 
middle sampling port (points 4, 5, 6); tests 22, 27, and 28 were done in 
the bottom sampling port (points 7, 8, 9); Method 5 train (front half 
only) concentrations were 21 percent greater than the SoRI train 
concentrations for the top port, 8 percent greater for the middle port, 
and 23 less for the bottom port; there is obviously particulate 
stratification from top to bottom in the inlet duct. 

All outlet particulate mass tests traversed both baghouse stacks; 
~11 particle size tests were done at a single point of average velocity; 
1n all but one case, the Method 5 particulate mass concentrations \Ere 
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TABLE 4. INDIVIllJAL PARTICULATE MASS TEST SAMPLING DATA 
(Controlled Emissions) 

Volume Particulate 
of Gas Part i cu l ate Particulate Emission 

Test Sampled Mass Concentration Rate 
Number (dscf) {mg) (gr /dscf) (lb/hr) 

15 65.909 31.09 0.0073 0.96 
75.296 104.54 0.0214 2.65 

16 47. 718 33. 71 0.0109 1.31 
51. 900 71. 75 0.0213 2.70 

17 57 .159 17.84 0.0048 0.63 
57.355 60.20 0.0162 2 .17 
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TABLE 5. HMDS PRODUCTION DATA (Controlled Emissions) 

Desulfurization 
Agents Particulatea 

Mass Average 
Oesulfurization Emission Oesu lf urizat ion 

Test Time CaCj CaC03 Rate Rate 
No. (min) (lb {lb) (lb/min) (tons/min) 

15 6 .30 475 34 0.180 17.60 
4.48 263 28 
6.40 400 75 
6.37 413 36 
6.32 426 35 
7.02 464 51 
7.42 628 35 
6.97 568 49 
6.97 595 59 

16 8.48 929 34 0.202 18.31 
7.77 736 47 
8.13 774 62 
3.77 296 33 
6.22 475 44 
4.83 356 31 
5.93 537 34 
6.73 562 47 
7 .13 540 63 

17 4. 72 391 32 0.132 29.01 
4.13 216 26 
4 .12 268 60 
3.83 300 33 
3.73 266 33 
4.12 254 30 

acomputed using average Method 5 concentration for two stacks and average 
volumetric flowrate from inlet tests 
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TABLE 6. COMPARISON OF METHOD 5 AND SoRI TRAIN DATA (Top Port) 

Sampling Volume of Gas Particulate Mass 
Sampling Location Sampled Concentration 
Device (Inlet Duct) (dscf) (gr /dscf) 

Acurex Method 5 high All 9 points 14. 340 2.9119 
volume stack sampler 11. 854 3.6519 

12.912 1.2294 

SoRI 2-cyclone train Points 1,2,3 2.550 2.3575 
w;th 2.5 inch backup 2.694 2.8104 
filter 2.785 0.9740 ' 

TABLE 7. COMPARISON OF METHOD 5 AND SoRITRAIN DATA (Middle Port) 

Sampling Vo 1 uoie of Gas Particulate Mass 
Sampling Location Sampled Cone en tra ti on 

Dev ice (Inlet ;Duct)· (dscf) (gr/dscf) 
.. 

Acurex Method 5 high All 9 points· 14 .'514 0.7401 
volume stack sampler 14 .154 2. 7798 

13 .960 0.6882 

' 
SoRI 2-cyclone train Points 4,5.6 . 2.679 0.4496 
with 2 .5 ; nch backup 2.651 2.6186 
filter 2.749 0.8102 i 

; 
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TABLE 8. COMPARISON OF METHOD 5 AND SoRI TRAIN DATA (Bottom Port) 

Sampling Volume of Gas Particulate Mass 
Sampling Location Sampled Concentration 
Device (Inlet Duct) (dscf) (gr/dscf) 

Acurax Method 5 high A 11 9 points 13.314 2.4683 
volume stack sampler 11. 710 3.0181 

10. 908 3.2323 

SoRI 2-cyclone train Points 7,8,9 2.644 2.8942 
with 2.5 inch backup 2.742 2.9927 
filter 2.722 5.3917 

TABLE 9. COMPARISON OF METHOD 5 AND ANDERSEN MARK III 
IMPACTOR DATA (Stacks 2 and 5) 

Sampling Volume of Gas Particulate Mass 
Sampling Location Sampled Concentration 
Device (Outlet Stacks) (dscf) (gr/dscf) 

Acurex Method 5 high A 11 12 points 65.909 0.0073 
volume stack sampler 75 .29'6 0.0214 

47.718 0.0109 
51. 900 0.0213 
57 .159 0.0048 
57. 355 0.0162 

Andersen Mark II I Average point 5.868 0.0078 
impactor with 15 µm 6.030 0.0060 
cyclone precutter 6.265 0.0054 

5.435 0.0084 
6.249 0.0044 
5.983 0.0066 
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considerably greater (average 50 percent) than corresponding impactor 
concentrations: the volumetric flowrates through stacks 2 and 5 showed 
very little difference, bu~ the mass concentrations were significantly 
different (stack 5 always greater than 2). 
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DEMONSTRATION OF THE USE OF CHARGED FOG 
IN CONTROLLING FUGITIVE DUST 

FROM LARGE-SCALE INDUSTRIAL SOURCES 

by 

F.dward T. Brookman 
Project Engineer 

TRC-Environmental Consultants, Inc. 
Wethersfield, CT 06109 

ABSTRACT 

A unique device for the control of particulate emissions works on the 
principle that most industrial pollutants acquire an electrostatic charge 
as they are dispersed into the air. If this charged airborne material is 
exposed to an.oppositely charged water fog, the charges act to enhance the 
contact between the particulates and the fog droplets, resulting in rapid 
agglomeration and particle fallout. A device that generates charged fog 
has now been substantially developed and is being offered commercially by 
The Ritten Corporation. 

TRC-Environmental consultants, Inc. has been contracted by EPA/IERL/RTP 
to test the Ritten Corp0ration's Fogger IV on several large-scale fugitive 
dust sources. This paper discusses the initial test at a sand and gravel 
operation and presents preliminary test results in terms of percent 
reduction in TSP. The changes in fogger effectiv~ness due to variations in 
operational parameters are discussed. The initial tests indicate overall 
fogger efficiencies of approximately 70 percent. 
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INTRODUCTION 

DEMONSTRATION uF THE USE OF CHARGED FOG 
IN CONTROLLING FUGITIVE DUST 

FROM LARGE-SCALE INDUSTRIAL SOURCES 

A spray.of fine water droplets is a well-known means of airborne dust 
removal. Various types of scrubbers rely on water droplets to sweep 
particles from the inlet gasses and water sprays are often used in mining 
and material handling for dust suppression. Unfortunately, water sprays 
are not very efficient in removing dust from the ambient air. 

One means of improving the efficiency of water sprays is by applying a 
charge to the spray that is opposite in polarity to the charge of the dust 
to be suppressed. It has been found that most industrial pollutants and 
naturally occurring fugitive_ dusts acquire an electrostatic charge as they 
are dispersed into the air. If this charged, airborne material is exposed 
to an oppositely charged water spray there is enhanced contact between the 
particulates and the water droplets. After cbntact is made, the wetted 
particulates agglomerate rapidly and fall out of the atmosphere. 

The charged sprays can be further improved by atomizing the water 
droplets so that a fog is produced. The fineness of the particles enhances 
the charge carrying capabilities in the spray. Furthermore, Hoenig 
(1977) 1 has demonstrated that the greatest effectiveness is obtained when 
the water droplets are of a similar size to the dust particles to be 
controlled. Lastly, less water is required when fog is used, thus reducing 
operating costs. 

A device capable of producing this fine spray and applying a charge to 
it is known as a charged fogger. A charged fogger uses a nozzle to produce 
the fog, an induction ring to charge the fog as it leaves the nozzle, and a 
fan to transport the fog to the dust source. The operation of the fogger 
requires a water supply, a pressurized air supply, and power. There are 
several such devices on the market, tailored to the size and type of 
industrial application. 

The charged fogger is intended p~imarily for fugitive dust sources that 
cannot reasonably be controlled via conventional means such as hooding. 
Such sources include materials handling operations (transfer points anci 
conveyors), truck and railroad car loading and unloading, front end 
loaders, ship loading, grain silos, and mining operations. The charged fog 
concept has been applied to operations as small as a hand grinder an~ as 
large as a quarry. 

Although the charged fog concept has been widely applied to industrial 
sauces of fugitive dust, little data is available regarding fogger control 
efficiency. ·TO obtain such data,· the Industrial Environmental Research 
Laboratory of the Environmental Protection Agency at Research Triangle 
Park, North Carolina, (IERL/EPA/RTP) contracted TRC-Environmental 
Consultal)ts, Inc. (TRC) to conduct a full scale demonstration of a charged 
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fogger on several appropriate industrial fugitive emission sources. In 
particular, IERL/EPA was interested in testing the largest fogger, 
designated "Fogger IV", manufactured by the Ritten Corporation of Ardmore, 
Pennsylvania, on several sources within the iron and steel and ·sand and 
gravel industries. 

The sources considered for testing included materials transfer, 
conveying, grinding, crushing, and truck and railroad car loading and 
unloading. The requirements for a test site included isolaDility from 
other dust sources, availability of necessary utilities, relative 
difficulty of control by other methods, representativeness to the general 
industry, relatively continuous operation, and fairly heavy dust production 
to facilitate sampling. 

Following numerous visits to iron and steel and sand and gravel sites, 
several suitable sources were selected for field testing the charged 
fogger. The source chosen for the first test was the primary rock crusher 
operation at a sand and gravel site in Connecticut. 

DESCRIPTIONS OF SITE AND TEST EQUIPMENT 

Figure 1 is a plot plan of the primary crusher operation showing the 
locations and dimensions of the various structures. Descriptions of the 
site and test equipment are given in the following subsections. 

Test Site 

The inital fogger test site was a primary rock crusher. Approximately 
100 dump trucks per day, each carrying loads of approximately 45 Mg (50 
tons) of quarry rock (basically basalt) mixed with dirt, back up to tne 
crushing pit to unload. Unloading times vary from 30-60 seconds, depending 
on con"'tlitions in the pit. The pit itself is roughly 8 meters long and 6 
meters wide. The crushing is done by a Superior 4265 gyrotory rock 
crusher. There is a two story computer control building to the north side 
of the crushing pit, a control shed to the east, and a large paved area to 
the south side. All approach roads and areas around the buildings and pit 
are paved and kept reasonaoly clean through frequent sweepings and 
waterings. 

Fugitive dust emissions result from the dumping and 
operations. The truck unloading is the primary source of dust 
major portion coming from dust boil-up at the rear of the pit. 
also dust at the rear of the truck during the dump. The crushing 
itself also produces dust, but to a much lesser degree than the 

. process. 

:harged Foggers 

crushing 
with the 
There is 

procedure 
unloading 

Two identical foggers were specially designed for TRC and EPA by the 
Ritten Corporation of Ardmore, Pennsylvania. Ritten's standard Fogger III 
was modified and upgraded in order to allow for variations of parameters. 
The final configuration, designated "Fogger IV", is shown schematically in 
Figure 2. 
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In the generation of the charged fog by the Fogger IV, water is 
atomized via a compressed air supply and ejected from a nozzle. As the fog 
leaves the nozzle, it passes through an induction ring where either a 
positive or negative charge, depending on the nature of the dust, is 
applied to the spray. A flow of air around the nozzle, provided by a 
centaxial fan, projects the fog towards the dust source. A control panel, 
located on the back of the fogger, allows for fogger operation and 
parameter variability. A schematic of the control panel is shown in 
Figure 3. 

The requirements for and capabilities of the operational parameters are 
as follows: 

• Air supply to nozzle - A compressed air supply of 5.6 - a.a kg/cm1 

(80-125 PSI) is required. For the tests the air was supplied by a 2 
hp comfressor. The air flow through the nozzle is variable from o -
11.3 m /hr (0-400 SCFH). 

• Water flow -. The water supply to the fogger sho·uld be around 3.5 
kg/cm1 (50 PSI) which is typical "shop" water pressure. The water 
flow through the nozzle is variable from O - 151 l/hr (0-40 GPH). 

• Power - The foggers require a power supply of 230 volts, single 
phase, 60 Hz. The current requirements do not exceed 35 amps. 

• Centaxial fan - The fan, driven by a 5 hp explosion-proof motor, 
operates at a maximu.m of 79 m3 /min (2800 SCnt). The maximum 
output air velocity is approximately 3048 m/min (10,000 FPM). The 
fan flow rate is variable from O - 100% of capacity. 

• Charge per drop - Assuming an average droplet size of approximately 
60 µm, the average number of elementary ·charges per droplet was 
calculated to be approximately 8 x 10 .. for 75 l/hr (20 GPH) water 
flow. 

• Flow spectra - Two different flow nozzles were used for the tests, 
both manufactured by Delavan in Des Moines, Iowa. One nozzle 
produced a conical spray of droplets estimated to be in the SO - 70 
µm size range , while the other had a heavier flow capacity and 
produced a conical spray of droplets esti.mated to be in the 60 - 80 
itm size range. A third type of nozzle, which produces a flat 
spray, was not yet available for these tests, but will be used at 
subsequent locations. 

The two foggers were tested at various locations around the pit to 
determine the arrangement for optimum dust control. Placement was also 
dependent on wind direction. The exact positions are described in the next 
section. 

Sampling Equipment 

The equipment used for particulate measurements included 
hi-volume samplers and a wind recording system. The hi-vols 
manufactured by Misco Scientific and had automatic flow control. 
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enabled the mass flow rate to be held constant irrespective of filter 
loading, atmospheric conditions, and line voltage changes. Two of the 
hi-vols were fitted with Anderson Model 7000 Size Selective Inlets (SSI's) 
which are designed to remove all particulates larger than 15 µm from the 
sampled air before filtering the remaining particulates onto a standard 
hi-vol filter. Two other hi-vols were fitted with Sierra Instruments 
Series 230 4-stage cascade impactors (Cl's). By using the SSI's and Cl's, 
the charged fogger efficiency could be examined for various particle size 
ranges. 

The wind velocity and direction measurements were recorded using a 
Climatronic Mark III Wind system. Wind speed is measured with a 3-cup 
anemometer coupled to a light chopper. The chopper output is converted to 
DC voltage and recorded on a chart. The wind direction is measured by a 
wind vane coupled to a precision low-torque potentiometer. The wiper 
voltage of the potentiometer is recorded on another chart. 

The hi-vols were positioned at various locations and in various 
combinations around the pit, depending on wind direction. The sampling 
array for each test is described in the next section. 

TEST PROGRAM AND PROCEDURE 

The test program consisted of 32 runs during 6 days of testing. The 
test conditions are presented in Table 1 and the equipment positions for 
each set of runs are shown in Figure 4. Conditions at the crusher 
prevented extensive parameter variations. Water was provided by a tank 
with a small pump which limited nozzle flow to approximately 80 l/hr. Fan 
speed was reduced to 80% of capacity to help reduce excessive dust 
reentrainment in the pit. 

The sampling procedure was essentially the same for each test. Upon 
arrival at the test site the wind recording system was set up and the wind 
direction determined. The hi-volume samplers were then positioned in a 
sampling array downwind of the crushing pit. The foggers were positioned 
to control the dust cloud while not spraying directly into the samplers. 
Once the equipment was positioned, the pre-weighed hi-volume filters were 
placed into the samplers. The samplers were then turned on simultaneously 
just prior to the first truck dump of a predetermined sequence of trucks 
(typically B trucks provided sufficient material for sampling purposes). 
For the runs with the foggers in operation, the foggers were also turned on 
at this time and adjusted to the predetermined fogger operational parameter 
conditions. After the last truck of the sequence had dumped into the pit 
and crushing was completed, the samplers and foggers were all stopped and 
the filters removed. At the end of the day, all of the filters were 
returned to TRC's chemistry laboratory where they were subsequently 
desiccated and weighed. 

PRELIMINARY RESULTS AND DISCUSSION 

The majority of the test runs at the primary crusher, numbers 7-31, 
were completed before the final filter weights were available from the 
chemistry laboratory. Upon examining the data, several important factors 
came to light. In almost all cases, the TSP levels, as measured by the 
various· samplers, showed increases above the uncontrolled levels when 
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Run 
Designation Equipment 

ND. Positions 

7 Pig. 4a 
8 

1 ' 10 
11 
12 Pl9. tb 
13 

l 14 
15 
16 
17 
18 Fig. 4C 
l9 l 20 
22 Pig. 4d 
23 

' 
14 

......, 25 
w 26 ..... 27 

28 Fig. 4e 
29 l JO 
Jl 
32 Pig. 4f 
]] 

l4 
]5 
]6 

l7 
JB 
J9 

• Type 11 low flow 
Type 2s heavy flow 

Dillte 

J0-13-80 

l 
10-14-80 

\ 
10-15-80 

10-11-ao 

l 
10-17-80 

l 
10-24-80 

Table I. TEST CONDITIONS - PRJHARlt CRUSHER 

!'!?l!ler 801018 
Ambient Relative Nind Nater Air Fan Sign 

Te•P· HU•ldity Wiocl Speed No. of Flow Flow Speed of 
Time Pc~ (II Direction l•£sec~ Trucks fllhtl !•iLhcl l'l Char~e 

09)8-1000 t 11 N-B 2-S a 
1050-1129 10 11 NNW 

1 
a 61 •-2 80 (0) 

U00-1381 13 70 

1 
8 

ll26-l350 13 70. • 68 •-2 80 t-"J 
1355-1434 13 70 8 l2 (.0 80 l+) 
0833-0915 6 72 WtM var. 8 
09ll-100S 6 12 

l 
w/9usts 8 60 2.3 80 (0) 

1022-1050 1 12 to 9 I 51 2.J 8-0 C+J 
1059-1125 1 72 l • SJ 2.1 80 H 
1245-1305 ' 12 • 51 2.4 80 c-> 
llll-ll46 10 1l 8 
0949-1026 9 36 Cal• ca la 10 
1039-1113 9 36 l ' 

10 68 4.0 50 C-J 
1116-1156 11 36 8 16 4.1 50 {0) 
0940-1003 12 57" Cal• Cal• 8 
1021-1038 12 57 

' ' 
4 76 2.8 80 (+) 

1056-1121 16 57 a 72 2.0 80 1-J 
1251-1314 20 52 SSH 2-5 8 72 2.6 80 l+J 
132l-ll45 20 52 I l 8 11 2.1 BG 10} 
1350-1412 20 52 • 0850-0927 21 55 cal• Cal• 8 
0916-0927 21 55 l l 8 76 3. 4 70 {Ol 
1016-1045 21 55 8 80 2.2 70 ( ... , 
1105-1135 21 55 8 16 ).6 10 (-) 

925- 90 4 82 ca111 cal• ' 80 
950-1004 4 82 + 

J 
' 16 4.2 80 (0) 

1010-1025 s 82 11-B ' 80 
1021-1040 5 12 

.J. ' 16 4..1 80 10) 
1045-1112 s 82 ' 74 ••• 80 (-) 
1120-1138 6 82 ' 80 
1244-1325 11 68 1-2 10 80 
lll4-l403 11 68 SB-S l-2 10 18 4.2 80 CO) 

!'.2SUlet 803019 
Nater Air Fan Si9n 

Nozzle* Flow Flow Speed of Nozzle* 
l'Yf! 11£hrJ i•Jlbrl t•l Cbacsa11 'l)e! 

l 68 4.2 80 (0) .l 

.l 68 t.2 ¥0 C-J .1 
l 68 4.0 80 l•J l 

l 68 2.1 110 (UJ .L 
l 72 1-6 BU , .. , .1 
1 &4 1-8 80 t-J J. 

l 61 .L.4 Bl.I H J. 

2 66 4.0 so (-J 2 
2 76 3.6 SU (I)) 2 

2 76 4.4 80 (+-I 2 
2 76 2.6 lfO C-1 2 
2 72 ].l 80 (+) 2 
2 11 2.1 80 IOJ 2 

2 16 4.0 70 10) 2 
2 80 2.e 10 1-t I 2 
2 16 2.11 70 H 2 

80 
2 74 4.2 80 (U) 2 

80 
2 76 4 •• (10 IOI 2 
2 18 4.1 BO l+I 2 

80 
IJU 

2 18 4.2 80 (0) :t 
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uncharged fog was applied to the crushing operation. Although this result 
was unexpected, further analysis soon found the problem. The fans in the 
foggers which create the airflow that projects the fog toward the dust 
source are so powerful that they were actually creating an artificial wind 
effect. The uncontrolled dust plume was only subject to the ambient wind 
whereas the controlled plume was being radically "directed" by the fogger 
air jets. This discovery produced the need for a final series of tests 
wherein the uncontrolled baseline TSP levels were recorded with the fans on 
with no water added. 

Another concern that developed was with the intermittent nature of the 
truck dumps. In some cases, eight trucks would unload within twenty 
minutes while at other times it would take thirty or forty minutes. The 
data was therefore reduced on a per-truck basis since the unloading and 
crushing times, the times when the vast majority of the dust is produced, 
were essentially the same for all dumps. The data were also slightly 
adjusted to account for deviations of the actual sampler flow rates from 
the design flow of 1.1 m3/min (40 cfm). 

While the data from runs 7-31 did not reveal information regarding 
overall fogger efficiency, it did provide insight into the increase in 
efficiency due to charging the fog versus uncharged fog. This efficiency 
could be further examined with regards to particle size, distance from the 
pit, and positive charge versus negative charge. Not all of the runs 
produced usable data since the fog impinged on the samplers during some 
tests. 

The data from runs 32-39 were used to determine fogger efficiency with 
respect to uncharged fog. The spacing of the samplers also allowed for the 
examination of efficiency versus distance from the pit. This information 
was then combined with the data from runs 7-31 to calculate overall fogger 
efficiency. 

Attempts were made at obtaining information on visibility improvement 
via EPA Method 9 (visual determination of opacity). It was found that the 
opacity of the fog was similar to the opacity of the uncontrolled dust 
Plume so that no real visibility improvement was noted. 

Figure s presents the preliminary test results from the initial charged 
fogger tests at the primary crusher site. The left side of the figure 
shows the percent reduction in TSP levels when an uncharged water fog was 
used to control the fugitive dust. The right side of the figure shows the 
additional percent reduction in TSP levels when a charge was applied to the 
fog. The data from this figure reveal several important results, as 
discussed in the following subsections. 

TJncharged Fog Efficiency 

Based on the limited amount of data for fan only v~rsus uncharged fog, 
it appears that a water spray alone is approximately 30-40t efficient in 
reducing the fugitive dust levels from the primary crusher. It also 
appears that this efficiency is independent of particle size and the 
distance from the pit. 
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Efficiency Increase Due to Charging of Fog 

By applying a charge to the water spray, the fugitive dust levels were 
reduced 40-70• over the levels recorded using uncharged fog. There appears 
to be a trend of increasing reduction with increasing distance from the 
pit. This apparent phenomenon is not explainable at this time, but it may 
have something to do with agglomeration and particle fallout. This 
possible distance factor will be examined further in future tests. 

Figure 5 also shows that TSP reduction due to charging is essentially 
the same regardless of whether a positive or a negative charge is applied 
to the spray. This indicates that the dust cloud contains a mixture of 
particlesf. some with negative charge and some with positive charge. This 
is consistent with the findings of other researchers, namely Hoenig 
(1977) 1 and Kunkel (1950) 2 • 

TSP reduction appears to be the same for the respirable size range 
(~ lSµm), as measured with the hi-vols with size selective inlets, as 
for the size range sampled with the standard hi-vol (< 30µm). It was 
hoped that the use of the cascade impactors would provide additional 
information on· efficiency versus particle size, but the results proved 
unusable. Almost all of the material collected by the hi-vols fitted with 
the impactors was collected on the back-up filter. This indicates that 
there was severe particle bounce between the impactor stages. Perhaps 
tests at sources with finer dust will yield more useful information. 

Overall Fogger Efficiency 

By combining the results presented in Figure s, it is possible to 
calculate an overall collection efficiency for the charged foggers. Based 
on the preliminary data, the use of charged fog can reduce the fugitive 
dust levels that result from the primary rock crushing operation 
approximately 65-7St. It is felt that this reduction could be even greater 
through the use of additional foggers, wind blfflea to reduce turbulence, 
and increased water flow. 

FUTURE WORK 

The two foggers are currently being tested at the second source which 
is a secondary rock crusher at another site in Connecticut. At this site, 
fugitive dust results from the fall of the crushed material onto a conveyor 
belt. This dust is released to the atmosphere through openings at the base 
of the operation. The foggers have been positioned so as to blanket this 
area with a cloud of charged fog. Testing should be completed at this 
location by the end of November. 

Following the tests at the seconda~y crusher, the next sources to be 
tested will be within the iron and steel industry. Negotiations are 
currently underway for testing at two different steel companies - one in 
the eastern United States and one in Canada. At the one steel company, 
there are two possible sources for testing the foggers. One source is a 
sinter plant pug mill which mixes water with baghouse dust for dust 
suppression before recycling the material back through the pl.ant. Even 
with the water addition there is a significant amount of fugitive dust 
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around the source. The second source is the hot fume that results in a 
cast house from the filling of a ladle car with molten iron from a cast. 
At the other steel company, a possible source for testing is a coke 
screening operation. Coke is transferred from a conveyor belt onto a 
shaker screen where it is sorted by size. The shaking results in copious 
amounts of dust. There is also the possibility of testing some limestone 
handling operations, such as transfer points and truck unloading, at this 
location. 

The steel company tests mentioned above will most likely be performed 
in the winter and early spring. Following completion of all field tests, a 
final report will be prepared for the EPA presenting the results. 

142 



REFERENCES 

l. Hoenig, S.A. use of Electrostatically Charged Fog for Control ot 
Fugitive Dust Emissions. Prepared for U.S. EPA. EPA-600/7-77-131. 
November 1977. 

2. Kunkel, w.B. The Static Electrification of Oust Particles on 
Dispersion into a cloud. Journal of Applied Physics. Volume 21. 
August 1950, pp. 820-832. 

143 



A GRAVEL BED FILTER WITH FLUIDIZED-BED 

DURING REVERSE CLEANING 

By Yan Xingzhong 

Vice Chief Engineer 

Wang Nengqin 

Engineer 

Safety Technology Research Institute 

Ministry of Metallurgical Industry 

Wuhan 

People's Republic ot China 

ABSTRACT 

In order to meet the needs for cleaning large quantity of high tem

perature fume from iron and steel plants, Safety Technology Research 

Institute of Metallurgical Industry Ministry ot China has developed a 

new type or gravel bed filter in which the gravel bed fluidizes during 

reverse cleaning. Being designed on the principle of bulb forming and 

fluidization, this kind of filter can clean dust remained in the filtrating 

bed by fluidized backflushing without the rake stirring mechanism. '!'his 

helps the filter very much to be of the towery type with multilayers. 

In this paper, through theoretical analysis and calculations the 

authors provide necessary data of fluidizing the graYel bed. The appli

cation of this filter in industry and the comparision of its technology 

with that of ordinary gravel-bed filters and other types of efficient 

dry filters have shown this filter is simple in structure and easy for 

mainten~nce. It takes up less space and requires less capital cost as 

Well. To the present ' this type of filter with gas volume r20000m3/hr 

has been run in practice and its performance of reverse cleaning is sa-

· 1sfactory. 
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INTRODllCTION 

A GRAVEL BED FILTER WITH FLUIDIZED-BED 
DURING REVERSE CLEANING 

Since the I960s the gravel bed filters have been used for removal of 

dust from 0 as stream in some industries, such as in clinker coolers, lime 

kilns and sinter machines. The gravel bed filter uses solid granular 

materials such as granular quartz, pebble-stone, etc. as its filtrating 

medium that has following advantages: low cost, high temperature resistance, 

good wear resistance and durability. In comparison with some efficient 

dry filters, such as electrostatic precipitators and bag houses, the 

gravel bed filter is simpler in construction and is easier for main

tenance, its capital cost is comparatively low. So the gravel bed filter 

is a kind of dust collector which promises well and will be further de

veloped. 

In iron and steel plants a large quantity of high temperature dust 

laden gases must be cleaned. It is important to have an economic and 

effective method to filtrate those dust laden gas. The gravel bed fil

ter is especially suitable for cleaning the high temperature gases, there

fore this method is well worth developing. 

Safety T)chnology Research Institute has engaged in developing the 

gravel bed filter since I974. From the beginning of the research we tried 

to suit this kind of filter to filtration of large quantity of high tem

perature dust laden gases. Under such circumstance the principal method 

is to place the filter, layers on top of each other to form a filtrating 

tower, which would occupy less space. In our first pilot test case pi~eB 

were used as the shaft of turning the rake stirring device in each layer, 

as shown in Figure I. In the second test a shaft was set at one side of the 

towery fifter to drive the rake stirring device in each layer with sprockets 

and a roller chain, as shown in Figure 2. Both of tests failed because 

it wa~ too difficult to bring this construction into reality and we could 

only overlap 3-5 layers of filter together at most. We carried on our 

test, trying to construct a filter, every layer having its own motor, 

reductor, sprocket and roller chain that wou14 drive the rake stirring 
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Figure I. Filter with case Figure 2. Filter with a 

pipes as shaft to drive side shaft to drive the 

the rake stirring device rake stirring device 

Figure 3. Filter with individual 

motors to drive the rake stirring device 

in each layer 
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device separately. as shown in Figure 3. However. it was still impossible 

for as to build such a multilayer filter tower, for the intervals between 

layers were too large. 

Finally, by applying the principle of bulb forming and fluidization 

in the gravel bed, we developed in I977 a multi-layers gravel bed filter 

of towery type which could clean dust remained in the filtrating bed by 

fluidized backflushing, so that the rake stirring mechanism could be left 

out. This kind of filter is much simpler in structure, easier for main

tenance. occupying leas space and requiring less capital cost. Now, a 

gravel filter of this type with gas volume I20000m3/hr has been run in 

practice and its performance of reverse cleaning is satisfactory. 

PRINCIPLE AND ANALYSIS 

During .the backflushing of the gravel bed filter with stirring rake 

devices, the rakes stir the granules and make them rub mutually. In this 

process, the backflushing air separates the dust from granules and sends 

the dust out of the filter layer. With the help of rake stirring, the 

surface of filter layers may be kept plane. 

For a gravel bed filter with fluidized bed during reverse cleaning, 

the fluidization in. the filter layer can get the same effect as the rake 

stirring. During the period of backflushing, the reverse cleaning air 

will reach a definite velocity and the filter layer will be fluidized. 

In the fluidized bed the granules will move up and down and rub mutually 

as boiling water does.' In such case, dust which adheres to the granular 

surface may be separated and brought away by the flushing air. 

To achieve ideal effect. the reverse cleaning process should be con
trolled as follows: 

I. The bulb forming must be uniformly distributed in the whole area 

ot the gravel bed layer, there must not be any dead corners Q~ local 
blowing-off. 

2. After reverse blowing, the filtrating layer must have a plane sur

face. on which ther.e must be no hills, no _cavities or no uneven area. 
Therefore the filter can achieve good filtrating ef'feot. 
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3. The parts which aan meet the above-mentioned requirements should 

be simple in construction, easy for maintenance and haYe high reliability 

and low pressure drop. 

1'be filter layer possesses a good appearance, as shown in Figure 4 and 

Figure 5. In Figure 4 the filter la1er is in a state of reverse cleaning. 

The granules move up and down uniformly as the boiling water does. Figure 

5 •hows that after reverse cleaning the surface of the layer of the gravel 

filter is quite plane. 

The forming of fluidization and good reverse cleaning are determine4 

by the size of granules, the properties of dust, the velocity of reverse 

·air blowing, the pressure drop as well as the interval time of reverse 

blowing. 

The Diameter of Granules 
In the gravel bed filter, it is important to choose granules of ·pro-

per sizes. The diameter of granules has direct influence on the efti

ciancy of dust collection and. reverse blowing. In general the finer the 

filtrating granules, the higher the dust collection efficiency and more 

easily the fluidization will be formed. But there are some limits to 

the fineness of the filtrating granules. If the granules are too fine, 

they would drop through the screen. 

It is impossible for all the granules to have same diameter. For 

the purpose of denoting the size of granules, the "average equivalent 

diameter" Dp (mm.) is used. 
Dp is determined from the following equation: 

....L :: l:J.L 
Dp di 

Where xi = the percentage of the weight of the granules whose diameter 

is di (mm.) 
The granules are generally of irregular shape. The average equivalent 

diameter must be multiplied by a form coefficient 'Pa to get "calculating 

average equivalent diameter " D0 (llllll.) which is expressed as 
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Figure 4. Filter layer in bulb 

forming and fluidization 

~. 

,------

Figure 5. Filter layer after 

backflushing 
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Do = 'P.s • Dp 

The form coefficient is the root square of the ratio of spherical 

surface area S8 to irregular surface area S1. It applies 

9'. = Pi-
Generally, the form coefficient of the granular quartz is close to 

0.5 and I.3-2.2 mm. of the average equivalent diameter af granules is 

used. 

Properties of Dust 

The properties of dust, especially the adhesion, affect the result 

of ~ackflushing. It is easy to blow off the dust deposited on the sur

face of the filtrating layer. But to blow off the dust adhering to the 

surface of the granules requires some specific conditions. To elutriate 

this kind of fine dust there must be a greater blowing-off velocity and 

every granule must be brought in.to touch with the backtlushing air jet. 

Nowadays it has succeeded in blowing off some low adhesive dusts which 

adhere to the surface of the granules. But some of dust of metal oxides 

cannot be wholly blown off from the filter layer due to its large cohesive 

force. 

The size of dust which can be blown off during reverse cleaning has 

a close connection with the velocity of reverse blowing and the density 

of dust itself. It may be considered that the reverse blowing velocity 

must be larger than the terminal settling velocity ot dust particles. 

Only on this condition can the dust particles be blown off from the filter 

layer during reverse cleaning. For example. when the average reverse 

blowing velocity is Im/sec, only the dust whose diameter is less than 

O.IS mm. can be blown off tram the filter layer, and the dust larger than 

O.I5 mm. must be deposited in the settling chamber beforehand. 

Critical Fluidized Velocity 

When the volume of reverse cleaning air flowing through the filtrating 

layer is very small, the air will flow through the small porosity and the 
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granules remain steady. This kind of filtrating layer is called steady 

bed. When this velocity increases, the granules begin to lift by the 

air. This is called primary fluidized bed. If the velocity would in

crease continuously, air bulb and violent stirring will occur in the fil

trating filter. That is called bulbing or fluidized bed. The minimum 

reverse cleaning velocity which changes the filtrating bed from steady 

state into fluidized state is called critical fluidized velocity. 

The critical fluidized velocity can be calculated by using the fol

lowing equation (I): 

Where 

We v Ar ~4.75 
= • 

Do 
18..0.6 J Ar • ~ 4~?5 

v = kinematic viscosity (m2/sec) 

Do = calculated average diameter of granules (m) 

~ = porosity of granules layer 

Ar = Archimed$.S num~er 
) 

For the porosity ot granules, the following equation applies 

t= Yr - Yb 
Yr 

Where Yb = bulk specific gravity 

Yr = real specific gravity of granules 

The Archimedes number applies 

Ar = g •Yr Do3 

v2 •Ya 

Where g - gravitational acceleration (m/sec2) -
Yr = real specific gravity of granules 

Ya = specific gravity ot air 

v= kinematic viscosity Cm2/sec) 

Do = calculated average diameter of granules (m) 
While the average equivalent diameter of granular quartz is within 

the range of 1.3-2.2 mm., the critical fluidized velocity will be o.68-

I.I9m/sec. 
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The Maximum Reverse Blowing Velocity 

When the reverse blowing velocity is larger than the critical flui

dized velocity, the bulbing effect will be intensive and the backflushing 

will achieve good cleaning result. But if the velocity of reverse blowing 

is too large, the granules may be blown off from the filter bed. Then 

there should be the maximum permissible reverse blowing velocity. 

In the steady air the granules dropping due to the gravitational 

force has a terminal velocity. When air flow reaches this velocity, the 

resistance of air acting on the granules equals the gravitational force. 

The dropping velocity of granules would not increase further. In the 

field of air flow, the granules would be blown off if the velocity of air 

flow exceeds the terminal velocity of falling granules. So there should 

be the maximum reverse blowing velocit~ Wt(mlsec) (2) , which can be found 

from the relationship: 
ra Wt2 

1t ~g 
n Do2 - Do3(rr -ra) = • 

6 4 2g 
Wt • Do 

In the form, [, g .is related to the Reynolds number Re = 
v 

When Re < o.4 

~g 
24 = -Re 

Then g(rr - ra) 
Do

2 
wt = I8 rav 

When o.4 <Re< 500 

gg IO - 0.5 - Re I 

Then 

[ 2~5 
(rr _ r )2g2 r a Do wt = • 

r 2v a 

When 500 < Re< 200000 

~g = o.43 

[ 3.Ig (rr - ra) ]~ Then Do wt -- ra 

For granular quarts its average equivalent diameter is I.3-2.2 mm. 
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wt = 5.4-8.76m/sec 

The Resistance of Reverse Blowing 

When the reverse cleaning air keeps a low flow rate, the resistance 

of air flow is proportional to the air flow velocity. When the velocity 

of reverse cleaning air rises to the fluidizing condition, the granules 

will be blown up and will float in the air. The resistance of reverse 

blowing will be a constant. It will 'not increase even if the velocity 

of reverse blowing rises further. 

In the fluidizing condition the resistance of reverse blowing "P" 

is close to the weight of the granular filtrating layer in unit area(I]. 
It is of the form 

P:9J•H•1'> 
Where q:> = coefficient of reduction 0.8 

H = height of filtrating layer (m) 

Generally the resistivity of reverse blowing is in the range of I40-

230mm. water. 

The Cycle and Time Interval of Reverse Cleaning 

Owing to the fact that the space among the granules is comparatively 

larger than that among the fiber in the fabric filter, the dust content 

in the granular bed is also larger. The pressure drop of filtrating will 

gradually increase when the dust in the filter layer gradually increases. 

We can determine the cycle of backflushing when the pressure drop of 

filtrating reaches a certain allowable value. 

According to the experiment of filtrating for different dust concen

tration, the cycle of reverse cleaning may be of 4-4.3 min. 

To remove the dust in the filtrating layer and to achieve good cleaning 

effect, it is necessary to have sufficient time interval. But the time 

interval should not be too long, otherwise the power consumption will 

tend to increase. Generally 5 seconds for the time interval of back

flushing will do. 
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CONSTRUCTION 

A typical multilayer gravel bed filter with fluidized-bed during re
verse cleaning is shown in Figure 6. 

In Figure 6, the raw dust laden gas enters the settling chamber (2) 

from the inlet duct (I) to remove the coarse dust. The dust not deposited 

in the settling chamber will go into the filtrating chamber (3) with the 

gas, where the gas flows through the filter layer (4) and the remaining 

dust is removed. Filtrated gas then will enter the clean gas outlet duct 

(9) through the screen (5) and the exhaust port. The process described 

above centinues until the filtrati·ng bed is fully laden with dust. Then 

a new cleaning cycle begins. At this time the layer of filter is isolated 

from the cleaned gas stream by actuation of the backflushing control valve 

(IO) driven by the valve cylinder. Then this layer has come into the bed 

cleaning or backflushing period. 

In the lover filtrating layer in Figure 6, fresh air enters the unit 

through the backflushing air inlet (8) and is carried upward and runs 

through t.he filtrating layer (4). During this period the gravel bed is 

fluidized so that stirring bulbs are formed. The dust is removed from 

the filter medium. Some of the agglomerated dust particles which are 

significantly larger than the original fine dust will be led down to the 

settling chamber and some other dust is reintroduced to the filtrating 

layer together with the raw dust laden gas. 

The backflushing valves are powered by the double-acting compressed 

air cylinders, which are controlled by an adjustable interval timer. 

A section of filter layer consists of two filtrating areas (A.B) se

narated by an insulating board (II). Al~ the layers are of the same con

struction. Consequently it is easy to place one layer over another. 

Generally 4 layers are combined to be a set, and a multilayer towery type 

gravel bed filter consists of several sets. 

The chief advantages of the gravel bed filter with fluidized-bed over 

the ordinary gravel bed filters are as follows: 
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Due to the omission of the rake·stirring mechanism the construction 

of the filter is simplified and the height of every layer is effectively 

reduced. Then it is easy to build the towery type of gravel bed filter. 

In the filtrating chamber, the temperature resistivity is improved and 

the maintenance needs less labour. Now the principal part ot a filter 

with gas filtrating volume 3oooom3/hr only occupies an area of I6m2, and 

only costs RMB !200 Yuan per IOOO cubic meters ot dust laden gas an hour. 

APPLICATIONS 

!he gravel bed filters with fluidized bed during reverse cleaning have 

been installed in the following areas. 

Sin.taring Plant 

The first gravel bad filter of this type was installed in a sintering 

plant in 1979, as is shown in Figure ?. This filter is used to filtrate 

the dust laden gas in an agglomerat transportating and lifting system. 

There are altogether IO filtrating layers. This filter can treat 15000 

cubic meters of dust laden gas an hour. For the dust of agglomerat 75% 
of which was less than 40µ in diameter, the filter can have 95-97.8 

percent filtrating efficiency. The temperature of raw gas was IJO-I8o?c. 
The pressure drop of the filter is about 80mm. water. 

The second set of this type filter installed in 1980 is used for con

trolling the smoke of a sintering machine, Figure 8. It has 22 filtrating 

layers and can treat 25000-30000 cubic met~rs of duct laden gas an hour. 

For the dust ?2.8'6 of which is less than 40 I' in diameter. the filter can 

have 96 percent collection efficiency. The temperature of raw gas is 

I50-I?o0c. The pressure drop of the filter is about 80-90 mm. water. 

Steel Heating Furnace 

In October 1978, a filter of this .. type with IS layers was installed 

in a steel heating furnace. In April 1979 three more filters of the same 

type were installed at the same place, as is shown in Figure 9. The total 

volume of dust laden gas filtrated by theee four filters is I2000om3/hr. 

For the d.ust 91.2% of which is less than 40 µ in diameter, 95 percent col-
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Figure 7. Filter installed in 

an agglomerat transportation 

and lifting system 

Figure 9. Filter installed 

in a steel heating furnace 
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Figure 8. Filter installed 

in a sintering machine 

Figure Iu . Filter installed 

in ~ clay drying machine 



lection efficiency can be reached. The temperature of raw gas is 2I?C. 

The filtratinimediumis granular quartz. The filter layer is !IO-ISO 

mm. high. The pressure drop during filtration is 70mm. water. 

Clay Drying Machine 

A gravel bed filter of fluidized backflushing with IO layers was in

stalled in a clay drying machine in 1978, as is shown in Figure IO. The 

gas volume of this filter is 15000m3/hr. The collection efficiency is 

98-98.5%. 

CONCLUSION 

From the experiments and practical operation of the gravel bed filter 

with fluidized-bed during reverse cleaning, the authors haYe come to the 

following conclusions: 

I. When the velocity of backflushing is slightly greater than the 

critical fluidizing velocity, air bulbs and violent stirring take place 

in the granular filtrating layer. After backflushing the surface of fil

trating layer can keep plane and the dust which sticks to the granular 

surface can be removed. The primary pressure drop of the filter recovers. 

2. By applying the theory of fluidization to baokflushing, the gravel 

bed filter can be constructed without the rake stirring mechanism. It 

is easy for this kind of gravel bed filter to be of multilayer towery type, 

more applicable to the filtration of large quantity of high temperature 

dust laden gas in iron and steel smelting plants. 

3. Compared with the conventional gravel bed filters, the gravel bed 

filter with fluidized-bed during reverse cleaning is much simpler, re

iuires less capital cost and occupies less space. lt is easier for main

tenance and owns good heat resistance. 

To raise the dust collection efficiency and to filtrate adhesive 

dust with this kind of filter, wi still have much to do. 

159 



REFERENCES 

(I) ~~!fic~~pf.f:i-tfttitrfJ:J. ·';f4~tJ.'~t$,t:/'' 1972. 10. 

(2) Daizo Kunii and Octave Levenspiel: "Fluidization Engineering" 

John Wlley & Sons, Inc. I969 

(3) ~4IiJ~t-J.:J:ttt r. i\>:t?;,t--1=-t:1=t,t.i4f;{ta_r ''f~ 19.fl.rt.-i ~ 1111) ;.($f;" 
4. 1-~i'-~k,> 1976. 8. 

The End 

160. 



FINE PARTICLE CONTROL AT HIGH GAS TEMPERATURE 

Michael A. Shackleton 

Acurex Corporation 
485 Clyde Avenue 

Mountain View, California 94042 

ABSTRACT 

A new filter media made from ceramic fibers offers the potential for 
fine particulate control at gas temperatures up to 1,ooooc (1,BOOOF). 
These filter media represent an emerging technology under development for 
application to hot gas cleaning in pressurized fludized bed combustion. 
However, the ability to control particles at extreme temperatures will 
offer benefits to other industries as well. For example, the l,ooooc 
filter will reduce the need to dilute hot gas streams in the iron and 
steel industry prior to particle.removal. The resulting clean hot gas can 
then be used in a heat recovery system to offset the cost of pollution · 
control. Progress to date in the development of this new filtration 
device is reviewed in this paper. 
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FINE PARTICLE CONTROL AT HIGH GAS TEMPERATURE 

INTRODLCTION 

Pressurized fluidized bed combustion and some other advanced coal 
utilization processes contain particle laden hot gas streams (BOOOC). 
Before energy can be extracted from these gas streams, the particles must 
be removed to protect the energy extraction equipment -- usually a 
turbine. Because of their simplicity, cyclones are a preferred device to 
accomplish this particle removal and up to three cyclones in series have 
been used with promising results on cascade erosion tests. But, cyclones 
do not remove fine particles (<5 µm) which are a potential health hazard 
and will need to be removed before release to the atmosphere. In 
addition, potentially corrosive alkali metals are concentrated in the fine 
particle fraction of the dust distribution and could damage metal turbine 
components through deposition on the blading. Thus, if it were economical 
to do so, there are technical advantages to removing all particlest 
including fine particles, from the hot gas stream. The ceramic fiber 
filter media under development at Acurex offers the potential to 
accomplish this needed fine particle control at high temperatures. 

The ceramic filter represents a system approach to filter design. 
That is, it is not simply a material substitution of ceramic fibers for 
conventional fibers. The entire filter unit including media support and 
cleaning techniques are designed for the unique properties of the ceramic 
fibers. This approach maximizes the advantages of ceramic fibers while 
minimizing the effects of their weaknesses. The media employs fine 
diameter fibers (3 µm nominal) which provide improved collection 
efficiency. Fibers are arranged in a mat having a low solidity so that 
they can move relative to one another. This prevents breaking of 
individual fibers during cleaning. A loosely woven ceramic cloth on the 
inner and outer surf aces of the media provides a strengthening screen 
which contains the filtration layer of fine fibers. Because the media is 
inherently more efficient than conventional media, dust tends to deposit 
and form a cake on its surface where it is most easily removed. It can 
also collect particles at relatively high face velocity 10 cm/sec 
(20 ft/min). Operation at high face velocity requires offline cleaning to 
prevent reintrainment of the dust removed by the cleaningipulse. Cleaning 
offline also provides the most effective cleaning at minimum energy. To 
provide continuous filtration only a portion of the filter unit is cleaned 
at a given time. 

Significant features of the ceramic filter are: 

1 Operation at high temperatures and pressures (aoooc nominal, up 
to 10 atm or more pressure) 

1 High efficiency collection of fine and submicron particles offers 
potential for alkali removal 

1 High face velocity operation offers potential for compact size 
and lower costs 

1 Pressure drop is determined primarily by dust cake properties and 
face velocity 
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The Acurex ceramic filter has been shown to be a promising concept for hot 
gas cleaning in a series of feasibility tests sponsored by the 
Environmental Protection Agency (EPA). The results of those tests are 
briefly reviewed in this paper. 

THEORY DISCUSSION 

The equations predicting filter performance show that fiber diameter 
is an important parameter. Small diameter (3 µm) fibers improve 
performance but, except for very high efficiency filters as used in 
biological applications, fine fibers have generally not been used in 
filter media design. The principle reason is that fine fibers are not 
commercially available as readily as coarser {20 to 50 µm) fibers, such as 
cotton or cellulose. Since the textile industry dominates the use of 
fibers, most artificial fibers have been made to simulate natural ones. 
Also small fibers are more expensive to produce and existing fibers 
perform satisfactorily in most cases. So, even though seldom used, fiber 
diameter is a powerful tool to manipulate filter media performance. 

Space limitations do not permit a complete analytical discussion of 
temperature and pressure effects upon filter performance and of how these 
effects can be overcome in the design of a filter media. These analyses 
have been made, however, and the results are sumnarized below. 

Because of the increased viscosity of gases at high temperatures, 
particle collection by inertial impaction is reduced 10 to 15 percent for 
the particle size range of 0.5 to 5.0 µm. Thus, an inertial device 
collecting 2.0 µm particles at 90 percent efficiency in a room· ambient 
test may collect the same particles at only 75 percent efficiency at 
high-temperature and high-pressure (HTHP) conditions. 

Filters employ inertial -impaction, direct interception, and diffusion 
mechanisms in collecting particles. High-temperature and pressure 
influence collection by diffusion only slightly and may, in fact, improve 
performance. Direct interception is not a function of temperature and 
pressure. All three of these particle collection mechanisms, however, are 
strong functions of fiber diameter. If the predicted performance of a 
fiber bed composed of 20µm diameter fibers is compared with an equal 
weight per unit area of 3.0 µm diameter fibers, collection efficiency will 
significantly improve. This improvement in performance will be much 
larger than the adverse effects resulting from operation at high 
temperatures. For example, such a change in fiber diameter will improve 
collection of 0.5 µm particles from 20 percent using 20 µm fibers, to 
almost 90 percent using 3.0 µm fibers, Filters achieving 20 percent 
collection of 0.5 µm particles are typical of those in commercial use and 
their adequate performance can be attributed to the additional filtration 
efficiency of the dust cake which forms on the filter surface. Thus by 
using small fibers and by relying upon dust cake filtration, it is 
possible to make a filter media which will give good performance at 
viscosity conditions similar to those at high temperatures. 

Fortunately ceramic fibers are available which have diameters of 
3.0 µm. Figure 1 presents the performance predicted for a bed of 3.0 µm 
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ceramic fibers and 16-ounce felt collecting 0.5 µm particles under HTHP 
conditions. The felt is a conventional filtration media with 20 µm 
fibers. It is apparent that an equal weight of fine fibers causes 
dramatic improvement in collection efficiency. 

Some other useful observations can be made from Figure 1. The effect 
of filter face velocity and filter media solidity on efficiency are small 
compared to the effects of the change in fiber diameter. In other words, 
a filter composed of 3.0 µm fibers could have higher collection efficiency 
than currently used comnercial filter media, even if operated at filter 
face velocity as high as 25 ft/min and if only 2 percent of the bed were 
occupied by fibers (98 percent open area). The figure also shows that 
collection efficiency can be increased by adding fibers (increasing the 
basis weight). This is, in effect, what happens when a dust cake is 
formed -- the dust cake gets thicker and collection efficiency and 
pressure drop increase. 

In sunmary, currently available fiber filtration models show that 
fine fibers employed in a mat filter will be able to achieve high 
efficiency collection of fine particles under high-temperature and 
pressure conditions. Further, that a low solidity (fluffy) bed of these 
fibers can achieve high efficiency fine particle collection even at filter 
face velocities as high as 25 or 30 ft/min. Our test programs have 
verified these theoretical results. 

This discussion has only addressed particle collection. Other 
important questions concerning operating pressure drop, durability, and 
cleanability are best examined by experiment and are discussed in the 
following section. 

SU'41ARY OF TEST EXPERIENCE 

Four categories of feasibility tests have been performed: 

1 Room ambient tests -- These tests confirmed the theoretical 
analysis and examined a broad spectrum of ceramic filter media 
candidates 

1 High-temperature and pressure mechanical durability tests -
These tests determined that the ceramic filter media candidates 
could survive the mechanical stresses associated with 50,000 
cleaning pulses (about 1 year of service) 

1 High-temperature and pressure filtration tests -- These tests 
measure the filtration characteristics of the filter media in 
200-hour dust feeding tests 

1 Slipstream tests at PFBC -- These tests showed high collection 
efficiency and cleanability of a ceramic fiber filter in tests at 
the EPA/Exxon Miniplant usin_g ~s-generated PFBC flyash which 
passed the secondary cleanup cyclone 
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Room Ambient Filter Media Tests 

A large number of ceramic fiber filter media candid~tes were 
subjected to a series of filtration tests at room ambient conditions. 
These tests included some examples of conventional filter media for 
comparison. The type of tests performed were: 

• Dioctylphtalate (DOP) smoke penetration as a function of airflow 
velocity 

• Determination of maximum pore size (in micrometers) 
• Measurement of permeability 
• Flat-sheet dust loading tests using AC fine test dust (a standard 

0 to 80 µm classified Arizona road dust). Overall collection 
efficiency and dust loading required to develop 3.7 kPa 
(15 inches H20) pressure drop are determined from this test 
which is run at 10 cm/sec (20 ft/min) face velocity. 

The test data revealed which of the available ceramic media 
candidates would most likely provide good filtration performance. These 
data are shown in detail in EPA-600/7-78-194. A sunmary of findings from 
these tests follows: 

1 Several of the ceramic paper and felt materials are capable of 
removing fine particles at high efficiency without excessive 
filter basis weights. DOP tests tended to confirm the 
performance predicted by analysis as shown in Figure 1. 

1 The ceramic paper and felt materials have filtration 
characteristics and performed similarly to paper and felt 
cornnercial filter media in a series of filter media tests 

• The ceramic woven materials were characterized by large pores and 
low collection efficiency in the dust loading tests. The range 
of parameters exhibited by the various woven materials indicates 
that an acceptable woven ceramic filter media can probably be 
fabricated. However, acceptable performance would only occur at 
low air-to-cloth ratios. 

1 "Blanket" ceramic fiber materials (felts) consisting of small 
diameter fibers (3.0 µm) appear to be the most promising 
materials for high temperature and pressure tests because of 
their combination of good filtration performance and relatively 
high strength 

High-Temperature and Pressure Mechanical Durability Tests 

The mechanical durability tests answered the following questions: 

• How durab 1 e are ceramic fiber structures when subjected to 
environmental conditions associated with filtration applications? 

• How well do ceramic fibers perform as filters in the HTHP 
environment? 

Concerning the first question, three ceramic filter media 
configurations survived a test during which the filter elements were 
subjected to 50,000 cleaning pulses. The objective of these tests was to 
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simulate approximately 1 year of operation of mechanical cleaning loads on 
the media at high-temperature and pressure. These tests showed that the 
low solidity, fine-fiber filters were undamaged by pulse cleaning loads. 
They also showed that the flyash dust cake was deposited mostly on the 
surface of the media. Details of these tests were also reported earlier 
and in EPA-600/7-78-194. 

High-Temperature and Pressure Filtration Tests 

Filter performance at high temperatures and pressure was tested for a 
period of 200 hours. The filter media configuration which was selected as 
most promising consists of an approximately 1 cm thick layer of Saffil 
alumina blanket insulation material. This ceramic material was contained 
between two layers of knit 304 ~tainless steel screen and provided a basis 
weight of approximately 500 g/m • Tests were performed at three airflow 
velocities to determine performance as a function of both time and filter 
media face velocity. Reintrained flyash from the EPA/Exxon Miniplant was 
used as the test dust. Figure 2 presents average outlet concentration as 
a function of time for the three tests which were performed. The 
designation "Turbine Limit" corresponds to the turbine tolerance of 
0.002 gr/scf reported by Sverdrup in EPA-600/9-78-004. During the three 
tests, between 40 and 100 kg of d~st was fed to each test filter. Each 
test filter contained only 1.5 ft of filter media area, so dust loading 
was considerably higher than that expected from the second stage cyclone 
of a typical PFBC. During these tests, cleaning pulses occurred about 
once every 10 minutes and pressure drop was maintained at less than 
10 inches of water. The test conducted at 2.5 cm/sec airflow velocity 
showed an increased rate of penetration after about 50 hours of 
operation. This condition evidently was caused by a defect in the filter 
media although subsequent visua1 examination could not positively locate 
this defect. 

Outlet concentration as a function of face velocity (air-to-cloth 
ratio) is plotted on Figure 3 for three time periods of 50, 100, and 
200 hours. If we assume the filter used in the first test at 2.5 cm/sec 
developed a leak and extrapolate expected performance (dotted lines), it 
is apparent that outlet concentration is reduced as a function of time at 
all velocities. This result is similar to that of using conventional 
filter media in a room ambient dust feeding test. 

Overa11 particle collection efficiency is plotted as a function of 
face velocity (air-to-cloth ratio) on Figure 4 for three time periods of 
50, 100, and 200 hours. Again, if the two discrepant data points are 
ignored, collection efficiency is essentially independent of face velocity 
in the range tested. This is consistent with a hypothesis which holds · 
that filter penetration occurs primarily during cle.aning. The filter was 
cleaned at zero forward flow in all three tests (offline). 

Slipstream Tests at the EPA/Exxon Miniplant 

A 1.5 ft2 ceramic bag filter was evaluated/at the EPA/Exxon 
Miniplant PFBC. The results sunmarized below were reported in the 
January 1979 Monthly Progress Report No. 107 for EPA Contract 68-02-1312, 
under which Exxon Research and Engineering Company operated the miniplant 
test rig. 
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The pressure drop across the filter bags varied with time in the 
classical manner for fabric filters Figure 5 which demonstrates that the 
bags could be cleaned. The effect of coal type on cleanability seemed to 
be fairly small, and could not be determined from the relatively few tests 
completed at the miniplant. 

Filtration efficiencies for the Acurex ceramic bag filter were all 
over 90 percent, generally ranging from 96 to 99.5 percent. An exact 
filtration efficiency was difficult to determine because of problems in 
measuring the filter inlet particle concentration. Filter inlet 
particulate concentrations were measured or calculated by three methods: 
(1) Balston total filter catch on an extracted sample, (2) mass balance 
around the third miniplant cyclone, (3) mass balance around the ceramic 
bag filter. 

The bag filter outlet particulate concentration was determined by 
passing the entire filtered gas flow through a large Balston total 
filter. The total particulate concentration was obtained by weighing the 
filter before arid after collection. A particle size distribution could 
not be obtained. The concentration of particles on the total filter was 
so low that insufficient material was available as a filter cake for 
Coulter Counter analysis. The filters were washed off with a solvent 
(Isoton II) in an attempt to remove particles without mechanical 
brushing. This method allowed enough Balston filter material to be washed 
into solution to completely obscure the flyash particulates. A clean 
Balston total filter, not exposed to any flyash but also washed with 
Isoton II gave a sample which had a size distribution similar to that 
obtained from a used filter. 

During the tests at the miniplant, one double and eight 
single-thickness bags \'.ere exposed to PFBC conditions. Most bags were 
exposed for 6 hours or more. By averaging the face velocity and exit 
particulate concentration over the first 6 hours of new bag exposure a 
plot of velocity against loading yield points closely clustered around a 
line Figure 6. The effect of coal type on outlet loading was 
insignificant. 

The outlet particulate loading tended to decrease with increasing 
exposure time. Figure 7 shows the change in outlet loading with time. 
Along with the decrease in filter particulate outlet loading, baseline 
pressure drop increased from 0.1 to 3.0 kPa as expected. The filter cake, 
which was not completely removed with cleaning, caused both the lower 
outlet loading and the higher pressur~ drop. 

Bag cleaning at ambient conditions after a run was not a problem. 
Several of the filter elements \'.ere cleaned by passing a vacuum hose over 
a strip of the element. This strip had the appearance of a virtually new 
bag, indicating very little dust penetration through the bag fibers. 
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At its conclusion, the Exxon report said: 

"Based on these preliminary tests, high-temperature, high-pressure 
ceramic bag filtration appears to be feasible. Pressure drops of under 
2 kPa have been maintained for over 6 hours at face velocities of 
4.6 m/min with efficiencies of 95 to 99 percent. The short evaluation 
tests have yielded results far superior to granular bed filtration which 
never achieved efficiencies greater than 95 percent and which also had 
baseline pressure drops in excess of 14 kPa. Further testing is required 
to determine maximum economic face velocity, and bag life under optimum 
cleaning conditions." 

A larger ceramic filter test unit containing five filter elements 
each 1.5 m (5 ft) long and having 2.3 m2 (50 ft2) of filter area has 
been built for testing at Westinghouse under an EPRI-sponsored test 
program. Results of this testing will be reported at a future date. 

Through the cooperation of the EPRI, a swatch of the ceramic filter 
media was exposed to the hot dusty gas from the PFBC at the CURL facility 
in Leatherhead, England during a 1,000-hour test there. While this was 
not a filtration test, subsequent examination of the fibers revealed that 
no damage resulted from 1,000 hours of exposure to the chemical products 
of combustion of coal. 

SUr+1ARY AND CONCLUSION 

Through a series of tests conducted at laboratory bench-scale and on 
a slipstream of gas at the EPA/Exxon Miniplant, the Acurex ceramic fiber 
filter has continued to show that a cleanable filter capable of operation 
at up to soooc {l,5000F) can be developed to commercial scale. 
Evidence in support of this conclusion includes: 

1 A theoretical basis exists for it 
1 Room ambient tests showed high efficiency collection of fine 

particles 
1 Room ambient tests showed dust cake formation and dust loading 

characteristics similar to conventional media 
1 Accelerated pulse cleaning tests showed the media could survive 

mechanical flexing as.sociated with 50,000 cleaning pulses at 
aoooc {1,soooF) 

1 Dust loading tests at high temperature and pressure with flyash 
showed that high collection efficiency and good cleanability 
(control of pressure drop) could be maintained for 200 hours at 
face velocity up to 10 cm/sec (20 ft/min) 

1 Tests on a slipstream of gas at the EPA/Exxon PFBC miniplant 
showed the filter could perform satisfactorily in removing 
particles of flyash from an as generated gas stream 

1 1,000 hours of exposure to hot PFBC gas and dust showed the media 
could survive the chemical environment of the PFBC exhaust 

Continued development of the ceramic filter is planned under a 
DOE-sponsored program which will culminate in a subpilot-scale 
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demonstration at the experimental PFBC operated by Curtiss Wright 
Corporation in Woodridge, New Jersey. Successful completion of this 
program will provide a capability to control particles including fine 
particles at temperatures of aooo to goooc (1,sooo to l,65QOF) and 
pressures of atmospheric to over 10 atmospheres. This will provide 
protection for gas turbines in PFBC applications and may eliminate the 
need for further cleanup of the effluent gas stream and result in lower 
total installation and operating costs. In addition, the filter should 
find application in heat recovery and in industrial processes for 
high-temperature particle control. 
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ROF AND Q-BOP HOT METAL CHARGING EMISSION COMPARISON 

C. W. Westbrook 
Research Triangle Institute 

Research Triangle Park, N. c. 

ABSTRACT 

Fumes generated during hot metal charging of a BOF and a Q-BOP were 

sampled and analyzed for total particulates, particulate mass in four size 

ranges, and inorganic and organic compounds. The data indicate that the Q
BOP generates three times as much particulate and 15 times as much organic 

matter per megagram of hot metal charged as does the BOF. Polynuclear 

aromatic hydrocarbons (PNA) were found in the Q-BOP fume but not in the BOF 

fume. No carcinogenic PNAs were detected. 

The differences found are probably due to the additional time required 

to charge hot metal into the Q-BOP at the particular plant sampled as com

pared to the BOF (2.2 minutes for the Q-BOP versus 1.0 minutes for the BOF) 

and to blowing of nitrogen gas into the bottom of the Q-BOP during the 

charging operations. 
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BOF AND Q-BOP HOT METAL CHARGING EMISSION COMPARISON 

INTRODUCTION 

1 2 This paper summarizes results obtained in two studies ' of fumes gene-

rated during hot metal charging of basic oxygen furnaces. Two types of 

vessels were tested. One, referred to herein as the BOF, is of typical 

design in that oxygen is introduced during the "blow" period through a lance 

suspended above the metal. In the second vessel, referred to as the Q-BOP, 

oxygen is blown into the vessel through tuyeres in the bottom of the vessel. 

A gas, usually nitrogen, is blown into the vessel through the tuyeres at all 

other times to prevent their plugging. 

The purpose of the testing was to determine if, and in what amounts, a 

wide variety of inorganic and organic materials might be generated during the 

hot metal charging and to determine if there is a significant difference 

between vessel types. Although both furnaces tested do have equipment ope

rating to collect and control the emission of these fumes, no testing was 

done on the outlets from the control equipment. All testing was of the 

uncontrolled fume going to the emission control equipment. 

Samples of the fume generated during hot metal charging were collected 

using the Source Assessment Sampling System (SASS). This system, shown in 

Figure 1, collects particulate matter in four size fractions (>10 µm, 3-10 µm, . 
1-3 µm, and <l µm). It also traps organic vapors with an organic resin (this 

section of the train is referred to as the organic module) and certain metals 

(mercury, antimony, and arsenic), that may be in the vapor phase, using a 

series of impingers. 

I will first briefly discuss the two vessels and the testing conducted 

on each. A direct comparison of the results obtained will then be presented. 

Q-BOP TESTING 

The Q-BOP shop tested contains two vess~ls each rated at 225 tons/heat. 

Six to eight heats can normally be completed in an eight hour shift. Shown 

in Figure 2 is a schematic of the Q-BOP vessel and ancillary equipment. The 

Q-BOP vessel differs from the conventional ROF in that oxygen is introduced 

through tuyeres in the bottom of the vessel rather than through a lance above 
. . . 

the charged metal. When the vessel is being charged nitrogen gas is blown 
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through the tuyeres to prevent their becoming plugged. The nitrogen flow 

rate is higher during hot metal charging than during scrap charging. 

Shown in Figure 3 is a schematic of the fume control systems. The 

entire vessel and the fume collecting hoods are in an enclosure (ref erred 

to as a "doghouse"). The bottom side of the enclosure is open to allow 

tapping and slag dumping. All fumes generated during the oxygen blow are 

collected with the primary hood. When the vessel is tilted more than·20° 

{during charging, for example) the secondary·hood collection system is 

automatically actuated and the primary system decreased to about 10 to 20 

percent of full capacity (by damper adjustments). Design flow rates under 

this condition with both fans in operation is 10,600 m3/min through the 
3 secondary hood system and 1,250 m /min through the primary system. 

Testing was done on this furnace only during the periods that hot 

metal was being charged into the vessel. Two ladles of hot metal are 

charged for each heat. The average time of hot metal addition (2 ladles) 

during testing was 2.2 minutes. Sampling was in the secondary fume control 

duct just before the downcomer to the quencher (refer to Figure 3). Eight 

separate periods of hot metal addition (4 heats) were sampled in three 

hours. The overall sampling rate was near isokinetic (104 percent)-

single point, no duct traverse. Gas volume collected was 1.027 dry stand-
3 ard cubic meters. Throughout this text the symbol Nm is used to mean a 

cubic meter corrected to 20°C, 76.0 cm Hg, and 0% moisture. 

Given in Table 1 are the pertinent process and sampling data. The 

scrap and hot metal figures are the sums for the four heats. Scrap is 

about 20 percent of the total metallics charged. The results obtained will 

be presented later. 

BOF TESTING 

The BOF shop in which the testing was conducted contains two vessels, 

each rated at about 250 tons/heat. Normally 6 to 8 heats can be completed 

·on each vessel in an eight hour period:· Shown in Figure 4 is a schematic 

of one of the vessels in the shop. Although this schematic is very similar 

to that for the Q-BOP, some important differences. should be noted. First, 

and most important, there is no injection of gases (oxygen or nitrogen} 

through the vessel bottom. Thus, during scrap and hot metal charging, no 

gas (nitrogen}. is blown into the· metal. You will also .note that secondary 

181 



ISOLATIH 
DAMPER t 
OfEI 

0-BOP NO. 1 FURNACE ENCLOSURE 

SECONDARY HOOD NO. 1 

IELL VALVE 10. 1 

OUEICHER NO. Z 
Z.01'£1 

BELL VALVE 10. Z 

SECONOARY HOOD 10. Z 

O.IOPIO. Z 
FURIACEEICLOSURE 

Figure 3. Gas collection sys1Bm for 0-BOP. 

STACK N0.1 

STACK NO.Z 



TABLE 1. PROCESS AND SAMPLING DATA, Q-BOP 

Charging Data 

Total, 4 heats 

Average/heat 

Sampling Data 

Volume Gas Sampled 

Stack Gas, Temperature 

Stack Gas, Velocity 

Stack Gas, Flow Rate 

Scrap, tons (Mg) 

206.5 (187.3) 

51.6 (46.8) 

Sampling Rate, % Isokinetic 

183 

Hot Metal, tons (Mg) 

822.7 (746.3) 

205.7 (186.6) 

1.027 Nm3 

66.5°C 

31.9 m/s 

11,491 Nm3/min 
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fume collection hoods are on both the charging and on the tapping side of the 

enclosure. 

Shown in Figure 5 is a schematic of the secondary fume collection system. 

Interlocks in the system prevent suction on the tapping hood or primary hood 

during the charging operations. Also, suction at the hot metal transfer and 

reladling station and on the charging fume hoods of the second vessel is pre

vented during charging the test vessel. During the tests, the second vessel 

was not in operation. Thus, only hot metal charging fumes were contained in 

the gas sampled. 

Testing was conducted only during periods of hot metal charging. At 

this plant all hot metal needed for the heat is charged using only one ladle. 

Average time required for hot metal charging during the testing was 1.0 

minutes. In order to obtain sufficient sample, sampling was carried out 

during 24 heats over a five day period. The sampling system was sealed 

between test periods. Only the second and third impinger solutions (which 

contain unstable reagents) were recovered each day. Therefore, data for 

individual heats are not available. Shown in Figure 5 is the sampling point 

for these tests. The overall sampling rate was 115.5 percent isokinetic. 

Total gas collected was 2.795 dry standard cubic meters. 

Given in Table 2 are the pertinent process and sampling data. Both the 

total amount of scrap and hot metal charged for the 24 beats and the average 

amount per beat are given. The scrap charge for individual heats did not 

vary from the average by more than± 19 percent. Hot metal charge for indi

vidual heats did not vary from the average by more than ± 7 percent. Scrap 

accounted for about 26 percent of total metallics charged. 

For the sampling data, note that samples were taken from only one of the 

two charging fume collection ducts. The gas flow rate in each duct was 

measured and found to be essentially the same. Therefore, to calculate total 

flow rate and particulate mass, the results obtained were multipled by two. 

DATA COMPARISONS 

Particulates 

In both tests the total particulate concentration in the gas was. deter

mined using the SASS train. The. SASS train collects the particulate in four 

size fractions as given earli.ei:. Additional particulate, probably containing 
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TABLE 2 • PROCESS AND SAMPLING DATA, BOF 

Charging Data 

Total, 24 heats 

Average/heat 

Sampling Data 

Number of Heats Sampled 

Gas Volume Sampled 

Stack Gas, Temperature 

Stack Gas, Velocity 

Scrap, tons (Mg) 

1598 (1450) 

66. 6 (60. 4) 

Stack Gas, Flow Rate--Total Both Ducts 

Sampling Rate, % Isokinetic 

187 

Hot Metal, tons (Mg) 

4494 (4077) 

187.2 (169.8) 

24 

2.795 Nm3 

85.3°C 

26.5 m/s 

11,509 Nm3/min 

115.5 



some of all size fractions, is trapped in the probe. Given in Table 3 are 

the total particulate and size fraction data. 

The particulate concentration in the gas from the Q-BOP was substantially 

higher than from the BOF (1298 versus 788 mg/Nm3J. There is also a signifi

cant difference in the particulate size distribution. For the ROF, 27 

percent of the particulate was less than 3 µm in size versus 16 percent of 

the Q-BOP particulate in this size range. About 70 percent of the Q-BOP 

particulate was larger than 10 µm whereas only 35 percent of the BOF partic

ulate fell in this size range. 

Shown in Table 4 is the mass of particulate generated in each size 

range per ton (or megagram) of hot metal charged. The important point to 

consider is that the Q-BOP appears to generate about three times as much 

particulate as does the BOF (per unit of mass of hot metal charged). Thus, 

about 17.6 kg of particulate is generated by the Q-BOP per 100 Mg of hot 

metal (35 lb/100 tons hot metal) versus about 5.3 kg of particulate per 100 

Mg hot metal (10.6 lb/100 tons hot metal) generated by the BOF. 

Inorganics 

Given in Table 5 are the concentrations of a number of elements in the 

uncontrolled fume from the two vessels and the amount generated per megagram 

(1.1 tons) of hot metal added. There appears to be no substantial difference 

in the amounts of the elements contained in the fume. The calculations for 

the BOF are clouded somewhat since some of the analyses for individual SASS 

train components were reported only as MC (Major Components). For the BOF 

data, a > (greater than) symbol indicates that at least one of the SASS 

component samples was analyzed as a major component. MC indicates that the 

element was a major component in all SASS samples. 

For the Q-BOP, nickel, iron, chromium, calcium, arsenic, lead, and 

possibly sulfur and phosphorous are at sufficiently high concentrations that 

the fume should not be emitted uncontrolled. For the BOF, the concentrations 

of baritnn, cadmium, selenium, arsenic, chromium, nickel, and possibly lead, 

calcium, and iron are sufficiently high that fume control is needed. Both 

plants tested do control the fume from hot metal charging. No testing was. 

done on the outlet from the control device. 
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TABLE 3. l?ARTICULATE SIZE DATA FOR BOF AND Q-BOP 

. BOF 
3 

% 
Q-BOP3 Size Range Dig/Nm mg/Nm % 

<l µ 85 11 26 2 

1-3 µ 124 16 182 14 

3-10 µ 206 26 69 5 

>10 µ 274 35 892 69 

Probe, Cyclone Washes 99 12 129 10 

Totals: 788 100 1298 100 

189 



TABLE 4. PARTICULATE MASS DATA FOR BOF AND Q-BOP* 

BOF Q-BOP 

Size Range lb/ton kg/Mg lb/ton kg/Mg 

<l )..Im 11.6 x 10 -3 5.8 x 10 -3 7.0 x 10 -3 3.5 x 10 -3 

1-3 µm 16.8 x 10-3 8.4 x 10 -3 49.4 x 10 -3 24.7 x 10 -3 

3-10 µm 
-3 28.0 x 10 . 14.0 x 10 -3 18.6 x 10 -3 9.3 x 10 -3 

>10 µm 37.0 x 10 -3 18.5 x 10 -3 ·242 x 10-3 121 x 10-J 

Probe, Cyclone Washes 
. -3 

13.4 x 10 -3 6.7 x 10 35.0 x 10 -3 17.5 x 10 -3 

Totals: 10.6 x 10 -2 5.3 x 10 -2 35.2 x 10 -2 17.6 x 10 -2 

*Calculated on the basis of hot metal added. 
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TABLE 5. SELECTED INORGANICS IN BOF AND Q-BOP FUME 

BOF Q-BOP 

Concentration Total Generated Concentration Total Generated 

Element + mg/Mg Hot Metal + mg/Mg Hot Metal In Gas In Gas 

Aluminum MC 0.43 58 

Antimony 0.006 0.4 <O.OOJ,. 0.14 

Arsenic <:0.05 <3.4 <0.02 <2.7 --
Barium >0.11 >7.4 0.02 2.7 

Bismuth 0.003 0.2 <0.0007 0.09 

Cadmium 0.077 0.47 0.002 0.27 

Calcium MC 64 8671 

Chromium 0.84 57 0.26 35 

Copper 0.18 12 0.1 14 

Iron >2.7 >183 85.3 11,557 

Lead >0.02 >1.4 0.41 56 

Magnesium >0.55 >37 2.3 312 

Manganese >0.11 >7.4 3.8 5]5 

Mercury' 0.0008 0.05 >0.0031 0.42 

Nickel 0.31 21 0.18 24 

Phosphorous MC 0.53 72 

Selenium 0.087 5.9 <0.033 4.5 

Silicon >1.1 >74 4.2 569 

Strontium 0.016 Ll <0.056 7.6 

Sulfur >0.06 >4 7.9 1070 

Zinc MC 0.14 19 

+ 3 Concentrations in mg/Nm • 
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Organics 

Given in Table 6 are the total organics generated during hot metal 

charging of the BOF and Q-BOP. Note that the total organics generated per 

megagram of hot metal added is about 15 times higher for the Q-BOP than for 

the BOF. Also note that about 2/3 of the Q-BOP organic is adsorbed on the 

particulate matter but less than 10 percent of the organic from the BOF is 

adsorbed on the particulate. 

Shown in Table 7 is a breakdown of this organic matter into the major 

organic compound categories. The major categories for BOF organics are 

aliphatic and aromatic hydrocarbons, and esters. Note that no evidence for 

fused aromatics--polynuclear--was found for the BOF. For the Q-BOP, the 

major categories are aliphatic hydrocarbons and fused (or polynuclear) 

aromatics. A variety of compound types are found in the Q-BOP organic. 

A low resolution mass spectrographic analysis of the Q-BOP organic 

indicated the presence of organics with ~sses equivalent to the masses of 

known carcinogens. The sample was further analyzed by GC/MS. No carcino

genic organic compounds were found in this analysis. 

CONCLUSION 

In this paper a comparison has been made for the fumes generated during 

hot metal charging of a BOF and a Q-BOP. The data indicate that particulate 

generated in this operation is substantially greater for the Q-BOP than for 

the BOF. This is probably directly related to blowing gas into the bottom 

of the Q-BOP and through the metal charged. Data have been presented to 

show that there is not a significant difference in the types of inorganics 

in the fume. 

The data also indicate that the fume from the Q-BOP contains substanti

ally more, and significantly different types, of organic matter than fume 

from the BOF during hot metal charging. Although fume from the Q-BOP does 

contain polynuclear aromatic hydrocarbons, and none of these materials was 

found in fume from the BOF, no evidence of carcinogenic organic compounds 

was found. 
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TABLE 6. TOTAL ORGANICS IN BOF AND Q-BOP FUME 

BOF Q-BOP 

In SASS Particulates, mg/Nm3 0.7 43.6 

In SASS Organic Module, mg/Nm 3 7.9 20.5 

Total Organic, mg/Nm3 8.6 64.1 

kg Organic/Mg Hot Metal 5.8 x 10 -4 
8.7 x 10 -3 

lb Organic/ton Hot Metal 11.6 x 10 -4 
17.4 x 10 -3 

kg Organic/heat 9.9 x 10 -2 
1.62 

-2 lb Organic/heat 19.8 x 10 3.24 
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TABLE 7 • MAJOR ORGANIC COMPOUND CATEGORIES 

CONCENTRATIONS IN UNCONTROLLED FUME, mg/Nm3 

BOF 

Aliphatic Hydrocarbons 0.3 

Aromatic Hydrocarbons 0.2 

Fused Aromatics 0 

Alcohols 0 

Amines 0 

Amides 0 

Esters 0.9 

Carboxylic Acids 0 
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ABSTRACT 

This paper presents the findings of week-long field evaluations of 
emission controls of six {6) BOF steelmaking shops. The field evaluations 
included shops with complete furnace enclosure, Gaw damper plates, and tap
side enclosures. For each evaluation, process engineers stationed inside 
the furnace control room and on the operating floor carefully documented 
process operations. Simultaneous with in-shop process evaluation, outside 
observers recorded visible emissions from the shop roof monitors in accordance 
with EPA Method 9. FM radio contact between in-shop and outside observers 
enabled documentation of the source of all roof monitor emissions. Perfor
mance of each control system is presented on the basis of average roof monitor 
opacity for each furnace operation, i.e., charge, oxygen blow, tap, etc. Also 
investigated were the potential causes of roof monitor emissions such as 
variations in steelmaking procedures and/or emission control operational 
variables~ · 
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FIELD EVALUATIONS OF FUGITIVE EMISSIONS FROM BOF STEELMAKING SHOPS 

INTRODUCTION 

GCA is conducting field evaluations of secondary emission controls at 
BOF shops for EPA Region V. The primary objective is to document the opacity 
of roof monitor visible emissions (RMVE) for each vessel operation; i.e., 
scrap charge, hot metal charge (HMC), oxygen blow and reblow, turndowns and 
tapping. A secondary objective is to evaluate all process data that describes 
how the vessels and the emission control systems were operated in order to 
achieve the performance levels observed. This second objective has become 
an important aspect of the program since operational practice has such a 
strong impact on emissions that escape capture and are emitted from shop roof 
monitors. 

This. paper summarizes the highlights of six (6) BOF studies conducted 
between June 1979 and August 1980. When reviewing these data, the reader 
should recognize that the control system and emissions data describe the sys
tem performance observed by GCA during the week(s) of testing. The final 
reports prepared for each field test contain a complete record of steelmaking 
process variables and emission control operation during testing. Evaiuations 
of other BOF shops are currently in progress. 

DATA COLLECTION AND ANALYSIS METHODOLOGY 

Field evaluations are conducted by GCA engineers familiar with BOF sho-p 
operations. Each team member is certified. to observe visible emissions (VEs) 
in accordance with EPA Method 9. RMVEs are continuously recorded by outside 
observers while inshop observers document shop operations. Continuous FM 
radio contact between all observers enables determination of the origin. of 
each RMVE. This approach is discussed further below. 

Visible Emissions Observations 

VE data are collected in accordance with EPA Reference Method 9 as pub
lished in the Federal Register, 40 CFR Part 60.275, Ap1>endix A. Groun<i level 
positions are normally used to evaluate emissions against the sky. Occasion
ally, RMVEare blown hor'izontally across the length of .a shop roof monitor. 
As directed by Method 9, these emissio~s are observed against the best: avail
able contrasting background which is usually the roof monitor area. Normally, 
however, VE observers are able to view emissions at a point just above· the 
roof monitor. This approach avoids the'possibility of.inaccurate measurements 
in the event the plume travels horizontally for a brief period before rising 
upwards. The densest portion of the plume is observed, as specified in 
Method 9.· 

Constant FM radio contact enables precise documentation of which shop 
operation caused each visible emission. By.receiving instant radio confirma
tion of what process is occurring, VE observers know when emissions of no 
interest occur; i.e., hot metal transfer, skinuning, and teeming. 
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Inshop Process Observations 

Process observers are stationed at strategic locations within the shop 
to allow observation of all emission-causing operations. An engineer is 
assigned to each operating furnace to record process data and the precise 
time each operation occurs - scrap charge, HMC, oxygen blow, turndowns, etc. 
This observer closely monitors the control room instrumentation and documents 
the steelmaking techniques in use. He also observes each vessel operation from 
the working floor and estimates the approximate magnitude of emissions that 
escape capture. Constant radio contact with outside VE observers enables 
determination of the origin of each RMVE. Process data collected in the con
trol room generally consists of: oxygen blow rates and net quantity blown. 
lance height, at each interval, tons of steel and scrap charged, hot metal (and 
tap) temperature and chemistry, time of flux additions, etc. 

Emissions escaping capture at the furnace are evaluated by one of two 
techniques. When the uncontrolled emission can be observed, a percent capture 
is estimated. If the total uncontrolled emission is not visible, the observer 
records the magnitude of emissions escaping capture by the following criteria: 
light, 5 to 25 percent opacity, (as viewed within the shop); moderate, 30 to 
60 percent opacity; and heavy, 65 to 100 percent opacity. Also recorded are 
the duration of each vessel operation and any unusual operating practices. 

