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ABSTRACT

The basic objective of this program was to apply current reverse
osmosis technology to the treatment and demineralization of secondary
effluents, The development of commercial modules and systems has made
it possible to determine operational problems that might be encountered
with secondary and activated-carbon-processed secondary effluents and
to seek solutions for these problems. Two parallel reverse osmosis
systems were operated with 50 sq ft spiral-wound reverse osmosis
modules. A comparison was made of results obtained with activated
sludge effluent versus activated-carbon-treated activated sludge
effluent, standard flux membrane modules versus high-flux membrane
modules, and large (45-mil) brine spacer modules versus small (22-mil)

brine spacer modules.

Severe fouling problems were encountered almost immediately upon
starting operation with both feeds. Previously developed cleaning
procedures proved generally ineffective. A technique utilizing an
enzyme-based detergent was developed, which restored performance.
Rejection of organic carbon, nutrient, and salt with high-flux membranes
was very good, and the product water quality was not greatly different
than that of the product water produced with standard-flux, high-
selectivity membranes. At the same time, the quantity of product
water produced over an extended period such as three years can be

expected to be substantially more.
Except for a greater pressure drop across modules made with small

brine spacers, there was no appreciable difference in performance between

modules made with large or small brine spacers.
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INTRODUCTION

This is the final report by Gulf General Atomic Incorporated on
Federal Water Pollution Control Administration (FWPCA), U. S. Department
of the Interior, Contract 14-12-181, "Waste Water Reclamation by Reverse
Osmosis'", covering the one-year period from July 1, 1968, through

June 30, 1969.

Reverse osmosis appears to have great potential for removing water
of potable or near-potable quality from secondary waste-water effluents
and industrial wastes. Pollution control, by itself, will generally not
require water of the quality that can be produced by this method, but the
fact that the product water may be suitable for direct reuse, or reuse
with minor additional treatment, could be important in making this process
economically feasible. The high membrane packing densities available in
the spiral-wound module concept and the economies attainable with factory

fabrication of modules should make this design a desirable approach.

Gulf General Atomic undertook a program to support and extend the
pilot-plant work on water renovation that had been initiated at the
Los Angeles County Sanitation Districts Pomona facility. The specific
aims of the program were (1) to evaluate the capability of the state-of-
the-art, desalination-oriented, reverse osmosis technology to treat
waste water, (2) to achieve modest extensions of the present technology,
as required, to accommodate waste-water treatment and to achieve a rapid
payoff with respect to demonstrated capability, and (3) to gather the
data necessary to allow a subsequent rapid inﬁroduction of the technology

into the fields of waste-water treatment and reclamation.



It was recognized that a complete investigation of the possibilities
offered by reverse osmosis would require a broad program, including the
study of completely new membrane materials and configurations, and it
was not proposed to venture into these fields at this time. The effort
was to be directed at adapting the best of present saline conversion
technology to the waste-water field rather than to develop an entirely
new technology. This approach, with the expenditure of some additional
effort, offered the possibility of accelerating the usefulness of a new,

advanced concept of waste-water treatment.

The studies previously conducted at Pomona have served to define
some of the limitations of the direct application of the desalination
module to waste-water treatment. The earlier experiments had a low
level of funding support and proceeded quite slowly since progress was
further complicated by mechanical difficulties of the early systems.
Improvements in the modules and solution of mechanical problems made it
possible for the County Sanitation Districts of Los Angeles County to
conduct an extended reverse osmosis experiment on activated-carbon-treated
secondary effluent. This, in turn, made it possible to consider the

proposed study.

Essentially, the program consisted of the following: (1) design,
construction, and installation of additional field-test facilities at
Pomona, (2) a comprehensive series of short-term (500 to 700 hr) ex-
periments in the new test facilities, and (3) direct and laboratory
support of the short-term field experiments and of the longer-term
testing that the County Sanitation Districts would be conducting in
the 5000-gpd reverse osmosis pilot plant at Pomona. The program was
directed toward an assessment of the state of the art of reverse osmosis
technology and of operational problems that might be encountered. A
computer program available at Gulf General Atomic could be used to assist in
the analysis and interpretation of test results. Laboratory and test

facilities were available at Gulf General Atomic for detailed evaluations



of module and membrane parameters and for experiments in support of the
field evaluation. Any new components or techniques developed from the
laboratory support program were to be considered for incorporation under

field conditions in the proposed new field-test program.

It was not expected that this program, because of the relatively short
runs and because a number of variations in modules and operating conditions
were included, would do more than set up the parameters for an extended
program to provide reliable data upon which to base design, construction,
and operation of full-scale reverse osmosis water renovation systems.

The economics of large plants can be proven only by large-scale tests.
Although much information along these lines could be gained from the
operation of brackish water plants, the special problems associated
with processing waste water require that a waste-water program should
ultimately include the design and construction of full-scale plant
modules, in the range of 0.1 to 0.5 mgd, of a plant having a capacity
of 1 to 10 mgd.



EXPERIMENTAL FIELD OPERATION

The site selected for this study of the application of reverse
osmosis to waste water reclamation or tertiary treatment was the Pomona,
California, Water Reclamation Plant of the County Sanitation Districts
of Los Angeles County. This plant has become the location for several
important studies in advanced waste treatment by the Sanitation Districts
and the Federal Water Pollution Control Administration. The facility
at Pomona has long played a significant role in water reclamation

studies.

The plant itself is basically a conventional activated-sludge plant
into which has been built some flexibility that permits introduction of
variations in operation that may make the effluent more suitable for
subsequent processing. It is located adjacent to the major trunk sewer
that conducts the wastes of the surrounding community to the central Los

Angeles County system.

Raw sewage is pumped from the trunk sewer and treated at the activated
sludge water reclamation plant, the effluent from which is used in a number
of pilot plant studies. This permits the treatment facilities to operate
under virtually constant hydraulic loading and with minimum variations in
organic and nutrient loadings compared with conventional systems. This in
turn enables the Pomona plant to operate under relatively constant and prob-
ably optimum loading. Primary and waste secondary sludge are returned to
the trunk sewer and, in case of deterioration in treatment for any reason,
operation can easily be controlled to assure a rapid return to satisfactory
conditions. The feeds for the reverse osmosis units consisted of secondary
clarifier effluent from the activated-sludge facility and the same effluent
after it had been processed through a granular-activated-carbon adsorption
system. Typical characteristics of the feeds are shown in Tables 1, 2,

and 3.



TABLE 1

MINERAL ANALYSIS OF REVERSE OSMOSIS STREAMS FROM
ACTIVATED-CARBON-TREATED SECONDARY EFFLUENT FEED

Feed* Brine Product
Mineral Content, mg/l
Calcium (Ca) 68 196 0.8
Magnesium (Mg) 12 34 1.5
Sodium (Na) 128 328 14
Potassium (K) 11 35 1.3
Carbonate (C03) 0 0 0
Bicarbonate (HC03) 41 67 22
Sulfate (SOA) 85 245 0
Chloride (Cl) 260 720 15
Nitrate (N03) 1.7 4.2 0.8
Orthophosphate (POA) 22 56 0.56
Total phosphate (POA) 27 76 0.6
Fluoride (F) 0.4 5.7 0.3
Boron (B) 0.5 0.7 0.4
Silica (SiOz) 33 85 3.0
Iron (Fe) 0.02 0.07 0
Manganese (Mn) 0 0 0
Hardness (CaCO3) 220 630 8
Total alkalinity (CaCOB) 34 35 18
Total dissolved solids
At 105°C 756 2152 24
At 180°C 672 1756 16
Electrical conductivity,
micromhos/cm at 25°C 1140 2860 104
pH 5.8 6.2 5.7
Turbidity, Jackson units 0.55 0.83 0.27

*
Acidified feed.



SUMMARY OF CHEMICAL ANALYSES OF FEED (F), PRODUCT (P), AND BRINE (B) AT POMONA

TABLE 2

(Unit I, Phase I11; operated on activated-carbon-treated secondary effluent)

Total COD (mg/1l) | Dissolved COD (mg/1) NO,-N (mg/1) NH,-N (mg/1) PO, (mg/1) TDS (mg/l)
Date F P B F P(a); B F | p | B | F | P | B F ol P B Fo| P B