When necessary, another process engineer records process data at the gas 
cleaning device, to document control system operation and the exhaust flow 
rate applied to the furnaces. Often, these data are available in the BOF con
trol room, or continuously recorded at the gas cleaning device. 

In some shops, observer(s) are required to document the precise time of 
non-furnace operations such as teeming, hot metal transfer, or skimming. 
Often, emissions from these operations can be observed by one of the furnace 
observers. 

Data Handling and Assessment 

After each day, observer.a review their data sheets for clarity and con
sistency. The Lead Engineer collects all data and reviews them once again. 
VE data sheets are handled by the chain-of-custody technique and kept in a 
secure area at GCA until the final reports are submitted to EPA. 

In the office, the average opacity for each vessel operation is calcu
lated. If requested, compliance with the applicable opacity standard is also 
determined. When multiple shop or furnace operations occurred, the corres
ponding VE observations are not included in the summary tables. Only the 
'RMVE whose origin can be absolutely determined by the radio connnunication 
Lechnique are used to compile the data presented in this paper. 

BOF SHOP AND EMISSION CONTROL SYSTEM DESCRIPTIONS 

The six (6) BOF shops and their control systems are briefly described 
below. Additional data is available in the GCA report for each shop and also 
in the open literature. 
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Republic Steel, South Chicago, Illinois 

The two 204-m ton* (225-ton) Q-BOP furnaces at RSC/Chicago replaced four 
204-m ton (225-ton) open hearth furnaces in 1977 and operate within the old 
open hearth shop. The eight Q-BOPs currently operating in the U.S. represent 
more than half the number of basic oxygen process furnaces entering service 
in the last 7 years. The six other Q-BOPs are operated by US Steel, three 
apiece at Fairfield and Gary. 

The Q-BOP differs from the conventional BOF in that instead of top 
blowing oxygen through a water-cooled retractable lance, oxygen and fluxes 
are blown through the bath via tuyeres in the furnace bottom. Because the 
vessel is bottom blown, the Q-BOP has some unique emission control problems 
when compared to a conventional BOF. 

Primary emissions generated during the oxygen blow are captured by a 
retractable water-cooled skirt that is lowered over the mouth of the furnace, 
acting as a conventional, suppressed combustion hood. Furnace off-gases are 
cooled to 1093°C (2000°F) in water-cooled ductwork before entering the 
quenchers. The quenchers consist of two parallel venturis followed by impact 
separators that cool the gas stream to 80°C (175°F). Cooled gases pass 
through the venturi scrubbers which operate at a pressure drop of 150 nnn Hg 
(80 in. W.C.) during the oxygen blow. Particulate entrained in the water 
droplets exit the venturi section and enter a fixed vane separator before the 
exhaust passes through the induced draft (ID) fan and stack. 

At RSC, only one furnace is normally on-line since the enclosure system 
is designed so the fan on the down furnace supplements the operating furnace's 
fan for more draft during charging and tapping. Captured secondary emissions 
are exhausted to two venturi scrubber systems that operate in parallel. 
However, the quenchers are bypassed since the secondary exhaust stream is 
much cooler than the primary exhaust. 

All secondary emissions are captured through a charge side hood located 
inside the enclosure. During scrap and hot metal charges, the enclosure door 
opening is minimized, and an exhaust flow rate of about 170 m3 /sec (360,000 
acfm) is provided to the charge-side hood by both fans. During a tap, the 
charge-side doors remain closed, and the charge-side hood operates at 170 m3

/ 

sec (360,000 acfm). Total exhaust is reduced to about 144 m3 /sec (305,000 
acfm), during turndowns for sa'mpling. During idle periods; i.e., waiting for 
the chemistry analysis, the system operates at about 106 m3/sec (225,000 acfm). 

Republic Steel, Gadsden, Alabama 

Primary emissions generated during the oxygen blow are captured by a 
water-cooled, full combustion hood located 0.75 m (2-~ ft) above the vessel 
mouth. Before entering the ESP, furnace exhaust gases are cooled by a cas
·cade-type evaporative chamber which also improves particle resistivity for 
better collection. Full system draft of approximately 30 mm Hg (283 m3 /sec or 
600,000 acfm measured at the stack) is used during the HMC and oxygen blow. 
Partial draft of approximately 18.7 mm Hg (165 m3 /sec or 350,000 acfm measured 
at the stack) is used during scrap charging, turndowns, tapping, and slagging. 

_ _I..ance hole covers were present on one vessel during.GCA's evaluation. ·- -· ·- - . - . 
*Metric ton. 
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The Gaw damper (closure plate) is a water-cooled steel plate which slides 
in a horizontal plane across the opening of the primary hood. The damper re
duces the hood opening and increases the capture velocity of the primary ex
haust system. The Gaw damper was designed to close off 75 to 80 percent of 
the hood opening during the HMC according to design data. The damper is de
signed for a furnace tilt angle not exceeding 45 degrees from vertical. 

The first Gaw damper was retrofit to the No. 1 vessel in June 1977 at a 
cost of $350,000 according to RSC. The leading edge of the plate warped badly 
after 6 to 9 months of operation, and water cooling was installed on this 
edge of the plate. The maintenance cost of the water system proved less than 
the replacement cost of the plate, and a similar, water-cooled Gaw damper was 
installed on the No. 2 vessel in November 1978 at a reported cost of $425,000. 

During tapping, the rotation of the vessel places the mouth of the furnace 
a considerable distance from the hood opening. To help contain tapping emis
sions and divert them into the primary hood, a tap-side enclosure was construc
ted on each furnace. The Gaw damper is not used for tapping emissions control 
because the necessary I-beam supports would interfere with charging at the 
other side of the furnace. 

U.S. Steel, Gary No. 1 BOF 

This shop is an open hearth conversion and the three 195-m ton (215-ton) 
vessels entered service in 1965. Annual production capacity of carbon and 
alloy steels is 4.0 MM m tons (4.4 million tons) for the three vessels 
combined. 

U.S. Steel considers this shop a "one-and-a-half" vessel operation. Norm
ally, two furnaces are available for.steel production, with the third either 
on standby or down for reline. One vessel normally operates at maximum pro
duction to supply the continuous caster, produci~g 9 to 10 hea~s per 8-hour 
turn. The second vessel usually operates in a manne~ not interf er1ng with the 
principal vessel, and produces 5 to 10 heats per turn. Normal shop production 
is 51 heats per 24-hour period. 

Primary emissions are collected by conventional water-cooled, full com
bustion hoods at each of the three vessels. Each hood discharges into a com
mon exhaust manifold that leads to the scrubber system. Isolation dampers close 
off the off-line furnace(s). 

The gas cleaning system consists of two identical scrubbers operating in 
parallel. Furnace exhausts pass through a variable throat venturi, through 
a flooded elbow, and into a separation tower. Exiting the tower, gases pass 
through a 4100 kW (5500 hp) fan (at -103 to -150 mm Hg or -55 to -80 in. W.G • 
.;tatic pressure) and into a final separat,,or,. 

The emission control system was de.signed for two furnaces on oxygen blow 
and one furnace on BMC, with a total exhaust flow of 307 m3 /sec (650,000 
scfm), sat •. Induced draft fans operate in three distinct modes, drawing 1800, 
2400 or 3800 kVa (each) •. Fan load is mainly controlled by upstream louvers 
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which operate at 50, 80, and 100 percent open for the three modes. Fan loads 
are also a function of the automatic control of the variable throat venturis. 

Exhaust flow rates applied to each furnace depend on the isolation damper 
position, the fan load and venturi pressure drop, and the number of furnaces 
on-line. The flow rates at each furnace are measured in terms of static pres
sure in the quench section and recorded on continuous strip charts. The isola
tion damper set points are 20.percent open for scrap charging, turndowns and 
tapping, and 100 percent open for HMC and oxygen blows. 

The Gaw dampers at Gary were designed to close off 70 percent of the hood 
opening during HMCs, according to design data. The damper is not used for 
scrap charging control because of possible damage from large scrap pieces, and 
because the furnace mouth is tilted too far away from the exhaust hood. 

Furnace tilt during HMC is limited to 35° from vertical. Chargin~ ladle 
spout extensions enable positioning of the ladle well into the furnace, bring
ing the point of emissions closer to the primary hood. Sheet metal curtain 
walls constructed above the furnace and Gaw damper, on the charge side, help 
minimize adverse effects of cross-drafts. The crane operator has instructions 
to slow or stop pouring should HMC emissions escape capture. 

Total installed cost of the three Gaw damper systems in late 1978 and 
early 1979 was $750,000 according to U.S. Steel engineers. To date, there 
have been no major operation or maintenance problems with the dampers. The 
plates are constructed of one-quarter inch carbon steel and have not become 
warped. Only the rails supporting the wheels upon which the plate ride~ into 
position are water-cooled. The original wheel design had to be modified to 
avoid binding from build-up of dusts in the rails. The damper is installed 
6-lnches.below the primary exhaust hood because of the proximity of a·major 
structural beam. 

To help contain tap fumes and direct them into the primary exhaust hood, 
a tap-side enclosure was installed in 1977 on each furnace. The furnace iso
lation damper is automatically set at 20 percent open during tapping. The 
Gaw damper is not used. No significant maintenance or operational problems 
exist with the current enclosures according to U.S. Steel engineers •. 

National Steel, Great Lakes Steel Division 

Primary emissions generated during the oxygen blow are captured by full 
combustion hoods located directly-over each furnace mouth. Air is pumped into 
the hood system, approximately·o.33 m (10 feet) above the hood mouth, at a rate 
of 28.3 m3/sec (60,000 scfm) to help combust carbon monoxide. Temperature 
activated water sprays in the exhaust hood ducting control moisture and temp
erature. The oxygen lance opening in the primary exhaust hood is fitted with 
a sliding disk seal to reduce the escape of emissions and loss of draft. 

To help contain tapping emissions, doors (referred to as garage doors) 
were installed on the tap-side of the furnace. The doors retain tap emissions 
long enough to allow fumes to be carried into the primary exhaust hood. 
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Inland Steel, No. 4 BOF Shop 

Inland Steel operates two basic oxygen furnace (BOF) shops at the Indiana 
Harbor Works. Two 231-rn ton (255-ton) top blown furnaces at the No. 4 shop 
entered service in July 1966, and presently have an annual rated capacity ex
ceeding 3.6 million m tons (4.0 million tons) of steel. 

Primary emissions generated during the oxygen blow are captured by a full 
combustion-type hood over each furnace. No secondary emission controls are pre
sent for charging, turndowns, tapping, or slagging. Steam rings located on the 
circumference of the lance holes above each combustion hood, help to control 
the escape of oxygen blow emissions. 

Furnace exhaust passes from the primary exhaust hood through the spark 
box for water spray cooling, and into a quench tower. The gas stream is then 
spilt into four identi~al Buell venturi scrubbers operating in parallel. Water 
laden gas enters a moisture separator prior to the four parallel, 1300 kW 
(1750 hp) ID fans. The four streams are combined and discharged through a 
single stack. 

The emissions control system is designed to operate with one furnace on 
oxygen blow. Guillotine dampers isolate the off-line vessel. According to 

. stack tests performed in 1974, the exhaust flow through the scrubbers is 
229 m3 /sec (484,500 acfm), at 58°C (128°F). 

Ford Steel Division BOF Shop, River Rouge Plant 

The two 227-m ton (250-ton) top blown BOFs, installed in 1964, have com
bined annual production capacity of 2.7 million m tons (3 million tons) per 
year. The shop produces primarily low carbon sheet for use in automobile 
manufacturing. 

The scrap charge, composed of home and purchased scrap, is predominantly 
clean No. 1 bundles from nearby auto stamping facilities. The two BOFs employ 
a three-holed lance with an oxygen blow rate of 10.4 m3 /sec (22,000 scfm). 

Primary emissions are captured by a full combustion, water-cooled hood. 
Exhaust gases_are cooled in a cascade-type evaporative chamber prior to 
entering an ESP. Steam injection at the evaporator chamber improves particle 
resistivity. An isolation damper regulates exhaust rates during various fur
nace operations. The ESP is equipped with four fans, dividing the gas flow 
among eight ESP banks with four fields per bank. The pressure drop measured 
across all compartments is about 5.6 mm Hg (3 in. W.C.). 

Secondary emissions during HMC are controlled by Gaw damper plates in-
talled in 1973. GCA observed the plate to close off approximately 50 percent 

of the primary hood opening. The vessel is tilted 30° from vertical at the 
beginning of the HMC and lowered to 45° from vertical at the end of the HMC. 
Since GCA's evaluation, Ford has removed the Gaw damper and is experimenting 
with a modified doghouse enclosure to control secondary emissions. 
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ANALYSIS OF FUGITIVE EMISSIONS FROM BOF SHOP OPERATIONS 

The following section characterizes the performance of six BOF secondary 
emissions control system relative to the following BOF process operations: 

• 
• 
• 

Scrap Charge (SC) 

Hot Metal Charge (HMC) 

Oxygen Blow (02 Blow) 

• 
• 
• 

Turn Down (TD) 

Tapping 

Slagging 

Note that the findings presented herein are based on detailed analyses of pro
cess information available for six BOF studies. In some cases, the analyses 
are somewhat limited by the extent of process data supplied to GCA, and monetary 
constraints imposed by each project. 

For comparison of RMVEs between shops, the authors employed an analysis 
tool termed the opacity-duration product. The opacity-duration product is de
fined as the product of: (1) the percentage (in fractional form) of operations 
showing IU1VEs greater than zero percent opacity; times (2) the average opacity. 
of RMVEs greater than zero; times (3) the average duration of those RMVEs. The 
opacity-duration ·product essentially represents an average visible emissions 
flux for each furnace operation. 

Scrap Charge 

Each heat begins with the addition of cold scrap to the empty vessel. 
Many of the shops evaluated were equipped with hydraulic (Calderon type) scrap 
charging systems although only GLS and Inland regularly used their systems. 
RSC/Gadsden and GLS employed two scrap charges while the other shops charged 
scrap in a single operation. 

RMVEs from scrap charging represented a relatively small portion of BOF 
secondary emissions in these shops. SC emissions resulted from ignition of 
oily material and other combustibles as the scrap contacts the hot vessel. 
Control of SC emissions was minimal at the shops evaluated except at the 
RSC/Q-BOP where SC emissions are captured by the secondary hood within the 
enclosure. At most of the BOF shops, primary exhaust drafts were dampered off 
to between 10 to 30 percent open, during the SC. Gaw Dampers are not designed 
to control SC emissions since they are not effective in controlling scrap 
charge emissions. Also dampers could be damaged by large pieces of scrap. 

Table 1 summarizes the RMVE data collected (for SC) at the six BOF shops. 
GLS/Ecorse and the RSC/Q-BOP showed the lowest RMVEs for scrap charging. Note 
that while the estimated capture of SC emissions at the RSC/Q-BOP was· 90 per
cent, GLS/Ecorse showed zero RMVEs with reduced hood capture of about 50 percent. 
The data indicate that other factors such as scrap composition and quality can 
play an important role in reducing SC emissions. 

Five process parameters typically evaluated for their relationship with 
scrap charge RMVEs were: (1) scrap composition and quality; (2) scrap quan
tity; (3) duration of scrap charge; (4) quantity of slag in vessel; and (5) 
tempe7ature of vessel. 
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TABLE 1. SUMMARY OF SCRAP CHARGE DATA FOR SIX BOF SHOPS 

Percent 
of scrap Opacity-
cbarges duration 

SC shoving Average Average productb 
emission Uncontrolled Estimated RMVE > 0 opacity of duration of Peak RMVEs (% opacity-

BOIP shop control ugnitude8 capture (%) RMVE8 > 0 11.MVEs > 0 (% opacity) seconds) Comments 

RSC/Chicago Doghouse Light 90 18 6 15 10 17 Very clean scrap. minimal fines, 
Q-BOl' enclosure mostly ingots, butts and reclaim. 

w/local Dolomite sprayed on scrap prior to 
hood charging. 

RSC/Gadsden None lbderate 50 48 8 62 40 230 Two scrap charges by transfer crane. 
(Avg. of 2 to heavy Home scrap and No. I and No. 2 pur-
vessels) chased scrap charged. 

USSC/Gary None Light 10 11 15 50 40 83 Vessel isolation dampers closed to 
No. 1 BOF 20% open during SC. 60 to 70% clean 
(Avg. of 3 scrap. -10% bundles, 12% pit, -12% 
vessels) misc. Generally low oil, clean scrap. 

Inland Steel Nooe Moderate 0-10_ 13 5.0 45 5.0 29 Medi11111 quality scrap. few bundles, 
No, 4 BOF some oil in scrap. 

GLS/Ecorse None v. light -so 0 0 0 0 0 Two scrap charges, clean bundled scrap, 
N No. 2 BOF probably stampings from auto mfg. 
0 Mostly purchased scrap. 
U1 

' Ford Steel 'None Light ... 50 20 14 95 50 270 Clean bundled scrap, probably stampings 
from auto mfg. Home and purchased 
scrap. 

8t.ight • S to 25 percent opacity for emiaaions escaping the vessel, observed inside the shop. 
Moderate • 30 to 60 percent opacity for emissions escaping the vessel, observed inside. 
Heavy • greater than 60 percent opacity for emissiODS escapin,g the vessel, observed inside, 

b Product • portion of SC showing emissions x average opacity x average duration of emissions. 



At one shop, correlations between scrap composition and RMVEs from scrap 
charging were reflected in the data as shown in Table 2. Generally, clean home 
scrap (Grade 1) from the Gadsden mills generated somewhat lower RMVEs compared 
to purchased scrap (No. 2 heavy melt, consisting of recycled machinery). 

TABLE 2. SCRAP COMPOSITION AND EMISSIONS GENERATED DURING SCRAP 
CHARGING AT RSC/GADSDEN BOF SHOP 

Scrap type 

Home Scrap 

Scrap 
composition 

Clean home scrap Blooming mill scrap 
Rotary shear scrap 
Teeming mold scrap 

·Medium grade scrap Strip mill scrap 

Galvanized scrap Galvanized sheet metal 

· Reclaim Iron bearing BOF slag 

Purchased Scrap 

No. 1 heavy melt 

No. 2 heavy melt 

Recycled machinery 
(clean) 

Recycled machinery 
(low quality, with oil) 

RMVEsa 
range of 

(% opacity) 

0 to 5 

0 to 5 

5 to 10 

0 to 35, 

0 to 5 

5 to 40 

· 
8 For all heats. both vessels, measured at BOF shop roof 
1llOnitor. 

At RSC/Gadsden, strip mill scrap appeared to cont~i.n the greatest amount 
of oil, while blooming mill scrap (low oil content), c~rged alone, g~J\erated 
almost no emissions. ·Cha~ging of galvanized metal generated white zinc oxide 
RMVE ranging from 5 to 10,.percent opacity. Reclaim, a low quality scrap, often 
generated fine-sized particulate emissio.ns during charging. Emissions from 
purchased· scrap (No. 1 and No. 2 heavy melt) are attributable to foreign, non
ferrous material present in the scrap. 

Hot Metal _Charging 

In all shops evaluated, hot metal i.s charged to the vessel by overhead 
cranes. The slowest HMC rate was 63.6 m tons/min (70 tons/min) at RSC/Gadsden 
while the highest was 319 m tons/min (351 tons/min) at GLS/Ecorse. At the 
RSC/Chicago Q-BOP, two HMCs were required per heat because of the small shop 
ladle size (91 m ton). All other shops used one HMC per heat. Furnace tilt 
angles ranged from 30° to 45 ° from vertical. In most cases, cranemen tried to 
keep the charging ladle as close as possible inside the vessel mouth. · 
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In many shops, RMVEs from HMCs represent a major portion of emissions from 
BOF process operations. As shown in Table 3, four of the shops showed RMVEs in 
the moderate to heavy range (roughly 50 to 70 percent opacity, observed inside 
the shop) while two of the shops generated very heavy HMC emissions (always 
100 percent opacity as seen inside the shop). These differences in uncontrolled 
emissions may be due to scrap quality arid hot metal charge rates, as discussed 
later. 

HMC controls assessed included two shops with no controls, three shops 
with retrofit Gaw dampers, anQ one shop with an enclosed and secondary hood. 
Republic Steel's Gadsden BOF and the Chicago Q-BOP, which employed substantially 
higher evacuation rates, showed the best capture of HMC emissions. USSC/Gary's 
No. 1 BOF, employing a lower design HMC evacuation rate (GCA engineers believe 
that actual rates were much higher) showed generally lower HMC emissions cap
ture. However, capture did vary at Gary, generally increasing as the number 
of vessels on-line decreased. HMC evacuation rates at the remaining shops were 
not available, but were thought to be lower as reflected by in-shop observations. 
GCA observers noted that the evacuation system at Inland appeared to be inopera
tive during HMC's. (Recall that there were no secondary controls at Inland's 
No. 4 BOF shop.) 

A comparison of RMVE data in Table 3 clearly shows that the Republic Steel 
Chicago Q-BOP and Gadsden BOF produced the lowest RMVE during HMC of all the 
shops evaluated. The USSC/Gary No. 1 BOF also showed relatively low HMC emis
sions, while the Ford BOF and the two uncontrolled shops showed substantially 
higher emissions. Note that at.RSC/Gadsden and USS~/Gary, exhaust drafts may 
have been increased to improve HMC capture (these steps may h~ve reduced gak 
cleaning efficiency). The other shops operated exhaust flows under standard 
procedures. The RMVE analysis suggest that properly designed and operated re
trofit Gaw dampers can approach the degree of HMC emissions control provided by a 
secondary hood and enclosure. 

The following process variables which might effect HMC emissions were 
evaluated: (1) scrap quality; (2) ladle handling and positioning; (3) hot 
metal charge rate; (4) hot metal temperature and chemistry; and (5) hot metal/ 
scrap charge ratio. In general, the minimal variations of these process param
eters within a single shop did not provide adequate data to show any substan
tial correlations with RMVEs. Also, the masking effect of other process varia
tions further complicated the analyses. A data base on the order of 100 heats 
per operating vessel would likely be required to conduct an in-depth evalua
tion employing multiple regression analysis techniques. 

General trends noted at RSC/Gadsden indicated that low quality reclaim, 
No. 2 heavy melt, and medium quality strip mill scrap produced the highest 
HMC emissions at that shop". High quality home scrap (blooming mill scrap and 
·.ngots) showed no RMVEs during HMC. The above trends we;e exactly reversed 
for data collected at USSC/Gary. Similar contradictions were noted for shop 
ladle handling practices. At Gadsden, nine cases of poor ladle handling re
sulted in only one case of RMVEs greater than O. However, at USSC/Gary, where 
HMC emissions abatement procedures required attenuation of the HMc· pour rate 
when emissions were heavy, in-shop observers noted decreased emissions when 
ladles were carefully poured. 
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N 
0 
00 

TABLE 3. SUMMARY OF HOT METAL CHARGE (HMC) DATA FOR SIX BOF SHOPS 

Control Average 
system Percent opacity Avera~e 

evacuation of HMCs of duration 
Secondary Uncontrolled Estimated rate showing RMVE >O of 

BOF emission emissions capture m3-/sec RMVE >O (I RMVEs >O 
shop control magnitude a (%) (dscfm) (%) opacity) (seconds) 

RSC/Chic.ago Doghouse Moderate 90 156 51 8 42 
Q-BOP enclosure (330,900)b 

w/local 
hood 

RSC/Gadsden 
llOF Gaw damper Moderate 80 230 

(490,000)c 
59 7 54 

USSC/Gary 
No. 1 BOF Gav damper Moderate 40-100 44 53 15 81 

to heavy (94,000)d 

Inland Steel 

No. 4 BOF None Moderate 0-10 ~oe 90 34 112 
to.heilvy 

GLS/Ecorse 
No. 2 BOF None Very heavy ~30-40 NAf 100 53 132 

Ford Steel Gaw damperg Very heavy ~30-40 NAf 100 31 143 
BOF 

8i.1ght • 5 to 25 percent opacity for emissions escaping the vessel, observed inside-ehe shop. 
Moderate • JO_ to 60 percent opacity for emissions escaping the vessel. observed inside the shop. 
Heavy"'!' greater than 60.percent opacity for emissions escaping the vessel. observed inside the shop. 

1\teasured· during sta~k-tests. - . 

cFrom data collected at shop~ 
d . 

Flow rate provided by USSC design drawings. generally thought to be higher as observed by GCA. 

eControl system appeared inoperative. 

~ot available. 

; gA representative· from Ford indicated that the Gaw Damper system at Ford has been removed in order 
to experiment wJ.th "Dog House" enclosures for collection of secondary emissions. 

(% 

Peak 
RMVEs 
opacity) 

25 

30 

75 

90 

100 

95 



Evaluation of HMC pour rates for individual BOF shops showed no substan
tial correlations with RMVEs. However, a collective evaluation of HMC data 
for all six BOF shops, presented in Table 4, clearly shows that shops employ
ing higher HMC pour rates produced substantially greater RMVEs. Note that 
the masking effect of process variations is minimized in Table 4 because the 
data base represents.over 200 heats of data. Deviations from the general 
trend are attributable to differences in secondary emissions controls at each 
shop. 

Shop 

RSC/Chicago 

RSC/Gadsden 

US SC/Gary 

Inland 

Ford 

GLS 

TABLE 4. COMPARISON OF HMC POUR RATES AND RMVEs 

Secondary 
emissions 
control 

Secondary 
hood 

Gaw 
damper 

Gaw 
damper 

None 

Gaw damper 

None 

HMC 
pour rate 

(t/min)b 

92 

70 

190 

184 

216 

351 

(1) 
Percent of 

HM Cs 
showing 

RMVEs >O 

57 

59 

53 

90 

100 

100 

(2) 
Average 
opacity 
of RMVEs 

~o 

(%) 

8 

7 

15 

31 

53 

(3) 
Duration 
of RMVEs 

>O 
(seconds) 

42 

54 

81 

112 

143 

132 

.. Opacity
duration 
producta 

190 

220 

640 

-3400 

4400 

7000 

8product of columns labeled (1) (2) and (3) showing relative magnitude of RMVEs. 

bm tons/min can be obtained by multiplying t/min by 0.908. 

Oxyge!l Blow 

The basic oxygen process converts a charge of molten iron and scrap to 
steel by blowing large quantities of oxygen through the charge. The oxida
tion process lowers carbon and silicon content and provides heat for melting 
the scrap. Supplementary fuel sources such as silicon carbide were added to 
the vessel in some of the six shops. Oxygen blow rates ranged from 15,000 t~ 
24,000 scfm at the six shops evaluated. Hot metal to scrap charge ratios 
ranged from 1. 8 to 3. 6. Oxygen blows a_~ t.he BOF shops evaluated ranged from 
13 to 22 minutes in duration. For th~ top blown vessels, fluxes are charged 
through overhead chutes after ignition of the off gases has been achieved. 
Fluxes are charged to the Q-BOP through the center tuyeres. 
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Origin of RMVE During Oxygen Blows. At many BOF shops, oxygen blow emis
sions are a major contributor to RMVEs. The heaviest RMVEs generally occur 
towards the middle of the oxygen blow (approximately 12 to 13 minutes into 
the blow) when a critical period is reached as the scrap becomes suspended in 
the bath and melts completely. During this period, the scrap overturns and 
the bath erupts violently, occasionally splashing hot metal from the vessel. 
At this point, carbon and silicon are oxidized at the greatest rate, increasing 
fume generation and the potential of fume escape from primary hoods. 

RMVEs from the oxygen blow at the top blown BOF shops originated from 
three main sources; (1) leakage from cracks and expansion gaps in the primary 
hood and exhaust ductwork; (2) leakage from the lance hole in the primary hood; 
(3) fumes escaping capture at the vessel mouth. 

The five top blown BOF shops employed open, full combustion primary hoods. 
The vessels at three of the top blown BOF shops were fitted with lance hole 
covers or steam rings at. the lance hole to contain oxygen blow emissions. On 
vessels with lance hole emission control, emissions from the lance hole area 
were significantly reduced. The reduction of oxygen blow RMVEs throug~ the 
use of lance hole covers is illustrated in Table 5 which shows RMVEs from 
Vessel 1 (no lance hole cover) and Vessel 2 (with lance hole cover) at 
RSC/Gadsden. · 

Oxygen blow emissions originating from cracks and gaps in the pr:lmary 
hood and ductwork are largely related to the level of maintenance of the 
primary emission control system at each shop. This point is illustrated in 
Table 5 by comparing oxygen blow RMVEs from Inland's No. 4 shop to RM\TE.s 
from other shops evaluated. In-shop engineers noted that lance hole einis
sions were minimal, due to the steam ring controls, but holes and gaps~; in 
the primary control system ductwork were responsible for most of the RMvEs 
at Inland. Conversely, the doghouse enclosure and ducting at the Q-BOP showed 

. no signs of leaks, and RMVE were 0 for all oxygen blows. Oxygen blow RMVEs 
from the other top blown BOF shops, where primary exhaust. ducting was ~etter 
maintained, were significantly reduced. 

Primary Emissions Control of Oxygen Blow Emissions. Data present'~d in 
Table 5 shows that the Q-BOP with suppressed combustion and wet scrubb~r 
emission controls showed the lowest oxygen blow RMVEs (0 opacity) of all shops 
evaluated. The Q-BOP also employed the lowest control system exhaust rates 
(primary and secondary combined) in part due to the use of suppressed.combus
tion system. The remaining top-blown shops all employed full combustion hoods . 
with either ESP or wet scrubber controls. Lack of correlation betweet;;.::·oxygen 
blow RMVEs.and control system exhaust rates is likely due to the effect of 
quencher and scrubber spray additions which effect the actual exhaust rate 
at the boo~. However, Ford's BOF shop, which produced the lowest oxygen blow 
RMVEs among the tQp-blown shops, employ~d the highest exhaust rate per operating 
vessel of all top-blown shops. 
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TABLE 5. SUMMARY OF OXYGEN BLOW DATA FOR SIX BOF SHOPS 
·--·"'I····--- Percent ~--·---· 

of heat• Aweraa• Op&City• 
Hot Mt.al 1hovin1 Average duration dur•t:lon 

Control ay•t- Oiry1en to acrap RHV! opacttJ ot Of Puk product• 
ROr .1:1hop and hi••iona coritrol evacuation r.ate blovt'•t• c""•s• > 0% RHY!• > 0 R>Nla • 0 RHVZo (% (% opacity-
vea1el I .D. 1yatem m3/oac (acf11) m3/uc (ocf•) ratio m (I opacitJ} (•9COll4•) opadty) HCOftdl) eo. ... c. 

l<SC/ Cll 1 CAC:O Doghou.1• n.cloa.u.ta, ~gb (l 25,000) 10.6 (Z2 ,500) 3.6 0 0 0 0 C) Ve•Hot=1 l lnln1 
Q-80P •u.ppre11e<I combu1- plua thtn, fre:~uentlr 
2 Ve.aaeltt tion, plue 1econd- S6.6b (120,000) :gunne'd 

ary hood to vet 
•crubber1 

RSC/GADSDEN Full combu1tion to 
BOF ev.ap. cooler and ESP 

No. l Veaael ~ ~ .,. ,,_ l 94 18 4D5 90 6,900 Old lining gunned 

7. l (lS,000) 1.8 
f?'equ.ectly on 

254 (540,000) Vessel No. t 
No~ 2 Vesa.el W/laoce hole covers 88 7.6 198 40 l,300 Nev 1 tning burned 

ia 2 daye prior 
to •tudy on 
Ves11cl No. 2 

US SC/GARY Full coabuaUon to 
ND. I BOF quenche:r·a and wet 

scrubber• 

llny 

l 307d 

57 24 252 100 J,400 Hulttpl• vesael 

Evelyn (650, 000) 9,4 (20,DDO) z. 7 45 20 216 60 1,900 operation. 

63 28 286 90 5,000 
11olation d•mper 

Detey iOt\ D.aiay partially 

tNU.HO/ I NO. Full combu.a tlcm to clooed ( 8 5% open) 

ll,\ltBOR W"et H-CTubbere 
no. 4 BO!' steam Tln1 on 

VesRel 50 Lance hol a. on I z2e• 
100 30 961 u 29,000 Both veaaela h.ad 

Veeli*l 60 b(lth ve11-el1 (484,000) 12.3 (26,000) 2.9 100 19 890 40 17,000 holes and large 
I l!•P• io pr1111ry 

\iood and. exh.IQ&t 
due tiDJI. Thi con-
d1tion of ducting 
on Veaael 50 v111 
wor1e than Vea&el 
60. 

61.S/ECORSE Full collbuatton to l!Af 9.4 (20,000) No\ JOI) 14. J 150 TS 2,100 
(t Vessola) gsp, W/l..ance bola 

cover1. Both 
veesela) 

FORD STEEL Full co11buation to 22oi (465,DOO) 11.3 (24,000) z.o 69 8.0 162 60 890 
BOP ESP 
(2 Veooolo) 

4rrobable op-acity duritio.n -pro-duct 1.a equal to t'he product of the peri::eint af oxygen blowa 1howin1 -i••ion ti.ea the aver•&• d11r4tiou and apaclty of 
$aiaBiOl'J8• 

bMu1urad at •crubber atack (s•turated) at 79°c (175°F) •nd •tmo•pheric prea1ure. 
01tuoured at ESP otack (uturotod) ot 163"C (325°F} and at.,1pherlc prooaure •. 

dlnatalled fan clp•ctty for au thr- ..... 1. &t ocrubb•r outl•t (Htur.C•d) -146 mHa: (·78 ID. w.c.) at 110°1. 

•stack flow measurement• at wet scrubber outleu (saturated at 53°C (128°F) an.d •tmoapheric pr•••ur•. 
1
Rellahle e1ttmatea not available. 

llit..11>red at outl•t otack (d•cf11) March 1979. 

Process Observations and Oxygen Blow RMVEs. Even though the comparison 
of primary exhaust flow rates for all shops did not show strong correlations 
with oxygen blow RMVEs, it is generally accepted that higher exhaust rates 
should produce lower RMVEs in most situations. At USSC/Gary, the No. 1 BOF 
control system is shared by three vessels labled Daisy, ~ary and Evelyn. 
During oxygen blow periods on Daisy, the isolation damper opened to only 
85 percent of maximum. The lower exhaust flow on vessel Daisy corresponded 
to increased oxygen blow RMVEs compared to the other two vessels as shown 
in Table 6. 

Spray Patching Impacts on Oxygen Blow RMVEs. ru.tVEs' were observed to 
increase significantly when a vessel was spray patched prior to a heat. For 
example, RMVEs from the oxygen blow on one vessel at Gary that had just been 
extensively patched were two to three times higher in opacity and duration as 
compared to nonpatched heats. At Gadsden, the lining on No. 1 vessel was 
nearing the end of its campaign and was frequently patched. More oxygen was 
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blown to account for the greater heat loss throu~h the worn lining. However, 
lack of lance hole covers on this vessel caused heavy oxygen blow emissions, 
masking an increase that may have been attributable to patching. 

TABLE 6. COMPARISON OF PRIMARY EXHAUST HOOD DRAFI WITH 
OXYGEN BLOW RMVEs AT USSC GARY No. 1 BOF 

Average Opacity -
hood draf ta duration productb 

Vessel (in. H20) (% opacity-sec) 

Daisy 6.2 5,045 

Mary 8.2 3,450 

Evelyn 8.3 1,904 

aFor all heats with available data; static pressure 
measured in quench section •. 

b Opacity - duration product is the product of the 
percent of oxygen blows showing emissions >O times. 
the average opacity and average duration of emissions 
from those oxygen blows. 

Effect of Steel Chemistry. Oxygen blow RMVE may also be affected by the 
final steel chemistry. For example, high carbon steel heats at Gary showed 
RMVE for 80 percent of all oxygen blows, compared to the shop average of 
50 percent of all heats .. Conversely, low carbon heats produced the lowest 
RMVE. The oxygen flowrates were about the same for both high and low'carbon 
heats, but the blow duration was less for the high carbon heats. One ·would 
almost expect higher emissions for heats where more carbon was oxidize4 
(i.e., low carbon heats), but the exact opposite was observed at Gary> 

Hot Metal to Scrap Ratios. Several BOF operating personnel have·c~ented 
that high hot metal to scrap ratios generally cause more bath turbulence and 
fume escape during a blow. However, a review of process data for individual 
heats within each shop, and comparison of each shop to.the others found no 
correlat:Lons. 

Manual versus Automatic Control of Blow Rate and Lance Height. Manual 
control of lance height and oxygen blow rates was observed to significantlv 
reduce bath turbulence and fume escape at Gadsden. All of the other shops 
relied on the normal ope~ating procedure of automatic control, regardless 
of hood capture efficiencies. At Gadsden, increased turbulenc~ during the 
critical.period contributed substantially to 'oxygen blow RMVEs. On several 
occasions the melter reduced emissions during the critical period by decreasing 
the oxygen blow rate and raising the lance to retard the reaction rate in the 
vessel. When these emissions abatement practices were employed, GCA visible 
emissions observers verified substantial decreases in RMVEs by radio contact 
with in-shop observers. RSC/Gadsden indicated that o~n blow rates at 
that shop can be reduced to approximately-12,000 scfm withou.tcausing -exces
sive cooling of the bath. 
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Vessel Turndowns 

After the oxygen blow, vessels are turned down for sampling of tempera
ture and bath chemistry. Additives are sometimes placed in the slag layer 
of the bath to retard slag foaming and make sampling easier. Slag-conditioning 
addititives at various shops included: (1) blocks of green wood, (2) "Slag
Mag" cartridges, and (3) elemental sulphur. After sampling, vessels return to 
the vertical position for: (1) reblow if the bath temperature is low and/or 
the carbon is too high, (2) vessel rocking if the temperature is too high, 
or (3) idle mode awaiting return of the chemistry analysis. The TD duration 
was usually limited to 2 to 3 minutes at the six shops, although some TDs 
lasted over 15 minutes. 

At the five top-blown BOF shops, TD emissions control was limited to use 
of the primary hood systems (often dampered to 20 to 30 percent open). Only 
the Q-BOP employed full exhaust rates and use of a secondary collection hood 
during TD. For all six shops, capture of TD emissions was less than 50 per
cent, and in most cases, zero capture was observed. 

Turndown RMVE data in Table 7 indicates greatest TD emissions at USSC/ 
Gary and Inland's No. 4 shop. The lowest turndown RMVEs were observed at RSC/ 
Gadsden. At Gadsden, RMVE occurred for only 1 TD .of 60 observed. Turndown 
RMVEs from the Q-BOP were moderate as compared to the other shops. Increased 
TD emissions capture at the Q-BOP was off set by increased emissions created 
by purge gases (nitrogen, oxygen and natural gas) blown through the tuyeres. 
RSC reports that nitrogen is normally used as a purge gas, but oxygen and 
natural gas were blown for 24 of 33 TDs observed. The data in Table 7 indi
cate that TD:, RMVEs were heavier when oxygen and natural gas were used. 

TABLE 7. VESSEL TURNDOWN DATA AT SIX BOF SHOPS 

BOF 
shop 

RSC/Chica110 
Q-BOP 

Emissions 
control during 

turndown 

Primary and 
secondary 
hoods operating 

RSC/Gadsden Primary hood 
BOF only 

USSC/Gary 
No. 1 BOF 

Primary hood 
only 

Inland Steel Primary hood 
No. 4 llOF only 

r.t.S/E<"<'rse 
No. 2 BOF 

Primary hood 
<'nly 

Ford/Pearborn Primary hood 
BOF only 

Percent of 
turndowns 
showing 

RMVEs > 0 
(%) 

78 

83 

I. 7 

73 

67 

21 

33 

Average 
opacity of 

RMVEs > 0 
(% opacity) 

13 

17 

18 

18 

16 

10 

Average 
duration 
of RMVEs 

> 0 
(seconds) 

42 

43 

30 

98 

142 

73 

83 

Peak 
RMVE 

(% opacity) 

30 

65 

10 

75 

65 

100 

20 

Opacity 
duration 
product• 

(% opacity-sec) Co1111ents 

440 NitroRen blown throul!h tuyeres. 

620 ()xyRen and natura~ 11a• b;own :hron;. 
t.,yeres. · · · 

2.5 Wood blocks added. 

1300 Slag-mag added. 

1700 

250 Elemental sulphur added. 

270 

·-..... ~- ... ". ···<•·-·· .. ---~-- ..... ,~ ..... -.·--------·-·~·~_,_.,_ --~ 
80p11dty d .. rati1•n product is the product of the percent of turndowns with RMVEa > 0 and the avera11e opacity and duration 
of those RMVE.i;. ~~· n 
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A review of process variations which might affect turndown RMVEs included 
the following; (1) vessel additions; (2) turndown duration; (3) slag condi
tioning additives. No correlations were evident between turndown RMVEs and 
vessel additions or TD duration. 

A moderate correlation between slag conditioning additives and turndown 
RMVEs was observed from data collected at USSC/Gary. The slag conditioning 
additives used at the Gary No. 1 shop were a mixture of rock salt, sawdust 
and sulfur, called "Slag-Mag." In-shop observers counted the number of car
tridges thrown into the ·vessel for several TDs. Figure 1 shows the duration 
of RMVE as a function of "Slag-Mag" cartridge additions, indicating that RMVE 
durations increased with increased nslag-Mag" additions. It was not clear, 
however, whether the Slag-Mag reduces flames and foaming thereby creating 
heavier (smoke) emissions, or whether more cartridges are added to TDs with 
heavier emissions. 
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NO. OF" •sLAG - MAG• CARTRIDGES ADDED PER TURNDOWN 

Figure 1. Relationship of "Slag-Mag" cartridge additions to RMVEs 
at USSC/Gary No. 1 BOF Shop. 

Tapping 

A 

I 

24 

Once the _desired steel temperature and chemistry are achieved, vessels 
are rotated to the tap position to deliver the heat. During tapping, alloys 
and other additives are metered into the ladle to achieve the desired steel 
chemistry. Taps generally lasted from 3 to 12 minutes. Durinf tapping at 
the Q-BOP, nitrogen gas is blown through the tuyeres at 0.85 m /sec (1800 scfm) 
to prevent plugging. 
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Tapping emissions control at the six shops include two shops with no con
trols, three shops with tap-side enclosures, and the Q-BOP which employs the 
charge-side hood for tapping control. The data in Table 8 show the highest 
RMVE for shops with no tap-side enclosures, and the Q-BOP. Fume capture is 
reduced at Ford and Inland because control systems operate at reduced draft 
and the lack of tap-side enclosures or other containment devices. Capture of 
tapping emissions at the Q-BOP was somewhat reduced because the single secondary 
hood is located on the charging side. Tapping fumes escaped through a loose 
fitting door on the tap-side of the doghouse enclosure in spite of an exhaust 
rate of nearly 123 m3 /sec or 260,000 scfm. Recent designs of doghouse enclo
sures include tap-side hoods to improve tap control. 

The data in Table e indicate that the three top-blown BOF shops with tap
side enclo?ures showed the lowest tapping RMVEs. RSC/Gadsden produced the 
lowest RMVEs, probably because of the relatively high exhaust rates (47.7 m9 / 

sec or 101,000 scfm). RMVE at USSC/Gary and GLS/Ecorse resulted from the 
escape of emissions out the charge side of the vessel. Increased exhaust rates 
may increase tapping control at these latter two shops. However, engineers 
at Gary indicated that introduction of cold air would adversely affect emis
sions capture at other online vessels. 

TABLE 8. TAPPING DATA FOR SIX BOF SHOPS 

Percent Average Average Op•city8 

Eatiuted of tapa opacity duration duration 
... taetona Tap ladle ohoWiftl of of Peak product 

Baisatona control capture addition• RMVEa > 0 llMV&. > 0 RllVZ. > Q RMVB (Z opacity-
BOY shop during tapping (%) lg (lb) (I) (I opacity) (11conda) (% opacity) aecondo) Coimente 

RSC/CHICAGO Secondary hood o-so 3350 (7400) 7S 9.8 368 SS 2700 lleaulfex ladle additive 
Q-BOP only N2 BH blown through tuyeres 

RSC/GADSDEN Primary hood w/ 65 2450 (5400) 10 S,9 116 20 68 Exhauot rate 60-70% of M:w:. 
tap•ide enclosure 

USSC/GARY Primary hood w/ 0-80 620 (1350) 74 14 175 60 1800 t.olation dallJ>er 20% open 
NO. 1 BOF tap•ide enclosure 

IllLAllD STEEL Primary hood only 0-20 !Mb lOQ 16 223 50 3600 Kint.al or zero uhauat 
NO, 4 BOP 

GLS/ECORSE Primary hood v/ 50-70 1lA 58 14 174 60 1400 
NO. 2 BOF garage door tap-

aide enclo•ure 
YOllD/DEARBORN Primary hood only <50 1600 (3530) 83 11 275 70 2500 t.olation damper 30% op"" 
BOY -----.. -· 6 op.ac1ty duration product 1• the product of the percent of tumdown• with RMVla > 0 and the .averaae opacity •nd durat1o:a of those RMVta. 

bNot available. 

Factors that may affect tapping emissions were assessed at three of the 
shops. Tapping emissions at RSC/Gadsden and USSC/Gary showed no strong cor
relations between RMVEs and the following process parameters: (1) total tap 
duration; (2) tap Jadle additions; (3) steel temperature; (4) quantity of 
steel tapped. 

For the Q-BOP, the analysis showed a strong correlation between tapping 
R?-iVEs and the addition of a desulfurizing compound to the tap ladle. Tapping 
RMVEs reached 85 percent opacity and averaged 20 percent opacity, for heats 
receiving this compound. By comparison, tapping RMV!~~ayeraged less than 
5 percent opacity for heats not receiving this ladle additive. 
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Slagging 

After tapping, furnaces are rotated back to the charge side to dump slag 
into pots located below the char~ing f1oor. Slagging generRlly lasted about 
1 minute. Occasionally, the veHsel was rocked back and forth to coat the 
vessel lining if linings were thin. 

Control of slagging emissions is difficult because the "essel mouth is 
directed away from the primary hood. At the top-blown BOFs. almost zero 
capture of slagging emissions was observed. Emissi.ons capture was more sub
stantial at the Q-BOP because the vessel remains inside the doghouse. Table 9 
summarizes the slagging RMVE data, showing the lowest emissions (O opacity) 
were observed for the Q-BOP. 

The following were assessed for possible relationships to slag RMVE: 
(1) slag duration; (2) steel tap temperature; and (3) quantity and type of 
flux additions. No significant correlations between slagging RMVEs and these 
process parameters were observed. 

TABLE 9. $LAGGING DATA FOR SIX BOF SHOPS 

Secondary Percent Average Opacity 
emissions of slags opacity of Average Peak duration 
control shoving RMVEs > 0 duration of RWE product& 
during RMVE > 0 (!l'. RMVEs > 0 (% (% opacity-

BOF shop slagging (%) opacity) (second$) opacity) sec) 
--

RSC/Chicago Primary and 0 0 0 0 0 
Q-BOP secondary hood 

RSC/Gadsden None 10 5.9 55 15 34.2 
BOF 

USSC/Gary None 33 . 16 85 50 449 
No. 1 BOF 

Inland Steel None 100 14 56 45 784 
No, 4 BOF 

GLS/Ecorse None 13 20 113 50 294 
No. 2 BOF 

Ford/Dearborn None 5 5 30 5 7.5 
BOF 

a . 
Opacity duration product is the product of the percent of slags with RMVEs > O· 
and the average opacity and duration of those RMVEs. 
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ABSTRACT 

This paper provides an up to date review of recent developments in blast 
furnace casthouse control technology in the U.S. Six casthouse control sys
tems were installed in the U.S. on a permanent basis by the fall of 1980. 
Three additional continuous-service casthouse control systems are operating 
in Canada. A number of prototype systems are under development and demonstra
tion in the U.S. At this time the U.S. steel industry has made committments 
to install controls on at least 41 casthouses. The paper discusses current 
trends in the U.S. and also describes operating control systems in this 
country, Canada, and West Germany. 
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INTRODUCTION 

STATUS OF CASTHOUSE CONTROL TECHNOLOGY 
IN THE UNITED STATES, CANADA, AND 

WEST GERMANY IN 1980 

Casthouse emission control systems are installed on a permanent basis 
at nine North American blast furnaces as of the fall of 1980. Demonstration 
tests at four other casthouses are being conducted in order to obtain EPA 
approval of proposed systems. By the fall of 1980, the steel industry has 
made counnittments to EPA to retrofit controls to at least 41 furnaces, and 
discussions are presently being concluded on controls for another 17 furnaces. 
This paper provides the current status of casthouse controls in the U.S. and 
also discusses controls in Canada and West Germany. Descriptions of Japanese 
casthouse controls have appeared elsewhere in the literature. 1 

The principal problem with casthouse control technology, as stated by 
the industry, is the retrofit of existing furnaces. At this time, seven con
ventional furnaces in North America have retrofit control systems--DOFASCO's 
Nos. 1, 2 and 3, and four Bethlehem Steel furnaces. DOFASCO uses total build
ing evacuation (TE) for three of their furnaces, but is planning to convert 
Nos. 2 and 3 to a local hood (LH) system. The Bethlehem B, C, D and E furnace 
have large canopy-type hoods in the roof trusses above the taphole and runners. 
All existing systems in North America use baghouses for gas cleaning._ 

Industry's main concern with retrofitting TE technology center around 
the costs of moving large air volumes, the difficulty ln completely sealing 
a casthouse to prevent fume escape, and the need to structurally reinforce 
the roof. The LH option relies on relatively manageable air volumes,·. but the 
difficulty of fitting local hoods and routing ductwork within the confines of 
an existing casthouse varies from casthouse to casthouse. A secondary concern 
with the LH option is achieving efficient capture of casting emi.ssions from 
the numerous potential sources, i.e., notch and troughs, runners, ladles, slag 
spouts, and slag pits or pots. 

A number of experimental LH systems have been tried in the past at U.S. 
casthouses. This fall, several prototype systems are being demonstrated at 
the Edgar Thomson Works of U.S. Steel (LH), Wheeling-Pittsburgh Steel, 
Monessen Works (LH) and at three J&L Steel plants--Aliquippa, Indiana Harbor 
Works and Cleveland (noncapture shrouding technique). These systems are all 
retrofit to existing furnaces. The J&L technology is of interest nationwide, 
because it does not use.exhaust fans or gas cleaning devices. 

The two newest blast furnaces in the U.S. were designed with emissions 
control as one objective. Bethlehem's L furnace at Sparrows Point and.the 
No. 7 at Inland represent the state-of-the-art of both iron-making and .emis
sions control. Both furnaces have evacuated, covered runners, local hoods . 
over the trough and iron spouts, and a baghouse. These new furnace controls 
are similar in concept to the casthouse controls developed in Japan and also 
used in West Germany. Certain design aspects of these large furnaces -
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multiple tapholes, tilting iron runners, and ductw~rk running underneath the 
casthouse floor--are instrumental in achieving good control performance. 
These features are not present on most furnaces in the U.S. and could be added 
only during a major rebuild. 

TOTAL CASTHOUSE EVACUATION (TE) 

The first continuous-service TE control system on a basic iron-producing 
furnace in North America was retrofit to the DOFASCO No. 1 casthouse in 1975. 
A similar system entered service on DOFASCO's Nos. 2 and 3 casthouses in 1978. 
A f erromanganese-producing blast furnace operated by Bethlehem Steel in Johns
town, PA was fitted with a 400,000 acfm TE system in the mid-seventies. How
ever, this furnace has been out of service since 1977. 

U.S. Steel was committed to six TE systems in the Monongahela Valley (PA). 
However, the company has recently proposed local hoods instead, for these six 
blast furnaces. At DOFASCO, the Nos. 2 and 3 TE systems are being converted 
to the LH option. However, the conversion from TE is primarily to better 
utilize the existing 400,000 acfm baghouse which is shared by the two furnaces. 
At Bethlehem's Bethlehem, PA plant, partial evacuation systems were installed 
on four furnaces in the sunnner of 1980. 

Although the current trend seems to favor the LH option, the TE concept 
may still be a favored alternative for smaller casthouses, as evidenced by 
DOFASCO's TE system on No. 1 furnace and the four Bethlehem partial evacuation 
systems. DOFASCO reports they are satisfied with their 5 years experience 
with the No. 1 TE system, and several U.S. companies are considering options 
for TE or partial evacuation at this time. 

Existing TE Systems: DOFASCO Nos. 1, 2, and 3 

The only online North American casthouses employing total evacuation are 
DOFASCO's Nos. 1, 2, and 3 furnaces. Table 1 provides a quick summary of cast
house size and evacuation rates. 

TABLE 1. CHARACTERISTICS OF THE DOFASCO CASTHOUSES AND 
CONTROL SYSTEMS 2 

Rated Casthouse Total .Design Air 
capacity, floor enclosed evacuation changes 

Furnace nthm dimensions volume rate per 
number per day (ft) (ft3 ) (acfm) minute 

1 2,140 62 x 65 150,000 300,000 2.00 

2 2,015 91 x 100 350,000 400,000 1.14 

3 2,150 91 x 67 365,000 400,000 1.10 

DOFASCO began experimenting with the No. 1 casthouse in 1975 with a 
exhaust rate of 250,000 acfm. A progression of improvements to increase 
formance were summarized as follows:2 
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• Improved sealing between the furnace and the bustle pipe to 
make the curtain wall separating the casthouse from the 
furnace shell fully effective. 

• Sliding cover at the scrap hole opening over the railroad 
tracks to p.revent short circuiting by air entry at this 
point. 

• Sliding doors over the slag pit openings. 

• Cotmterweighted panels along the western (ptevailing wind) 
casthouse wall to allow closure of sidewall openings 
during casting. 

• Considerable flashing to seal the building and prevent 
fume leakage. 

• Increasing the fan exhaust flow rate to 300,000 acfm (flow 
rate was measured at 340,000 acfm, maximum in 1976 1). 

Before the above steps were implemented, DOFASCO reported that the bag
house catch averaged 0.3 lb/ton of iron cast. After the casthouse was 
"tightened up," DOFASCO measured 0.6 lb/ton (5-month average). 2 Method 5 
testing conducted for EPA in 1976 measured 0.6 lb/ton at the baghouse inlet 
on No. 1 furnace.I 

Maximum temperature on the cast ~Joor during casting ranges from 37° to 
48°c, a level acceptable to DOFASC0. 3 A study of personnel exposure to res
pirable suspended particulate ( 5 microns), total suspended .particulate, sulfur 
dioxide, and carbon monoxide found that the casthouse control system on fur
naces Nos. 1, 2, and 3 did not change exposure levels, compared to the 
uncontrolled casthouses. 2 · 

The No. 1 baghouse is a single compartment, positive pressure unit with 
a design air-to-cloth ratio of 2.5:1 at 250,000 acfm. It has 2,160 polyester 
bags measuring 8 inches in diameter and 22.5 feet in length. A bypass stack 
between the fan and the baghouse protects bags in case of excessive inlet 
temperatues, and also provides the exhaust during bag cleaning. 

After the No. 1 TE syst'em was completed, a similar TE system was installed 
at the Nos. 2 and 3 blast furnaces in 1978. DOFASCO anticipated that casting 
could be sequenced so only one furnace was casting at any one time. Thus, 
one baghouse and fan serves both furnaces as shown in Figure 1. The Nos. 2 
and 3 control systems are similar to the No. 1 furnace, with minor differences 
noted below. 

At the No. 3 casthouse, the curtain wall, roof plentun and roof reinforce
ment were installed during a furnace reline period, in a fashion similar to 
the No. 1 casthouse. However, construction of the No. 2 system was simplified 
over Nos. 1 and 3, and completed while No. 2 furnace was in service. The No. 2 
system has a lighter roof load and lighter weight_ curtain wall. This weight 
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Figure 1. Plan view of No. 2 and No. 3 casthouse 
fume control system. 2 

reduction, and corresponding cost reduction, was accomplished by the following 
design changes: 2 

• Supporting the 10-foot diameter exhaust duct from a structural 
steel bridge spanning the slag pit, as opposed to laying the 
duct on the casthouse roof as was done on Nos. 1 and 3. This 
reduced the extent of additional roof reinforcement. 

• The roof plenum intake duct on No. 2 was kept as small as 
possible and fabricated from 1/4-inch plate to eliminate 
additional structural support steel on the casthouse roof. 

• The curtain wall on No. 2 was constructed of prefabricated 
framing panels that were presteeled with corrugated stain
less steel prior to installation. Curtain walls on Nos. 1 and 
3 were framed in placed and covered with 1/4-inch plate . 

The above weight reduction steps also reduced No. 2 furnace shutdown require
ments to 21 8-hour days, compared to 46 8-hour shutdowns which would have been 
required to construct a TE system identical to Nos. 1 and 3. 

The single compartment, positive pressure baghouse serving Nos. 2 and 3 
casthouses has an air-to-cloth ratio of 3.3:1 at 400,000 acfm. The 1,360 
polyester bags each measure 11-3/4 inches in diameter and 30 feet 7 inches 
in length. The exhaust fan is designed for 400,000 acfm at a static pressure 
of 16 in. W.G., using a 2,500 hp, 900 rpm direct drive motor. When not cast
ing, the fan idles with dampers partially closed. 

The Nos. 2 and 3 casthouse control system entered service in November 
1978. DOFASCO's data for 28 February 1979 to 18 March 1979 shows the average 
baghouse catch was 0.702 lb per ton of hot metal. 2 

Existing Partial Evacuation Systems: Bethlehem's B, C, D, and E Furnaces 

A partial evacuation (PE) control system was installed in the summer of 
1980 at blast furnaces B, C, D, and Eat Bethlehem Steel's Bethlehem PA plant. 
Each PE system consists of a single canopy huod located in the roof trusses 
above the iron notch, trough, and runner areas. The system design is based 
on experime.nts conducted in 1977 on Bethlehem's E f.l!-rnace. The first genera
tion collection hood installed on the E furnace in 1976 proved 'unwo~kable.4 
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A second generation collection hood installed in early 1977 and tested in late 
1977 provided the basis for the current control system. 

The capture hoods at the four furnaces consist of a 21 x 56-f oot hood 
in the roof-truss ~ay, directly above the taphole, main trough, skimmer, and 
upper slag runner.· Permanent closure of selected openings in casthouse side 
walls controls cross drafts which could reduce hood capture. 

A single baghouse provides gas cleaning for all four furnaces. When one 
furnace is casting, a single fan provides the design evacuation rate of 390,000 
acfm. The other three furnaces are dampered off. Whan two furnaces are cast
ing, two fans provide a design evacuation rate of 330,000 acfm per furnace. 
A backup fan of 200,000 acfm was also installed. Normal hot metal production 
is as follows: B - 2,900 tpd, C - 2,700 tpd, D - 3,200 tpd, and E - 2,150 tpd. 

LOCAL HOODS ~TROFIT TO CONVENTIONAL FURNACES 

Interest in local hoods (LH) has stemmed from the.premise that exhaust 
flowrates (and, thus, capital and operating costs) would be considerab.ly less 
than for the TE option. This is especially important for larger cas~houses that 
inay require above half a million acfm to provide the nl,Jlllber of casthouse air 
changes thought to be necessary for adequate control (i.e., 1.1 to 2 •. q air 
changes per minute as at DOFASCO). The primary industry concerns with retro
fit LH systems are ductwork routing within the available space, interference 
with casthouse operations (drilling, mudgun, working of runners, runn~r main
tenance), decreased capture efficiency because of cros$ drafts, and possible 
lack of space for adequately-sized hoods and/or ductwork. 

At present, no retrofit LH systems are operating in the U.S. on a continu
ous basis. However, Wheeling-Pittsburgh Steel's Monessen plant has ·a.'··planned 
start-up date of November 1980 with local hoods on one furnace. In ~4dition, 
several s~eel companies are committed to retrofitting LH on a number :of casthouses. 

Planned ~H· Systems: Wheeling-Pittsburgh, Moneesen, PA 

Wheeling-Pittsburgh Steel will be.demonstrating a LH system at t}le Monessen 
plant. 'the proposal calls for local hoods over the ir0.n trough area and four 
local hoo'ds above each of' the four iron spouts. The hoods will be evacuated to 
a 130,000 .~cfm baghouse •.. A demonstration-type system is scheduled to ~start up 
in November 1980 on the No. J'blast furnace and will b~ evaluated by .EPA at that 
time.s 1£,'.approved, this system will be retrofit to a~l three Wheeling
Pittsburgh: facilities. 

Proposed. LH Systems: U~.$~ Steel 

U.S. Steel is proposing to retrofit·· LH controls with noncapture ~t~chniques 
on a number of their casthouses. The co~trol plan is .. to retrofit LH to seven 
plants in the Monongahela Valley and eo three furnaces at the Geneva, UT plant. 
Discussions with EPA for·LH controls at.other U.S. Steel planf:s are currently 
underway. 
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In the Monongahela Valley complex, U.S. Steel has proposed to use LH 
instead of TE for seven casthouses. The company is currently experimenting 
with a local hood at the Edgar - Thomson No. 1 blast furnace. The proposed 
·system consists of a notch-area hood under the bustle pipe, extending over 
most of the iron trough. A blower system is planned to help direct trough-area 
emissions into the hood. Noncapture techniques are being proposed for con
trolling the rest of the casthouse. Total exhaust flowrate for the trough 
area hood is presently 140,000 acfm, with one baghouse per furnace. EPA is 
presently evaluating the proposed hood at the Edgar Thomson plant. 

Other Proposed or Planned LH Systems 

National Steel is proposing to use local hoods above the iron spouts and a 
trough area enclosure for controlling casthouses at the Weirton, Granite City 
and Great Lakes plants. Additional information is not available at this time.G 

American Air Filter recently announced receipt of a turnkey order from 
U.S. Steel to install a LH control system on the No. 8 blast furnace at 
Fairfield, Alabama. Local hoods and runner covers will be installed on this 
two-taphole furnace. Total evacuation rate is reportedly 300,000 acfm. An 
off-line cleaned baghouse designed for an outlet grain loading of 0.010 gr/ft3 
will be used. 7 

DOFASCO's Conversion of Nos. 2 and 3 to LH from TE 

DOFASCO is studying the conversion of the Nos. 2 and 3 TE systems to an LH 
system to avoid the occasional operation of an uncontrolled furnace. As men
tioned previously, Nos. 2 and 3 furnaces share a baghouse. The original plan 
was to stagger casting schedules so only one furnace was cast at any one time. 
Casts overlap to some extent, and whichever furnace is cast second operates 
uncontrolled. 

DOFASCO is planning to use LH over the taphole and torpedo cars with 
a net evacuation rate of 200,000 acfm per furnace. This would allow the 
400,000 acfm baghouse, originally designed to handle one furnace with TE con
trol, to handle both furnaces simultaneously. Hooding is currently being 
installed on the No. 2 furnace which is down for reline (Fall 1980). Both 
furnaces will be converted to two-taphole runner systems. 3 

Stelco's Experience with LH 

Stelco operates four blast furnaces at the Hilton Works in Hamilton, 
Ontario. A prototype system was recently installed on one furnace, consisting 
of an iron trough hood and baghouse. Stelco is committed to installing con
trols on the remaining three furnaces, although there is no installation 
chedule at present. 

Stelco's Lake Erie plant has one new, 5500 tpd blast furnace with local 
hoods over the iron trough and iron spouts, with runner covers. Apparently, 
the casthouse is considered in compliance with applicable regulations, although 
formal compliance tests have not yet been conducted. 8 
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LOCAL HOODS ON NEW FURNACES AND LARGE RETROFIT FURNACES 

Although t~is paper primarily discusses casthouse control technology in 
·the U.S., Canada, and West Germany, brief mention will be made of other 
country's experiences. Virtually 100 percent of all Japanese blast furnaces 
have casthouse controls, of which some are retrofit and some are new fur
naces.1' 9 Four large furnaces in the Rhine-Ruhr region of Germany were re
trofit with LH and evacuated runner cover controls in the late seventies. 
Two other furnaces also have control systems. The same type of technology 
was employed at the two newest blast furnaces in the u.s.--the L furnace at 
Sparrows Point, and the No. 7 furnace at Inland. DOFASCO is installing sim
ilar systems on their 4,000 tpd No. 4 furnace. The newer Japanese systems 
differ somewhat from the West Germany and new U.S. furnaces in that the new 
Japanese systems control drilling and plugging emissions by a scavenger hood 
with curtains that lower around the taphole area. 

Casthouse controls are also being developed in France, Italy, England 
and Sweden; at least one controlled casthouse operates in each country. 
Italsider in Taranto, Italy operates a system consisting of side draft hoods 
on the iron notch area, runner covers, and iron spout hoods. The British 
Steel Corporation operates a control system at the Middleboro plant consist
ing of runner covers and iron spout hoods, complemented with curtains. In 
France, the Usinor-Dunkerque plant is also installing casthouse controls. 6 

The new and retrofit LH systems on the large blast furnaces in the U.S., 
West Germany, Canada, and Japan operate in relatively large casthouses which 
generally have adequate internal spa~e for hoods and ductwork. These cast
houses have several features not generally present on older U.S. furnaces; 
i.e., multiple tapholes, tilting iron and slag runners, and casthouse floors 
suspended on columns which allow for ductwork routing underneath the floor. 
Applicability of these LH systems to older U.S. casthouses may be limited 
without extensive rebuild. Applicability must be judged on an individual 
,basis. 

New Furnace Control in the U.S. - Sparrows Point and Inland 

The two newest blast furnaces in the U.S. recently entered service with 
casthouse controls consisting of local hoods and evacuated runner covers. 
Bethlehem's L furnace at Sparrows Point and Inland's No. 7 furnace differ 
from older furnaces in the U~S. in production capacity, charging and casting 
methods, and top pressure. Where older furnaces are rated at about. 1000 to 
2000 tons/day of hot metal, the new furnaces produce about 10,000 tons/day. 
Most older furnaces have one taphole located in a single casthouse, while the 
new approach is four tapholes located within two casthouses. 

The new furnaces are cast almost continuously, rotating hour-long casts 
between tapholes. The fourth runner system is usually off-line for relining 
or maintenance. The new furnaces operate under a top pressure of several 
atmospheres. Iron is cast into multiple ladles through tilting iron runners. 
Burden is charged continuously through a bell-less top via a belt conveyor. 
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The new furnace's emission control systems are similar in concept to the 
West German plants, described below. Troughs and runners are covered, and 
interconnected to exhaust hoods located at key points: taphole, skimmer/dam, 
and tilting iron runners. The exhaust ducts pass from hoods directly down
wards through the casthouse floor, and join common ducts leading to the bag
houses. The casthouse floors rest on columns, and torpedo cars travel under
neath. This contrasts to some older furnaces where the casthouse is back
filled; i.e., there is no open space underneath the floor. 

The iron runners are fairly deep at the new furnaces. This allows for 
flat runner covers, with an arched section used on the trough and/or spouts. 
The arched section is removed for drilling and plugging. The total exhaust 
flowrates are reportedly 300,000 acfm at Sparrow's Point, and at Inland's 
No. 7 furnace, 320,000 acfm. 

Retrofit LH Systems in West Germany 

All of the six controlled casthouses operating in the Rhine-Ruhr region 
of West Germany use the LH option. Only the larger furnaces (5,000 to 10,000 
tonnes/day) are controlled. The six controlled furnaces represent 25 percent 
of West Germany's iron production. 

GCA observed four of the six controlled casthouses. The two controlled 
furnaces not observed are operated by Thyssen; one produces ferromanganese, 
while the other has a control system not yet completed. Table 2 provides an 
overview comparison of the four casthouses of interest. It is important to 
note that all four furnaces observed in West Germany are the pressure-type; 
i.e., the top fressures are 2+ atmospheres. Highlights of the plant visits 
appear below. 1 

Krupp-Rheinhausen No. 1 Furnace. This retrofit casthouse has side draft 
hoods on the taphole and the torpedo car. A hinged taphole hood extension 
lowered over the iron pool is raised for drilling and plugging. The slag 
runner, slag pots, skimmer/dam area, and the iron runner are uncontrolled. 
This furnace has two tapholes and two casthouses. 

According to regulatory officials, about 80 percent total capture is 
normally obtained with this system. Regulatory officials feel this is the 
least effective design in the region because of the following factors: 

• Low exhaust flowrate. 

• No control of skimmer and end of iron pool. 

• Uncovered iron and slag runners. 

• No slag pot control. 

• Casthouse sides are open and cross drafts tend to 
reduce capture efficiency. 
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Firm Plant 

Krupp Rheinhausen 

Tbyssen Bamborn No. 4 

Tbyssen Schwelgern No. 

Mannesmann No. A 

8 Conflicting data. 

b"Normal. 0 i• standard m1 /hr. 

TABLE 2. 

·Daily 
-production, 

metric 
tpd 

s.ooo 

S,000 

1 10,000 

6,000 

SUMMARY OF WEST GERMAN CASTHOUSE CONTROL SYSTEMS 

Total 
Year exhaust 

Year control applied 
furnace system No. of Gas to hood 
entered entered NQ. of cast- cleaning SIStlJ 
service service tapholes houses Capture system system m /hr· 

1976 1977 2 2 Side-draft hood, both sides Scrubberc 320,000 
of taphole. Side-draft hood, 
both sides of torpedo car. 
No control·for slag runner, 
iron runner·or skimmer. No 
runner covers. 

1964a 1978 2 2 Three hoods, over taphole, Baghouse 580,000 
(1975) dam and skimmer, and tilt-

ing iron runner. No slag 
runner or. slag pot control. 
No runner covers. 

1973 1975 4 2 Hoods above taphole and Baghouse 700,000 
iron pool. Hood over dam, 
sld.Jllmer, tilting iron 
runner. Iron runner covers. 
No control of slag runner. 

1973 1978 2 2 Runner covers over iron and ESP 716,000 
slag runners and iron pool. 
Covers connected to three 
hoods, at dam/skimmer, 
tilting iron runner, and 
tilting slag pot runner. 
Scavenger offtakes in roof 
canopy above cast floor. 

cScrubber reportedly selected over baghouse or ESP due to space restrictions and availability of excess sludge handling capacity. 

d -Estimates based regulatory officials' assessment of normal operation, supplemented by GCA's observations. 

Estimated 
capture d 

efficiency 

80 

80 

95 

99+ 



Thyssen - No. 4 Hamborn Furnace. This furnace has two relatively small 
casthouses, and both the regulatory authorities and Thyssen feel the system 
is the best achievable due to retrofit problems. Thyssen would prefer to in
crease the taphole flowrate, but space restrictions limit the ductwork diam
eter. Observation of one cast found the following. The tilting iron runner 
and the skirrnner/dam hood both showed 95+ percent capture. The slag runner, 
slag pot and iron runner were uncontrolled, but showed only light emissions 
of 10 to 20 percent opacity as observed inside the casthouse. Most of the 
emissions escaped from the taphole area. Regulatory officials feel that this 
system normally provides capture of about 80 percent of total casting emissions. 

Thyssen-Schwelgern No. 1 Furnace. Considered the second-best control 
system in the region, this furnace is controlled by local hoods above the tap
holes, the dams and skimmers, and the tilting iron runners. Refractory-lined 
covers completely enclose the iron runners and connect with the three hoods. 
The slag runner is uncontrolled. The system layout appears in Figure 2. 

CROSS-SECTION 

PLAN VIEW 

Figure 2. Emission control system of Thyssen-Schwelgern No. I casthouse. 
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Regulatory officials reported that capture efficiency is normally 95+ 
percent, but there are usually some small leaks in the hood system. Thyssen 
would like to increase the total exhaust from 700,000 N rn 3/hr to about 
1.0 x 10° to improve taphole control, and use Mannesmann-type SiC runners to 
decrease runner maintenance. The runner material currently used at Schwelgern 
requires relining once per week. Other than these modifications, both Thyssen 
and the regulatory authorities are satisfied with the system. 

Mannesmann A Furnace. This retrofit system is the best-performing cast
house control system in West Germany according to regulatory officials. Obser
vation of one complete cast, tap to plug, found almost no visible emissions 
escaping the runners or taphole, as viewed inside the casthouse. The only 
emissions that escaped the control system were as follows: 

• One to two minutes of emissions when the iron trough cover 
was removed for a drill, redrill or plug. 

• Minor puffs that occur infrequently through joints in the 
runner covers. Puffs rapidly dissipated to 0 opacity 
within the casthouse, or were immediately drawn back into 
the system. 

Figure 3 shows the Mannesmann system of arched, refractory-lined covers 
on all portions of the iron pool, iron runner and slag runner. Casting emis
sions are contained by the runner covers and drawn off by three hoods, one 
each over the tilting iron runner, the skinnner area and the tilting slag 
runner. There is no taphole hood, and no visible em~ssions escaped the tap
hole area during normal operation. Should any emission escape the system, 
the exhaust flow can be manually diverted to three or four scavenger ducts 
located in an overhead canopy formed by steel sheeting on the roof trusses. 
Mannesmann reported they will use an almost identical control system when the 
B furnace is built. 

An important feature of the Mannesmann system is the precast SiC iron 
and slag runners which last for 200,000 tonnes of hot metal before replacement. 
Runner covers are moved weekly for runner maintenance. Slag buildup on the 
SiC runners is reportedly lessened compared to conventional silica sand lining 
material. Excessive downtime during reline is avoided because the precast 
runners are removed in sections, and replaced with new sections. 

DOFASCO No. 4 LH System 

The No. 4 blast furnace has two tapholes within a single casthouse that 
has a much larger volume than Nos. 1, 2, or 3. DOFASCO reported that the TE 
option would require a 600,000 acfm system and would likely cause crossflow 
of fumes from the casting runner to the furnace crew cleaning the other 
runner. 2 
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Figure 3. 

---------·-- -

KEY: 1. I RON TROUGH COVER 
2. EMERGENCY IRON SPOUT 
3. TILTING IRON RUNNER 
4. TILTING SLAG RUNNER 
5, EMERGENCY SLAG SPOUT 

Plan view of the controlled casthouses at 
the Mannesmann "A" furnace. 

DOFASCO selected a system of localized hoods over the two tapholes and 
the two tilting runners as shown in Figures 4, 5 and 6. These four hoods 
will be connected to a common duct leading to a fan and a baghouse when the 
system is completed in 1981. The original concept called for an air curtain 
to push iron trough emissions into the taphole hood. DOFASCO's current plan 
(Fall 1980) is to use covers for iron runner control. 

The tilting runner design allows for a shorter iron runner length com
pared to a fixed runner design. DOFASCO reports that without the tilting 
runner, total iron runner length would be 75 feet per taphole compared to 
24 feet per taphole with the use of the tilting runners. The shorter runners 
theoretically reduce fume ~eneration by reducing hot metal exposure to air. 
Runner maintenance is also reduced. A captive locomotive was necessary to 
place the additional torpedo car under one side of the tilting runner. The 
locomotive normally used for casting positions ladles on the other side of the 
·unner. 

DOFASCO reports several advantages with the LH approach in a large cast
house, compared to TE; i.e.: 2 

• Fumes are collected at the source and better working conditions 
are achieved. 
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Figure 4. No. 4 blast furnace casthouse fume collection. 2 
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Figure 5. Tilting runner- No. 4 blast furnace. 2 

IUSTLI f'lf'I 

lllON 
NOTCH 

Figure 6. Local taphole and air curtain on No. 4 blast furnace. 2 

230 



• The fume collection system is smaller, with respect to gas 
volume and capital construction costs. 

• There is minimal interference with furnace operation. 

DOFASCO indicated that efforts to reduce generation of iron pool emissions 
have included the consideration of reducing the taphole angle from 18 degrees 
to 12 or 15 degrees (measured from the horizontal) and to reduce the drill bit 
size to 1-7/8 inches. Both of these modifications would tend to reduce iron 
pool turbulence and theoretically reduce uncontrolled emissions. 

NONCAPTURE TECHNOLOGY DEMONSTRATED BY J&L STEEL 

J&L Steel is presently demonstrating a proprietary technology involving 
suppression of casting emissions by noncapture shrouding techniques. EPA 
contractors are presently evaluating emissions control performance of this 
technology at three J&L plants--Aliquippa, Indiana Harbor Works, and at 
Cleveland (Fall of 1980). All three systems were retrofit. The technology 
has generated interest because it does not rely on evacuation fans or gas 
cleaning devices. No further discussion is provided because the system design 
and operation details are considered proprietary. 

SUMMARY OF AVAILABLE EMISSIONS DATA 

Visible emissions (VE) data are available to describe the control per
formance of DOFASCO's three TE systems, and J&L's prototype systems. Limited 
VE data are available for the Bethlehem E furnace during demonstration tests. 
More VE data will become available as additional retrofit control systems come 
online in 1981-82. Mass emissions data describing the uncontrolled emission 
rates are available from DOFASCO, the Bethlehem E furnace and four West German 
casthouses. 

Visible Emissions Data 

Table 3 summarizes VE data for DOFASCO, Bethlehem E, and the three J&L 
. casthouses. A more detailed emissions breakdown will be provided in the field 

11 12 19 
test report for each plant. ' ' 

The 31 casts at DOFASCO were observed by test teams consisting of three 
environmental engineers, all certified to record VE by EPA Reference Method 9 
(40 CFR 60.275 Part A). One engineer stationed inside the casthouse documented 
the origin and magnitude of all emissions generated during the entire cast. 
A second engineer recorded VE escaping the casthouse in accordance with 
Method 9, The third test team member continuously walked around the casthouse, 
searching for VE that may not be visible to the main VE observer. Constant FM 
~adio contact enabled the test teams to document whether the Method 9 observer 
~as viewing the greatest emissions. 

For all casts observed at IX>FASCO's Nos. 1, 2 and 3 furnaces, the hot 
metal sulfur averaged 0.054 percent by weight, ranging from 0.030 to 0.088. 
More detailed process data and emissions assessment appear in the Final Report.11 
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TABLE 3. SUMMARY OF VISIBLE EMISSIONS DATA FOR CONTROLLED CASTHOUSES 

Casthouse 

DOFASCO No. 1 a 

DOFASCO No. 2a 

DOFASCO No. 3a 

Bethlehem E 

J&L-Indiana Harborf 

J&L-Clevelandf 
f J&L-Aliquippa 

Test 
date 

5/80 

5/80 

5/80 

10/77c 

10/77d 

10/76e 

9/80 

10/80 

11/80 

No. of 
casts 

observed 

10 

9 

12 

2 

1 

6 

30 

50 

21 

b Percent of total Method 9 observations 

0-15% 
opacity 

93 

95 

74 

90 

8 

39 

94 

95 

97 

20-60% 
opacity 

7 

5 

26 

10 

88 

58 

5 

5 

3 

>60% 
opacity 

0 

0 

0 

0 

4 

.3 

0.5 

0.03 

0.1 

8The DOFASCO data provided here excludes the last 5 minutes of each ca~t due 
to heavy plugging emissions that escaped capture. VE escaping the casthouses 
during plugging were > 20 percent opacity for about 60 percent of all casts 
observed. -

bMethod 9 observations recorded at 15-second intervals. 

cAt -300,000 acfm. 

dAt -150,000 acfm. 
e . 
Experimental notch area hood, roof monitor emissions read by one observer. 

£Results of preliminary data assessment. About 75 percent of emissions 
>60 percent opacity occurred during plugging and/or abnormal operations. 

The J&L VE data were collected in a fashion similar to the DOFASCO data. 
The process data are considered confidential and are not available at this 
time. 

Mass Emissions Data 

Table 4 stmnnarizes available mass emissions data for tmcontrolled cast
house emissions that were captured by each control system. The DOFASCO data· 
are based· .. on several months of weighing the baghouse c~tch and is considered 
representative of their operation. ·The DOFASCO TE systems have been .. observed 
by GCA to ~apture on the order of 95+ percent of the tot4l casting emissions. 
A t~sting program on the No. 3 casthouse is underway in November 1980 to obtain 
additional uncontrolled mass data and i~halable particulate data. 
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TABLE 4. MASS EMISSIONS DATA FOR UNCONTROLLED CASTHOUSE EMISSIONS CAPTURED 
BY CONTROL DEVICES 

Date of Measurement 
Plant measurement technique 

DOFASCO No. 1 1977 Baghouse catch4 

DOFASCO No. 1 1976 Method 5 

DOFASCO Nos. 2 & 3 1979 Baghouse catchb 

DOFASCO No. 3 1980 Method 5, IP 

Bethlehem Ed 1976 Method 5 

Four West 1978-79 . VDI, mass 
.German Plantse balance 

a Five-month measurement; Reference 2. 
b Nineteen-day measurement; Reference 2. 

Uncontrolled emission rate, 
lb/ton of hot metal 

0.60 

0.60 

0.70 

c 

0.24 

2.0 

cMethod 5 and inh~lable particulate tests conducted in November 1980; data 
not yet available. 

~ood capture unknown; see text. 
e Data for large, pressurized furnaces, 

than conventional furnaces; see text. 
mass emissions measurement technique. 

which likely generate more emissons 
VDI method is West Germany's standard 

The mass emissions data shown for Bethlehem's E furnace are the average 
of nine Method S tests on the duct serving the partial evacuation canopy. 
hoods. The exhaust flowrates were varied from 175,000 acfm to 358,000 acfm 
during these tests. It cannot be determined what percent of total casthouse 
emissions were captured and sampled because the Bethlehem partial evacuation 
systems are not designed to capture emissions from all castbouse emission 
sources. VE data provided previously in Table 3 indicate some emissions 
escape this system and are emitted to the atmosphere. 

The data from West Germany was obtained by direct sampling of inlets to 
control devices for three plants, and by measurement of scrubber solids for 
the fourth plant. The West Germans consider these data unrepresentative of a 
smaller, 2000 tpd plant for two reasons: (1) the data represent large (6,000 
to 10,000 tpd} furnaces operating with a top pressure of several atmospheres, 
and these furnaces are considered to generate more notch area emissions than 
furnaces with about one atmosphere of top pressure; and (2) the high exhaust 
flowrate applied to the local hoods and covered runners is felt to increase 
·~he uncontrolled emission rate by increasing hot metal/air mixing, 10 

Not included in Table 4 are results of testing for uncontrolled casthouse 
emissions by using high volume samplers suspended in roof monitors. Because of 
several uncertainties associated with the accuracy of this test method, it is 
quite difficult to determine whether this technique can develop an accurate 
uncontrolled emission factor. 
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CONCLUDING COMMENTS 

The diversity of concepts being evaluated by DOFASCO, J&L, U.S. Steel, 
National Steel, Bethlehem Steel and Wheeling-Pittsburgh Steel indicate there 
are many options for solving blast furnace casthouse problems, and that emis
sions controls may not be limited to only a few options. Furthermore, dis
cussions with workers and operating personnel at DOFASCO, U.S. Steel and J&L 
indicate that a problem of worker and operator acceptance of control apparatus 
may not exist. 