1/21/69 10.1 0.0 20.8 8.7 -—- ‘ 16.3 5.2 0.6 6.6 10.6 2.3 18.5 18.5 0.2 36.5 578 63 1047
1/23/69 9.8 { 1.0 . 26.3 9.4 ) === 25,7 2.1 ] 1.0 4,6 | 13.7 | 2.9 | 33.6 | 29.0 | 0.12 | 85.0 | 635 39 979
1/28/69 | 13.0 | 0.8 | 28,0 11.0 | --- | 26.4 9.4 | 4.2 ; 17.0 2.2 1 0.5 5.4 | 29.0 | 0.12 | 63.0 | 674 96 | 1605
1/30/69 | 11.7 | 0.0 | 27.9 9.5 | -=—={ 24.6 | 13.3 | 4.5 | 25.5 1.2 | 0.4 6.0 | 26.51{ 0.23 | 69.0 | 594 18 888
2/4/69 --= ——— == —-—- me— | =—- 0.8 | -~ 1.1 ——— | - e 35.5 1 2.0 53.0 | 620 79 956
2/6/69 16.7 | 0.0 | 26.0{ 12.9 | ---{ 22,0 2.5 ) 0.3 0.6 | 19.2 | 2.8 | 24.0 | 27.0 | 0.33 | 49.0 | 492 40 562
2/11/69 ) 15.4 | 1.0 | 23.9| 13.8 | --- | 23.3 1.8 | 1.2 1.9 | 20.2 | 3.0 | 28.4 § 34.0 | 0.4 54.0 | 616 | 104 976
2/13/69 | -— ——— == —— ——— ] e 0.7 | 0.2 0.3 | 17.8 | 1.2 | 29.6 | 27.0 [ 0.1 43.5 { 675 52 | 1051
2/20/69 | 4.4 | 1.0 | 21.2} 13.2 | ~-- ! 18.6 | 19.3 | 6.5 | 26.2 1.8 1 0.1 2.4 | 24,0 | 0.12 | 48.0 | 599 44 | 1003
2/25/69 | -—- —— | == - ——— | - 21.8 { 7.1 | 34.8 | —— e -— D — 502 28 680
2/27/69 5.5 0.0 18.5 6.0 - 12.0 ——— — —— - — — —_— — - 722 106 1500

NOTE: Samples were taken and analyzed by LACSD personnel at their Pomona facility.

(a)

Product water COD samples run for total COD only.



TABLE 3

SUMMARY OF CHEMICAL ANALYSES OF FEED (F), PRODUCT (P}, AND BRINE (B) AT POMONA

(Unit II, Phase III; operated on secondary effluent)
Total COD (mg/l) |Dissolved COD (mg/l1) NO,-N (mg/1) NH ;=N (mg/1) PO, (mg/1) DS (mg/1)
Date F P B F | p® B F P B F P B F P B F P B

1/21/69 | 38.5 | 1.8 | 79.7| 21.6 | --- | 51.2 8.1 1.9 | 15.2 9.3 1.4 4 20.1 | 17.0 | 0.7 | 40.0 | 603 | ~-- | 1333
1/23/69 | 37.6 | 0.4 | 84,7 25.1 | -—— | 59.4 6.7 2.0 | 13.0 | 11.0 1.4 1 25,9 | 31.0 | 0.18} 76.0 | 525 69 | 1570
1/28/69 40.4 5.8 69.2 28.2 ——— 53.6 9.4 5.7 16.9 1.4 0.5 3.8 29.0 0.6 54.3 784 99 1248
1/30/69 | 42.0 | 0.4 | 72.3| 23.0 | -—- | 45.2 |16.5 5.3 | 23.0 1.7 0.2 3.1 { 27.3 | 0.15 48.5 | 321 74 668
2/4/69 ~—= —_—— ] === - —— ] —— - _— | - -—- ——= | - 36.2 | 1.4 | 49.2 | 549 72 974
2/6/69 39.5 | 1.8 | 52.7| 25.6 | --- | 33.4 1.2 0.5 1.4 | 16.4 2.0 | 21.1 | 22.0 | 0.03|29.5 | 452 38 687
2/11/69 | 40.5 | 2.0 | 53.1| 27.1 | == | 32.3 3.9 1.6 4.6 | 18.2 2.8 | 24,1 | 36.0 | 0.4 | 48.0 | 646 60 864
2/13/69 -—= ——- —-—- - -— -—— 2.0 1.3 2.7 17.4 13.8 21.4 26.5 0.1 35.5 703 33 910
2/25/69 | -—- ——— | -—— - —— ] - 18.7 | 10.8 | 17.5 0.4 0.8 1.2 1 24.0 | 0.2 | 35.0 | 530 63 659
2/27/69 | 53.0 | 0.5 | 61.5} 30.4 | --- | 37.9 |22.3 8.1 | 25.8 | === -— | - — el 713 | 160 608

NOTE: Samples were taken and analyzed by LACSD personnel at their Pomona facility.

(a)

Product with COD samples rur for total COD only.



TEST EQUIPMENT

The reverse osmosis equipment used in the study was essentially a
production model; this nominally rated 10,000 gpd unit is shown pic-
torially in Fig. 1 and schematically in Fig. 2. Additional instrumentation
and piping were installed in order to permit gathering as much information
as possible. Two 10,000 gpd units (Units I and II) were provided, each
identically equipped and piped so that secondary effluent or carbon-~column
effluent could be supplied to either one unit or to both units at the
same time. Each system was equipped with six 4-in.-diameter Schedule 40
pressure vessel (tubes); each vessel could hold up to three of the current
3-ft-long spiral-wound modules, each containing a nominal 50 sq ft of
membrane area. Pressure and flow were provided by three submersible
multistage centrifugal pumps connected in series. The pumps were housed
within 4-in. Schedule 40 pressure vessels and mounted on the same frame
as the reverse osmosis module vessels. The pumps provided a 9 gpm feed
at 800 psi. Provision was made to obtain product and brine samples and
flow measurements from each pressure vessel, as well as total samples
for the whole unit. Pressure differentials could be measured across
each tube. Gas feed chlorinators and chemical proportional feeders for
feeding acid and pretreatment additives were provided. A pH controller
was used on each unit to control the acid used for pH adjustment of the
feed. The loops were also piped so that it was possible to flush the

modules easily with an air-water mixture.

Initially (Phase 1), the pressure vessels were arranged in a parallel-
series combination, i.e., the feed flowed through three tubes in parallel,
to two tubes, to one tube (3+2+1). This configuration was used with the
high-selectivity, standard-flux membrane modules,”which had an initial (1 hr)

b

water permeation coefficient A of about 1.5 x 10"~ g/sq cm-sec-atm.* (See

Appendix.)

5

*Water permeation coefficient A of 1.0 x 10~ g/sq cm-sec-atm =

8.64 gal./sq ft-day at 600 psi net pressure.

8



PRODUCT SAMPLE PRODUCT MANIFOLD

PUMP VESSELS (3)

FEED MANIFOLD

FEED

LC59771
Fig. 1. 10,000-gpd ROGA reverse osmosis system
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Fig. 2. Process and instrumentation diagram



During Phase II, the reverse osmosis units were loaded with high-flux
modules [A (1 hr) = 2.25 x 10_5 g/sq cm-sec-atm]. Only four of the module
pressure vessels were used, and the array was changed to 21+l since the
desired nominal flow could be produced with only twelve modules rather than
the eighteen required by the 3+2+1 array. The tubes are placed in a parallel
series arrangement in order to maintain the fluid flow and turbulence through
the modules great enough to minimize concentration polarization at the

membrane. (See Appendix, p. 109.)

Following the third field experiment, Unit I was modified so that a
portion of the brine or concentrate could be recycled through the unit
(see Fig. 3). Studies at the laboratory of Gulf General Atomic had shown
that a brine flow of 3 to 4 gpm through the modules was required in order
to minimize concentration polarization and maintain flow conditions through
the modules which would produce favorable performance. With flows of less
than 3 gpm through the modules, the net effect is to impair product-water
quality and to increase the probability of membrane fouling and pre-
cipitation of marginally soluble salts. This is further aggravated with
high-flux-membrane modules, which require 4 gpm brine flow. In order to
maintain 3 gpm through the 10,000 gpd units, as originally equipped at
Pomona, the water recovery rate for the initial phases of the study was
limited to 67% or less. This is short of the project goal of 80 to 90%
water recovery. By recycling a portion of the final brine to the feed
to maintain brine-channel turbulence, it was possible to attain water
recoveries approaching 90%. It should be recognized that recycling of
the brine increases the dissolved solids concentration of the feed, thus
raising the osmotic pressure slightly and changing the dissolved solids
content of the product water slightly. 1In other words, once recycling
is introduced into a small reverse osmosis pilot plant of the type
utilized here, the results do not correspond exactly with what can be
expected overall from a large reverse osmosis plant; however, the experi-
mental results do simulate what can be expected from the downstream
one-half or one-third of a large plant. (See Appendix, pp. 83-86.) At
the end of the fourth field experiment, Unit II was also modified by

adding a brine recycle pump.