Future trends in iron-making are likely to change emissions characteristics 
of blast furnaces in the U.S. Large new furnaces, along with changes in 
smaller, existing furnaces such as use of external desulfurization, modest 
increases in hearth diameter during reline, improvements in burden and fuels, 
installing second tapholes and increasing the wind, will increase the potential 
casting emissions from individual furnaces. The decrease in total number of 
blast furnaces, and the associated increase in productivity per furnace, 
coupled with the industry's research of new control techniques, has resulted 
in a crucial economic turn-around in the cost of controls per ton of hot metal. 
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EFFICIENT AND ECONOMICAL DUST CONTROL SYSTEM 
FOR ELECTRIC ARC FURNACE 

by: Leon Hutten-Czapski, M.Sc. P. Eng. 
Technical Assistant to the Director of Engineering 
Sidbec-Dosco, Usine de Contrecoeur, 
C.P. 1000, Contrecoeur, Qu~. 
Canada JOL lCO 
Tel: (514) 587-2091 ext. 363 

ABSTRACT 

The total efficiency of a dust control system is a product 
of collecting and filtering efficiencies. Most of existing dust 
control systems for electrical _arc furnaces have inefficient collect
ing and very efficient filtering components. The poor efficiency of 
collecting hoods .is a result of their distance from the source, exist
ing cross wind in the melt shop and lack of sufficient exhaust capacity 
even at very high gas flow rate. 

The only rational and economic solution is to capture the fumes 
at or close to the source.· The system installed in Sidbec-Dosco Contre
coeur melt shop is employing retractable collecting hoods located close 
to the ladle. It achieves high collecting efficiency at low exhaust 
rate of gas flow without interference with operation of the overhead 
crane. 

The paper in question provides technical and economical ana
lysis of several alternative solutions of dust collecting system for 
electric arc furnaces in steel making plants. 
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EFFICIENT AND ECONOMICAL DUST CONTROL SYSTEM 
FOR ELECTRIC ARC FURNACE 

During its operating cycle the modern high powered electric 
arc furnace releases about 1% of the weight of the molten steel as fume 
and dust. 

This emission contains a variety of metal oxides including 
heavy metals. 

For health reasons of the workers employed in the melt shop and 
the general population living around the plant, the emissions must be 
limited to a degree balanced between the cost of control and social bene
fits resulting from this control. 

At the present time legislature and regulations in North America 
and Europe require that approximately 94 to 96% of all emissions from the 
electric arc furnace operation are to be captured. Only 4 to 6% cah be 
allowed to exit to the atmosphere. 

There are also health regulations in force, which limit the 
dust concentration inside the plant. 

The task of the project engineer is to provide control systems 
which will satisfy the regulations at minimum investment and operational 
costs. 

In order to find the best solution, it is necessary to quantify 
the emissions from the furnace for each phase of the operating cycle. The 
average of data obtained are shown in table# l. 

WEIGHT OF NON 
CONTROLLED TlllE 0 F DURATIO" 

ACTION: EMISSION OF EMISSION 

KG I TONNE IN MINUTES 

INSPECTION AND FETTLING 0.06 3 TO 20 

CHARGING 0.24 1.5 TO 3 

MELTING AND REFINING 9.25 120 TO 150 

TAPPING AND DEOXIDIZING 0.40 5 TO 11 

SLAGGING 0.05 3 TO 5 

TOTAL EMISSION 10.0 KG /TONNE OF MOLTEN STEEL 

TABLE 1 WEIGHT AND DURATION OF DUST EMISSION 
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A survey of available data shows a large spread of specific 
weight of uncontrolled emissions ranging from 6 to 24 kg per tonne of 
molten steel. 

The factors influencing the high rate of particulate emission 
are shown in table # 2. 

OILY SCRAP 

LIGHT GAUGE SCRAP 

PAINTED SCRAP 

ZINC C 0 A TEO SC RA P 

PNEUMATIC FEED OF LIME ANO DOLOMITE 

MORE THAN ONE BUCKET CHARGE 

D 0 0 RS 0 F THE FU RN AC E 0 PEN 

LEAKY LINTEL AROUND THE ROOF OF THE FURNACE 

WORN OUT REFRACTORY REQUIRING REPAIR 

ACCIDENTS LIKE: BROKEN ELECTRODES 

INTERRUPT! ON OF POW ER SUPPLY 

TABLE 2 - FACTORS INCREASING THE PARTICULATE EMISSIONS 
' . 

OF FUME AND DUST FROM THE ELECTRICAL ARC FURNACE 

Beside the particulate emission there is also an emission of 
gasses: carbon dioxide co2, carbon monoxide CO, nitrogen oxides NO , 
hydrogen H2, water vapour H,o and a vast variety of hydrocarbons a~d 
other inorganic and organic compounds. 

Of particular interest for the project engineer are emissions 
of combustible gasses since they may cause explotions. In order to reduce 
teh chances of such an accident, additional air, necessary for combustion, 
is introduced into the ducts, and appropriate dilution is added to remove 
the mixture of gasses and air from the explosive range. 

Another cause of explosions is: closed vessels containing gasses 
and liquids, for instance: hydraulic cylinders, pumps and valves. They 
burst during heating, suddenly releasing their content, which expands, or 
ignites instantly.· In winter months, there is a danger of explosion by 
ice frozen into crevices of the scrap. Contact of water and molten metal 
dissociates water into hydrogen and oxygen which recombine again with 
explosive force. · 
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The rate of particulate and gasous emissions varies in a wide 
range during the cycle of operation of the electric arc furnace. 

The total efficiency of a dust control system is a product of 
collecting and filtering efficiencies. Most of existing dust control 
systems for el ectrica 1 arc furnaces have inefficient collecting and 
very efficient filtering components. The poor efficiency of collecting 
hoods is a result of their distance from the source, existing cross wind 
in the melt shop and lack of sufficient exhaust capacity even at very high 
gas flow rate. 

WATtR 

COOLED 
DUCT 

Ji::::===-

GAS 

1 

BAG 
HOUSE 

' SIALL LARGE PARTICLES 

PARTICUS 

fl&URE l : COIVEITIOIAL OUST COITROL nnu 

The new cycle of operation begins with inspection of the refractory. 
The electrodes and the roof are raised and moved off the furnace.· Since 
the furnace is nearly empty, there is very little particulate emission. If 
the refractory needs repair, a procedure called fettling is performed. A 
plastic refractory is blown, or thrown by centrifugal pump toward the places 
needing repair. The moisture of the plastic refractory evaporates quickly 
and takes some of the refractory into a column of raising vapour. This 
first emission is partially captured by an exhaust hood located at the roof 
truss level in the charging bay. The second part of the emission falls 
down mostly along the walls of the building. The third part exits by 
the roof ventilation into the ambient atmosphere. 

When the refractory of the furnace is in good condition, there is 
no need for inspection and fettling. The cycle begins with charging: the 
roof of the furnace is opened, the charging bucket filled with scrap carried 
by the overhead crane arrives, centers with the axis of the electric arc 
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furnace and releases its load into the furnace. In order to save wear 
of the refractory at the bottom of the furnace the charging bucket is 
loaded first with light scrap, and next, with heavy scrap. Light scrap 
has a large surface to volume ratio, and is more contaminated than heavy 
scrap. The sudden contact of the light scrap with hot refractory heats 
the thin scrap layer rapidly, evaporating water first, and hydrocarbons 
(oil, plastics, rubber} second. The vapours of hydrocarbons ignite within 
few seconds. 

The intensity of the flame depends on the hydrocarbon content .in 
the scrap. Shavings contain up to 5% of oil by weight. Large amounts of 
oily scrap in the charge may result in flames up to 20 meter high reaching 
the roof of th3 building. In these conditions, gas emissions rate may be 
more than 15 m /sec. for each square meter of the furnace hearth area. 
With limited cont~nt of oily scrap in the charging bucket the gas emission 
rate is about 5 m /sec. for each square meter of furnace hearth horizontal 
projection. 

The total charging operation can be performed by skilled operators 
in less than 90 seconds. The large volume of gas and fume released is 
normally beyond the capturing capacity of the exhaust system located over 
the furnace. 

The result is a visible emission escaping by the meit shop roof 
ventilators into the atmosphere. 

After charging the melting opeartion begins. Three electrodes 
are lowered into the furnace and electric power is applied gradually until 
full power is reached. The cold scrap is therefore heated simultaneously 
from outside by the walls, bottom and roof of the furnace and from inside, 
by radiant heat developped by the electric arc. The process of: vapori
zation melting and sublimation reaches throughout the total scrap mass. 
Since the temperature in different parts of the charge is not uniform, a 
mixture of vapours and gasses escapes from the furnace. 

In the present state of technology, the common method used to 
capture emissions issued during the melting process is direct evacuation •. 
This is done by applying sufficient suction at the 4th hole (3 holes for 
electrodes) in the roof of the furnace. The practice shows, that the 
exhaust rate of 0.14 kg/sec. of gas for each Megawatt of the main trans
former rating is sufficient for normal co8ditions. Since the temperature 
of the gaseous emissions rises up to 1875 C during the melting period the 
gasses are cooled first in a water cooled duct reaching the roof of the 
melt shop and diluted to provide 100% of excess air for combustion of CO 
and H~ and later diluted for protection of the ducts with air drawn from 
the hoods located over the furnace. 

In some installations, an additional cooling of gasses is performed 
in a radiant cooled consisting of a series of tubes exposed to the ambient 
air. 
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FIGURE 2 ELECTRIC ARC FURNACE ECONOMY DUST CONTROL SYSTEM SCHEMATIC 
(WHEN CHARGING) 

The gas dilution factor is about 8. It means that about l .12 
kg/sec. of gas and air per each Megawatt of the furnaces main transformer 
rating reaches the dust collector, which is norma&ly a bag house. The 
temperature in the baghouse should not exceed 135 C for Dacron bags. 
New materials for bags allow for higher operating temperature, which in 
turn reduces the quantity of dilution air, power drawn by fans, dimensions 
and cost of installation. 

The gas pressure in the furnace should be kept slightly negative 
for the melting of carbon steel and slightly positive for the melting of 
alloy steels. 

This control of pressure is necessary to avoid excess infiltration 
of ambient air into the furnace since the excess air increases burn out 
of the electrodes, increases emissions and increases electric power consun.1pt
ti on. The positive pressure in the furnace results in emission around 
electrode holes in the roof. The fugitive emissions can be captured by 
the hood over the furnace but at the cost of drawing a large quantity of 
infiltrated ambient air into the column of rising gas. 

The gas velocity in the ducts carrying dust is set at 15 m/sec. 
for each meter of duct diameter, and shall not be less than 15 m/sec. for 
small dia. ducts. The common operating problems with direct evacuation 
systems are: burning of holes in the bags by incandescent material, build
up of cake on the bag surface, erosion of fan blades and occasional explos
ions. 
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Due to the short gas transfer time from the furnace to the bag
house (about 5 to 9 seconds) some incandescent particles may reach the 
bags resulting in a burning of holes. In order to avoid the transfer 
of 1 arge particles, a cyclone or a plenum chamber with reduced gas velocity 
should be provided to eliminate particles larger than 0.5 ITITI of diameter. 

Build-up of cake on the bags is a result of excessive moisture 
content in the gas at the start of the operation and of moisture entering 
the baghouse after the end of the operation. The captured dust contains 
large amounts of burnt lime, which remains as a fine, submicron size, powder 
when it is dry. In the presence of moisture this burnt lime becomes a 
mortar and clogs the fine passages between the yarns of the woven fabric 
of the bags. Shaking or back flow of gas used as a means to clean up the 
bags may be not fully effective to dislodge this mortar. 

In time the layer of mortar builds and the resistance to the 
flow of gasses increases. The stresses due to increased pressure may 
rupture the bags. Keeping the bags dry between operations by applying 
external heating seems to be too expensive, but operation of the direct 
evacuation system for a half an hour after stopping of operation will 
dislodge most of the lime from the bags, thus at least partially preventing 
the cake build-up. 

In the Sidbec-Dosco steel making practice, when the first charge 
is partially melted, an addition of continuously fed pre-reduced iron 
pellets begins. The rate of feed is adjusted to the quantity of the 
electrical power supplied to the electrodes in order to maintain constant 
temperature of the molten bath. Burnt lime and/or dolomite and alloys are 
fed with pre-reduced pellets, into the furnace from the bins located on 
the roof of the melt shop. All continuously fed materials enter through 
a stainless tube through the 5th hole in the roof of the furnace. The 
downward motion of the falling material creates movement of the air in 
the feeding duct directed toward the furnace. An opposite movement of 
the hot gas from the furnace counteracts this movement of air. As a 
result of these two actions, an escape of gas from the furnace through 
the feeding_,duct is observed. 

The emission through the feeding pipe can be controlled by reducing 
its diameter, and by applying suction at the funnel where the stationary 
and movable parts of the feeding pipe join. 

In electric arc melt shops which do not employ continuous feed of 
pre-reduced pellets, an additional one, or more, bucket charges are used. 
The second and following charges of scrap fall into already molten metal, 
therefore, the instant burst of gasses,is more violent than at the first 
charge. In order to reduce those violent emissions, the second and 
consecutive charges should consist of clean scrap. 

Tapping into the ladle begins when the charge is melted, the 
furnace is deslagged, and the batch brought to the desi.red temperature and 
chemical content. 
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The tapping ladl,e may be suspended on the hoods of the overhead 
crane, or may be stationary, positioned on a stand located in front of 
the spout of the electric arc furnace. 
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The suspended ladle enables the falling height of the molten 
steel to be minimized, therefore, reduces generation of oxide fumes. 
However, this practice uses valuable time of the overhead crane, ~nd 
makes confinement of escaping emissions more difficult. The stationary 
ladle, being fixed in place, provides the possibility to collect the 
fumes through the hood which is close to th~ ladle. This is far more 
efficient than by the hood located at the roof truss level of the ·melt 
shop, normally used for the suspended ladle fume control. Direct measure
ments of the rate of emissions during the tapping operation in Sidbec-Dosco, 
Contrecoeur Melt Shop revealed that the gas emission for each square 
meter of the ladle's hori~ontal projection area is 3.5 ml/sec. at the 
l ad·I e rim level , and 40 m /sec. at the roof truss level . This is due 
to entrapment of the ambient air by the column of highly turbulent 
gasses rising from the ladle. 

The hot gas column starting from the ladle is deflected by 
horizontal air currents in the casting bay of the melt shop. Deflection 
up to 45° were observed in some cases. These were not constant, being 
influenced by changes of wind velocity and direction, the opening 'Of 
doors and by activating the on/off switches of the preheating furnaces 
for the 1 adl es. 
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In these conditions, if the evacuation hood system located on 
the roof truss level was selected its capacity would be about 450 m3/sec. 
(950,000 ACFM) to obtain an average of 85% dust capturing efficiency 
(for tapping). 

The estimated cost in 1977 for this type of dust control system 
of this capacity was 6.5 to 8 million U.S. dollars. 

In order to save investment and operating costs and to achieve 
better fume control during the tapping operation, an idea was developped 
to use the existing capacity of the direct evacuation system, which remains 
idle during tapping time. 

A swinging hood located just over the stationary ladle was 
designed. This hood has a cut-out permitting passage of the stream of 
molten metal pouring from the spout of the electric furnace. 

The ladle hood would ~ve been suspended on a structure which 
would pivot and rotate to permit access of the hoods of the overhead crane 
to the trunnions of the ladle wh~n the ladle was filled with molten steel. 

There was an opinion that a swinging hood over the ladle could 
be easily damaged, and would take too much valuable space in the casting 
bay of the melt shop. 

A new design was prepared: a horizontal retractable hood with 
a blanket of horizontal air currents created by fans located opposite to 
the intake of the hood. All mechanisms were located under the tower support
ing the additive bins. Being hidden under the structure of the tower the 
mechanisms were safe from accidental striking by· the hooks of the overhead 
crane and no additional space was required in the casting bay. 

A prototype was made and installed for one of the furnaces. The 
tests showed that fans pushing the air were not required and the ladle 
fume evacuation system could collect about 85% of the fumes issued during 
tapping operation. 

The successofthe prototype was followed by installation of 
similar units for all four furnaces in the Contrecoeur Melt Shop. 

The total cost of four ladle fume control systems was $500,000 
which is much less than 6.5 to 8 mill ion dollar estimate for an evacuation 
system with similar efficiency comprising hoods located at the roof truss 
level . 

Retractable hoods work in automatic or manual mode. If automatic 
mode is selected then the signal from the tilting furnace actuates the 
extension of the hood toward the ladle and simultaneously closes the 
damper of the direct evacuation system and opens the damper of the ladle 
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fume evacuation system. When, after filling the ladle the furnace returns 
to its vertical position another signal causes retracting of the hood 
and reversal of the position of the dampers . 

. Figure # 4 shows a schematic of the combined system. 
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At the present time in our Contrecoeur Melt Shop two major 
sources of air pollution from the operation of the electric arc furnaces 
are under control: emissions when melting and refining, and when tapping. 
A third, however much smaller emission, when charging, requires about 
200 m3/sec. exhaust capacity in a hood located above the furnace at 
the roof truss level. 

Experimental work is being committed to develop an improved 
method of controlling emission during operations of charging, inspection 
and fettling. 

Development of an efficient and economical fume and dust control 
system for electric arc furnaces have been done in an existing operating 
Melt Shop. Valuable information has been gathered concerning: engineering, 
operational, maintenance and human relation factors. 

Some of {hese observations are shared here. 

For an existing melt shop with multiple electric arc furnaces the 
most economical solution of fume and dust control is the full utilization 
of capacity and time of an existing direct evacuation system, in order to 
control emissions during melting, tapping and charging periods. 
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There should be a centralized manual or automatic dispatch 
directing necessary flow rate for different emission sources in order 
to obtain the best total dust collecting efficiency at a minimum cost. 

At the present time there are no integrating instruments avail
able on the market which can provide a signal proportional to dust mass 
transfer rates !n different ducts of a co~plex integ~ated dust collecting 
system. Such s1gnals could be processed ln a· real t1me computer to open 
the dampers of the ducts carrying the dust, and close dampers on ducts 
which momentarily carry 1 ittle or no dust at all. 

Manual operation of dust control systems calls for continuous 
attention sound judgement and qui ck response and requires additional 
personnel • · 

On the basis of observations made of the operation of many steel 
melt shops, one can say that the dust control equipment can be easily 
damaged by the build-up of slag, overheating, clogging by dust and mechanic
al abuse. Therefore, it has to be continuously supervised by trained 
personnel i.n order to ensure its availability all the time. 

Since production always has maintenance priority even a well 
designed dust control system left without sufficient supervision and proper 
care for long period of time, becomes quite often inoperative resulting 
in excessive emissions into the atmosphere and excessive dust concentration 
in the working area. 

When a 11green-field 11 installation of an electric arc melt shop 
is in the preliminary planning stage. a total enclosure over the furnace 
and ladle could be an alternative solution. However, in an existing melt 
shop, there is rarely a chance of implementing this idea, due to space 
1 imitations. In addition, the poss ibi 1 i ty of frequent damage to the · 
doors of the furnace envelope is a factor which restrains the acceptability 
of total enclosure of an electric arc furnace. 

In surrmary, one can say the present trend in the design of dust 
control systems for electric arc furnaces is to utilize a minimum of exhaust 
capacity, but to use it fully in all stages of the operating cycle. 

Since the dust collecting hoods located close to the dust source 
are nearly ten times more efficient than the hoods located on the roof 
truss level, their high collecting efficiency reduces the necessary exhaust 
gas flow rate and associated cost of investment and operation of a dust 
control system. For this reason, one can expect that ·in the future design 
of dust control systems, the systems with hoods close to dust source will 
be employed more frequently. 
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Iron and Steel Inhalable Particulate Matter Sampling Program 
An Overview Progress Report 

Abstract 

EPAts Office of Res~arch and Development has entered into a major program 
to develop inhalable particulate matter (IPM) emission factors, where IPM 
is defined as airborne particles of <15 µm aerodynamic equivalent diameter. 
The Metallurgical Processes Branch -of EPA' s IERL-RTP is responsible for 
the iron and steel industry segment of.this program. This paper presents 
a su11U11ary of efforts to date. Implementation has proceeded along two major 
lines of action. The first follows the classical route: literature review, 
prioritization of sources, identification of sources for which existing 
data are adequate, selection of plants, testing, and finally reporting 

·results. The other aspect consists of meshing the IPM requirements with 
those of other EPA samoling programs, thus reducing overall cost to EPA and 
minimizing inconvenience to the host plants. 

A review of existing particle size data showed not only that relatively 
little data exists, but also that most existing data are of questionable 
quality. Therefore, the field test program entails sampling virtually all 
significant sources. To date, tests have been completed of basic oxygen 
furnace (BOF) charging and tapping, hot metal desulfurization, blast 
fu~nace cast house (building evacuation approach}, uncontrolled paved and 
unpaved roads, and BOF main stack (limited combustion system after 
scrubber). Discussions are now underway with several plants to test other 
high priority sources: It is anticipated that funds will allow duplicate 
tests at another plant of at least the highest priority sources. 
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INTRODUCTION 

The U.S. Environmental Protection Agency is required, under the amended 
Clean Air Act of 1977, to review the scientific basis for the total suspended 
particulate ambient air quality standard. Major consideration is being 
given to a size-specific particulate standard focusing on inhalable parti
culate matter ( IPM), defined as airborne . particles of '5.,.15 µ m aer.odynamic 
equivalent diameter.Cl) EPA has initiated an extensive program to compile 
and review existing data and, where necessary, conduct field sampling 
programs from which reliable emis·sion factors can then be determined. These 
emission factors will be available to the States for the purpose of revising 
State Implementation Plans if an ambient standard based on particle size is 
promulgated. · 

EPA's Office of Research and Development is responsible for developing these 
IPM emission factors. A major part of this effort is directed toward the 
steel industry. This paper discusses briefly the rationale. behind the 
selection of 15 µmas the upper cut point in the IPM definition and why a .field 
sampling program must be undertaken. Sampling protocols are described for 
ducted condensible and noncondensible emissions and ifor fug,itive emissions. 
The rationale and approach being followed to select test sites are also 
discussed. Results obtained to date are sununarized and conceptual plans for 
the remainder of the program are presented. 

DISCUSSION 

The human respiratory tract consists of three main areas: ( 1) the upper 
respiratory tract, conducting airways, and gas-exchange area. All available 
data demonstrate that direc·t health effects from particles >15 µ m are 
primarily restricted to the upper respiratory tract. IPM is the term used to 
represent airborne particles capable of affecting the lower respiratory 
tract which includes the last two of the three general areas. Thus the 
definition of IPM has been taken to mean those particles of <15µ m aerodynamic 
equivalent diameter. ·Although discussion continues among health effects 
experts as to the specific upper cut point for an ambient air particulate 
standard based on size, the definition of IPM remains unchanged. A secondary 
cut point of <2. 5 µ m has been recommended to estimate that fraction of 
particles capable of penetrating to the gas exchange area of the respiratory 
system. Sampling data generated under this program will include several 
intermediate cut points to enable accurate interpolation once an ambient air 
standard cut point is selected. 

Sampling Protocols 

Sampling protocols have been developed to permit IPM measurement of duct
ed( 2, 3, 4) and fugitive(5) emissons. 

Ducted Sources (Non-Condensible Emissions) - Initially, EPA felt that the 
main interest lay in determining total IPM of ~15 µm and also the quantity of 
IPM ~2.5 µm. Since existing cascade impactors are limited both by small 
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sample collection capability (hence very short sampling time in heavily 
loaded streams) and in collecting particles >10 µm without particle "bounce," 
EPA decided to develop a sampling system specifically for the !PM program. 

The result of this effort, depicted in Figure 1, consists of two in-series 
cyclones inserted directly into the stack using a modified EPA Method 5 
probe and associated equipment(6). Operating at a nominal flowrate of 23 
l/min, the large cyclone has a D5o of 15 µm and the small one, 2.5 µm. The 
filter (not shown) collects all particles <2.5 µm which, when added to the 
small cyclone catch, equals total IPM. A significant advantage is the 
capability to collect a fairly large sample, which means a longer sampling 
time. 

During this development program it was found that the button hook nozzle 
conunonly used with cascade impactors was, by itself, a very effective 
collector of particles <15 µm. Thus an important criterion for any particle 
sizing device is that it have a straight nozzle. A comparison was run between 
the so called IPM train described above, an Andersen 2000 Mark III in-stack 
cascade impacter equipped with a 15 µm cyclone precutter, and an Andersen in
stack big~ capacity stack samtler·{HCSS). As reported earlier, in the paper 
by J. Steiner and D. Bodnaruk 7), test results showed that all three devices 
gave comparable results. 

Subsequent to the development of the IPM train, controversy occurred con
cerning the selection of the upper cut point for the purpose of defining a 
particle size ambient particulate standard. Consequently, the decision was 
made to use the in-stack cascade impactor with a 15 µm cyclone precutter (see 
Figure 2). The data thus generated would permit the more accurate nlotting 
of curves relating particle size versus cumulative sample weight emitted per 
unit process weight. A straight nozzle would, of course, be used in all 
tests. The field test protocol requires four measurements each for partic
ulate mass concentration and for particle size distribution. The impactor 
data yield the size distribution which is then applied to the mass 
measurement to give cumulative emission factors as a function of particle 
size. An EPA Method 5 samp~ing train is used for the mass measurement. 

Ducted Sources (Condensible Emissions) - Some iron and steel process 
emissions contain a significant fraction of condensible compounds. In this 
case, significant is taken t,o mean greater than 10 percent of the total 
particulate emitted. Typical sources in this category are: coke oven 
charging, quenching, and battery stacks; sinter windboxes; and electric arc 
furnaces. The condensible fraction may contain both organic and inorganic 
compounds. 

The condensible emission IPM sampling protocol was prepared by Southern 
Research Institute, under contract to the EPA. The general approach is to 
introduce a slip stream of the source exhaust into a dilution chamber 
supplied with clean ambient air. The dilution air flowrate may be on the 
order of 10-30 times the slip stream flowrate. Total particulate and 
particle size samples of ·the diluted slip stream are obtained after complete 
mixing. The samples thus collected would reflect their initial state in 
the atmosphere. 
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The condensible sampling system has been designed and units are now being 
fabricated. As shown in Figure 3, its essential parts include a dilution 
chamber approximately 30.5 cm in diameter and 183 cm long. An ID fan 
supplies filtered air to one end of the chamber. The source slip stream is 
extracted isokinetically using a heated probe and is introduced at the same 
end. At the outlet end of the chamber a high volume impactor filter assembly 
collects and sizes the total particulate. 

Fugitive Sources - The measurement of fugitive particulate emissions by 
size requires several sampling devices. A standard high volume sampler gives 
total suspended particulate (TSP); a high volume sampler (with a size
selective head) and a cascade impactor on a high volume sampler (with a 
horizontal elutriator as a 15 µm precutter) both yield particle size data. 
One major reason for· using multiple particle sizing devices at this time is 
the lack of experience upon which to base· the selection of a better device. 
As field experience accumulates, a decision can be made, thus reducing both 
testing and analytical costs. 

A typical upwind/downwind fugitive emission field setup, such as for 
measuring emissions from vehicular traffic on a road, would include: 

( 1) selection of a section of road which was normal to the wind 
direction and sufficiently remote from buildings, trees, or other 
roads to avoid interference; 

(2) a sampling array on the upstream side of the road consisting of 
three high volume samplers -- one equipped for TSP, one with a 
size-selective head, and one with a cascade impactor, all 
situated 1 m above ground surface; 

(3) an array at the downwind site consisting of the same equipment as 
upstream at a 1 m height, plus two high volume units at a 2 m 
height -- one with a s.ize-selective head, the other with a cascade 
impactor, and all five units located on the plume center line; 

(4) a size-selective high volume sampler at each plume wing at a 1 m 
height; and 

(5) for determining verticle profiles, locate high volume samplers 
with elutriators on the plume centerline at heights of 1, 2, 3, 
and 4 m. 

The quasistack method involves hooding the fugitive emission source and 
drawing off emissions through a duct; emission measurements would then 
follow the ducted emission protocol. Obviously, this approach would 
only be feasible for relatively small or compact source's since the expense 
of building hoods and ducts just for test ourposes could be prohibitively 
expensive. Alternatively, if a normally fugitive source, such as BOF 
chargingt is found to be well contained at a plant, then every effort would 
be made to perform tests at that plant assuming it was representative of 
the industry in its operational characteristics. 
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For the measurement of fugitive emissions exiting through a roof monitor, 
P.ither a high volume cascade impactor fitted with the elutriator head or 
a fugitive assessment sampling train (FAST) would be used. The FAST shown 
in Figure 4 offers the advantage of collecting large quantities of 
material ic selected size fractions, permitting subse~uent chemical and 
biological characterization. 

Source Selection 

At the outset of the iron and steel sampling program, the decision was 
made to proceed with field test selection voluntarily, rather than through 
the application of Clean Air Act Art. 114. Industry contact was initiated 
through the American Iron and Steel Institut~ (AISI) who established an ad 
hoc coordinating committee. Meetings with this committee were held to 
present an overview of the whole program and, following resolution of 
outstanding issues, to review sources selected for testing. 

The EPA/AISI cooperative effort has thus far resulted in the mounting of 
an extensive field sampling program at Armco, Inc: 's Middletown Works. Dis
cussions will soon be initiated with several other companies; several field 
test programs should be getting underway soon. 

Tfie source selection priority list, shown in Table 1, was developed 
based on estimated controlled particulate emissions from each source on a 
nationwide basis. This prioritization represents an average of emission 
factors developed under separate efforts: one represented very good 
control efficiency(8)~ the other, a somewhat lower level which might be 
termed typical for non-new installat.ions< 9). It is only fair to say that, 
at best, this procedure is still rather arbitrary but does nevertheless 
provide a rational approach to source selection. 

The source selection priority list also considers existing particle size 
data and its qualitj. Since there iv very little particle size data for 
iron and steel sources, this consideration did not affect the priority 
position of any source. Six data sets are currently contained in EPA' s Fine 
Particle Emissions Information System (FPEIS)lO, These data sets, 
consisting of three open hearth stack tests, two electric arc furnace 
tei>ts, and one coke pushing shed test, are sutmllarized in Figures 5-7, 
respectively. Although these data are judged to be good, consideration 
must be given to when they were obtained (1974-77) and the advancements 
made in particle size sampling technology since then. These three sources 
should be tested again. 

In addition to the selection procedure coord~nated with AISI, every effort 
has been made to combine measurement of IPM with other EPA sampling 
programs. Not only does this serve to reduce EPA expenditures, it also 
reduces·inconvenience to the host companies. To date, these "piggy back" 
projects constitute the greatest area of activity due primarily to the fact 
that initial ground work had already been laid by the Agency, making it 
possible to mount the field effort relatively quickly. 
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Results To Date 

Kaiser Steel Corp. The first two sources tested under the IPM program 
were the hot metal desulfurization (HMDS) and BOF charging and tapping 
emission control systems recently installed at Kaiser Steel Corporation's 
Fontana, CA plant. These tests, performed in coordination with EPA' s 
Office of Enforcement through the Region V office, consisted of total 
particulate by EPA Method 5 and particle size before and after the control 
device which was, in both cases, a baghouse .. EPA's contractor was Acurex 
Corporation. 

Particle size before control was measured with the EPA two-cyclone !PM 
train described previously. Due 'to the low particulate concentration~ 
baghouse outlet particle size in both cases was measured with an Andersen 
Mark III impactor fitted. with the 15 µm cut point cyclone precutter. 

BOF emissions from hot metal charging and tapping of finished steel were 
measured separately. Charging measurements did not include the ~ddition 
of scrap. Results of the HMDS tests were reported in dE.tail earlier in this 
Symposium. ( 7) 

Armco, Inc., Middletown. The extensive testing program undertaken for EPA 
by Midwest Research Institute at Armco, Inc. 's Middletown Plant encompas
sed both open sources and ducted sources; emphasis was on the former, 
Specifically, emissions from paved and unpaved roads were measured before 
and after the initiation of emission reduction schemes. For paved roads, 
the emission reduction consisted of flushing with water and/or sweeping -
- vacuuming at regular intervals. Bet'llls of paved roads were treated with 
Coherexe. The controlled urtpaved road was first tested shortly after ap
plication of the suppressant (Coherex®) and again several weeks later to 
establish the emission control efficiency decay curve. 

In addition to the road tests, measurements were made of windblown 
emis ions from the coal pile and emissions arising as a result of coal pile 
maintenance. 

All of these open source measurements were made using the upwind/downwind 
techniques. Road surface silt content was sampled to allow correlation 
with the measured emission rate. Numerous samples were taken from other 
inplant roads to develop an idea of the representatives of the sampled road 
segments and also to allow a more realistic ·extrapolation of the test data 
to the whole plant. 

Ducted emissions measured at Middletown were from the BOF main stack. 
Testing of the open hearth stack is being considered. Although the IP 
protocol calls for measurements before .. apd after the control device, the 
nature of the limited combustion BOF operation precluded measurements 
before the scrubber. Measurements after the scrubber included total 
particulate and particle size as per the protocol. Results are being 
reduced and should be available in December 1980. 
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Testing of the open hearth stack is in the initial planning stage. It is 
intended that the field program consist of total particulate and particle 
size samples before and after the control device for each major portion of 
the furnace cycle. Each furnace at Middletown has its own control device. 

Dominion Foundries and Steel Company. Dominion first installed cast house 
emissions controls several years ago. The No. 1 blast furnace cast house 
control system, inst al led in 1975, was tested by EPA( 13) in .1976, This 
system employs the total building evacuation concept. Altttough.particle 
size measurement of uncontrolled emissions wa;s attempted, :"the data were 
not reli~ble due to particle bounce (no precutter was used). Using 1980 
techniques which employ the 15 µm cyclone precutter ahead of the cascade 
impactor would have solved this problem. The combined control system for 
cast houses No. 2 and 3 was started up in November 1978. These cast houses 
share a common fan and baghouse and also employ total building evacuation. 
Cast house No. 4 is currently being used to evaluate concepts for local 
emission control. 

The IPM emission tests are being run on the combined system serving No. 2 
and 3; however, measurements are being made only when No. 3 is casting. 
Emission tests follow the protocol for ducted sources. Measurements are 
being made for EPA by GCA/Technology Divison in the duct upstream of the 
baghouse; no attempt is being made to measure the discharge from the open 
monitor on the baghouse. Testing will be completed in mid-November 1980; 
preliminary results are anticipated in January 1981. 

Bethlehem Steel Corporation, Sparrows Point. GCA/Technology Division.will 
be conducting emission ·tests for EPA at the new "L" furnace cast house at 
Sparrows Point later this month. This is a la~ge modern furnace employing 
close-fitting hoods. and covers over the trough, iron runners, and spouts, 
a practice pioneered in Japan. Emissions are ducted to a large baghouse. 
Emissions; following the ducted source protocol, will be measured in the 
duct upstream of the baghouse. Since this baghouse also controls emissions 
from numerou~ other fugitive sources, no attempt will be made to sampl~. the 
open monitor discharge. Results of these tests are also anticipated .early 
next year. 

Future Tests 

EPA is currently reviewing the overall status of the field testing program 
in light of the source priority list. Future tests will continue to 
address the highest priority sources first. Testing of high priority 
sources suspected of containing a significant fraction of condensible 
emissions (e.g., sinter plant windboxes, electric arc furnaces, and coke 
ovens) will be initiated as soon as the condensible emission sampling 
protocols are formaliz'ed and the necessary sampling equipment is available. 
In the meantime, noncondensible sources wi 11 continue to be tested as 
rapidly as possible. 
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TABLE 1. 

Rank 

1 

2 

3 

4 

s 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

IRON AND STEEL SOURCE PRIORITY RANKING FOR !PM STUDY, 
CONTROLLED EMISSIONS 

Process 

Coke quenching 

Blast furnace cast house 

BOF stack 

Material stockpiles 

Roadway travel 

Coke combustion stack 

BOF charge and tap 

Coke pushing 

Sinter, misc. fugitives 

Sinter windbox 

EAF charge, tap, slag 

Coal preparation 

OH stack 

Coke door leaks 

EAF stack 

Sinter discharge end 

Blast furnace top 

Teeming 

Ore Screening 

BOF,misc. fugitives 

Coke topside leaks 
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lndustr.y tot:.il 
part icul at c: 

emissions, Mg/yr 

34,500 

22,700 

20,000 

16,300 

16,300 

16,300 

14' 500 

8,900 

8,700 

8,200 

7,600 

7,400 

7,300 

7, 100 

6,600 

5,700 

3,700 

3;700 

3,300 

2,200 

2,100 



TABLE 1. 

Rank 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

IRON AND STEEL SOURCE PRIORITY RANKING.FOR IPM STUDY, 
CONTROLLED. EMISSIONS (Continued) 

Industry total 
· part i.culat e , 

Process emissions, Mg/yr 

Reheat furnaces 2,000 

Blast furnace combustion 2,000 

OH roof monitor 2,000 

Coal charging 1,800 

Open area 1,100 

Machine scarfing 670 

BOF, hot metal transfer 650 

OH, misc. fugitives 640 

Soaking pits 570 

EAF, misc. fugitives 540 

OH, hot metal transfer 190 
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APPLYING GREENFIELD WATER SYSTEM DESIGN AND MANAGEMENT 

TECHNIQUES TO EXISTING STEEL PLANT FACILITIES 

HAROLD J. KOHL.MANN AND HAROLD HOFSTEIN 
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ABSTRACT 

A great amount of emphasis is being placed on recycle, 
reuse, cascade, etc. systems for the purpose of reducing the 
amount of contaminants discharged from industrial facilities. 
These methods can and do reduce volumes of water and masses 
of contaminants discharged; however, the application of new 
principles· to existing facilities is usually looked upon with, 
at best, extreme skepticism. 

This attitude is understandable sin.ce, in many cases, 
an existing system cannot be completely dr conveniently re
vamped to include all the "niceties" that can be designed 
into a greenfield site. A completely closed mind, however, 
cannot be tolerated in these days of increasing prices and 
stricter environmental controls. There is no room for -the 
attitude of "we've been doing it that way for thirty years 
and no one can make us do it differently". Attitudes like 
that can only force management to spend much more money than 
is really needed to comply with the regulatory requirements for 
pollution control. 

This paper presents various practices regarding the reuse, 
recycle and cascade of wastewater in steel plants which were 
either developed for greenfield installations and later applied 
to existing installations or those that were applied to existing 
installations directly. It also points out areas of difficulty 
which are encountered when existing facilities are upgraded. 
Design parameters must be carefully determined so that facilities 
are not grossly oversized or, more tragically, undersized. The 
treatment and reuse compatibility of one wastewater with another 
must also be ascertained so that incompatible "mixes" are not 
attempted. 

Segregation of flows within existing mills, although initially 
costly in most cases, can be the most economic alternative. This 
is especially true when large quantities of "clean cooling water" 
combine with "dirty water". These various methods are presented 
together with descriptions of systems actually installed and operat
ing to show the results that can be obtained with proper study and 
design principles. 
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Due to the consideration of water pollution control, water con

servation and the recovery of our precious resources, the recycle 

and reuse of water in industrial facilities is receiving a tremen

dous amount of attention. Various methods exist to effect reduc

tion of discharges. These include in-process changes, close con

trol of water chemistry, increased instrumentation, segregation 

of flows, etc. These methods can and do result in reduced volumes 

of water discharged and, in turn, the masses of contaminants dis

charged. However, the application of new principles to existing 

facilities is usually looked upon with, at best, extreme skepticism. 

This attitude is understandable since, in many cases, an existing 

system cannot be completely or conveniently revamped to include 

all the "niceties" that can be designed into a greenfield site. 

A completely closed mind, however, cannot be tolerated in these 

days of increasing costs and stricter environmental regulations. 

There is no room for the attitude of "we've been doing it that way 

for thirty years and no one can make us do it differently". This 

type of attitude causes management to spend more money than is 

really needed to comply with the regulatory requirements while 

using undue amounts of energy. 

Years ago when a new plant was designed the layout of the production 

facilities in a most practical manner wa$ the prime consideration. 

This practical layout resulted in a smooth and efficient flow of 

raw materials to finished product. Little thought was given to 

water systems except to keep them "out of the way" and make sure 
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they caused as few problems as possible. Scale pits and blast 

furnace thickeners were installed, not for the primary purpose 

of water pollution control but to safeguard against the clogging 

of sewers which could cause production delays and stoppages. 

As environmental regulations became stricter, clarifiers were in

stalled after scale pits, portions of blast furnace gas washer 

water were recirculated, oils were skinuned and acids neutralized. 

Most wastewater collection systems "grew like Topsy" without over

all plant or system-wide planning which resulted in mixes of 

different, incompatible wastewaters in conunon sewers. 

Initially environmental regulations were developed, in many in

stances, through the mutual cooperation between steel pla~ts, the 

regulatory authorities and engineering consultants retained by in

dustry and/or the authorities. This process was necessitated be

cause no one knew for sure what effluent standards could be met in 

a practical and economical way. Pilot tests had to be conducted 

and reasonable standards were set based. on the ability of a treat

ment process to produce a specific effluent. Contaminants were 

limited to those that were obvious and readily detectable. They 

were, for the most part, suspended solids, oils, iron pH, etc. 

As new steel plants were planned and constructed, more sophisticated 

treatment schemes were required by the regulatory authorities who 

rightly felt that new, greenfield planning could produce treatment 

systems that would discharge wastewater that contained lower levels 

of contaminants and would achieve these levels economically. 
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This tightening of the regulations for new facilities had an 

impact, in addition, on the regulations imposed on existing 

facilities. Application of the new technology developed for 

greenfield sites to existing sites was a natural consequence. 

Some of the ideas that developed are as follows: 

Hydrochloric Pickler Cascade Rinse System 

In the pickling of steel, a rinse step is necessary to remove 

residual pickling acid and iron salts that adhere to the steel 

and cause staining and corrosion. Originally, rinse systems 

utilized several rinsing stages, each completely separated 

from the others. The rinse water from each stage was discharged 

directly to sewer. Resultant discharge rates for this type of 

rinse system vary from 700 to 1900 l/kkg (200 to 550 gal/ton) 

of steel pickled. Figure I is a schematic diagram of a typical 

rinse system of this type. All the rinse water from this type 

of system requires treatment pries to discharge. 

A relatively recent development is the cascade rinse system where 

the steel leaving the pickler is rinsed with water which is then 

cascaded upstream towards the pickling tanks. The last'rinse 

tank contains the freshest water. When spent, the rinse water is 

discharged, but because of the cascade configuration, only 50 to 

200 l/kkg (14 to 55 gal/ton) of water is required which consider

ably reduces the amount of wastewater to be treated prior to dis

charge. Figure II is a schematic diagram of a typical pickler 

cascade rinse system. 
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Cascaae rinse systems can and have been retrofitted to existing 

pickler systems which, according to reports, are operating satis

factorily. It is obvious that the treatment facilities capital 

and operating costs will be significantly less for the reduced 

flow. 

Elimination of Pickling Tank Heating Steam 

Pickling baths must be maintained at elevated temperatures to 

permit proper pickling of steel. This elevated temperature is 

usually maintained by the injection of live steam into the 

pickling baths. This injection of steam has three results, namely: 

the bath is heated and maintained at the desired temperature, the 

steam causes vaporization of acid which must be cleaned with fume 

scrubbers, and the steam is condensed causing dilution of the 

pickling bath. 

Temperature maintenance is the desirable aspect but vaporization 

and dilution are undesirable aspects of raw steam injection. 

If this injection can be eliminated then the two problems could 

also be eliminated or eased. Various means are available to heat 

the pickle acid baths such as submerged combustion, external heat 

exchangers and a furnace to heat the strip prior to its entrance 

into the pickling bath which would then bring the necessary heat 

into the tank to maintain the desired temperature. However, the 

furnace method requires a supplemental heat source for start-up 

conditions. These three methods are shown schematically on Figure 

III. 
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Substitution of one of these methods can, for example, reduce 

the flow of waste pickle liquor from 14-18 rn3/hr (60-80 gprn) 

to 7 m3/hr (30 gpm) for a pickler processing 1.5 x io6 mtpy. 

This 50% reduction would greatly reduce treatment and disposal 

costs or the costs to erect and operate an acid regeneration 

plant. Retrofit of any of these methods could be accomplished 

without problems during a period when a pickler is down for · 

major maintenance. 

Hot Mill Water Reuse and Conservation 

Many methods are available to reduce the discharges of water 

from hot rolling mills. Any reduction in the amount of water 

discharged from this type of production facility will be sig-

nif icant since large amounts of water are required for cooling 

and cleaning purposes. Hot rolling facilities are usually 

composed of a reheat furnace, a forming section, a cooling sec-

tion and, in the case of strip or skelp mills, a coiling section. 

Large amounts of water are needed to protect various parts of re

heat furnaces from the high temperatures encountered, but since 

this water is non-contact cooling water, it will not be discussed 

further except to add that the water uses for this application 

can be reduced and in many cases energy can be conserved by using 

the furnace. cooling system as a steam boiler. 

Coiler water is used for cooling, oil removal and for lubrication 

and becomes contaminated with oil, suspended solids and heat. It 

should be collected and treated with the wastewater that discharges 

from the mills' stands. 
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Large amounts of water are used to cool the steel strip on the 

runout tables of hot strip mills. The water is used to reduce 

the temperature of the steel strip from rolling temperature to 

coiling temperature in a relatively short period. To accomplish 

this, large amounts of water are applied. Although the tempera

ture of the steel is reduced considerably, the water temperature 

does not increase very much due to the large volume necessary to 

achieve the rapid cooling effect desired. For instance, in 

cooling strip from a1ooc (16000F) to a coiling temperature of 

56Soc (lOSOOF), a change in steel temperature of Josoc (SSQOF), 

the temperature of the entire water system may increase only by 

approximately laoc (180F). 

Cooling of this large amount of water is extremely expensive and, 

since contamination by suspended solids is minimal, elaborate 

treatment of the entire flow is not necessary. Usually the mill 

supplier recommends a blowdown from the runout table system to 

the mill stands section of between 20 and 30% of the water applied 

to the strip. This blowdown amount is to remove the heat and sus

pended solids contained in the water to prevent an unacceptable 

buildup. If, instead of blowing down this large amount of water, 

the runout table system water is treated in a segregated 

system there can be closer control of the water chemistry and, in 

turn, the amount of blowdown required may be reduced significantly. 

This segregation will enable the operator to control the level of 

dissolved material, specifically chlorides, which affect strip 

staining. If a portion (20 to 30%) of the runout table water is 
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filtered and cooled, the temperature will be maintained and 

the suspended solids levels will be acceptable for reuse. 

Chloride levels can be continuously monitored and a blowdown 

discharged to maintain the chloride level at an acceptable value. 

This is easily done in a greenfield installation and, surprisingly, 

in most existing mills it is not difficult to attain,particularly 

if t.he runout table system discharges to a sewer outside the mill 

building and can be intercepted easily. 

Figure IV is a schematic diagram showing how these concepts, have 

been applied at a greenfield hot strip mill. 

General Concepts 

At greenfield sites discussed in previous sections the concepts 

for maximum water conservation can, with little extra effort and 

cost, be designed into the plant water systems. However, at 

existing plants where production modifications cannot be made 

without considerable expense, wastewater treatment systems can be 

installed to optimize desired treatment to enable recirculation 

and also reduce pollution loads discharged. 

Facilities Sizing 

When a treatment facility must be installed to treat the waste-

water from a production facility, the first stage is to establish 

the volume requiring treatment. The first source of information 

would be the most recent drawing~ showing water requirements and 

discharges. However, it may be dangerous to use these figures 

blindly because in many cases operators may have made modifica

tions which were never added to "as-built" drawings. It is there

fore necessary to undertake a field survey using the proper 
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technique~ to determine what the actual flows being discharged 

are, and to establish the quality of the water so that the 

proper treatment unit operations, properly sized, can be in

stalled. Not to perform the field survey may result in treat

ment facilities that are improperly sized. Oversized facilities 

are wastefut but the apparent economy of undersized facilities 

can also result in wasteful practices. 

Sewer Segregation 

Many of the older steel plants have common sewers which collect 

clean cooling waters, contaminated wastewaters and storm runoff. 

In the 1950s, most sanitary sewers had to be segregated from the 

otheL· flows. The remaining combined sewers, in many cases, re

sult in the necessity of installing treatment facilities that are 

hydraulically sized to treat not only the contaminated wastewater, 

but also clean cooling water. This is an extremely wasteful 

practice and serious consideration should be given to sewer segre

gation prior to construction of oversized treatment facilities. 

A properly performed survey can determine which flows may be 

eliminated from treatment requirements. 

Although sewer segregation can be very costly,. in the long run, 

the expenditure of monies to effect segragation can significantly 

reduce future operating costs. 
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Water Reuse 

During the course of the recommended field survey, the qualities 

of water required for production operations would be identified. 

These qualities can be compared with allowable discharge qualities. 

A determination can then be made as to whether it is more economical 

to treat wastewaters for discharge, or for reuse within the 

facilities, or at some other production facility. Ideally, an 

entire plant should be treated as one water system so that treat

ment facilities can be optimized by combinations of compatible 

streams to be treated in one facility. Reusing water without 

treatment by cascading the blowdown from a high quality recirculat

ing system as makeup to a system requiring lower quality wherever 

possible is the ideal. However, the quality will be degraded 

eventually to a point where treatment will be required. Geological 

constraints within individual plants usually preclude that sort of 

operation. It is therefore necessary that each plant be studied 

as an individual entity and each plant will be found to have its 

own optimum operating conditions. 
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THE REGENERATION OF NITRIC AND HYDROFLUORIC 

ACIDS FROM WASTE PICKLING LIQ.UID 

I N1.rRO DUG ·rr 0 N 

BY Hu Delu, Liang Xiuchung 
and Wang Chingwen 

The soales formed on the surface of stainless steel during processing 

are usually removed by pickling with 7 - 15% nitric. acid and 4 -8% 

hydrofluoric acid. This process has the advantages over other pro

cesses of high pickling rate, no overp1ckling and keeping the pickled 

ateel with good appearance. The pickling liqµid will lose pickling 

ability and become waste acid when its metai ion contents have reached. 

a certain concentration: through repeated. pickling. The total acid.i ty 

ot waste acid is still rather high, which contains a large amount of 

iron, nickel and chromium salts. Nitric and hydrofluoric ~cid.s are 

strong corrosives, chromium. is a. strong toxicant, it should. therefore 

be forbidden to discharge waste acid without being treate~. Be.sides 1 

nitric acid being expensive should be recovered and reused from the 

economic point of view. 

Research work on treatment of waste 11qµ1d conta,ining HN03- and HF has 

been carried out and some methods put into operation in the European 

countries~ the u. s., Japan, etc. The chemical method can recover 

some useful matters, but it is complicated and needs a lot of equip

ment. It 1.a a progress to use fluidized bed instead of fixed one in 

the ion. exchange method, but it needs concentra1t1on of hydrochloric 

a,oid and treatment of dilute acid. The lower· energy consumption and 

the availability of equipment and material are ·atrong points of 

solvent extraction method, but further study is needed due to low 
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recovery ratio of hydrofluoric acid. The vacuum evaporation method 

makes it possi_ble to use ma ter1al with high temperature and corroa ion 

resistance, the acid recovery ratio is high as well. Up to now, it 

is the more effective recovery method. 

Based on the data obtained from pilot tests, a set of semi-continuous 

one-step HN03 and HF regenerating device by vacuum evaporation was 

designed for a seamless steel pipe shop in' 1976 and put into opera

tion in 1977. Its main feature is the use. ot corrosion resistant 

heater, evaporator and condenser. Later, an eqµipment for treating 

residual liquid after acids recovery was added and put into oper~

tion in 1979. Now, the waste liquid of the shop is no longer dis

charged and has been fully regenerated and reused. Moreover, nickel 

carbonate and ferrous sulfate can be recovered from the residual 

liquid. What is more, thelfe will be no seconda;ry pollution. Prac

tice has proved that the vacuum evaporation1 method has the advan

tage of simple equipment, easy operation and l:iigh.recovery ratio, 

it is therefore an effective recovery method. 

ONE.STEP VACUUM EVAPORATION 

Nitric and hydrofluoric acids are volatile, while sulfuric acid is 

not. The equilibrium temperature under atmospheric pressure of HN0 3 , 

HF and H2so4 are 97oc, 20°0 and 300°0 respectively. The mixture of 

nitric and hydrofluoric acids can be recovered. based on· their di:t:-

f c~ent partial vapor pressure. The method consists of adding sul

furic a;cid. to waste acid, heating and. evaporation. Du.ring evapora

tion, HN0 3 and HF are evaporated together with water, since H2so4 

has much lower partial vapor pressure than HN0 3 and HF. Nitrate 
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and fluoric radicals displaced from metal salts by sulfate radical 

combine with hydrogen ion in sulfuric acid to form HN03 and HF, 

which are also evaporated, through. condensation'. and recovery we 

obtain the regenerated acids. 

The va·.cuum evaporation·· method is recommended to lower evaporation 

temperatDre, reduce corrosion· and increase r~covery ratio of HN0 3 

and HF. 

The vacuum evaporation method is of two kinds, 1. e. orie-step and 

two-step evaporation. Two-step evaooration comorises e.vaooration . . . 
in two stages. The waste liquid is first evaporated in· the lat 

evaporation· system for dehydration1 • The waste liqµid concentrated, 

with H2S04 added, is then reevaporated in the 2nd evaporation 

sys te:r.i., HN03 and HF are escaped to be condensed and reooTered. 

It is suited to treat diluted waste acid obtained during pickl

ing. One-step evaporation is a process used to recover mixture 

of HN03 and HF where the waste liquid flows continuously into 

the evaporation sJ8tem without concentration and evaporates under 

vacuum. The equipment used in one-step evaporation is half of 

that 1ni two-step evapora,tion. One-step evaporation is suited to 

treat undiluted waste liquid obtained during pickling. The pro-

cesa is shown below. 

286 



waste hq11id 

13 

10 12 

3 

8 

9 

Wa.ter 

6 
L---1---07 

Flow sheet of regeneration of BN03 and HF from 

waste pickling liquid 

1- heater, 2-.evaporator, 3- condenser, 4- receiver, 

5- injection. pump, 6- circulating water pond, ?- water 

pump, 8- reactor, 9- centrit.ugal filter, 10- oxidizer, 

11- filter, 12- precipitator, 13- waste acid metering 

control device, 14- H2S04 metering control device, 

15- air lift, 16- pressure guage. 

Start injection: pump, supply cooling water, suck certain volume 

of waste acid and concentrated H2so4 into evaporator. Start air 

lift, heat with steam, add waste acid upon. boiling, keep the 

liquid level in the evaporator unchanged, while HN0 3 and HF eva

porate continuously and condense in. the condenser, distilled 
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liquid obtained is regenerated ac:td. Metal salts in waste liquid 

are continuously converted into sulfate, which remains in evapo

rator. When ferric ion concentration has reached the controlled. 

value, stop evaporation, turn off heating steam, remove vacuum 

in Degenerating system, transfer into reactor the residual li

quid from evaporator, which is neutralized and reduced by iron 

filings. Nickel sulfide is precipitated by adding sodium poly

sulfide according to the nickel content and separated by centri

fugal, the f1ltnate is used to produce ferrous sulfate. Clean 

nickel sulfide JZ'ec1p1tate is oxidized and dissolved, from which 

iron is removed by adding sodium carbonate to form basic nickel 

carbonate. 

OPERATING CONDITIO,NS OF VACUUM EV'APO'RATION PROCESS 

Evaporation. Condi t..!E..!1..!. 

The pressure of the heating.steam is detrermined by the permeabi

lity and comp~ession strength o.t impermeable graphite heater, 

it generally does not exceed 2 kg/cm2 and is controlled at l kg/cm2 

during long-term operation. 

Vacuum is a tunctioru of boiling point. The lower the vacuum, the 

higher the boiling point, and vice versa. Operating_~emperature 

is recoinmenaed not to exceed 65°c, since tibre-reintoroed PVC 

plastics is used in evaporator and pipes. The vacuum should be 

660 - 680 MM Hg. 

To ensure complete evaporation ot HN03 and HF, certain amount of 
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E2S04 should be added, 1. e. sulfuric acid needed to keep the 

concentration of circulating H2so4 at 12.5 N plus sulfuric acid 

needed to transform nitrate and fluorate into sulfate. 

Acid recovery ratio will decrease if concentration; of circulating 

H2S04 is too low. 11' it is too high, iron salts will crystallize 

ahead of time and amount of waste acid to be treated is reduced. 

It is determined by pilo.t tests that in the process sulfuric acid 

ahouJ..4 be discharged as residual liquid. when· ferric ion concen

tration, in. the circulating H2S04 bas reached 75 g/l, otherwise 

crystallizatioru will take place and the heater will be blocked 

up. Impermeable graphite impregnated. with fluorine containing 

polymer has been· deyeloped to make heat exchanger, the key equip

ment for recovering BN03 and BF. A series of tests show that 

impermeable graphite is chemically stable and has excellent beat 

conductivity, 1mpermea·b111ty, strong oxidation resistance and 

non-fouling property. It bas been successfully used in several 

plants since 1974. The development ot this kind of material has 

opened up a. new path tor the development of corrosion: resistant 

heat conducting material. 

~~t!nent of ~es,id~al L1Qiu.1.C. 

Sulfuric acid in discharged ~es1dual liquid is neutralized in 

the reactor by iron.filings, while ferric ion! is reduced to 

ferrous ion. Iron filings react intensely with 2o% H2so4 , 

therefore, in order to shorten. the reaction time, the residual 

liquid after discharging into the reactor should be dilutea with 
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water, then neutralized by adding iron filings. In this way, 

pH of the solution can quickly increase to 2 - 3. 

Nickel salt reacts with sodium polysulfide at pH 2 - 3 to form 

nickel sulfide precipitate. Through filtration, the precipitate 

is separated from ferrous sulfate solution. The precipitate can 

be oxidized and dissol~ed by dilute HN0 3 • 

The ferrous ion inclusions in nickel sulfide is oxidi~ed into 

ferric ion, which forms Na2Fe5(S04)4(0H)12 precipitate with 

sodium carbonate added, precipitate is removed by filtration, 

pure nickel nitrate solution is obtained~ when its pH is about 

:s. At the end. of reaction pH is controlled up to 4. Clean 

nickel nitrate solution reacts with sodium carbonate. solution 

under heating to form basic nickel carbonate precipitate, which 

can be used as raw material for .. nickel elec:trolysis after f 11-

tration, waaldng and drying. 

OPERATION PRACTICE 

Measurement bas been made for waste acid recovery project .of a 

steel plant after 3 years operation, recovery data are shown 

below. 

' 

Items 
content 

Volume 
H+{N) F""(li) N03CN) Fe'tft( g/l) Nfi° (g/l) C~(g/l) (1) --

waste acid 1140 2.58 2 .67 l .'70 21.50 3.58 4.27 

residual liquid 350 13 .4'7 o.sa 0.23 80.05 12 .30 13.'7 

regenerated 
858 aciC. ~ _9,g 2 _19 

sulfuric acid. 150 32 .4 

recovery ratio 92 .9 93.9 
(%) ., 
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The recovery ratio of nickel is 85%. From the calculation based on 

the composition of waste acid, 8 kg of basic nickel carbonate can 

be recovered per M3 of waste acid. 

The recovery ot waste acid not only controls environmental pol

lution, but also leads to significant economic results. Regenerat

ing 1 M:S of HN03 and HF mi:ct!ure results 1n ~ saving of 478.1 yuan. 

Details are shown below. 

recovery cons~ption 

Items I 

98% HNO~ 42% HF electricity water steam H2S04 wages 

Quantity 117 kg 134 kg 50 KNH 300M3 2 T 270 leg :s .3 people 

Value 58.5 509.2 4 .2 10.8 14.Q 54.0 6 .d -
(yuan) • • . 

Total 
(yuan) 

567.7 89 .6 

The capacity of the regenerating device put into operation in the 

steel plant is 1 M3 of regenerated acid per shift. The capital 

cost of the device is 130,000 yuan, whioh can be paid off in one 

year. 

COMCLU$ION 
. . 

L. ·ro recover HNO 3 and HF by one-step vacuum evaporation has the 

advantages ot simple equipment, easy operation, high recovery 

ratio and significant economic result. 

2. The process has solved. environmental protection with no 

secondary pollution. 

3. The residual liquid can be treated to recover nickel 

carbonate and ferrous sulfate. 

-291 

·--



REFEHENCES 

1. Mixed Acid Pickling Waste "METAL FINISHING" l4ay, 1963, 

2 • ~·7 !/ 1J '/ ?'" ~-~*tr.dt~ir\? C7J*3tfit?}-C7_) lij i[t~tll~ 

( JHJkc!: J.tJk} 1964 , NQ 9 • 

3 • il~~j:_*cl)~~jj_~?~l: PPM3( 9)19'72• 

4• ~~~~E«~~~k~~I~00~)~~47~ *~~~I~~ 

292 



STEEL INDUSTRY PICKLING WASTE 
AND ITS IHPACT ON ENVIRONMElIT 

By Dr. s. Bhattacharyya 

IIT Research Institute 
Chicago, Illinois 60616 

ABSTRACT 

This study w4S directed to develop information 
on ferrous sulfate heptahydrate (copperaa) produced 
by the steel industry. Several major aspects of 
copperaa generation and dispoaal were studied, and 
these are: 

1. PicklinR waste generation in integrated ateel 
industry and by secondary procesaors, present practice, 
and future directiona. 

2. Waste pickle liquor disposal technology and 
future d41Velopaient. 

3. West European pickling technology, cantralized 
zoual waste pickling liquor treatl'lent concept and co
treatment of different industrial waste strsana. 

4. Ferrous sulfate heptahydrate production and 
end-use. 

The study shows that out of 60 million tonnes 
pickled, about one-third 1s pickled with sulfuric acid, 
but except for very small lllllOunts going to the pigment 
industry, most of the waste h disposed of without any 
recovery of either free acid or dissolved iron units. 
Host of the 75,000 tonnes/year of iron sulfate crys
tals produced are from secondary industries while com
mercial plants produce a similar quantity for pigment 
production starting from scrap and sulfuric acid. 
While pigment i>roduction is more than one-half of the 
present market for copperas, potentially the largest 
future market for copperas is likely to be sewage 
treatment plants. 

The study also shows that the rapid changeover 
from H2S04 to HCl pickling has ended and the relative 
price itructure between the two acids may favor H2S04 
in the future. However, all green-field plants are 
likely to use HCl pickling because the end product, 
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if recycling is practiced, is Fe203 which can be util
ized in the plant itself •. 

Satisfactory copperas production technology exists, 
and market expansion into water-sewage treatments may 
require a rapid expansion of copperas production units 
--particularly, if regional centralized facilities 
are encouraged and established on a cooperative basis, 
each meaber paying for its service proportional to 
the volume of acid waste treated and getting commen
surate credit for acid recovered. 

Several recommendations have been made for addi
tional research and regulatory modifications to aid 
and enhance nreater use of copperas. 

INTRO!>UCTIOJI 

An estimated 60 million tonnea of steel products are 
pickled every year in the U.S.A. resulting in a pickle 
liquor vol1D11e of about one billion gallons per year, 
Of this volume, over"85% are generated by 18 large 
steel corporations and the remaining 15% at the sev
eral hundred smaller plants and batch processing units 
located all over the country. Recycling of waste 
pickle liquor and its disposal without harming the 
enviromnent are causes of major concern to both the 
industry and EPA. lbis study was performed to develop 
information to minimize the impact of steel industry 
ferrous sulfate heptahydrate waste on environment, 
Additional information on hydrochloric acid pickling 
technology and its bearing on sulfuric acid pickling 
has been considered where necessary. The pickling 
practice and waste pickle liquor disposal in foreign 
steel plants has also been revil!Wed. Selected refer
ences are cited and rec01111Dendations made for additional 
research and development. 

THE M.-.CNITUD! OF PICKLING WASTE 

Pickling in the U,S, Steel Industry 
The bulk of pickling waste is generated by inte

nrated steel plants located at 61 sites.l In addition, 
35 specialty steel companies (48 locations), and 37 



scrap/sponge iron-baaad steel plants (55 locations), 
are widely distributed in the u,s,2 A far larger number 
(689) of 9111all manufacturers and fabricators of steel 
mill products are distributed over the country.3 These 
smaller companies operate primarily via batch process
es. The total tonnage treated by them may be as 
large as 10 to 15% of total national steel shipment. 

Growth in raw steel production and steel shipment 
has shown significant fluctuations during the last 20 
years, Annual steel production and shipment data for 
1956 to 1978 are given in Table l,4,5 Various projec
tions have been made regarding steel consumption and 
raw steel production by 1985 and beyond, based on long
term trends,6,7 Based on 2% growth rate, the projec
tion indicates a raw steel production of about 153 x 
106 tonnes by 1985, To produce 153 x 106 tonnes by 
1985, the installed capacity must increase by About 
25 x 106 tonnes, This additional capacity can be ob
tained by expansion of present facilities and/or by 
constructing new green-field plants, In green-field 
plants, the chances are that the most technolonically 
advanced pickling systems will be installed, very 
likely based on llCl with regeneration, This will not 
affect the present ferrous sulfate pickle liquor dis
posal problem, If, however, a large fraction of the 
25 x 106 tonnes additional capacity is added by expan
sion of existing units (primarily be.cause of capital 
shortage), then some or all of the sulfuric acid pick
ling units already in use are likely to be retained 
and extended, thereby significantly aggravating cur
rent waste sulfuric acid pickle liquor disposal 
problema. 

Table l shows that the ratio of steel pickled to 
steel shipment ranged from 0.54 to 0.66 uith a long
term average of 0.63. Unless the product mix changes 
significantly during the next few years (due to mate
rial substitution in automobile, container, arul other 
industries), a ratio of 0.63 may be expected to be 
maintained until 1985. Thus with 112 x 106 tonnes of 
steel shipment by 1985, about 71 x 106 tonnes of steel 
will require pickling. 

The steel pickling process generates wastes from 
three distinct sources: (a) waste pickle liquor from 
acid baths, (b) acidulated rinse water from washing 
acid drag-out from the pickling baths, and (c) acidi
fied water ~enerated in cleaning acid vapors and mists 
from the pickling baths. The waste pickle liquor is 
relatively small in volume when compared with the other 
two waste streams, In H2S04 pickling (with 1% iron 
loss), a typical pickle liquor contains 8% free acid 
and 8% dissolved iron and is generated at a rate of 
105 l/tonne of steel; with HCl, the corresponding fis
ures are 1/2 to 1% free acid, 10% dissolved iron, and 
50 !/tonne. 

Rinse waters pose a different kind of problem 
because of the large quantities needed, Some large 
continuous strip mills may use as much as 3.8 m3/min, 
but most mills use about 1.5 m3/min. Batch-type pick
ling plants use less water than the continuous plants, 
i.e., 0.1 to 1.1 ml/min. Fume scrubbing water is 
usually CDl!lbined with rinse water for treatment, 

Present Disposal Techniques for 
Waste Pickle Liquor (WPL) 

At present, the 3.8 x 106 m3 of waste pickle liquor 
is handled in many different ways, but the least com
mon method is recyclinr, snd recovery of acid and the 
lost iron values, A loss of 1% iron value may amount 
to 700,000 tonnes by 1985--almost one-third billion 
dollars! Similarly, the loss of free acid thrown away 
amounts to n1any million dollars. 
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!lute pickl8 liquor (WPL) is disposed by: 
l Contract hauling. 
2 Deep wall injection. 
3 Neutralization/oxidation and lagooning. 
4 Dumping in ocean/lake/river/alkaline beds. 
5 Co-treatment with municipal waste. 

Contract Hauling. Contract hauling avoids the immed
iate problelil but appears to be a relatively expensive 
means of disposal, i.e., $36/m3.8 Several large steel 
plants and 1'1Bny batch processors use contract hauling. 
Industrial waste disposal by contract hauling is an 
established industry and may become a more significant 
industry in the near future,9 However, additional 
studies are needed in co-treatment of different wastes 
to recover valuable metallics and reduce expenses. or. 
the 11aate may be heated and converted to a form accept
able for sewage conditioning in a municipal waste sys
tem. The complexity of treatment needed dictates the 
total cost of hauling, For ex.ample, a simple treat
ment msy be as low as $26/m3, a more complex proceas
ing· $48/ml, and difficult wastes, such as mixed chlor
inated hydrocarbons, as high as $79/m3,9 (All these 
costs are based on ref. 9, escalated to reflect the 
1970-1978 pries trend,) 

Deep llell Injection, There are several hundred injec
tion wells in the u.s.,10,11 some accept pickle liquor 
at the rate of as much as 5 m3/m1n and are as deep as 
3660 meters. Only a few of them are used for disposal 
of waste pickling liquor. Before disposal, the pickle 
liquor requires careful filtration because otherwise 
the well pores clog, blocking infiltration. Several 
large steel plants use deep wells for disposal of 
waste pickle liquor. Operating coats vary up to 
$2.60/m3.12 This is much less expensive than contract 
hauling, However, this disposal method is being 
phased out. 

Neutralization/Oxidation and Lagooning. Neutralization 
of the highly acidic WPL with lime, soda ash, or caus
tic soda was practiced for a long time. The treatment 
increased the pH to neutral, and iron precipitates as 
a gelatinuous iron hydroxide sludge which may not 
settle in 20 years! Usually, large lagoons were 
created, e,g,, WPL from one million tonnes of steel 
on neutralization results in about 200,000 tonnes of 
sludge requiring a lagoon one meter deep spread over 
an area 200 m by 1 km. The cost for simple neutral
ization may range up to $13/mJ.12 In addition to the 
simvle cost of neutralization and lagooning. the cost 
of total energy requirement in the form of lime pro
duc tion must be considered, It requires shout 2.78 
million kcal to produce 1 tonne of quickl:lllle (CaO), 
and the cost of lime, whicB went from $20/tonne in 
1972 to $35/tonne in 1976, may increase significantly 
by 1905. 

Thia simple lime neutralization/lagooning process 
can, however, be modified to incorporate vacuum fil
tration and disposal of a wet cake, 62% water, as 
practiced by H. H, Robertson Co,, Ambridge, Pennsyl
vania.13 This waste disposal technique minimizes 
space requirements (at the expense of additional cap
ital and o~erating costs), but neither energy saving 
nor recovery of any metallic or other product values 
is obtained. 

A DuPont processl2 uses controlled neutralization 
and oxidation with air to yield a mixture of magnetite 
(Fe304) and CaS04, which can be easily- dewatered. 
The CaS04 may find a market as wallboard raw material, 
Bethlehem steel plant at Burns Harbor, Indiana, orig
inally used the DuPont neutralization processes to 
treat H1S04 WPL. 



Table l 

STATISTICAL DATA, UNITED STATES INDUSTrl4,5 

Steel 
llaw Steel, Shipment, 

~ 106 tonnea8 106 tonnes8 

1956 104.5 75.6 
1957 102.3 72.5 
1958 77.4 54.4 
1959 84.8 6.3.0 
1960 90.l 64.6 

1961 88.9 60.0 
1962 89.2 64.1 
1963 99.2 68.6 
1964 115.3 77.0 
1965 119.2 84.2 

1966 121.7 81,7 
1967 115.4 76.1 
1968 119.3 83.4 
1969 128.2 85.2 
1970 119.3 82.4 

197l 109,2 78.9 
1972 120.9 83.3 
1973 136.8 101.1 
1974 132.2 99.4 
1975 105,8 72.6 

1976 116.2 81.l 
1977 113. 7 82.7 
1978 124.0 87.1 
1985 153 112 
Prolected 

8 1 tonne • 1000 kg • 1.102 ton 
1 ton • 2000 lb 

Steel Steel 
Steel Pickled, Pickled/ 

Shipment/ (E.Cimates) Steel 
106 a Raw Steel tonnes Shi2ment 

0.72 45 0.59 
o • .n 39 0.54 
0.10 35 0.65 
0,74 41 0.64 
o. 72 43 0.66 

0,67 39 0,65 
o. 72 42 0.66 
0,69 45 0.65 
0.67 49 0.63 
o. 70 53 0.62 

O,ti 7 50 0.61 
0.66 47 0,62 
o. 70 53 0.64 
0.66 54 0.63 
0.69 51 0.62 

o. 72 51 0,64 
0,69 55 0,66 
0.74 67 0.66 
o. 75 62 0.63 
0,69 43 0.60 

o. 70 (5l)b (0 .63) 
0.73 (52) (0.63) 
0.10 (55) (0,63) 
0.73 (71) (0.63) 

bFigure1 in parentheses are estimate• based on 63% of all 1hip
ment being pickled. 

Interlake Steel uses an lnterlake-DuPont modifi
cation process at its plant in Chicago, Illinois, 
which produces magnetite and calciWn chloride from 
HCl WPL, The Cac12 solution ta treated with H2S04 to 
regenerate HC112 and to precipitate CaS04 which may 
be utilized. In both the DuPont and modified neutral
ization ptocesses, iron values are recovered. The 
Fe304, can be palletized and u1ed as a bla1t furnace 
feed, or it can be converted and used in ferrtfef~ 
magnetic tape, pigment, and other .induatriea. • 

Dum2in1 in Ocean/Lake/River/Alkaline Bed1. 'If WPL 
is diluted sufficiently, then it can be tolerated' 
ia the principle governing dumping in large bodies of 
water auch aa ocean and river. Bethlehem's Lacka
wanna and Sparrow's Point plants had per111its to dis
charge WPL in Lake Erie, New York, and Patapsco River, 
Maryland, respectively, Many state• and local author
ities had given permits to steel plants in the peat.,. 
With more atringent regulations, the steal induatry 
is actively examining alternatives to dumping in pub
lic rivers and lakes. 

All steel plants have large slag dumps, and the 
WPL can be d1111ped on them, The alkaline slag neutral
izes a part of the free acid, but the d11aolved iron 
is not converted to a stable fol'lll, Runout from these 
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dumps would contain appreciable concentration of iron 
salts and have to be treated by the storm water drain
age system, which usually discharges either to a river/ 
lake/ocean or to the local municipal system, ' If hot 
slag is quenched, acid pollutant• are tr11111ferred to 
the air and there is more widespread cauae for con
cern. 

Treatment of Munici2al Waste Water. Tertiary water 
treatment of 1111111icipal waste water for removal of 
phosphates is opening up new markets for iron and 
aluminum aalta. From 10 plants in 1968, the number 
of critiary treatment plants incresaed to 445 in 
1972 and may have increased significantly since 
then, The c0111110n chemicals that can be used to react 
with phosphates and to remove them as salts are ferric 
and ferrous chloride, ferric and ferroue sulfate, 
allllllinum sulfate (alum), sodium aluminate, Uma, and 
WPL (FeCl2 and PeS04). Currently lime, ferric chlor
ide, and alum are the main chemicals used. Lime has 
run into worker opposition at sewage plants. It is 
also a highly energy-intensive product. Between Al 
and Fe salt1, iron appeara to be preferred, 

A report by ICSF Ch!mical Procesaea, Ltd., Cam
bridge, OntariG, Canada shows that about 1 tonne of 
heptahydrate im required to treat 3800 m3 of sewage. 



Sewage treatment plants around the Great Lakes ares 
alone treat approximately 76 million m3/day aad may 
require as much as 20,000 tonnes of heptahydrate per 
day. The steel plants in this ares, if all plants 
use sulfuric acids, can only produce about 2000-4000 
tonnes of heptahydrate per day and will be inadequate 
to fill the demand. 

ACID REGENERATION AND/OR IRON RECOVERY-
STATE OF ART, U.S.A. AND FOREIGN 

Hydrochloric versus Sulfuric Acid Pickling 
In an EPA Technology Transfer Capsule Report, 8 

the economics of the different competitive processes 
have been carefully analyzed for sulfuric acid pickle 
wastes. On the basis of certain assumptions, it was 
estimated that for plante with pickling capacity of 
45,000 tonnes/yr or more, u2so4 recovery is economical 
even when no credit is given for the heptahydrate 
crystals. 

Information is, however, quite fragmentary in the 
open literature regarding the steel industry pickling 
capacities in terms of HzS04 vs. HCl unite with regen
eration, and the type of regeneration practiced, Pri
vate estimates5 indicate that the number of BCl lines 
(about 60) exceeds that of H2S04 lines (about 30). 
On the other hand, HCl acid consumption is lase than 
H2so4 acid use. This is so because about 19 kg H2S04 
(100%) is required to pickle one tonne of steel result
ing in about 105 liters of WPL. The corresponding 
quantities for HCl are about 6.5 kg of 100% acid/tonne 
of steel resulting·in about SO liters of WPL, It has 
been estimated5 that out of about 60 million tonnes of 
steel pickled in 1974, about two-thirds were pickled by 
HCl and one-third by H2S04. HCl and H2S04 acid costs 
increased during 1966 to 1976 from $48 to $67/tonne 
and $10 to $32/tonne, respectively,17 The rapid con
version from u2so4 to HCl pickling which occurred dur
ing the 1960's has stopped, and a relatively cheaper 
u2so4 may make it more attractive for pickling. SOz 
emission control regulations may generate a large sur
plus of S in the 1980's,18 

Hydrochloric Acid Regeneration Processes, 
U.S.A. and Canada 

HCl regeneration is known to be practiced in only 
eight plants in the U .S.A, and Cana~a ,11 Spray roast
ing, known as the 'Woodall-Duckham-Ruthner proceH, and 
fluidized bed roasting, known as ICeramchemie-Lurgi, are 
well established in the U.S.A. and foreign countries, 
and are described fully in the literature. The result
ing products are regenerated HCl and granular iron 
oxide, which is usually used as a sinter feed for 
blut furnace, 

The sliding/vibrating roaster process, the ETI 
Process 11 (Environmental Technology, Inc.), uses a 
unique roaster reactor design combining a spray roaster 
principle with a vibrating -ving grate for iron oxide 
removal. The oxide particle size is larger than that 
produced by both spray and fluidized routing procesaee, 
and the dust removal problem is minimized. 

The low-temperature Pou19 chemical process is 
completely different from the high-temperature proceH
es. It consistl of four major operational stations: 
evaporator, oxidizer, hydrolyzer, and a falling film 
condenser-absorber system. At the evaporator, the 
FeCl2 concentration ii raised from a typical 20% to 36%. 
In the oxidizer, FeClz ii oxidized to FeCl3 and Fe2o3 
followed by FeCl3 hydrolylis to BCl and more Fe2o3 • 
The Fe203 is dense and can be recycled to steel produc
tion. The HCl produced is 30% concentrated with 99% 
yield and is recycled to the process. 
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Sulfuric Acid Regeneration Processes, 
U.S.A. and Canada 

All the regeneration systeias recover the free acid 
by removing the iron salts from the WPL. There are 32 
plants in operation in the U.S.A. and Can.acUl, as shown 
in Tables 2 and 3. The two baaic procesaee are (1) 
heating type, producing FeS04 monohydrate (5 plants), 
and (2) cooling type, producing PeS04 heptahydrate 
(27 plants). 

tn the continuous Sulfex process, 11 a submerged 
zirconium heat exchanger heats WPL to 125 C with 690 
KPa steam; the acid concentration reaches 45% to 50%, 
and FeS04 • BzOprecipitates out. After crystal separa
tion, the recovered acid containing about 1s% Fe is 
returned for pickling. 

The continuous Pureco proce1Sll uses submerged 
combustion heaters to heat WPL to 95 c and concentrate 
the acid to 35%. The iron precipitates out as 
FeS04 • H2o, and the recovered acid containing 1s% Fe is 
recycled. 

In the cooling type continuous Keramchemie pro
cet1s, ll, 20 the W1'L is precooled and then flows to a 
crystallizer where the temperature is decreased to 
5 C using hiah-preHure steam ejectors. The acid/ 
crystal slurry is concentrated and centrifug..t. Tba 
recover..t acid containing 2-3% Fe ii recycl..t. The 
large flow of ejector condensing water is dightly 
contaminated with entrained WPL. 

In the batcH type Crown Chemical proceaa, 3 the 
WPL is chilled through a Freon refrigeration system 
to about 0 C in about 8 hr. The heptahydrate ii con
centrated in settling tanks and filters. 

The 24 ICSF Proce88 unitsll are modular batch type. 
The 'WPL is cooled with chilled recirculating water 
circuit. The solution is cooled to 7 to 10 C, the 
heptahydrate cry.cal& are discharged by gravity, 
washed, partially dried, and discharged, Th• recov
ered acid is reheated and recycled at a concentration 
of 25% containing 2 to 3% Fa. The procHa is "zero 
discharge" incorporating full recycling of all acid 
mists, spent acid, and pickling rinse waters. 

The planning for additional pickling units in 
steel plants is not readily available in the open 
literature. Private information indicates that Beth
lehem (Sparros Point, Marylaad), Jones and Laughlin 
(Aliquippa, Pennsylvania) and U.S. Stael (Fairfield, 
Alabama) may use R2so4 pickling more significantly 
during the next five years. Other steel plants, such 
as Armco (Ashland, Kentucky), National (Weirton, West 
Virginia). Jones and Laughlin (Cleveland, Ohio), and 
Republic (Gadsden, Alabama) may significantly enlarge 
HCl pickling practice with regeneration. It is ex
pected that during 1980-85 the addition of 25 x 106 
tonnes steel capacity will require aatablishmant of at 
leaat one (U .s. Steal-Conneaut), and perhaps two green
field plants in addition to the above and several more 
unannounced rounding-off facilitiH requirina pickling 
plant additions. 

European Steel Plants 
Western luropa raw steel production was 154 mil

lion tonnes in 1977. On an equivalent tonnage basil, 
WPL production in European steel plant• i1 slightly 
leas because of the dUference in product aix. tn the 
U.S,A,. the proportion of flat products in the product 
mix ia relatively more than .i.n Europe, and WPL gen
eration is maximum in flat product pickling. In ad
dition to the integrated steel plant1, European sec
ondary and tertiary fabricator. and procesaora use 
similar batch pickling proceaHB and have similar prob-
1-, if .not -r• so because of leas dilposal elas
ticity in land surface and water bodiaa. On the othsr 



Table 2 

TYPES OF SULFURIC ACID REGENERATION PLANTSll 
~ID THEll LOCATIONS IN THE U,S,A, AND CANADA 

Type 

By Heating {monohydrate) 

Sulfex Proceaa 
(Sulfex Corporation, 
Maple Heights, Ohio) 

Pureco Process 
(Pureco Systems, Inc. 
Ht. Prospect, Ill,) 

By Cooling (heptahydrate) 

A, Vacuum Type 

Keramchemie Process 

8, Refrigeration Type 

Crown Process 
(Crown Chemical Co., 
Inc., Indianapolis, 
Ind,) 

KSF Process 
(KSF Chemical Proces
ses, Ltd., Cambridge, 
Ontario, Canada) 

Plants 

Metal Processing Co. 
Maple Heights, Ohio 

Joselyn Manufacturing & 
Supply Co, · 

Chicago, Ill. 

Empire Galvanizing 
Div. of Joslyn Steel 
Chicago, 111. 

H. H. Howard Company 
Chicago, Ill. 

Budd Company 
Frankfort, Ohio 

Fitzsimons Steel Company 
Youngstown, Ohio 

Sivaco-tngersoll, Ltd. 
Ingersoll, Ontario, 
Canada 

Sidbec-Doaco, Ltd, 
Rexdale, Ontario, 
Canada 

Laclede Steel Company 
Alton, Ill. 

24 Plant• (See Table 3 
for locations) 

Table 3 

LIST OF KSF PICKLING AND ACID RECOVERY SYSTEMS
11 

Uimco Steel !lalee, Ltd, 
1430 Hartingrove Road 
Rexdale, Ontario 

P, L. Robertson Manu
facturing Co., Ltd, 
Bronte Street 
llilton, Ontario 

Atlantic Wire Company 
One Church Street 
Branford, Connecticut 

lfotor llheel Industries 
(Chatham) Ltd. 
65Q Riverview Drive 
Chatham, Ontario 

ltacwhyte Company 
2906 14th Avenue 
Kenosha, Wisconsin 

Electric Wheel Company 
1120 North 28th Street 
Quincy, Illinoia 

Firestone Street Prod
ucts of Canada Ltd, 
31 Firestone Blvd, 
London, Ontario 

llational Fence Company 
Bladensburg, Maryland 

Russell, Burdsall & 
!lard Coiapany 
Rock Falls, Ill, 

Nelsen Steel & Wire Co, 
9400 West Beliaont 
Franklin Park, Ill. 