11
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Fig. 3. Schematic diagram of brine recycle system



The operating pressure selected for the field experiment was 600 psi.
This pressure is the normal operating pressure for which Gulf General
Atomic reverse osmosis loops operating on brackish water have been rated.
The equipment, as designed, can be operated at a pressure as high as 1400 psi,
however. Based on previous operational experience, 600 psi represents
the best compromise of system efficiency and membrane properties for
extended life and operation of the system on water containing less than
10,000 mg/1 TDS (total dissolved solids). Flux decline, due to compaction
of the cellulose acetate membrane substructure at 600 psi, has been shown
to be low enough so that economical water fluxes can be maintained for

periods in excess of three years.

At the beginning of the fifth field experiment, the pressure vessels
of Unit II were changed from a horizontal to a vertical orientation. This
variation was introduced because from examination of modules after cleaning
studies, there was reason to believe that some advantage both in cleaning
fouled modules and in controlling fouling might be realized from placing
the modules in a vertical operating position. Sediment dropped out rapidly
from modules removed from the loop and placed in a vertical position in
water. Postmortemed modules that had been subjected to air-water flushing
in a horizontal position showed bands of dirty and clean membrane which
were related to position. The dirty bands were at the bottom of the
module and the clean bands at the top; separation of the air and water
was occurring, which limited the cleaning effectiveness. 1In addition,
although the anti-telescoping devices also act to center the modules,
there is some evidence to show that when a seal failure occurs, it does

so at the top of the seal when the module is placed horizontally.

13



PRETREATMENT

The two feeds available for study at the Pomona Water Reclamation
Plant, as noted already, are the effluent from a standard municipal
activated-sludge waste-treatment plant and the same effluent after it
had been processed through the granular-activated-carbon-column pilot
plant at Pomona. The carbon columns produced an essentially well-filtered
feed for the reverse osmosis study. During earlier studies at Pomona,
markedly reduced fouling of the modules and membranes was observed when
the feed had been treated by granular activated carbon. This had originally
been attributed primarily to filtration, but data obtained during the
course of this study show a correlation between the chemical oxygen

demand (COD) of the carbon-treated feed and membrane fouling.

Two small, pressurized sand filters (Crystaleen Model C-6) with a
surface area of 3.1 sq ft, each, piped in parallel, were included for
removing gross particulate matter from the activated-sludge-plant effluent.
They were used for only a short interval since it was felt that the purpose
of the project was to investigate processing secondary effluent without
pretreatment. The use of gross screening filters requires further consideration,
however, because small particles resembling minute grease balls are to
be found in even the most well-treated secondary effluents and these particles

may cause plugging of the upstream face of the modules.

The effluent from the activated-sludge plant was delivered chlorinated
with about 2 mg/l combined residual. Carbon-treated effluent had no chlorine
residual since it was rapidly dechlorinated by the activated carbon.
Accordingly, the carbon-column effluent was rechlorinated before introduction
into the reverse osmosis unit to give approximately 2 mg/l combined residual.
Chlorination inhibited the growth of slimes within the modules as evidenced

by the postmortem examination of both chlorinated and unchlorinated modules.

14



The pH of the feed was adjusted to 5.0 * 0.5 with hydrochloric acid. There
are several reasons for adjusting the pH of the feed, the most important of
which are prevention of precipitation of calcium carbonate in the modules
and prolongation of membrane life. At pH 5.0, virtually all carbonate al-
kalinity has been removed; and the hydrolysis rate of the cellulose acetate
ester from which the membrane is formed is at a minimum. The rate of hy-
drolysis increases exponentially above and below this range. Above pH 8
and below pH 2, the rate of hydrolysis of the cellulose acetate membrane

is such that replacement of the module would probably be necessary in less

than one year of operation, resulting in excessive costs (see Fig. A-10).

There is an additional requirement for pH adjustment to 6 or less
when treated waste water is processed, particularly where the original water
source is quite hard. The concentration of orthophosphate, POA’ ion in
secondary effluent can be expected to be of the order of 30 to 50 mg/l.
CaHP04-2H20 solubility is about 200 mg/l at 25°C. Even with only 67%
water recovery, the concentration of calcium phosphate may exceed saturation
in the boundary layer. Precipitates of calcium phosphate, CaHPOa, and
calcium phosphate double salts have been found in the modules when pH
control has been lost. Calcium phosphate solubility increases rapidly

below pH 6 when the equilibrium shifts toward monocalcium phosphate,

Ca(H2P04)2’ so that pH adjustment is an effective scale-control technique.

It was originally proposed that a threshold inhibitor (Cyanamer P-35)
would be added to the feed to inhibit the precipitation of calcium
sulfate and eliminate this source of interference to the project. After
operating the equipment for a short period with the Cyanamer P-35, it was
decided to eliminate its use since sulfate and calcium concentrations in
the feed were low enough that saturation with calcium sulfate would
not be reached at the water recoveries anticipated in this study. 1In
Table 1 an analysis of a typical feed and brine at Pomona shows that it
would require a more than 10X concentration of the feed to approximate
saturation of calcium sulfate. Laboratory studies had already shown that
neither sodium hexametaphosphate nor Cyanamer P-35 were effective in in-

hibiting the precipitation of dibasic calcium phosphate.

15



FIELD EXPERIMENTS

The field experiments outlined in Table 4 represented the consensus
of Gulf General Atomic and the County Sanitation Districts of Los Angeles
County as the most meaningful steps that could be taken to develop informa-
tion on the capability of reverse osmosis systems to treat waste waters
of the types encountered at Pomona. The list of experiments was modified
to that shown in Table 5 during the course of the work on the basis of
the results of previous tests and by mutual agreement between the FWPCA,

Gulf General Atomic, and the Sanitation Districts.

On the basis of earlier testing at Pomona, a daily air-water flush
of each test unit was incorporated as a standard operating procedure.
This consisted of a 2-min tap water flugsh at line pressure (60 to 75 psi)
followed by a 3-min flush of tap water with compressed air (60 to 90 psi)
added. This procedure was repeated three times in succession. The purpose
of this flush was to minimize the buildup of any material within the

module and thereby minimize fouling problems.

Early in the second phase of the test program, a cleaning technique
was discovered that has had a significant impact on reverse osmosis
performance. This was the demonstrated ability to clean the system
using a solution of a commercial enzyme preparation. Initially, the
units were flushed (closed loop) with a solution of 10,000 mg/l of BIZ*
for 50 min at ambient temperature. After this flushing, during which
time a considerable amount of particulate matter was removed from the
system, each loop showed approximately 207 increase in product water
flow. The development and results of the cleaning procedure are covered

in a later section of this report.

*BIZ is a Proctor and Gamble enzyme-containing laundry presoak product.
Mention of commercial products does not imply endorsement by the Federal

Water Pollution Control Administration.

16
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TABLE 4

PROPOSED EXPERIMENTS

Test
Experiment | Unit Feed Treatment(a) Flushing Membrane(b) Spacers | Array Comments

1 I Carbon- Continuous Air/water A Large Series To evaluate relative system per-
column Cl, at2 mg/1| 15 min/day formance on carbon effluent and
effluent secondary effluent, using large

spacers and highly selective mem-
I :;gzzg:zy gintizﬁfus /1 ?gr/vafzr A Large Series branes. Although each unit will
22 mg min/day be operated at high recovery (>80%)
sampling ports will be provided to
allow an evaluation of performance
at lower recovery as well.

II I Carbon- Continuous Air/water A Large Series | To evaluate relative system per-
column Cl, at2 mg/l| 15 min/day formance operating on carbon efflu-
effluent ent, using high~ and intermediate-

selectivity membranes. As before,
I Carbon Continuous Air/water c Large Series the units will be operated at high
column Cly at2 mg/l | 15 min/day i th ision f ;
effluent recovery, with provision for moni-
toring performance at low and
intermediate recovery.

111 I Carbon- Continuous Alr/water A Small Series To evaluate relative system per-
column Clp at2 mg/l| 15 min/day formance on carbon effluent and
effluent " secondary effluent, using small

11 Secondary | Continuous Air/water A Small Series spacers and blgh—selec?1v1t¥ mem-
branes. Again, operation will be
effluent Cly at2 mg/l| 15 min/day ; . T
at high recovery, with provision
for monitoring lower~recovery
performance.

1v I Secondary | Continuous Air/water A Large Series | To evaluate relative system per-

effluent Cly at2 mg/l | 15 min/day formance operation on secondary
effluent when using high- and inter-
11 Secondary | Continuous Air/water o Large Series Zed%atehieiﬁct1v1ty membrazg. .
effluent C12 at2 mg/l| 15 min/day gain, g' recove?y‘opera 1ons'a e
planned, with provision for monitor-
ing lower-recovery performance.

A - - - - - - Feed, treatment, membrane types,
operating parameters, etc., to be
selected on the basis of results
of Experiments I through IV.

(a)

¢))

Chlorine values are combined residuals,

A = high~selectivity membrane; C = intermediate-selectivity membrane.