Thompaon Steel Co., Inc, 
9470 King· Street 
Franklin Park, Ill, 

Republic Wire Corp, 
500 Blair Road 
Carteret, New Jersey 

Everlock Division 
(Microdot Inc,) 
Detroit, Michigan 

Metal Products Division 
Goodyear Tire & Rubber Co. 
1144 East Market Street 
Akron, Ohio 

Motor Wheel Corporation 
1600 North Larch Street 
Lansing, Michigan 

Motor Wheel Corporation 
Ogletown Road 
Newark, Delaware 

Igoe Brothers, Inc. 
234 Pointer Street 
Newark, New Jersey 

Walker Wire & Steel Co. 
660 East 10 Mile Road 
Ferndale, Michigan 

New York Wire Hills Corp, 
3937 River Road 
Tonawanda, New York 

Bethlehem Steel Corp, 
Lackawanna, Nev York 

Alllerican Chain & cable 
Co., Inc. 

American Chain Div. 
(Office) 

Eaat Princeas Street 
York, Ptmnaylvania 

Atlantic Steel Coiapany 
16th & Holly Streets 
Atlanta, Georgia 

Krueger & COlllpany, Inc. 
900 Industrial Drive 
l!!liahur• t, Ill. 

Sivaco Vire & Nail Co. 
800 Quellette Street 
Mariaville, Quebec 

Boric Kidric Steelworks 
Niltalc 
Yugoslavia 
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hand, the close proximity of many secondary plants 
allows development of central treatment facilities 
with economy-in-size benefits which their counter
parts in the U.S.A. may not enjoy. At Altena in West 
Germany, an HCl acid recovery plant is owned and 
operated jointly by 30 naller companies drawing wire 
and/or galvanizing. Tankers collect spent liquors 
and return recovered acid to the works. The oxides 
recovered are sent to the eteelmakere. The companies 
so served by this central recovery plant are situated 
within an 80 km (SO mile) radius.21 

A summary of the pickling processes practiced in 
the different European plants is given in Table 4. 
Two steel plants have only sulfuric acid pickling, 
four have only hydrochloric acid, and two have both. 
One plant is changing over from H2S04 to HCl, and 
another is planning to change. . 

Thrae sulfuric acid pickling lines recover hep
uhydrate and use it for water treatment, in the sin
tering plant for conversion to oxide, as animal feed 
additive, and also for discharge on a slag dump. 

Of the six plants using HCl pickling, five re
generate the acid and produce Fe203 as a by-product. 
Heating for regeneration is done using either oil, 
natural gas, or coke oven gas. Four of the five re
generation units use the spray roasting technique and 
obtain a very fine reddish-brown Fe203. One unit 
uses a fluidized bed roaster and generates a much 
coarser gray iron oxide product, 

Most of the Fez03 is used either in the ferrite 
industry or at the sinter-palletizing plant. There 
seems to be no s ignif !cant problem in Fe203 disposal. 

The steel plants consider HCl pickling to be a 
better process than H2S04 pickling. It 1s faster, 
gives a better looking pickled surface, and the acid 
can be regenerated (99%) with a by-product which is 
eminently salable and usable. The procesa requires 
energy, and if oil and natural gas have to be used 
instead of the coke oven gas within the steel plants, 
then it will also be more expensive in the near future. 
The process also has some maintenance problems. 

If the H2S04 pickling line has a eubetantial 
scale breaker, then H7S04 pickling may become equally 
as fast as HCl pickling, as opined by one steel 
pickler. While HCl directly dissolves FeO (scale), 
H2S04 operates better if it can readily get below 
the scale and attack the metal surface and there lies 
the significance of scale breaking before pickling. 

HCl pickling gives a brighter sheet. However, 
if the pickled products are to be eventually cold 
rolled (as moat are) the initial relative brightness 
of HCl pickled sheet has no special advantage over 
H2so4 pickled sheets before cold rolling because of 
their brightness alone. 

On the other hand, it was noted that FeS04•7H20 
has a limited market. It contains 2 to 3% moisture 
and has some storage and dumping problems. At Stora 
Kopparberg plant, the heptahydrate crystals were stored 
in the open, inside covered steel bins. Crystalliza
tion of heptahydrate requires cooling, and additional 
energy ia required for refrigeration. 

Stora I<opparberg, Domnarvet Steel Works, Borlinge, 
Sweden. In addition to treating ""l'L to obtain hepta
hydrate crystals, the wash water, vapor scrubbing 
water, and excess steam condensate are treated in a 
neutralizing plant at a rate of about 20 m3/hr. After 
treatment iron is reduced to <2 ppm, TSS is reduced 
from 14 to <0.1 ppm, pH adjusted to 7,5 :I: 1 with no 
unneutralized free acid in the waste. The sludge cake 
contains about 35% solid. The neutralized water is fed 

298 

to 4 sedimentation tanka at the rate of 0,22 m3/m2 • hr 
with a residence time of 9 hr. Flocculent is added 
at the last tank. 

The total productionof 7000 tonnes/year of hep
tahydrate is completely utilized. A Swedish firm 
imports 15,000 tonnes/year of heptahydrate for water 
treatment. 

Arbed Steel Works Differedan e Luxembour • Thia 
100,000 tonnes year continuous spiral sheet pickling 
plant was designed by Sundwig, of Germany, with the 
regeneration units designed by Falker, a SwiBS company, 
About 1000 tonnes/year of heptahydrate crystals are pro
duced by the refrigeration/crystallization/centrifuge 
teclmique. Thecrystals have onlyl.1%water and 0.6% 
free acid and are primarily used for water treatment 
and algae growth prevention. Because of low require
ments, it is also dumped in the alas yard. 

The wash water is treated with ailk of lime to pH 
8 to 9, settled, decanted, and discharged to a river, 
and the sludge is deposited on the slag dump. 

· A new HCl pickling unit with regeneration was due 
to begin operation March 1979. The pickl1ng unit was 
designed by Benguin (France) having a 25,000 tonnes/ 
month capacity; the regeneration unit, using natural 
gas, follows the KerB11Chemie-Lurgi system. 

Voest-Alpine Alttiengesellachaft, Linz, Austria. Ho. 1 
cold rolling mill uses Hiso4 pickling, and Ho. 2 cold 
rolling mil11,1ses HCl pick ing. The H2so4 unit process
es 600,000 tonnes/year and generates hiptahydrate llllOUDt
ing to 12,000 tonnes/year using the Lurgi proceH. 
A small cut sheet plant in the No. 1 mill also producas 
1200 tonnes/year of heptahydrate cryetals. Most (90%) 
of the heptahydrate cryetala go to the sinter plant and 
the rest for water treatment and as animal feed additive. 

The No • 2 CR mill unit using HCl regeneratu 
acid with the Ruthner design. The mill processes 
800,000 tonnes/year and generates 3,600 tonnes/year 
of Fe203 for the ferrite industry. Wash water from 
No. 2 CR mill is neutralized. Sludge is transported 
by dump car for disposal, and the decanted water is 
run off to th• Danube River. Wash water from No, 1 
CR mill (HzS04) is discharged to the Danubu directly. 

ENSIDESA, Aviles, Spain. Of the two pickling lines, 
the H2!-04 line was installali in 1964, and the HCl in 
1972. They are considering changing tha H2S04 unit 
to HCl. There ia no acid recovery or neutralization 
plant, Between the two mills, the plant pickles 1.5 
million tonnes/year. The ""l'L is mixed with waah water 
and fume scrubber waste and diluted to leas than 1% 
acid concentration, conveyed by canal, and discharged 
to the ocean. 

The plant has ita own reeervoir fed from the river 
and uees three water qualitiu in the plant. For all 
plant uae, the industrial quality water ia taken from 
the reaervoir, There are filtaring station• attached 
to each plant unit which treat the water and recycle 
aoae of it. Then the third 1ystem is the drinkin& 
water, 

Hoogovens Ijmuiden BV, Ijmuiden, Holland. This large 
steel plant has a capacity of 6 million tonnes/year. 
It now produces 5 million tonnes/year and is planning 
to expand to 11 million tonnes/year. Only HCl pickling 
is used--two lines without regeneration and one liae 
with a Lurgi regeneration plant. They had an HzS04 
line but changed over to HCl without regeneration. 
The waste acid and waah water is discharged to the aea 
for a fee p~id to the government. 



Table 4 

WESTERN EUROPEAN STEEL PLANTS AND THEIR PICU.ING PROCESSES 

Steel Plant 

A. Sulfuric Acid Process 

l. Stora Kopparberg 
Domnarvet Steelworks, 
Borlange, Sweden 

2. Voest-Alpine 
Aktiengesell1chaft 

Linz, Austria 

3. ENSIDESA, 
Aviles, Spain 

4. ARBED Steel Works, 
Differdanae, 
Luxembourg 

B. H~drochloric Acid 

l. Uddeholma Aktiebolag, 
Munkfora, Sweden 

2. Fried, Krupp 
Hiittenwerke AG, 

Boe hum, 'ii. Ge1'1118ny 

3. voest-Alpine 
Aktiengesellachaft 

Linz, Austria 

4. ENSIDESA, 
Aviles, Spain 

5. Hoogovens ljmuiden BV, 
ljmuiden, Holland 

6. British Steel Corp. 
Ebbw Vale Works 
Ebbw Vale, U.K. 

Pickling Process 

One continuous pickling line with FeS04 • 7Hz0 as a by-product and 
H2S04 recycling: Pickling capacity, 350,000 t/year. Feso4 •7B2o 
production in 1977--7000 tonnes, Price about $24/tonne. One-half 
of ferrous sulfate sold to water treatment plant and as flocculat
ing agent. Other half sold to another company which burns off 
sulfur and mixes the oxide with fine ore and pelletizea/sinters. 
Small quantities used in concrete end to kill weeds. 

One continuou1 pickling line. Capacity--600,000 t/year. FeS04• 
7R20--12,000 t/year, 90% to sinter plant, 10% for water cleaning 
and animal feed. One 11111&11 cut sheet batch pickling unit, FeSo4 • 
7R20--l,200 t/year. · 

One continuous pickling line. Capacity--650,000 t/year. llaate 
pickle liquor (9-10% acid) diluted to lesa than 1%, discharged to 
sea via canal. Planning to inatall HCl line. 

One continuous spiral pickling line. Capacity about 100,000 t/year. 
FeS04•7H20--l,OOO t/year, used for water treatment, alao dumped in 
slag dump. New RCl line with regeneration under construction 
(March 1979) • 

One continuous pickling line with acid regeneration. 1978 produc
tion, 20,000-25,000 t/year. RCl recovery, 97-99%. Oil conaumption, 
35 kg/h. Fe203 by-product, le11 than 1,000 t/year. Used in sinter. 
Some stored, 

One continuous pickling line with acid regeneration. Capacity--
1,200,000 t/year. RCl recovery about 98%. Fe2o3 by-product, 
6,000 t/yesr, used in sintering plant. 

One continuous pickling line with acid regeneration, Cepacity--
800,000 t/year. Fe203 production-3,600 t/year,usedinthaferrite 
industry. 

One continuous pickling line without acid regeneration. Capacity--
850, 000 t/year. Acid waste diluted with wash water and fume .scrubber 
water to leas than 1% and discharged into the sea. 

Three continuous pickling linH; two older lines without regeneration, 
and one with regeneration, Now, as llRlCh ae possible, waste liquor 
from older lines is regenerated in the double unit regeneration 
plant. Maximum capacity•-l,S00,000 t/year. Current capacity--
1, 100,000 t/yu.r. Fe203 production about 6,000 t/year, Sold to fer
rite industry. Quality very :laportant. Bayer oxide--very good 
quality--sella for $500/tonne, 

One continuou1 pickling line with regeneration. Capacity--1,400,000 
t/year. Fe203 production about 12,000 t/year, Fluidized bed regen
eration unit produced gray, coarse 100% >1/2 mm spherical psrticles 
well auited to 1intering, 
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The No. 2 CR mill was built in 1971. The pickling 
line was designed by Wean-D11111eron and the regeneration 
unit by lluthner. Pickling about 1.1 million tODD.88/ 
year, the re;ieneration plant produces about 6000 tonnes/ 
year Fe203 from the WPL. The Fe203 is used in the fer
rite industry where the quality is very important. 
Chloride should be leSB than 0.1%; density {after set
tling) 0.8 g/cm3; specific surface, 270 to 320 m2/g; 
loss on ignition, 0.3% at 800 C. A very high quality 
oxide, such as that produced by Bayer, sells for 
$500/tonne. 

The wash and fume scrubber water is partially 
used for LD (BOF) gas cleaning. The rest of it is 
mixed with NaOH and discharged l to 2 km out into the 
sea. For the month of May 1978, the range of flow was 
40 to 580 m3/hr, well under the limit of 1000 m3/hr. 
The pH ranged 6.8 to 8 .5, TSS. 16 ppm avg (S-375 ppm, 
range), under the 30 ppm limit. Iron limit is 3 ppm, 
and soluble iron average was 0.34 ppm. 

Government regulations limit waste acid discharge 
to the ocean to a rate of 170 m3/day {30 gpm), amount
ing to 22 tonnes of Fe++/da.y. Other limitations are 
2.9 tonnes HCl/day and 7 kg Cu/day. In addition, a 
penalty equivalent to $1. 30/ ton of p++ is charged when 
the limit is exceeded. 

British Steel Corporation, !bbwVale Works, Ebbw Vale, 
.!!.:!· The three H2S04 pickling lines were shut down in 
1974 and replaced by one continuous HCl line to treat 
about 1.4 million tonnes/year and to regenerate acid 
in a Lurgi-designed fluidized bed roaster. The pick
ling line is designed by Head Wrightson, Fe20J produc
tion amounts to 12,000 tonnes/year, snd the coarse 
(>~ mm) gray particles ·are excellent as sinter feed. 
Losa of pickling is about 0.6%, The WPL contained 3 
to 6.5% HCl and 90 to 122 g/l iron. llinae water con
tained HCl 20 g/l and Fe 10 g/l. The Fe203 had a 
0 ,07S:C chloride content. All wash waters are properly 
treated, and the effluent discharged into the Eddw 
River goes through the Bristol Channel to the sea, 
32 km (20 miles) away, 

Fried, Krupp Hi.ittenwerke AG, Bochum, West Germany. 
The plant has two HCl regeneration units; the first one 
designed by Dr. C. Otto is not giving satisfactory 
operation now. The second one designed by Kera111Chemie 
is mostly used to treat WPL. at the rate of 3000. I/hr 
(13 gpm). It is fired by coke oven gas at the rate 
of 1400 m3/hr, Fe2o3 produced at 6000 tonnes/year is 
used in the aintering plant. The wash water is neutral
ized with lime water (pH 7 to 8) , stirred with air, 
sent to settling tanks, and then filtered and the 
cake is dumped. The effluent is discharged at the rate 
of 20 to 40 m3/hr, New water purchased for pickling 
costs DM 0.9S/m3 ($2.00/1000 gal). 

Ruhrverband, Eaaen, West Germany; !machergenoaaenschaft, 
Esaen, West Germany. In the Ruhr district in West Ger
many, where industry is highly concentrated, separation 
of municipal and industrial waste -.ters is encouraged. 
Cen.tral treatment plants for each waste stream permits 
special -ter treatment techniques with the additional 
prospect of metal recovery and recycle. All plants in 
this area are members of the Ruhrverband and pay for 
water. use. The Ruhr is a drinking water river. Some 
100 water treatment plants are located in this area. 

In addition to steel planta, there are many coal 
mines ~hich generate a lot of coal fines entrained in 
wash· 1f&ter amounting to 800-1000 tonnes/day of coal. 
These coal fines mixed with steel plant wastes and 
biological wastes combine to form a sludge .having a 
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combined carbon of 40%, which is used in power plants 
equivalent to brown coal, In a recent U.S. EPA trip 
report,22 Craig has mentioned the concept of waste 
exchange which lias been succeaafully illpl-ted in 
Europe. 

Emschergenoaaenschaft (Emscher Association) was 
created in 1904 to control all water discharges in the 
Emscher River basin. Recently, in order to reduce 
the load on the Rhine, a large-scale treatment plant 
was built at Emscber, 7 ,S km from the Rhine confluence. 
It serves a population of about. 2.5 million and can 
handle a lllllltimwl flow of 30 a3/sac. The sludge pro
duced here is burned in the ltarnap Power Station of 
the 11.W AG. 

Centralized treatment plants for industrial wastes, 
both publicly and privately owned, treat the wastes 
of their member companies on a fee basis. The Altena 
Central HCl regeneration plant (30 -hers) recovers 
llCl from WPL and sells the Fe203 to use as a land 
fill,22 

Ferrous Sulfate lleptahydrate 
(Copperas), Production and End-Use 

The 33 plants recovering copperaa are given in 
Tables 2 and 3. Only one of them, Bethlehem's 
Lackawanna plant, u an integrated steal plant, It 
is po1&ible that they are usina a modified JSF proce1a 
with S modular units each capable of proce1aing 19 
l/min. In all, there are about 32 111>dular uniu pro
ceaaing S70 I/min of WPL by the ltSF procesa. On an 
average.about 105 liters of WPL is formed on treating 
l tonne of steel resulting in 30 kg of copperas crys
tals at 0,6% iron losa. With a total processing 
capacity of 570 l/min, copperas production rate from 
all KSP units will amount to about 160 kg/min or about 
10 tonnes/hr. The actual annual production will de
pend on the number of shifts operating. ABBuming a 
standard 2-shift operation of 16 hr/day and 330 ~aya/ 
year, the total copperas production from all KSF units 
can be estimated at about SS,000 tonnes/year. 

The three plants using vacuum crystallizing 
lteramchemie process have a combined capacity of 114 
l/min of WPLand may produce as much as 10,000 tonnea/ 
year of heptahydrate on the basis of continuous 
3-shift operation. 

The batch-type Crown Che.deal proceas treats 42 
l/min of WPL and on a 2-shift/day, 330 days/year may 
produce about 4000 tonnes/year of the heptahydrate. 

The total FeS04 • 7R20 (copperas) production from 
the 28 plants at present may amount to as much as 
68,000 tonnes/year, if fully operated. 

The four Pureco process plants treat a total of 
80 l/min of WPL and produce about 10 kg/min of FeS04 • 
R20--the monohydrate. The Pureco process is continu
ous, and if operated on the basis of 20 shifts/week 
and SO weeks/year for a total of 8000 hr, it will pro
duce about 4800 tonnes/year, 

The single Sulfex process unit treats 3S l/min 
of WPL and, on 8000 hr continuous basis, is capable 
of produ~ing 2300 tonnes/year of FeS04•H20• 

The total Feso4 •H2o (monohydrate) produced from 
the five units may amount to 7000 tonnes/year, Thus, 
a total of about 75,000 tonnes/year of ferrous sulfate 
crystals (copperas 68,000 tonnes and monohydrata 7000 
tonnes) are 11vailable in the market for UH or disposal. 

Approximately three times more H2S04 is needed 
than HCl to pickle one tonne of steel on a 100% bads, 
On this basis, in 1974'. the estimated 30 H2S04 pickli11g 
lines in the ateel industry treated about one-third 
of the total estimated 60 million tonnes pickled, 
or about 20 million tonnes. At 0.6% iron loH, this 



amount of steel treated will generate about 600,000 
tonnes/year of heptahydrate (60 lb/ton of steel) if 
fully recovered. To this amount, about 12 to 15% may 
be added if recovered fully from the secondary and 
tertiary processing plants spread all over the U.S.A. 
Thus in 1974, the total potential for heptahydrate 
production could have been estimated to be as high as 
680,000 tonnes/year. Using the 2% growth rate projec
tions, by 1985, the amount of steel pickled may in
crease to 72 million tonnes/year. If the additional 
pickling capacities added maintain the same ratio be
tween H2so4 and HCl pickling tonnage (1 :2), then the 
total potential heptahydrate generation may increase 
to about 800,000 tonnes/year by 1985, about ten times 
the amount that is currently processed. That is the 
potential magnitude of copperas that must be either 
safely dumped, or normally absorbed in the marketing 
process which is preferred. 

Besides steel plant pickling, there are other 
industrial processes which generate ferrous sulfate 
heptahydrate. These are (1) commercial producers who 
deliberately disaolve scrap in sulfuric acid to pro
duce the salt, (2) a by-product from titanium pigment 
producing units, and (3) from sulfuric acid leaching 
of copper-bearing minerals and slags. The five major 
commercial producers have s total copperes capacity 
of 320,000 tonnes but produced only about 180,000 
tonnes in 1967 and were proj acted to produce as much 
as 270,000tonnes by 1975.23 The two largest producers 
are National Lead Company and Ffizer, Inc., with a 
total installed capacity of 250,000 tonnes/year. Thus, 
there exists a large surplus commercial capacity for 
production Of Copperas, ,The average price Of COl!llller
Cially produced copperas remained about $5 to $6/tonne 
during 1960 to 1967.23 

Ferrous sulfate heptahydrate has been used for a 
long time for production of synthetic iron oxide pig
ment, copperas red. In a 2-step heating process, the 
sulfurous off-gas can b.e. used to generate R2S04 · A 
wet chemical process by Penniman· and Zoph is also 
used to produce synthetic iron oxide from heptahydrate 
solution. 

Iron oxides used for pigments and electronics 
can be produced as a by-product from the titanium 
dioxide pigment industry.ls The sulfate-process por
tion of the titanium pigment industry has so far been 
a key source of copperas. A shift in titanium pigment 
technology from sulfate to chloride process will de
crease copperas production, but iron oxide may be 
available as a by-product if FeC12 is converted to 
Fe2o

3
• Apparent domestic demand of iron oxide pigments 

have seen a steady growth of 45% between 1964 and 
1974. The compounded growth rate of 3.6%, if projected 
to 1985, indicates a total domestic demand exceeding 
250,000 tonnes valued at $150 million (U.S. $0.30/lb) • 

The market share of copperaa from all sources has 
been estimated at 55%, iron oxide pigments; 30%, fer
rites; 5%, water-sewage treatment; and 10%, others 
including fertilizers, feed stock, ink, etc. While 
innumerable end uses are available, most of them are 
small. Two major consumers are paint and plastics. 
Sales of paints and allied products increased from 
$2.4 billion to $3.6 billion from 1963 to 1971. A 
$7 billion market is projected in 1980.24 The plastic 
resin market doubled during the same ~eriod and is 
projected to reach $12 billion by 1980.2 

A trend in automotive finishes to the copper and 
bronzes has created a market for ultrafine iron oxides 
referred to as "transparent" or "low opacity" pig
ments. These pigments are combined with aluminum to 
produce meta~lized automotive finishes,25 The present 
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market is eBtimated to be between 1500 and 2500 tonne•/ 
year, worth about $5 milliop. 

Utilization of the additional property of absorb
ing ultraviolet radiation is being investigated to 
determine the potential of transparent oxides in con
tainers and packaging for food and wherever else dur
ability, transparency, and ultraviolet absorption are 
desired in a p:lgment.15 

Steel plant WPL oxides (from FeClz) are displac
ing some of the copperas oxide products from the tra
ditionally ferrite market. The soft ferrite market 
still remains a large consumer of copperas reds and 
calcined yellow oxides. F.or 1972, the estimated ship
ments of permanent magnets, T.V. yokes memory cores, 
and ferrite parts were $192 million,2& and they are 
expected to grow significantly. A world ferrite pro
duction of 49,;,000 tonnes/year is estimated by 1985. 27 

At present, dnly a very 11111411 fraction (5%) of 
copperas is used for water-sewage treatment. The re
sult of a study made by the Fitzsimons Steel Company, 
Youngstown, Ohio,23 in 1973 to market heptahydrate 
for sewage-water treatment in 13 c0111111Unities within a 
120 km (75 mile) radius was not encouraging. For 
coagulation, alum b usually preferred and the water 
treatment plants ware unwUling to try new products. 
Where phosphate control is important, copperas is de
sirable but must compete with FeCl3. Detroit receives 
WPL free from HCl pickling plants of Great Lakes Steel 
Company and Ford Motor Company. Milwaukee uses FeCl3 
but hall started to use copperas. Chicago uses FeCl3 
plus some ferric sulfate. They found WPL from local 
mills too unpredictable and impure for safe usage. 23 

On the other hand, a more recent experience of 
Bethlehem Steel Plant, SparTows Point, Maryland, is 
more encouraging. 28 The 6.3 x 106 tonne/yea\' plant 
generates about 100,000 gallons o~WPL per day. They 
have successfully used this WPL for removing phosphorus 
from muni~ipal wastewater at 'the City of Baltimore's 
700, 000 m /day ( 185 Mgd) Back River wastewater treat
ment 11lant and at the District of Columbia's 1.14 x 
106 m3/day (300 Mgd) Blue Plains sewage treatment 
plant. 

There is no doubt that in phosphate treatment, 
WPL and copperas-aupplied in proper condition, and 
with some treatment plant modifications, suc:h as addi
tion of solution tank, aeration facilities, and larger 
pumps--can adequately compete with its close rival, 
FeCl3. With the emphasis on secondary and tertiary 
water-sewage treatment, the market share of copperas 
should grow significantly from the present 5%. And 
even a small increase, when treating billions of gallons 
daily, amounts to a lot of Wl'L-copperaa use potential. 

While worthwhile and economic end uses for re
covered copperas crystals will be desirable, it must 
be recognized, at present, that there doee not exist a 
large market for copperas and the market has to be 
created. During this period of market development, the 
copperas produced from WPL can be handled in a far more 
effective way (environmentally speaking) than the pres
ent techniques of contractor hauling, neutralization/ 
lagooning, or deep-well disposal of WPL. 

The essentially acid-free copparas crystals can 
be dumped on municipal dumps as proper fill material. 
They may be combined with other municipal incinerator 
inert products and then dumped. 

The crystals can be mixed with lime, and less 
lime quantity will be needed because there is no free 
acid to neutralize. Or, the ferrous sulfate can be 
converted to magnetic oxide and calcium sulfate with 
lime and oxidation, and the inert matter can be used 
as a landfill. 



WHAT'S IN THE FUTURE 

The bulk of copperaa is not, at present, generated 
at the integrated steel plants, but in the hundreds of 
secondary steel processing plants. Titanium pigment 
manufacturers and the comnercial producers also generate 
a significant quantity of copperaa. While these plants 
are dispersed all over the U.S.A., they are, to a cer
tain extent, clustered in certain industrially developed 
regions, for example, the Chicago-East Chicago-Gary 
greater metropolitan area. Before trying to solve the 
problem of disposal of copperas yet to be generated 
from steel plant WPL, it will be necessary to direct 
attention and effort to make use of WPL from the sec
ondary processing industries to generate copperas, and 
either to find a market for it or to dispose of it in 
an environmentally safer way. To achieve this end, it 
will be necessary to direct attention to the following: 

l. A study to define the scope and estab
lishment of regional, centralized WPL 
facilities to be funded jointly by the 
secondary processors and aided by EPA 
or a similar regulatory body for ini
tial subsidized operation. 

2. Co-treatment of different waate streams 
to recycle and recover valuable prod
ucta. Also, to develop waste exchange 
information data with the help of EPA 
to aid industry in this effort. 

3. Promotion of tertiary sewage treatment 
with particular emphasis on phosphate 
removal. Also, to establish an EPA 
directive to require all EPA-aided sewage 
treatment facilities to utilize recycled 
waste product such as coppersa and to 
extend additional aid to them for nec
essary equipment modifications to make 
such use possible. 

4. Research and develoPlllent to find new 
uses for copperas, to improve pickling 
technology, to reduce use of acid and 
water, and to minimize iron loss reault
ing in process development with zero 
liquid discharae (ICSF or similar procesa). 

Centralized WPL Treatment Plant 
The economics of scale will be very favorable for 

such a treatment plant. Similar treatment plants are 
in operation in West Germany serving industries within 
a radius of 80 Ian. The mechanics of :loint ownership 
and P'edsral aid must be studied in the U.S, economic 
and re2ulatory context. However, a radius of 80 Ian 
will encompasa the whole of the Greater Chicago Metro
politan Area and beyond. At some point in time, some 
of the big steel industries of this area using H2S04 
acid pickling may even participate in its operation. 
The members will be charged on the basis of WPL volume 
treated, and a credit will be given for recovered acid. 
The heotahvdrate will either be anld to sewase treat
ment plants of the same area operated with Federal 
aid, or converted to oxide, or treated and dumped as 
land fill. 

Well-eatablished technology for WPL treatment 
for copperas production is now available {one being 
the ICSf-sero dia~harge procaBB) • Nonetheleu, new 
research and development studies are needed to develop 
alternative economical processes. The Crown Chemical 
ion exchange procen3 has demonstrated a marketable 
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Fe2o3 starting with heptahydrate crystals. Vs1ng a 
double loop counter current flow, a hydrogen ioa ex
change resin, nitric acid, and a hydrolyzer, a bench 
scale unit produced ferrite/pigment grac!e Fe203. In 
1975, about 17,500 tonnes of Fe2o3 were produced from 
steel plant WPL and sold at an average cost of $55/ 
tonne, principally to ferrite manufacturers. A dem
onstration plant based on the hydrosen ion exchange 
resin proceas will be required before the economics 
of the proceas can be estab11ahed, 

There are many other areas where additional re
search will bear results. For example, several 
laboratory-scale electrolytic techniques have been 
developed, but none has attained a demonstration i>lant 
stage. It wae demonstrated that using Hg cathodes, 
electrolytic re~eneration of iron i a both reliable 
and economical. 9 

Co-Treatment.of WPL and Other Waste Streams 
WPL is still treated with technologies 50 years old: 

cooling, crystallization, filtration, waehing, drying 
heating-a coaabination of fairly priaitive technolo
giea. Very little attention is given to Bdvanced tech
nologies such ae ion uchange, electrolysia, high
inteneity magnetic separation, and rwerae osmosis, 
to name a few, Many other metal proceHinl industries 
generate waste liquor/solid• which are equally or more 
difficult to handle. Electropletf.na and ehctronic 
industries are two euch groups whose vaete etreae may 
be effectively co-treated with WPL to benefit both. 

Two printed circuit (PC) shop• are presently using 
heptahydrate to treat electroless copper and alkaline 
etch rinaes. A large West Coast PC manufacturer treats 
1200 l/day with 5 to 20 g/l of heptahydrate. An East 
PC manufacturer treats six electroleBB copper rinses 
and one alkaline etchant rinse with heptahydrate in a 
continuous flow system. , The 100 l/min (26 gpm) flow 
of 20 to 30 mg/l copper is reduced to leaa than 1 mg/l 
after the sulfate treatment. Copper plating rinse 
waters were treated with WPL to reduce initial copper 
concentration of 1000 mg/l to 0.5 mg/l,30 A similar 
co-treatment of chromate waste water with WPL and wash 
water can reduce iron and chrome in the final effluent 
to 0.5 and 0.05 mg/l, reapectively.31 

While recovery and recycling o,f acid and metallic 
values are worthwhile under certain conditions, it 1a 
often neceaaary to treat WPL and acid waah water with 
a neutralizer to make it enviro11111entally hanileH. 
Oftm, liae is used--a highly energy-intensive product. 
On the other hand, a large quantity of lime residue ia 
available from the carbide procesa. Like many unwanted 
waste producte, tbe lime residue has a negative value 
and,·instead of lime, thia lime reaidue can be effec
tively and economically co-treated with wasb water/WPL.32 

In addition to development of co-treatment process 
technology, it will be very duirable to compile regional/ 
local waste etr...J'8011.dwaste generation information. 
Thia information can be made available to the regional 
industries with available technological information re
garding the poHibilitiee of their co-treatment and 
diapoaal. A le4eral agency 1Uch aa EPA may select one 
large region (for example, the Chicago area) a1 a target 
area to initillte this study, Thia pattern of waate 
information exchanse was initiated in Veat Germany, and 
now the industries have developed their own contact• 
and need very little federal help. 

Tertiary Sewage Treatlllent and Phosphate Removal 
Potentially, sewage treatment for phosphate re

moval and water treatment for coagulation are two uses 
which can theoretically utilize all possible copperaa 
(or WPL) product ion. However, long-term agreemen u, 



reluctance by authorities to. experiment with new 
chemicals, lack of compelling enforcing regulations 
for phosphate removal, additional expense for equip
ment modification~ and, lastly, no concerted expres
sion of intereat from different Federal authorities 
for recycling of heptahydrete are some of tha major 
reasons for the poor share (5%) of heptahydrate usage 
in water-sewage treatment, Because t he potantial 
is ao vast and tha application of copperas ia techno
logicall v ao atraiahtforward, economical, and well
proven, 28, 3 3 it 1a surprising that the Federal au
thorities who aid many of the urban water-sewage 
treatment plants did not yet exert their influence to 
promote the use of copperaa in this application. The 
existing Federal regulations which reward uae of re
cycled products can be effectively utilized in water
sewage treatment plants. The aid to these plante 
can be made contingent on their utilizing recycled 
products such aa copperaa or Wl'L. Additional a id 
may be available to these plants for equipment ad
ditiona and alteration w h i c h will be required if 
copperas ia uaed to replace FeCl3 and alum. This use 
is potentially moat effective because of the close 
proximity of th a copperas (WPL)-generating indus
tries and the local treatment facilities, thereby 
reducing transportation coat very substantially. 

Research and Development of Pickling Technology 
While pickling 1a an old technology, many changes 

have taken place during the last 20 years to improve 
its application. One major shift 1a from HzS04 to 
HCl pickling resulting in a better looking product, 
faster pickling, and potential for easier HCl regen
eration and by-product iron oxide production and usage. 
After a rapid growth of RCl pickling, it haa come to 
a balance with a2so4 pickling on a tonnage basis of 
30% R2S04 to 70% HCl. Further, RCl pickling conver
sion of existing a2so4 pickling lines has virtually 
ceased in the U.S.A., whereas it ia still proceeding 
in Europe. The higher HCl coat relative to HzS04, 
and the possible overaupply of HzS04 becauee of SOz 
emiseion control and S recovery due to EPA regula
tions may stabilize R2so4 coat farther, thereby revers
ing the trend of HCl acid pickling. Any new green
field plant ia likely to use HC1 pickling, but the ad
ditional rounding-off facilities to exilting units will 
still be by the a2so4 acid process where already ex
isting, and will add to the copperas dispo1al problem. 

New pickling technology using a mixture of H2S04/ 
HCl acids has been develooed bv Wean/JCSF5 and has lieen 
tried in continuous/batch pickling operation, HCl as
sists H2S04 in the pickling, and HzS04 also acts as a 
reagent regenerating HCl from FeC12 according to the 
equation: 

FeClz + H2S04 - FeS04 + 2HC1 

Copperas can be recovered from the WPL with little 
chloride conta111ination. The resulting pickled steel 
has the brightness of RCl pickling. 

Additional studies are required in the area of 
pickling mechanism and washing of pickling solution 
from the sheet surface. If a true understanding of the 
mechanism involved in the pickling of steel by HCl and 
H2S04 ia obta:IJled, a new technology using leH acid and· 
consuming leH iron can be realized, Generally, at 
0 • .5% Fe loH, one tonne of steel pickled produced 25 kg 
( 55 lb) of Faso4 • 7R2o. At 1% Fe lo as, it is 50 kg of 
heptahydrata/tonna ateel, While these are average 
values, different products, depending on their surface 
area/volume ratio and proceu technology, will show dif
ferent amounts of iron 101ae11. The data show that in 
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wira pickling about 1% iron loaa ii ricountered, whereas 
in billat pickling it is only 0.22%. l Thus, any effort 
in underatanding tbemechani ... involved in iron loas 
and the affect of inhibitor control in minimizing iron 
loas will eventually have the highest potential effect 
in reducing copperas production, The industryvide 
figure is 0.6% Fe loss, and a reduction to O. 5% Fe loss 
means a total reduct ion of 16% in WPL/ copperas produc
tion aaounting to hundreds of thouaaada of tonnes per 
year. 

Considerable :Improvement in the technology of 
washing of steel surfaces has taken place in recent 
years. The traditional method of dipping in water bath 
and flood cooling requiring ·vaat amount• of water ia 
giving way to more scientific spray cooling and tempera
ture control, Aleo, indirect heating of baths and 
exter1111,l h~t exchangers are lasaening steam condenea
t ion and dilution affects of earlier days. However, 
the mechanisms involved in the removal of thin acid/ 
water film.a (water 1a a polar compound) from a freshly 
pickled and highly reactive steel surface as a func
tion of water temperature, velocity, and other unde
fined parameters are not adequately underetood, Also, 
additional equipment development in squeezing out carry
over acids will tremendously help in reducing wash 
water problems and its 1ub1equent disposal. 

New ruearch to expand the use of copparas in new 
areas 1a greatly needed along with effort to hold the 
market for exiating uses. For axaaple, the introduc
tion of the Aniline Proceaa for making iron old.de pig
ment ii likely to affect pigment use of copperas and 
must be countered by research. 

CONCLUSIONS AND RECOMMENDATIONS 

At present, the integrated eteel industry does not 
feel the economic compuleion for generating copperas 
from the several hundred million gallons of waete pickle 
liquor it produces annually. Aa such, copperas from 
the steel industry does not pose any problm to those 
who are tryina to market it. Copperaa has a ready but 
limited market. The largest user ia the pigment indus
try. and it cannot poaaibly absorb alpificantly larger 
quantities in the near future. The -at proaising area 
for expanded UH 1a sewage treatment for phosphate re
moval; Th• long-term contracts and traditional resis
tance to uae of en unknown ch•ical 1a, st preaent. pre
venting its effective utilization. Al a o, lack of 
emphaaia on tertiary treatment regulations and positive 
incentive in the form of additional federal aid for 
equipment modifications and uae of recycled products 
are several institutional factors holding back in
creased used of heptahydrate in sewage treatment. 

Even if heptahydrates are not all marketable they 
are better for dispoaal than diluted and neutralized 
waste liquor. To economically achieve copperaa pro
duction, large centralized treatment units such as 
those that exist in West Germany will go a long way in 
1olvin1 the problems of hundreds of amall processing 
units. Also, research studies are needed on co
treatllent of different waste 1tre&111a, and regional 
surve.ys are needed to bring euch information to the 
attention of companies intere1ted in waste treatment 
facilities. 

Sulfuric acid picklin& in the steel industry ia 
anticipated to continue to make up about thirty per
cent of pickling practice, New plants are likely to 
use hydrochloric acid pickling combined with acid re
generation in spite of the fact that the procesa 1a 
eneray intensive. The rounding-off facUitiea to be 
added to steel plants is likely to extend the existing 
pickling practice, If new regulations force some of 



the steel plants to switch from deep-well dispo11Al, 
neutraliration/lagooning, or discharge into large water 
bodies, then the plants may consider heptahydrate pro
duction aa one of the alternatives. At present, only 
75, 000 tonnes of iron sulfate crvstala are produced 
and most of the product is 11Srketed. 

The bulk of marketed copperas is not generated 
at the integrated steel plants which process about 20 
million tonnes of steel per· year using sulfuric acid. 
If it were, then an additional 600,000 tonnes/year 
would be added to a 1D&rket which does not have an easy 
time in 111Brket1ng the estimated 7 5, 000 tonnes/year pro
duced by the small steel processing units. Under some 
future altered circumstances, production of copperaa 
from waste pickle liquor by the integrated steel plants 
has the potential of adversely affecting the copperas 
market. In order to avoid serious future dislocation 
and to promote use of copperaa (and WPL) and expand 
its market in a positive manner, several suggestions 
are 111Sde below: 

l. A study to define the scope for estab
lishment of regional centralized waste 
pickle liquor facilities to be funded 
jointly by the seconds~ processors. 
Encouragement, end perhapa initial sub
sidized operations, from goverrunant may 
be needed. 

z. Significant research on co-treatment of 
different waste atreal!ls and on solids to 
recycle/recover valuable producte and to 
stabilize the waste for safe disposal. 
Establishment of a bank of waste eichange 
information on a zonal basis for different 
regional industries to take mutual advan
tage of one another's waste products. 

3. A study of the use of spent pickle liquor 
and copperas for wastewater treatment, 

·particularly tertiary treatment for phos
phate removal and effluent polishing. This 
approach usu two environmentally negative 
prac.tices, the disposal of spent pickle 
liquor and the discharge of phosphorus, to 
ab-ate each other. The advantages and dis
advantages should be considered, including 
the problem of heavy metal contS111ination 
of wastewater treatment plant effluents 
and sludges, and the question of whether 
spent pickle liquor should be used directly 
or only the copper as derived from it. 
Methods of encouragement should also be 
considered. 

4. Research and development to find new uaes 
and to extend present application of cop
peras by improving its quality. New stud
ies are needed to :Lmprove pickling technol
ogy BO that leas iron is lost, fesulting 
in leas WPL, Additional knowledge is needed 
regarding mechanisms of pickling and the 
11echaniS111 of washing of drag-out acids with 
minimum water. 
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The United States Steel Corporation in conjunction with the Environ
mental Protection Agency is conducting an extensive experimental program to 
develop input data relative to BATEA technology for coke plant waste waters. 
The program which involves testing on both a bench scale as well as the pilot 
scale is concerned with determining the optimum operating criteria for coke 
plant biological treatment systems. Once the optimum conditions are identi
fied, further investigations will evaluate the impact of the addition of 
powdered activated carbon to an optimized system. 

As an initial step in identifying optimum operating conditions, a 
separate investigation was conducted to evaluate the importance of pre
cleaning of the feedwater to the biological system. The evaluation program 
centered on those constituents falling into the two general categories of 
suspended solids and "oil and grease". Various removal techniques were 
evaluated and the necessity for achieving specific levels of influent pre
treatment was addressed. The validity of the resultant conclusions relative 
to precleaning is supported by operational data from a 9,500 m3/day (2.5 MM 
GPD) coke plant waste water treating facility. 
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THE EFFECTS OF PRETREATMENT 
ON COKE PLANT WASTE WATER BIOLOGICAL TREATMENT SYSTEMS 

BACKGROUND AND INTRODUCTION 

Clairton Works of the United States Steel Corporation is one of the 
world's largest producers of metallurgical coke. The facility consists of 
nearly 1,000 ovens which produce sufficient quantities of coke to supply all 
of the corporation's steel-making facilities in the Pittsburgh area with some 
excess being available for other corporate locations. In addition to produc
ing coke, Clairton Works has a totally-integrated system for recovering and 
refining a full complement of coal chemicals. Unlike traditional by-product 
facilities which utilize a series of low pressure recovery processes, the 
Clairton system employs elevated pressures 3.52-3.87 Kg/CM2 (50-55 PSIA) and 
unique separation and recovery processes. Naturally-occurring ammonia is 
recovered as an anhydrous product using the U. S. Steel patented Phosam 
process. Light oil fractions are separated from the gas using a computer
controlled cryogenic-regenerator system in which the gas is cooled to tempera
tures of less than -157° C (-250° F). This same regeneration system yields 
an ultra-pure, hydrogen-rich gas for consumption in the synthetic ananonia 
plant while simultaneously providing a feed gas of exceptional quality to 
heat the coke ovens. Additional facilities are operated for the removal of 
sulfur from fuel gases leaving Clairton Works for use in other local U. S. S. 
facilities. In addition to the primary-recovery facilities, complimentary 
systems are operated to produce metallurgical grade anhydrous ammonia, ben
zene, toluene and xylene as well as a complete line of tar based derivatives 
and naphthalene. 

At typical operating levels, Clairton Works generates somewhat in 
excess of 9,500 m3/day (2.5 MM GPD) of contaminated water. Approximately 45% 
of the total generation occurs as a direct result of the coking operations 
with the remaining 55% attributable to chemical processes. The typical 
composition of the raw contaminated water is shown in .Table 1. 

Table 1 

COMPOSITION OF COKE PLANT CONTAMINATED WATER 

Ammonia 

Phenol 

- 1500-2000 PPM 
800·1200 PPM 

Thiocyanate 600 · 700 PPM 

Cyanide (Total) 200 · 400 PPM 

Oil/Grease (Freon Extractlbles) - 2000-4000 PPM 

Total Suspended Solids 300-1500 PPM 

pH ~9 

Temperature - 130·1700 F. 
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The principle elements of the Clairton Works contaminated water 
treatment facilities are shown schematically in Figure 1. Following gravity 
separation of both solids and suspended oils in the settling tanks, the 
contaminated water is processed through the U. S. Steel patented Cyam process. 
Here the water steam stripped of so-called "free ammonia", pH adjusted by the 

Figure 1 

United States Steel Corporation - Clairton Works 
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addition of lime to liberate " fixed ammonia" and finally further steam 
stripped to yield a biological feed stream of desired ammonia content. In 
addition to ammonia removal, the Cyam system also accounts for the removal of 
::10-95% of the cyanides as well as other "acid" gas fractions. Following 
ammonia removal, the water is cooled and clarified prior to biological treat
ment, Clarification is provided by the use of a conventional center-well 
peripheral overflow clarifier. 

The biological treatment system is a single-stage process consisting 
of 2 independent aeration basins operating in parallel. The total system 
volume is in excess of 24,600 m3 (6.5 million gallons) with aeration and 
mixing being provided by low speed mechanical surface aerators. 
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Concerns relative to the impact of influent quality on the overall 
performance of a biological system arose as a result of studies to determine 
the ability of the existing system to meet proposed 198~ final effluent 
standards. A literature search substantiated by in-plant inspections of 
operatiny facilities suggested that technology developed in the petroleum 
industry might well have validity in the coking industry. This technology 
stressed the importance of extensive precleaning of the feedwater to a 
biological system as a significant prerequisite to achieving nitrification. 
Total suspended solids and oil/grease concentration each not exceeding 20 
mg/L were stated as constraints. Because of the qualitative similarities 
which exist between coke plant waste waters and refinery waste waters, con
sideration was given as to the applicability of this technology. In-plant 
investigations conducted on what might be termed a "macro" level cone luded 
that although coke plant water contained the same general spectrum of con
taminants as refinery wastes, the use of the previously stated constraints 
concerning TSS and O/G did not appear applicable to the Clairton system. 

During the third quarter of 1979, the Environmental Protection 
Agency and U. S. Steel agreed to conduct an extensive experimental program to 
develop input data relative to BATEA technology for coke plant wastewaters. 
the goals of the study were twofold. First, the conditions which promote 
optimum performance of a biological system were to be determined. Secondly, 
the impact of the addition of powdered activated carbon (PAC) to a biological 
system operating at the optimum conditions was to be evaluated. Environmental 
Dynamics Incorporated of Greenville, South Carolina, was selected to work in 
conjunction with U. S. Steel Research and Clairton personnel to conduct the 
year-long evaluation program. The complete investigative program involves 
extensive testing of biological reactors on both the bench-scale as well as 
the pilot scale. Bench-scale reactors [. 028 m3 (7 .5 ga 1.)] being used to 
evaluate individual variables and pilot reactors [3.2m3 (850 gal.)] used for 
a parallel evaluation of an optimized biological system in comparison to a 
similarly optimized system with PAC addition. As part of the overall program 
of determining optimum operating conditions for a biological system, it was 
decided to investigate (on a "Micro" basis) the importance of influent pre
cleaning in terms of total suspended solids and oil/grease. 

METHODS AND PROCEDURES 

The evaluation of pretreatment alternatives was based primarily on 
jar tests. The limitations of using a batch procedure like the jar test to 
evaluate a continuous-flow treatment unit was recognized. It was felt, 
however, that since alternatives were being compared, the results would be 
relative, and the procedure could be used to define optimal conditions. To 
minimize the analytical load generated by the large number of jar tests, 
qualitative observations such as floe size, supernatant clarity and relative 
settling rate were used to screen alternatives. When promising alternatives 
had been defined, quantitative analyses of the supernatant oil and grease and 
suspended solids were used to define the optimum conditions. 

An evaluation of the existing lime sludge thickener (LST) was 
included in the pretreatment evaluation. To define the performance potential, 
several Class 2 settling analyses were .performed2. This procedure, designed 
to predict clarification of flocculent suspensions, consists of quiescent 
batch-settling tests with periodic measurement of suspended solids at several 
depths in the subsiding column. The concentrations at the various depths and 
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times permit the development of the relationship between overflow rate and 
solids removal. Such tests were conducted to estimate performance under thrP.e 
different coagulant schemes. 

In addition to optimizing the performance of the LST, alternativ<~ 

pretreatment processes were considered. The dissolved air flotation (OAF) 
process was evaluated using a batch pressurization tank and separation column. 
By varying the pressure and volume in the pressurization tank, it was possible 
to investigate a wide variety of air-to-solids ratios. Additional tests were 
also conducted to evaluate the applicability of the induced air flotation 
(IAF) process. 

Granular-media filtration was considered as a supplemental process 
to upgrade the effluent from the LST. A 5 cm (two-inch) diameter, dual-media 
filter was used in the evaluation. The media consisted of 30 cm (12 inches) 
of 0.9 nun anthracite and 30 cm (12 inches) of 0.65 mm of quartz sand over 9 cm 
(3-1/2 inches) of graded gravel. The length of the filter run was determined 
by the available head of 1.2 m (4 feet) or the breakthrough of solids in 
excess of 20 mg/L. Performance of the filter was assessed by effluent solids 
and oil and grease levels. 

RESULTS AND DISCUSSION 

Oil and Grease Removal 

In this study, the term "oil and grease" is used to refer to those 
materials which are extractable in fluorocarbon-113 and detectable by gravi
metric analysis after evaporation at 70° C. The nature of the test, then, 
limits its applicability to higher molecular-weight hydrocarbons which have 
boiling points greater than 70°C. This is a reasonable limitation when using 
the test to assess the impact of oil and grease on the operation of biologi
cal processes since the lower molecular-weight hydrocarbons, which are not 
detected in the test, tend to be more degradable and have little adverse 
impact on the process. One group of lower molecular-weight compounds which 
the test does measure is the organic acids. These compounds are normally 
dissociated and therefore, soluble at typical coke-plant waste water pH. 
During the oil ~nd grease extraction, the pH is first lowered to less than 
2.0 which shifts the ionic equilibrium resulting in most of the acids being 
non-dissociated and extractable. The oil and grease procedure, then, measures 
a class of compounds which are normally soluble. When using the freon
gravimetric test to monitor influents to biological processes, high influent 
levels and potential operating problems can be indicated when large quantities 
of organic acids are present. These acids, in general, are biodegradable, 
which would preclude any adverse impact on the biological process. 

One of the goals of the Clairton BATEA study was to optimize the 
existing biological process to determine what, if any, further improvements 
would be required to meet future standards. Similar studies in other in
dustriesl ,3,4 have indicated that operation at long solids retention time 
(SRT) results in the enhancement of effluent quality. Successful operation at 
long SRT, however, requires an influent which is low in oil and grease since 
higher molecular-weight hydrocarbons are normally removed by physical absorp
tion on the sludge rather than biodegradation. These materials, therefore, 
accumulate at long SRT resulting in deterioration bf settling characteristics 
and eventual process failure. In light of this background, an influent oil 
and grease target of 20 mg/l was selected for the pretreatment studies. 
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Jar tests were used to evaluate the effects of a wide variety of 
operational variables on the removal of oil and grease by the existing pre
treatment units. These tests indicated that the presently used polymer and 
dosage performed as well as alternative coagulants or coagulant-flocculant aid 
combinations. Varying the coagulation pH from 8 to 12 and the provision of up 
to eight minutes of supplemental flocculation also failed to provide improve
ments over the existing scheme. In general, the supernatants produced in jar 
tests with optimum coagulant addition were similar to LST effluent in oil and 
grease content indicating the near-optimal performance of the existing system. 

The failure of the jar-test program to indicate a potential for 
significant enhancement of LST performance for O/G removal led to the evalu
ation of alternative processes. Batch DAF studies showed that the density of 
the solids-and Freon extractable materials in the LST feed were such that 
flotation would be very difficult. No single polymer was able to produce 
flotation; and, although several coagulant combinations resulted in flotation, 
the supernatant quality was poorer than the existing LST effluent. One 
combination consisting of a cationic primary coagulant and an anionic floc
culant aid proved effective, but the dosages required were ~conomically 
prohibitive and the float volumes excessive. The test results ihdicated that 
flotation was not a viable option for pretreatment of coke plant wastewater. 

The final alternative for attaining the oil and grease target of 
20 mg/l was the use of granular-media filtration as a supplement to the 
existing LST. In these tests, LST effluent, which had been treated with the 
optimum polymer dose prior to settling, was passed through a laboratory-scale 
sand-anthracite filter. The results of the filter runs summarized in Table 2 
indicate very little removal of oil and grease with the effluent far in excess 
of the target. 

Table 2 

SUMMARY OF BENCH·SCALE FILTRATION TESTS 

AVG. AVG. 
TSS O&G 

TEMP RATE (mg/1) (mg/1) 
RUN NO. ~ oc 1/mlrlm2 (GPMlft2) INF ~ INF !!:.!:. 

1 12.0 36 254.4 (6.25) 58 7 -
2 12.0 39 154.7 (3.8) 58 5 
3 10.2 35 182.8 (4.0) 53 18 
4 9.5 52 182.8 (4.0) 42 13 53 50 
5 11.1 162.8 (4.0) 62 16 40 28 

Note: Runs 1 and 2 were decllnlng rate; aub9equent runs were manually controlled 
· at the specified rate. 
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The failure of the filter to reduce oil and grease to 20 rng/l 
prompted an investigation of the nature of the oil and grease in thP LST 
effluent. Duplicate samples were taken periodically over a two-week interv~I. 
One sample was analyzed for total freon extractables while the other was 
passed through a 0.45 micron filter and analyzed for the soluble fraction. 
The average total oil and grease for these samples was 35 rng/l and the soluble 
fraction was 31 mg/l confirming that the bulk of the oil in the LST effluent 
is soluble. The solubility of the oil, therefore, makes the pretreatment 
target of 20 mg/1 unattainable by conventional technology. 

Using historical operating data, a material balance was performed to 
assess the fate and effects of oil and grease on the activated sludge system. 
The 18-month data base consisted of freon extractable values obtained on a 
daily basis. Figure 2 illustrates the frequency distribution of the operating 
data. The SO-percentile values for influent and effluent oil and grease are 
25 and 2.6 mg/l respectively. Soxhlet extractions of the mixed liquor indi
cated an average oi 1 and grease accumulation of less than one percent of the 
total mixed liquor on a dry weight basis. This low level of accumulation 
indicates that the bulk of the freon extractables removed from the waste water 
were biodegraded. Since the influent oil and grease is degradable higher 
concentrations will not adversely effect settling properties and interfere 
with long-SRT operation. 
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Suspended Solids Removal 

The Clairton waste water is treated with lime to raise the pH prior 
to the fixed-ammonia still. With the high pH and excess calcium present, 
large amounts of calcium carbonate are precipitated. This precipitate is 
removed in the LST which serves to both clarify the feed to the activated 
sludge system and thicken the resultant inorganic sludge. 
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In establishing an influent solids target for a biological process, 
the major concerns are the nature of the solids, and their resulting impact on 
the biological system. Inert solids, such as the inorganic precipitate in the 
Clairton feed, constitute a material load which must be transported, but does 
not contribute to process performance. Based on experience with long SRT 
operation in the petroleum industry, an arbitrary pretreatment target of 20 
mg/l was selected. 

The results of jar tests to optimize suspended solids removal were 
similar to the oil and grease results which indicated that the present opera
tional conditions were equal to or better than the alternatives. From the 
many alternatives evaluated, three were selected for clarification tests. 
Class II settlin~ analyses were conducted to evaluate the theoretical clari
fication for: (1) no coagulant addition, (2) the current polymer addition 
scheme, and (3) a metallic coagulant with a polymeric coagulant aid. FigurP 3 
illustrates the relationship between overflow rate and solids removal for 
these three cases. 
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The tests cannot be directly compared because they were based on 
different samples. They are indicative, however, of the sensitivity of 
performance to overflow rate. The test with no coagulant addition proved to 
be the least sensitive to overflow rate. this sample, it should be noted, had 
the highest initial solids concentration, and high-solids samples seemed to 
clarify better throughout the testing. The metallic coagulant provided the 
highest overflow rate which would meet the pretreatment target of 20 mg/l 
suspended solids (see Table 3), but proved to be the most sensitive to changes 
in overflow rate. This alternative also generated larger qua~tities of a 
gPlatinous, diffic11lt-to-dewati·r sludge. 
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Table 3 

OVERFLOW RATES REQUIRED TO MEET TARGET 

Required 
Initial TSS Removal Overflow Rate 

Test No. (mg/1) (%) l/min/m2 (gal/ft2, day) 

1 492 96 8,954 (220) 

2 298 93 6,309 (155) 

3 366 95 16,077 (395) 

In all three cases, the required overflow rates are substantially 
less than the normal operating rate of 23,199 l/min/m2 (570 gal/ft2 day) for 
the existing clarifier. This does not imply that the LST was improperly 
designed, only that the high removal percentages needed to meet the pretreat
ment target of 20 would require extremely low overflow rates. If the target 
were raised to 40 mg/l, the existing overflow rate would be adequate. This is 
illustrated by Figure 4 which shows average effluents of 37 and 39 mg/l during 
the near-optimum operation which prevailed during October and November of 
1979. 

Figure 4 
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The jar-test program and settling tests indicated that the exist
ing operational scheme of the full-scale pretreatment system was achieving 
near-optimum results for a gravitational-sedimentation unit .. The resulting 
effluent quality, however, was still short of the target of 20 mg/l. Supple
mental filtration was then evaluated as a ~eans of attaining the target. The 
results of granular media filtration tests (Table 2) indicated that this 
additional process would produce an effluent quality within the preset target. 
Although filtration appears to be a feasible technique for attaining the 
desired effluent solids concentration, the validity of this target must be 
considered in light of full-scale operating experience. 

REASSESSMENT OF PRETREATMENT TARGETS 

The establishment of pretreatment targets must consider the nature 
of the material to be removed. In the Clairton case, the oil and grease was 
found to be biodegradable with no physical effects on the biomass. The only 
effect of these materials on the activated sludge process is the oxygen demand 
exerted during metabolism. Since the average influent concentration is only 
26 mg/l or 283 Kg/day (624 lbs.), the impact on system oxygen resources is 
minor when compared to that of other contaminants. Therefore, the original 
oil and grease target of 2~ mg/l is not applicable in this instance. 

The relative impact of influent total suspended solids must be 
considered in light of volatile solids generation taking place within the 
biological system. In the case of the Clairton system, solids generation is 
relatively large. Typically, 5443-7257 kg (6-8 tons) of biological sludge are 
generated-daily. Assuming that precipitation is not a contributing factor and 
further assuming that all external inputs have been identified, the effect of 
influent TSS on equilibrium levels of mixed liquor volatile suspended solids 
(MLVSS) can be readily calculated. Figure 5 illustrates the projected impact 
on the Clairton system. It is apparent that little improvement in % MLVSS is 
to be realized in modifying the existing system to further reduce influent TSS 
from the present value of approximately 50 mg/l to the previously projected 
target value of 20 mg/l. Thus although achieving an extemely low level of 
influent TSS is possible using conventional technology, in this case its 
incorporation would certainly not be warranted. 

Figure 5 
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IN-PLANT VERIFICATION 

In-plant investigations were initiated when the volatile solids 
content of the mixed liquor was less than. 45 percent. Constraints imposed 
by the mixing capability of the aerators and the low percentage of volatile 
solids limited the equilibrium biological population as well as the equi
librium solids retention time. Figure 6 illustrates the Clairton biological 
system and its related auxiliaries. With the system equilibrated to a feed 
TSS content of 50 PPM, the calculated MLVSS content of 90% (see Figure S) was 
considerably different than the observed value of 45%. Obviously, a source of 
non-volatile solids in addition to that entering with the feed water existed 
within the system. A careful review of operating conditions revealed the 
sludge wasting system to be the source of the problem. 

FILTER 
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As shown in Figure 6, the rotary vacuum filters (RVF) are used to 
dewater sludge from the lime sludge thickener as well as bio-sludge from the 
aeration basins. The piping for returning filtrate from the RVF system to the 
aeration basins established a pathway for nonvolatile solids to enter the 
aeration basins. Although the filtrate is expected to be low in TSS, this did 
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not prove to be the case. Solids which were deposited in the RVF cloth, but 
which were not removed from the cloth into the wastage bin were subsequently 
washed from the cloth and returned to the aeration basin. Although the % 
MLVSS was shown to be relatively insensitive to influent solids (Figure 5), 
the correction of the internal s·olids-recycle loop described above had a 
pronounced effect as illustrated in Figure 7. 

Figure 7 
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The resulting improvement in % MLVSS dramatically increased the 
total quantity of biological material the system was capable of retaining in 
suspension. During the time frame in question, a series of process modifi
cations were made to the treatment system. These modifications in conjunction 
with the improved climate resulting from the increased volatile solids frac
tion produced a significant change in system performance as typified by the 
improvement in nitrification (Figure 8). 
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SUMMARY 

Although the prescribed limits of neither TSS nor O/G were met, 
the system was able to provide nitrification in a single stage system. Is 
is concluded that the importance of pretreatment in terms of TSS and O/G 
removal must be considered on an individual basis for each application. The 
nature and composition of so-called "oil/grease" must be determined before 
speculating as to its impact. Similarly, the relative quantity of daily 
sludge generation must be considered before establishing what would be termed 
"acceptable" limits on influent total suspended solids. Based upon our 
experience at Clairton Works, it is concluded that reasonable operation of 
conventional pretreatment equipment yields an influent of sufficient quality 
to permit maintenance of an optimum biological system. 
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ABSTRACT 

PROCESS CONTROL FOR ACTIVATED SLUDGE TREATMENT 

OF COKE PLANT WASTEWATERS 

By 

ANDREW C. MIDDLETON, MANAGER 

WATER QUALITY ENGINEERING SECTION 

ENVIRONMENTAL RESOURCES AND OCCUPATIONAL HEALTH 

KOPPERS COMPANY, INC. 

MONROEVILLE, PA 

Once an activated sludge system has been started up and brought to 

steady operation, control methodology must be applied to it to maintain 

it in such a state. Additionally, during the life of the system 

the situation may change from that of the original design, and the 

control methodology must be capable of maintaining control in such 

situations. This paper presents a straightforward, rapidly interpretable 

control methodology based on solids retention time (SRT); a methodology 

for determining capacities of an existing system; and, an illustration 

of these for a coke plant activated sludge system. 
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INTRODUCTION 

PROCESS CONTROL FOR ACTIVATED SLUDGE TREATMENT 

OF COKE PLANT WASTEWATERS 

Once an activated sludge system has been started up and it has pro

gressed to a controllable system, control methodology must be applied 

to maintain it in such a state. A process control methodology will 

be described here that is used at Koppers' facilities. This method

ology is not complex and provides a base to evaluate the operational 

state of the system. 

PROCESS CONTROL METHODOLOGY 

Table 1 is ~ step-by-step list detailing the control procedure. 

This procedure is based on the use of solids retention time (SRT) 

as the primary independent control variable. The solids retention 

time (SRT) is the average amount of time suspended solids are retained 

in the system, and it has been shown to be a rational, convenient 

parameter for activated sludge design and operation. 1 ' 2 Only the 

following measurements are required: · aeration tank mixed liquor 

suspended solids (MLTSS and MLVSS), setting tank effluent total suspended 

solids (TSS ), and recycle sludge total suspended solids (TSS ). e r 
With these measured data, the effluent discharge rate, and the aeration 

tank volume, the rate of sludge wasting can be computed to maintain 

a desired SRT. A normal operating procedure would be to make these 

computations daily and adjust the sludge wasting rate accordingly 

at daily intervals. In many cases, it is possible to make the adjustment 

on five days per week, i.e., Monday through Friday, and leave the 

sludge wasting rate constant at the fifth day's setting for the remaining 

two days, i.e., Saturday and Sunday. 

The procedure also includes a step for estimating the required rate 

of phosphorus addition. This step is based on the principle of adding 



ACTIVATKD SLUDGE PROCESS 

SRT CONTROL 

TABLE 1 

1. ~elect the desired SRT based on operational experience. Usually 

20 days is reasonable for BOD, TSS, phenol, oil & grease, and 

sulfide removal at temperatures ranging from 15 to 20°c. 

2. Calculate the weight of total suspended solids (TSS) in the 

aeration tank daily as: 

M in lbs = (MLTSS) (V) (8.34) 

where MLTSS a aeration tank total suspended solids concentration 

as measured, mg/l; V = aeration tank volume, million gallons; 

and, 8.34 • conversion factor, mg/l to lb/million gallons. 

3. Determine the total weight of TSS to be wasted daily as: 

M 
lbs to waste per day • ~-8-R-T--

4. Calculate the total weight of TSS lost daily in the clarifier 

overflow as: 

L in lbs lost per day = (Q) (TSSe) (8.34) 

where Q = effluent TSS as measured, mg/l (composite sample 

if possible). 

continued 



5. Determine the weight of TSS to be intentionally wasted daily 

as: 

M PI in lbs to intentionally waste per day = SRT -L 

6. Determine the volume of recycle sludge to be drawn off daily 

to achieve this intentional wasting of TSS as: 

PI 
w in million gallons = (TSS )(B. 34 ) 

r 

where TSS = recycle sludge TSS concentration as measured, mg/l. 
r 

7. Determine the .phosphoric acid addition rate based on the production 

of volatile suspended solids (MLVSS) as: 

Phosphoric 

Addition Rate in 

Gallons per Day (gpd) 

= (MLVSS)(V)(8.34)(P:MLVSS Ratio) 
(p Content of H3Po4 ) 

p 
where, MLVSS = VSS of aeration tank as measured, mg/l; ~ML~V-8-5-

• ratio phosphorus content of VSS, usually 0.024 is reasonable; 

and, P content of phosphoric acid• as specified, e.g., for 

75%H
3

Po4 the P cont~nt is 3.13 lb P/gallon. 



the phosphorus removed by biomass losses from the system. The biomass 

is estimated by the volatile suspended solids (VSS) concentration. 

The VSS removal from the system can be estimated, and then based 

on the phosphorus content of the VSS and the phosphoric acid, the 

required amount of phosphoric acid addition can be computed. A value 

of 0.024 lb P/lb VSS is suggested for the phosphorus content of the 

VSS. However, this ratio can be different depending on the system, 

and it should be adjusted as necessary based on operating experiences. 

The soluble effluent phosphorus should be monitored to provide a 

basis for adjusting this computation. 

Table 2 is a recoDD11ended daily data sheet that facilitates this control 

methodology. A data sheet similar to this one was originally proposed 
3 for use with municipal activated sludge systems. 

CAPACITY ESTIMATION 

Once an activated sludge system has been brought into steady operation, 

it is desirable to adjust it to an optimal operation for the specific 

situation. .The operating situation will often be different from 

that of the original design and may change during the life of the 

system. Wastewater flow rates and compositions will vary with production 

rates and process changes. 

For an existing system the solids retention time (SRT) and recycle 

ratio (r) are usually the only adjustable parameters. The hydraulic 

retention time (HRT) is fixed by the feed rate of wastewater to be 

treated and can be adjusted for process control only if there are 

multiple aeration basins available. The day-to-day variation in 

HRT due to flow variation is considered not to be part of the process 

contr'ol in this discussion. 

As stated in Table 1, a 20 day SRT is normally satisfactory for phenol, 

BOD, TSS, oil & grease, and sulfide removal at temperatures ranging 

from 15 to 20°c. However, there may be cases where both higher or 
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ACTIVATED SLUDGE PROCESS 

SllT CONTROL 

TABLE 2 

Operator --------------- Date ---------------

1. Operational SRT ____ daye Aeration Tank Voluae 

2. Mass TSS in aeration tank (M): V • ___ ......;million 
allons 

HLTSS • ____ mg/l 

M • (HLTSS(V)(B.34) 

M • ____ lbs 

3. Kasa TSS that must be removed in M • SRT _____ lbs/day 

4. Maas TSS lost in settling tank effluent (L): 

Effluent TSS • mo/l ---- Effluent Daily Discharge 

L • (Q)(Effluent TSS)(8.34) Q • million ---· gallone 
L • lbs/day ----- per day 

5. Mase TSS to intentionally waste (Pl): 

Pl • (M + SRT) - L 

Pl • __ _._ __ lbs/ day 

6. Waste sludge flow rate (from recycle sludge lines)(w): 

Recycle Sludge TSS (TSSr) ___ ___.mg/l 

w • ___ P_I ___ x 1,000,000 
(TSSr)(8. 34) 

w - _____ _,gpd 

7. Phosphoric acid addition required: 

HLVSS • ______ mg/l 

HLVSS Production • (HLVSS)(V)(S.34) f SRT 

MLVSS Production• ______ lbs/day 

P Ratio • 
MLVSS ----

P Content of 
Phosphoric Acid • 
_____ lbs/ gal 

lb P required • (HLVSS Production) ( P Ratio) 
HLVSS 

lb P required • _______ lb/day 

Phosphoric Acid addition rate • (lb P required) + ( P content) 

Phosphoric Acid addition rate • gpd ------· 
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in operation, it is ususally best to operate at as high an SRT as . 

system capacity permits. At higher SRT values sludge production 

and hence, sludge wasting and disposal, are less. Thus, any costs 

associated with sludge disposal are reduced. 

In addition to reduced sludge production, operation at longer SRT 

values maintains a higher biomass in the system. The higher biomass 

provides greater stability to transient conditions because there 

is more biomass to respond to loading increases. Figure 1 is a graph 

showing the relationship of MLTSS, MLFSS, and MLVSS concentrations 

to SRT for an operation system. The appropriate equations are shown 

on the graph. Equations used in this paper have been presented else

where and, they are not comnented on in detail here. 1' 4 ' 5 The trend 

of higher concentrations at longer SRT values is illustrated by this 

graph. Finally, effluent quality due to biological oxidation improves 

with increasing SRT. · In particular, so'luble phenol and BOD concentra

tions would decrease at longer operating SRT values. 

Two factors will limit the maximum SRT value that can be achieved 

by an operatng system for a given wastewater loading: 1) ·settling 

tank capacity; and, 2) aerator capacity. 

The activated sludge settling characteristics must be knpwn to evaluate 

the settling tank capacity. These characteristics are determined 

by performing zone settling tests on the activated sludge after steady 

system operation has been achieved. An illustrative example will 

be provided here based on experiences at Koppers facilities. 

Figure 2 she>Ws the zone settling velocity (ZSV) of activated sludge 

at two Koppers facilities as a function of its TSS c~ncentration 

as measured by zone settling tests. Plant A is a by-product coke 

plant producing foundry coke at the time of settling tests. Wastewater 

pretreatment included ammonia removal from the excess flushing liquor 

using a lime still and equalization in a feed tank. Plant B is a 

coal tar distillation plant. 
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The settling characteristics are described by the equations shown 

on the graph. The ZSV decreases exponentially as the TSS increases. 

The difference in the settling characteristics is probably due to 

the differing MLVSS/MLTSS ratios. 

There are two parameters that can be used to evaluate the loading 

condition of a final settling tank: (1) the surface overflow rate 

(SOR), and (2) the solids loading rate (SLR). 

These parameters are defined as follows: 

SOR = final settling tank effluent discharge rate, gpd 
2 effective upflow surface area,ft 

SLR == mass flow 
the final 

effective 

rate of mixed liquor suspended 
settled tank, lb/day 

2 downf low surface area, ft 

solids to 

The SOR has a maximum allowable value (SOR ) that depends on the max 
mixed liquor total suspended solids concentration (MLTSS) and the 

settling characteristics. Figure 3 shows the SOR as a function max 

(l) 

(2) 

of the MLTSS based on settling characteristics described by the equations 

in Figure 2. The appropriate equation is shown on Figure 3. 

The SLR has a maximum allowable value (SLR ) that depends on the max 
final settling tank underflow total suspended solids concentration 

(TSS ) that is being attempted to be maintained. This concentration 
r 

depends on the MLTSS and the ratio of the recycle sludge pumping 

rate to the final settling tank effluent discharge rate; this ratio 

is the recycle ratio (r). The equation describing the TSS as a 
r 

function of the MLTSS and independent variables is as follows: 

TSS = 
r 

MLTSS HRT 
r (l+r - SRT) 

In many specific cases, .the ratio HRT/SRT is relatively ~mall compared 

to the (l+r) term, and it can be neglected without sacrifice of signif-

(3) 
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icant accuracy. The resulting equation is then as follows: 

TSS - MLTSS ( l+r) 
r r 

Figure 4 shows the SLR as a function of TSS based on settling max 
characteristics described by equations in Figure 2. The appropriate 

equations are shown on Figure 4. As can be seen in the graph, the 

SLR is relatively sensitive to 
max 

the TSS • Hence, reckless changes 
r 

in the recycle ratio can result in unexpected SLR values that max 
may result in an overloading of the settling tank. 

The effective upflow surface area of a circular clarifier is the 

surface area of the annulus between the peripheral overflow weir 

and the center feed well corrected for ·non-ideal flow patterns. 

For circular center feed clarifiers a correction factor of 0.55 can 

be used, i.e., only 55 percent of the actual area is effective. The 

effective downflow surface area is the entire surface area of the 

final settling tank again corrected for non-ideal flow patterns. 

The required final settling tank area (A) is a function of the MLTSS, 

flow rate (Q), recycle ratio (r), and settling characteristics (k , e 
ZSV ). The following equations apply: 

0 

(4) 

A • max (Aclar' Azer) (5) 

Aclar = Q/SORmax (6) 

Azsr • (l+r)(Q)(MLTSS)/SLRmax (7) 

Figure 5 show& the relationship of required final settling tank area 

(A) to MLTSS and recycle ratio for settling characteristics and flow 

rate applicable to Plant A. In general, the value of A increases 

with increasing MLTSS and decreasing r. The portions of the graph 

not within the capabilities of the system are shaded. The upper 

horizontal boundary is the available final settling tank area (950 

ft2 upflow). The curved lower boundary is the minimum area required 
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at the maximum recycle ratio (1.24; the recycle sludge pump is sized 

for 150 gpm). Any combination of MLTSS and r not lying in the shaded 

portions is within the system's capabilities. The value of r would 

be adjusted by changing the flow rate of the recycle sludge pump; 

the value of the MLTSS would be adjusted by changing the SRT as re

quired according to Figure 1. 

The oxygen uptake rate varies with the SRT value because the degree 

of biological oxidation of influent pollutants and the microbial 

respiration are dependent on SRT. 'iience, for an activated sludge 

system with fixed aeration capacity, the aeration tank dissolved 

oxygen (DO) concentration will vary with SRT. Figure 6 shows this 

variation for Plant A and the conditions listed. The aeration tank 

DO decreases with increasing SRT. The decrease is relatively sharp 

at SRT values less than 10 days, and more gradual at higher values. 

At SRT values less than 10 days for this situation, the degree of 

oxidation increases greatly with increasing SRT giving a sharp increase 

in oxygen consumption and thereby the sharp decrease in aeration 

tank DO. At higher SRT values the increase in oxygen uptake is m~re 

dependent on microbial respiration which increases with increasing 

bacterial mass as shown in Figure 1. 

Normally, for coke plant wastewaters a minimum aeration tank DO of 

2.0 mg/l is reconnnended to sustain consistent, reliable phenol and 

BOD5 removal. A vertical boundary is shown on Figure 6 at the SRT 

value where the aeration tank DO equals 20 mg/l. The region of the 

graph to the right is shaded as being beyond the recommended limits 

of the system. Hence, a constraint is placed on the allowable operational 

range of the SRT in addition to those due to settling characteristics. 

EXAMPLE 

A series of graphs have been presented showing various parametric 

relationships for an existing activated sludge system (Plant A). 

This system was designed to operate at a 20 day SRT and a recycle 

ratio of 1.0. For a hydraulic retention time (HRT) of 1.6 days, 
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an influent COD (S ) of 1097 mg/l, an influent FSS (FSS ) of 160 
0 . 0 

mg/l, and a flow (Q) of 174,000 gpd, the graphs indicate the system 

to be operating well within its capabilities. Figure 1 gives a MLTSS 

of approximately 3600 mg/l for an SRT of 20 days. Figure 5 gives 

a required settling tank area of approximately 60 ft2 for a MLTSS 

of 3600 mg/l and a recycle ratio of 1.0. Figure 6 gives an aeration 

tank DO of approximately 2.6 mg/l for an SRT of 20 days. 

The available settling tank area is in excess of that required. 

The difference is due to the measured full-scale settling character

istics being superior than those used for original design. The differ

ence is apparently due to a large amount of inert fines flocculated 

with the sludge at the time of the settling tests. These fines in

creased the specific gravity of the floe particles and hence, the 

settling velocity. 

Given this series of graphs, the following questions could be posed: 

1. What is the maximum SRT and minimum recycle ratio that 

this system could be expected to be operated at? 

2. What would be the advantages of making such changes? 

To begin with, determine the maximum SRT allowable due to aeration 

constraints. On Figure 6, this value is approximately 43 days to 

maintain an aeration tank DO of 2.0 mg/l. Use a value of 40 days 

so that some excess remains. On Figure 1, an SRT value of 40 days 

results in a MLTSS value of approximately 6100 mg/l. On Figure 5; 

a MLTSS value of 6100 mg/1 gives a required settling tank area of 

950 ft2 at a recycle ratio of slightly greater than 0.20. Use a 

value of 0.30 so that some excess remains. Hence, it would not be 

unreasonable to attempt a state with an SRT of 40 days and a recycle 

ratio of 0.30. It would be recOD111ended that operational changes to 

go from an SRT 20 days to 40 days and a recycle ratio of 1.0 to 0.30 

be done in stages, i.e., to 30 days and 0.6 for several weeks, then 

to 40 days and 0.3. 
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After each change of state is made, the system should be observed 

for deleterious effects at the new state. The graphs are approxima

tions of reality, and unexpected effects can occur. The following 

are some possible effects that may not be accounted for in the graphs: 

1. Some nitrification may occur at the longer SRT values re

sulting in increased oxygen uptake rates and a more rapid 

decrease in aeration tank DO values. Significant nitrifi

cation has not normally been observed to occur in undiluted 

coke plant wastewaters at SRT values less than 50 days 

without the use of activated carbon addition to the aeration 

tank. 

2. Reducing the recyle ratio increases the residence time 

of the recycle sludge in the final settling tank. If some 

nitrification occurs, the longer residence time may allow 

reduction of nitrate to nitrogen gas (denitrification) 

within the sludge causing it to float to the surface of 

the settling tank. 

3. An overloaded condition for the aerator or settling tank 

can occur before it is expected bec·ause the graphs may 

not be as precise as expected. 

If any of the above effects are observed, the correctional procedure 

is to reverse the direction of the change until the effect disappears. 

It should also be noted that the change of state could go beyond 

what is predicted by the graphs. If there were no deleterious effects 

at a 40 day SRT and a recycle ratio of 0.30, it would be recoamended 

that the SRT be increased and the recycle ratio be decreased further 

in smaller increments until such effect~ were observed. 

At the longer SRT values, the following changes would be expected: 

1. improved soluble effluent quality, i.e., lower phenol and 

soluble BOD5 concentrations. 
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2. decreased sludge mass production. 

3. decreased phosphoric acid additions. 

At·the lower recycle ratio values, an increased recycle sludge TSS 

(TSSr) would be achieved. An increased TSSr would result in a decreased 

waste sludge volume flow rate. 

The improved effluent quality is difficult to quantify, because of 

the lack of detailed biokinetic studies on coke plant wastewater. 

An example of the possible improvement at these SRT values might 

·be a reduction in average effluent phenol concentration from 0.9 

Ppm to 0.6 ppm or thereabouts. 

The decreased sludge production can be estimated using the SRT control 

procedure outlined in Tables 1 and 2. Assuming no loss of solids 

in the effluent for this computation and using SRT values of 20 and 

40 days, MLTSS values of 3600 and 6100 mg/l, an aeration tank volume 

of 0.278 mil gal in Steps 1,2,3,4,S of Table 2, sludge production 

rates can be estimated. The results are 417 lb/day and 353 lb/day 

for the 20 and 40 day SRT values, respectively. Using Equation 3, 

the recycle sludge TSS concentrations can be estimated. The results 

are 6912 mg/l and 25,620 m.g/l for a 20 day SRT, 1.0 recycle ratio 

and a 40 day SRT, 0.3 recycle ratio, respectively. The waste sludge 

flow rates can be estimated using Step 6, Table 2. The results are 

7233 gpd and 1652 gpd for the two above states, respectively. The 

Phosphoric acid addit.ion rates can be estimated using MLVSS values 

from Figure 1 in Step 7, Table 2. The results are 1.42 gpd and 0.93 

gpd for the two above states, respectively. 

CONCLUSION 

A straightforward, rapidly interpretable control methodology has 

been presented. The methodology makes possible the rapid identifica

tion and control of the state of operation of an activated sludge 

sytem, i.e., the SRT, BRT, and r value. Procedures have been presented 



to estimate the capacity of an existing system for a specific situa

tion. The procedures make possible rational changes in the state 

of a system, to approach an optimal operational 1tate. 
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NOTATION 

A - final settling tank surface area, L2 

b - decay coefficient, T-l 

CFC - saturation DO at field conditionsj M/L3 
s 

c20 - saturation· Do at 20°c, M/L3 
s 
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TSS 
r 

v 

a 

- total suspended solids concentration of final settling 

tank underflow, M/L3 

3 - aeration tank volume, L 

- oxygen transfer coefficient 

- DO saturation coefficient 
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DO 

PSS 
0 

k 

K s 

MLFSS· 

MLTSS 

MLVSS 

p 

p 

Q 

q 

r 

s e 

8 
0 

T 

- dissolved oxygen concentration, M/L3 

- influent fixed suspended solids concentration, M/L3 

- maximum specific COD utilization rate, T-l 

- empirical settling coefficient, L3/M 

- Monod coefficient, M/L3 

- mixed liquor fixed suspended solids concentration, M/L3 

- mixed liquor total suspended solids concentration, M/L3 

- mixed liquor volatile suspended solids concentration, M/L3 

- standard aerator oxygen transfer capacity, lb o2/HP-hr 

- aerator power 

- atmospheric pressure, mm Hg 

- influent flow rate t 3/T 

- recycle sludge pumping rate, L3/T 

- recycle ration (q/Q) 

- volumetric oxygen uptake rate, M/L3-T 

- effluent COD concentration, M/L3 

- influent COD concentration, M/L3 

t oc - emperature, 
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Introduction 

Armco's Hamilton plant is located in New Miami, Ohio, on the G:reat Miami 

River. The plant produces molten pig iron, metallurgical coke, coke gas, and 

coking by-products. 

The Hamilton Coke Plant consists of four Koppers-Becker und.erjet design 

batteries with a total of 110 ovens. The oldest battery was constructed in 

1928 a.nd the newest started up in 1947. During this period the batteries 

have been rebuilt several tbnes. 

In 1976, .Al.'mco initiated an extensive modif"ication and :rehabilitation 

program for all four coke batteries. A major part of this program was the 

installation of state-of-the-a.rt air and water pollution control facilities. 