TABLE 5
FIELD EXPERIMENTS CONDUCTED

Experiment Test (b) Module
(Phase No.) Unit Feed Treatmenéa) Flushing Membrane Spacers } Array
I I Carbon-— Continuous Air/water A Large Series
column Cl; at 2 mg/l | 15 min/day
effluent
11 Sand-filtered | Continuous Air/water A Large Series
secondary Cl, at 2 mg/1;| 15 min/day
effluent
10 mg/1
Cyanamer P-35
I1 I Carbon- Continuous Air/water A Large Series
column Cl, at 2 mg/1l | 15 min/day;
effluent BIZ cleaning
once a week
II Carbon- Continuous Air/water o Large Series
columm €1, at 2 wg/l | 15 min/day;
effluent BIZ cleaning
once a week
III I Carbon~ Continuous Air/water c Large Series
column Cl; at 2 mg/1 | 15 min/day;
effluent BIZ cleaning
once a week
1I Secondary Continuous Air/water c Large Series
effluent Cly at 2 mg/l | 15 min/day;
BIZ cleaning
twice a week
v 1 Secondary Continuous Alr/water c Large Series
effluent Ci; at 2 mg/l | 15 min/day;
BIZ cleaning
twice a week
II Carbon- Continuous Air/water c Small Series
column C12 at 2 mg/l | 15 min/day;
effluent BIZ cleaning
once a week
v I Carbon- Continuous Air/water c Large Series
column €1, at 2 mg/1l | 15 min/day;
effluent BIZ cleaning
once a week
11 Carbon~ Continuous Air/water c Large series(¢)
column Cl; at 2 mg/l | 15 min/day;
effluent BIZ cleaning
once a week
(a)

Chlorine values are combined residuals.

(b)A = high-selectivity membrane; C = intermediste-selectivity membrane.

(c)

Module tubes in vertical orientation.
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TEST RESULTS

The results of the five sets of field tests are described below,

along with the objectives and conclusions.

PHASE I

This experiment was designed to compare system performance of reverse
osmosis units operating with carbon-column effluent and with sand-filtered
secondary effluents as feeds. The modules were fabricated with large
(polypropylene Vexar) brine-side spacers to minimize system pressure
drop and to further minimize potential fouling problems, and with
high-selectivity, standard-flux membranes. A gross evaluation of the
capability of reverse osmosis modules fabricated with highly selective
membrane to treat both carbon-column effluent and secondary effluent

was to be made from this experiment.

Unit I operated on clarified secondary effluent that had been passed
through a carbon adsorption column. Unit II operated on sand-filtéred
secondary effluent. The pH on both units was adjusted to 5.5 * 0.5 with
hydrochloric acid. In addition, 10 mg/l of Cyanamer P-35 was added to
minimize any possibility of calcium sulfate precipitation. It was decided
that the addition of Cyanamer P-35 would not be necessary in future work

as long as the recovery rates of 75 to 80% were not exceeded.

Because of the varying pressures employed during the first 300 to 400
hr of operation, it is difficult to interpret compaction and fouling data.
Since the majority of membrane compaction takes place during the first few
hundred hours of operation, a more meaningful flux decline slope can be
drawn from the data available after 300 hr. In addition, the pressure was
constant at 600 psi from that period on, and steady-state operation was
achieved. This test, as well as all the succeeding ones, was operated
at 600 psi.

19



Figures 4 and 5 are log-log plots of the water permeation coefficient
A versus time for Units I and II. A line is plotted that shows a flux
decline slope of -0.06. This is a reference slope. Data obtained from
laboratory studies on compaction and from field installations on flux
decline have shown that a flux decline of -0.06 is typical of what can
be expected from modified cellulose acetate membranes subjected to feed

waters free of undissolved solids at 600 psi and 25°C (see Appendix).

As shown by the curves, the flux decline slope for Unit I (carbon-
column effluent) is equal to -0.16. Unit II exhibits a slope of -0.425
over the same period. Since this time period (400 hr to 800 hr) represents
steady-state operation for the two systems and -0.06 is typical of the
compaction slope, it can be seen that fouling causes the log-log slope
of the water flux decline curve to be approximately three times greater
than normal when carbon-column effluent is the feed and approximately
seven times greater than normal when sand-filtered secondary effluent
is the feed.