The water pollution control program included the collection and treatment of 

sanitary sewage, ammonia still waste, benzol plant waste, quench tower waste, 

and high temperature noncontact cooling water. · This paper specifically deals 

with the treatment of the sanitary sewage, ammonia still waste, and the 

benzol plant waste. 

Background 

The wastewaters generated at .Al.'mco's Hamilton Coke Plant are primarily 

from the flushing liquor system and the benzol plant. The flushing liquor is 

hot water which is sprayed directly into the collecting ma.ins to quench coke 

oven gas as it leaves the ovens. A circulating liquor system is used to cool 

the gas in direct spray primary coolers. Water evaporated from the coal is 

condensed in the ma.in and primary coolers creating excess flushing liquor. 

This highly con~ted excess liquor from the two systems is collected in 

storage tanks prior to treatment. 

Several sources of wastewater from the benzol plant are collected in a 

common oil separation sump. The largest source is condensate from wash oil/ 

crude light oil distillation operations. The wash oil is purified by steam 

stripp~~ to remove crude light oil that was absorbed in the light oil gas 

scrubbers. The steam condensate is discharged to the benzol sump as a con

taminated waste stream. See Table I tor the design volumes and chemical 

COJDilosition of the raw excess ammonia liquor and benzol plant wastewater. 

At the outset o! the program, a study was conducted to determine the 

best approach for treating coke plant wastewater. Alternatives studied and 
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TABLE I 

RAW WASTE WATER - DESIGN COMPOSITION 

Excess Ammonia Liluor Benzol Plant Waste 
i!iLi: kli'/ day (#/daio !8Z1: kgJday #/ aay) 

A'YERA.GE FLOW GPD 58,300 43, 100 

Ammonia-N 4625 1020 {2247) 13 2.3 (5) 
Cyanide 25 5.5 (12) 19 3.2 (7) 
Thiocyanate 1400 310 {680) 18 2.7 (6) 

Oil & Grease 10 1.8 (4) 45 7.3 (16) 
Phenol 1140 250 (550) 114 19 (41) 
Sul.£ide 23 5 (11) 11 1.8 (4) 
Suspended Solids 60 14 (30) 40 6.4 ( 14) 

COD 8180 1820 (4000) 550 90 (200) 

TOC 2350 520 (1140) 540 88 (195) 
PH 9.0 7.2 
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rejected included physical-chemical treatment with activated carbon and joint 

treatment in a publicly-owned treatment works (POTW). The physical-chemical 

scheme offered a lower capital investment but a much higher operating cost 

- and was thus rejected. The joint treatment scheme was rejected because of 

the remote location of the coke plant and the unique configur~tion of the 

POTW. Thus, a combination of physical-chemical treatment followed by bio

logical treatment was chosen. The major treatment objective was compliance 

with NPDES pemit requirements. In order to meet this objective, each major 

waste stream had to be pretreated by physical-chemical methods to remove in

compatible pollutants prior to biological treatment. 

Ppysioal-Chemical Pret;eatment 

The benzol plant waste contains large quantities of oil. During the 

original survey the majority of this oil was free or floatable oil with less 

than 30 mg/l 0£ emulsified oil. However, the light oil recovery operation 

has since been modified, and the waste stream now contains 800 mg/l of emul

sified oil. The free oil is partly removed in the existing oil separation 

sump. However, this sump is not capable of handling large oil spills.· Be

cause of the potential detrimental effect of large quantities of free oil on 

the biological treatment plant, additional oil removal equipment was 

installed to help contain spills. This equipment consists of a prepackaged 

gravity oil/water separator. The separator is installed in series with the 

existing sump and designed to remove free oil that passes through the primary 

separation tank. .A£ter treatment in this separator, the water is pumped to 

the biological treatment plant. To date, the emulsified oil bas caused no 

apparent problems at the bioplB.nt. 

Excess ammonia liquor contains large quantities of ammonia, sulfide, 

cyanide, andother compounds which can inhibit biological oxidation(1, 2). 

The ammonia is present in two fol.'ms, commonly referred to as "free" and 

"fixed" a.mmonia(3). Free ammonia, including ammonium hydroxide, ammonium 

carbonate, ammonium sulfide, ammonium cyanide, etc., is easily dissociated 

and removed by steam stripping. Fixed ammonia salts, including ammonium 

chloride, ammonium tbio~yanate, ammonium sulfate, etc.(3) are dissociated and 

removed by raising the pH with an alkaline material and steam stripping. To 

enable the final effluent to meet the NPDES permit requirements a steam 

distillation.system was installed to remove the free and fixed ammonia, 
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cyanide, and sulfide. This system was chosen over other concepts being used 

in the industry because or economics and site specific factors. 

The alkaline material used to dissociate the fixed ammonia at Hamilton 

is caustic soda.. A solution of 50% sodium hydroxide is injected directly 

into the still without additional dilution •. Caustic soda was chosen over the 

more traditional material, milk or lime, because of simplified operation and 

fewer maintenance problems. The addition 0£ caustic requires only the in

stallation of a storage tank and a metering pump, rather than the complex 

feeding system required for lime, with a resultant lower capital cost. The 

pH at the top of the fixed still can be controlled, thus eliminating the 

BWings in pH at the bottom of the still due to the long lag time in the still, 

and the problem of fouling the still with lime ha.s been eliminated. Another 

advantage, as yet not fully evaluated, is that caustic eliminates suspected 

problems caused by high concentrations of calcium in the bioplant feed asso

ciated with lime stills. The major disadvantage of caustic is that ·it costs 

several times as much.as an equivalent am.omit of lime. 

An ammonia still originally installed in 1954 as part of the Middletown 

Coke Plant and retired in 1976 was relocated to the Hamilton Coke Plant. The 

still contains 5 tree ammonia (free leg) trays and 10 fixed ammonia (fixed 

leg) trays. The trays are all standard cast iron single bubble cap plate 

sections. The system is equipped to use 50% sodium hydroxide as the alkaline 

material necessary to dissociate f'ixed ammonia. A second "standby11 mmnonia 

still was .installed for use during maintenance and cleaning of the primary 

still. 'rhe second still is a standard pressure vessel qolumn with float 

valve type, tower filler trays. The ammonia still system includes an auto

matic pH monitoring and control system which measures and records the pH of 

the still discharge as well as oont:rcilling the amount of caustic fed to the 

fixed leg. 

Excess ammonia liquor is injected into the free leg of the ammonia still 

near the top of the still column. After passing through the free leg, the 
liquor is removed and caustic added and mixed with a motionless mixer. The 

high pH liquor is then injected into the fixed leg. Low pressure exhaust 

steam is injected at the base of the still, which is bubbled through the 

descending flow of liquor to strip the ammonia. The ammonia vapors and other 

acid gases are collected at the top of the still, cooled to condense excess 
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water; and discharged into the coke gas downstream or the primary cooler. The 

ammonia is later recovered i'rom the gas as ammonium sulfate, a by-product. 

The still wastewater with little remaining ammonia is pumped to the biological 

-treatment plant. 

Design Considerations 

The biological system was designed i'rom actual wastewater nows and 
analysis (Table 1II and II-I), data· in the literature (1 ,4,5,6, 1 ,S,9), and. in-

• 
fol.'!Dation gathered while inspecting most of the operating coke plant bio-

logical treatment systems in North America. The most significant findings or 

this predesign. investigation were: 1) the need !or extended equalization, 

primarily to equalize the wide fluctuation in wastewater chemistry; 2) a 

minimum aeration detention time of 24 to 48 hours; 3) the need for completely 

mixed aeration to minimize the concentration oi' toxic parameters; 4) the . 

possibility of achieving both carbon oxidation and nitrification in a comon 
aeration tank; 5) the need to add phosphorus to support bio growth; 6) the 

universal problem with aerator foaming; and 7) the need to control pH and 

temperature. In addition, the investigation llllcovered an innovative clari

fication system that might be used to great advantage in coke plant bio

treatment. The system incorporates an integral clarifier with scraper 

mechanism to.direct the settled sludge back into the aeration basin. In late 

1976, there were no similar operating systems in the United States, although 

several were operating in Canada. In December 1976, a trip was taken to 
observe operating systems in Quebec<1o) and Ontario, Canada.(11 >. Following 

this trip, it was concluded that the concept offered several advantagoes, in

cluding potential capital cost savings, elimination of a separate sludge 

return system, potential for improved treatment, and substantial land sav

ings. Therefore, in February 1977, the engineering fim of Burns & McDonnell 

was instructed to proceed with the design of the biological treatment system 

utilizing thi.s integrai clarifier concept with provisions to achieve ni trifi

ca tion and with the c_apability 'to add a second stagoe nitrification reactor 

should it be required. 

In November 1977, construction commenced with the clearing of the site. 

The wor:itproceeded very slowly through the winter months, anli: in March 1978, 
the first major po\1%' ot concret~ was made. 'l'he work progressed through the 

summer of 1978 and beeause of many del~s caused by a wet spring and summer, 
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TABLE II 

:BIOLOGICAL THEA~ PLANT :mFLUENT 

!!Z10 Jda:. (#/day) 

Flow: 

Ammonia Still Waste 
:Benzol Yard Sump 
Misc. Waste 

Total Process 

Sanitary 
Total Contamjnated Waste Water 

Dilution Water 
Total Plant Feed 

.Ammonia-N 
Cyanide 
Thiocyanate 
Oil & Grease 
Phenol 
Suspended Solids 
COD 
TOC 

80 
5 

400 
12 

250 
40 

1800 
600 

64,600 GPD 
43,100 GPD 
10,900 GPD 

118,600 GPD 

21,800 GPD 
140,400 GPD 

7~,800 GPD 
21,200 GPD 

70 
3.6 

320 
10 

150 
8 

700 
22 

200 440 
32 70 

1500 3300 
500 1100 

pH 7.0-10.0 

**Detention time - total feed - JO hours 
**Detention time - process & sanita.ry - 45 hours 

Clarifier Overflow Rate-Total Feed 
Clarifier Overflow Rate-Process & 

8-nitar.r 

Clarifier Weir Loading-Total Feed 
Claril'ier Weir Loadillg-Proce.ss & 

Sanitary 

300 GPD/SF 
200 GPD/SF 

4, 100 GPD/LF 
2,700 G'FD/r;t 

Actual Composition* 

115 
3 

175 
45 

180 
70 

102,500 GPD 

3$, 100 GPD 
137,600 GPD 

61,400 GPD 
199,000 GPD 

85 
2.3 

130 
35 

135 
55 

190 
5 

285 
75 

300 
\ 120 

32 hours 
46 hours 

275 GPD/SF 
190 GPD/SF 

J,800 GPD/LF 
2, 6 50 GPD/LF 

*October 1979-Ma.rch 1980: 6-month average of 30-day averages. 
**l3a.sed on aeration tank volume (including chimney) of 265,000 gallons. 
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TilLE III 

BIOLOGICAL TBEATMENT PLANT EFFLUENT 

Design Composition Actual Composition* 

mg/1 kg/day- (#/Day) mg/l kg/day . (#/day) 

Flow: 214,200 GPD 199,000 GPD 

AtmnOnia-N 180 145 (316) 7 6 (13) 
Cyanide 4.5 3.6 (B) 1 .. 5 1 (2.5) 
Thiocyanate 4 3 (7) 

Oil & Grease 12 10 (22) s 4 (8) 

Phenol 3.0 2.3 (5) 0.001 0.007 (0.015) 

suspended Solids 70 60 130 32 25 (SS) 

pH 6.0-9.0 

*October 19·79 - March 1980: 6-month average 0£ 30-da;y averages 
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construction carried over into the winter of 1979. Fortunately, the winter 

of' 1979 was relatively mild and the plant was ready to be started in March of 
1979. 

Description of Facilities 

'rhe treatment plant process now schema.tic is shown on Figuxe 1. The 

incoCling waste is received at the plant in one of two surge tanks. The pro

cess surge tank, which is 40 feet in diameter by 40 feet tall with a working 

capacity of 300,000 ga.llons, receives waste from the ammonia still system and 

the benzol plant. The tank provides !low and chemical equalization by oper

ating a.t 50% full and using the side entering mixer shown in Figure 2. Pro

cess waste is no~ly stored in the surge tank for approximately one day 

before it is pumped to the aeration basin. The sanitary surge tank shown on 

Figure 3 receives the sanitary sewage generated in the coke plant area, and 

gas seal water from the nare stack. This tank is agitated with air to 

insure a non-septic waste. .After equalization, the sanitary waste is com

bined with the process waste and discharged into the aeration basin. 

The ammonia liquor from the still is approximately 105°c and must be 

cooled to approximately 25°c(4) for optimum ammonia removal in the biopla.nt. 

This cooling is achieved in part by £la.sh cooling at the still and natu:ral 

heat loss in the surge tank, with the final cooling achieved in two parallel 

spiral now heat exchangers. To compensate £or the hot blower air used in 

the aeration process, the liquor is cooled to around 20°c during the S'UII!mer 
months. 

In order to maintain the nutritional balance(1) of the aerobic system, 

phosphoric acid is added to the liquor just after the heat exchangers. At 

the same point, sulfuric acid is added for pH control should the basin pH 

exceed the desired 7.8 operating point. Following chemical addition, the 

total flow.is discharged into twc;> parallel aeration/clarification basins. 

The treatment system utilizes a completely mixed, activated sludge 

extended aeration concept with an integral clarifier. The aeration portion 

of the plant contains two cubical concrete basins each with its own clari

fier section. Fa.oh basin ba.s one submerged turbine aerator to achieve com

plete mixing and o:xys-en transfer. Three rotary lobe positive displacement 

air blowers shown on Figure 4 are used to generate the supply of air to the 

submerged turbine aerator. The aera.tion-clarif'ioation configuration shown. 
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Figuxe 2. Process Surge Tank with Side Entering Mixer 

Figure 3. Control Building and Surge Tanks 
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Figure 4. Positive Displacement Air Blowers 
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on Figure 5 allows the aerator to develop a horizontal velocity along the 

surface or the aeration basin. This, in turn, causes a downward· now of 

approximately 10 times the once-through now in the "chimney" or the space 

:-.provided between the aeration section and the olarif'ication section. The 

majority or this flow passes back into the aeration basin, carrying with it 
\ ( 

the solids settled in the clarifier section. This action provides a theo-

retical recycle rate of 2o<>%. The flow into the clarifier is equal to the 

incoming waste. This now enters at the bottom along the length of the 

clarifier, passes vertically up through the basin, and is finally discharged 

from.the system. A scraper mechanism is used to move the settled sludge 

down the sloped clarifier bottom to the chimney area where it is resuspended 

and carried back to the aeration basin. 

The treatment plant graphic control panel (see Figure 7) enables tlie 

operator to monitor the physical operations of the plant including nows, 

temperatures, tank levels, etc., and to make minor corrections as required. 

The system continuously monitors the aeration dissolved oxygen, temperatui-e 

and pH and automatically controls the latter two. Based on these controls . 

and chemical analysis ma.de in the t:reatment plant laboratory, adjustments 

are made to the system. 

~down and Start-Up 

The checking and testing of the system conducted during Februa.r;r and 

early March.of 1979 went smoothly. The only maj<>r problems enco1.Ultered were 

a bad vibration in the south aerator mixer and an exoeqsive pressure drop in 

the air supply system. The pressu:re drop problem was easily corrected by a 

modification to the sparge ring, but the vibration problem was not fully 
' corrected 1.Ultil la.te August. Additional construction delays were encountered 

in the ammonia still area and the bemol yard area so that those areas were 

not fully opera.tiona.l until July and September, respectively. 

On March 14, 1979, the north basins and process surge ta.nk were filled 

·With clean water. Waste ammonia liquor was then discharged to the surge tank 

Which resulted in an extremely dilute solution or reed stock. Approximately 

20 gpm or this dilute feed was pumped into the aeration basin which had been 

seeded with approximately 3000 gallons or activated sludge from Middletown, 

Ohio's, POTW. During the following days, additional truckloads of sludge 

were pumped int9 the ·system until the mixed liquor was at 1200 mg/l MLTSS. 
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Figure 6. Waste Water Treatment Facility 

-~ : 

.II 

Figure 7. Graphic Control Panel 
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Because the Middletown PO'l'W treats wastes from .Amco's Middletown Coke Plant, 

the microorganisms were acclimated to coke plant waste. As shown on Figure 8, 
the total solids in the mixed liquor started to climb on day one and bas con

tinued to increase. At the end of thirty days, the mixed liquor had increased 

to 6000 mg/l and as shown on Figures 9 and 10, the total solids inventory has 

continued to climb while the volatiles have g"enerall.y been above 70%. The dip 

in MLTSS concentration shown on Figure 10 is caused by the start~up of the 

second aeration basin after correction of the viQra~ion problems and install

ation of a foam spray system. 'While operating with only one aeration basin, 

the system consistently removed phenol and thiocyanate with little or no 

removal of ammonia. 

Discussion of Operating Data 

Figure 11 shows _the wastewater nows that have been treated in the first 

year of operation. The sharp increase in September is caused by the intro

duction of the benzol yard waste for the £il:'st time and the use of river water 

in a roam spray system. Because the system experienced severe roaming while 

operating on one basin, a river water spray header was installed around the 

basins to help lmock down the :foam. After the second aeration basin was 

started, and as the MLTSS continued to climb, the foam subsided allowing 

decreased use of river Wa.ter during early 1980. 

The system has functioned well in treating phenol even during upset or 

shock loading cond.iti~ns. Figure 12 shows the phenol loadings that have b~en 

treated. ·The influent phenol monthly average has varied from a low of 80 

kilograms per day (180#/day) to a. high or 230 kg/day (500#/day) with no effect 

on the effluent quality. The highest monthly average discharg"e to date has 

been 30 grams per day (1 ounce per da3)• 

Thiocyanate removal has not been as spectacular as is shown on Figure . . 
13. Thiocyanate has proven to be the hardest parameter to remove and the most 

sensitive ~o varying opera.ting conditions. For this reason, and the fa.ct that 

the wet cheinica.l test £or thiocyanate is easy, it has been used to dete:cmine 

the relative health of the system• Figure 14 shows the daily infiuent and 

effluent concentrations during "·llpset" _conditions. In May, phosphate concen

trations in the system were inadvertently depleted. The phosphate levels were 

undetectable for more than a week ~f"ore corrective measures were taken. 

Figure 14 shows the removal of thiocyanate was completely lost and recovered 
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slowly. As Figure 13 shows, the treatment of thiocyanate has stabilized, 

possibly due to the start-up or the second basin in September, with the 

resultant increased biomass inventories, and no upsets have occurred since. 

During the first seven months ot operation, ammonia removal, as shown on 

Figure 15, was poor due to the lack of caust;;.c in the ammonia still and opera

tion of only one aeration basin. The ammonia still system was started before 

the caustic feed system and did not achieve fixed ammonia removal until late 

May. The bioplant operated on one aeration basin 1.mtil September 15, when 

the second basin was put into service. During that four-month period, June

September, ammonia removal was erJ:"atio and the system di.fficult to operate. 

The plant would achieve nitrification, a drop in the pH would occur, and the 

next day there would be no evidence or nitri!'ication. On September 1.5, 1979, 

the second aeration basin was put into service which stabilized the system. 

Soon nitri£ication began to occur consistently and the system has achieved 

excellent ammonia removal to date. Since mid-October the system has had an 

average influent loading of 85 kg/da.y (190#/day) of ammonia nitrogen and 130 

kg/day (28S/l/day) or thiocyanate and has discharged an average for the six 

months of only 6 q/day (13#/day) of ammonia-nitrogen. An indicator or the 

stability of the system is shown on Figure 16, which shows a shock loading in 

early March, 1980. Around Februaxy 29, the last free tray of the ammonia 

still became plugged with tar and pitch. A.f'ter minor modifications and tun
ing, the standby still was put on stream March 5 and operated tmtil March 18. 

AltholJB'h the standby' still did not ·exhibit the removal e.f!iciency of the 

primary still, it operated well enough to bring ammonia loadings at the bio

pla.nt back into range, eliminating the need for backup storage la.goons or 

other treatment. During the first week of March, the treatment plant ammonia 

feed was more than tripled to 340 q/da:y' (750#/day), yet the biosystem 

achieved over 90% removal of ammonia. The highest quantity discharged during 

this time was 30 q/aq (66#/da;r). 

Figure 17 shows the food-to-mass ratio expressed in kilograms of :BOD5, 

phenol, and a.mania fed to the plant over kilograms of mixed liquor volatile 

suspended solids. As is shoim, the F:M ratios are currently veey low, with 

:BOD5 in the range of 0.06 k-8/kg MLVSS, phenol at 0.01 kg/kg MLVSS and ammonia 

in the range of O. 015 kg/kg ML vss. These low ra. tios are primarily due to the 

high invento%'1' of mixed liquor solids. 
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The suspended solids in the effluent as shown on Figure 18 have gener

ally been quite low. With the exception of one peak period, solids in the 

effluent have been less than 40 'kg/day (90:/l/day), and have averaged 25 kg/day 

(55#/da.y) for the last six months. In August and September, solids were very 

high in the one operating aeration basin when flows th:t'ough the basin were 

high. Subsequently, the sludge blanket in the clarifier section was nearly 

at the water surface and a carry-over of solids resulted. In January, a 

sludge wasting progxam was initiated and approximately 35 kg/day (77#/aa.y) of 

solids are cur:rently wasted. Mass balance calculations indicate that bio

logical growth has been equivalent to approximately 0.25 kg/kg of phenol 

removal. The excellent performance in the clarifier is in part credited to 

the design of the integral clarification concept. No polymers are added and 

the now receives no mechanical nocculation in the clarifier. The absence 

of sludge recirculation pumps has prevented breakup of the floe as it is 

returned to the aeration basin. The low effluent suspended solids may be 

attributable in part to the use of sodium hydroxide in the ammonia still 

rather than milk of lime. This contributes a much lower inorganic solids 

loading to the SY"Stem, thus.allowing the microorganisms to form a better floe 

with less "fine" solids carry-through to the effiuent. 

Operating Training and Responsibilities 

The successf'ul operation of this plant must be credited to outstanding 

perfomance by the operators. The plant is under the direct control of one 

day foreman with one operator present around the clock and an extra operator 

on day tu.ms. ill of these men underwent an extensive three-week classroom 

training program, with additional on-band training before and during the 

start-up stages. In addition, the operators are obtaining the required 

experience and reviewing additional tra.ining material in preparation for ob

taining .. State certification as licensed operators. The operators are conduct

ing the JJJ&jority of the chemical analyses with only cyanide and oil & grease 

analyses .contracted to outside labs. :By' manning the plant around the clock, 

the variqus operations can be closely monitored and controlled. Figures 19, 

20, and 21 show the close control tbat has been achieved on temperature, pH, 

and dissolved oxygen. The average temperatuze has been controlled at 25°c 
plus or minus 1°c throughout the last year. :By' close observation, the 

opera.tors can make corrections in the c~oling water system before troubles 

develop. Even though the pH on Figure 20 varies from 6 •. 6 to 8.3, the 
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operators were able to correct this by adding acid or alkaline materials to 

bring the system back into specification. The dissolved oxygen as shown on 

Figure 21 is not usually a controlled parameter, but is used as a monitoring 

tool. The operator can detect cba.JJ8es in the D.O. which may signal a pending 

upset and take corrective action. 

Capital and Operating Cost 

The biological treatment system as originally constructed cost $2.15 

million, with an additional s1.35 million for collection and ammonia still 

systems. An additional 11.5 million was spent for miscellaneous sumps, cool

ing towers, and related projects, bringing the total project cost to $5.0 

million. Included in this figure is an estimated 8800,000 for modifications 

and relocations to retrofit the existing coke plant to accommodate the new 

treatment plant. Eased on the total contaminated wastewater design now or 

140,000 GPD, the cost of the biological treatment plant was $15/ga.llon. The 

ammonia stills and collection system add $10/gallon, for a total capital cost 

for the bioplant and associated pretreatment systems of 825/ga.llon. Direct 

operating cost !or the treatment plant and the ammonia stills for the period 

July-December 1979 was about $18/1000 gallons of process liquor treated, or 

approximately $1.30/ton of coke produced. The added cost of capital recovery 

makes the treatment cost $30/1000 gallons of process liquor or 82.20/ton of 

coke produced. 

Conclusions 

The treatment o:f coke plant waste liquors to achieve phenol and ammonia 

removal in a single stage reactor has proven to be a viable treatment method, 

although expensive when used in series with a caustic soda ammonia still. 

Control of pH has been the most difficult factor because of the formation of 

acid in the treatment process and the destruction of the available alkalinity. 

Negative effects on nitrification or phenol· removal by the introduction 

of emulsified oil has not been a problem. Emulsified oil in the effluent is 

averaging less than 5 mg/1 with an average inlet loading rate of over 40 
mg/l. 

Operating the system with the extremely high mixed liquor and long 

sludge ages in the aeration basin has not been a problem. During periods of 

high now, some carry-over of solids is evident but there ;s no indication. or 
a problem during nomal operations.· 
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Although the operations of this plant have been extremely smooth, a 

degree o! caution must be exercised if this data is to be considered for other 

treatment plants. At this writing, the plant has operated thirteen months 

with only six months of satisfactory nitrification. Nitrification has only 

occurred during the winter months. It is essential for complete demonstra

tion or the plant to obtain a f"ull year of operating data. 
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TREATMENT OF COKE PLANT WASTEWATER 

USING PHYSICAL-CHEMICAL AND 

BIOLOGICAL TECHNIQUES 

By 

Richard Osantowski and Anthony Geinopolos 
Rexnord Inc. Corporate R&D 

Milwaukee, Wisconsin 

ABSTRACT: Pilot studies were performed concurrently at two coke plants to 
investigate the effectiveness of physical-chemical and biological treatment 
in meeting steel industry BAT guidelines for the by-product cokemaking 
subcategory. 
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INTRODUCTION 

TREATMENT OF COKE PLANT WAS1'EWATER 
USING PHYSICAL-CHEMICAL AND 

BIOLOGICAL TECHNIQUES 

The primary purpose of this project was to investigate the technical and 
economical feasibility of treating by-product cokemaking wastewater to 
Best Available Technology (BAT) levels using physical-chemical and 
biological methods. The wastewaters generated from the by-product recovery 
process include excess ammonia liquor, be-nzol plant wastes and other 
miscellaneous discharges associated with the production of coke. Pollutants 
contained in these wastewaters typically include suspended solids, ammonia, 
phenolic compounds, cyanide, sulfide, thiocyanates, oil and greases as 
well as many toxic pollutants. Two plants were studied; the physical
chemical test work was performed at Shenango, Inc., Pittsburgh, Pa.; the 
biological study was conducted at the Wheeling-Pittsburgh Steel Corp., 
Follansbee, W.V •• 'rhe plants investigated had operating treatment systems 
for upgrading the raw wastewater to a Best Practical Control Technology 
(BPT) Currently Available level. 

The investigations were conducted using the U.S. Environmental Protection 
Agency's (EPA's) mobile physical-chemical and biological treatment systems. 
These pilot plants are hou.se.d in three semi-trailer vans as shown in 
Figures 1-3. 

EXPERIMENTAL RESULTS {PHYSICAL-CHEMICAL RESEARCH SITE) 

General 

The physical-chemical investigation on Shenango's by-product cokemaking 
wastewater was conducted between November 14, 1979 and January 17, 1980. 
During the study, coke production averaged 1,673 metric tons (1,519 tons) 
per day, while the average wastewater flow was l,025 m3/day (0.271 mgd). 
The corresponding water appl~cation rate (liters of water/metric tons of 
coke produced) during the study was 743 liters/kkg (178 gal./ton). Based 
on BAT limits, the allowable pollutant concentrations in the effluent 
would be: 

Parameter 

pH 
Ammonia, mg/ 1 
Cyanide-T, mg/l 
Oil and Grease, mg/l 
Phenol, mg/l 
Sulfide, mg/l 
Suspended Solids, ~g/l 
Thiocyanate, mg/l 
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BAT 
Limit 

6.0-9.0 
13.4 
0.33 
13.4 
0.27 
0.4 

27 
200 
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The advanced waste treatment trains that were investigated on a pilot scale 
included the following: 

1. 

2. 

ACL + FIL + AC 

ACL + SBD + FIL 

AC: 
ACL: 
FIL: 
SBD: 

KEY 

activated carbon 
alkaline chlorination 
dual media filtration 
sodium bisulf ite 
dechlorination 

In the fi~st pilot treatment train, the BPT wastewater was passed through 
a two stage alkaline chlorination process for cyanide, phenol, sulfide, 
thiocyanate and ammonia removal. The wastewater was then filtered for 
suspended solids removal and dechlorinated on activated carbon. The second 
treatment train again consisted of alkaline chlorination which was followed 
by sodium bisulf ite dechlorination and dual media filtration. The treatment 
train arrangements are shown in Figure 4. 

(I) ALKALINE CHLORINATION, FILTRATION, CARBON ADSORPTION 

Fil PRODUCT 

(2) ALKALINE CHLORINATION, SODIUM BISULFITE DECHLORINATION, FILTRATION 

580 FIL PRODUCT 

. K!Y 
Fil: FilfRXTidM 
AC: ACTIVATED CARION 
SIDI SODIUH BISULFITE 

OECtll.ORINATION 

Figure 4. Process trains investigated for treatment of by-product 
coke plant wastewater. 

Wastewater Treatment System 

There are four process water streams associated with the by-product coke
making operations at the plant investigated; namely (1) final cooler waste
water; (2) phenolate wastes; (3) light oil separator effluent; and (4) hot 
oil decanter underflow. · 

The f ~l cooler wastewater originates from direct spray cooling of the 
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coke oven gas and represents about 31 percent of the total plant flow. The 
phenolate waste stream (excess flushing liquor) is passed through a free 
ammonia still, dephenolizer and a fixed ammonia still prior to mixing with 
other plant wastes. This stream comprises 47 percent of the combined coke 
plant flow. The hot oil decanter discharge (~19% of plant flow) passes 
through a dissolved-air flotation unit, containing 4.6 m2(50 ft2) of surface 
area. The underflow is then blended with other plant effluents. The 
fourth major process stream, the light oil separator effluent, accounts 
for approximately three percent of the coke plant effluent flow. The 
discharges from these four principal coke plant wastewater sources are 
combined and blended in a 643 m3 (170,000 gal.) equalization tank equipped 
with mechanical mixers. The equalized effluent, representing a BPT waste
water, is then fed to a full-scale advanced waste treatment system. Feed
water to the mobile system was taken out of the equalization basin during 
the entire study. 

Characteristics of the wastewater obtained from the equalization basin 
during the study are shown in Table 1. 

TABLE 1. COMPARISON OF BPT EFFLUENT LIMITATION GUIDELINES TO 
ACTUAL PLANT VALUES OBSERVED DURING THE STUDY PERIOD 

Parameter 

Cyanide T, mg/l 
Phenol, mg/l 
Ammonia, mg/l 
Oil and Grease, mg/l 
Suspended Solids, mg/l 
pH 

BPTl 
Limit 

29 
2 

123 
15 
49 

6.0-9.0 

Analytical Value From 
the Research Site 

Average 

85.2 
142 
506 
54 

103 

Range 

4.7-267.S 
68-850 

101-2,150 
3-147 

26-361 
3.8-10.8 

lnev. Doc., By-Product Cokemaking - EPA 440/l-79/024a, Oct. 1979 

As shown in the table, concentrations of pilot system feedwater were well 
above the BPT limits during the study. 

Alkaline Chlorination Results 

During the study, 40 alkaline chlorination test runs were performed. The 
pilot test procedure consisted of passing the coke plant wastewater through 
a series of completely mixed reaction tanks under alkaline and neutral pH 
conditions in the presence of an oxidizing agent (sodium hypochlorite). In 
the first reaction tank, sodium hydroxide and sodium hypochlorite were 
added to the wastewater to oxidize the cyanide present to cyanate. In the 
second chamber, the wastewater was neutralized in the presence of excess 
chlorine to oxidize ammonia. The treated wastewater was then filtered and 
dechlorinated using either activated carbon or sodium metabisulfite. As a 
byproduct of treatment, other parameters exerting a chlorine demand (sulfide, 
phenol, thiocyanate, etc.) were also oxidized. 

The alkaline chlorination system was run continuously over the test period 
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to provide 24 hour composite samples for both conventional and toxic 
analysis. Feed ammonia concentration ranged from 100 mg/l to a high of 
almost 2,200 mg/1 during the study. However, effluent ammonia was 
typically less than 10 mg/1 as shown in Figure 5. A summary of selected 
alkaline chlorination test results is shown in Table 2. Figure 6 indicates 
that effluent ammonia was reduced significantly as the oxidation-reduction 
potential (ORP) setting was increased. Operating in the 800-950 mv range 
provided sufficient treatment while maintaining the lowest possible chlorine 
residual. The data presented in Table 2 indicate that alkaline chlorination 
was effective in reducing pollutant concentrations to below BAT levels with 
the exception of total cyanide. Obviously, the presence of complexing 
agents in the coke plant effluent prevented complete oxidation df the 
cyanide by chlorine. 
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Figure 5. Alkaline chlorination effluent ammonia · · 
concentration versus run number. 

Based on the alkaline chlorination pilot results, a full scale treatment 
system could be expected to routinely meet it's NPDES permit limitations for 
all parameters except total cyanide. However. it should be remembered that 
the average influent cyanide value of the wastewater tested was approxi
mately three times the BPT limit (30 mg/l) and cyanide values as high as 
nine times the BPT value were observed. It is unknown if BAT cyanide levels 
could be consistently met if better BPT treatment were provided. Values of 
cyanide-A exiting the pilot treatment system were typically <0.05 mg/l. 

Dual Media Filtration Results 

Dual media filtration tests were performed on the coke plant effluent as a 
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TABLE 2. 

Run ORP 
No. mv 

10 900 

II 960 

12 960 

13 950 

2.0 940 

22 940 

BAT Limitations 

I: Interference 

100.0 

80.121 

_J 
a: 
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QC 
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x · 

20.0 

0. el 

COMPARISON OF SELECTED ALICALINE CHLORINATION 
RUN EFFLUENTS TO BAT LIMITATIONS 

NH3, CNJ' 
!!!911 mlil 1 

2 I 

2 0.2 
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polishing step from November, 1979 to January, 1980. Tests were conducted 
both with and without polymer. 

Filtration results of the effluent without polymer are summarized in Table 
3. Filtration removed significant quantities of suspended solids (71% 
removal). Table 3 also shows the average, maximum and minimum influent and 
effluent characteristics when chemically pretreated coke plant effluent was 
filtered with polymer as a coagulant aid. Overall removal of suspended . 
solids (93% removal) was greatly improved with 'addition of the polymer at 
a dosage of 3 mg/l. 

TABLE 3. DUAL MEDIA .FILTRATION PILOT STUDY RESULTS 

Average 
Maximum 
Minimum 

Suspended Solids, mg/l 
No Polmer 

Inf. Eff. 

51 11 
139 36 

7 2 

Activated Carbon Results 

Suspended Solids, mg/1 
PolYl!ler Added 

Inf. Eff. 

71 3 
152 9 
10 1 

The use of activated carbon was investigated to determine its effectiveness 
as a· dechlorinating agent. The carbon will convert the excess chlori~ 
produced by the alkaline chloritiation process into chlorides and other 
harmless byproducts. 

The average influent chlorine concentration to the carbon system during the 
study was 63.6 mg/L The average chlor·ine removal rate across the carbon 
bed was 95 percent with a range from 83.9-100 percent. Removal efficiency 
decreased as volume processed increased. The carbon was also effective in 
reducing influent ammonia by 35 percent and TOC by 61 percent. Effluent 
phenol concentrations from the carbon were decreased by 73 percent. 

Sodium Bisulfite Dechlorination Results 

Sodium bisulfite was investigated as a dechlorinating agent during the pilot 
study. A plot of bisulfite:chlorine ratio and percene chlorine removal 
(Figure 7), sllows that 100 percent of the chlorine can be removed at a 
bisulfite:chlorine ratio of 2:1. The figure illustrates that chlorine 
removal is a function of bisulfite to chlorine ratio. The studies were 
performed at a wastewater detention time of 30 minutes under complete mixing 
conditions. 

Priority Pollutant Discussion (Physical/Chemical Test Site) 

Priority pollutant analyses were performed on 63 samples of the coke plant 
wastewater plus blanks during the Phase I (alkaline chlorination-filtration
activated carbon) and Phase II· (alkaline chlorination-sodium bisulf ite 
dechlorination-filtration) investigations. 
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Figure 7. Plot of percent Cl2 removal versus bisulfite:Cl2 ratio. 

Volatile Organics. Chlorination of the influent resulted in decreasing 
the concentration of benzene, acrylonitrile and toluene by approximately 
half. Chlorination increased chloroform concentrations from the 8 to 170 
µg/l found in the raw influent to 3,700 - 22,000 µg/l in the chlorinated 
effluent. Dibromochloromethane, carbon tetrachloride, 1, 2 dichloroethane, 
chlorobenzene and bromoform were not detected in the influent samples; 
however, significant concentrations were found in the chlorinated effluent. 
Neither Phase 1 or Phase 2 treatment systems were completely effective in 
the removal of volatile organic priority pollutants. However, Phase 1 
processes were superior, removing 10 to 100 times more volatile organics than 
Phase 2. Only negligible volatile organics removals were observed during 
Phase 2. 

Semivolatile Organics. Phase 1 provided a more complete semivolatile 
organic priority pollutant removal than Phase 2. The Phase 1 operation 
removed all semivolatile organic priority pollutants to non-detectable 
limits. Phase 2 reduced all semivolatile organics to less than 100 µg/l 
except for naphthalene. 

Metals. Phase 1 final effluent metals concentrations were very close 
to the initial raw influent levels. Similarly, priority pollutant metals 
were not removed in the Phase 2 operatic~. 

EXPERIMENTAL RESULTS (BIOLOGICAL RESEARCH SITE) 

General 

The biological research work was performed at the Wheeling-Pittsburgh Steel 
Corporation's Steuvenville East coke plant from October, 1979 to February, 
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1980. The water application rate during the study period was 432 t/kkg 
(104 gal./ton). 

As shown in Figure 8, three treatment trains were investigated. In the 
first treatment train, plant wastewater from downstream of the coke plant 
cooling tower was passed through a mixing tank, through the first stage 
activated sludge system (carbonaceous removal) and then through the second 
stage activated sludge system (nitrogen removal). The second treatment 
train consisted of the first treatment train (bio-oxidation) followed by 
activated carbon adsorption. The third treatment train included the compo
nents of the first treatment train followed by dual media filtration. 

The mix tank shown in Figure 8 was used for equalization, pH adjustment, 
dilution, and chemical dispersal. As the wastewater flowed through the 
first stage activated sludge system, carbonaceous material (BOD, Phenol, etc.) 
was removed. Effluent from the first stage clarifier was pumped through 
the second stage activated sludge system where ammonia nitrogen was oxidized 
by the nitrification process. The use of powdered activated carbon to 
remove toxics and improve settling was investigated. Final effluent from the 
second stage activated sludge system was passed through the activated carbon 
or dual media filtration systems late in the test program to complete the 
second and third treatment train arrangements respectively. 
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Figure 8. Process trains investigated for treatment of 
by-product coke plant wastewater. 
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Wastewater Treatment System 

There are two primary process water streams associated with the by-product 
cokemaking operations at the plant investigated: 

1. Benzol plant effluent. 
2. Ammonia still excess liquor. 

Strong ammonia liquor blowdown is stripped in the ammonia still by steam 
and caustic soda. Due to the steam and caustic soda injection, the 
volume of this stream increases and the temperature rises to -94oc (200°F). 
Wastewater from the benzol plant is blended with the excess ammonia liquor 
from the ammonia still for dilution and cooling purposes. This mixture, 
of which about 25 percent is excess ammonia liquor, thereby is cooled to 
44-67°c (112-152°F). After passing through an equalization tank and a 
cooling tower, the wastewater has lost sufficient heat to make it amenable 
to microorganism degradation. However, the waste still contains significant 
concentrations of pollutants toxic to biological life. Therefore, down
stream from ·the cooling tower, coal yard runoff and dilution service water 
are added to the wastewater stream to make the waste acceptable to the 
plant's single stage activated sludge treatment system. 

The coke plant's equalized wastewater was used as a source of feed to the 
pilot system during the study. Characteristics of this water are shown 
below in Table 4. BPT and BAT limits are also shown in the table for the 
plant investigated. 

TABLE 4. FEEDWATER CHARACTERISTICS AND EFFLUENT 
LIMITATIONS FOR BIOLOGICAL RESEARCH SITE 

Diluted I BPT 2 BAT 2 

Parameter feed limit limit 

CN-T, mg/l 9.7 52 2 

Phenol, mg/l 657 3.6 0.11 

NH3 , mg/l 767 217 32 

O&G, mg/l 17 26 20 

SS, mg/l 70 223 86 

Sulfide, mg/l 30.7 0.6 

SCN, mg/l 451 l 

1 Diluted in the ratio of 3 parts coke plant 
equalized wastewater to 1 part service water. 

2 Dev. Doc., By-Product Cokemaking-EPA440/l-79/024a., 
Oct., 1979. 

As shown above, the pilot system feedwater was well above BPT limits for 
phenol and ammonia during the test period. 
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Biological Treatment Results 

First Stage Carbonaceous Removal System. The first stage pilot 
activated sludge system was effective in removing both BOD and phenol. n>.e 
feedwater was pH adjusted and diluted (3 parts coke plant wastewater to 
1 part service water) prior to pilot scale treatment. Phosphoric acid 
was also added. 

Influent BOD ranged from 1,290 mg/l to 2,550 mg/l and averaged 1,800 mg/l. 
The BOD removal efficiency was typically 95% with a range from 60 percent 
to 99 percent. Good removals of phenol were.also observed in the first 
stage system. Efficiency ranged from 90% to 100%. The average diluted 
feed phenol concentration was 657 mg/l, with a range from 440 mg/l to 
920 mg/l. Removals of thiocyanate and TOC were also observed in the first 
stage treatment system. 

Second Stage Nitrogen Removal System. The primary objective of the 
second stage bioxidation unit was to reduce influent concentrations of 
ammonia through the.nitrification process. The pilot system feed ammonia 
during the study was quite variable, ranging from 293 mg/l to 2,553 mg/l 
after dilution. The average diluted feed ammonia concentration to the 
pilot units was 767 mg/l. The influent wastewater to the second stage was 
pH adjusted using sodium carbonate and sodium hydroxide. Powdered activated 
carbon was also added to reduce the effect of toxic shock loads and help 
weight the nitrified .sludge. Polymer was also added to the second stage 
clarifier to minimize biomass losses over the weir. 

Attempts to achieve a substantial population of nitrifiers were unsuccessful 
during the first six weeks.of testing. Dilution to the second stage was 
initiated on December 1, 1979 to help reduce the wide fluctuations in 
feed ammonia concentration and therefore promote the growth of nitrifying 
bacteria. This had a positive effect on the microorganism population and 
nitrification began to take.place in eariy January, 1980. Excellent 
ammonia removals were then consistently achieved for the duration of the 
project as shown in Figure 9. Test results for a period of time when 
nitrification was occurring are shown in Table 5. 

TABLE 5. ANALYTICAL RESULTS FOR SELECTED TEST 
PERIODS - NITRIFICATION SYSTEM 

SS 'm12~l NH:1 ~m1lll ~ ~m1Z12 CNA ~m1l12 O&.G ~yZ12 SCN '!!!IZll Pheaol ~m1Zl) 
Date Inf, !ff. tnf. !ff. Itif. Eff, Inf. !ff. Inf. !ff. 'Inf. Eff. Inf. Eff. 

1/16/80 47 56 206 17 2.0 I <0.05 2.6 44 <1 

1/18/80 34 66 228 8 3.6 I c0.05 c0.05 3 11 4 cl 0.1 <0.1 

l/21/80 26 61 171 2 5.6 I c0.05 <0.05 z 8 3 Cl 0.7 0.6 

1/23/80 27 51 160 1 a.s I <0.05 <0.05 2 Cl 

1/%3/80 . 41 59 156 3 9.5 t <0.05 <0.05 4 6 1 <1 0.2 0.1 

1/28/80 57 93 234 6 13.3 t <0.05 <0.05 7 3 2 <l 0.1 <0.1 

I: M1tr1te Interference 
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Figure 9. Influent ammonia versus AS-II effluent ammonia. 

By comparing the Table 5 analytical results with the BAT limits shown in 
Table 4, it is apparent that BAT guidelines could be met for all parameters. 

Activated Carbon Results. The results of the biological test site 
activated carbon study determined that carbon was effective in removing TOC 
(53% removal), color (60% removal), BOD (40%) and SCN (79% removal) from 
the second stage activated sludge effluent. There were also minor removals 
of phenol, oil and grease and TKN. 

Dual Media Filtration Results. Dual media filtration tests were also 
performed on the nitrified effluent. Runs were conducted at filtration rates 
of 122, 204, 326 and 407 i/min/m2 (3, 5, 8 and 10 gpm/ft 2 ). During the 
study, influent suspended solids averaged 190 mg/l. Removal efficiency 
ranged from 17 to 64 percent. 

During one of the dual media filtration runs, samples of influent, effluent, 
and backwash were collected for metals analysis. The metals analysis data 
are summarized in Table 6. 

TABLE 6. DUAL MEDIA FILTRATION HEAVY METALS REMOVAL 

Sample Heavy Metal Concentration 1 mg/l 
Point Cu Cd Pb Zn As Se Sb 

Influent 0.06 0.03 <0.1 2.4 <0.0005 0.56 <0.05 

Effluent o.os 0.03 <0.1 0.9 <0.0005 0.42 <0.05 

Backwash 0.86 0.13 0.20 30,0 <0.0005 2.33 <0.05 
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As seen in Table 6, copper, cadmium and selenium were removed in trace 
amounts, while a significant amount of zinc was removed by the filter. 
There were no measurable removals or arsenic or antimony. 

Priority Pollutant Discussion (Biological Test Site) 

Priority pollutant analyses were performed on the coke plant wastewater 
treated in the experimental two stage biological system followed by the 
pilot activated carbon adsorption unit. A total of 13 samples plus 
appropriate blanks were collected during February, 1980. 

Metals. The pilot treatment system was not effective in reducing 
influent zinc concentrations. The mean influent concentration of zinc was 
443 ~g/l and the effluent 400 µg/l. Zinc was found in high concentration 
(630 µg/l) in the raw water added to the treatment system as makeup water. 
Zinc concentrations in the carbon column effluent were reduced threefold 
from the activated sludge effluent levels. Selenium was reduced by 77% 
from a mean influent concentration of 1~370 µg/l to a final effluent concen
tration of 320 µg/l. The selenium concentration in the carbon column 
effluent decreased approximately 25 percent from the activated .sludge 
effluent level. Arsenic was reduced from a mean influent concentration of 
360 µg/l to an effluent conce~tration of 99 µg/l. Influent silver concen
tration was 18 µg/1 compared to an effluent level of 12 µg/l. All the 
other priority pollutant metals were removed to concentration levels close 
to or below detection limits. 

Volatile Organics. The treatment process was effective in removing 
all volatile organic priority pollutants.· Toluene was reduced from a mean 
influent concentration of 607 µg/l to a final effluent of less than 10 pg/l 
(on two of the three sampling dates). While the activated sludge system 
influent contained 6,100 µg/l to 9,800 µg/l of benzene, no benzene was 
detected in the activated sludge or the final carbon column effluents. All 
other volatile organic compounds in the activated sludge and carbon column 
effluents were generally below the detection limits. 

Base/Neutral Extractable Organics• The treatment process was effective 
in reducing all monitored base/neutral extractable organics. The concen
tration of all nine of the base/neutral compounds found in the influent 
was reduced through t~e treatment process to less than 10 µg/l in the 
activated sludge final effluent. 

Acid Extractable Organics. All acid extractable organic compounds 
monitored were effectively removed by the treatment system. For example, 
the system influent contained a mean concentration of 62 mg/l phenol. Phenol 
was reduced by the treatment process to less than the detection limit in the 
final effluent. All other acid extractable organic compounds in the final 
effluent were below the detection limit. 

SUMMARY AND CONCLUSIONS 

Physical-Chemical Test Site. Two physical-chemical treatment trains 
were investigated. Train 1 consisted of alkaline chlorination, filtration 

392 



and activated carbon. Train 2 consisted of alkaline chlorination, filtra
tion and sodium bisulfite dechlorination. 

1. The results of the pilot program indicated that alkaline chlorina
tion was effective in reducing influent concentrations of ammonia, 
oil and grease, phenol, sulfide, suspended solids and thiocyanate 
to below future BAT levels. The presence of complexing agents in 
the coke plant effluent prevented complete oxidation of the cyanide 
by chlorine and as a result, BAT cyanide-T values could not be 
consistently met. 

2. Filtration provided effective polishing of the alkaline chlorinated 
coke plant effluent, removing 71 percent of the influent suspended 
solids. Suspended solids removal could be increased to 93 percent 
with the addition of 3 m.g/l polymer. 

3. Activated carbon and sodium bisulf ite we~e 
nating agents. Activated carbon was found 
95 percent of the incoming total chlorine. 
provided 100 percent chlorine removal at a 
ratio of at least 2:1. 

investigated as dechlori
t6 cottsistently remove 
Sodium bisulfite 

bisulfite:chlorine 

4. During the pilot study, 63 samples were analyzed for priority 
pollutants. The results concluded that the physical/chemical 
treatment trains investigated created several volatile organic 
priority pollutants. Phase I technologies removed 73% of the 
volatile organic priority pollutants to non-detectable limits; 
Phase 2 technologies were effective in treating only 17% of 
incoming volatile organic toxics to non-detectable levels. Semi
volatile organics were all effectively reduced for'Train· 1. 
Train 2 also reduced all semivolatile organics to less than 100 
µg/l except for I_Ulphthalene. The physical/chemical treatment 
trains removed only negligible concentrations of metals. 

Biological Test Site. A pilot scale two stage activated sludge unit 
was investigated for removing coke plant wastewater contaminants to below 
BAT values. Filtration and activated carbon were also studied as polishing 
steps. 

1. The first stage activated sludge unit was capable of removing 
95 percent of the influent BOD and from 90-100 percent of the 
incoming phenol. Thiocyanate and TOC reductions were also 
achieved. 

2. Influent ammonia to the second stage activated sludge system was 
quite variable, ranging from 293 mg/l to 2,553 mg/l. It was 
necessary to dilute the first stage activated sludge effluent to 
maintain a consistent feed ammonia strength before nitrification 
could be achieved. After a sufficient population of nitrifiers 
were in the system, ammonia reductions of >97 percent were 
consistently achieved. Suspended solids, oil and grease, thio
cyanate and phenol were also reduced to below BAT levels. 
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3. Activated carbon, when used as a polishing step for the nitrified 
effluent, was capable of removing 53 percent of the influent TOC, 
60 percent of the color, 40 percent of the BOD and 79 percent of 
the remaining thiocyanate. 

4. Dual media filtration was found to remove about 50 percent of the 
suspended solids present in the second stage activated sludge 
nitrified effluent. · 

5. Priority pollutant analyses were performed on 13 samples taken 
from various points in the treatment system. All priority 

. pollutant metals were reduced to less than 100 µg/l except for 
selenium and zinc. The biological treatment train was efficient 
in removing all volatile organics, base/neutral extractable 
organics and acid extractable organics to non-detectable levels. 
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ABSTRACT 

SINGLE STAGE NITRIFICATION OF COKE PLANT WASTEWATER 

Dr. George Wong Chong 
Environmental Research and Technology 

Pittsburgh, PA 15219 

and 

Mr. John D. Hall 
National Steel Corporation 

Research and Development 
Weirton, WV 26062 

A laboratory scale study of single stage phenol oxidation-nitrification 
activated sludge treatment of coke plant wastewater was conducted. The objec
tives of the study were to determine: 

the operating conditions at which a treated effluent would 
contain an ammonia concentration of 10 mg/l or less, 

the effects of sudden changes in loadings of certain waste
water constituents on the biological process, 

the effects of the process on priority organic pollutants, 
and 

means of enhancing the biological process. 

In this study, eight test reactors were used; the feed to these reactors was 
undiluted ammonia still waste which was ammended to a constant composition of 
ammonia, phenol and thiocyanate. 

The results of the study show that the single stage phenol oxidation-nitrifica
tion process can produce high degrees of treatment for ammonia, free cyanide, 
phenol, thiocyanate and sulfide but it was ineffective in treating complex 
cyanide. This process is also effective in controlling priority organic 
pollutants found in coke plant wastewater-. Sudden changes in the reactor 
loadings of conventional pollutant constituents resulted in neither toxic nor 
prolonged inhibitory effects. However, the process was sensitive in responding 
to abrupt changes in feed composition and reactor composition. These responses 
to changes should be tested on a full scale operation such that the true impact 
of normal coke plant operations could be assessed. The preliminary evaluation 
of activated carbon addition, carbonate addition and commercial mutant bacteria 
addition as means of enhancing (increasing the rate of nitrification) were 
inconclusive. 

This study was conducted in fulfillment of an EPA Grant (No. R806234-0l-2) 
which provided partial funding for this program. 
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SINGLE STAGE NITRIFICATION OF COKE PLANT WASTEWATER 

INTRODUCTION 

The Environmental Protection Agency's proposed "Best Available Technology 
Economically Available," BAT, effluent guidelines for by-product coke plant 
wastewaters may include: ammonia, cyanide (total), oil and grease, phenolic 
compounds, sulfides, thiocyanates and priority pollutants. Alternative techno
logies for achieving compliance with the proposed effluent guidelines are (a) 
physical chemical technology and (b) biological treatment. The proposed RAT 
biological technology suggests a multi-stage biological treatment system which 
includes a phenol removal reactor, cyanide-ammonia oxidation reactor followed 
by a nitrate reduction reactor and a final step aeration for the reoxidation 
of sulfide. Figure 1 presents a flow diagram of the proposed BAT treatment 
system showing a free/fixed leg ammonia still pretreatment stage. This report 
deals with a ~ingle reactor alternative for phenol oxidation/nitrification. 

Previously, National Steel conducted a preliminary examination of a single stage 
biological reactor to determine the feasibility of this technology to produce 
compliance with proposed BAT limitations. Although the evaluation had not 
progressed sufficiently to conclude whether the process was a viable treatment 
alternative, the results were sufficiently encouraging to warrant further 
examination. The preliminary testing with a single stage pilot reactor, 
treating coke plant ammonia still waste showed that both phenol oxidation and 
nitrification could be achieved in single reactor system. However, too often 
periods of sustained effective operation were interrupted by unidentified 
episodes which completely disrupted the nitrification process; subsequent 
start-up after an interruption required an extended period of reacclimation. 
These extended periods were as long as seven weeks. 

Undoubtedly, those unidentified disruptive episodes are causes for concern in 
any decision to apply this technology on a full scale and in many respects they 
reflect the level of understanding of this technology. Consequently, this 
program was initiated. The objectives of the program were: 

(1) To determine the operating conditions necessary to produce an effluent 
with an ammonia concentration of 10 mg/l or less and to determine the corres
ponding concentration of the other conventional pollutants, 

(2) To determine the effects of certain constituent compounds in coke plant 
wastewater on the performance of the single stage phenol oxidation/nitrifica
tion process, 

(3) To conduct a preliminary examination of methods for enhancing the opera
tion/performance of the single stage phenol oxidation/nitrification process, 

(4) To determine the effects of the single stage phenol oxidation/nitrification 
process on priority organic pollutants in coke plant wastewaters, and 
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(5) To develop a better understanding of the operation and performance of the 
single stage phenol oxidation/nitrification process. 

The program was essentially a laboratory investigation in which actual coke 
plant wastewater was examined. This report presents the findings of this 
program. 

INVESTIGATIVE FACILITIES AND PROTOCOL 

The experimental program was conducted at the National Steel Corporation 
Research Center. Facilities for the biological wastewater treatment experi
ments included: 1) a sludge bank reactor unit; 2) eight bench scale reactor 
units and 3) support analytical facilities. 

Sludge Bank Unit (SBR) 

The sludge bank unit was a 160 gallon pilot reactor, Figure 2, which served 
as a source of readily available acclimated sludge for the experimental pro
gram. This pilot unit was used previously for the single stage biological 
experiments which led to the study program. Although the unit was composed 
of two discrete vessels, a single reactor effect was achieved by the common 
heads between the two vessels and the high recirculatory rate. This reactor 
has been in operation since October 1977. Feed to the pilot unit came from 
the Weirton Steel Brown's Island coke plant anunonia still (ASW). 

Because of the long term operation of this reactor, the sludge in the reactor 
was fully acclimated to the wastewater. This readily available source of 
acclimated sludge greatly facilitated the experiments which were conducted by 
circumventing the long operating time required for sludge acclimation. Thus, 
the experiments could be conducted to satisfy the hydraulic requirements for 
steady state. 
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Bench Scale Reactors 

The bench scale reactors were all activated sludge type systems with a 31 
liter aeration chamber and integral clarifier. Each unit was equipped with 
its own feed system which enabled independent operation relative to operating 
condition or feedwater composition. Figure 3 is an isometric diagram of a 
bench scale activated sludge unit. The eight bench scale units were housed 
in a temperature controlled cabinet. The temperature within this cabinet was 
maintained at 85°.F plus or minus 2 degrees. 

One of the eight reactors, number 2, was.operated exclusively as a control 
reactor for the duration of the program. The other seven reactors were used 
to study test variables. Often, a specific test condition was examined in 
two reactors. All eight reactors were continuously monitored. When a spe
cific test condition was not being examined in any reactor that reactor was 
used for collecting additional control data. 

The wastewater feed to the bench scale unit was ammonia still waste with the 
major constituent concentrations adjusted as follows: 1) ammonia - (NH3) = 150 
mg/l, 2) phenol = 500 mg/l, 3) thiocyanate = 300 mg/l and 4) alkalinity • 
1060 mg/1. In subsequent discussions the above ASW feed will be referred to 
as a standard feed. It is recognized that in real practice the wastewater 
will not have a constant composition. However, the variability in feed com
position had to be minimized in order to better evaluate variable effects. 
In specific phases of the program the feed was changed to meet desired 
requirements. 

Reactor Monitoring and Chemical Analyses 

All the bench scale units were monitored daily for the following: 1) feed 
and effluent flow rate, 2) reactor pH with appropriate adjustments when 
necessary, 3) reactor DO, 4) reactor temperature and 5) reactor sludge volume. 

Appropriate feed and reactor mixed liquor samples were taken for analyses as 
per Standard Methods. Table 1 presents a schedule of sample analysis. Addi
tional analyses were conducted as necessary. Two sets of samples were taken 
for priority organic analyses by gas chromatography-mass spectrograph. 

SINGLE STAGE CONTINUOUS FLOW REACTOR KINETICS 

Wong-Chong and Carus~(l) examined the treatment of coke plant wastewater in 
a single stage reactor for phenol degradation and nitrification. Their study 
examined the treatment in batch and continuous flow reactors; both synthetic 
and actual coke plant wastewater were used. The batch reactor experiments 
provided information on the order of the different reactions involved, some 
insight into interactions which might occur, and the sequence in which the 
reactions occur. These observations are shown in Figure 4. These observa
tions indicate that the nitrification reaction is the process controlling step 
and the reaction is of zero order with respect to ammonia nitrogen. Thus, 
the reaction can be mathematically described as 

(1) 
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Table 1. REACTOR AND EFFLUENT ANALYSIS SCHEDULE 

Parameter Monday Tuesday Wednesday Thursday Friday 

Anunonia x x x x x 

Cyanide, Free x x x 

Cyanide, Total x x x 

Thiocyanate x x x 

Sulfides x x x 

Phenol x x x 

Phosphates x x 

Alkalinity x x 

Nitrite & Nitrate x x 

Solids x x 

COD x 

Oil and Grease x 
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where EN = concentration of oxidizable nitrogen. 
= NH4+ - N + 0.54 CNF- + 0.24 SCN-

kA/MLSS = oxidation rate for a given mixed liquor solids concentration 

t = reaction time 

Applying Equation 1 to a continuous flow, batch mixed reactor and performing 
a material balance around the reactor produces the expression 

where EN = effluent oxidizable nitrogen concentration 
ENi = feed oxidizable nitrogen concentration 
Ai = boundary condition factor (constant of integration) 

T = hydraulic residence time 

at steady state condition, Equation 2 simplifies to 

(2) 

(3) 

and from Equation 3, the reaction rate for a specific mixed liquor sludge can 
be expressed 

(4) 

From the previous observations(!) with various levels of mixed liquor solids, 
kA was correlated as a function of mixed liquor solids as 

k .= 15.2 (TVS) (5) 

where TVS = mixed liquid volatile solids, g/1. The control reactors had 
measured oxidation rates which had good agreement with those previously re
ported, as shown in Figure 5. Details of these test experiments are presented 
in Table 2. 

Equation 2 can be used to describe both steady state and transient state 
operations. Transient conditions can result from changes in feed flow rates 
and substrate loadings. This occurrence is demonstrated in Figure 6. 
The reactor was operating under the following conditions: 1) 
reactor mixed liquor solids • 4.20 g/l TVS, 2) hydraulic residence time, 
HRT, • 3.9 days and 3) nitrogen oxidation rate • 55.6 mg/l/day. The feed 
flow rate was increased to produce a hydraulic residence time of 2.2 days. 
From the above information, the reactor EN concentration can be predicted by 

N • 104 - 96e-0 •45T (6) 

It must be noted that a major fraction of the residual oxidizable nitrogen 
was due to anunonia, although the thiocyanate concentrations were very high. 
However, these high thiocyanate concentrations were well within the range of 
predicted values. 
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Table 2. DETAILS OF THE OPERATION OF CONTROL REACTORS 

Feed Composition 

Phenol = 500 mg/l 
CNF = <0.1 mg/l 

NH3 = 150 mg/1 
SCN = 300 mg/1 

EN = 225 mg/1 

Average 
Reactor 0Eerating Conditions Effluent ComEosition(d) 

T SRT(a) k MLTVS MLSS SCN cf>OH 
Reactor ~ days days mg/1/day g/1 JJ1. NH3 mg/1 CNF µg/l 

1 6.5-7.6 3.7 192 5 7. 5 4. 24 4.05 11±18 5±6 <0.1 20±20 

2 7.0-7.5 3.5 250 60.9 5.10 5.17 9±16 11±22 <0.1 17±16 

3 7.2-7.7 3.3 174 67 .o 4.65 4.58 4±3 11±10 <0.1 17±11 

3A 6.9-7.6 3.7 177 56.2 4.14 3.91 12±22 13±19 <0.1 25±28 

4 (b) 7 .0-7. 6 3.8 96 59.9 3.4 7 3.03 7±8 9±10 <0.1 31±47 

6 7 .1- 7. 6 2.7 153 83.0 5.05 5.10 14±25 11±19 <0.1 22±26 

7 7.1-7.4 3.9 156 55.6 4.20 3.99 7±10 6±5 <0.1 68±90 

7A(c) 7 .1- 7. 6 5.0 282 54.9 3.43 2.98 3±2 29±46 <0.1 79±58 

(a) Basis - suspended solids 

(b) Feed contains 350 mg/1 SCN 

(c) Feed contains 210 mg/1 NH3 

(d) Negative values observed due to variability in the actual numbers. 
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The thiocyanate concentrations can be predicted by an equation similar to 
Equation 2, where the thiocyanate concentrations are substituted for nitrogen. 
Thus, for the situation shown in Figure 6, the degradation rate kscN is 
75.4 mg/l/day and 

S = Si - 75.4 T - Be-T/T 

S = 134 - 28 e-o. 4sr 

(7) 

(7A) 

From Equation 7A, the new steady state concentration of thiocyanate would be 
134 mg/l which compares well with those observed as shown in Figure 6. 

In comparing the predicted with those of the observed, one notices a marked 
difference, especially in the early stages of the transition period. At best 
the mathematically formulations presented will provide an estimate of effects 
resulting from changes. It must be recognized that biological treatment 
systems are dynamic systems and during transition periods such as that shown 
in Figure 6, there is a potential for the number of nitrifying organisms tn 
increase resulting in the lower observed values. However, if the imposed 
change results in events occurring at a rate greater than the growth rate~ 
of the organisms then there will be an accumulation of materials in the 
reactor. These materials which accumulate in the reactor in turn could exert 
an inhibitory effect on the micro-organisms once certain tolerance levels are 
exceeded. Alteration of activity by inhibitory materials could result in 
severe reductions in oxidation rates. The result would be observed rate 
values greater than predicted. 

In the course of biological treatment, certain quantities of excess sludge 
are produced. This sludge production can be predicted by 

where 0c 
b 
u 
Ymax 

1 e = Ymax U - b 
c 

= sludge retention time, days 
= microbial maintenance energy coefficient, day-1 
= specific substrate utilization rate, day-1 
= maximum sludge yield coefficient 

(8) 

From Equation 8, a piot of ec-1 against U will produce values for Ymax and 
b. Figure 7 presents a plot of operating data taken from the control reactors 
during the study. From this plot, the value of Ymax is 0.7 mg SS formed per 
mg of nitrogen oxidized and b is 0.004 day-1. With this information the 
potential sludge production can be estimated from 

1 .,._1_ +~ 
Ye Ymax Ymax 

(9) 

From Equation 9, the amount of sludge produced, Sp, can be determined from the 
amount of nitrogen oxidized and the wastewater flow rate according to 

(10) 
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where Sp • sludge production rate, mg SS/l/day 
Q • wastewater flow rate, l/day 
tN • concentration of oxidizable N, mg/l 

EFFECTS OF REACTOR CONDITIONS 

The reactor operating conditions of primary concern are: 1) m_ixed liquor 
solids concentration, 2) hydraulic residence time,_ 3) pH and alkalinity, 
4) dissolved oxygen concentration and 5) temperature. 

Mixed Liquor Solids and Hydraulic Residence Time 

In ~esigning a biological treatment system there are essentially two main 
factors which will affect the siz~ of the system. These are the mixed liquor 
solids concentration and the hydraulic residence time. The mixed liquor 
solids concentration is related to the reactions rates shown in Figure 5. 
However, these rates can be influenced by other factors such as pH, tempera
ture, and dissolved oxygen. The reaction kinetics presented earlier can be 
manipulated to show the relationship between hydraulic residence time and 
mixed liquor solids as follows: 

TVS m ENin - tNout 
15.2 T . (11) 

Thus, for a given wastewater stream and desired effluent quality, the size of 
the aeration basin can be related to the mixed liquor solids concentration 
using Equation 11. ntis equation indicates that the higher the mixed liquor 
sludge concentration the smaller the volume of the aeration basin. 

pH and Alkalinity 

Two of the experimental pilot reacto~s were operated over a range of pH con
ditions to determine the effect(s) of pH on nitrification, the results of 
which are summarized in Figure 8. It i~ noted that the range shown in Figure 
8 is somewhat greater than the 7.0-7.5 range mentioned in the literature as 
being the optimum environmental condition for the maintenance of the nitrif i
cation reaction.(2) It is also noted that the sludge content of the two 
reactors was different and the reactor with the greater mixed liquor sludge 
concentration was used in examining the higher pH region~ From Figure 5 it 
would be expected that the reactor with the higher sludge content would have 
a higher oxidation capacity. ntis greater oxidative capacity coupled with a 
long hydraulic residence time may have counteracted any negative effect at pH 
levels greater than 7.5. The result could be the higher efficiencies observed 
at pH 7.7 and 7.9 when compared to optimum efficiencies discussed in the 
available literature. 

The data points at pH 8.1 and 8.3 on Figure 8 are also significant in that 
steady,state conditions were not achieved during the experimental work 
suggesting that the real efficiency could have been lower than shown. The 
detailed data for these two data points are presented in Figure 9. From 
Figure 9, it can be seen.that with a pH increase from 7.9 to 8.1. there was 
a slight increase in thiocyanate concentration. In addition, further 

410 



100 

90 

80 

70 

Figure 8. Effect of pH on Nitrification of Coke Plant 
Wastewaters. 

0 

Legend 
Reactor Conditions 

HRT ML Solids 
Days mg/1 

A 3.7 4200 TVS 

0 <> 5.0 

0 3.3 

7970 TVS 

5100 TVS 

(a) Non-steady State Conditions 

6.5 6.7 6.9 7.1 7.3 7.5 7.7 7.9 8.1 8.3 

Reactor pH 

411 

(a) 



0.3 

.. 
~ 0.2 

r-4 
~ 

't:I cu 
QI 

~ 
0.1 

8.5 

8.0 

7.5 

7.0 

100 

8 16 24 32 

Days of Operation 

Legend 

C SCN 
eNH3 

40 48 

Figure 9. Detail Data for High pH Condition Shown in Figure 15. 

412 

56 



increasing the pH to 8.3 resulted in a substantial increase in thiocyanate 
concentration. Decreasing the reactor pH from 8.3 to 7.2 resulted in an 
immediate reduction in the reactor thiocyanate concentration. In effect 
high pH levels, >8.1, appear to adversely affect SCN degradation. ' 

The mixed liquor thiocyanate c~ncentration, possibly along with the synergis
tic effect of pH, appears to adversely affect the nitrification reaction. 
Deterioration of nitrification appeared at a thiocyanate concentration about 
100 mg/l and pH of 8.3. 

The effect of pH on the biological treatment process is further illustrated 
in Figure 10. Figure 10 represents the performance of a reactor receiving 
ammonia still waste as produced, i.e., the raw wastewater composition varies. 
Further, in this test sequence the feed flow rate also varied, as shown. The 
data in Figure 10 suggest the following: 1) both high and low pH conditions 
affect nitrification, 2) the adverse effect of low or high pH can be counter
acted by decreasing the wastewater flow rate and 3) high pH conditions affect 
SCN degradation. In spite of the observed fluctuations, phenol treatment was 
99.9% + effective, with effluent concentrations less than 200 ~g/l. 

The ammonia-nitrogen oxidation reaction produces acid according to the follow
ing equation: 

(12) 

The formed acid tends to decrease the pH of the reaction medium, and in order 
to maintain optimum reaction efficiency, alkalinity must be added to the 
system to neutralize the acid produced. Stoichiometrically, 7.14 lDlits of 
CaC03 alkalinity are required to neutralite the acid generated from the oxida
tion of one unit weight of ammonia-nitrogen. A series of tests was conducted 
to determine the alkalinity requirements. Figure 11 presents the results of 
those tests and the alkalinity requirement A, can be estimated from 

A • 4.46N - 517 

where A• caco3 alkalinity required,·mg/l 
N • nitrogen oxidized, mg/l 

The correlation shows that 4.5 units of CaC03 alkalinity are required for every 
unit weight of nitrogen oxidized. 

Dissolved Oxygen 

In the course of the study, project efforts were taken to maintain all reactor 
dissolved oxygen levels greater than 1.0 mg/l. There was no deliberate 
affort to determine the effects of dissolved oxygen concentrations. 

Temperature 
0 . 0 

The temperature studies covered the range from 60 F to 95 F. From the temper-
ature evaluation it was determined that, 1) optimum reactor operating temper
ature is between 70°F and aooF, 2) sludge oxidation occurs at 95°F, 3) normal 
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Figure 10. Performance of a Phenol-Nitrification Reactor Receiving As-Produced ASW . 
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operating residence times will have to be increased at reactor temperatures 
below 700F to maintain nitrification and 4) phenol oxidizing bacteria may be 
adaptable to operating temperatures less than 70°F. Figure 12 shows the · 
nitrogen oxidation rates for the temperatures of 95°F, 80°F, 70°F and 60°F. 
Optimum rate of nitrification was observed to be between 70°F and so0r. 
Significant decreases in the oxidation rate occur outside this boundary. 
Extrapolation of the data line from the data point at 60°F into lower temper
ature ranges and observing all data points up to a temperature of 80°F indi
cates that the rate of nitrification increases with temperature throughout the 
range. However, when the reactor temperature was allowed to increase beyond 
the optimum range, the nitrification rate decreases possibly due to bacteria 
cellular destruction. 

Figure 13 is a graphic presentation of the reactor concentrations of 
ammonia, phenol and thiocyanate at the evaluated temperatures. Although all 
data points are connected by straight lines, it is noted that system adjust
ments occurred between temperature changes. It was necessary to replenish 
the mixed liquor suspended solids in the reactor after the 95°F evaluation. 

Only a short evaluation period for a temperature of S0°F was performed as 
prior experience during the initial phases of the project had shown that SQOF 
was near an optimum operating temperature. The· intent of the temperature 
evaluation was to determine the stresses, if any, on the bio-process when 
the temperature was allowed to vary from the established optimum temperature. 

Two evaluations were made at the 95°F operating temperature, although only 
one set of data is shown in Figure 13. In the first experiment it was noted 
that a significant loss of mixed liquor suspended solids occurred, although 
no deliberate sludge wasting was being practiced. After twenty operating 
days, the reactor concentrations of ammonia, phenol and thiocyanate 
had increased significantly indicating that the biological functions had been 
severely inhibited. The obvious cause was the decrease in the mixed liquor 
suspended solids or a lack of micro-organisms for contaminant oxidation. The 
pil9t reactor'was replenished with sludge from the sludge bank to a mixed 
liquor suspended solids concentration corresponding to the concentration when 
the experiment originally began. Figure 14 shows volatile suspended solids 
concentration versus time and the reactor residual ammonia, phenol and thio
cyanate concentration at an operating temperature of 95°F. An immediate 
decrease in the volatile suspended solids concentration was observed which 
continued for 20 operating days. Correspondingly, there was a sharp decrease 
in thiocyanate removal, followed by a decrease in ammonia and phenol oxidation. 

It was concluded that at an operating temperature of 95°F (and above) the 
activated sludge experiences combustion (oxidation or cellular destruction) 
to a degree that renders the activated sludge system useless even though 
other parameters such as hydraulic residence time, pH and DO were held con
stant resulting in no external stresses to the bio-system. 

In general, the mechanisms affecting the nitrogen oxidation rates below and 
above the optimum rates appear to be different. At temperatures below the 
optimum rate, bacterial ~ction is reduced by lower metabolism rates. At 
temperatures greater than optimum, nitrification is affected by sludge 
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Figure 12. Nitrogen Oxidation Rate Versus 
Reactor Operating Temperature. 
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oxidation reducing the quantity of bacteria available for contaminant removal. 

To increase the oxidation rates at operating temperatures lower than optimum, 
the residence time could be increased. Increased residence times will simply 
allow for more contact time between the contaminants in the feed water and 
the bacteria operating at reduced metabolic rates. 

One exception to the effect of temperature at lower temperatures (<70°F), is 
the apparent ability of the phenol oxidation organisms to adapt or acclimate 
to the lower temperatures as can be observed in Figure 13. 

EFFECTS OF DIFFERENT COMPONENTS IN RAW WASTEWATER 

Different components in coke plant wastewater were examined for their effects 
on the biological phenol-nitrification treatment process. The components 
examined were: 1) ammonia, 2) thiocyanate, 3) cyanide (free and complex), 
4) light oil (by-product BTX), S) sulfide and 6) phenol. The objective of 
examining the effects of these materials was to understand the biological 
process such that in the event of a shock loading upset condition, proper 
corrective measures could be implemented. 

Ammonia 

The effects of ammonia were examined by incrementally increasing the concen
tration of annnonia in the feed wastewater. Two pilot reactors, nos. 7 
and 8, were used to (a) provide duplication of the observations and (b) to 
observe the influence of mixed liquor sludge on those effects. 

Figures 15 and 16 present the chronological observations on anunonia and thio
cyanate concentrations. Other pertinent data such as mixed liquor solids, 
hydraulic residence time, feed ammonia and ENi, mean pH and N-oxidation rate, 
k, are presented. In Figure 15 it can be seen that with the reactor operating 
at a HRT ~s.2 days the feed ammonia concentration was increased from 210 mg/l 
to 510 mg/l in a 30 day period without any adverse effect on the effluent · 
ammonia and thiocyanate concentration. It is also noted that kA also increased 
from 56.0 mg/l/day to 104.5 mg/l/day. For the mixed liquor sludge concentra
tion, the 56.0 mg/l/day oxidation rate was expected; however, the virtual 
doubling of the oxidation rate was not expected. Apparently, by increasing 
the ammonia content of the feed wastewater, a population shift in the sludge 
occurred, i.e., there was an increase in the number of nitrifying organisms. 

Another interesting facet of the data shown in Figure 15, is the apparent 
failure. Up to the 35th day, the reactor functioned effectively, i.e., there 
were low concentrations of ammonia and thiocyanate in the treated wastewater. 
For the succeeding period, 36th to SOth day, the wastewater loading to the 
reactor was increased, hydraulic residence time of 4.15 days, resulting in a 
gradual increase in both ammonia and thiocyanate concentrations and the bio
process appeared to be headed toward failure. 

However, with a decrease in the reactor loading, hydraulic residence time of 
5.5 days, for the final 10 days of the test, the ammonia concentration appears 
to be stabilized at 40 mg/1 and tending toward even lower concentrations; the 
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Figure 15. Effect of Increasing the EN Load on Reactor No. 7. 
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Figure 16. Effect of Increased EN Loading on Reactor No. 8. 
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Figure 16. Effect of Increased rN Loading on Reactor No. 8. (continue~) 
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thiocyanate concentration while high also, appeared to have peaked and began 
to decline. During the final 10 days, the average k was 93.5 mg/l/tlay which 
compares well with the 104 mg/I/day observed prior to the 35th day. In 
effect the micro-organisms were effectively removing the substrate material 
both in the feed and that which had accumulated in the reactor. The reactor 
operational adjustment of reducing the loading rate (increasing the hydraulic 
residence time) was an effective way of achieving recovery from the upset. 

In the duplicate experiment, chronological data shown in Figure 16, the mixed 
liquor sludge was about 8200 mg/l TVS. With this reactor sludge concentration, 
an estimate of kA is about 120 mg/l/day from Figure 5. Thus, the effective 
treatment during the initial 40 days of the experiment was not unexpected. 
However, with the gradual increase in nitrogen loading to the reactor, feed 
ammonia of 750 mg/l and EN of 825 mg/l, kA increased to about 200 mg/l/day; 
again almost a two fold increase. On the 78th day, the reactor loading was 
again increased this time both in feed concentration, EN of 975 mg/l, and 
hydraulic residence time of 3.9 days. The reactor responded with an innnediate 
increase in ammonia concentration which gradually decreased with time. 
At this point, the reactor appeared to be operating in a stabilized manner. 
On the 99th day, the reactor loading was again increased by decreasing the 
hydraulic residence time to 3.2 days. This increase in loading resulted in 
an increase in the reactor thiocyanate concentration and an eventual increase 
in ammonia concentration. The residual concentration of contaminants in the 
reactor increased to what appeared to be a failure of the system for nitrogen 
removal. 

From the two series of experiments shown in Figures 15 and 16, it can be con
cluded that the wastewater feed ammonia concentration per se had little effect 
on the effectiveness of the treatment reactors. However, other factors such 
as loading rates, hydraulic residence time, reactor pH and sludge concentra
tion greatly influence the treatability of feeds with high concentrations of 
ammonia. 

Thiocyanate 

The effects of thiocyanate were examined in two reactors, no. 3 and no. 4. 
In reactor no. 4, the f~ed thiocyanate concentration was incrementally 
increased from the normal 300 mg/l to 500 mg/l. This reactor was observed 
for a period of 55 days and there appeared to be no adverse effect on the 
performance of the reactor as a result of the increased concentration of 
thiocyanate in the feed wastewater. Table 3 presents the performance data 
for this test, and the average effluent quality for the test was as follows: 
1) ammonia concentration = 5 ± 5 mg/1, 2) thiocyanate concentration = 9 ± 
16 mg/l and 3) phenol concentration = 77 ± 219 µg/l. The reactor operating 
conditions were: 1) hydraulic residence time = 3.9 ± 1.0 days, 2) mixed 
liquor sludge= 3465 mg/l TVS, 3) kA = 63 mg/l/day, 4) pH= 7.2 ± 0.2 and 
5) temperature = 80-90°F. 

Reactor no. 3 was used to examine the effect of direct spiked addition of 
thiocyanate on the performance of the bio-process. Table 4 presents the per
formance data for this series of tests and the indications are that spiked 
concentrations of thiocyanate up to 40 mg/1 did not have any adverse effect 
on the reactor operating at the conditions shown. 
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Table 3. EFFECT OF FEED SCN CONCENTRATION ON PERFORMANCE 
OF A REACTOR WITH 3465 mg/l TVS 

Reactor Cancentration(b) Feed(a) 
Day of Reactor RRT, NH3 SCN ~OH SCN 

Operation pH Days _mg/l_ µg/1 mg/l 

1 7.2 6.2 6 300 
2 7.0 5.3 8 300 
3 7.1 4.7 5 8 62 300 
4 7.0 4.3 3 300 
5 7.2 4.2 9 20 300 
6 7.0 4.0 300 
7 7.1 4.5 300 
8 7.1 4.8 6 12 30 350 
9 7.1 4.5 6 350 

10 7 3 0 350 
11 5 350 
12 3 5 0 350 
13 350 
14 350 
15· 7.0 6.7 4 4 16 400 
16 7.3 4.2 4 400 
17 7.1 3.6 6 400 
18 7.2 3.7 9 0 7 400 
19 6.9 3.6 400 
20 7.1 3.7 2 3 3 400 
21 7. 3. 4.0 4 400 
22 7.2 3.6 0 2 148 400 
23 7.2 3.8 0 400 
24 7.3 3.9 0 2 10 500 
25 7.0 4.9 500 
26. 7.3 5.6 500 
27 7.6 5.9 0 8 16 500 
28. 7.3 3.4 2 500 
29 7.6 3.3 0 12 10 500 
30 7.5 3.2 0 500 
41 7.4 3.4 2 73 966 500 
42 7.2 3.4 500 
43 7.2 2.7 500 
44 . 7 .o 2.8 16 6 16 500 
45 7.1 3.0 4 500 
46 7.0 3.4 15 7 3 500 
47 7.0 3.2 10 500 
48 7.4 3.4 0 7 2 300 
49 7.2 4.6 300 
50 7.3 3.5 300 
51 7.4 2.8 1 4 16 JOO 
52 7.3 2.7 1 300 
53 7 .o 3.3 25 5 2 300 
54 7.3 2.4 2 300 
55 7.5 2.7 2 ~ 143 300 

7.2 ± 0.2 3.9 ± 1.0 5 ± 5 9 ± 16 17 ± 219 

(a) Other feed components NR3 •.150 mg/l; ~OH• 500 mg/1, Alkalinity• 60 mg/1 
(b) Negative numbers observed due· to variability in actual numbers. . -
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Table 4. EFFECT OF SPIKE ADDITIONS OF SCN ON REACTOR PERFORMANCE{a) 

Reactor Concentration Feed(b) 
Day of Reactor HRT, NH3 SCN 4>0H SCN 

Operation pH Days _mg/1_ al!. mg/l 

0 7.2 4.8 3 
1 7.2 4.6 6 7 45 
2 7.2 4.1 4 
3 7.4 4.0 9 34 
4 7.1 4.4 
5 7.2 4.5 
6 7.2 4.0 16 1 16 10 
7 7.2 4.3 9 10 
8 13 8 11 10 
9 6 20 

10 8 6 10 20 
11 
12 
13 7.0 3.7 8 3 0 20 
14 7.3 3.9 7 30 
15 7.2 3.3 7 
16 1.2 3.8 9 
17 7.0 4.1 . 40 
18 7.1 0 2 
19 7.6 4.0 5 

(a) Reactor operated with 3790 mg/l TVS mixed liquor solids; temperature 
74-86°F. 

(b) SCN added to reactor to give concentrations shown. 
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In the test series shown in Figure 15 (ammonia concentration evaluation), 
where the reactor was operated at a pH -1.4, the thiocyanate accumulated up 
to about 160 mg/l without any apparent adverse effects on the nitrification 
reaction. On the other hand, the data in Figure 9 (pH evaluation) show 
nitrification was adversely affected at a thiocyanate concentration about 90 
mg/! at a pH of 8.3, indicating a possible synergism between thiocyanate con
centration and pH. This possibility was further reinforced by the observations 
shown in Figure 16 (ammonia concentration evaluation) where the eventual 
reactor failure could be attributed to the combined effect of high pH and 
high thiocyanate concentration. 

Free Cyanide 

The coke plant wastewater used in this study program contained less than 0.1 
mg/l of free cyanide, CNf, and to determine the effect of this material, the 
feed water was spiked to 40 mg/l CNf. The response of the biological treat
ment system to the free cyanide spiked feed is shown in Figure 17. Because 
of the generally low level of free cyanide in the wastewater, the micro
organisms were not fully prepared to respond to the new feed. The result was 
an accumulation of free cyanide in the reactor. The presence of free cyanide 
adversely affected the nitrification reaction resulting in the ammonia concen
tration increasing to about 120 mg/l. The most surprising feature of this 
experiment was the ability of the nitrifying organisms to acclimate or tolerate 
the high free cyanide concentration, 12 mg/l. This acclimation or tolerance 
resulted in the rapid reduction of the reactor ammonia concentration. 
Throughout this test, the reactor thiocyanate concentration was about 2 mg/l 
and the phenol concentration was less than 0.2 mg/l. This observation was 
surprising because.it was previously reported(!) that 0.5 mg/l free cyanide 
completely inhibited the nitrification reaction and 3.0 mg/l inh;bited the 
thiocyanate reaction. However, it does demonstrate that the nitrifying 
organisms can tolerate and adapt to high concentrations of free cyanide. 

Complex Cyanide 

The complex cyanide content of the wastewater used varied from 6 to 108 mg/l. 
Furthermore, it was noticed that these compounds tended to pass through the 
biological reactor unaltered and without exerting any adverse effect on the 
reactor performance. In spite of these observations, a test reactor was 
assembled to monitor the effect of complex cyanide. The raw wastewater was 
spiked with potassium ferri-cyanide, K3Fe(CN)6, to produce a complex cyanide 
concentration of 84 mg/l. Figure 18 shows the complex cyanide concentrations 
observed during the operation of the test reactor and compares these.observa
tions with a predicted profile. The basis for the prediction profile are: 
1) no alteration of complex cyanide, 2) operating conditions of the reactor, 
i.e., hydraulic residence time of 3.9 days and 3) an initial complex cyanide 
concentration of 25 mg/l in the reactor. This prediction profile is mathema
tically described as: 

C = Ci - 59e-0.256T (13) 

There is no real reason for the difference between the prediction and observed 
values, and the magnitude of these differences does raise some questions re
garding the ineffectiveness of biologically degrading the complex ferro
cyanides. In the course of this test, the following are the reactor conditions: 
1) ammonia concentration - 3.7 ± 2.6 mg/~,~) thiocyanate concentration• 
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3.6 ± 2.6 mg/l, 3) phenol concentration = 32 ± 26 µg/1, 4) hydraulic residence 
time - 3.9 days, 5) pH= 7.3 ± 0.2, 6) temperature = 80-90°F and 7) reactor 
dissolved oxygen concentration = >l.O mg/l. 

Light Oil 

In the by-product operation of coke plants·, light oils are produced. These 
oils are mixtures of benzene, toluene and xylene (BTX). In the course of 
these product operations, there is always the possibility that some of these 
light oils could reach the wastewater treatment system. With this possibility 
in mind, the effects of these light oils on the performance of the biological 
treatment process were examined. Because these light oils are nearly immiscible 
in the wastewater, it was believed that they would enter the biological treat
ment system as a "slug." Thus the procedure for this evaluation was to add 
certain quantities of the light oil directly to the reactor. 

The performance data for the test reactor are presented in Table 5. Despite 
the two ammonia peaks at days 2 and 25, the overall performance data appear to 
be very similar to data obtained from control reactors maintained during the 
study. In effect the light oil does not appear to have any direct adverse 
effect on the nitrification reaction. 

There is a potential for an indirect adverse effect, i.e., reduction of the 
oxygen transfer and mixing capabilities of the aeration equipment. Light oils 
entering the aeration basin could change the surface chemistry characteristics 
of the mixed liquor; the most likely characteristic which could be altered is 
the surface tension of the liquor. A severely decreased surface tension could 
adversely affect both mixing and oxygen transfer. 

Sulfide 

In most coke plants where vacuum-carbonate desulfurization is practiced, the 
blowdown from this unit is processed through the ammonia still with the waste 
ammonia liquor. In the free leg still, almost all of the acid gases including 
H2S are removed. The ammonia still waste used in the course of this study 
contained relatively low concentrations of sulfide, about 25 mg/!. However, 
there is always the potential of high sulfide containing wastewaters being 
inadvertently routed directly to the wastewater treatment system. 

The effects of a wastewater containing high concentratione of sulfide were 
examined by progressively increasing the sulfide content of the feed waste
water from the normal 25 mg/l to 500 mg/l. Figure 19 ~~mmarizes the results 
of this evaluation showing the feed wastewater sulfide concentration had 
virtually no effect on the reactor ammonia, thiocyanate and phenol concentra
tions. It was, however, observed that the wastewater sulfide tended to 
suppress the pH of the reactor requiring more frequent measurement a.nd con
trol. 

Direct addition of sulfide to concentrations up to 40. mg/l to another test 
reactor also had no effect on the treatment process. 

Throughout the course of this study program the reactor effluent sulfide con
centrations were generally less than 0.5 mg/l. 
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Table 5. EFFECT OF LIGHT OILS ON THE PERFO~CE OF A SINGLE-STAGE 
PHENOL-NITRIFICATION REACTOR(a) 

Reactor Concentration 
Day of Reactor HRT, NH3 SCN ~OH Oil AdditionCb) 

Operation pH Days __mg/1_ .ill!. mg/l 

1 7.1 4.3 6 2 0 10 
2 7.1 4.0 21 4 0 
3 7.2 4.3 5 :i 0 
4 7.2 4.2 2 0 0 10 
5 7.2 4.7 4 
6 7.2 4.3 
7 7.2 4.2 20 
8 7.2 4.2 10 0 41 20 
9 7.2 3.9 5 so 

10 7.2 3.9 6 5 20 
11 7.2 4.1 7 
12 7.2 4.0 6 0 34 100 
13 7.2 3.8 
14 7.1 4.7 
15 7.0 4.3 2 0 10 200 
16 7.3 4.1 8 
17 4.2 6 4 20 
18 7.2 4.0 10 
19 7.2 3.6 7 0 3 500 
20 7.2 4.1 
21 7.3 3.9 
22 7.3 3.7 3 3 92 
23 7.2 3.9 3 
24 7.3 4.2 6 0 20 1000 
25 7.5 4.0 22 
26 7.6 3.8 8 5 30 
27 
28 
29 6 5 45 1500 
30 5 
31 6 9 45 
32 10 
33 4 2 13 
34 8 
35 4 
36 7.2 2.9 10 4 0 
37 7.1 4.0 2000 
38 7.2 3.5 6 0 13 
39 7.1 3.5 8 
40 7.0 3.2 
41 7.4 3.1 
42 7.6 3.7 

7 ± 5 3 ± 3 23 ± 24 

(a) Standard Feed: NH3 • 150 mg/1; SCN = 300 mg/1; +au • 500. mg/li .Reactor 
Mixed Liquor Solids • 4330 mg/1 VSS; Temp. -14-84°F; Reactor DO >l.O mg/1 

(b) By-product Light Oil added directly to reactor in a.mounts to yield con-
centration shown. 
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Phenol 

Phenol is a major constituent of coke plant wastewaters. The concentration 
of phenol in the wastewater depends on the type of coal being processed, the 
coking operation and the by-product recovery practice. The phenol concentra
tion of coke plant wastewaters could be as high as 2000 mg/l. The ammonia 
still waste used in this program contained an average of about 120 mg/l. 
This concentration was adjusted to 500 mg/l for the standard feed. The 
effect of phenol on the performance of a phenol-nitrification reactor was 
examined from two directions; 1) spike additions to the reactor and 2) pro
gressive increases in the feed phenol content. 

Spike Additions. Phenol was added directly to the reactor in amounts 
which would produce a predetermined instantaneous reactor concentration. The 
additions were made in progressive increments starting from 0.5 mg/l up to 
20 mg/l. Table 6 presents the data for this series of tests and the indica
tions are that the nitrifying organisms were capable of acquiring tolerances 
up to about 30.0 mg/l without adversely affecting nitrification. 

Increases in Feed Phenol. The effect of increased feed wastewater phenol 
content was examined in reactor nos. 5 and 6. The mixed liquor solids were 
the major difference between the two reactors. Figure 20-presents the per
formance profile for reactor no. 5. Throughout the 40 days of operation with 
the high phenol feed there was effective nitrification and phenol removal. 
Similar performance was observed in reactor no. 6, data from which are shown 
in Figure 21. However, it is noted that after the 30th day both the thio
cyanate and phenol concentrations gradually increased. While it is evident 
that the phenol concentration was increasing it must be recognized that the 
concentrations were still relatively low, about 200 µg/l. The thiocyanate 
concentrations, on the other hand, were significantly high, about 150 mg/l. 

The precise cause for the increase in phenol and thiocyanate concentrations 
after the 30th day is not evident. However, the inability to account for 81% 
of the wastewater nitrogen, alludes to the possibility that denitrification might 
have occurred during this period. Denitrification would occur if there were 
low dissolved oxygen levels in the reactor. If this was the situation, then 
there could have been competition between the nitrifiers and the thiocyanate 
oxidizing organism for the available oxygen. The results tend to show that 
the nitrifiers prevailed. It was unfortunate, due to dissolved oxygen 
measuring equipment problems, that the reactor dissolved oxygen levels which 
are generally taken during a test series were not taken during this evaluation. 
However, the few readings taken during the final stages of this evaluation 
somewhat confirms the supposition presented above, where, at the low dissolved 
oxygen level, ~o.s mg/l, there was a definite trend for both the phenol and 
thiocyanate concentration levels to increase. 

In the operation of reactor nos. 5 and 6, there was no deliberate sludge 
wasting. The only sludge lost was that in the effluent, about 80-100 mg/l. 
This mode of operation insured the retention of the nitrifying organisms in 
the reactor and is quantitatively expressed by the extremely long sludge 
~etention times of 179-325 days. Under a more traditional mode of operation, 
sludge retention times of 30-50 days, the nitrifiers and thiocyanate organisms 

434 



Table 6. EFFECT OF SPIKE ADDITIONS OF PHENOL ON THE PERFORMANCE 
OF A PHENOL-NITRIFICATION REACTOR(a) 

Day of 
Operation 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
21 
22 
23 
24 
25 

Reactor 
pH 

7.4 
7.5 
7.6 
7.4 
7.4 
7.4 
7.4 

7.3 
7.5 
7.6 
7.6 
7.5 
7.2 
7.6 
7.4 
7.3 
7.6 
7.4 
7.5 
7.8 

Reactor Concentration 
HRT, 
Days 

NH3 SCN 'OH 
(mg/l) 

4.0 0 2 0.05 
3.9 0 
4.3 0 2 0.12 
4.0 
4.3 
4.4 0 47 0.05 
3.1 0 

0 38 0.02 
5 
O *{c) 14.75 

3.6 0 * 2.32 
4.3 0 
4.3 0 * 20.60 
4.3 0 
4.3 
4.3 24(d) * 17.00 
4.1 25(d) 
4.2 26(d) * 29.50 
3.2 0 * * 
4.1 
4.6 0 * 0 
4.8 
4.9 0 * 21.21 

(a) Reactor operation conditions: 

·Average mixed liquor solids • 3620 mg/l TVS 
·Temperature 

<j>OH Addition(b) 
(mg/1) 

0.5 
0.5 
0.5 
1.0 
1.0 

10 
10 

20 

·All sludge produce was retained in the reactor, except for that lost 
in effluent -100 mg/l SS. Approximate SRT -134 days. 

(b) Phenol added directly to reactor in quantities which would produce con
centrations shown. Additions were made on days shown only. 

(c) Analytical result was unrealistic and questionable. 

(d) Reactor DO was -o.2 rng/l. Generally the DO was >1.0 mg/l. 
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Figure 20. Effect of High Feed Phenol Concentration on Nitrification - Reactor No. 5. 
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would be washed f rorn the reactor and in all likelihood an adverse effect would 
have been observed. 

From the observations on reactor nos. 5 and 6, it would appear that the key 
factors maintaining nitrification in situations of high phenol wastewater con
centrations are long sludge retention times and adequate mixed liquor dis
solved oxygen. Throughout the entire study program, phenol removal efficiencies 
greater than 99.9% were achieved under an extremely wide range of conditions. 

PROCESS ENHANCEMENT 

From the preceding section, it is evident that the reaction rates for the 
nitrification reaction are relatively slow. Thus, any economical means of 
enhancing these reaction rates would be of significant value. In this program 
three approaches were examined as possible modes of enhancing the phenol
nitrification process. These are: 1) addition of activated carbon to the 
reactor, 2) the application of mutant strains of bacteria and 3) carbonate 
nutrient supplement. 

Activated Carbon Addition 

There are numerous reports on the ability of activated carbon to extend or 
enhance the capacity of the activated sludge treatment system when added to 
the mixed liquor.Cl, 4, 5) Further, with impending BAT effluent limitations 
on priority organic compounds there was the potential of the added benefit 
of controlling these pollutants by simply adding controlled amounts of 
activated carbon to the aeration basin of the activated sludge process. With 
the prospects of these benefits in mind, a preliminary evaluation of activated 
carbon addition to the phenol-nitrification process was undertaken. 

This preliminary evaluation was designed to test the effects of a one time 
addition of carbon on the performance of a phenol-nitrification reactor. 
Sufficient finely grounded activated carbon was added to the reactor to 
increase the suspended solids level by 1400 mg/1. This reactor was operated 
with a standard feed wastewater and the performance characteristics are pre
sented in Table 7. The test period can be di~ided into four segments -

Segment A - Before carbon addition 
Segment B - Carbon addition 
Segment C - Acclimation 
Segment D - True evaluation 

In segment A, before the carbon addition, the reactor performed at a kA rate 
of 78 mg/l/day. For the mixed liquor sludge used, a kA rate of 80 mg/l/day 
is predicted, (see Figure 5). In segment B, immediately following the car
bon addition, ·the observed oxidation rate was 85 mg/l/day, well within the 
limits of that predicted and previously observed. However, after seventeen 
days of operation, about day 23, there was a gradual increase in the reactor 
thiocyanate concentration; an event which covered about 15 days. From the data 
in Table 7 there appears to be no reason for this excursion in the thiocyanate 
reaction. Also, it appeared as if the effort to push the reactor, days 20 
through 26, by increasing the feed flow could have resulted in the increased 
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Table 7. PERFORMANCE OF REACTOR NO. 5 WITH 1400 mg/l ACTIVATED CARBON 
ADDED TO THE MIXED LIQUOR{a) 

Reactor Conditions and Concentrations 
Day of HRT, DO NH3 SCN ~OH 

Operation E!! Days mg/l mg/1 mg/! µg/1 

0 7.3 3.3 3 12 4 22 
1 7.1 2.9 4 Average Solids 
2 7.3 2.3 4 TVS • 4300 mg/l 
3 7.0 2.6 4 0 4 3 VSS = 4247 mg/1 
4 7.0 2.7 2 32 SS = 4430 mg/1 
5 7 .o 2.8 3 3 2 0 k = 78 mg/1/day 
6 7.1 2.5 3 18 

2.7 ± 0.3 13 ± 11 3 8 

Activated Carbon Addition 
7 7.6 2.7 3 0 2 0 to 1400 mg/l SS on day 7 
8 2.8 6 2 0 
9 3.2 0 2 0 

10 2.3 0 1 0 
11 2.4 14 2 0 
12 2.1 0 2 4 
13 4.3 0 
14 2.8 0 0 0 
15 3.4 
16 k • 85 mg/l/day 
17 2.8 1 2 0 
18 7.3 2.6 6 0 
19 7.1 2.4 6 1 3 20 
20 7.6 1.8 3 1 
21 7.5 1.6 3 9 2 13 
22 7.4 1.8 5 
23 7.6 2.6 5 

2.6 ± 0.7 

24 7.5 2.9 3 44 20 16 
25 7.5 1. 7 3 20 
26 7.4 1. 7 3 6 25 41 
27 7.2 4.3 2 9 
28 7.5 1.9 6 12 12 34 
29 7.4 5.1 4 
30 7.5 5.5 4 3 
31 7.4 S.8 4 2 103 13 
32 7.2 3 4 67 56 
33 7.2 11.6 5 8 
34 7.3 5.7 5 8 81 7 
35 7.2 5.4 5 
36 7.2 s.o 5 
37 7.2 4.3 5 6 81 0 
38 7.2 4.4 3 3 47 71 
39 7.2 4.2 5 10 0 52 
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Table 7. PERFORMANCE OF REACTOR NO. 5 WITH 1400 mg/l ACTIVATED CARBON 
ADDED TO THE MIXED LIQUOR(a) (CONTINUED) 

Reactor Conditions and Concentrations 
Day of HRT, DO NH3 SCN +ou 

Operation .Pl! Days mg/1 mg/l mg/1 l!&ll 
40 7.2 4.3 5 7 0 34 
41 7.1 4.4 4 
42 7.2 4.6 5 
43 7.3 2.6 5 10 9 41 
44 7.5 4.1 5 0 3 80 
l~S 7.2 3.9 4 0 5 10 
46 7.2 3.9 4 0 5 0 
47 7.2 5.1 4 2 3 0 
48 7.2 4.6 4 
49 7.2 4.9 4 3 0 0 
so 7.2 4.4 4 11 0 0 
51 7.2 4.8 3 0 0 0 
52 7.2 4.3 4 2 0 0 
53 7.2 4.0 2 1 0 
54 7.1 4.3 5 
55 7.2 4.4 5 
56 7.2 6.5 5 7 
57 7.9 9 7 84 
58 7.2 4.8 5 9 
59 7.2 4.1 3 9 5 30 
60 7.2 3.3 5 
61 7.2 3.4 5 
62 7.2 2.9 5 3 1 128 
63 7.3 3.6 5 9 
64 7.3 3.8 4 9 0 41 
65 7.3 2.8 5 9 
66 7.3 2.4 4 3 3 37 

67 7.4 1.5 6 9 0 0 
68 7.1 1.9 5 
69 7.3 1. 7 2 2 0 10 
70 6.9 1.6 2 12 
71 6.9 1.6 5 13 3 3 
72 7.6 ' 1.4 1 0 4 10 
73 8.0 1.7 1 2 19 27 
74 7.9 1.6 2 4 92 34 high pH 
75 7.9 1.5 2 11 125 10 
76 7.8 5 0 5 13 
77 7.4 4 1 
78 7.3 1.9 3 7 6 0 
79 7.2 1. 7 4 0 
80 6.8 1.4 4 
81 6.6 1.5 3 4 0 23 
82 7.1 1.5 4 5 21 23 
83 7.0 1.6 0.6 4 
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Table 7. PERFORMANCE OF REACTOR NO. ~ WITH 1400 mg/1 ACTIVATED CARBON 
ADDED TO THE MIXED LIQUOR(a (CONTINUED) 

Reactor Conditions and Concentrations 
Day of HRT, DO NH3 SCN ~OH 

Operation .P.!!. Days mg/1 mg/l mg/1 ug/1 

84 7.4 1.6 0.8 3 6 0 
85 7.6 1. 7 0.6 62 
86 7.5 1. 7 0.6 78 low DO 
87 7.7 1. 7 0.6 99 
88 6.5 2.2 15 0 
89 6.8 1.5 0.8 35 
90 6.5 1. 3 0.4 54 0 16 low DO 
91 6.5 1.4 6 31 
92 6.5 1.4 4 26 0 0 
93 6.9 1.2 3 0 
94 7.3 0.9 4 0 
95 7.5 1.9 5 0 7 23 
96 7.4 1.3 4 0 1 
97 7.4 1.4 5 0 7 
98 6.6 1.8 5 13 
99 6.6 1.9 3 16 k • 136 mg/1/day 

100 7.1 1.3 5 3 
101 7.1 1.5 5 0 5 0 

1.6 ± 0.2 6 ± s(h) 4 ± 5(c,d) 

(a) Reactor temperature 79-88°F 
Feed to reactor: •NH3 = 150 mg/1 

•SCN = 300 mg/1 
·cj>OH = 500 mg/1 

(b) Values on days 85-88 and 89 and 90 omitted. 

(c) Values on days 73 to 75 omitted. 

(d) Negative numbers observed due to variability of actual numbers. 
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ammonia concentrations. A possible explanation is that the carbon might have 
gleaned out trace quantities of toxic or inhibitory materials from the waste
water thus creating an environment of relatively high levels of these toxic/ 
inhibitory materials. The results were ammonia and thiocyanate excursions, and 
the need to re-acclimate the sludge. 

Following this acclimation period, the reactor was once again pushed and in 
segment D it can be seen that high levels of treatment were achieved. There 
were a few accountable excursions. Nevertheless, the oxidation rate was 
much higher than that previously observed, kA of 136 mg/l/day. It is not 
conclusive that this increased oxidation rate was due to the carbon because 
no effort was made in the course of this experiment to determine the amount 
of new sludge formed. Further, in previous experiments it was observed that 
the biological sludges used can be pushed to produce much higher oxidation 
rates than those predicted by the correlation shown in Figure 5 (kA ~ 15.2 TVS 
mg/l/day). 

From the above data, the ability of the activated carbon to enhance the bio
logical reaction when added to the mixed liquor remains unconfirmed and should 
be re-examined. 

The addition of activated carbon to the experimental reactors did produce 
·other positive effects, these include: 1) the elimination of foaming in the 
reactor, 2) improved settleability of the sludge and 3) significant improve
ment in the color of the effluent from a definite brown to a pale straw color. 
Analysis for priority organic pollutant control showed that the activated 
carbon addition to the mixed liquor did not produce any better control than 
other reactors which operated without carbon. This observation must be 
qualified by the facts. that (a) carbon addition to the reactor was a one-time 
addition and (b) the sample analyzed was taken after 1055 1 of wastewater had 
been treated over an operating period of 103 days. These conditions could 
have been well beyond the breakthrough point for the carbon used. The impact 
of the priority pollutants regulations and the potential of this mode of oper
ation as a control technology are more reasons for another examination of 
carbon addition to the mixed liquor. 

Application of Commercially Available Mutant Bacteria 

In the preliminary studies which lead up to the present program, the experi
ence after an upset was a lengthy time consuming effort to re-establish nitri
fication in the test reactor. One of the goals of this program is to develop 
an understanding of the process such that more effective corrective measures 
could be taken in the event of an upset. However~ it was also felt that other 
means of accelerating the recovery would be beneficial. Certain suppliers of 
mutant strains of bacteria claim their products are capable of accelerating the 
recovery of biological treatment systems that are experiencing problems. Thus 
it was decided to test two mutant strains -- a "hydrocarbon degrader" and an 
"ammonia recoverer." 

These organisms were tested in a combined dose at rates recommended by the 
supplier. The mixture was added to a reactor in which nitrification activity 
was disrupted and the data in Figure 22 show the chronology of events. On the 
basis of the present understanding of the biological process involved in the 
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Effect of Mutated Bacteria on Ammonia, Thiocyanate 
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single stage phenol oxidation-nitrification of coke plant wastewater, it 
appears that the initial failure (loss of nitrification) of the reactor was 
due to the synergistic effect of the high thiocyanate concentration (>300 
mg/l) and high pH (~8.6). The three additions of the bacteria show no 
immediate effect on phenol or ammonia. It appears that the thiocyanate 
response was due to the increase in activity as a result of the change in pH, 
and the return of nitrification activity was in response to the inhibitory 
stress of high thiocyanate and pH being relieved. The results of the experi
ment, the data in Figure 22, appear to show no real clear cut benefit from the 
bacteria addition. Thus it was decided to repeat the experiment under more 
controlled conditions. 

Figures 23 and 24 show the chronology of events for the test reactor and a 
control reactor. In this experiment~ there were rapid responses to high phenol 
and thiocyanate concentrations in botn test and control reactors. However, there 
was a more rapid nitrification response in the test reactor; but in earlier 
experiments there were also observations of unexpectedly high nitrification rates 
when the reactor received high a11D11onia loadings. Thus, the indications are 
still not clear that the commercially available mutant bacteria will be 
beneficial in producing inifnediate recovery from an upset episode. However, 
the results are sufficiently interesting that this possibility could be applied 
on a hit or miss understanding or a more detailed and controlled experimental 
program be conducted to delineate the true potential. 

Carbonate Nutrient Supplementation 

The organisms responsible for thiocyanate and sulfide oxidation, and nitrifi
cation are autotrophs. They utilize carbonate as their carbon source in cell 
synthesis. It is generally believed that carbonate supplied by the activity 
of the heterotrophs and that solubifized during aeration would satisfy the 
carbonate needs of the autotrophs. However, there was no supporting evidence 
in the reports reviewed. Consequently, a test reactor was operated with 
supplemental carbonate in the feed wastewater to test the premise that the 
autotrophic reactions were not carbonate limited. · 

Sodium carbonate was used as the carbonate source and not as a source of 
alkalinity. The feed to the test reactor was supplemented with 1000 mg/l of 
Na2co3• This carbonate addition did result in an increase in both pH and 
alkalinity. However, appropriate corrections were made to maintain the 
standard feed alkalinity of about 1000 mg/l and a reactor pH of 7.2 by acid 
addition. It is recognized that acid addition would liberate some of the 
carbonates as COz. However, both the feed pH and the pH of the reactors are 
maintained sufficiently high such that the bicarbonate pH end-point of 6.5 
is not exceeded. Thus, while some carbonate was lost, sufficient remained 
to test the premise. 

The performance data for this experiment is shown as that for reactor no. 4 
in Table 2. From a comparison of the data for reactor no. 4 and the other 
reactors it can be concluded that sufficient carbonate is supplied by the 
activity of the heterotrophs and through aeration to prevent a carbonate 
limited condition. In effect, carbonate addition did not enhance autotrophic 
activity~ 
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CONTROL OF PRIORITY ORGANIC POLLUTANTS 

Thirteen grab samples were taken for gas chromatograph/mass spectrograph, GC/MS, 
analysis in an effort to determine the fate of priority organic pollutants in 
the course of the treatment of coke plant wastewaters. The treatment train 
under consideration is shown in Figure 25. Each sample was prepared and 
handled in accordance with the EPA specified protocol. The analysis examined 
78 organic compounds covering the range of purgables (volatiles), base/neutrals 
and acid extractables. This discussion will be directed at only those compounds 
which were detected. 

The thirteen samples analyzed covered two treatment schemes: 

A conventional phenol biological reactor (Weirton 
Steel's Brown's Island Coke Plant), and 

An advanced single-stage phenol-nitrification bio
logical treatment. 

Table 8 presents the analytical data for the conventional phenol biological 
reactor scenario. This data strongly suggest a significant reduction in the 
purgables as the wastewater traversed the ammonia still. However, higher 
concentrations of purgables appear in the bio-plant effluent. Overall there 
were lower concentrations of priority organic compounds in the bio-plant 
effluent than the ammonia still waste entering the plant, especially the base 
neutrals and acid extractables. 

Table 9 presents the data for the advanced single stage scenario, more pre
cisely treatment across a phenol-nitrification activated sludge reactor. Tiiis 
data also show an overall decrease in the concentrations of the priority 
organic compounds. On the average, the concentration of the compound detect
ed was less than 10 µg/l. There was only one exception, methylene chloride. 
Further, the concentrations observed in the effluent from the experimental 
bio-reactors were much lower than that from the Brown's Island plant. 

In evaluating the data in Table 9 it is apparent that the effluent qualities 
from the different reactors are all about equivalent. However, it must be 
recognized that reactor no. 5 dated November 13, 1979 was operated with 
activiated carbon added to the mixed liquor. It appears that the carbon 
addition did not improve the quality of the treated effluent relative to 
controlling the priority organic pollutants. This observation should not 
be viewed as being totally negative because it must be noted that the carbon 
addition was a one-time addition and the effluent sample for GC/MS analysis 
was taken after about 1055 liters of wastewater had been treated over a 103 
day period •. It is very likely that after this extended service that the 
adsorptive capacity of the carbon might have been exhausted. 

In a comparison of the phenol values determined by the GC/MS procedure and the 
Standard Methods wet chemistry procedure, there were significant discrepancies, 
as shown in Table 10. Three major factors are believed to be responsible for 
these discrepancies. The first factor is the fact that several phenols, other 
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Table 8. PRIORITY ORGANIC POLLUTANT PROFILE THROUGH THE WEIRTON STEEL 
BROWN'S ISLAND COKE PLANT WASTEWATER TREATMENT SYSTEM 

Sample Source 

Date 

Compound 

Purgables 
methylene chloride 
1,1-dichloroethane 
chloroform 
1,1,1-trichloroethane 
benzene 
toluene 

Base Neutrals 
bis(2-chloroethoxy)methane 
naphthalene 
acenaphthalene 
acenaphthene 
diethylphthalate 
1,2-diphenylhydrazine 
N-nitrosodiphenylamine 
phenanthrene 
anthracene 
di-n-butylphthalate 
fluoranthene 
pyrene 
benzo(a)anthracene} 
chrysene 
butylbenzylphthalate 
benzo(b)fluoranthene} 
benzo(k)fluoranthene 
benzo(a)pyrene 

Acid Extractables 
phenol 
2,4-dimethylphenol 

WAL(a) 

11/7 /79 

Asw(b) 

9/15/79 

ASW 

11/7/79 

Bio Plal)t 
Effluent~c) 
9/14/79 

(all concentrations in µg/l) 

210.73. 
No(d) 

2.26 
185.21 

4,507.34 
960.89 

ND 
6,356.25 

449.34 
ND 
31.59 
ND 
ND 

ND 

ND 
324. 70 
312.38 

ND 

58.22 

ND 

ND 

0.53 
0.24 
7.81 
3.92 
2.35 

ND 

125.64 
30.24 
38.52 
41.40 
64.11 
23.76 
48.30 

12.34 

632.88 
261.33 
418.20 

1,591.80 

ND 
ND . 

ND 

12,073.50 97,834.80 
ND 302.35 

48.52 
ND 
NI> 
ND 

257188 
ND 

ND 
14.51 

ND 
ND 
ND 
ND 
ND 

ND 

ND 
1,038.00 

837.76 

525.70 

ND 

236.32 

441.90 

21,897.44 
ND 

0.41 
0.16 

11.48 
3.78 
0.25 
ND 

ND 
LOO 
2.21 
ND 
5. 39 
0.34 
2.95 

3.04 

23.63 
13.29 
28.06 

85.54 

ND 

ND 

ND 

ND 
0.01 

Bio Plant 
Effluent (c) 
11/12/79 

310.22 
ND 
5.82 

302.82 
17 .01 

7.00 

ND 
ND 

10.56 
ND 
ND 
ND 
ND 

ND 

ND 
210. 71 
210.57 

421. 74 

ND 

2-76.48 

744.19 

1.02 
ND 

(a) All wastewaters (flushing liquor, light oil interceptor scrap, barometric con
denser, and desulfurize blowdown) collected together for processing through an 
annnonia still. 

(b) Feed to bio-plant, normal operation of atnmonia still (consistent with present 
discharge permits). · 

(c) Brown's Island operating conditions: MLSS -1000 mg/l; HRT -2.2 days; SRT -5-10 
days. 

(d) Analyzed for but not detected. 
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Table 9. · PRIORITY ORGANIC POLLUTANT PROFILE THROUGH PHENOL-NITRIFICATION BENCH SCALE ACTIVATED 
SLUDGE REACTORS TREATING COKE PLANT WASTEWATER 

No. 2 No. 1&5 No. 1 No. 5 No. 2 No. 8 No. 5 
Sample Source Feed ASw(a) Feed Cb) Effluent Effluent Effluent Effluent Effluent Cc) 

Date 8/23/79 11/7/79 9/14/79 9/19/79 9/19/79 11/12/79 11/12/79 11/13/79 

Compounds (all concentrations in µg/1) 

Purgables 
methylene chloride S.14 · 5.78 1.91 71.28 75. 15 417.18 5.43 4.21 
1,1-dichloroethane ND(d) ND ND ND ND ND ND ND 
chloroform 8.54 l.92 0.43 l.18 . 0.43 6.38 3.28 1.00 
1,1,1-trichloroethaue 2.17 8.67 2.64 2.81 · 1.48 ND 11.00 17.90 
benzene 0.37 18.78 1.01 0.17 0.17 8.42 6.60 10. 70 
toluene ND ND ND ND ND ND ND ND 

Base Neutrals 
bis(2-chloroethoxy)methane ND ND 467.76 ND ND ND ND ND -. .,-~ 
naphthalene . ND ND ND ND 2.;14 0.19 HD ND 
acenapbthalene 93.14 -43.38 37.26 ND 4.-09 0.23 0.57 0.22 
·dietbylphtbalate 66.13 ND 161.46 0.28 0.53 ND ND ND 
1,2-dipbenylhydrazine RD ND 5.99 ND ND ND ND ND .. ff-nicrosodiphenylamine 213.44 rm HD O.JS ND 0.98 ND MD 

U'I pbenanthrene 0 ND. ND 31.95 ND ND ND ND ND anthracene 
di-n-butylpbthalate 502.16 ND 869.52 2.47 8.98 1.15 0.87 0.41 
f luoranthene 467.19 . 528.86 152.SS 0.22 1. 74 35.18 3.48 3.46 
pyrene 527.00 462.84 162.69 0.33 1.64 ND 3.07 1.95 
benzo(a}anthracene} · 1,310.23 560 .. 58 457.02 ND ND 2.70 6.65 5.58 chrysene · 
butylbenzylphthalate ND ND ND- ND . ND 1.03 ND ND 
benzo(b)fluorantbene~ ND 242.59 ND ND ND 2.28 3.86 0.87 benzo(k)fluorantbene 
benzo(a)pyrene ND 1,716.34 ND ND ND 10.16 7.67 7.80 
acenaphtbene ND ND ND NJ). 0.32 ND ND ND 

Acid Extractables 
phenol· 60,378.00 32,249~32 65,820.00 0.56 0.08 0.84 0.15 0.23 
2,4-dim.ethylphenol 174.91 255.04 256.34 ·ND ND ND ND ND 

(a) Ammonia still operated to produce low 8Dlll01lia concentration, <lSOmg/1. This ASW subsequently amended with 
aJllll:Onia, phenol, thiocyanate and other components as required; this ~ended ASW was used as feed t<:1 experi-
mental reactors. 

(b) Same as (a) but used in the preparation of feed to reactors nos. l and 5. 
(c) Reactor 5 operated with activated carbon added to the mixed liquor;. 
(d) Analyzed for but not detected. 



Table 10. COMPARISON OF 1'0TAL PHENOL VAI.UES DETERMINED BY GC/HS AND 
STANDARD METHODS PROCEDURES 

Sample 

ASW Feed to BI-Bio Plant, 9/14/79 

WAL+ (Charge to Ammonia Still), 11/7/79 

ASW Feed to BI-Bio Plant, 11/7/79 

ASW (Still Operated for Low NH3), 11/7/79 

BI-Bio Plant Effluent, 9/14/79 

BI-Bio Plant Effluent, 11/12/79 

ASW* (Still Operated for Low NH3) 
Feed for Reactor Nos. 1 & 5 Before 
Alteration 

Feed ASW to Reactor No. 2, 8/23/79 

Effluent from Reactor No. 0 1, 9/19/79 

Effluent from Reactor No. 5, 9/19/79 

Effluent from Reactor No. 2 

Effluent from Reactor No·. 8, 11/12/79 

Effluent from Reactor No. 5, 11/13/79 

(a) Not detectable. 

451 

Total Phenol Concentration, µg/l 
GC/MS Standard Methods 

98,000 

12,244 

21,897 

32,504 

0.13 

1.02 

66,000 

61,000 

0.66 

2.44 

0.84 

0.15 

0.25 

280, 700 

207,400 

176,600 

193,000 

34 

52 

268,000 

500,000 

ND(a) 

ND 

ND 

ND 

ND 



than those measured by GC/MS, are present in the wastewater. The second 
more important factor is the relatively poor solvent extraction efficiencies 
for such materials when applying the EPA protocol. The third factor, which 
is probably the most troubling, is the observation of "crossover" of extract
ables, i.e., acid extractables compounds were found in the base neutral 
extraction and vice versa. The severity of this "crossover" appeared to vary 
from sample to sample but was most severe with the high concentration samples. 
The problem of extraction efficiency is not limited to the phenols only. 
Stamoudix et a1{6) demonstrated poor extraction efficiencies for several com
pounds in single component systems using the EPA extraction protocol; data 
reproduced in Table 11. 

Table 11. RECOVERY EFFICIENCIES FOR DIFFERENT ORGANIC COMPOUNDS 
EXTRACTED FROM SPIKED DISTILLED WATER (DATA OF 
STAMOUDIS ET AL) 

Compound Name 

0-xylene 
3-octanone 
1-heptanol 
n-butylbenzene 
phenol 
cresol 
o-ethylphenol 
d10-anthracene 

SUMMARY AND CONCLUSIONS 

% R ecovery 

42 
71 
70 
32 
61 
75 

105 
133 

It is anticipated that the Federal government will issue Best Available Tech
nology Economically Achievable (BAT) limitations that will severely limit the 
discharge of ammonia, sulfides, cyanides, phenol and priority pollutants in 
coke plant wastewater discharges. Preliminary indications are that the tech
nology to meet the limitations will be staged biological treatment followed 
by alkaline chlorination and filtration or activated carbon adsorption followed 
by alkaline chlorination and filtration. A study of a single stage phenol
nitrification process for the treatment of coke plant wastewaters was under
taken to evaluate its potential as an alternative to either stage biological 
treatment or activiated carbon technology. Objectives of the single stage 
phenol-nitrification process study were: 

1. To determine the operating conditions necessary to achieve an effluent of 
10 ppm or less of ammonia and measure the corresponding concentration of 
other pollutants; 

2. To determine the effect (inhibitory) of certain constituent compounds and 
ions in coke plant waters; 

3. To conduct preliminary examination of methods for enhancing th,e operation 
of the process; 

452 



4. To determine the effect of the process on priority otganic pollutants in 
coke plant waters and 

5. To develop a better understanding of the different reactions and inter
actions, operation of and performance of the process. 

The study was essentially a laboratory investigation in which ·actual coke 
plant wastewaters were examined. In addition, in evaluating the biological 
degradation of priority organic pollutants, a set of samples was taken from 
an existing industrial facility whifh represented a current Best Practical 
Treatment (BPI) facility. Water used in the laboratory work was an actual 
coke plant wastewater that was chemically adjusted as needed for the study. 

The specific conclusions from the study are: 

1. The single stage phenol-nitrification process has the potential of pro
ducing an effluent concentration of NH3 = 10 mg/l, total cyanides a 10-
110 mg/l; phenols = <200 µg/l; and sulfide = 0.5 mg/! from ammonia stripped 
undiluted coke plant wastewater. 

2. Typical required operating conditions: 

a. 
b. 
c. 
d. 
e. 

Detention Time - 3 days 
Biomass Concentration - 2-3 grams per liter 
Dissolved Oxygen - Above 1.5 mg/1 

ao°F Temperature 
pH - 7.0 to 7.7 

3. The process is effective in the degradation of organic priority pollutants. 
Major factors that influence the degree of priority pollutant degradation are 
hydraulic and sludge residence time. Longer residence time improves removal. 

4. The process is very effective upon free cyanides but ineffective upon 
complex cyanides. 

5. The rate of nitrogen oxidation observed in the control reactors was in 
agreement with the correlation 

kA = 15.2 TVS, mg/l/day 

where TVS = mixed liquor total volatile solids, g/l. Sludge growth was 
determined, Ymax of 0.7 mg SS/mg N oxidized; biological maintenance energy 
utilization rate, b, of 0.004 day-1. 

6. Optimum pH condition for the phenol-nitrification process is in the range 
of 7.0-7.7 with the temperature range being 80-90°F. · 

7. Alkalinity requirements are 4-5 mg as CaC03 per mg of nitrogen oxidized. 

8. Sudden nitrogen loading increases to the reactor can be tolerated for 
reasonable periods of time provided reactor conditions, especially pH and DO, 
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are maintained at near optimum conditions without severe disruption of biolo
gical activity. It must be noted that the effluent quality may change, i.e., 
ammonia concentrations may increase. 

9. A 67% increase in thiocyanate loading did not affect nitrification. 

10. Thiocyanate concentrations up to 150 mg/l in the reactor did not disrupt 
the nitrification process but a synergistic effect between thiocyanate con
centration and pH greater than 8.0 did produce inhibition at lower concentra
tions. 

11. Reactor pH's greater than 8.0 noticeably inhibited thiocyanate degrada
tion. 

12. Free cyanide severely inhibited nitrification, but the nitrifying organisms 
were capable of acclimating to concentrations up to 12.0 mg/l free cyanide. 

13. Free cyanide concentration up to 12 mg/l did not affect the thiocyanate 
organisms. 

14. Complex cyanide concentrations between 10-110 mg/1 were found to pass 
through the biological process unaltered. 

15. The direct addition of by-product light oil to the reactor in an amount up 
to 2000 mg/l did not appear to have any effect on the biological reactions. 
In practice this occurrence might affect the oxygen transfer and mixing 
ability of the aeration equipment. 

16. Both direct addition of sulfide to the reactor to concentrations up to 
40 mg/l and progressively increasing the sulfide loading rates to test 
reactors produced no adverse effects. 

17. The nitrifying organisms were capable of acclimating to phenol concentra
tions in the reactor up to 30 mg/l. 

18. Wastewater with phenol concentrations up to 5000 mg/l were effectively 
treated. Throughout the study, treated wastewater phenol concentra~ions were 
consistently less than the 0.5 mg/1 BAT limit proposed (Alternate 1). 

19. Process enhancem~nt by the addition of activated carbon to the mixed 
liquor was not conclusive. Additions of activated carbon aesthetically im
proved the appearance.of the effluent. It also appeared to enhance the 
settleability of suspended solids in the effluent. 

20. In the treatment of coke plant wastewater, the autotrophic reactions are 
not carbonate limited. 

21. The process was found to require close operator attention, close control 
of the environment within the reactor and reasonably constant loading rates. 
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NITROGEN AND CONTAMINANT CONTROL OF COKE PLANT EFFLUENTS 
IN AN UPGRADED BIOLOGICAL SYSTEM 

T.R. Bridle, H. Melcer, W.K. Bedford, B.E. Jank. 

Wastewater Technology Centre, Environmental Protection Service 
Environment Canada, Burlington, Ontario 

ABSTRACT 

Bench scale treatability studies were conducted to evaluate the 
performance of the single sludge pre-denitrification nitrification process 
configuration for nitrogen and contaminant control of coke plant effluents. 

Complete nitrogen control was achieved provided wastewater dilu
tion was practised or low levels of powdered activated carbon (PAC) were 
added to the bioreactors. The minimum aerobic SRT required to achieve 
complete nitrification at 20-24°C was 22 days. Operation at high system 
SRT (60 d) did not facilitate nitrification of undiluted wastewater. 
However at anoxic and aerobic HRT's of 0.5-1 and 1-3 days, respectively, 
complete nitrogen control and high levels of contaminant removal'were 
effected in undiluted wastewater by maintaining a PAC level of 500 mg·L-1 
in the reactors. The equivalent PAC feed concentrations·ranged from 20 
to 50 mg·L-1. The addition of PAC overcame Nitrobacter inhibition, 
which was evident in the treatment of both diluted aDd undiluted wastewater. 

The organic carbon in the wastewater was used as the energy 
source for denitrification and no supplemental organic carbon was required 
to achieve complete denitrification provided the feed FOC/TKN ratio >3.5. 

The fate of trace organics was monitored using GC/MS methodology. 
Enhanced trace organic removal was effected through PAC addition. 

Parallel units operated with and without calcium indicated that 
up to 3000 mg·L-1 of dissolved calcium in the wastewater was not detrimental 
to biological activity. Analysis confirmed that calcium phosphate tetra
basic was precipitated discretely in the reactors. Phosphoric acid require
ments increased 10-fold when calcium was present. 
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NITROGEN AND CONTAMINANT CONTROL OF COKE PLANT EFFLUENTS 

IN AN UPGRADED BIOLOGICAL SYSTEM 

INTRODUCTION 

The complete mix activated sludge process is generally used for the 

treatment of coke plant wastewaters in North America. The oxidation of phen

olics, cyanide, thiocyanate and sulphides is achieved but few full-scale 

facilities achieve nitrification and no bioplants currently practise complete 

nitrogen control. This study has sought to determine the process conditions 

by which nitrogen control can be achieved economically. Inherently, this 

requires an optimum balance between the nitrification and denitrification 

processes. Evaluation of full-scale industrial experiencel and cost analysis 

datalS led to the adoption of a single sludge pre-denitrification nitrifi

cation process configuration for further study. The cost saving advantages 

offered by this process are twofold; firstly, the supplemental carbon required 

for denitrification is minimised or eliminated by the presence of raw waste

water organic carbon and secondly, alkalinity requirements are greatly 

reduced by coupling the nitrification and denitrification processes. 

Accordingly, bench-scale treatability studies were initiated at the 

Wastewater Technology Centre, Burlington, Ontario, to produce a non-acutely 

lethal (to rainbow trout) effluent low in nitrogen concentration. Reactors 

were operated from October 1978 to April 1980. This period may be·conven

iently divided into two phases, the first being concerned with startup 

and acclimation and the second, with the determination of process conditions 

required to achieve high levels of nitrogen removal from a full .strength coke 

plant wastewater. : 

Wastewater was provided by Dominion Foundry and Steel Limited 

(Dofasco), Hamilton, Ontario. This comprised a mixture of limed ammonia still 

effluent an4 a light oil interceptor sump wastewater. 

A U.S. EPA survey of steel industry effluentslO reported the presence 

of 73 of the 129 priority pollutants. The level to which this technology was 

successful in removing trace contaminants was evaluated by GC/MS analysis. 

This analysis was extended beyond the EPA priority pollutant list to include 

those trace contaminants that are indigenous to coke plant wastewaters. 
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EXPERIMENTAL PROCEDURES 

Three identical process trains, A; B and C, were operated in para

llel. Figure 1 depicts the process sequence for each train; a complete mix 

anoxic reactor (Dl), a complete mix aerobic reactor (D2), and an upflow clari

fier. 

Operating procedures for reactor control have been detailed 

previously4. Briefly, feed rates of 5 to 15 L·d-1 were selected, allowing 

ranges of nominal anoxic hydraulic retention time (HRT) from 0.5 to 1.0 day 

and nominal aerobic HRT's from 1.1 to 3.0 days to be effected. Mixed liquor 

was recycled from the clarifier to the anoxic reactor at a ratio of 8:1. 

Strict SRT control was maintained. Aerobic reactor pH and DO were controlled 

at 7.0 and 3.0 mg·L-1 respectively. Temperature in the reactors varied 

from 20 to 24°C. An effluent phosphorus residual was maintained by control

led phosphorus addition to the anoxic reactor. 

ANAl.\'TICAL PROCEDURES 

SLUDGE RECYCLE 

AEROBIC 
REACTOR 
(02) 

Figure 1, Process flow schmeatic. 

Sample collection followed established protocol4. Th~ ff lt~r~~ 

samples were analysed for conventional pollutants (Table 1) and trace orgnn

ics according to previously reported procedures4,5. Sludge analysis by 

electron microscopy and x-ray diffraction has also been previously detailed5. 

Static 96-hr bioassays of the final effluents followed the EPS procedure for 

testing the acute lethality of liquid effluents to fish9. 
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RESULTS AND DISCUSSION 

Phase I 

The seven-month initial phase incorporated startup and sludge accli

mation, the objective being to establish fully equilibrated nitrifying sys

tems. SRT was initially maintained at 60 to 70 days. Removal of 80% of the 

filtered organic carbon (FOC) and 99% phenol were quickly achieved but the 

systems were unstable with regard to nitrification and to oxidation of cya

nide and thiocyanate. This behaviour was attributed to the wide variations 

in feed characteristics. 

Pseudo-equilibrium conditions were subsequently achieved by control

ling feed characteristics; raw feed was diluted 2:1 to 4:1 with tapwater and 

respiked with phenol, thiocyanate and methanol to achieve initial feed para

meter concentrations. Values of equalized feed parameters are listed in 

Table 1. SRT values were then allowed to decline to a mean of approximately 

30 days. Typical system operating parameters a~e summarized in Table 2 and 

typical effluent quality in Table 3. 

Oxidation of carbonaceous material improved to 94% FOC removal and 

almost total phenol removal. The organic carbon requirements for the 

pre-denitrification systems were approximately twice the theoretical require

ments confirming Sutton~ al's observationsll. Maintenance of the FOC/TKN 

level above a minimum of 3.5 ensured complete denitrification. This para

meter is intimately associated with ammonia still operation. Excessively 

high ammonia levels in the still effluent will exceed the organic carbon 

availability in the wastewater and require carbon supplementation to maintain 

denitrification. This study showed that nitrification was sensitive to 

ammonia variability. In the early part of Phase I, this variation was 

four-fold before subsequent equalization reduced it to 1.6. Data from 

a full-scale plant treating a high-s~rength organic chemical wastewater3 sup

ports these findings; nitrification was achieved consistently provided the 

TKNmaxlTKNmean ratio ~2.0. Equalization is not normally feasible in a steel

works environment since there is a constraint on land availability. However, 

efficient still operation can produce an effluent with approximately 

100 mg·t-1 ammonia and thereby derive a three-fold cost saving since 

a greater amount of ammonia is recoverei and neither carbon supplementation 

nor equalization are required. 
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Table 1, FEED CHARACTERISTICS - STEADY-STATE OPERATION, PHASE I 

Parameter Variability** 

FOC 470 570 1.21 
Phenol 215 245 1.14 
TKN 130 185 1.42 
NH3-N 75 120 1.60 
TCN 1.0 1.6 1.60 
CNS 170 180 1.06 

* 95% of values were equal to or less than this value. 
** 95% value divided by median. 

Table 2, TYPICAL OPERATING CONDITIONS - PHASE I 

Parameter Anoxic Reactor (Dl) Aerobic Reactor (D2) Clarifier 
Effluent 

HRT (d) 
Temp (°C) 
DO (mg·L-1) 
pH 
TSS (mg·L-1) 
VSS (mg·L-1) 
OUR (d-1) 
SVI (mL·g-1) 

1 
20- 24 

0.3 
7.5 - 8 

2000 - 2800 
1200 - 1500 

3 
22 - 24 

3.0 
7.0 

2000 - 2800 30 
1200 - 1500 20 
0.15 - 0.3 

50 - 100 

Table 3, TYPICAL AEROBIC REACTOR EFFLUENT QUALITY - PHASE I 
(SRT >30d at 20 to 24°C) 

Effluent (mg·L-1) 

% Removal 

* Total Nitrogen 

30 0.050 5 <1 

94 >99.9 96 >99 

461 

15 0 <l <1 20 

-so >99 85 



The minimum SRT required to maintain nitrification (as measured by 

TKN disappearance) was identified as 30 days which equates to a minimum aero

bic SRT of 22 days. All the oxidized nitrogen was completely denitrified. 

The absence of effluent N03-N indicated the inhibition of Nitrobacter by 

some specific trace contaminants in the coke plant wastewater. This phen

omenon has been observed by other investigators2,6. Nevertheless, the 4:1 

dilution of raw wastewater permitted nitrification and denitrification to pro

ceed but was insufficient to prevent Nitrobacter inhibition. 

Theoretical relationships indicate that 7.07 units of alkalinity as 

CaC03 are consumed per unit of NH3-N nitrified and 3.57 units of alkalinity 

are generated per unit of N02-N or N03-N denitrified12. The stoichiometric 

net alkalinity requirement for the combined process can be estimated from the 

· degree of nitrification and denitrification achieved. Approximately 50 to 60% 

of the alkalinity required in this system configuration was supplied via 

Na2C03 addition (for pH control), the remaining requirement being satisfied 

by the residual alkalinity in the feed wastewater. On the basis of feed and 

effluent data in Tables 1 and 3, the alkalinity requirement was 2.38 g 

CaC03/gTN removed. 

Fish bioassay tests were carried out to assess the toxicity of the 

effluent. The tests involved 96-h static bioassays using juvenile rainbow 

trout (Salmo gairdneri). Results indicated that the effluent was non-lethal, 

with zero mortality. 

Phase II 

The mode of equalization used in Phase I restored mean concentrations 

of the major pollutants, FOC, phenol and thiocyanate, by respiking, but dilu

ted the level of trace contaminants. Ammonia variability was reduced which 

allowed nitrification to proceed as far as nitrite formation. Oxidation to 

nitrate did not occur since Nitrobacter growth was inhibJted probably by the 

presence of the trace contaminants, albeit at low concentrations. Thus 

nitrogen control was achieved but the discharge of nitrite is environmentally 

unacceptable. In practice, to exercise nitrogen control by dilution and then 

discharge the nitrite would be an inappropriate procedure. Thus the ma.in 

thrust of the treatability work was directed to defining the process condi

tions required to achieve high levels of nitrogen removal from a full 

strength coke plant wastewater. 
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Part 1 - Effect of Full-Strength Wastewater 

Raw wastewater from Dofasco was used as received except that metha

nol was added as required to maintain the FOC/TKN ratio~ 3 .5. Table 4 sum

marizes feed characteristics. 

Table 4, FEED CHARACTERISTICS - PHASE II (PART 1) 

Parameter Median 95%* Variability** 
(mg·t-1) (mg·L-1) 

FOC 535 640 1.20 
Phenol 185 269 1.45 
TKN 155 214 1.38 
NH3-N 80 88 1.10 
TCN 4.4 4.8 1.09 
CNS 210 237 1.13 

* 95% of values were equal to or less than this value. 
** 95% value divided by median 

At the start of Phase II, all three systems were operating at equil

ibrium SRT values between 30 and 35 days. Nitrification deteriorated signifi

cantly in all systems within two weeks of restoring the full strength feed; 

effluent ammonia concentration varied from 30 to 100 mg·L-1. This was not a 

satisfactory mode of operation. 

Part 2 - Effect of PAC Addition 

In order to re-establish nitrification, powdered activated carbon 

(PAC) was added to systems B and C at rates equivalent to 33 and 50 mg·L-1 in 

the feed. System A did not receive PAC, remaining as the ""control"'. The 

resulting equilibrium reactor conditions are summarized in Table 5. 

The feed characteristics for the remainder of the study are pre

sented in Table 7. With the exception of organic carbon including phenol, 

the feed characteristics are very similar to those recorded earlier in the 

study. The feed organic carbon content increased steadily over the period 

that these data were averaged. Also, improved operation of the ammonia still 

reduced ammonia variability considerably below that experienced in the early 

part of Phase I. 

Two weeks after PAC addition, System A remained unchanged whereas 

nitrification was reestablished in B and c. Nitrobacter inhibition had 
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Table 5, EQUILIBRIUM OPERATING <X>NDITIONS - PAC AND SRT EVALUATION 

Average Reactor Solids Clarifier 
~!a L-12 Equivalent Effluent · 

Reactor HRT (d) SRT Biological PAC Feed VSS 
System Anoxic Aerobic (d) MI.VSS MLSS PAC (mg·L-1) (mg·L-1) 

Phase II A 1 3 40 1780 2580 0 0 6 
Part 3 

Phase II { A 1 3 60 2330 3880 0 0 7 
Part 2 B 1 3 30 1920 3000 250 33 9 

c 1 3 40 2090 2750 500 50 8 

Table 6 , MEAN REACTOR EFFLUENT QUALITY - PAC AND SRT EVALUATION 
~ 
en Reactor Anoxic Reactor Aerobic Reactor • 

System. FOC N°'f-N* FOC Phenol TKN NH3-N N02-N N03-N TCN CNS ON TN** 

Phase ll A Effluent*** 31 0.034 72 68 4.0 o.o 3.4 1.1 76 
Part 3 % Removal 94 >99.9 54 23 99.5 51 

A Effluent 76 0.2 35 0.041 97 91 4 .1 0.3 4.4 1.2 5.5 101.4 
% Removal 94 99.98 42 47 99.4 78 41 

Phase II B Effluent 66 1.4 31 0.040 6 0.6 4.7 6.9 3.9 1.3 2.8 17.6 
Part 2 % Removal 95 99.98 96.5 99.2 52 99.4 89 90 

c Effluent 59 2.8 28 0.031 7 0.2 1.5 10.7 3.9 0.9 4.8 19 .2 
% Removal 96 99·.99 95.7 99.8 51 99.6 81 89 

* Total oxidized nitrogen. 

** Total nitrogen, TKH + NOT-N. 

*** Expressed in mg.L-1. 



ceased since oxidation to nitrate had occurred. This trend continued to be 

observed over a 2-month period. Typical reactor effluent quality data are 

report~d in Table 6. 

Table 7, FEED CHARACTERISTICS - PHASE II (PARTS 2-5) 

Parameter Median 95%* Variability** 

FOC 680 810 1.19 
Phenol 300 460 1.53 
TKN 180 235 1.30 
NH3-N 88 120 1.36 
TCN 8 24 3.00 
CNS 240 355 1.48 
ON*** 25 62 2.48 
pH 9.3 10.5 1.13 

* 95% of the values were equal to or less than this value. 
** 95% value divided by median. 

*** Organic nitrogen, calcufated as TKN-(NH3-N)-(CNS-N)-(TCN-N). 

Two sets of data are shown for system A in both Tables 5 and 6: 

the effect of high SRT was being examined concurrently in system A and so 

pertinent data is included in these tables although the effect is addressed 

in part 3. The data demonstrating the effect of PAC compares the three 

systems A, B, and c, during the second month of operation in this mode, under 

well-equilibrated conditions. 

Effluent distribution data for TKN in Figure 2 shows that system A, 

the conventional pre-denitrif ication nitrification, could not nitrify full 

stre~gth Dofasco wastewater confirming the observations in Part 1. Low 

levels of PAC addition in system B, enabled nitrification to proceed almost 

to completion. A higher nitrite concentration than in system C indicated 

that some minor inhibition of Nitrobacter had occurred. The higher level of 

PAC addition used in system C eliminated this inhibition and complete nitrifi

cation to nitrate was evident. Inhibition may have been due to the presence 

of one or more trace contaminants that were possibly adsorbed on to the PAC 

in systems B and c. Thiocyanate oxidation was achieved to the same degree in 

A, B and c (.as was the oxidation of phenol and FOC) indicating that, in the 

case of coke plant wastewater, the nitrification process appears to be the 

most sensitive to inhibitory trace contaminants. 
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Figure 2> Effluent TKN data; PAC evaluation. 

Part 3 - Effect of High SRT 

Control data from system A during the PAC evaluation trials showed 

that nitrification of full strength wastewater could not be achieved at a sys

tem SRT of 40 days (Table 6). The system SRT was increased to an equilibrium 

level of 60 days to determine whether nitrification could be sustained at a 

higher SRT without PAC addition. A comparison of the effluent quality data 

for system A for both SRT values shows little change indicating that the 

single sludge pre-denitrification nitrification system was not capable of 

nitrifying full strength coke plant wastewater at elevated SRT values. 

Removal of FOC, phenol and thiocyanate remained unimpaired. 

Part 4 - Effect of Calcium Precipitation 

Most steel mills use combined free/fixed leg ammonia stills for the 

removal of ammonia. The most common alkali used for pH elevation in the fixed 

leg of the still is calcium hydroxide. As a result, the calcium content of 

limed weak ammonia liquor ranges from 1500 to 3000 mg·L-1. Observations 

made in Phase r4 revealed precipitation of calcium in the reactors, with the 

result that the mixed liquor volatile fraction was reduced to less than 50%. 
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Other workl,8 has attributed process instability to the formation of an 

inactive sludge caused by the precipitation of calcium carbonate. Conse

quently, parallel studies were conducted in Phase II to define the effect of 

precipitated calcium salts on the nitrification performance of the single 

sludge process configuration. To this end, two reactor sys.tems were operated 

in parallel. System A was fed wastewater as received from Dofasco, con

taining between 1500 and -2500 mg·L-1 of calcium. The feed to sys-

tem C was carbonated at elevated pH to reduce the calcium content to levels 

always lower than 100 mg·L-1. Both systems received PAC at a rate sufficient 

to maintain a reactor concentration of 500 mg·L-1. The reactor systems were 

operated at steady state conditions (Table 8) for a four week period. The 

mean reactor effluent quality data for this period are shown in Table 9. 

They show no significant differences in nitrification performance and process 

stability (Figure 3). There was, however, an increase in effluent soluble 

organics in system C • This could be attributed to the lower adsorptive 

capacity of the lower PAC loading in the influent to system C • 
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Table 8, STEADY STATE OPERATING CONDITIONS - CALCIUM EFFECT 

Average Reactor Solids Clarifier 
Feed (~·L-1) Equivalent Effluent 

Reactor Calcium BRT (d) SRT Biological PAC Feed vss 
System (mg·L-1) Anoxic Aerobic (d) MLVSS MLSS PAC (mg·L-1) (mg·t-1) 

A 1500 - 2500 1 3 40 2680 7230 500 50 12 

c <100 1 2 40 2900 4100 500 33 10 

Table 9, MEAN REACTOR. EFFLUENT QUALITY - CALCIUM EFFECT 

Reactor Anoxic Reactor Aerobic Reactor 
System FOC NOT-N FOC Phenol TKN NH3-N N02-N N03-N TCN CNS ON .TN 

.i:. 

°' A Effluent* 83 4.7 38 0.076 10 0.9 2.5 21.2 4.5 1.2 4.4 33.7 Q) 

% Removal 94.6 99.98 94.3 99.0 49 99 .s 82 81 

c Effluent 81 5.7 47 0.086 9 0.7 2.4 13.3 6.3 2.1 4.2 24 .7 

% Removal 93.4 99.98 95.1 99.l 27 99.1 83 86 

* Expressed in mg·L-1. 



Hixed liquor solids dat~ 1n Table 8 indicate that tbe volatile frac

tion increased from 37 to 70% when the feed was pretreated foT calciUUJ 

removal. Phosphorus requirements for system C were reduced markedly; rough 

balances indicated a tenfold reduction in P requirement. Thia observation 

tended to indicate the inorganic material precipitating in system A, was a 

calcium phosphate. To confirm this, and to define the structure of the pre

cipitate, sludge samples were analyzed by x-ray diffraction (XRD) and scan

ning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS) 

analysis. XRD analysis indicated the inorganic phase in sludge A to be cal

cium phosphate tetrabasic (4 CaO·P205) However, EDS. analysis would tend to 

indicate tbat the material ls octa calcium phosphate. 

In general, observation of sludge A showed that the calcium phos

phate did not coat the floe. Rather, it was discretely precipitated through

out the floe suspension and could not be responsible for any reduction in per

formance. This data complements the process data which showed no difference 

in perfortnance between systems A and C. 

Part 5 - Effect of Hydraulic Retention Time 

In Phase I, studies were conducted at fixed anoxic and aerobic HRT•s 

of one and three days, respectively. These values were chosen based on both 

theoretical and practical considerations, and included a safety factor of two. 

Since the HRT impacts severely on system capital costs, studies were conducted 

to define the limiting hydraulic requirements capable of effecting consistent 

nitrification. This was accomplished by operating the three systems in para

llel at varying HRT's; 0.5, 0.67, and 1.0 day for the anoxic reactors and 

1.1, 2 and 3 days for the aerobic reactors. The experimental conditions eval

uated, and steady state reactor conditions achieved, are shown in Table 10. 

Mean effluent quality achieved at these operating conditions is summarized in 

Table 11. 

A general deterioration in effluent quality with decreasing aerobic 

HRT was observed with increasing effluent SS, FOC and phenol and an increas

ingly unstable nitrification process as shown in Figure 4. These effects may 

have been compounded by the decreasing adsorptive capacity of the decreasing 

PAC loading at the lower HRT's. An increase in the level of effluent organic 

nitrogen witb decreasing.HRT ma.y have been due to the presence of heterocyclic 

nitrogenous compounds that were not adsorbed by the PAC and which may, there

fore, have contributed to the inhibition of nitrification. 
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Table 10, STEADY STATE OPERATING CX>NDITIONS - HRT EFFECT 

Average Reactor Solids . Clarifier 
(S·L-1) . Equivalent Effluent 

Reactor HRT (d) SRT (d) Biological PAC Feed vss 
System Ano:xic Aerobic Anoxic Aerobic MLVSS MI.SS PAC (mg·t-1) (mg·L-1) 

A 0.67 2 10 30 5 500 16 200 500 33 18 

B 1 3 10 30 3 630 9 550 500 50 10 

c 0.5 1.1 15 30 6 920 13 840 500 18 49 

Table 11, MEAN REACTOR EFFLUENT QUALITY - HRT EFFECT 
• ...... 
0 Reactor Anoxic Reactor Aerobic Reactor 

System FOC NO'rN FOC Phenol TKN NH3-N N02-N N03-N TCN CNS ON TN 

A Effluent* 119 o.s 41 0.084 7 1.7 3.0 18.7 8 1.1 2.2 28.7 

% Removal 94.5 99.8 96.0 98.0 21 99.5 91 84.4 

B Effluent 114 0.7 38 0.072 7 1.1 9.7 8 .3 8.1 1.1 1.2 25.0 

% Removal 95.0 99.8 96.0 98.7 21 99.5 95 86.0 

c Effluent 106 0.8 60 0.098 27 19.8 8.3 3.4 8.3 1.4 4.1 38.7 

% Removal 91.9 99.7 86.5 78.7 18 99.4 84 80.0 

* Expressed in mg·L-1. 



Denitrification did not appear to have been affected by HRT over 

the range examined (Figure 5) indicating that the full denitrification capacity 

of the system had not been exploited. 

100,....-~~~~~~~~~~~-....:--i 

80 

20 

~ 10 

l 8 
6 

~ AEROBIC HRT (d) 

e A 
0 B 
• c 

2 
3 
1.1 

• 
t 5 ----~~~N ________ 

1 

i ' ! 0 

r 1~ 
:: --~-----~/~ . 
ne ~ , 
0.5 : 

n' : 

5 10 20 30,0608070 80 90 95 

PERCENT OF OBSERVATIONS ~ STATED VALlE 

Figure 4, Effluent NH3-N Data; 

HRT effect. 

3.0 

I_, 2.0 

Cl 
E 

t-

0z o 1. 
~ 09 
~ 0.8 
3 0.7 
LL 06 
th 0.5 

04 

0.3 

0.2 

SYSTEM ANOXIC HAT (d) 

• A 
o B 
•C 

0.67 
1.0 
0.5 

_____ M.~P.1~~-------
o 

0 

0
·
1

2 s 10 20 30 40 soso 10 ao 90 95 98 

PERCENT OF OBSERVATIONS s STATED VALUE 

Figure 5, Denitrification performance; 

HRT effect. 

471 



TRACE ORGANICS REMOVAL 

Coke production generates a great variety of poly-nuclear aromatics 

(PNA's) many of which are not identified in the list of priority pollutants. 

The U.S. EPA have shown7,13 that adsorption was the main removal mechanism 

for PNA's in sewage treatment plants. The analysis of trace organics in this 

study was conducted to identify and quantify these compounds. 

Aliquots of feed, final effluent and waste activated sludge from 

systems A and C were analyzed by GC/MS and HPLC for the presence of trace 

organics. These samples were taken during the period when the effect of cal

cium on nitrification performance was being evaluated, and thus the reactor 

conditions and effluent quality depicted in Tables 8 and 9 are representative. 

Both systems were operated at 40-day SRT, with 500 mg·L-1 PAC. However, the 

aerobic HRT's were different - 3 days in system A and 2 days in system c. 
Some selected data is shown in Table 12. It must be mentioned that only one 

replicate of each sample was analyzed, and while the limited quality assur

ance program indicated good recoveries of spiked compounds (58 to 108%), the 

absolute values reported must be treated with caution. 

The data indicated the presence of 16 base-neutral and acid extrac

table priority pollutants. In addition, 32 non-priority pollutants, primar

ily heterocyclic nitrogenous compounds, were identified. These co~pounds 

could not be quantified due to lack of standards. The units expressing trace 

organic concentrations have been selected to f aciiitate data comparisons on a 

similar numerical basis. Concentrat-ions are expressed at a ppb level in both 

the liquid streams and the sludge s9 that the fate of the trace organics may 

be traced more easily through the treatment process. Operation at a 3-day 

aerobic HRT generally produced a 'cleaner' effluent, with marked improvement 

in removal of PNA's. Not all PNA's were accumulated in the sludge. Of the 

PNA's in the feed only indeno-pyrene, naphthalene, pyrene and benzo-a-anthra

cene were adsorbed on the sludge. Although significant quantities of 

phthalates and naphthalene accumulated in the sludge, mass balances indicate 

that more than 90% of those compounds were biologically degraded. In con

trast, the indeno-pyrene and pyrene remained adsorbed on the sludge. 

A substantial concentration of organics can occur which illustrates 

the role of the sludge as a "sink" for some organics. Benzo-a-anthracene, 

for example, was not detected in the feed but was present at 360 ng/g in the 

sludge. Mass balance calculations show that, assuming no losses to other 

removal mechanisms, a concentration factor of approximately 4000 was in effect. 
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Table 12 • SELECTED TRACE ORGAN! CS DATA 

S,Istem 'A' Szstem 'C' Detection 
Feed Effluent Sludge Feed Effluent Sludge Limit 

(µg·L-1) (µg ·L-1) (ng• g-1) (µg·L-1) (µg·L-1) (ng·g-1) (ug·L-l) 

Anthracene 1.0 0.3 ND 1.0 1.4 ND 0.25 

Benzo-a-pyrene 0.5 0.4 ND ND 1.5 ND 0.1 

Chrysene 4.0 1.7 ND 18 4.0 ND 0.4 

Diethylphthalate 300 100 9 100 1 310 110 6 600 10.0 

Bis (2 ethyl hexyl) phthalate T.race Trace 11 000 150 Trace 20 000 10.0 

Fluoranthene 2.6 1.0 ND 4.1 2.0 ND 0.1 

Fluorene 4.0 1.5 ND 3.0 3.0 ND 1.0 

Indeno pyrene 0.7 0.2 9 500 1.2 ND 1 800 0.2 
~ ....,, 

Naphthalene 760 ND 7 900 3 800 ND 2 600 10.0 w 

Phenanthrene 3.5 0.75 ND Trace 0.5 ND 0.4 

Pyrene 2.2 0.7 740 ND 2.0 ND 0.6 

Benzo-a-anthracene ND ND 360 ND ND 160 0.6 

Cl Pyridine ++ ND + ++ ND + 
Quinoline ++ ND + ++ ND + 
lH lndole ++ ND + ++ ND + 
9H Carbazole ++ ND ++ ++ ND ++ 
9H Anthracene Carbonitrile + ND ++ + ND +f-

Phenanthridine + ND ND + ND ++ 
Phenanthridinone + ND + + ND ++ 
Indolizine + ND ND + ND ++ 

Note: Sludge values reported on a dry sludge basis. 
ND = not detected. 
+ = a minor peak. 
++ = a major peak. 



The feed concentration of benzo-a-anthracene would then have been 

0.09 pg·L-1 which is below the detection limit of 0.6 pg·L-1. It could be 

concluded that other organics are undetected in the feed but will be adsorbed 

to significant levels in the sludge. 

None of the heterocyclic nitrogenous compounds identified in the 

feed could be detected in effluents A or C • However, compounds such as 

9H carbazole, 9H anthracene carbonitrile, indolizine, phenanthridine and 

phenanthridinone were accumulated in the sludge. 

The degree to which PAC addition aided in adsorption of PNA's and 

heterocyclic nitrogenous compounds could not be determined. The literature14. 

does, however, indicate that many PNA's are readily adsorbed by PAC. No 

conclusive evidence has been generated to identify the mechanism by which PAC 

addition prevents inhibition of nitrification but it is possible that this 

occurs by the adsorption of the heterocyclic nitrogenous compounds. 
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CONCLUSIONS 

1. 

2. 

Complete nitrogen control of Dofasco coke plant wastewater can 

be achieved in a single sludge pre-denitrification nitrifi

cation system only by the addition of low levels of PAC (at 

approximately 50 mg·L-1). 

Over the temperature range, 20-24°C, nitrification was stable 

at aerobic HRT's in excess of two days; denitrification is 

stable at anoxic HRT's of 0.5 day or greater. 

3. The organic carbon in the wastewater can be utilized as the 

energy source during denitrification. At FOC/TKN ratios ~3.5, 

carbon supplementation is not required. 

4. The presence of high levels of calcium i~ the wastewater does 

not affect nitrification. 

5. The efficient operation of the ammonia still is critical to 

the maintenance of a stable nitrification process. It is 

essential to minimize variation in wastewater ammonia levels: 

TKNmaxlTKNmean should be should be ~2.0. 
6. GC/MS analysis identified 32 heterocyclic nitrogenous compounds 

and 16 priority pollutant organics in the feed. The 

pre-denitrification nitrification system,, with PAC addition, 

operated at a high SRT and HRT, is capable of effecting good 

removal for most of these organics. Both adsorption and 

biodegradation are major removal mecha.nisms. 
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liYDROTECHNIC CORPORATION 

AN INVESTIGATION OF FOREIGN BY-PRODUCT COKE PLANT AND 

BLAST FURNACE WASTEWATER CONTROL TECHNOLOGY 

HAROLD HOFSTEIN AND HAROLD J.KOHLMANN 

HYDROTECHNIC CORPORATION 

ABSTRACT 

A study was made to determine if more advanced processes 
for the treatment of by-product coke plant and blast furnace gas 
cleaning wastewaters were used in foreign plants than in domestic . 
ones. Some unusual techniques for the treatment of blast furnace 
gas cleaning wastewaters were found. Aeration of gas cleaning 
wastewater prior to clarification improved settling and resulted 
in a greater rate of recirculation. Filtering the wastewater 
through slag or flue dust removed cyanide although the removal 
mechanisms is not known. 

Treatment of by-product coke plant and blast furnace gas 
cleaning wastewater is, generally, not more advanced in foreign 
plants than in the United States. However, blast furnace gas 
cleaning water in foreign plants is generally recycled to a greater 
degree. 

Discussions were held with plant and corporate personnel at 
26 plants in 14 countries and with regulatory agencies in 10 of 
the 14 countries, to determine the regulations imposed upon the 
plants, the incentives provided to reduce pollution loads to re
ceiving waters and to investigate treatment technology. 

Recommendations for research projects are made as there ap
pears to be promising areas for improvement of wastewater treatment 
techniques. 
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INTRODUCTION 

In its continuing effort to make information available on 

the most advanced and efficient methods of reducing water pollu

tion from iron and steel production, the U.S. EPA Industrial En

vironmental Research Laboratory, Research Triangle Park, NC, con

tracted with Hydrotechnic Corporation to perform an engeneering 

study of foreign steel plants. This was to determine if there were 

water pollution control practices being employed for by-product 

coke plant and blast furnace wastewaters that were superior to 

those used in the United States. In fulfillment of this contract 

Hydrotechnic visited 25 plants in 14 countries. Plants in the 

United States, Canada and Eastern Bloc nations were not included. 

The plants visited account for over 23 percent of the steel pro

duced outside of the three areas mentioned. One of the plants 

visited was a by-product coke plant only and one plant consisted 

of a single blast furnace. Neither of these plants had other 

production facilities normally associated with steel plants. 

Three factors were considered in determining the selection 

of the plants to be evaluated: 

Based on published literature and personal correspond

ence, the likelihood of the plants utilizing exemplary 

or innovative treatment technology. 

Based on prior investigation, the relative abundance 

or lack of water in the plant area. 
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Based on published information, the degree of environ

mental concern in the countries where the plants are 

located. 

Of the 25 plants visited, 23 provided information that was 

useable to permit evaluation of their wastewater treatment systems. 

These 23 plants are listed below by country. 

ARGENTINA 

AUSTRALIA 

BELGIUM 

ENGLAND 

FRANCE 

ITALY 

JAPAN 

MEXICO 

NETHERLANDS 

SOUTH AFRICA 

SWEDEN 

TAIWAN 

WEST GERMANY 

Plant requested anonymity 

Broken Hill Proprietary - Newcastle Works 

Australia Iron & Steel - Hoskins Kembla Works 
SIDMAR 

British Steel - Scunthorpe Works 

- Orgreave Works 

Pont-a-Mousson 

Italsider - Taranto Works 

Nippon Kokan KK - Ogishima Works 

Sumitomo Metal Ind. - Ka~hirna Works 

Kobe Steel Ltd. - Kakogawa Works 

Kawasaki Steel - Chiba Works 
Altos Hornes de Mexico 

Hoogovens 

!SCOR - Pretoria Works 

- Newcastle Works 

- Vanderbijlpark Works 

Svenskt Stal - Norrbottens Jarnverk 

Surhammars Bruks - Spannarhyttan 

China Steel 

Roechling Burbach 

Thyssen 

Heesch Huttenwerke 
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In addition to visiting plants and corporate engineering 

staffs, and observing wastewater treatment operations at the pro-

duction facilities, nine government agencies were consulted. In 

a tenth country a trade association was consulted. The agencies 

provided information on how regulations affected the degrees of 

treatment and on the incentives provided for increasing recircula-

tion of water within the production facilities. 

The nine governments were: 

Argentina 

Australia (New South Wales) 

Japan (two agencies) 

Mexico 

Netherlands (two agencies) 

South Africa 

Sweden 

Taiwan 

At the meeting with the trade association,vDEh representing 

the West German Iron and Steel Industry, a representative from 

the local West German water and waste agency was present. 

SUMMARY 

l. By-Product Coke Plants 

The volume of waste anunonia liquor produced at foreign by-

3 product coke plants ranged from 0.14 to 0.24 m /Mg (34 to 178 gpt). 



These volumes are higher than those encountered in the United 

States by-product coke plants evaluated. 

The treatment of by-product coke plant wastes at foreign 

plants is basically similar to that practiced in the United 

States. Single stage biological treatment is used at 14 of the 

by-product coke plants visited. Nine of these fourteen plants 

add dilution water to reduce high ammonia concentrations in the 

wastewater to levels not toxic to the organisms. At one plant 

in Japan salt water is used. All plants utilizing biological 

treatment add nutrients, usually in the form of phosphoric acid. 

Two of the plants pretreat the wastes by filtering the wastewater 

through a coarse coke bed. This procedure removes tar that may 

be detrimental to the biological oxidation process. Two other 

plants further treat their effluent by sand filtration and, follow

ing, by activated carbon adsorption. 

Of the 23 by-product coke plants for which some data was 

available, fourteen plants discharged their biologically treated 

wastewater to public waters, five plants treated their wastewater 

in free ammonia stills and then discharged them, one plant treated 

its wastewater in both free and fixed azmnonia stills prior to 

discharge, one plant utilized a free.ammonia still and a dephe

nolizer prior to discharge, one plant provides no treatment at all 

prior to discharge and one plant uses the raw waste ammonia liquor 

to irrigate a grass crop that is used for animal feed, reportedly 

with no ill effects to the animals. 



2. Blast Furnaces 

Blast furnace gas cleaning systems were used at all of the 

plants visited. The gas washer wastewater application rate varied 

depending on the wet type of gas cleaning system used. The rates 

varied from 2.1 to 28 m3/Mg (507 to 6715 gpt) of iron produced. 

The weighted average application rate was 6.09 m3/Mg (1460 gpt). 

All but one of the plants visited tr~at their gas washer 

wastewater for solids removal prior to reuse or discharge. This 

plant is under Government directive to provide treatment within 

the next two years. Of the 23 blast furnace installations studied, 

three do not recycle their wastewaters. The remaining 20 plants 

have recycle rates ranging from 27.4 to 99.2 percent with a weighted 

average rate of 92.4 percent. 

Two of the plants provide treatment of their blowdowns for 

,cyanide removal. One uses alkaline chlorination and one uses 

Caro's Acid (H2so5). Three other plants reported unexpected cyanide 

reductions which are not due to planned treatment. One of these 

plants _reported that the cyanide reduction is a result of seepage 

of water through the accumulated sludge in its flue dust ponds~ one 

reported cyanide reduction due to sparging of steam in its clarifier 

to prevent freezing, and the third reported cyanide reduction when 

the gas washer wastewater blowdown was used to quench slag. 



- 7 -

3. Regulatory Agencies 

Regulatory agencies of nine foreign governments were visited 

to gain insights into the regulatory climate and the relationship 

that these agencies have with industry. This information provides 

a better understanding of the individual plant pollution control 

practices. Countries that are members of the European Economic 

Community (EEC) have been issued a policy directive with regard to 

control of water pollution in the community. To date the regula

tions of the individual countries have taken precedence over the 

EEC directive. 

In addition to the regulatory agencies, VDEh, a West German 

trade association which represents the iron and steel industry, 

was visited. In attendance at the meeting with VDEh were repre

sentatives from several steel corporations and a. representative 

of a local West German Federal Government authority. 

Only two of the ten countries from which regulations were 

obtained have or will have regulations specific to the iron and 

steel industry. All others have regulations which pertain to the 

quality of water discharged to, or the effect of the discharge on, 

the receiving body. The regulations are based upon the use that 

is made of the receiving body: i.e., potable water, fishing, re

creation, etc. 
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It was reported that input from outside of industry had 

little effect in the establishment of regulations. Generally, 

the bases £or regulations are: preservation of public health, 

minimizing environmental effects, aesthetic considerations and 

water conservation. The economic impact of the regulations on 

the individual plant, the industry and the country is considered. 

All agencies reported that the industries or individual 

companies to be affected by proposed regulations are conferred 

with prior to the establishment of the regulations. 

In all of the countries variances to the regulations are 

subject to negotiation both prior to and subsequent to promulga

tion. They may be based upon available technology and/or economic 

conditions. The final regulations as they apply to the individual 

plants may be referred to differently in each countries, e.g.,· in 

England, they are called "consent conditions~' and in South Africa, 

"relaxed standards." 

4. Comparison between Foreign and United States Treatment 

A comparison of foreign and United States by-product coke 

plants and blast furnace wastewater treatment systems reveals 

that: 

in general, the treatment applied to these wastewaters 

in foreign plants is similar to that used in United 

States plants; 
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effluents from foreign plants are not monitored for 

pollutant content to the same degree that United states 

plants are, i.e., more parameters are monitored in the 

United States than in foreign countries; 

foreign plants generally recirculate blast furnace gas 

washer water to greater degrees than do United States 

plants. 

Table 1 shows the comparative compliance with United States 

effluent guidelines limitations as presented in the "Draft Dev

elopment Document for Proposed Effluent Limitations and Standards 

for the Iron and Steel Manufacturing Point Source Category" (EPA 

400/l-79/024a, October 1979) for the foreign plants observed and 

the plants for which detailed data was available in the United 

States. 