Water flux declines of this magnitude cannot be tolerated since at
the end of one year a slope of -0.16 would represent a 50% loss in water
flux and a slope of -0.425 would represent an 857 loss in water flux. A
module with a flux decline slope of -0.06 would show a decline in water
flux of 23% in the same time. The undissolved materials must either be
removed upstream of the reverse osmosis unit or development of a procedure
that would prevent fouling or enable rapid, economical cleaning was

necessary.

Both units showed excellent rejections throughout this phase of the
program. Unit I consistently gave 957 TIDS rejection as measured by
conductivity rejection, while Unit II was 937 or better. This lower
rejection by Unit II can be explained by boundary-layer phenomena

resulting from the higher degree of fouling.

The results of this phase did indicate, however, that it was feasible
to operate reverse osmosis modules on both carbon-treated and secondary

effluents and that further testing was warranted.
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Fig} 4, Water permeation coefficient A versus time; Unit I, Phase I
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PHASE 11

This experiment was designed to compare the performance of modules
fabricated with high- and intermediate-selectivity membranes when they
were operated on carbon-column effluent. The formulation and casting of
high- and intermediate-selectivity modified cellulose acetate membranes
is identical; differences in performance in terms of water flux and
salt rejection are produced by varying the annealing temperature (see
Appendix). Since, in general, waste waters are not highly saline, there
would appear to be an advantage to using a higher-flux, less-selective
membrane to increase product water output and reduce treatment costs.
Earlier work had indicated that there might be a plugging problem with
intermediate-selectivity membranes, with a resulting rapid flux decline.
The purpose of this experiment was to examine the relative merits of the
high- and intermediate-selectivity membranes and to evaluate possible
plugging problems. Carbon-column effluent was selected as the feed because,
of the two feeds being evaluated, it seemed to offer the highest probability

of successful operation.

Unit I was loaded with eighteen standard-flux modules (A ~ 1.5) in
a 3»2>1 array. Unit II was loaded with twelve high-flux modules (A ~ 2.0)
in a 2+1+1 array. Both systems were operated at 600 psi on carbon-column
effluent (pH 5.5 * 0.5, adjusted with HCl). During working days, each
system was flushed with air and water at low pressures. In addition,
each unit was cleaned once a week with a solution of 10,000 mg/l of BIZ

for 50 min at ambient temperature.

Some pump problems were encountered during this run, especially on
Unit I. These problems were identified as being electrical in nature,
and modifications were made on the three pumps to solve these problems.
In addition, inadequate feed pressure was also a problem. This was
attributed to the chlorination system; plumbing changes that were made
solved this problem. As a result of this problem, the systems were not

chlorinated from approximately Hour 150 to the completion of the run.
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Figures 6 and 7 represent the rejection performances for Units I and
11, respectively. Unit I (standard-flux modules) dropped from an initial
TDS rejection as measured by conductivity of greater than 96% to around
94.5% after 825 hr of operation. Unit IT (high-flux modules) dropped
from 947 to 91.57% after 1000 hr of operation. Decline in rejection of
this magnitude over these periods of time cannot be explained by hydrolysis
at pH 5.5. There are several possibilities that might explain this decline.
The first is the fact that this was the period when BIZ cleaning was first
utilized. The enzyme detergent (BIZ), at the concentrations used of
10,000 mg/l, exhibits a pH of 10. At this pH, the hydrolysis rate for
the membrane is high and could feasibly explain the lower rejections.
Also, in addition to the weekly BIZ cleaning, these modules were not
chlorinated from Hour 150 to the completion of the run. There were also
problems associated with conductivity equipment used which necessitated
changing the meter and cell. The occurrence of these problems coincided
rather closely with the noticeable decline in rejection, as shown in
Figs. 6 and 7. When these variables are considered, it is difficult
to project a meaningful explanation for the relatively rapid decline in

rejection. 1In any event, the product quality was quite acceptable.

Figures 8 and 9 are log-log plots of the water permeation coefficient
A versus time for Units I and II, respectively. On each figure, there
are two straight lines; one of these is a conservative representation

of flux decline, and the other, an optimistic representation.

The slope of each straight line is noted on each curve. The broken
line curves clearly show a cyclic function. The peaks on both curves
represent data that was taken approximately 20 hr after the weekly BIZ
cleaning. The minimum points are representative of highly fouled values.
By using the weekly BIZ cleaning procedure, reasonable flux decline
slopes have been maintained. Even the conservative slopes are reasonable
for clarified secondary effluent. Flux decline slopes on the order of
-0.16 were noted for comparable membrane on this type of feed during the

first phase of this program.
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