An indication of water use efficiency can be obtained by 

comparing the degrees of EPA compliance to mass limitations. A 

larger portion of the foreign blast furnace treatment systems 

that meet the guidelines limitations at BAT levels with respect 

to concentrations also meet the guidelines limitations with re

spect to mass discharges for suspended solids and cyanide. This 

indicates that less water is being discharged per unit of produc

tion resulting in the lower mass discharges. 
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TABLE 1. COMPARATIVE COMPLIANCE OF FOREIGN ANO.U.S. BY-PRODUCT 
COKE PLANT AND BLAST FURNACE WASTEWATER TREATMENT FACILITIES 

WITH U.S. EPA DRAFT EFFLUENT GUIDELINES FOR BPT AND BAT 

COKE LEVEL 
AREA PLANT or OR BLAST SUSPENDED 

FURNACE. TREATMENl SOLIDS 
BY 5 

FOREIGN PRODUCT BPT-. 
100%1100°1. COKEPLAN1 

u. s. II " 
5 

60% 160% 

FOREIGN u BAT 5 

ao% leo"lo 

U.S. II II 
5 

40°1 .. 160% 

FOREIGN 
BLAST 

BPT 13 
FURNACE 100%169% 

U.S. 
6 

It II 
100·1. J100% 

FOREIGN II BAT 
13 

5•4 I •5"'1. 

u. s. II II 
6 

11.,. 1 o.,,. 

No. OF PLANTS FOR WHICH 
DATA IS AVAILABLE 

~.THAT MEET 1% THAT MEET 
CONCENTRATION MASS LIMIT 

LIMIT 

PARAMETER (EXCLUDING PRIORITY POLLUTANTS) 

CN CNS 

JO 

100%,100% 
NL 

5 NL 
100%l ao% 

• f 
10 2 

70%150% 0% f 0% 

5 5 

0% I 0% 0% 10% 
14 NL 

100%193% 

6 NL 
83% 167% 

14 . NL 
29-% 129,.. 

6 NL 
33 "· r 17% 

NO U.S. 
LIMITATION . 

NO DATA 

OIL AND 
GREASE 

2 

100%1100% 

4 

50%,75% 

2 

IOO%j100% 

4 

50%,75% 

NL 

NL 

NL 

NL 

PHENOL PHENOLICS AMMONIA SULFIDE FLUORIDE 

II NR 9 

73% 145% - I - 11 •1. j 22 •1. 
NL NL 

4 5 5 'NL NL 
100%1100% 67% 167"/o 40"1.160°1 • 

NA 10 9 I NL 
10% I 10% -1- 11% I 11% 0% I 0% 

4 2 5 4 NL 
50"1 .. , 50% 50% j SO"lo 40% 140% 2s•1.1 so% 

2 5 NR 5 

100%,100% 
NL 

100% I so% - I - 40%/ so,-. 
6 6 6 5 

100·1o I e3•1. 
NL 

IOO"l.1 s3•1. 83% 167'% 100~.j eo% 

2 NL 5 NR 5 
50°/al 50% 20·1.1 0°4 -1- 20%1 0•4 

6 NL 6 6 5 

so•i.133% 33% I 0•1. 40%10% 40.,,., 091. 

NOTE1 The data pre•ented in thi• table are baaed 
on information from a limited number of plant•, 
The U.S. plants are onl~ those for which data 
were available from the U.S. EPk Draft Develop• 
111cnt OOCUl'ICnts. 

The data for foreign plants are for those that 
were visited during the course of the study 
and constituted plants thou9ht to have superior 
technology. 



5. Other Observations 

While visiting Australia the'opportunity to visit the John 

Lysaght (Aust.) Ltd. organization was taken to discuss the hot and 

cold mill water systems at its Westernport Bay facility. The hot 

strip mill operates with the lowest blowdown of any such facility 

in the world and features four recirculating water systems. One 

is a completely closed non-contact cooling water systems for the 

reheat furnace skid cooling. The other three systems have the 

water cascaded with the makeup water consisting of a mixture of a 

purchased supply and collected storm water. The makeup is applied 

to the area where highest quality water is required. Blowdown is 

cascaded from high water quality systems to facilities which may 

tolerate lower quality. The contact cooling water is filtered, 

cooled and recirculated. Blowdown from the system discharges to 

Westernport Bay via the plant's cold mill effluent lagoon. The 

plant reports that the total disch~rge from the mill is 0.2 m3/Mg 

(48 gpt} with mass discharges of 0,.002 kg/Mg (lb/lOOOlb) each of 

suspended solids and oil. 

Their cold mill complex consisting of a hydrochloric acid 

pickler, a five stand cold reduction mill, a coating line and a 

paint line is also an excellent example of conservation and reuse 

which also results in significant pollution control. The key to 

minimizing plant water use is the segregation of water systems. 

All non-contact cooling water is collected, cooled and reused in 

a separate system. Sanitary sewage is collected and treated 
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separately. Waste pickle liquor is regenerated in a hydrochloric 

acid regeneration plant. 

The process water is treated in two separate systems: one 

is the industrial water treatment system in which the relatively 

clean wastewater from stands 1 and 5 of the cold mill and the 

picler process water are treated, cooled, combined with tertiary 

treated sanitary wastes and returned to the mill for reuse. The 

second wastewater treatment system receives the cold mill rolling 

solution blowdown and dumps, the pickle liquor regeneration plant 

excess rinse water, galvanizer alkali dumps, and the industrial 

water treatment plant blowdown. These wastes are treated for 

discharge to receiving waters. 

INNOVATIVE TECHNOLOGY 

1. Blast Furnaces 

A unit operation, not known to be practiced in the United 

States, was observed at two foreign plants, August Thyssen in 

West Germany and Chiba Works of the Kawasaki Steel Corporation. 

It is the aeration of gas washer water prior to settling in 

clarifiers or thickeners. A portion of the settled sludge is 

recirculated back to the aeration basin to act as a seed for 

precipitation of carbonates. The purpose of this operation is 

to increase the cycles of concentration while not increasing the 

likelihood of scale formation in the recirculation system. 
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Four methods of cyanide removal other than alkaline chlori-

nation from gas washer wastewater were noted. Three of these 

methods were not utilized as intentional unit operation, i.e.,the 

purpose of the operation was not for the specific purpose of cya

nide removal although removal was noted. These operations are: 

Sparging steam through the waste. At one plant in 

Sweden (Spannarhyttan) cyanide reduction was noted 

after steam sparging. Steam was utilized to prevent 

freezing of water in the clarifier and apparently 

resulted in cyanide reduction from an influent con-

centration of 30 mg/l to 2.4 mg/l. 

Filtration of blast furnace wastewater through flue 

dust. Two plants owned by Hoesch Estel in West Germany 

utilize sludge disposal as the means of blast furnace 

gas washer water blowdown. The sludge is discharged 

to flue dust ponds and the excess water seeps through, 

is collected in an underdrain pipe, and discharges to 

a river. Alkalinity is added at both plants, at one 

in the form of cold mill sludge and at the other in the 

form of caustic {sodium hydroxide). It was noted that 

the cyanide concentration in the liquid phase of the 

sludge was 0.2 rng/1 and the cyanide concentration of 

the underdrain flow was 0.1 mg/l. The plant has theor-

ized that the reduction is due to metallo-cyanide 
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complexes being formed and being adsorbed on the flue 

dust. No work has been done to confirm this hypothesis. 

Use of gas washer wastewater for slag quenching. One 

plant, ISCOR's Pretoria Works in South Africa, reported 

that when a portion of the gas washer wastewater blow

down is used for slag quenching the leachata from the 

slag pile is free of cyanide. The plant has not re

ported the cyanide content of the raw water but stated 

that they believe that the reason for the lack of 

cyanide in the leachata is due to biological activity 

in the slag pile. No work has been done to verify this 

hypothesis. 

Pont-a-Mousson in France uses Caro's Acid (H2so5) for 

cypnide destruction. The plant discharges a quantity 

of gas washer water from the flue dust settling pond 

on a batch basis to chemical treatment tanks where 

Caro's Acid is added. It r~acts with and oxidizes the 

cyanide. In the process some phenol reduction is also 

observed. 

2. Coke Plants 

Of the 23 by-product coke plants observed, 14 utilize bio

logical methods for treatment of their wastewater. At China 
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Steel the by-product coke plant wastes are pretreated by f il

tration through a bed of coke to remove excess tars that might 

interfere with the biological process. After the filtration 

step, sanitary wastes from the entire plant are combined with 

the coke plant wastes and treated in an activated sludge process. 

One plant combines untreated coke plant wastewater with 

blast furnace gas washer water blowdown and uses the combined 

wastes for irrigation of grass fields. The grass crop is used 

for cattle fodder. No ill effects to the cattle have been re~ 

ported. This method cannot be considered as innovative treatment 

but rather as an innovative means of disposal. 

OTHER OBSERVATIONS 

Plant and corporate managements are intimately familiar 

with wastewater treatment practiced at the individual plants· 

and are usually apprised of potential problems before they ac

tually occur. Operators, in many cases, are familiar with the 

theoretical as well as the practical aspects of the treatment 

plant operations. 

Generally, housekeeping was observed to be of a high order. 

Water was not running where it was not needed. In plants where 

space permitted green areas were set aside both to enhance the 

appearance of the physical plant and to reduce noise in the plant 

environs. 
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In one blast furnace cast house all runners were covered 

with hoods and a vaccwn applied. This resulted in a noticeable 

lack of fugitive emissions. 

CONCLUSIONS 

Based on observation at 25 foreign plants visited that 

operate either by-product coke plants or blast furnaces, or both, 

it is concluded that the wastewater treatment practiced in for

ign plants is basically similar to that practiced in the United 

States. Generally, blast furnace gas washer water is recircu

lated to a greater degree than at United States plants. 

Two plants in Japan reported that the by-product coke 

plant wastewater passed through a tertiary treatment phase, i.e., 

sand filtration followed by activated carbon adsorption. Of all 

the plants observed or reported, these were the only plants that 

apparently addressed the problem of priority pollutants; however, 

no data with regard to the efficiency of removal of priority pol

lutants or effluent levels was provided when it was requested. 

Foreign effluent quality regulations are usually negotiated 

between government and industry on a case by case basis. The 

economic impacts of the regulations are a major concern. 



RECOMMENDATIONS 

Research should be conducted to quantify the pollutant re

ductions attainable and to ascertain the mechanisms by which the 

reduction of cyanide occurred for two of the methods observed. 

These.methods are: 

Sparging of steam through wastewater. Research on this 

method should also include the effects on air quality 

and energy requirements. 

Filtering the wastewater through flue dust. The re

search on this method should also include the possible 

effects on the air quality at sinter plants or briquet

ting plants if the cyanide containing flue dust is 

used as a feed stock. 

Research should also be conducted to determine the effect 

of increased recirculation at blast furnace gas washer opera

tions. Specifically, the method of increasing recirculation by 

aerating the solids laden gas washer water prior to settling 

should be investigated. 

Treatment of by-product coke plant wastes by biological 

means is a generally accepted and proven procedure. However, 

the authors believe that coke plant wastewater can be combined 

with blast fu~nace gas cleaning blowdown water prior to treat

ment. During discussions with steel plant personnel both in the 
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United States and abroad, this concept was raised. The only 

concrete object~on raised was that the heavy metals present in 

the blast furnace wastewater would be toxic to the biological 

systems. However, fluoride which is present to some degree in 

blast furnace gas washer wastewater, is a limited U.S. guide

line parameter and lime precipitation will be required to remove 

the fluoride. When lime is added to precipitate calcium fluo

ride, hydroxyl ions will, at the proper pH values, form metal 

hydroxide precipitates. The removal of these precipitates 

should reduce heavy metals to varying degrees to levels that 

would be well below those toxic to biological systems. Therefore, 

when lime is added, two benefits are realized: (1) the fluorides 

are reduced to acceptable levels, and (2) toxic metals are re

duced to permit discharge to a biological system where the 

regulated biodegradable contaminants can be oxidized. Confirma

tion of this concept should be proven by a research program. 

Further research should be performed to verify a second 

stage biological process to nitrify the ammonia in the combined 

wastewater streams. 
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"FACTORS INFLUENCING BIOLOGICAL NITRIFICATION OF STEEL INDUSTRY 

WASTE'WATERS" 

Ronald D. Neufeld, University of Pittsburgh, Dept. Civil Engineering 

INTRODUCTION 

The overall objective of this research is to conduct basic studies into 
possible causes of biological nitrification process instability as currently 
observed in many industrial wastewater operations, and in the longer term, 
to propose rational and pragmatic process operational alternatives for 
the biological oxidation of ammonia. 

Research activities to date have centered on quantification of the 
influence of key reproducible parameters on the biokinetics of nitrification, 
and calculations to illustrate the effect of changed biokinetics on 
nitrification process design and operational strategies (1,2). 

Theo.retical Considerations 

Although several genera of autotrophic bacteria have been identified as 
capable of causing nitrification, the genera nitrosomonas and nitrobacter 
are considered responsible for most naturally occurring nitrification as: 

+ nitrosomonas > (1) 

and 

+ nitrobacter ----------------> 2N03 
(2) 

The key to a rational utilization of any biological process to 
non-stereotyped applications is an understanding of the appropriate 
biokinetics and defining bio-relationships. For nitrification applications, 
it has been found that appropriate utilization of Michaelis-Menten kinetic 
theories can serve in most cases to describe the system with reasonable 
clarity. Accordingly, the speci,fic experimental goal of this research effort 
is to develop, from a deterministic base, modifications of nitrification 
bio-kinetic relationships described by Michaelis-Mentel kinetics to account 
for apparent industria~ process instability observations. 

Nitrification process instability can be caused by the illterac.tions of 
organic "external agent" via a toxic inhibition mechanism, and/or 
via a substrate inhibition mechanism with high enough levels of un-ionized 
ammonia as governed by the aqueous ammonium-ammonia equilibria. 

In addition, all biological organisms exhibit optimum temperature ranges 
for substrate utilization. At lower temperatures, classical Arrhenius theory 
predicts a decrease in reaction rates, while at elevated temperature, 
simultaneous enzyme-protein ienatuation predicts a similar decrease in rate 
biokinetics. 
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Biokinetics 

The defining equations for biological reactions may be written by 
equations 3 and 4 as: 

v .. v s I (K + S) 
max m 

where; 
v = specific nitrification rate ( lb NH3 used/lb VSS-day) 
V = maximum specific utilization rate max 
Km = "Michaelis-Menten" constant (mg NH

3
/L) 

S = substrate level (mg NH3/L) 

and 

(3) 

dX/dt • a(dS/dt) - bX (4) 

where; 
X = biomass concentration (mg VSS/L) 
t = time 
a = yield coefficient (lb VSS grown/lb NH3 utilized) 
b = decay coefficient ( l/time) . 

The above equation is often approximated by a one-constant equation of 
the form: 

(S} 

for conditions of steady state continuous culture performance. The 
observed net yield coefficient, (a)ob' is the measured harvest of biomass 
per unit ammonia removed. 

Substrate Inhibition Models 

Many substances act as nutrients at low concentration levels, and serve to 
inhibit biokinetics at higher levels. 

Mathematically, the relationship for substrate inhibition may be modified 
from equation (1) as 

v = Vmax I.{ 1 + (Km/S) + (S/Ki)n } 

where Ki = inhibition constant 
n • order of inhibition 

This type of relationship has been found to best describe nitrification 
biokinetics as will be shown below. 

EXPERIMENTAL APPROACH 

( 6) 

A culture of nitrifying organisms was developed in our laboratory two years 
prior to undertaking this effort. The organisms were ac.climated to a 
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synthetic ammonia waste, with sufficient inorganic carbon (sodium bicar
bonate) and trace nutrients in open semi-continuous systems with hydraulic 
detention times of about 2 days and sludge ages varied in the range of 5 
to 20 days. At no time during the course of this research were the organisms 
fed any carbon source nutrient other than inorganic carbon. The organisms 
exhibited a red color found to be typical of pure nitrification bio-systems. 

The experimental approachto determining biokinetics under a variety of 
conditions is that of batch respirometric evaluations. The philosophy 
behind this approach is to measure specific oxygen utilization in a constant 
temperature chamber fitted with a dissolved oxygen probe so that the initial 
sample would not be destroyed upon monitoring and analysis. It was noted 
consistently during the course of these experiments, that ammonia was 
oxidized to nitrite, and at no time during testing was nitrite oxidized to 
nitrate. Thus for purposes of this research, oxygen utilization data could 
be directly correlated with specific rates of ammonia oxidation in direct' res
pirometric evaluations. 

A calibrated Orion specific ion probe with Orion model 407 analyzer was used 
for all ammonia analysis. Alkalinity, volatile suspended solids, nitrite, 
nitrate, and other trace material analysis were conducted in accord with 
Standard Methods (3). 

Un-Ionized Ammonia Kinetic Considerations 

Aqueous ammonia is thought to undergo the following reactions in water: 

.. 
NH4 OHtotal 

where H+ + = 

.. NH+ + OH 
4 

(7) 

The total ammonia in an aqueous solution is the sum of the un-ionized and 
ionized forms of ammonia, for which all practical purposes is 

NH 
3 total 

... + (8) 

un-ionized and ionized 

From the equilibrium expression for the dissociation of un-ionized ammonia 

(NH +) (OH-) 
Kl • 4 (9) 

and 

, (NH3 ) 
aq 

K = (H+) (OH-) 
w 

(10) 

the following may be derived for the ratio of un-ionized anunonia to total 
aqueous ammonia as: 
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R ,.. 
NH3 un-ionized = 1 

(11) 
NH 

(Kl) (H+) 3 total 
1 + 

·K 
w 

Thus, the ratio of un-ionized ammonia to total ammonia in a stream is a 
function of pH and temperature, with temperature influencing the numerical 
values of K1 and Kw. 

Figure 1 is a summary plot of specific ammonia utilization rate (v = gNH 
used/gvss-Day) as a function of aqueous un-ionized ammonia level at pH=a:o. 

The equation of the smooth curve fit through data points is: 

v • 1.2 I (1 + 
0Nit84 

3 
+ ) (12) 

It should be noted that in these equations, the order of inhibition (n) is one. 

Table 1 is a summary of results of correlation of all laboratory data in accord 
with the substrate inhibition equation #6. 

TABLE 1 

Summary of Nitrification Biokinetic Parameters 

v K ki· max m 
PH g NH

3
/g VSS-DAY mg/L NH3 mg/L n 

7.0 0.7 0.184 500 1 

8.0 1.2 0.184 500 l 

9.0 0.95 0.184 200 1 

A1212lication to Design and Operation 

Using values of yield coefficient "a" of 0.13 g VSS/g NH3 and decay co
efficient "b" of 0.04 DAY as also found in this research, an overall equation 
relating sludge age (9) to effluent ammonia from a one stage activated sludge 
reactor may be derived as: 

1 = a (v) b (13) 
9 

Figure 2 is a series of calculated curves predicting the influence of pH 
and sludge age on effluent total ammonia (ionized+ un-ionized). This curve 
was calculated from laboratory data presented on Table 1 and figure 2 coupled 
with the ammonia-ammonium/pH equilibrium relationship of equation 9. Also 
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outlined on this figure is a proposed Pennsylvania discharge standard 
of 10 mg NH3/L illustrating the influence of pH and sludge age to meeting 
this standard. 

INFLUENCE OF ELEVATED TEMPERATURES ON NITRIFICATION 

While much Municipal oriented research has been conducted on the effect 
of low temperatures on nitrification, little research to date has been 
published on the influence of elevated temperatures on nitrification 
bio kinetics. 

There is some controversy in the literature as to the optimum temperature 
for nitrification. Buswell et al., (4) cite 30°c to 36°C as the optimum 
for Nitrosomonas. Painter and Loveless (5) reported 34°C to 35°C as an 
optimum for Nitrobacter, while Laudelot and VanTichelen (6) found 42°C was 
the best for the same organisms. Gibbs (7) reported that S3°C to SS0 c 
inactivated nitrifiers. Sawyer and Bradney (8) in their BOD work showed 
that pasteurization at ss0 c proved very effective in the inactivation of 
nitrifiers. Shammas, in his doctoral dissertation (9), indicated no optimum 
temperature for nitrification with a constant "activity" in the temperature 

0 0 range of 15 C to 35 C with 50 percent of the nitrification activity (rate) 
0 occurring at around 12 c. 

It has been assumed by many that the cell synthesis coefficient remains 
constant and independent of temperature. Sayigh and Malina (10), Zononi (11), 
and Sawyer and Rohlich (12) however, have shown this assumption~ to be true. 
Sayigh and Malina (10) observed cell synthesis coeffici~nts o~ 1.67, 1.~5, and 
1.52 (lb MLVSS synthesized/lb soluble COD removed) at 4 C, 10 C, and 20 C 

0 respectively. At 31 C, they showed the cell synthesis coefficient decreasing 
to 0. 62. 

Experimental 

For this series of experiments, the nitrifiers were acclimated to specific 
temperatures by equipping the complete mix semi-continuous reactors with 
inexpensive "fish tank heaters". The sludge was held at the desired temper
ature for a period of at.least two sludge ages prior to data gathering. 
Data was collected in a manner similar to the the above except that a specially 
designed reactor with water bath was employed. The steady-state data presented 
below are for nitr·if iers acclimated to the temperatures indicated at pH • 8. 0 . 

Figure 3 is a plot of maximum specific ammonia utilization as a function of 
0 0 temperature illustrating that at a temperature range of 22 C to 30 c

6 0 
Vm. = 1.26 lb NH3/lb VSS-day, and for temperatures in the range.of 30 C to 45 C, 

Vm • 3.78 - 0.084 (T) 

Figure 4 is a plot of Km with temperature illustrating an apparent slope 
reversal at temperatures on either side of 30°c. Figure 4, is a plot 
of observed yield coefficient (defined in equation 3) as a function of 
temperature. 

502 

(14) 



Application to Design and Operation . 

For any temperature, values of "Vm" and "Km" may be obtained. These 
values may be substituted into equation tf3 for evaluation of "v" as 
a function of effluent ammonia (ammonia level surrounding the biota). 
This relationship may be substituted into equation 13 to develop a 
continuous relationship of sludge age (Q) vs. effluent ammonia at any 
given temperature. Figure 6 is a family of such curves of effluent 
ammonia vs sludge age as functions of wastewater temperature. 

In order to best interpret the concepts developed by this figure, 
a cross plot of sludge age vs. temperature was developed for a family 
of effluent ammonia levels. This was done by placing horizontal lines 
across the curves of figure 6 at various effluent ammonia levels, and 
plotting the points of intersection on figure 7. The cross plots were 
done for effluent ammonia levels of 5 mg/L to 50 mg/L. As can be best 
seen from figure 7, the joint effects of temperature on Vm, Km, and 
yield coefficient as shown on figures 3,4,and 5 respectively serve to 
cause the nitrification process to become unstable at eleva3ed temperatures. 
The relative flatness of the curve at temperatures below 30 C indicates 
a process stability for nitrification, which is also in accord with some 
steel industry observations. 

From a biochemical viewpoint, the ove5all decrease in rate kinetics at 
temperatures observed in excess of 30 C may be anticipated due to progres-
sive denaturation of enzyme proteins. Two simultaneous reactions are occurring 
at the same time; an increase in rate of biological nitrification (the 
foward reaction) , coupled with an increased rate of chemical protein 
denaturation (an analogy to the reverse rate) resulting as an apparent 

0 0 optimum in overall reaction rate at a temperatureof about 30 C (86 F) 
followed b'~ a decrease in overall nitrification rate as the temperature 
exceeds 30 C. It should be noted that extrapolation of kinetic parameter 
and yield coefficient data appears to show that an upper limit for sustained 
(but slow) biolo§ical nitrification for these mesophilic organisms is · 
about 45°c ( 113 F); a value which closely agrees with textbook information 
on the microbiology of nitrosomonas organisms. 

INFLUENCE OF TRACE O~GANICS-PHENOL 

In summary of a third research effort in this overall project, phenol 
was found to effect only the Vmax term of equation ~3 in a manner proportional 
to the square root of the phenol concentration(l). An overall rate 
expression for the influence of phenol on nitrification at pH•8.5 is: 

v = 4.14 (N) 

{4.4 + /P}(2.78 + N) 

An operational model of the form 

l/Q = [0.13[ 0.92 {NH3-N} 
{(1 + v'P" )(2.78 + 

4.4 

of equation #13 may be written 

] - 0.04] day-l 

NH
3
-N)} 
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SUMMARY OF RESULTS AND SPECIFIC CONCLUSIONS 

Based on laboratory results obtained to date coupled with theoretical 
considerations for biological systems we find the following: 

1) PH acts in conjunction with total ammonia level to 
cause the "un-ionized" (or free) ammonia concentration 
in solution to act as a master variable influencing 
nitrification biokinetics. Free ammonia level acts 
as a substrate inhibitor to nitrification biokinetics, 
with a maxima in specific nitrification removal rates 
existing at free ammonia levels of about 10 mg/L. 

2) Un-ionized ammonia begins to inhibit nitrification at con
centrations greater than 10 mg/L. 

3) Suggested sludge ages to maintain effective nitrification 
when un-ionized ammonia is neither limiting or inhibitory 
(considering a safety factor of about 2) is 

pH 7.0: 
pH 8.0: 
pH 9.0: 

15-18 days 
9-12 days 

12-15 days 

4) Nitrification biokinetics appear very sensitive to elevated 
temperatures with rates of nitrification increasing to an 
apparent maxima at 3ooc, beyond which the overall rate 
decreases. This is found to be caused by a decrease in 
the maximum rate of nitrification (Vm.ax) , a decrease in the 
observed yield coefficient, and increase in Michaelis
Menten constant (Km) at temperatures in excess of 3ooc. 

5) Based on theoretical calculations coupled with laboratory 
experiments, it is suggested that wastewater temperatures 
be kept below 300C to assure stable nitrification producing 
effluents of 10 mg/L ammonia or less. 

6) Trace organics have been found to act as toxic inhibitors 
to nitrification biokinetics. As one example, phenol was 
found to inhibit the maximum rate of specific ammonia 
utilization (Vmax) in a manner proportional to the square 
root of the phenol concentration. 

7) Work is continuing in the area of evaluation of the influences 
of SCN, ethyl pyridine, and other trace substances on the 
biokinetics of nitrification. It is anticipated that an 
overall model, or linkages of models may be developed for a 
better understanding and design of "one-stage" systems for 
carbonaceous and ammonia removals from coke plant and other 
phenolic based wastewaters. 
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Distribution curves indicate that long chain quaternary amines will complex 
cyanide, ferrocyanide and ferricyanide. The neutral organometallic complexes 
formed are hydrophobic because of the long chain alkyl groups of the amine 
and therefore should .be capable of attachment to an air bubble and concentrated 
in the froth product. This concept was tested on synthetic ferricyanide 
solutions and to a limited extent on ferrocyanide solutions in a small con
tinuous flotation column. Ferricyanide removal was found to be a function of 
retention time, initial ferricyanide concentration, mole ratio of amine to 
ferricyanide, and chloride interference. The air flow rate and solution pH 
in the range of 4 to 10 had relatively minor effects. Under optimum conditions 
f erricyanide removals of. approximately 80% were achieved in a single stage 
flotation. 
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FLOTATION OF IRON-CYANIDE COMPLEXES 

FROM IRON AND COKE PLANT WASTE WATERS 

Soluble cyanide species exist in bi-product coke plant effluents in concen
trations of 7.0 to 110 mg/t of cyanide. The cyanide is present as metallic 
cyanide complexes, principally ferrocyanide and ferricyatrl.de, as well as free 
cyanide. The U.S. Environmental Protection Agency (EPA) has issued regulations 
limiting the discharge of cyanide as given in the BATEA guidelines to 0.25 mg/t. 
These regulations are scheduled to take effect on July 1, 1985. 

Economic removal of the relatively low levels of cyanide in these effluents 
requires a process capable of high volume treatment at low cost. Flotation 
processes such as used in the mineral industry meet these requirements. However, 
in contrast to flotation of fine mineral particles, cyanide removal requires the 
flotation of an ionic species or microparticulate particles. One possible method 
of achieving this ionic flotation is to complex the ionic cyanide species with a 
hydrophobic complexing agent to produce a neutral ion-pair col_!lPlex capable of 
attaching itself to an air bubble. Grieves and Bhattacharyya2 have demonstrated 
that a cationic surfactant, ethylhexadecylammonium bromide allows removal of 
ferrocyanide in a batch foam separation process. They also demonstrated that 
microparticulate iron-ferrocyanide would respond to this reagent. 

In the present study the ion flotation of ferricyanide was studied using a 
quarternary amine surfactant, tricaprylmethylammonium chloride (Aliquat 336, 
General Mills), in a single stage column flotation process. 

COMPLEX FORMATION 

In order to determine the ability of the amine to complex cyanide species, 
distribution tests were run using a chloroform solution containing 1% amine and 
aqueous solutions of 2.0 mg/i Fe(CN)6~,-20.0 mg/t Fe(CN)6 3

, and 20.0 mg/t CN"" 
respectively. As shown in Figure 1 the amine extracts all of these ions from 
the aqueous phase indicating complex formation and therefore the possibility of 
their removal by flotation. 

FLOTATION OF FERRICYANIDE 

All flotation tests were carried out in a continuous flotation colt.mm using 
-3 synthetic solutions of K3Fe(CN)6 containing 36.8 mg/i Fe(CN)6 • The column had 

an inside diameter of 4.7 cm and an effective length of 47 cm. A fritted glass 
disc with a pore size.of 25-50 micrometers was used as a gas dispenser. A diagram 
of the apparatus is shown in Figure 2. The general flotation procedure was to 
disperse the amine in a small volume of feed solution and add this dispersion. to 
the bulk of the feed in the conditioning tank. After a period of conditioning, 
usually 10 to 12 minutes, the feed solution was pumped through the column counter
current to the air flow and the froth product removed. Unless otherwise stated· 
an air flow rate of 0.16 t/min/cm2 and a flotation time of 1.74 minutes was used. 

The effectiveness of flotation was determined by the fraction removed, Fr, 
and by the removal factor, RF, as defined below: 

Fr • (Af Vf - Au Vu)/Af Vf 

RF ""' 1 - ~/Af 
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where Af and Au are the cyanide concentrations in the feed and underflow respec
tively, and Vf and Vu the volumes of the feed and underflow. The fraction removed 
gives the fraction of total cyanide in the overflow and is a function of the amount 
of solution carried over in the froth product. The removal factor assumes the 
overflow solution volume is zero. 

Amine Concentration 

The overall reaction for complex formation is shown in Equation 3 below: 

3Ri.N CR. + Fe (CN) 6 3 = Fe (CN) 6 (Rl.N) 3 + 3 CR.- 1 
(3) 

Therefore the theoretical quantity of amine required to form a neutral complex 
would be at an amine to ferricyanide mole ratio of 3 to 1. Since this above reac
tion is an equilibrium reaction, some excess amine would be required to assure 
essentially complete reaction. Maximum recovery was achieved at an amine-ferri
cyanide ratio of 3.75 to 1 as shown in Figure 3. The neutral complex formed 
agglomerates into small wax-like particles and is recovered in the froth product. 
This amine usage is somewhat higher than the theoretical requirements as might be 
expected based on equilibrium considerations. At lower ratios the recovery decreases 
because of insufficient amine. At higher ratios the recovery also decreases. At 
the high amine ratios, emulsification occurs with a resulting decrease in recovery. 
This emulsification probably results from adsorption of excess amine on the wax 
particles with the hydrophilic end of the amine outward resulting in particle 
repulsion. 

Many coke plant waste waters contain relatively high concentrations of 
chloride. Since the amine is in the chloride form, higher amine concentrations 
should be required in chloride solutions in order to drive the reaction to the 
right as indicated in Equation 3. Flotation from solutions Gontaining 5000 mg/! 
chloride indicate that this occurs as sho'Wn in Figure 4. Ho~ever, in these solu
tions the recovery does not reach a maximum but continues to increase with increas
ing amine addition. Emulsification does not occur in these chloride-containing 
solutions at these higher amine ratios. 

Sutherland and Wark 3 have shown that the presence of chloride ion decreases 
the critical micelle concentration of amines. The polar groups of the amines 
forming the micelle would be at the surface of the micelle and thus react with 
the ferricyanide. In addition, by being in this micelle formation, the hydrocarbon 
end of the amine is not available for adsorption on the wax particles. Consequently 
no emulsification occurs. 

Flotation Variables 

Recovery was found to increase rapidly with increasing conditioning time until 
a steady state was reached at approximately thirteen minutes as shown in Figure 4. 
It is possible that the conditioning time ~ould be decreased by dissolving the 
amine in a water soluble solvent such as ethanol prior to addition. 

Recovery also increases with increasing flotation time as shown in Figure 5. 
As indicated the recovery increased from 75% at a flotation time of 1.07 minutes 
to 83% at a flotation time of 2.3 minutes. 

Increasing the air flow rate over a range of 0.08 to 0.22 i/min/cm2 had only a 
minor effect on recovery as sho'Wn in Figure 6. The sharp dec~ease in the removal 
factor at the high air flow rate resulted from excessive carryover of solution 
into the overflow product. 
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Solution Variables 

Recovery remained essentially constant at about 82% over a ferricyanide con
centration range of 30 to 70 ing/i as shown in Figure 7. Below this range the 
recovery decreased to about 65% at 5.0 mg/i ferricyanide. 

The solution pH had little effect on recovery over a pH range of 4 to 7 as 
shown in Figure 8. The slight decrease in recovery above pH 7 probably results 
from increased competition for the amine by the hydroxyl ions. 

FERROCYANIDE FLOTATION 

A limited amount of work on ferrocyanide flotation gave recoveries comparable 
to that of ferricyanide under comparable conditions. However, complex formation 
was slower with ferrocyanide. Cyanide ion does not float well at all probably 
because of ion hydration. However, free cyanide can be converted to ferrocyanide 
by addition of ferrous sulfate at neutral or slightly acidic pH values. Conversion 
of free cyanide to ferricyanide is much more difficult. Present work is being 
directed toward ferrocyanide flotation. 
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RCRA and the Steel Industry 

The Resource Conservation and Recovery Act {RCRA) is 
structured to ensure that our society will view its waste manage
ment responsibilities seriously. The failure to realize or predict 
the consequences of improper waste management in the past have and 
probably will continue to manifest itself with often tragic inci
dents. RCRA will have a major effect on how all wastes, whether 
hazardous or nonhazardous, will be handled in the future. 

Nearly 60 million metric tons of solid waste are currently 
generated each year by the steel industry in the u.s. Approxi
mately 80-901 of this total quantity is probably non-hazardous. 
Due to commercial sale and/or in plant recovery of over 60% of 
these solid wastes, approximately 19 million metric tons {excluding 
rubble) of non-hazardous solid wastes remains to be disposed each 
year. Table l shows the estimated types and quantities of non
hazardous solid waste annually generated. 

The steel industry also generates hazardous wastes. Table 2 
is a list of some wastes which EPA believes to be hazardous. 

This paper gives a description of the regulatory requirements 
for hazardous.and non-hazardous wastes and their expected impact on 
the steel industry. 

Regulation of Hazardous Wastes 

EPA's new hazardous waste managment system may not eliminate 
all of the dangerous sites and problems resulting from our past 
complacency regarding proper hazardous waste disposal, but the 
regulations do initiate the establishment of a system which will 
lead to the proper management of hazardous waste and prevent the 
creation of new catastrophic situations. 

This system is based upon the concept of "cradle-to-grave" 
management, i.e., tracking the waste from its point of generation 
to its point of disposal. All generators, transporters, and 
owner/operators of storage, treatment, and disposal facilities 
for hazardous waste have responsibilities within this sytem. 

Under Subtitle C of the Resource Conservation and Recovery 
Act, EPA has promulg~ted six regulations: 
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RCRA 
Section 

3001 

3002 

3003 

3004 

3005 

3006 

3010 

Subject of Regulation 

Identification and Listing of 
Hazardous Waste 

Standards for Generators of 
Hazardous Waste 

Standards for Transporters of 
Hazardous Waste 

Standards for Hazardous Waste 
Facilities: 
Phase l - Preliminary Facility 

Standards 
Phase 2 - Technical Design 

Standards 

Permtts for Treatment, Storage, 
or Disposal Facilities 

Guidelines for Development of 
State Hazardous Waste Programs 

Notification Process 

Final Regulation 

May 19, 1980 

February 26, 1980 

February 26, 1980 

May 19, 1980 

Fall, 1980 

May 19,1980 

May 19,1980 

February 26, 1980 

Identification and Listing of Hazardous Waste (3001) 

The first major area of the regulations is the identification 
and listing of hazardous wastes. RCRA defines a hazardous waste 
essentially as a solid waste that may cause substantial hazard to 
health or the environment when improperly managed. The Act also 
instructs EPA to list known hazardous wastes and to establish 
criteria for the testing of all wastes to determine whether or not 
they are hazardous. 

~aracteristics of Hazardous Waste 

Hazardous wastes are identified on the basis of measurable 
characteristics for which standardized tests are available. The 
principal characteristics that make a waste hazardous are specified 
levels of: 

iqnitability - posing a fire hazard during routine 
management 
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Waste 

Slags 
Blast Furnace 
Basic Oxygen Furnace 
Electric Furnace 
Open Hearth Furnace 

Scales 
Soaking Pit 
Primary Mill 
Continuous Casting 
Rolling Mills 

Sludges 
tn Blast Furnace 
~Basic Oxygen Furnacel 

Rolling Mills 
Plating, Galvanizing 

Dusts 
Blast Furnace 
Basic Oxygen Furnace2 
Open Hearth Furnace 

Miscellaneous 
Fly Ash/Bottom Ashl 

·Rubble 

Table 1 

Estimated Annual Quantities of Non-Hazardous 
Solid Wastes Generated by the Steel Industry 

(Based on Raw Steel Production of 114 Million Metric Tons) (Ref.1,6} 

Quantity Generated 

'lbousand Metric 
Tons (dry wgt • ) 

20,850 
10,200 

3,000 
4,400 

38,450 

1,000 
4,600 

100 
700 

6,400 

1,800 
800 
275 
100 

2,975 

1,200 
400 
250 

1,850 

250 
3,400 
3,050 

Waste Dispositions 

Percent 
Recycled/Sold 

95% 
50% 
20% 
25% 
69% 

80% 
80% 
80% 
67% 

75% 
25% 

100% 
56% 

85% 
25% 
15% 
55% 

0% 

Percent 
Disposed 

5% 
50% 
80% 
75% 
31% 

100% 
20% 
20% 
20% 
33% 

25% 
75% 

100% 

44% 

15% 
75% 
85% 
45% 

100% 
100% 
100% 

Quantity Landfilled 

Thousand 
Metric Tons 

1,040 
5,100 
2,400 
3,300 

11,840 

1,000 
920 

20 
140 

2,080 

450 
600 
275 

1,325 

200 
300 
200 
700 

250 
3,400 
3,650 

1 64% of BOF's utllize wet emission controls, 35% utilize dry controls. Dust in the form of kish 
will be generated whichever devlce is utllzed. 

2 Since 90% of electric furnaces utilize dry contrGls, assume dry controls are used solely. 

3 Assume (a) 2.5 million metric tons of coal consumed (b) ash content of coal is 12%. 



Table 2 

Estimated Annual Quantities of Hazardous 
Solid Wastes Generated by the Steel IndustryCRef.2) 

Waste 

Decanter Tank Tar Sludge 

Ammonia Still Lime Sludge 

Electric Furnace Dust/Sludge 

Spent Pickle Liquor 

Sludge from Lime Treatment 
of Spent Pickle Liquorl 

Spent Halogenated Solvents 
and Recovery Sludges/Still 
Bottorns 

Quantity 
Generated 

65,000 metric: tons 

870,000 metric tons 

340,000 metric tons 

1.4 billion gallons 

5 million metric tons 

20,000 metric tons 

1 Assumes treatment of all ~pent pickle liquor. 
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Percent 
Disposed 

55% 

85% 

100% 

40% 

100% 

100% 



corrosivity - ability to corrode standard containers, 
or to dissolve toxic components of other wastes 

reactivity - tendency to explode under normal manage
ment conditions, to react violently when mixed with 
water, or to generate toxic gases 

EP toxicity - (as determined by a specific extraction 
procedure) - presence of certain toxic materials at 
levels greater than specified in the regulation. 

List of Hazardous Wastes 

Wastes that possess any of the four hazardous waste charac
teristics or that meet the criteria for general toxicity have 
been included in the hazardous waste listing. The waste listing 
is composed of several sections: specific wastes, waste sources, 
and waste processes. 

General toxicity is defined as characteristic of waste which 
contain one or more constituents that have been found to have toxic 
effects on humans or other life forms. EPA can also consider 
other factors to determine if the waste may cause or potentially 
cause "substantial" hazard to human health or ·the environment. 
The other factors which EPA may cons.ider are: 

the degree of toxicity of the toxic constituents of the 
·waste; 

the concentration of these constituents in the waste: 

the potential for these constituents or their by-products 
to migrate from the waste into the environment; 

the persistence and degradation potential of the con
stituents or their toxic by-products in the environment 

the potential for the constituents or their toxic by
products to bioaccumulate in ecosystems: 

the plausible and possible types of improper management 
to which the waste may be subjected; 

the quantities of the waste generated; 

the record of human health and environmental damage 
that has resulted from past improper managemen·t of 
wastes containing the same toxic constituents. 

It is possible for the generator to get an exemption from 
regulation even if the waste is listed in the regulation. The 
regulation includes delisting procedures for generators to follow 
if they believe their facility's individual waste is fundamentally 
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different from the waste listed. The generator must demonstrate, 
or reference test data that demonstrate, that the specific waste 
does not meet the criteria which caused the Agency to list the 
waste. This provision allows flexibility recognizing that indi
vidual waste streams vary depending upon raw materials, industrial 
processes, and other factors. 

Excluded Wastes 

Certain wastes are not subject to RCRA Subtitle C hazardous 
waste controls. Some of the wastes excluded and applicable to 
the steel industry include: 

0 

0 

0 

industrial wastewater discharges that are point source 
discharges subject to re9.ulation under Section 402 of 
the Clean Water Act, as amended: 

wastes that are reused or recycled, except for the 
storage and transportation of sludges and listed 
wastes: 

fly ash, FGD sludge, bottom ash from combustion of 
coal or other fossil fuels. 

Generator {3002): 

The regulations (40 CFR Part 262) issued under section 3002 
of RCRA require a generator of hazardous waste to determine if 
his waste is hazardous. 

This determination may be ma4e via one of the following means: 

(1) a waste may be listed by EPA as being hazardous; 

(2) if not listed, the waste may be tested by the generator 
against the characteristics for determlnin9 hazardousness; 

(3) the generator may declare the waste to be hazardous 
based upon his knowledge of the materials or processes 
used in generating the waste. 

Additionally a generator is required to: 

obtain an EPA identification number 

obtain a facility permit if the waste is accumulated 
on the generatorts property more than 90 days 

use appropriate containers and label them properly for 
shipment . 

prepare a manifest for tracking hazardous waste 
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assure, through the manifest system, that the waste 
arrives at the designated facility 

submit an annual sununary of activities. 

Once a solid waste ls determined to be hazardous, it is 
subject to all of the controls under Subtitle C and the generator 
transporters, starers, treaters, and disposers of the waste are 
deemed responsible to meet the applicable requirements. 

Manifest 

The major mechanism for tracking and controlling hazardous 
waste ls the manifest system. A generator of hazardous waste ls 
r·esponsible for preparation of a manifest containing: 

name and address of the generator; 

names of all transporters: 

name and address of the permitted facility designated 
to receive the waste. (An alternate facility may be 
designated if an emergency prevents use of the first 
facility); 

EPA identification numbers of all who handle the waste; 

u.s. Department of Transportation (DOT) description 
of the waste: 

quantity of waste and number of containers: 

the generator's signature certifying that the waste 
has been properly labeled, marked, and packaged: in 
accordance with DOT and EPA regulations. 

The owner/operator of the facility receiving the waste is respon
sible for verifying delivery of the waste and returning a copy of 
the manifest to the generator. 

Transporters (3003) 

The regulation for transporters of hazardous waste (40 CFR 
Part 263) was developed jointly by EPA and the U.S. Department of 
Transportation (DOT). The EPA regulation on transporters incor
porates by reference pertinent parts of ·DOT's rules on labeling, 
marking, packaging, placarding, and other requirements for 
reporting hazardous discharges or spills during transportation. 
DOT, in turn, is amending its regulations on transportation of 
hazardous materials to include EPA's requirements. 
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The regulation (Part 263) requires a transporter of hazardous 
waste to: 

obtain an EPA identification number1 

comply with the manifest system for tracking hazardous 
wastei 

deliver the entire quantity of hazardous waste to the 
facility designated by the generator on the manifest 

retain a copy of the manifest for 3 years; 

comply with DOT regulations pertaining to reporting 
of discharges or spills1 

clean up any hazardous waste discharged during 
transportation. 

Facility Standards (3004) 

Owners' and operators of facilities that treat, store, or 
dispose of hazardous waste must comply with the standards promul
gated under section 3004 of RCRA (40 CFR Parts 264 or 266). The 
regulations under this section, which set standards for hazardous 
waste facilities, serve a threefold purpose: 

to establish proper treatment, storage, and disposal 
practices: 

to provide States with minimum standards in order to 
receive EPA approval (required under section 3006 of 
RCRA) of their hazardous waste programs: 

to provide the technical basis for EPA-issued facility 
permits (required under section 3005 of RCRA) in States 
that do not operate a RCRA program. 

EPA is promulgating standards for hazardous waste facilities 
in two phases. Phase I - Interim Status Standards (in the spring 
of 1980) provide facilities with temporary authority to continue 
their operations, upon notifying EPA and obtaining an identifica
tion number. This temporary authority will be effective until 
promulgation of the Permanent Status Standards. 

11 Interim stat.us 11 gives hazardous waste facilities temporary 
authority to continue operations pending final administrative 
action on facility permit applications (required under RCRA 
Section 3005). Of course, until the permit decision ls made, a~! 
hazardous waste facilities must meet the conditions of the Interim 
Status Standards as stated in the May 19, !980 Federal Register -
Final Hazardous Waste Regulations. Facility owners and operators 
who qualify for interim status are treated as having a permit 
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during this period. To qualify for interim status, a facility 
must have been in existence (in operation or under construction) 
on November 19th. 

Interim Status Standards are designed to ensure adequate 
operating practices and closure and post closure activities. 
Requirements for interim status are largely managerial--they do 
not include financial assurance or design and operating standards 
required for a facility permit. These standards will soon be 
promulgated as Phase II. 

Interim Status Standards (Part 265) for nonpermitted facilities, 
promulgated as Phase I in spring 1980, include: 

1. Administrative and nontechnical requirements: 

General 

waste analysis: detailed chemical and physical 
analyses, waste analysis plan, specific require
ments for each facility type 

security: artificial or natural barrier with 
controlled entry or 24-hour surveillance, and 
warning signs 

inspection: inspection plan and log: remedy of 
any deterioration, malfunction, or imminent 
hazard 

Personnel training 

classroom or on-the-job training, annual review of 
initial training, records on personnel training 

Preparedness and prevention 

alarm system and emergency equipment: access to same 

arrangements witb local emergency authorities 

Contingency plan, emergency procedures, and emergency 
coordinator 

Manifest system procedures 

Operation records of activities required by the regu
lation, such as manifest information, waste analyses 
records, testing and analytical data, and demonstration 
reports for variances 

Reporting requirements, such as annua! reports and 
unmanifested waste reports. 
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2. General facility requirements (Phase I): 

General operation requirements 

Special requirements for ignitable, reactive, and 
incompatible wastes 

Ground-water monitoring (monitoring system to be in 
operation by November 1981) 

Closure and postclosure plans: estimate of costs and 
description of how facility will be closed, notice of 
facility closure, and postclosure monitoring and main
tenance 

3. Specific facility requirements: 

Disposal of liquids in landfills or containers 

Contr'ol of runoff from waste piles, land treatment, 
and landfills (controls to be in operation by 
November 1981) 

Land treatment facilities monitoring and restrictions 
on growing foodchain crops 

Incinerators and treatment facilities 

Underground injection 

Permanent Status Standards (Part 264) for permitted facilities, 
w111 soon be promulgated as Phase II. 

General facility requirements will include technical, 
monitoring, closure and postclosure, and financial requirements. 
The facility permit regu~ation under section 3005 of RCRA becomes 
effective and processing of permit applications begins at this 
time. 

Further technical requirements will be promulgated by EPA inter
mittently over a period of years. These will include resolution 
of complex technical issues and reproposal and promulgation of 
more definitive Phase II standards, for example, speclfic design 
or operating standards for landfills. The technical refinements 
m~y also include standards for specific industries and wastes 
Which require tailored standards. 

Facility Permits (3005) 

The regulation promulgated under section 3005 of RCRA (40 
CFR Parts 122 and 124) requires that any person who owns, operates, 
or proposes to own or operate a facility that treats, stores, or 
disposes of hazardous waste receive a permit from EPA or a State 
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authorized to conduct its own hazardous waste progra.~. Most 
requirements in the regulation are only applicable where EPA issues 
permits~ selected portions apply to authorized State programs. 

Consolidated Permit Program 

EPA issues permits 
under a number of laws. 
latory process, EPA has 
for the hazardous waste 
it administers: 

for controlling environmental problems 
T~ facilitate and streamline the. regu

consol idated procedures and.requirements 
management program with four other programs 

the Underground Injection Control (UIC) program under 
the Safe Drinking Water Act · 

the National Pollutant Discharge Elimination system 
(NPDES) under the· Clean Water Act 

the Dredge or Fill (section 404) Program under CWA 

the Prevention of Significant Deterioriation (PSD) 
Program under the Clean Air Act where this program is 
operated by EPA. 

A facility seeking more than one permit is encouraged to 
consolidate application. 

Exclusions 

Certain facilities handling hazardous waste do not require 
a RCRA permit: 

generators who accumulate hazardous waste on-site for 
less than 90 days 

persons who own or operate facilities solely for the 
treatment, storage, or disposal of certain hazardous 
waste excluded from regulation. 

Applying for a Permit 

Any person Wh~. now owns or operates a hazardous waste facility, 
or who plans to in the future, must apply for a permit. This re
quirement applies to all existing facilities, facilities in opera
tion or an intermittent basis, or facilities which commenced. 
construction as late as yesterday. November 19. The application 
is in two parts: 

Part A, which defines the processes to be used: the 
design capability: and the hazardous waste to be 
handled. For existing facilities, Part A must be 
submitted within 6 months of promulgation of the 
regulation identifying hazardous waste. 
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Part B, which contains more detailed information 
intended to establish that the facility can meet the 
technical standards promulgated under RCRA section 
3004. For existing facilities, Paru B must be sub
mitted at a date set by the Regional Administrator. 

For proposed new facilities, both Part A and Part B must be 
submitted at least 180 days before physical construction is 
scheduled to begin. 

If notification is filed with EPA and Part A of the permit 
app!ication is submitted on time, an existing facility achieves 
interim status and is considered to have a permit until Part B is 
acted upon. Obviously, EPA will not be able to issue thousands of 
h~zardous waste permits in less than several years. If approved 
by EPA, a permit with a term of not more than 10 years will be 
granted. Meanwhile, the facility must comply with Interim Status 
Standards promulgated under RCRA section 3004. 

State Programs (3006) 

Congress clear!y prefers that States assume responsibility 
for controlling hazardous wastes within their borders. Federal 
financial assistance is available from EPA to States for developing 
their programs. Section 300~ of the Act specifically provides 
for States to operate their own hazardous waste programs in lieu 
of the Federal program, after the authorization by EPA. In States 
Whose programs do not meet the minimum requirements under RCRA, or 
who do not apply for authorization, EPA must administer the program. 

The regulation issued under section 3006 of RCRA (40 CFR 
Part 113) establishes minimum requirements for State hazardous 
waste programs in order to receive EPA approval. The regulation 
is designed to assure consistency in hazardous waste management 
from State to State. 

I 

RCRA generally directs that to receive EPA "final." approval 
State hazardous waste programs must be "equivalent to and con
sistent with" the Federal program. "Equivalent" is interpreted 
to mean "equal in effect." Thus, the regulations provide minimum 
requirements, with the States allowed to set more stringent stan
dards. Another important element is that States may not impose 
any requirement that might interfere with the free movement of 
hazardous wastes across State boundaries to treatment, storage, 
c · disposal facilities holding a RCRA permit. 

State pr:ograms that are "substantially equivalent" to the 
Federal program may receive interim authorization, then be 
gradually upgraded until they qualify for "final" or "full" 
authorization. · 
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Notification Process (30l0) 

The contcol system starts when those engaged in generating, 
transporting, treating, storing, or disposing of hazardous waste 
notify EPA as required by section 3010 of RCRA. After receiving 
notification, EPA assigns an identification number to the notifigr. 
Anyone engaged in transporting, treating, storing, or disposing 
of hazardous waste who does not notify EPA during the 90-day period 
following the promulgation of the regulation identifying hazardous 
waste may not begin or continue operation after the effective date 
of the regulation without obtaining an EPA identification number. 

The regulation issued under section 3010 of RCRA requires 
that: 

anyone who generates or transports hazardous waste or 
owns or operates a facility that treats, stores, or 
disposes of hazardous waste must notify EPA. 

a new generator or transporter must apply to EPA for an 
identification number before any hazardous waste can be 
transported. Application for an identification number 
must be made on the notification form. 

an owner/operator of a site that conducts more than one 
hazardous waste activity (for example, generation and 
disposal) may file a single form to cover all activities 
at that site. 

an owner/operator of more than one site must file a 
form for each site. 

This hazardous waste management system is a new and complex 
plan which can and will work only if everyone involved with 
hazardous waste assumes his responsibilities. 

Steel Industry Hazardous Waste 

As of today, there are four specific source and a number of 
non-specific source types of wastes associated with the steel 
industry which have been determined by EPA to be hazardous wastes 
(as listed in the Fe4eral Register of May 19 and July 16, !980). 

The five specific source wastes are: 

(1) Ammonia still lime sludge from coking operations; 

(2) Decanter tank tar sludge from coking operations; 

(3) Spent pickle liquor from steel finishing operations; 

(4) Emission control dust/sludge from the primary produc-
tion of steel in electric furnaces. 
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. The above wastes were listed as hazardous due to their toxic 
and/or corrosive characteristics. A summary of the reasons for 
listing each of these wastes follows:2 

A. Coking 

l. Ammonia still lime sludge from coking operations (T) 5/19/80 

a. These sludges contain the hazardous constituents 
cyanide, naphthalene, phenolic compounds, and 
arsenic which adhere to the lime floes and solids 
in significant concentrations. 

b. cyanide and phenol leached in significant concen
trations from an ammonia still lime sludge waste 
sample which was tested by a distilled water 
extraction procedure. Although no leachate data 
is currently available for naphthalene and arsenic, 
the Agency strongly believes that, based on con
stituent solubilities, the high concentration of 
these constituents in the wastes, and the physical 
nature of the waste, these two constituents are 
likely to leach from the wastes in harmful concen
trations when the wastes are improperly managed. 

c. It is estimated that a very large quantity, 963,000 
tons (1), of ammonia still lime sludge (5% solids 
by weight) is currently generated annually, and 
that this quantity will gradually increase to 1.45 
million tons (5% solids by weight) per' yeac as the 
remaining coke plants add fixed ammonia removal 
capability to comply with BPT limitations. 
There is thus the likelihood of large-scale con
tamination of the environment if these wastes are 
not managed properly. 

d. Coke plant operators generally dispose of these 
sludges on-site in unlined sludge lagoons or in 
unsecured landfill operations. These management 
methods ma~ be inadequate to impede leachate 
migration. 

* Although no data on the corrosivity of anunonia still lime sludge 
are currently available, the Agency beli~ves that these sludges 
may have a pH greater than 12.5 and may, therefore, be corrosive. 
Under §262.11, generators of this waste stream are responsible 
for testing their waste in order to determine whether their 
waste is corrosive or would meet any of the other hazardous 
waste characteristics. 
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2. Decanter tank tar sludge from coking operations (T) 7/16/80 

a. The tank tar-sludge contains significant concen
trations of phenol and naphthalene. Phenol ls 
highly toxic. Naphthalene ~s also toxic ahd is 
a demonstrated neoplastic substance in experiments 
done on laboratory animals. 

b. Phenol has leached in significant concentration 
from a waste sample tested in a distilled water 
extraction procedure. The Agency believes that, 
due to the presence of naphthalene in the tar in 
high concentrations and due to its relative 
solubility, napthalene also may leach from the 
waste in harmful concentrations if the waste is 
improperly managed. 

c. These tar-sludges are often land disposed in on
site landfills or dumped in the open. These 
methods may be inadequate to impede leachate 
migration and resulting groundwater contamination. 

B. Steel Finishing 

1. Seent Pickle Liquor (C, T) 5/19/80 

a. Spent pickle liquor is corrosive (has been shown 
to have pH less than 2°), and contains significant 
concentrations of the toxic heavy metals lead and 
chromium. 

b. The toxic heavy metals in spent pickle liquor are 
present in highly mobile form, since it is an 
ac'idic solution. Therefore, these hazardous con
stituents are readily available to migrate from 
the waste in harmful concentrations, causing harm 
to the environment. 

c. Current waste management practices of untreated 
spent pickle liquor consists primarily of land 
disposal either in unlined landfills or unlined 
lagoons which may be inadequate to prevent the 
migration of lead and chromium to underground 
drinking sources. Treatment of the spent pickle 
liquor by neutralization is also conunonly practiced 
by the industry in which case, a lime treatment 
sludge is generated. 

d. A very large quantity (approximately l.4 billion 
gallons of spent pickle liquor) annually. Thus, 
there is greater likelihood of large-scale con
tamination of the environment lf these wastes are 
not managed properly. 
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e. Damage incidents have been ... reported that are 
attributable to th~ improper disposal of poorly 
treated spent pickle liquor. 

2. Spent Pickle Liquor - Lime Treatment Sludge 

It should be noted that the waste "sludge from lime 
treatment of spent pickle .liquor from steel finishing opera
tion" has been removed from the list of hazardous wastes. 
Several comments indicate that this waste may not be hazar 
dous, particularly if the lime treatment process is conducted 
effectively. At the same time, however, insufficient data 
was submitted to warrant a conclusion that these wastes will 
typically and frequently not be hazardous. Our concern is 
that these wastes derive from a hazardous waste (spent pickle 
liquor from steel finishing) which may contain high concen
trations of lead and chromium. These heavy metals not only 
will be present in the sludge, but will be found there in 
even more concentrated form. 

Under these circumstances, we have decided that these 
waste sludges still should be regulated as hazardous, but 
to delete these wastes from the hazardous waste list, and 
instead to rely in the provisions of §261.3 to bring these 
wastes within the hazardous waste management system. Since 
these lime treatment sludges are generated from the treat
ment of a listed hazardous waste (spent pickJ.e liquor), 
they are considered to be hazardous wastes (§261.3(c)(2)). 
Further, they remain hazardous wastes until they no longer 
meet any of the characteristics of hazardous waste and are 
de-listed (§261.3(d)(2)). 

c. Electric Furnace Production of Steel 

l. Emission Control dust slud e from the reduction 
o steel in electric furnace T 5 19 

a. The emission control dusts/sludges contain signi
ficant concentrations of the toxic metals chromium, 
lead, and cadm;um. 

b. Lead,. chromium and cadmium have been shown to 
leach in hannful concentrations from waste samples 
subjected to both a distilled water extraction 
procedure and the extraction procedure described 
in the Subtitle C regulations. 

c. A large quantity of these wastes (a combined total 
of approximately 337,000 metric tons) is generated 
annually and is available for disposal. There is 
thus likelihood of large scale contamination of 
the environment if these wastes are mismanaged. 
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d. The wastes typically are disposed of by being 
dumped in the open, either on-site or off-site, 
thus posing a realistic possibility of migration 
of lead, cadmium, and chromium to underground 
drinking water sources. These metals persist 
virtually indefinitely, presenting the serious 
threat of long-term contamination. 

e. Off-site disposal of these wastes will increase 
the risk of mismanagement during transport. 

In addition to the specific source wastes listed above, a 
number of other wastes (from non-specific sources) which may be 
associated with some steel industry operations have also been 
listed as hazardous wastes. These wastes are: 

The following spent halogenated solvents used in de
greasing: tatrachloroethylene, trichloroethlene, methylene 
chloride, 1,1,l-trichloroethane, carbon tetrachloride, 
and chlorinated fluorocarbon: and sludges from the 
recovery of these solvents in degreasing operation. 

The following spent halogenated solvents: tetrachloro
ethylene, methylene chloride, trichloroethylne, l;l,1-
trichloroethane, chlorobenzene, l,l,2-trichloro-1,2,2-
trifluoroethane, o-dichlorobenzene, and trychlorofluoro
methane: and the still bottoms from the recovery of 
these solvents. 

The following spent non-halogenated solvents: xylene, 
acetone, ethyl acetate, ethyl benzene, ethyl ether, 
methyl isobutyl ketone, n-butyl alcohol, cyclohexanone 
and methanol: and the still bottoms from the recovery 
of these solvents. 

The following spent non-halogenated solvents: cresols 
and cresylic acid and nitrobenzene; and the still 
bottoms from the recovery of these solvents. 

The follo~ing spent non-halogenated solvents: toluene, 
methyl ethyl ketone, carbon disulfide, isobutanol and 
pyridine: and the still bottoms from the ~ecovery of 
these solvents. 

Quenching bath sludge from oil baths from metal beat 
treating operations. 

Spent solutions from salt bath pot cleaning from metal 
heat treating operations. 

Quenching wastewater treatment sludges from metal heat 
treating operations. 
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These wastes were llsted as hazardous due to toxicity, 

ignitibility, or reactivity characteristics. A brief listing 

sununary2 follows: 

A. Wastes From Usage of Halogenated Hydrocarbon Solvents in 
Degreasing Operations 

1. The following spent halogenated solvents used in 
degreasing: tetrachloroethylene, methylene chloride, 
trichloroethylene, 1,1,l-trichloroethane, carbon tetra
chloride, and chlorinated fluorocarbons: and sludges 
resulting from the recovery of these solvents in de
greasing operations (T) - 5/19/80 

For all of the listed waste solvents, the listing is based 
on the following considerations: 

a. The chlorinated waste hydrocarbons are toxic and, in 
some cases, genetically harmful, while chlorofluoro
carbons may remove the ozone layer following environ
mental release. 

b. Many steel facilities dispersed throughout the country 
use halogenated solvents and generate these wastes. 
Halogenated hydrocarbons from these facilities are 
either disposed of annually in landfills or by open
ground dumping, either as crude spent solvents or as 
sludges. Current waste management practices have 
resulted in envirorunental damage. Damage incidents 
serve to illustrate that the mismanagement of these 
wastes does occur and can result in substantial 
environmental and health hazards. 

c. Since a large majority of the spent solvents and sludges 
are in liquid form and are highly soluble, the potential 
for these wastes to migrate from land disposal facilities 
is high •. Spent halogenated solvents can leach from the 
waste to effect adversely human health and the environ
ment through the resulting contamination of 9roundwater. 

B. Wastes From Usage of Organic Solvents 

l. The following spent halogenated solvents: tetrachloro
ethylene, methylene chloride, trichloroethylene, 
i,1,1-trichloroethane, chlorobenzene, l,l,2-trichloro
l,2,2-trifluoroethane, o-dichlorobenzene and trichloro
fluoromethane: and the still bottoms from the recovery 
of these solvents (T} - 5/19/80 · 

2. The following spent non-halogenated solvents: xylene, 
acetone, ethyl acetate, ethyl benzene, ethyl ether, 
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methyl isobutyl ketone, n-butyl alcohol, cyclohexanone 
and methanol: and the still bottoms from the recovery 
of these solvents (I) - 5/19/80 

3. The following spent non-halogeriated solvents: cresols 
and cresylic acid and nitrobenzene, and the still bottoms 
from the recovery of these solvents (T) - 5/19/80 

4. The following spent non-halogenate~ solvents: toluene, 
methyl ethyl ketone, carbon disulfide, isobutanol and 
pyridine: and the still bottoms from the rebovery of 
these solvents (I, T) 

Wastes resulting from usage of organic solvents typically contain 
significant concentrations of the solvent. The.basis for listing2 
the above wastes as hazardous is:* 

a. Each solvent exhibits one or more properties (i.e., 
ignitability and/or toxicity) which pose a potential 
hazard. 

b. The nine spent solvents listed for meeting only the 
ignitability characteristic all have a flash point 
below 60°C (140°F) and are thus considered hazardous. 

The solvents listed as either toxic or toxic and 
ignitable pose a further hazard to human health and the 
environment. If improperly managed, these solvents 
could migrate from the disposal site ·into ground .and 
surface waters and persist in the environment for .· 
extended periods of time. 

The two fluorocarbons, l,l,2-trichloro-1,2,2-
trifluoroethan~ and trichlorofluoromethanes present a 
different type of hazard. Due to their high volatiliy, 
these two organics can rise into the stratosphere and 
deplete the ozone, leading to adverse health and environ
mental effects. 

c. Damage incidents resulting from the mismanagement.of 
waste solvents have been reported. These damage 
incidents are of three types: 

* The Agency is presently aware that these solvents may contain 
concentrations of additional toxic constituents listed in 
Appendix VIII of the regulations. For purposes of this listing, 
however, the Agency is only listing those wastes for the presence 
of the halogenated and non-halogenated solvents. The Agency 
expects to study these listings further to determine whether 
the waste solvent and still bottom listings should be amended. 
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(1) Fire/explosion damage resulting from ignition of 
the sol vents; 

(2) Contamination of wells in the vicinity of inade
quate waste storage or disposal (with resulting 
illness in at least one instance); and 

(3) Direct entry of solvent ihto a waterway, resulting 
in fish kills. 

These damage incidents show that mismanagement occurs 
and that substantial hazard to human health and the 
environment may result. 

C. Spent Waste Cyanide Solutions and Sludges 

l. Quenching bath sludge from bath pot cleaning from metal 
heat treating operations (R, T) - 5/19/SO 

2. Spent solutions from salt bath pot cleaning from metal 
treating operations (R, T) - 5/19/80 

3. Quenching wastewater treatment sludges from metal heat 
treating operations (T) 5/19/80 

These wastes are considered hazardous based on the following: 

a. Each of the wastes generated exhibits either reactive 
or toxic properties or both due to their cyanide content. 

b. The land disposal of cyanide wastes containing high 
concentrations of cyanide is widespread throughout the 
United States. 

c. Cyanides can migrate from the wastes to adversely affect 
human health and the environment by the following path
ways, all of which have occured in actual management 
practices: 

(1) 

( 2) 

(3) 

generation of cyanide gas resulting from the 
reactive nature of cyanide salts when mixed with 
acid wastes~ 

contamination of soil and surface waters in the 
vicinity of improper waste disposal resulting in 
destruction of livestock, wildlife, stream-dwelling 
organisms, and local vegetation: and 

contamination of private w~lls and conununity 
drinkin9 water supplies in the vicinity of improper 
waste disposal. 
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These, then are the wastes, applicable to the steel industry, 
which have been specifically listed by EPA as being hazardous. 
This is not to say that these wastes are the only hazardous wastes 
generated by the steel industry. As was stated earlier, if the 
generator thinks or knows that he has other hazardous waste, he 
is required to report it to EPA for an identification number, 
performing testing, if necessary, to make the determination of 
hazardousness. 

These wastes, due to their being classified as hazardous, are 
subject to the interim status provisions, as previously discussed. 

Non-Hazardous Wastes 

Most of the solid waste generated by the steel industry will 
probably be non-hazardous. Wastes such as blast furnace slag, 
BOF sludge, and blast furnace dust will likely fall into this 
category. 

The types and quantities of non-hazardous wastes estimated 
to be generated by the industry were shown in Table l. Over SO 
million metric tons of non-hazardous waste are generated per 
year. After conunercial sale and/or in plant recovery, about 19 
million metric tons (approximately equals 40%) of non-hazardous 
waste remain to be disposed. The most common disposal practice 
is to dump or landfill these wastes. EPA promulgated criteria 
for classifying non-hazardous waste disposal sites on September 13, 
1979. These regulations establish eight Federal criteria for 
determining whether a disposal site is a "sanitary landfill" or 
an "open dump". The criteria include certain restrictions on 
siting in floodplains, contamination of surface and ground water, 
land-spreading of wastes, and open burning. Protection of 
endangered species, protection against disease vec~ors and 
explosive gases, and bird hazards to aircraft are also addressed. 

If a facility is determined to be an open dump, by virtue of 
failing any one of the eight criteria, it must either be closed or 
upgraded to the status of a sanitary landfill within five years. 

RCRA recognizes that prime responsibility for environmentally 
sound disposal and resource recovery rests with state and local 
government. Each state will evaluate the individual disposal 
sites, establishing its own priorities for listing open dumps. 
The states are required to develop a plan to identify a general 
strategy for protecting public health and the environment from 
adverse effects associated with solid waste disposal, for 
encouraging resource recovery and conservation, and for providing 
adeq\late disposal capacity in the state. The Federal criteria 
are the minimum requirements to be used in determining compliance. 

Thus, the requirements imposed by each of the states for 
steel industry waste disposal facilities will be the controlling 
factor in determining whether a facility will be permitted. An 
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approved state program could be more stringent than the Federal 
criteria but cannot be less stringent. It would be wise to 
ascertain the specific requirements of the states in which your 
facilities are or will be located. 

Section 7002 of RCRA provides for citizen suits against the 
operator of an open dump, which may be enforced in Federal district 
court. EPA does not specifically have the authority to take 
legal action against parties that may violate the open dumping 
prohibition. 

Impact on Steel Industry 

The steel industry must dispose of over 6 million metric 
tons of hazardous waste and over 50 million metric tons of non
hazardous waste per year. 

Although the steel industry presently recycles/recovers a 
significant portion of their wastes, a large quantity of wastes 
still remains to be properly disposed of. Up to this time, many 
of the wastes have been improperly disposed. A concerted effort 
will be required by the steel industry to reverse this trend. 

Much of the steel industry is located in areas where land 
for disposal is scarce and if available - quite costly. Proper 
management of the wastes will certainly dictate that the waste 
management facility be designed and operated in the most effective 
manner to meet both environmental and economic concerns. · 

In a preliminary final economic impact analysis,of Subtitle c 
interim status hazardous waste regulations prepared in April of 
this year, the impact on the steel industry was determined.3 
Tables 3 and 4 below illustrate the estimated impact. 

The estimated impact on the steel industry was made in light 
of a number of assumptions, some of which were: 

l. The EIA was based on the lO x drinking water standard 
(DWS) rather than the promulgated 100 x DWS. 

2. Analysis was made requiring much stricter closure 
requirements for landfills and surface impoundments 
than the promulgated regs. 

3. Underground injection was not addressed in the Analysis. 
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Table 3 

INCREMENTAL COST TO THE STEEL INDUSTRY 
OF RCRA INTERIM STATUS STANDARDS 

Cost of Waste Management at the Generator Plant 

Capital 
($ Million) 

9.33 

Total 
Annual 

Cost 
($ Million) 

l.l 02 

1st Year 
Expenses 

($ Million) 

4.56 

Annual 
Operating 

($ Million) 

7.02 

1978 Value 
Added 

($ Million) 

46,000 

Table 4 

Cost o.f 
Off-Site 
Transpor-
tation 

($ Million) 

0.19 

Annual Cost 
as a Percent 

of Value Added 
(Percent) 

0.02 

ECONOMIC IMPACT ON THE STEEL INDUSTRY 

Number of 
Existing 

Plants in 1978 

J.52 

Price· 
Increases 

negligible 

Plant 
Closures 

Job 
Losses 

negligibie negligible 

u.s. 
Demand 

Reduction 

negligible 
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u.s. 
Production 
Cutbacks 

negligible 

Balance of 
Payments 
Effects 

negligible 



With regard non-hazardous wastes, an assessment was made (as 
presented in the EIS of December !979) on the cost to the steel 
industry to meet the 11 RCRA Section 4004 Criteria for Classification 
of So!id Waste Disposal Facilities and Practices • 11 4 A number of· 
assumptions, including the following were made: 

1. 50% of steel industry solid waste is disposed onsite, 
50% off-site. 

2. Al! non-hazardous steel industry wastes will be 
disposed in a manner which meets the criteria 
requirements. 

J, Disposal facilities will not be relocated as a result 
of the criteria. 

4. The groundwater and floodplain criteria wiil probably 
nave the greatest impact on the industry. 

It was estimated that the total cu.t·rent annual disposal cost 
for steel industry non-hazardous wastes is slightly over $50 mil-· 
lion. The annual cost of complying with the criteria was estimated 
at approximately $36 million, a resultant increase of about 72% in 
disposal costs. Groundwater protection accounts for the major 
portion of these increased costs. 

It must be remembered that a significant number of the states 
in which steel industry disposal facilities are located already 
have regulations comparable to the 4004 criteria.S This is an 
important point since implementation and enforcement of the dis
posal criteria is the responsibility of the individual states. 
In fact, probably 80% of the estimated expected $36 million 
increase for non-hazardous waste disposal can be attributed to 
comparable State regulations. The remaining 20% of the increased 
costs can be assumed as being induced by the Federal 4004 criteria. 

The overshadowing goal of RCRA is resource recovery and 
conservation. I am sure that all of you know that the United 
States recovers far less of its industrial wastes than many other 
industrialized nations. One of the major contributing factors 
to these low recovery statistics is the availability of cheap 
disposal options. Proper disposal will inevltably raise the 
cost of disposal, thus increasing the viability of recovering 
incremental amounts of waste materials. The steel industry is 
t be applauded on its already high rate of (60-70%) waste re
cycling. However, much remains to be done in this respect. 
Si9nlficant quantities of solid waste that are presently disposed 
of could be recycled, thereby not only preventing the wasting of 
valuable natural resources but also extending the life of landfills 
by decreasing the quantity of waste to be disposed and eliminating 
potential contamination threats to our nations surface and ground 
waters. · 
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EPA firmly believes that resource recovery should be imple
mented whenever possible as an alternative to.land disposal of 
solid wastes. We wholeheartedly support and encourage studies 
regarding the potential recovery/recycle of steel industry wastes. 

Examples of two such studies currently underway by EPA's 
Office of Research and Development (ORD) are: 

1. "Investigation of Toxic Substances during Recovery and 
Recycle of Steel Industry Iron Bearing Solid Waste"; and 

2. "Uses for Ferrous Sulfate Heptahydrate from Steelmaking 
Spent Pickle Liquor". 

These studies will be discussed in detail this morning. Although 
the Office of Solid Waste is not presently sponsoring any studies 
of the steel industry, we will be evaluating the work of others 
and may issue industry specific waste recovery and disposal 
guidelines in the future. 

In this era of environmental concerns and economic struggles, 
lt ls hoped that industry and government will develop a cooperative 
working relationship towards solving the problems faced by the 
steel industry. 
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Each year, sulfuric acid pickling of steel produces approximately 
600 million gallons of spent sulfuric pickle liquor (SSPL). 
Currently, contract hauling is the most prevalent SSPL disposal 
method. Only a small portion of the SSPL is processed for sulfuric 
acid recovery. Resource recovery and environmental protection 
objectives favor recovery instead of disposal. Commercial recovery 
processes involve separation of iron salts resulting in a relatively 
pure ferrous sulfate by-product. This paper summarizes a recent 
study of alternate SSPL recovery technologies, the identification of 
valid end uses for the ferrous sulfate by-product, and process economics. 
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INTRODUCTION 

SPENT SULFURIC PICKLE LIQUOR RECOVERY 

ALTERNATIVES AND BY-PRODUCT USES 

W. C. Micheletti, P. A. Nassos, and K. T. Sherrill 

Before steel products can be given a final surface coating or finish, the 

surface must be cleaned of any scale and rust that may have formed due to 

exposure to the atmosphere. The process most commonly used in removing surface 

scale and rust from iron and steel products is acid pickling. The removal is 

accomplished by iunnersing the scaled steel in tanks of hot dilute acid, such as 

hydrochloric or sulfuric acid, As the scale dissolves in the acid, iron salts 

are formed and the pickling solution becomes ineffective. Recovery or 

disposal of the waste pickle liquor poses a potential environmental problem. 

Of the estimated 9.1 million tonnes (100 million tons) of steel shipped 

in 1979, approximately 22 million tonnes (25 million tons) were pickled by 

sulfuric acid. This pickling operation produced an estimated 2.3 billion 

liters (600 million gallons) of spent sulfuric acid p;lckle liquor •. Currently, 

the acid is either recovered or disposed of by contract hauling, deep-well 

injection, neutralization/ponding, discharge to a waterway or discharge to 

a publicly-owned water treatment facility. Spent pickle liquor is also in 

limited direct use as a water treatment chemical. Of all these methods, 

acid recovery is very favorable based on resource recovery and environmental 

protection objectives. 

Acid recovery processes involve the removal of iron as ferrous salt 

crystals to regenerate the ac1d solution. Recovered sulfuric acid can be 
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returned to the pickling process as a somewhat dilute makeup. The water

soluble ferrous salt by-product can either be sold for its chemical value or 

disposed of in a secured landfill. Although sale of the by-product is defi

nitely the preferential course of action, it depends primarily upon the 

market demand for this material including the manufacture of products such 

as colored pigments and magnetic tapes. Furthermore, since acid recovery is 

not widely used at this time, implementation of this process by a majority of 

the steel industry could produce an oversupply of the by-product. Therefore, 

before acid recovery can be encouraged as an environmentally acceptable method 

of handling spent sulfuric acid pickle liquor, adequate by-product end use 

markets must be identified and evaluated. 

The objectives of this program were to evaluate the commercially avail

able processes for recovering spent sulfuric acid pickle liquor, estimate the 

quantity and quality of by-product generated by these processes, and identify 

the current and potential end use markets for such by-product·s. Information 

for this study was obtained by thoroughly reviewing the available technical 

literature, visiting steel mills with operating acid recovery processes, meet

ing with representatives of the steel industry, and contacting process vendors, 

by-product end users, and other knowledgeable steel industry personnel. 

SULFURIC ACID PICKLING 

Sulfuric acid pickling of steel can be either a batch or continuous 

operation. In the case of wire or rod, the steel is suspended from overhead 

conveying racks and dipped into a single vat of pickle liquor for a designated 

period of time. For rolled sheet steel, the metal is continuously passed 

through a series of acid vats, each successive tank containing a slightly more 

acidic pickle liquor. 
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In sulfuric acid pickling, the scale is not only removed by acid dissolution 

but alee by the·effel.'Vesaent actien ef hydrogen· gas' f0rmation under the scale. 

The sulfuric acid reacts with the iron base on the surf ace of the steel to 

produce hydrogen gas and ferrous sulfate according to the following reaction: 

Fe + H2S04 + H2t + FeS04 

The scale which is removed from the surf ace then slowly dissolves in the 

pickling tank to produce additional ferrous sulfate as shown in the following 

reaction: 

FeO + H2S04 + FeS04 + H20 

Increasing amounts of ferrous sulfate from continued use eventually consume 

enough sulfuric acid to render the liquor ineffective for further pickling. 

Besides the presence of acid in the pickling tank, other chemicals may 

be added to improve the quality of the pickled product. Various organic 

inhibitors are frequently used in pickling to inhibit -acid attack on the base 

metal, while permitting preferential at.tack on the scale. In addition, wetting 

agents may be used to improve the effective contact of the acid solution with 

the metal surface. 

After pickling, the steel product is rinsed with water to remove any 

adhering acid. In some cases, the pickled product may then be coated with 

lime, oil or some other material to protect it from exposure to the atmosphere. 

A recent EPA survey estimates that in 1979 sulfuric acid pickling accounted 

for about 42.9% of all the steel products pickled in the United States. 1 

Pickling with hydrochloric acid and mixed acids accounted for the remaining 

45.8% and 11.3%, respectively. According to this same survey, approximately 

105. of 133 major steel picklers use sulfuric acid in batch systems while 44 
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use sulfuric acid in continuous systems. Hydrochloric acid is used by 6 

plants in batch systems and 41 plants in continuous systerns. 1 

In the 1960's, the trend in pickling was to switch from sulfuric acid 

to hydrochloric acid. This conversion occurred for several reasons. At 

the time, hydrochloric acid was readily available and relatively inexpensive. 

In addition, pickling with HCl is somewhat faster than using sulfuric acid 

and the pickling solution retains its effectiveness longer. Furthermore, 

hydrochloric acid is considered to give a "brighter" finish. Recently, 

however, the conversion from sulfuric acid to hydrochloric acid has 

apparently ended for two reasons. First, the price of hydrochloric acid 

has increased such that it is no longer economically attractive. And 

second, fumes generated during HCl pickling are a difficult and expensive 

air pollution control problem. Therefore, the percentage of steel products 

being pickled by sulfuric acid will probably remain the same in the near term. 

PICKLING WASTES 

Waste pick.le liquor is generated when the pickling solution becomes 

saturated with iron salts. The pickle liquor is no longer effective in re

moving scale and, consequently, must be replaced. In addition to free sul

furic acid and iron salts (typically 8.0 wt% each), the spent pickle liquor 

may contain varying amounts of lubricants, suspended solids, heavy metals, 

and additives such as inhibitors. Table 1 presents the overall range of 

compositions determined from the analyses of several waste pickle liquor 

samples. 1 Since a variety of chemical additives may be used in pickling 

operations, the quantity and composition of th.ese additives in waste pickle 

liquor is not reflected in Table 1. However, the presence of these additives 

is also of environmental concern in the handling of waste pickle liquor. 
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Table 1. Analyses of sulfuric acid pickling wastes(mg/1) 1
'

2
'

3 

Parameter 

Dissolved Iron 
Oil and Grease 
Suspended Solids 
Arsenic 
Cadmium 
Chromium 
Copper 
Cyanide 
Lead 
Nickel 
Silver 
Zinc 

Spent Pickle Liquor 

38,750-66,500 
8-35 

236-2363 
<O.l 
<0.6 
6-269 

<4. 7 
ND 

.5,10 
6.8-27 

0.28-0.59 
0.7-244 

Rinse Water 

36-2900 
_92 

<750 
.S,0.33 
<0.13 
<3.8 

go.4 
<O.l 
.s.z.o 
~.6 
<0.85 

£;9 

ND - indicates that the component was not detected. 

Scrubber Blowdown 

.5,305 
2-30 
2-200 

The amount of spent pickle liquor generated will depend on the original 

quality of the pickle liquor and the amount of surface scale on the steel 

product. Based on a 1.0% iron loss, pickling 0.9 tonnes (1.0 ton) of steel 

will generate 95 liters (25 gallons) of spent pickle liquor. Assuming 22 

million tonnes (25 million tons) of steel were pickled by sulfuric acid in 

1979, then the resulting volume of waste pickle liquor was approximately 

2.3 billion liters (600 million gallons) containing 220,000 tonnes (250,000 tons) 

each of free acid and dissolved iron. 3 These values illustrate the signi

ficant potential for sulfuric acid recovery and by-product manufacture. 

In addition to spent pickle liquor, steel pickling processes may generate 

two other wastewater streams: acidified rinse water and scrubber blowdown. 

Acidified rinse water results from washing the pickled product to remove any 

adhering pic~le liquor. Methods of rinsing may vary from a single-stage immer4 

sion to a·multi~stage system. Many steel companies are switching from rinse 

systems that flush the steel with large quantities of water to systems that 

use fine sprays. Depending on the overall water balance for the pickling 
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operation, rinse water can frequently be used as makeup for the pickling 

tanks. Table 1 presents the overall range of compositions determined from 

the analyses of several rinse water samples. 

Scrubber blowdown results from emission control equipment to collect 

and absorb acid fumes and mists emitted from the pickling tanks. A wet 

scrubber typically recylces water with a small purge or blowdown stream to 

control the levels of sulfuric acid. Under efficient operation, the 

scrubber may achieve less than 3% blowdown, which can be used as makeup to 

either the rinse system or the pickling tanks. Table 1 presents the over-

all range of compositions determined from the analyses of several scrubber 

blowdown samples. 

WASTE PICKLE LIQUOR DISPOSAL TECHNIQUES 

Currently, waste pickle liquor disposal includes 

• contract hauling, 

• deep-well injection, 

• neutralization/ponding, 

• discharge to a waterway, 

• discharge to a publicly-owned water treatment facility, 

• direct use as a water treatment chemical, and 

• acid recovery. 

The three most commonly used disposal techniques are contract hauling, deep

well injection, and neutralization. 

Contract hauling has long been a favorable means of handling waste 

pickle liquor because of moderate operating cost and little or no capital 

cost to the steel industry. However, the growing cost of energy for 
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transportation is being reflected by an increased operating cost for diH

posal by contract hauling. Furthermore, the operating cost for contract 

hauling can be expected to increase even more as regulatory agencies enact 

stricter controls on disposal. From 1970 to 1980, the cost of contract 

hauling has risen approximately 340%, from 0.9¢/liter (3.5¢/gallon) to 

3.2¢/liter (12¢/gallon).~' 5 

A second popular method of waste pickle liquor disposal is deep-well 

injection. However, this disposal method is limited to favorable subsurface 

geological formations that will protect local groundwater from contamination. 

Current estimates indicate that only a dozen or so wells in the U.S. are used 

for the disposal of waste pickle liquor, with a majority of these wells being 

located in North Central Illinois and Northwestern Indiana. 6 ' 7 Although 

deep-well injection has been used for many years, concern over the 

potential for groundwater contamination may mean stricter regula-

tory control and possibly an end to this method of disposal. 

Neutralization of waste pickle liquor with lime, soda ash or caustic 

soda has been an established practice for some time. Addition of these 

chemicals increases the initially acidic pH of the pickle liquor to a neutral 

level. The increasing pH causes the iron to precipitate as a gelatinous iron 

hydroxide sludge which settles very slowly. Hence, the neutralized mixture 

is placed in a pond where it can be-contained indefinitely. The cost of 

waste pickle liquor disposal by neutralization/ponding has been steadily 

increasing over the past several years. The increasing cost primarily reflects 

the rapidly rising cost of chemicals, particularly lime, and the inherent value 

of the land required for lagooning. 
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Each of the three previously described disposal methods for waste pickle 

liquor are currently in widespread use. None of these disposal techniques 

makes any attempt to recover the acid or dissolved iron. In some in

stances, these methods may be trading one type of environmental problem for 

another. On the other hand, the use of acid recovery units results in the 

recovery of sulfuric acid and an iron salt by-product,.and virtually 

eliminates water pollution associated with sulfuric acid pickling operations. 

ACID RECOVERY PROCESSES 

Two types of acid recovery processes are commercially available: high 

temperature and low temperature. High temperature processes heat the waste 

pickle liquor to about 93°C (200°F) and produce a ferrous sulfate monohydrate 

(FSM) precipitate. These processes are not widely used because of the 

associated high energy costs and the problems of ferrous sulfate monohy

drate scaling. At present, two such acid recovery processes are in 

operation in the U.S.: A Pureco unit at Wilson Steel and Wire in Chicago 

and a Sulfex unit at Metal Processing Company in Maple Heights, Ohio. 

Low temperature acid recovery processes cool the waste pickle liquor to 

about 15°C (45°F) and produce a ferrous sulfate heptahydrate (FSH) precipi

tate. Commercially, three low temperature processes are available in the 

U.S.: the Keracbemie, the Crown, and the KSF processes. The Crown and KSF 

processes are the most widely accepted of the low temperature acid recovery 

processes. One Kerachemie unit has been installed in the United States 

(Fitzsimmons Steel Company, Youngstown, Ohio), b.ut it is no longer in use 

at the plant. 
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Both the Crown and the KSF acid recovery processes are modular batch

type units. Each unit consists of a chiller/crystallizer, a slurry separator, 

and separate storage for recovered acid and by-product crystals. Waste 

pickle liquor is fed to the crystallizer and cooled by submerged chilling 

coils. The Crown process lowers the temperature of the waste pickle liquor 

to about 2-10°C (35-50°F) by circulating freon refrigerant through Teflon 

cooling coils. The KSF process uses chilled water to achieve a temperature 

of about 7-10°C (45-S0°F). As the temperature of the waste pickle liquor 

decreases, ferrous sulfate heptahydrate (FeS0~·7H20) crystals begin to form. 

In both processes, a motor-driven agitator stirs the acid/crystal slurry to 

maintain a uniform temperature and to prevent the crystals from agglomerat

ing into large chunks. 

The slurry is pumped from the chiller/crystallizer to a separation unit 

for removal of the ferrous sulfate heptahydrate crystals. The recovered acid 

can either be recycled to the chiller for additional processing or stored for 

future acid makeup to the pickling operations. The by-product FSH crystals 

can be washed to remove any sulfuric acid adhering to the surface. The wash 

water is recycled to the chiller for additional processing. As,indicated by 

Table 2, the by-product crystals are relatively pure ferrous sulfate hepta

hydrate and can be sold as a source of iron for several uses. 5 Since the FSH 

crystals are water-soluble, its storage should be protected from the 

weather. 
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Table 2. Analysis* of ferrous sulfate heptahydrate by-product (wt. %).s,a 

Crown S~stem KSF Si'.:stem 
FeS04•7H20 99.4 99.98 
Sulfate 0.39 
Free acid (H2S04) <0.03 
Iron (Fe*) 0.20 
Copper 0.0025 0.0001 
Lead 0.0050 0.0003 
Manganese 0.01 0.01 
Zinc 0.0010 0.0002 
Calcium 0.0017 0.0002 
Sodium 0.0160 <0.0001 

*Method of analysis - atomic absorption. 

Economically, acid recovery compares very favorably with neut:..dlization 

and contract hauling as a means of handling waste pickle liquor. Table 3, 

from an EPA report, illustrates an economic comparison of these waste pickle 

liquor alternatives.~ Although sale of the by-product FSH crystals is 

certainly an advantage to recovering acid, the credit for by-product sale is 

not the most critical factor in making acid recovery economically attractive. 

Other major cost advantages for using acid recovery include a credit for 

process water reuse, negligible wastewater requirements, a credit for re-

covered acid reuse, and reduced transportation costs. The major economic 

disadvantages of acid recovery systems are capital investment and utility 

requirements. 

The economic disadvantage of capital investment could be diminished 

by using regional acid recovery facilities to handle the waste pickle liquor 

treatment needs for several plants in a local area. Such a facility could 

be owned and operated either jointly by many steel picklers or independently 

by an outside individual or company. The joint ownership option has been 
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in operation in West Germany for several years. Although this method of 

ownership reduces the amount of capital any one company must invest in an 

acid recovery system, the approach also has disadvantages. 

Table 3. Economic comparison of waste pickle liquor treatment alternatives. 4 

(Total Annual Costs, $1,000) 

Item 

Investment 
Salaries·& Wages 

Operators 
Foremen 

Utilities 
Steam 
Process Water 
Electricity 

Raw Materials 
H2S01+ 
Cao 

Shipping & Hauling Costs 
Crystals 
Sludge 
Pickle Liquor 

Maintenance 

General Plant Overhead 

Wastewater Costs 
Sewer Fees 
pH Adjustment 

Taxes and Insurance 

Depreciation 

FSH By-Product Credit 

Total Annual Costs 

Acid Recovery 

630.0 

12.5 
1.5 

35.4 
(8.1) 
19.0 

(50.0) 
0 

28.8 
0 
0 

37.8 

36.0 

. 0 
0 

3.2 

63.0 

(52.0) 

126.1 

Neutralization 

770.0 

12.5 
3.8 

4.2 

4.0 

68.7 

0 
110.0 

0 

46.2 

41. 7 

9.2 
0 

3.9 

77.0 

0 

381.2 

Contract Hauling 

0 

6.2 
0 

0 

0 
0 

350.0 

. 7. 8 

10.0 
62.5 

0 

0 

0 

436.5 

Rinse Water included in process water for acid recovery plants at 25 gal/ton 
pickled steel. 

Basis: 100,000 tons/yrof steel pickled; 1% iron loss; spent pickle liquor 
composition 8% dissolved iron, 8% H2S04 all figures.in thousands 
of dollars per year (1976 base). 
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One of the major disadvantages associated with regional acid recov(;!ry 

systems is transportation of the waste pickle liquor to the facility. 

Currently, waste pickle liquor is classified as a hazardous material. There

fore, its transport may be highly limited or even restricted in certain 

areas and would be subject to RCRA regulations with attendant costs. Also, 

the rising cost of fuel means that transporting large quantities of waste 

pickle could become fairly expensive. This factor is already being re

flected in the increasing cost of contract hauling. Transportation and 

storage of waste pickle liquor could-be further complicated by premature 

precipitation of ferrous sulfate heptahydrate under cold climatic condi

tions. Heated or insulated vehicles and storage vessels would eliminate 

this potential problem, but would also increase associated costs. 

Another problem that may be encountered with regional facilities is 

the need to segregate waste pickle liquor by source. Since many steel 

picklers use proprietary additives in the pickling operations, the waste 

pickle liquor from each plant will require separate processing. The use of 

such additives makes it essential that a plant receive acid recovered from 

its own pickle liquor because some additives may cause adverse effects in 

a different pickling operation. Therefore, adequate pickle liquor and 

recovered acid storage governed by a strict accounting procedure tracking 

source and final destination will be required. In order to maintain 

flexibility for dumping ineffective batches, it will also be necessary for 

steel picklers to have on-site storage for waste pickle liquor and makeup 

acid. 
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Individually, none of these difficulties is insurmountable; collectively 

the disadvantages of relying on a regional acid recovery facility appear to 

overshadow the advantage of reduced capital cost to the pickling plants. 

BY-PRODUCT MARKET 

Although the economics of acid recovery is not strongly dependent on the 

sale of by-product ferrous sulfate heptahydrate (FSH), proper use of the 

water-soluble crystals is essential for acid recovery to be considered an 

environmentally acceptable method of handling waste pickle liquor. There

fore, a major focus of this study was to investigate the sources of FSH pro

duction and to identify and evaluate current and potential end use markets 

for FSH. 

Comprehensive data for annual production, consumption, and prices for 

FSH are not available. Howevert rough estimates can be made using informa

tion from various sources. The current annual U.S. capacity for FSH pro

duction is about 363,000 tonnes (407,000 tons). Of this amount, approxi

mately 296,000 tonnes (332,000 tons) is manufactured by eight chemical 

companies which act as commercial producers for the U.S. market. 9 Yet, 

as much as 98,000 tonnes (110,000 tons) of this capacity may soon be removed 

from service for various reasons. 10 At present, acid recovery processes 

for pickling operations have the capacity to produce 67,000 tonnes 

(75,000 tons) of FSH, which represents only 18% of the total U.S. capacity. 11 

In addition to current domestic FSH production capacity, an estimated 93,000 

tonnes (104,000 tons) is imported from West Germany, Japan and Mexico. 10 

These figures indicate that the U.S. market for FSH is strong enough for 

imports to absorb the cost of transportation and still be sold at a profit. 
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The market price for ferrous sulfate heptahydrate can vary considerably. 

The current market price for moist (having some surface water) FSH is ahout 

$19 per tonne ($17 per ton). 10 However, in the Midwest, the market price 

for moist FSH by-product from acid recovery processes ranges from $2 to $50 

per tonne ($2 to $45 per ton). 12 Imports from West Germany are usually 

transported up the Mississippi River by barge and marketed in the Midwest for 

approximately $34 per tonne ($30 per ton). 10 Dry ferrous sulfate heptahydrate 

has had the surface moisture removed by a moderate heating process and cur-

rently sells for $101 per tonne ($90 per ton). 1 ° Ferrous sulfate heptahydrate 

can also be converted to the ~onohydrate form by heating. Ferrous sulfate 

monohydrate currently sells for $190 to $224 per tonne ($170 to $200 per ton). 1 0 

At present, FSH is used almost exclusively as a source of synthetic iron 

oxide for the manufacture of pigments, ferrites and magnetic tapes, fertilizers 

and animal feed, and catalysts and for water and sewage treatment. As Table 4 

indicates, the two major end uses are colored pigments and magnetic tapes, 

accounting for 45% and 35%, respectively, of the total .FSH consumption in 

1978~ 3 ,llt 

Table 4. Ferrous sulfate consumption by end use, 1978 and 1972. 13 ' 1 ~ 

1978 1972 

Iron oxide pigments 45% 45% 
Magnetic tapes and f errites 35% 30% 
Fertilizers and stockf eed 8% 12% 
Water and sewage treatment 5% 5% 
Catalysts 3% 3% 
Miscellaneous 4% 5% 

Total 100% 100% 
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In recent years the pigment industry has been a large consumer of ferrous 

sulfate heptahydrate as a source of iron oxides. In 1974, 121,000 tonnes 

(135,000 tons) of iron oxides were consumed in the production of colored 

pigments. 1 s Of this amount, slightly more than half (53.3%) was supplied 

by synthetic (by-product) oxides as opposed to natural oxides derived from 

pulverized iron ore and pyrite cinders. Although the cost of synthetic oxides 

is approximately three to four times greater than natural oxides, the syn

thetic oxides are preferred because they provide a wider range of colors and 

brillance. Furthermore, synthetic oxides function well in water-based paints 

and many natural oxides do not. This factor is important in that a growing 

trend to water-based paints as a means of reducing atmospheric solvent emis

sions will probably mean an increased demand for synthetic iron oxides. 

The use of ferrous sulfate heptahydrate as a source of iron oxides for 

magnetic tape manufacturing has been steadily increasing. Currently, only a 

few companies produce synthetic iron oxide for magnetic recording. Yet, the 

future demand for ferrous sulfate as a raw material in magnetic tape.manufac

turing should be strong. This prediction is based on the fact that the demand 

for magnetic tapes is closely associated with the high technology electronics 

industry, which has been experiencing consistently rapid growth during the 

last two decades. Similarly, the demand for· hard and soft·ferrites in' 

electronics should parallel the growth of the industry. Iron oxides recovered 

from the by-products of waste pickle liquor processing have been used as a 

raw material in producing hard ferrites which are used in permanent magnets. 1 s 

Although water and sewage treatment have typically only accounted for 5% 

of the annual FSH consumption, this particular market represents the greatest 
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area of potential use in the near future. Ferrous sulfate heptahydrate is 

used as a coagulant in the treatment of drinking water, as an additive for 

sludge fixation, and as an agent for phosphorus removal in municipal waste

water treatment. The key potential use for FSH is as an agent for phosphorus 

removal. 

Phosphorus control is considered critical in some bays, coastal areas, 

and drainage basins of lakes. It is especially critical in the drainage 

basins of the North American Great Lakes, which contain approximately 20% of 

the world's supply of surface fresh water. The International Joint Commission 

(IJC) of Canada and the United States established a program in 1978 to mini

mize eutrophication problems in the Great Lakes by reducing phosphorus inputs. 

Consequently, increasing demand for chemicals used in phosphorus removal 

can be expected in the eight states along the Great Lakes. Six of these 

states are also among the top ten steel producing states. Hence, pickling 

plants in this area which use acid recovery could possibly have a fairly 

substantial local market for the by-product ferrous sulfate heptahydrate. 

Currently, several chemicals are being used to remove phosphorus from 

municipal wastewater, including aluminum sulfate (alum), sodium aluminate, 

ferric chloride, ferrous chloride, ferric sulfate, and lime. Of all these 

chemicals, alum and ferric chloride are the most widely used. In the lower 

Great Lakes basins, iron salts and aluminum salts equally share about 99% of 

the chemical market for phosphorus control. 16 Data concerning the types of 

iron salts (e.g., ferric chloride, ferrous chloride, ferrous sulfate) used 

are not available. 
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Although alum and ferric chloride are widely available and well known 

to wastewater treatment plant designers and operators, ferrous sulfate can 

compete both technically and economically with both of these chemicals. 

Technically, ferrous sulfate can reduce effluent phosphorus as effectively 

as commonly used chemicals. Based on FSH chemical analyses (Table 2) intro

duction of other pollutants should be no more of a problem than with other 

chemicals. Other concerns, such as pH changes and metal leakage, are common 

to most phosphorus precipitating chemicals and will depend in some m~asure 

on the proper operation of the treatment facility. Furthermore, storage, feed 

and treatment equipment should not vary significantly for different chemicals, 

so that minimum modifications will be required to switch from alum or ferric 

chloride to ferrous sulfate. 

Economically, ferrous sulfate is a very attractive alternative to alum 

and ferric chloride. Since utilities (electricity), operator time and other 

operating costs are typically low relative to raw material costs, th~ economics 

of phosphorus removal is basically governed by the cost of the treatment 

chemical. Table 5 presents an economic comparison of phosphorus removal by 

different chemicals (exclusive of transportation costs). This comparison 

indicates that use of ferrous sulfate heptahydrate has a reasonable economic 

advantage over the use or ferric chloride and a significant economic advantage 

over the use of alum. However, transportation may add significantly to the 

cost of chemicals, and thus the shipping distance may be the primary factor 

in chemical selection. For states bordering the Great Lakes, transportation 

costs for ferrous sulfate heptahydrate from acid recovery processes should 

be minimal due to the proximity of the pickling operations. 
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Table 5. Economic comparison of phosphorus removal by different chemicals. 

Requirement per Unit of Phosphorus Removed Chemical Cost Pb0sphorus Rc,~,0·1al (nt 
_____ ...:.k:ag:...;/k"'g'--'o:.;:r-.=lb/lb liter/kg (gal/lb) $/tonne ($/ton) $1~-e l~J_!_LJ _____ _ ---~ct=1eJ11J..c3..!_. 

Alum - Al 2 (SO;);•l4.3H 2 0 

Dry - 9 wt % Al ion 

Liquid - 4.4 wt % Al ion 

Sodium Aluminate - Na2Al20; 

Dry - 45 wt % Al203 

Liquid - 26 wt % Al203 

Ferric Chloride - Feel, 

Liquid - 40 wt % FeC1 3 

Ferric Sulfate - Fe2(S0,)3•7H 2 0 

22.2 

8.4 

Dry - 19.5 wt l:: FeJ+ 10.3 

Ferrous Sulfate Heptahydrate - FeS0,•7H20 

Dry - 20 wt X Fe2+ 10.0 

119 (120) 

34.2 (4.1) 100 (110) 

816 (900) 

lO.o (l.2) 272 ( 300) 

10.0 (1.2) 96 (106) 

106 (117) 

68 (75) 

Basis: 1) Metal ion to phosphorus removed weight ratio of 2.0 to 1.0 for all metal ions 
2) 10.0 mg/l phosphorus inlet concentration 
3) <l.O mg/l phosphorus effluent concentration 
4) Phosphorus removal with secondary treatment 

2.93 (l. 331 

5.51 (2.50) 

8.33 (3.78) 

4.96 (2.25) 

1.68 (0.76) 

l.32 (0.60) 

0.84 (0.38) 

Estimating the potential market for FSH by-product in the municipal 

wastewater treatment sector is difficult. Based on a wastewater flow of 

380 liters (100 gallons) per capita per day and a phosphorus removal of 

9.5 mg/l, then the potential market for ferrous sulfate heptahydrate in the 

Great Lakes States is estimated to be 1.0 million tonnes (1.12 million tons) 

in 1985. If all U.S. sulfuric acid pickling operations practiced acid recovery 

in 1985, the estimated FSH by-product generated would be almost 740,000 tonnes 

(830,000 tons). Therefore, the FSH by-product generated by all acid recovery 

sulfuric acid pickl~ng operations in the U.S. (ignoring other FSH end use 

demands) would only be able to supply 73.2% of the total demand for 

municipal wastewater treatment in the Great Lakes area. If ferrous sulfate 

heptahydrate replaced alum and ferric chloride as the most popular chemical 

agent for controlling phosphorus in wastewater effluent, the demand for 

FSH could easily exceed the supply. 
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CONCLUSIONS 

Acid recovery is economically competitive with contract hauling and 

neutralization. A major portion of the overall annual cost for acid re-

covery is due to capital investment. Using regional acid recovery 

facilities to treat waste pickle liquor from several local plants is a 

potential means of reducing the capital investment for any of the partici-

pating plants. However, these regional facilities do not appear practical 

for three reasons. First, transportation costs will be excessive because 

of the large volumes involved and the potential for premature iron salt 

precipitation. Second, processing costs will be increased by the need to 

segregate waste pickle liquor and recovered acid by company in order to 

prevent recovered acid contamination from different proprietary chemical 

additives. Finally, the cost to each steel mill is increased by the need 

to have waste pickle liquor and recovered acid storage facilities ·on-site 

in order to maintain flexibility with regard to spent acid dumping • 
. 

The demand for by-product FSH as a raw material for the production 

of iron oxide pigment could increase more dramatically than historically 

indicated. The cause of this sudden potential increase is two-fold. First, 

almost 30% of the current U.S. FSH production capacity will be removed from 

service for various reasons in the near future. Second, the need to reduce 

fugitive emissions from painting operations will meari an increase in the 

use of water-based paints which require pigments produced from synthetic 

sources such as by-product FSH. Combined, these two factors indicate a 

much stronger demand for by-product FSH in future iron oxide pigment 

production. 
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The potential impact of the municipal wastewater treatment market 

as an end use for FSH is difficult to assesH. Rough c·sllmatcs l.ndlcnL1· 

this potential to be much greater than any of the current demands for FSH. 

For instance, if all U.S. sulfuric acid pickling operations practiced acid 

recovery in 1985, the estimated amount of by-product FSH generat~d would be 

740,000 tonnes (828,000 tons). If all eight of the Great Lake states used 

strictly FSH instead of alum or ferric chloride for phosphate removal, the 

total estimated FSH required in 1985 would be almost 1,000,000 tonnes 

(1,130,000 tons). Therefore, FSH from acid recovery would only be able to 

supply 73.2% of the total demand for municipal wastewater treatment in that 

area alone. Clearly, the potential market for by-product FSH from waste 

pickle liquor recovery is considerable. 

RECOMMENDATIONS 

Although acid recovery represents the only method of recovering and 

reusing the chemical constituents found in waste pickle liquor, only 10% 

of the total spent sulfuric acid pickle liquor generated each year is 

treated by acid recovery. Since pickle liquor recovery is currently not a 

widespread practice, additional studies should be undertaken to evaluate 

the influence of spent pickle liquor composition on the quality of FSH 

by-product and recovered acid. Experience to date indicates that product 

quality has not usually been a problem. However, each pickling operation 

is a unique case and it may be that under certain conditions, recovered 

acid may be unsuitable for reuse, and/or FSH by-product may be unsuitable 

for sale. Therefore, better correlation of data pertaining to pickle liquor 

composition, recovery process operation, and acid and by-product quality 

is needed. 
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Tl1e reuse of by-product FSH i8 a major factor in assessing the 

environmental advantages of using acid recovery. Currently, the demand for 

FSH exceeds supply. Widespread use of acid recovery by sulfuric acid 

picklers could reverse this situation. However, the use of FSH as a 

chemical agent for controlling phosphorus levels in municipal wastewater 

appears to be a largely untapped market. Although limited use of FSH in 

wastewater treatment indicates very satisfactory renroval of phosphorus, use 

at other wastewater treatment plants will probably involve evaluation on a 

case-by-case basis to assess the true removal effectiveness under a number 

of different conditions. This is an important factor in determining if FSH 

can displace alum and ferric chloride as the primary chemical for phosphorus 

control. Such an investigation might begin with a comparison of data from 

previous applications under similar conditions and continue with bench-scale 

laboratory studies or on-site pilot plant testing. 
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ABSTRACT 

The objective of this study was to investigate existing and 

emerging processes for the reclamation of the three largest quantities of 

iron-bearing solid wastes being landfilled by the steel industry--oily 

mill scale, steelmaking dust, and blast furnace dust and sludge. The processes 

considered are designed to remove contaminants to the degree that resource 

recovery (recycle) can be practiced. This paper summarizes the results of 

this study in terms of process identification and description, appraisal 

of the environmental aspects of reclamation including the appraisal of the 

potential for new environmental problems, and considers the economics and 

energy requirements of the various processes. 
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ENVIRONMENTAL APPRAISAL OF RECLAMATION PROCESSES 
FOR STEEL INDUSTRY, IRON-BEARING SOLID WASTE 

by 

A. 0. Hoffman, E. J. Mezey, J, Varga, Jr. 
W. G. Steedman, and R. D. Tenaglia 

Battelle Columbus Laboratories 
Columbus, Ohio 43201 

In September of 1980, the Steel Tripartite Committee(!) report 

was released on Technological Research and Development in the Steel Industry. 

Pertinent to this study are a recommendation and a statement in the 

Tripartite report. The recommendation was that "government support should 

be given to the development of technologies and plant practices for· 

recycling hazardous wastes produced in steel manufacturing". The statement 

was that "environmental and occupational safety and health issues should 

be considered as an integral part of technological research and development 

in the steel industry ••• " 

This paper deals with an environmental appraisal of reclamation 

processes for steel industry, iron-bearing solid waste. This appraisal 

study was funded by the EPA's Industrial Environmental Research Laboratory 

(IERL-RTP) and as an appraisal it is in line with both stated sentiments 

of the R & D Group of the Tripartite Committee. 

TECHNICAL OBJECTIVE AND SCOPE OF THE STUDY 

The overall objective of this study was to investigate existing 

and emerging processes for the reclamation of steel indu.stry iron-

bearing wastes being landfilled. These reclamation processes should 

be capable of extracting and/or eliminating undesirable contaminants to 
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the degree that the processed material is acceptable for recycle. If this 

were possible in operations that did not introduce new pollution problems, 

it would result in a conservation of resources and a decrease in problems 

pertaining to waste management. The term "investigate" in this instance 

included: 
(1) Identification and description of processes including 

capability and mass and energy balances, where available 

(2) Appraisal of the potential for new environmental problems 
that may be part of these existing and emerging processes 

(3) Appraisal of the overall economics of reclaiming and/or 
using approved landfilling for contaminated solid wastes 

(4) General ranking of the processes including identification 
of any remaining environmental problems. 

Definitions and Listing of the Types of Wastes of Interest in This Study 

The U.S. steel industry routinely recycles about 80 percent 

of its solid wastes. <2> The remaining 20 percent is not recycled because 

the material is either (a) nearly worthless, e.g., trash, rubble, and some 

slags, or (b) although valuable, the material is contaminated with troublesome 

elements from either an operational or product viewpoint. 

One viewpoint of metallurgical processing is that it is the 

science/art of separating (by many routes) the desired element(s) from 

the undesirable elements or compounds that are almost always present in 

the starting materials, i.e., the undesirable elements in ores, coal, 

scrap, etc. It is self-evident that there must be an "outlet" for the 

contaminating materials from an operational viewpoint. In .the past, this 

"outlet", generally speaking, was either simple landfilling (dumping) or 

storage, i.e., landfilling awaiting a suitable, profitable reclamation 

process. 
In this report, a reclamation process is defined as a method 

of rescuing a material from an undesirable state. For contaminated materials, 

an ideal reclamation would' economically separate for use both the contaminant(s) 

and the purified basic material for recycle (e.g. to obtain oil and oil-free 

mill scale from oily mill scale). 

This study is focused on reclamation processes for steel industry, 

iron-bearing wastes (now being dumped) which offer the best potential 
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for the greatest recovery of iron and possible valuable by-products (former 

contaminants). Included is iron-bearing electric-arc furnace steelmaking 

dust that are now listed as being hazardous (leachable) when placed in 
ordinary landfills. (J) The waste materials of interest in this study 
are listed in Table 1. 

Introduction to the Reclamation Processes Appraised in This Study 

This paper presents information and appraisals on four specific 

reclamation processes and one general type of a pyrometallurgical reclamation 

process that has many variations. The format for presenting information 

is according to the iron-bearing waste name or type. Two processes, one 

used at Inmetco of Ellwood City, Pennsylvania and the other at Huron Valley 

Steel of Toledo, Ohio, were not included because they were learned of 

too late for inclusion in this study. 

A process is regarded as "existing" if it is, or has been, 

in operation on a plant scale. The designation of "an emerging process" 

is more arbitrary. If a process has reached the pilot plant stage or has 

been tested even briefly on a pilot or plant scale, and there are technical 

reasons for believing that the desired technical results can be achieved, 

it was co.nsidered an emerging process. 

Almost all of the individual processes are the development of 

a single organization or company. For proprietary processes the commercial 

interests of the owners often limited the amount of information that was 

released. 

RECLAMATION PROCESSES FOR THE DEOILING OF MILL SCALE 

Scale is the oxidized surf4ce layer that forms on semi-finished. 

steel during the heating and hot-working operations in rolling mills. 

During the hot-forming operations (multiple steps) the mill scale is 

periodically broken ~way from the steel shape by breaker rolls and/or 

water and steam jets. 
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TABLE 1. STEEL INDUSTRY, IRON-BEARING SOLID WASTES( 2) 
OF INTEREST IN THIS STUDY 

Amounts of Waste 
Landfilled per 
125 Million Tonnes 
of Steel Produced 

Waste (millions of tonnes) 

Mill Scale 1,7 
(67% of total 
is recycled) 

Steelmaking 
Ousts and 
Sludge* 1.8 

(20% of total 
is recycled) 

Blast Furnace 
Dust and 
Sludges** 

(78% is recycled) 
0.75 

Range of 
Iron Content, 

percent 

58 to 70 

45 to 60 

10 to 40 

Reasons For 
Landfilling 

Oil content too 
high for trouble
f ree· recycling 
via sintering 

Zinc and/or 
alkali content 
too high for 
recycl~ng to 
blast furnace 

Contaminated with 
oil and non
ferrous compounds 

* - This represents the amount of landfilled dust and sludges from the pollution 
control equipment on all U.S. steelmaking processes. The total dust 
from electric-arc furnace steelmaking is about 350,000 tonnes or about 
20 percent of the total weight of steelmaking dust collected. 
Electric-arc furnace dust is listed as hazardous because of the leachable 
lead, cadmium, and chromium content. 

** - This represents the 22 percent of the total dust and·sludRe collected at blast 
furnaces which is not recycled. 
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As the scale is broken away from the hot steel it falls through 

the roll tables into a water flume. Also entering the flume are variable 

quantities of lubricating greases and oils from the rolling machinery. 

In the carryout of scale, it passes a series of traps or basins which 

provide an automatic size classification system. The large particles 

with a low oil content are collected at the beginning of the system; on 

the other end of the system, there is an oil sludge in the clarif iers 

which has a small amount of mill scale fines. 

Mill scale is partly oxidized steel and, therefore, contains 

a high percentage of iron (72 to 75 percent), and no or low tramp 

element contamination. Without the oil content that accumulates, and 

looking only at the ~hemical composition, mill scale is a ·much better 

quality iron source than iron ore pellets. 

Generally, mill scale is screened and the coarse fraction is 

used for direct recycle to blast furnaces. Mill scale fines (usually 

less than 4.76 mm (3/16 in.) were almost always in the past recycled 

to the sinter machines for agglomeration with other materials, followed 

by direct return to blast furnaces. In present practice, as indicated 

in one survey, (2) about 67 percent of the mill scale generated is recycled 

and about 33 percent or 1.7 million tonnes (about 1.9 million short tons) 

is landfilled annually in the U.S. because it is too oily for recycling. 

This oil mill scale, if charged to sintering operations, would result 

in air pollution and operational problems. 

An Existing Reclamat!2.!!_lrocess For 
Oil~ill Scale--Thermal Deoiling 

The only commercialized thermal method known for deoiling 

mill scale involves use of the direct-fired rotary kiln operated by 

the Luria Company for the Inland Steel Company. A schematic diagram 

of this process is shown in Figure 1. (4) 

The rotary kiln deoiler is a counter-current reactor in which 

air is drawn from the mill scale exit end. Tije kiln is fired with natural 

gas and in passage through the kiln the mill scale is effectively deoiled 
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from 0.4 to less than 0.01 percent residual oil. Two afterburners 

operating at 650 C (1200 F) and higher are used to assure complete 

combustion of any hydrocarbon vapors unburned in the kiln. The off 

gas from the afterburners is then scrubbed in a venturi scrubber to 

remove particulates. The wet scrubber sludge is added to the deoiled 

kiln product for return to the steel plant. 

Energy Requirement--
The mill scale is received both wet and oily. The total 

energy usage as fuel is 0.22 G cal/tonne (810,000 Btu/short ton) of 

product. About 40 percent of the total fuel consumption is used in 

the afterburners for environmental protection. 

Processing Costs--
. No purchase cost or credits are taken for the lncdming mill 

scale. No toll or royalty charges are considered because this infor

mation is proprietary. 

For a production rate of 100,000 tonnes per year (sized for a 

typical steel plant), with new equipment, it is estimated that processing· 

costs with steel plant labor rates are $35.93/tonne or product ($31.69/net 

ton). This is not an estimate of the processing costs for the Luria 

operation at Inland Steel which is about 5 times larger in capacity. 

The economics of scale are very pronounced ·in rotary kiln opera~ions. 

Environmental Appraisal Summary--
No stack data on emissions from this process were available 

for tb.:is study. However, the emissions can parallel those from '.other 

hydrocarbon-rich so"-rces. If the afterburners on.this process·are 

closely controlled, it is expected. that emission control will be:· accept

able ·and that no new environmental problems will be created. 

An Emerging Reclamation Process for Oily Mill 
Scale--Solvent Washing 

Colerapa Industries (Ravenna, Ohio) has ·a solvent washing 

pilot plant in operation for oily mill scale and mill scale sludge which 

employs the Duval-Pritchard process. Oily mill scale i.s "dry cleaned" 

at a rate of 1.8 tonnes/hour (2.0 ton/hour) using methylene chloride 

(CH2c12) as solvent. This solvent boils at 40 C .(104 F) and has a density 

of 1. 35 g/ml. The process flow sheet for this o·peration is shown in 

Figure 2. This process is claimed to handle mill scale of almost any 

particle size, oil level, or water content, with oil sludge co~t·aining 

584 



U1 
co 
U1 

OILY 
SOLIDS 

HOPPER 

H-1 

BLOCK DJAGRAM -_MILL SCALE DEOILING PROCESS 

EXPOSURE P-1 
TANK 

MIXING 
TANK 

P-2 VIBRATING MIXING P-3 VIBRATING VIBRATING DRYER SCREEN 
CONVEYOR 

SC-1 
SCREEN TANK 

OR 

HYDROCONE 

s-1 

SCREEN 
OR 

HYDROCONE 

S-2 

SOLVENT RETURN SOLVENT RETURN 

EXPENDED 
SOLVENT 
STORAGE 
TANK 

T-3 

EXPENDED 
SOLVENT 
FINE SETTLING 
TANK 

Figure 2. Block Diagram of Mill Scale 

DeC'liling in Duval-Pritchard 
Process 

FRESH 
SOLVENT 
STORAGE 
TANK 

SCREEN 

T-2 

SOLVENT 

c-1 

OIL FREE 
SOLIDS 

CONDENSER 

E-1 STILL 

OIL TO 
STORAGE 



small amounts of mill scale being particularly valuable because of the 

level of recoverable oil in the feed material. 

The path of the mill scale through the process is counterflow 

to that of the solvent. As in ordinary dry cleaning of clothing, with 

discontinuance of agitation following treatment there is a density separa

tion of the solvent, water, and oil at the end of the process. To collect 

final products (dry mill scale, solvent-free water, and solvent-free oil) 

each raw segregation segment is withdrawn and subjected to a heating 

operation to strip out .the low-boiling solvent. Contaminated water is sub

jected to a stripping operation for solvent recovery, and solvent-contaminated 

oil is treated in a still to recover solvent and particle-free oils. 

Material Balance--
Process literature indicates a solvent makeup of 0.6 pound of 

solve~t per ton of product mill scale. If this loss can be maintained, 

the operation could be considered to have an emission rate less than 

that of a well-controlled dry cleaning establishment. 

Energy Requirements--
The process developer takes energy credit for the oil recovered 

and the amount of water displaced and not evaporated. Reported energy 

purchased is 3.3 kwhr/ton for electrical energy and 0.07 G cal/tonne of 

feed (255,000 Btu/ton) for the fuel required for solvent evaporation and 

distillation. 

With the assumption that the incoming scale can average 12 per

cent oil and 14 percent water, the net energy gain (mainly in recovered 

oil) is 1.7 G cal/tonne (6.2 million Btu/ton) of mill scale product. 

Processing Costs--
Costs for removing oils and greases from mill scale by washing 

with a solvent were estimated to be $16.84/tonne or $15.28/ton. This 

assumes a credit for about 30 liters of oil (about 8 gallons) per ton of 

deoiled mill scale produced. 

Environmental Appraisal Summary--
No emission data were available for this process so an evaluation 

of the potential gaseous, liquid, and solid wastes had to be made. 

From the viewpoint of an environmental engineer, solvent vapor 

emissions from this process could be reduced to a·very low level if 

special design considerations are given to solvent emission control in 

terms of equipment design (tightness) and equipment types. For example, 
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efficient condensation of the low-boiling vapors may require refrigerated 

condensers. All exhaust pipes from the system may require activated-carbon 

filters. Favorable to the process is the fact that the listed toxic con

centration for the selected solvent in air is higher than that for most 

commercial solvents that are routinely used. However, the solvent is a 

listed priority pollutant for water and any application of the process 

should include consideration of the environmental significance of residual 

methylene chloride in the water and losses to air and solids. 

RECLAMATION PROCESS FOR STEELMAKING DUSTS 

For U.S. steel production at the rate of 125 million tonnes/year 

(138 million tons), the amount of dust collected annually from the exhaust 

gases of the three types of steelmaking processes totals an estimated 2.2 

million tonnes.(2) Of this quantity, only about 20 percent is recycled and 

about 1.8 million tonnes (2.0 million tons) is landfilled. This estimate 

includes landfilling of about 350,000 tonnes of electric-arc furnace steel

making dusts and sludge that have been listed by the EPA as being hazardous.<3) 

The majority of the steelmaking dust collected is not recycled 

because it contains contaminants that (a) are not removed during any agglo

meration process, and (b) if recycled to blast furnaces (following agglo

meration), would cause operating problems. With regard to blast furnace 

operations, the contaminants of concern are mostly zinc and alkalies. Of 

concern to the EPA are the lead, cadmium, and chromium contents in the 

steelmaking dusts. The source of these contaminants is the steel and iron 

scrap used in every steelmaking process, and the level of hazardous elements 

in steelmaking dust depends on the amount and type of scrap used in a parti

cular steelmaking operation. Practically speaking, electric-arc steelmaking 

furnaces use 100 percent scrap charges and the steelmaking dusts collected 

at these furnaces can contain hazardous contaminants to levels of 4 percent 

lead and 0.05 percent cadmium. High chromium-content levels in steelmaking 

dusts are usually restricted to dust.collected in alloy and stainless steel 

processing. 
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"Greenballing"--The Reclamation of Steelmaking 
Dust by Recycling to Steelmaking Furnaces 

The literature in the 70's described a reclamation/recycle 

approach for contaminated steelmaking dusts which consisted of pelletizing 

the finely divided dust and recycling the pellets back to any steelmaking 

furnace. The term "greenballing" was used because the pellets had not been hardened 

but were "green" or freshly made. 

In a steelmaking furnace charge, the iron oxides in green pellets 

are used as a substitute for iron-ore pellets and are utilized in slag 

formation and melt cooling. The zinc, lead, cadmium, and perhaps some 

alkalies in the scrap plus the reducible nonferrous oxides in the 

green pellets are reduced and some are vaporized, and collected in the standard 

dust collection equipment. Assuming complete collection of the volatile nonferrous 

oxides and no losses to the slag or molten steel, the nonferrous content 

in the steelmaking dusts should rise steadily during green pellet 

recycling. In theory, after· a number of recycles, the nonferrous content 

in the steelmaking dust could be high enough to warrant periodic diversion 

of this dust to a nonferrous smelter. The continual buildup in zinc content 

in the collected dust during recycling has not occurred, indicating ·that 

there is a bleed from the system. 

Discussions with personnel at various steel companies indicate 

that (a) the failure of the zinc content in the dust to steadily increase 

during recycling remains a mystery, and (b) all companies contacted · 

have curtailed or discontinued reclamation via greenballing. Some 

companies indicate that greenballing has been curtailed because of the 

present low level of steel production and because of the increase in sulfur 

content in the steel upon· recycling steelmaking dusts. 

It is assumed that greenballing 'is being technically exami.ned 

by steel companies for·. a more complete understanding and/or improvement. 

This process was therefore included in this study. The flow sheet of 

Bethlehem Steel's greenballing process is given in Figure 3.(S) As indicated 

in the foregoing text, the material balance on greenballing is being 

investigated. There is no information of the total energy requirement 

for this approach. 
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Processing Costs--
An estimate of processing costs for greenballing is about $36.50/ 

tonne. If a credit is taken for the iron content in the green pellets as 

compared to that in commercial oxide pellets, the production costs nearly 

break even with the value of the greenballs. 

Environmental Appraisal Summary--
Inasmuch as lead and cadmium normally vaporize with zinc when 

reduced with carbon or carbon monoxide, a balance of these elements must be 

obtained to determine the environmental impact of any losses or bleeds. 

The fact that very finely divided compounds may be very difficult 

to completely recover from a large volume of exhaust gas causes concern. 

RECLAMATION PROCESS FOR BLAST FURNACE SLUDGE 

The top gas stream from almost all blast furnaces is passed 

through a series of dust collectors. In a first stage, mainly coarse 

dust is removed in a simple dust catcher (expansion chamber) and the 

dry dust consists mainly of fine particles of ore, flux, and coke. If 

the alkali content is not too high, this coarse dust is recycled through 

the sinter plant. The carbon content in the dust serves as a sintering 

fuel. 

The second and third stages of gas cleaning consist of wet 

collection of fine particles. These are collected as a slurry which is 

subsequently dewatered to a sludge holding 20 to 25 percent water. Sixty 

to seventy-five percent of this dust is 44 microns or less in particle-size 

diameter. 

In some blast furnaces, about 75 percent of the zinc that enters 

the blas~ furnaces in ore or in sinter reports to the blast furnace sludge. 

Continu~us recycling of 'this sludge would result in an overload of zinc 

in a fur.nace, and operating problems would develop. Steel plants are 

landfilling this sludge when the zinc and alkali contents are considered 

too high for recycling. 
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About 22 percent of the blast furnace dust and sludge collected 

in the United States is not recycled to in-plant sintering operations. 

At least some of this dumping occurs because some steel plants do not have 

sintering operations. 

Hydroclassification For DeZincing Blast Furnace Sludge_ 

In Japan, the lead and zinc content of some blast furnaces sludge is 

higher than that reported in the United States. The lead content can 

reach a level of 0.7 percent and the zinc content can reach 7 percent. (6) 

In 1974, Nippon Steel Corporation and Kowa Seiko Co. (a nonferrous 

processing company) began a joint study on utilizing nonferrous metal

bearing blast furnace sludge in processes "other than pyrometallurgical 

reduction". (6) The zinc and lead contents ~ere found to be concentrated 

in the finer particle-size portion of the sludge. For example, about 80 

to 90 percent of the lead and zinc compounds are concentrated in the 

portion of the sludge that is smaller than 44 microns in particle-size 

diameter. No plant data are available on the particle-size distribution 

of the alkali metals. 

A wet classification system was then developed to separate 

out the nonferrous-bearing portion of the sludge to permit recycling 

of the "cleaned" portion. Laboratory and field tests indicated that the 

desired separation or beneficiation could be accomplished by means of 

hydroclones. The action of hydroclone equipment on a slurry is analogous 

to passing a gas and dust mixture through a dust-collection cyclone. In 

both instances, classification by centrifugal forces occurs. 

By 1977, the wet-classification reclamation method for blast furnace 

sludge was in plant operation at the Kamaishi Works in Japan. The flow sheet 

of this process is shown in Figure 4. (6) At the Kamaishi Works, the 

slurry from the dust cleaning systems on 2 blast furnaces is adjusted 

591 



Blul· 
furnace 
aas 

,__ __ _ 

------. 

Circulation 
Wltl'r pit 

Hydronepclone X6 unit& 

Siphonic pr-e 

control valve 

L:~ 1 
waled 
tank 

Vacuum drum 
filler 

[QJ 
I 
I 
I 
I 
I 
I .. 

Filter preta 

HoPPtt 

-..,.- : I.ow-zinc dutt Hi11h-11nc d111t 

Water for pa cleanine Underflow tank : J 
: and dlllt collection I Sinll'ring 

L-------------~~~!~ ______________ i _______________ t ________ l 

Figure 4. Flow Sheet of the Blast Furnace Sludge Processing Method 
at the Kamaishi Works in Japan 

592 



with water to have a 5 to 15 percent dust concentration. This slurry 

is passed through 6 parallel, upgraded versions of hydroclones. Each 

hydroclone has 75-nun (3-in.) inside diameter and the flow rate through 

the hydroclones is in the range of 20 to 100 !/minute (5 to 25 gal/minute). 

The overflow slurry contains about 75 percent of the zinc in 

the feed material (and presumably most of the lead) and totals about 

25 percent of the feed weight. The underflow contains about 83 percent 

of the original contained iron and 77 percent of the contained carbon. 

The underflow stream is filtered and is granulated into mini-pellets 

for use as a sinter strand raw material. The use of these high-carbon 

pellets reportedly resulted in a decrease of 2 kg (4.4 lb)/tonne in the 

use of coke breeze in the sintering operation. 

The overflow material is allowed to settle and is then dewatered 

in a filter press. This nonferrous-bearing portion contains about 18 

percent iron, 13 percent zinc, and 23 percent carbon. No infonnation was 

obtained on the subsequent processing and the subsequent sale or disposal 

of this material. 

Nippon Steel Company has indicated that while they are successful 

in reclaiming blast furnace sludge by wet beneficiation, they have not 

as yet been successful in using this approach to separate nonferrous 

compounds from steelmaking dusts. 

Material Balance and Energy Requirement--
This classification operation is purported to be a very simple 

process with essentially 100 percent recovery of the original wet-collected 

blast furnace sludge. Relative to the other reclamation processes, the 

energy requirements for this process are considered negligible. 

Processing Costs--
No attempt was made to estimate the low processing costs of this 

reclamation operation. The Japanese author labeled the development "an 

epoch-making resources utilization technique". From what is known of the 

process, it appears to be a "real winner". It can and is being used to 

recover iron and nonferrous values from landfilled blast furnace sludge 

storage. It would appear that this physical-separation reclamation process 

has the potential of being the starting point for eliminating the need to 

landfill about 750,000 tonnes of sludge annually in the United States. 

593 



Environmental Appraisal Summary--
It is anticipated that the bleed streams of waste water would 

have to be treated to remove the cyanide and water soluble organics. Such 

treatment technology is currently practiced by the industry. 

It was judged that the emissions from this process appear con

trollable and there is no reason to believe that the process would intro

duce any new environmental problems. 

PYROMETALLURGICAL, COREDUCTION RECLAMATION PROCESSES FOR RECLAIMING 
MILL SCALE, STEELMAKING DUSTS, AND BLAST FURNACE DUSTS 

In Japan, there are seven or more rotary kilns in operation 

that reclaim steel industry, contaminated iron-bearing wastes. In 

this paper these processes are called coreduction operations because the 

contained iron oxides are reduced to value-added, direct-reduced iron 

(metallized iron) while some of the nonferrous oxide contaminants are 

also reduced. In this instance the reducible and volatile nonferrous 

elements are vaporized and are collected by means of the exhaust-gas 

dust collection system. 

Within the various rotary kiln operations in Japan there are 

five different process variations of only minor importance to this 

study. Only the Kawasaki process is described and appraised here because 

it is the newest operation (1977) and presumably has the latest in 

dust collection equipment. 

In the United States, the rotary kiln, coreduction approach 

for the reclamation of various iron-bearing wastes was examined and 

tested by Inland Steel and Heckett Engineering in ;ne late 60's and early 

70's. <7> To minimize future operating costs, the.planning in this 

instance called for the'use of a very large kiln for reclaiming wastes 

from four different steel plants in the Chicago area. No plant was 

ever built because the economics did not appear to be favorable and 

cooperation between competing steel companies was difficult to obtain. 

However, domestic interest in kiln reduction/reclamation continues. 
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Over the past decade, several process developers in the United 

States have been active in testing and promoting their approaches to cold 

bonding waste materials for recycling to blast furnaces. These approaches 

are substitutes for sinter agglomeration and differ from normal sintering 

or iron-ore pellet induration in that they use only a small amount of 

process heat. The most active cold-bonding technique developers are the 

PelleTech and Reclasource Corporations. PelleTech uses the Michigan 

Technological University (MTU) hydrothermal process. In this instance, 

the binding reactants are hydrated lime and silica that are activated 

for bond formation by autoclaving pellets for 1 to 2 hours at 2068 KPa 

(300 psig) steam pressure. Reclasource uses a pitch or asphalt binder 

addition and the agglomerates (briquets) are cured at about 260 C (550 F) 

to form a carbonaceous bond. 

The early thrust of the PelleTech and Reclasource efforts was 

to (a) agglomerate mainly valuable mill scale, and (b) begin testing 

of their recycle agglomerates in blast furnaces to prove the strength of 

their agglomerates to potential buyers. This study, is concentrated 

on reclamation and not on recycling methods. However, by extension, 

the cold-bonding approaches show promise of agglomerating contaminated 

waste materials (such as steelmaking dusts) for input into some pyrometallurgical 

reclamation process. Reduction of cold-bonded agglomerates of contaminated waste 

materials in kilns, rotary hearths, or shaft furnaces would be akin to 

the coreduction practices developed by Inland Steel, Kawasaki Steel, 

and others, i.e., the products would also be direct-reduced iron (or smelted 

iron in a cupola operation) and by-product nonferrous oxide dusts. 

The advantage claimed by both cold bonding organizations is 
·i' 

that they are in a position to include (and retai.ul carbon inside of their 

agglomerates (during cold bonding). This will result in a much faster coreduction 

of the agglomerates upon heating. Faster, that is, thaq any coreduction 

using coke or char external to the pellets to produce the necessary 

carbon monoxide reducing gas. Technically speaking, the "high-speed" 

advantage claimed by the cold bonders has been well established. This 

technical advantage has yet to be translated into an economic advantage, 

but the odds appear favorable that it can be done. However. process speed 

only affects pyrometallurgical coreduction reclamation in the area of 

processing cost. All other appraisal factors for pyrometallurgical 

reclamation processes are about the same. Therefore, only the Kawasaki 
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process and the environmental appraisal common to all coreduction 

processes are discussed here. 

Kawasaki Rota!Y Kilnt Coreduction Reclamation 

The newest "dust-reducin~" plant installed by Kawasaki Steel 
(1977) is at the No. 2 plant in Chiba, Japan. The installation is 

rated at 1000 tonnes/day of material feed. This feed consists of pellets of 

combined blast furnace dust and sludge, oxygen steelmaking dust, and 

sinter dust. A generalized flowsheet for this plant is shown in 

Figure 5. 
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Kawasaki Steel avoids the need for drying sludge by blending dry 

and wet materials (and by using supplementary, dry, fine iron ore when nec

essary). No information is available on the quantities and range in quantities 

of each waste material introduced into the process. Normally no binder 

is used. A grate preheater (downdraft) is positioned ahead of the kiln 

to dry and heat-harden the pellets of waste oxides. Pellet heating is 

done by means of the exhaust gases from the rotary kiln.Recent information 

indicates that the grate kiln heats the pellets to 1000 C (1,830 F) before 

they enter the kiln. The variation and level of the carbon content in the 

preheated pellets are not available. 

The ne'tol Kawasaki kiln is 4 meters in diameter (16.5 feet) and 

55 meters long (180 feet). The auxiliary heat is supplied with a heavy

oil burner positioned on the discharge end of the kiln. This burner is 

~apable of firing 3,000 l/hour (793 U.S. gal/hr). Product recovery is 

about 600 tonnes/day. The feed to the kiln is a mixture of pellets and 

coke breeze. The coke breeze is used as a fuel and a source of reducing 

gas. The consumption rate of coke breeze is about 305 kg/tonne of product 

(610 lb/net ton of product). The operating temperature in the kiln 

is in the range of 1,100 to 1,200 C (2,000 to 2,192 F). No information 

was attainable on the gas velocity in the freeboard zone of the kiln interior. 

(See Environmental Appraisal.) 

During passage through the kiln, the iron burden is metallized 

to the range of 90 to 95 percent. Also during coreduction, about 95 

percent of the contained zinc is reduced (and blown out). Lead elimination 

is about 95 percent and elimi~ation.of alkalies is about 50 percent 

(also blown out). The metallized-iron product contains about 0.3 percent sulfur 

and 15 percent gangue, which minimizes the possi!)ility of using the 

product in steelmaking. 

The exhaust gases from the kiln pass through the grate 

preheater, through a water atomizing tower (to lower the gas temperature), 

and then through a huge electrostatic precipitator. It was not possible 

to obtain many details on the operation of this gas cleaning system. 
(8) 

According to one source, the typical composition of the 

kiln exhaust dust of the Kawasaki coreduction kiln is as follows: 
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Element Weight Percent 

Zinc 14 

Lead 4 

Iron 26 

Carbon 18 

Sulfur 1 

Sodium 1. 7 

Potassium 1.9 

Kawasaki Steel states that this dust has little or no value to a buyer 

and is disposed of to the nonferrous industry. The above powder can be 

considered to be a low-grade zinc concentrate contaminated with iron. This 

problem of iron contamination of the nonferrous byproduct collected was 

also reported by Holowaty in 1971.<7> 

Material Balance--
Kawasaki Steel Corporation has not published material balance 

data on their coreduction rotary kiln process. Of interest in a material 

balance would be the volume and composition of the off gases, as well 

as the dust loading in the off gas. 

Energy Requirements--
The reported total fuel requirement per tonne of product.is in 

the range of 3.5 to 4.2 G cal/tonne. This is equivalent to 12.6 to 15.1 

miliion Btu/net ton of product or about 18.6 to 22.3 million Btu/net 

ton of metallic iron in the product. About one-third of the total fuel 

requirement is in the form of heavy fuel oil 9 and the remainder is coke 

breeze. 

The zinc content of. the pellets charged to the Kawasaki kiln 

is less than 1 percent and the fuel requirement for the reduction of the 

contained zinc and lead oxides is therefore negligible, i.e., the l~sted 

fuel requirement is almost entirely for the reduction of the iron oxides 

in the waste materials. 

Process Costs--
To a major 

duction process would 

SAVINGS + 

(Avoiding 
landfilling) 

steel plant, the total reclamation costs using a core

be made up of the elements in the following equation: 

VALUE OF PROCESSING TOTAL COST 
PRODUCTS COST = OR PIOFIT 

(Metallized iron+ 
Nonferrous dust) 
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Dealing with each element of cost in the preceeding equation, estimates 

were developed as shown in the following paragraphs. 

Obtaining estimates for the cost of regulated landfilling proved 

to be a problem. Firm data on this topic may not as yet have been developed. 

Oral statements by steel company personnel place the 1980 landfill costs in 

the area of $94 to $100/tonne ($85 to $90/net ton), with multiplying in

creases expected in subsequent years. This cost level was somewhat confirmed 

by inquiries made to connnercial landfill companies who are quoting a minimum 

price for regulated disposal at 4¢ per pound, delivered. 

The maximum possible theoretical value of the iron content in 

metallized iron is equal to the selling price of the iron in high-quality, 

direct-reduced irqn. Direct-reduced iron is listed for sale at $130/tonne or 

$116/net ton. Discounting for the lower iron content in the coreduced 

product brings the theoretical value (based on iron content only) 

to about $97/tonne ($88/net ton). However, metallized iron containing 

high gangue and sulfur is not suited for steelmaking operations and can 

only be recycled to blast furnaces. While it is a fact that high-quality 

direct-reduced iron charged to blast furnaces both decreases the specific 

amount of coke required per ton of product and increases the furnace 

production rate; the gangue in the coreduced product has heat requirements 

that act counter to these gains. As a judgment, the value of high

gangue, metallized pellets to a blast furnace is expected to be about 

$70 to $80/tonne or $63.50 to $72.50/net ton. 

The by-product nonferrous oxides collected during any coreduction 

operation are not expected to have any value because of the high iron 

content (and related low zinc content) and objections to the presence of 

alkalies, chlorides, and other contaminants. Because disposal of this 

exhaust fume is also a problem, procedures (probably hydrometallurgical) 

will have to be developed to upgrade this material. Based on this expectation, 

no negative value was taken for the mixed nonferrous oxides. 

Processing costs are estimated to be $126/tonne or $115/net ton. 

This is for a plant producing 100,000 annual tonnes of metallized ·product, . 

starting with a total of 133,000 tonnes of waste materials. All unit costs 

are taken from published information, including the average employment cost 

of labor in the steel industry at $19.11/manhour. Labor requirements are 

taken from Kawasaki information. 
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Total Costs or Prof it 

Repeating the basic equation: 

SAVINGS + 
VALUE OF 
PRODUCTS 

and filling in the derived numbers: 

(1.33 x $94) + $80 

PROCESSING 
COSTS 

$127 

- TOTAL COST 
OR PROFIT 

• $78/tonne of 
product ,profit 

$70/ton of product, 
profit. 

The element that causes the result to show a profit is the savings of 

$125/tonne of product in not landfilling the wastes. Stated another way, 

if there were no substitute for the coreduction processes and the assumed 

savings in avoiding the cost of regulated landfilling are factual, the 

processing cost of a coreduction reclamation process could reach the 

level of $205/tonne of product and theoretically "break even". 

The data base for the above presentation of costs is weak and 

conditions did not permit any detailed cost analyses. However, the 

expected increased cost of landfilling will act as an incentive toward 

developing suitable reclamation processes. 

Environmental Appraisal of Coreduction Operations 

Information from Kawasaki Steel indicates that the flue gas re

leased after the electrostatic precipitation contains between 0.001 and 

I 3 0.03 g Nm of dust. Lead oxides, cadmium oxides (and presumably zinc 

oxide), and organic particulates (hydrocarbons) are below "identification 

limits". 

As effective as the collection of particulates in the Kawasaki 

process appears to be, it may or may not be suffic;:iently effective .to meet 

the U.S. primary ambient air quality standards for lead and particulate 
3 3 emissions of 1.5 microgram/m and 75 micrograms/m respectively--as measured 

at the plant property line. 
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The nonferrous metal emission from a coreduction process 

is likened more to that of secondary lead (or zinc) recovery processes 

in the United States. In these recovery processes the amount of stack 

gas being treated is about one-tenth the flow rate being treated in 

the Kawasaki process. This fact and the probable low concentrations 

of dusts in the effluent ' as well as, the 200 c temperature of the gases 

entering the electrostatic precipitator, suggest a potential for poor 

collection efficiency of the nonferrous metal dusts (98 percent recovery 

claimed). 

The fuel used in the Kawasaki process is heavy oil of unknown 

sulfur and ash content. Because of the high temperatures in the kiln 

and grate preheater, hydrocarbons in the exhaust gas from the fuel oil 

burner and volatile matter in the coke are expected to be consumed. 

Insufficient information was available .to make environmental 

assessmentsof coreduction operations. However, it was judged that 

these coreduction operations have the potential for unacceptably high 

nonferrous metal emissions. It is believed that this potential exists 

because of (a) the extreme fineness of the ~on-ferrous fume, and (b) the necessity 

to remove a small amount of fume from a very large volume of exhaust 

gases. The stack gases from coreduction operations should be measured 

to determine environmental acceptability for the United States. 

The judgment on the environmental aspects of coreduction 

operations holds for all coreduction operations in which lead, cadmium, 

zinc, and alkalies are vaporized from the charge. Neither the method 

of waste agglomeration nor the method of heating the agglomerates has 

any bearing on this vaporization. The same vaporization would occur 

in rotary hearth furnaces and in shaft furnaces, including smelting 

of the agglomerates in cupolas. 
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PROCESS RANKING AND CONCLUSIONS 

The reclamation processes considered and appraised in this 

study are ranked based on a criteria listing that includes: 

• Waste-processing capability 

o Consideration of possible environmental problems 

• Overall reclamation economics 

• Energy considerations 

Following the outline of this paper, processes are classified by the 

type or types of waste that they can reclaim. The general ranking of 

these processes in qualitative terms is given in Table 2. 

Conclusions 

(1) Within the reclamation processes that can only reclaim 

oily mill scale, the emerging solvent-washing process may 

have apparent advantages in terms of: 

(a) Being able to process materials having a wider range 

of oil-to-scale ratios 

(b) Having a lower estimated processing cost primar:l.ly 

because it recovers oil instead of requiring oil 

or natural gas as fuel. 

Because of the low boiling temperature of the solvent used 

in the solvent-washing process for mill scale, it may be 

necessary to include refrigerated condensers and traps 

to hold solvent emissions to an acceptable level. 

Given controlled operation of the afterburners in the 

rotary kiln, mill scale deoiling methoq; there is 

no concern about acceptable emission control or the 

development of any new environmental problems. 

(2) ·Based on the limited information that is available on the 

Japanese physical classification process for blast furnace 

sludge, this process appears to have the attributes of a 

winning. process in terms of: 
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°' 0 
w 

Ranking Criteria 
Waste-Processing 

Capability 

Process Type 

Status 

Environmental (l) 
Considerations 

Econollic 2 Considerations( ) 

TABLE 2. GBNEHAL RAHKIHG OF RECLAMATION PROCESSES FOR. OILY HILL SCALE, 
STEELHAKIHG DUSTS, B~ FUIDL\CE SLUDGE 

Kill Scale 
Only 

Rotary 
Kiln 
(Pyro) 

Exist
ing 

(+) 

Moderate 
Cost 

Solvent 
Washing 

Emerging 

(+] 

Low 
Cost 

Steel malting 
Dusts Only 

Greenballing 
(Pyro) 

Once Existing 
Now in Abeyance 

[OJ 

Moderate 

Blast Furnace 
Sludge Onb 

Physical Separa
tion 
(Wet Classification) 

Existing in Japan 

(+) 

Very Low Cost 

All Wastes (Kill Scale, 
Blast Furnace, and Steel
making Dusts and Sludges 

Pyrometallurgical 
Co reduction 

Existing in Japan. 
May be emerging in USA 
with cold bonding 
agglomeration. 

[OJ 

High Cost, Profitable 
only by avoiding expensive 
landfilling 

Energy R.equirements Moderate Very Low Low lieglible High 
(Fuel (Oil 
Used) lecovered) 

(1) A (+] rating--Froa the information available about the process and the technology available to control related 
emissions, the process is judged favorable. 

A [OJ rating--Limited data on process and emission composition. It is judged that insufficient iaformation is 
available to make enviromaental appraisals without further data. 

(2) At a stated miniaim cost of future landfilling of $100/tonne of waste, or DK>re, all of the above processes 
are profitable on an overall basis when expensive landfilling is 'voided. The qualitative judgment listed 
refers to processing costs. 



(a) Eliminating the need for landfilling 

(b) Being a true reclamation process in the recovery of 
iron and carbon units in one stream and concentrating 
(for further treatment) the nonferrous contaminants 
in the overflow stream 

(c) Introducing no environmental problems 

(d) Having a low processing cost and low ene~gy requirement 

(e) Being retrofittable to the dust and sludge processing 
systems of existing blast furnaces. 

(3) Unfortunately, there is ho known emerging process(es) 

geared to the simple reclamation of steelmaking dusts. 

The simple 4pproach of recycling pelletized steelma.king 

dusts to steelmaking furnaces (greenballing) apparently 

requires further development because this method is 

not being practiced at this time, 

Research and Development is definitely needed for reclamation 

methods that will suitably process only steelmaking dusts. 

Particular emphasis should be given to electric-arc 

furnace (EAF) steelmaking dusts--the one type of steelmaking 

dust that is listed as being hazardous. While EAF dusts 

are high in recoverable nonferrous resources, they unfortunately 

are low in iron content and very high in near valueless and 

relatively inert gangue content. With these characteristics, 

these dusts do not necessarily represent good feed material 

for any coreduction operation. The answer to the resource 

recovery from EAF dust is expected to be some new in-plant 

process that is economical on a small scale and is capable of 

recovering zinc compounds and removing or rendering · 

harmless the hazardous nonferrous components. Favorable 

to any proc~ssing cost will be the savings in avoiding both 

landfilling and possible shipping costs. To the best 

of our knowledge no reclamation process for steelmaking . . 

dusts that is based on physical classification has been 

successful. However, further research efforts in this 

direction are suggested. 
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(4) There are existing and emerging processes that can process 

all of the iron-bearing wastes of interest to this study (mill 

scale, some steelmaking dusts, and blast furnace dust and 

sludges.) 

All of these processes are pyrometallurgical coreduction 

operations. The existing processes use rotary kilns 

and the e~rging processes are also considering shaft furnace 

smelting in cupolas and shaft furnace solid-state reduction 

(direct reduction). All of these pyrometallurgical processes 

reclaim contaminated wastes by vaporizing some of the 

contaminating nonferrous metals in wastes. Vaporization is 

followed by burning the volatilized elements and then stripping the 

finely divided fume_ (mainly oxides) from a lari;te volume of exhaust 

gas. Until stack sampling data become available, it is 

necessary to be concerned about whether pyrometallurgical 

coreduction processes can meet the present standards for 

lead emissions and the future standards for cadmium emissions. 

Coreduction processes might eliminate the potential of 

a water pollution problem but could need further emission-control 

developments to avoid an air pollution problem. 

(5) It would appear that for future reclamation processes for 

steel industry, iron-bearing wastes; methods other than 

pyrometallurgical reductions have greater Appeal in terms 

of lower processing costs, fewer (if any) environmental 

problems, lower energy requirements, and possibly less 

sensitivity to the economics of scale. With the advent 

of low-cost, near-ambient temperature reclamation processes 

for mill scale and blast furnace sludge, a simple reclamation 

process for steelma.king dusts is becoming a definite need. 
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HANDLING AND DEOILING OF ROLLING MILL SCALE 

AND SLUDGE--A PROFIT CENTER FROM A PROBLEM 

L. A. Duval 
President, Colerapa Industries, Inc. 

Ravenna, Ohio 

"Hazardous Waste" is a classification which has recently been 
expanded to include significantly more steel mill waste streams. 
Oil laden rolling mill scale and sludge is one type of waste which 
has been included in this now broader category. Management of these 
oily wastes has always been a difficult problem for the steel indus
try, but the EPA's new regulations make the problem even more com
plex. 

Disposal costs have been soaring and will continue to do so 
as currently used sites are exhausted and more remote locations 
must be secured. Future water quality standards will probably 
result in a further increase in waste disposal costs. 

The high iron content of oily wastes has long been recognized 
as valuable, but increasingly stringent air quality regulations 
have all but eliminated their reuse in sintering facilities. 
Agglomeration techniques have also been generally unsuccessful 
because of the oil content of these sludges. The many obstacles 
to their reuse;.combined with the costs and complexities of 
disposal, create a complex problem for the steelmaker. 

Colerapa Industries has developed a technique for dealing 
with waste sludges which affords the steelmaker a most attractive 
alternative to an otherwise bleak situation. The Colerapa system 
starts with oily waste handling at the point of initial collection, 
using proprietary equipment to hydraulically excavate and trans
port these sludges. A process system is then utilized ~hich 
separates the iron units from the hydrocarbon contamination. 

The complete process provides the steelm~ker with five 
specific benefits: 

607 



1) Greatly improved solids collection efficiency. 

2) Elimination of the problems normally associated with 
sludge excavation and transportation. 

3) Significant, and in some instances, total, waste volume 
reduction. 

4) Production of a high quality iron source, suitable for 
use in any agglomeration operation. 

5) Recovery of oil from the reclaimed mill scale for reuse 
as fuel. 
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INTRODUCTION 

The subject of this paper is the patented Duval-Pritchard 
handling and processing technology as it relates to the recovery 
of iron values produced during Rolling operations at Steel Mills. 

The description given in this paper is of a Two Ton Per Hour 
Pilot Plant racility used to develop the necessary design criteria 
for full scale operating plants to recover the iron values. These 
values vary in size and are mixed with oil and water. The mate
rial recovered is in the form of clean, dry iron oxide suitable 
for recycling back to an agglomeration operation and oil suitable 
for use as a fuel. 
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HANDLING AND DEOILING or ROLLING MILL SCALE AND SLUDGE 

All steel mills put steel slabs through a hot form rolling 
process. On a daily basis, valuable iron units are lost in every 
facility in the world. 

THE PROBLEM 

Throughout the hot strip rolling process, the slab, sheet, 
bloom, billet, or bar is being oxidized, cooled and washed with 
a high pressure water spray. When the hot steel is exposed to 
oxygen in the air, as well as the wash water, ,a layer of iron 
oxide is formed on the surf ace of the steel being rolled. This 
layer of oxides is called "mill scale" or simply, "scale". 

As steel is rolled, this layer of.scale is broken away and 
replaced by a new layer. Generation or this new scale occurs 
each and every time the size or shape of hot steel is changed. 

As scale breaks away from the steel, it falls through the 
roll tables into a flume, or sewer, through which high velocity 
water is flowing. In addition to the scale and water, a large 
amount of lubrication greases and oils from the rolling machinery, 
along uith other mill debris, find their way into the flume. The 
larger scale pieces become coated with oil while finer particles, 
water, grease and oil combine to form a sludge. 

These combined materials pose a serious water pollution 
problem if they are discharged into a waterway. In order to con
trol this pollution, settling pits and basins are used to collect 
these sludges and prepare the water for reuse or discharge. Much 
has been done ~uring recent years in the design and construction 
of these collection facilities to increase collection efficiency. 
In addition, terminal treatment facilities have been constructed 
and installed in an effort to upgrade the quality of water at the 
discharge from collection pits. 

These terminal facilities include lagoons, and filtration 
units. However, as with any collection facility, efficiency remains 
high only as long as the syst~m is relieved of what it collects. 
Once collected, the sludge presents a double probl~m; how to relieve 
the collection facility, and what to do with the removed material. 
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EARLIER PRACTICE 

Traditionally, scale drags, ejectors, and mobile cranes 
equipped with clamshell buckets have been used to remove materials 
from the collection facility. When these practices are used, the 
larger solids are removed and trucked to the mill for reuse in the 
iron-making operation. The smaller and more concentrated particles 
(which are more difficult to handle), found in the terminal lagoon 
and filter backwash, are disposed of by dumping in land fills. 

The required installation of air pollution control systems 
at agglomerating facilities in the iron-making operation, has 
posed neu problems involving the hydrocarbon or oil carryover. 
Thus, more of the total scale is unacceptable for reuse. 

The basic concept used in the design of settling pits and 
basins is to create a quiescent body of water that slows the 
highly turbulent sewer Flow, allowing the waterborne solids to 
settle, while permitting tha lighter oil in the water to rise to 
the surf ace. Problems have arisen in the use of the traditional 
systems in that the quiescent conditions are disturbed during. 
the excavation of the ncale and sludge. The conventional approach 
to managing these sludges, then, is not a satisfactory solution 
t.o the problem. 

HYDRAULIC EXCAVATION· or THE MILL SCALE 

The development of Hydraulic Excavation Technology involved 
engineering equipment specifically designed for the variety of 
sizes and shapes of .scale pits. The Hydraulic Excavator provides 
the quiescent conditions in the scale pit so necessary to promote 
the settling of solids as well as enabling oil to rise to the 
water surface for skimming. The lower turbulence resulting from 
hydraulic excavation increases the efficiency of the scale pit and 
reduces the load on the te~minal water treatment facility. The 
result of this technology is reduced capital expenditure in scale 
pits and/or filters at the terminal treatment facility. The 
excavated material, uhich contains louer amounts of oil due to 
the reduced contact betueen the oil and the particles, is separate~ 
at the pit sitd by use of hydroclones and classifiers, while the 
water used in transportation of the solids is returned to the 
influent end of the scale pit. 

DEOILING THE MILL SCALE 

Development of this process of daoiling mill scale started 
years before the present emphasis on air emission and hazardous 
waste management began. It was evident that materials handled 
hydraulically were more free of oil than those handled uith 
clamshells and drags. A uater washing method was developed which 
extenda:I the period that the mill scale was exposed to uater. This 
resulted in the continued attrition or the oil from the particle and 
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the production of a solid product with substantially lower oil 
content. Oils removed by this water wash process contain sub
stantial amounts of water and very fine particles and have 
limited use without additional treatment. 

Further improvements were made to the system through the use 
of detergents and alkaline solvent solutions; however, great care 
in reclamation of the water uas required not only from the stand
point of the cost of these additives but also because of the 
carryover affects on the mill uater. 

The ultimate improvement was the development of the Ouval
Pri tchard process to convert hazardous hydrocarbon laden steel 
mill wastes to oil for use as a fuel or to be recycled, and to 
high grade iron concentrates for reuse in steelmaking. 

The system is able to treat materials that are: 

a) stockpiled 
b) sludge-like and higher in oil and water contents 
c) smaller sized 

OESCRIPTION or DUVAL-PRITCHARD SOLVENT EXTRACTION SYSTEM 

This slide shows a process schematic of the pilot plant. 
The plant contains all planned recycle streams and will produce 
a totally deoiled mill scale product, plus a recovered oil product. 
Solvent recovery Facilities are also included in the pilot plant 
design. 

The mill scale is deoiled in two mixing stages of solvent 
washing, with a counter-current solvent flow. The two stages of 
solvent washing are followed by a.solvent rinse to insure total 
deoiling. Spent solvent is evaporated and recovered for reuse in 
the process. 

The mill scale is first fed into a hopper (H-1) with a front
end loader. The scale is transferred to an exposure tank via a 
screw conveyor~ In the exposure tank the mill scale is slurried 
with spent solvent and pumped to the first stage mixing tank (MT-1). 
This mixin9 tank is an agitated vessel which provides total wetting 
of the mill scale with the solvent/oil solution. The mill scale 
slurry is then transferred f rorn this first stage mixing ta~k to a 
second stage mixing tank through a transfer pump (P-2). 

In order to achieve a good counter-current washing effect, 
the solids must be de-wetted between the first and second mixing 

· stages. This is achieved in a hydroclone ( S-1), i·n which the 
solids are de-wetted and sent to the second stage mixing tank. The 
liquids are then returned to the first stage mixing tank along with 
Llw ova rf lou from tho. second 3 tage mixing tank. 
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The second stage mixing tank (MT-2) is also agitated to pro
vide complete wetting of the mill scale with a lean solvent solu
tion. After mixing, the slurry is transferred to another hydro
clone (S-2) which de-uets the solids. The solids then receive a 
final rinse on a vibrating screen (S-3). The liquids from S-2 
flou back to the second stage mixing tank along uith the rinse 
liquids from S-3. 

The deoiled solids, with some entrained fresh solvent, are 
transferred from the rinse screen to a dryer (D-1) uhich has a 
steam jacket and steam heated screu. In this dryer, the solvent 
is vaporized and removed from the mill scale, leaving a dry, 
uarm scale which is transferred to a product pile through a screw 
conveyor (SC-1). Vapors from the dryer are sent to a ~ater
cooled condenser, uhere the solvent is re-liquef iad. The liquid 
solvent then f lous to the fresh solvent storage tank (T-2). 

The oil rich solvent from the first stage mixing tank rlous 
to the spent solvent fine settler tank (T-1). In this tank the 
fines settle to the bottom and the uater contained in the ~ill 
scale floats to the top. The uater is removed through a side
mounted drain and the fines are recycled to the process. The 
spent solvent is transferred to a spent solvent storage tank 
{T-3). The spent solvent storage tank adds surge capacity to the 
system and also gives one final stage for ueter separation from 
tre solvent. 

The spent solvent is recovered as follous: It is sent, on 
a batch basis, to an evaporator (D-1) which is steam jacketed; 
steam is supplied to the evaporator which boils off the solventt 
leaving oil in the liquid phasei solvent vapors are condensed in 
the uater cooled condenser (C-lJ and sent to the fresh solvent 
storage tank. The oil is pumped to oil storage. 

Each storage tank is sealed in order to minimize evaporation 
losses of the solvent. A package boiler system provides ~team 
for the dryer and the evaporator. 

The following is an example of the process energy balance 
based upon a typical' analysis of materials recovered from the 
rolling mill waste uater of .steel mills. Iron oxides from 3/8" 
size to +400 mesh are typically found in such material. 

The range of analysis for the three major components of the 
material is as follows: 

Oil and grease 

Iron oxide particulates 

Water 
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Content by w~ight in % 
.s% 35% 

45% - 98% 

4% - 30% 



A weighted industry average analysis is as follows: 

Oil and grease 12% 
Iron oxide particulates 74% 

Water 14% 
If this material is to be used in a Sinter Plant briquetter 
or pelletizer for agglomeration, the ideal specif !cations 
would be: 

Oil and grease 
Iron oxide particulates 

Water 

0% 
100% 

0% 
Note: The iron oxides in these wastes have a total Fe value 

of 72.4%, and an oxygen value of 27.6% 

A typical analysis of iron or~ concentrates as mined and 
processed by the principle iron ore producers in 62% re \Jith 7% 
Si02, 28% 02, and 3% other ingredients, including water •. 

The Duval-Pritchard process makes possible the recovery of 
the oil and grease, and the elimination of water from these 
hazardous wastes. The solids are, therefore, an ideal source of 
iron units. 

The following is a calculation of the results of processing 
the industry average sample of material. 

RAW FEED 
Oil and grease 
Iron oxide particulates 

Water 
TOTAL 

ENERGY INPUTS 
Electrical energy in BTU's = 
3.3 KW/Ton X 3413 BTU/KW = 

Heat Required 
a) Distillation of expended 

liquid solvents = 105,000 
,b) Evaporation in dryer 

12% = 
74% = 
14% • 

240#/Ton 
1480#/Ton 

280#/Ton 
2000#/Ton 

11,300 BTU/Ton 

BTU 

Cycle = 45.000 BTU 
Total Heat 

TOTAL ENERGY INPUT 
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ENERGY CONSERVED 

Oil recovered 
240# @ 18,500 BTU/# 
Water displaced (not evaporated) 

200# @ 1,000 BTU/# = 
Total Energy Conserved 

NET ENERGY PICK-UP 

Total Direct Energy Conserved 
Less Process Energy Required 

Net Direct Energy Pick-up 

4 9 440,000 BTU/Ton 

280,000 

4,720,000 BTU/Ton 

4,720,000 BTU/Ton 

- 161,300 
4,558,700 BTU/Ton 

Additional energy savings augment the benefits of this process 
are as follous: 

1, Si02 content of ore concentrates must be eliminated in 
the Blast Furnace Slag, which requires heat. The process 
produces concentrates uith no Sio2 content, 

2. Water content in the use of conventional ore results in 
a sensible heat loss. No water is contained in tha 
Finished product. 

3. The elimination of other contaminants found in conven
tionally processed ore uses energy, This extra energy 
is not needed in the process, as there are no other 
contaminants presont. 

4, The use of the iron concentrate from the system_Teducas 
the amount of ore that must be mined. 

·s. The energy required to transport mined ore is l•~sened 
as thai ore requirement is reduced. 

6. Energy is also conserved in the reduced handling~and 
managing of ·dumps to which these wastes are now being 
committed. 

ECONOMICS or THE PROCESS 

Direct values derived from each ton of raw material (oily 
solids) fed to the process, Contents: 88% solids~ 12% oil. 

Market Values Solids 
Oil 

616 

S 27/Ton 
s.so/gallon 



Values from Solids 
S27 x 88% 

Values from Oil 
...J.2 x 2000#/Ton 

6.s#/Gallon x 

Estimated Disposal Cost/Ton 

Total Values/Ton 

Less Estimated Process Costs/Ton 

.so/gal • 

• 

Net Direct Benefits of the Process 

123.76 

18.46 

4.50 

146.72 

9.50 

137.22 

The addition of the dollar savings of using the waste instead 
of disposing of it is a direct benefit of the process. Since the 
disposal costs vary with each location, the total benefits uill be 
reflected by the difference in the actual disposal cost at the 
specific location. 
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CONCLUSION 

This paper concerns a process for steel mill use to recover 
the oil and mill scale from environmentally hazardous material 
produced in rolling mill operations. 

The system has no negative environmental impact. 

The value of the process is directly proport~onal to the 
magnitude of the problem. A large quantity of oily waste can be 
converted from a costly hazard to a valuable material if the 
system is utilized. The use of hazardous uaste to make valuable 
resources is a conversion of a negative to a positive factor in 
all rolling mill operations • • • • a problem to a prof it. 
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SYMPOSIUM SUMMARY: Closing Remarks 

Robert V. Hendriks 
Symposium General Chairman 
Industrial Environmental Research Laboratory 
U.S. Environmental Protection Agency 
Research Triangle Park, NC 
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Closing Remarks 

Robert V. Hendriks 
Industrial Environmental Research Laboratory 

Research Triangle Park, NC 

During the past few days we have discussed a wide range of environmental 
topics relating to the iron and steel industry. We have heard discussions 
of advances in technology that have been made, of problems that are re
maining, and of new problems emerging. 

In his keynote address, EPA Assistant Administrator, Bill Drayton gave us 
a brief inside look at the way regulations are developed and described some 
of the Agency's efforts to develop regulations that will ensure adequate 
environmental protection at the lowest possible cost. Flexibility in re
gulations provides a positive incentive for developing better pollution 
control equipment and techniques. 

The opening session also gave us some insight into an area given little 
attention during last year's symposium - innovative technology. Mr. 
Hollowaty of Inland Steel described the environmental aspects of a 
continuous coking process and Mr. Hirschhorn gave results of an Office of 
technology Assessment study describing potential new steelmaking tech
nology (particularly, direct reduction), indicating important environ
mental considerations. 

In the Air Session, we saw an emphasis on fugitive emissions, a relatively 
unknown area only a few years ago. Several years from now, we will likely 
have papers in areas where there is little work today, such as control of 
volatile organics and development of methods to improve the reliability of 
control equipment. 

In the Water Session, emphasis was on the major water source - coke plants. 
We had papers on theory, design, and operation of biological treatment 
plants for cokemaking wastewaters. The most fruitful research area for the 
future appears to be in recycle and reuse of the large quantities of water 
used in the steelmaking process. 

The Solid Waste Session was the briefest of all, although certainly no less 
important. 'As the air and water problems get solved and as RCRA is 
implemented, a greater emphasis will be put on disposing and using the 
materials removed from the waste streams. 
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I am particularly gratified at the significant attendance at the sym
posium, despite the current poor economic climate, and the lively 
discussion that has taken place. This is a strong indication of the 
interest of all of us in improving environmental control in the steel 
industry. The significant progress within the last year in controlling 
pollution problems is also an indication of the rewards possible through 
cooperative discussions, planning, and research to improve environmental 
control in the steel industry. Only in this cooperative spirit will it be 
possible to develop the technology required to meet the industry's 
environmental control needs in a cost effective manner. 
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