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PREFACE

The Public Interest Energy Research (PIER) Proguapports public interest energy
research and development that will help improveathaity of life in California by
bringing environmentally safe, affordable, andalele energy services and products to
the marketplace.

The PIER Program, managed by the California En@gymission (Commission),
annually awards up to $62 million é@nduct the most promising public interest energy
research by partnering with Research, Developnagat Demonstration (RD&D)
organizations, including individuals, businesse#itias, and public or private research

institutions.

PIER funding efforts are focused on the followimgR&D program areas:
Buildings End-Use Energy Efficiency
Industrial/Agricultural/Water End-Use Energy Eféaicy
Renewable Energy
Environmentally-Preferred Advanced Generation
Energy-Related Environmental Research

Strategic Energy Research

What follows is a final report for the Improving &gy Usage, Water Supply Reliability
and Water Quality Using Advanced Water Treatment@sses, contract number 400-00-
013, conducted by the Orange County Water Disamct University of California,
Riverside. The report is entitled “Establishingr@tations between Membrane Fouling
and Water Composition.” This project contributeshte Industrial/Agricultural/Water

End-Use Energy Efficiency program.

For more information on the PIER Program, pleasé the Commission’s Web site at:
http://www.energy.ca.gov/research/index.honktontact the Commission’s Publication’s
Publications Unit at 916-654-5200.
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EXECUTIVE SUMMARY

Introduction

As the population in southern California continteexpand, local water utilities must
deal with increased demand for limited water siggpéind treatment to meet more
stringent water quality requirements. Advancesiarmmtoved cost effectiveness of
membrane processes (i.e., ultra-low-pressure rexensosis (RO), microfiltration (MF)
and nanofiltration (NF)) and the continued emergesfomore stringent water quality
regulations have continued to drive extensive mebeiato these advanced water
treatment technologies. However, all membrane gseEs®are prone to various types of
fouling (e.g., biological, colloidal, organic, apdecipitative) that limit membrane
applications. This project will develop standardthods and equipment to characterize
the type and extent of membrane fouling under wetitrolled operating conditions. The
overall purpose of this project is to correlateaslied membrane fouling with measured
components in the source water and chemical ansigdiyproperties of the membranes
with the aim to identify causal relationships betweelected test parameters and

membrane performance.

Background

A host of high-performance reverse osmosis (RO) branes are currently employed in
water purification applications. Membrane materi@nge from common substituted
cellulose derivatives such as cellulose acetatekulose nitrate to more complex
polymers with highly specialized properties suclasnatic cross-linked polyamides,
polyether ureas, and polyethyleneamines. RO membrased for treatment of industrial
and municipal process waters often become bioltigiaad/or chemically fouled as a
result of complex interactions between membranpgntees and source water quality.
During operation, feed water is forced into theredat under sufficient pressure to
overcome the osmotic pressure of the dissolvedesmlurhe membrane barrier
preferentially rejects the solutes and suspendidissincluding bacteria, viruses and

other microorganisms. Approximately 90 percenthefflow in RO systems is tangential
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to the membrane surface in order to prevent a bpittf solutes at the membrane
interface; however, as the remainder passes thriggimembrane as permeate, a
proportion of the feed water colloids and microaigans entering the element are
transported to the membrane surface where theyladsoming a fouling layer. The
development of a fouling layer on the membraneas@tesults in gradual deterioration
of function performance (i.e., decline in membramaer flux, decrease in water
permeability, increase in transmembrane operatiaggure and reduction in membrane
mineral solute rejection). The deterioration of R@mbrane performance is determined
by complex interactions resulting from process apeg conditions, membrane
properties, and source water quality. Becauserigulecessitates application of greater
pressure to maintain product flow, it requireselpenditure of more energy to produce
the same amount of water, and thus can dramatidaiynish process efficiency and cost

efficiency in a water processing (purification) t&ys.

Project Objectives

1) To develop a bench-scale RO test unit to charaetehie type and extent of
membrane fouling under well-controlled operatingditions.

2) The secondary objective of this work was to prowdger agency professionals
with relevant data with respect to fouling potelntibselected membranes and
source waters that are applicable to ongoing anatduesearch efforts conducted

by water agencies.

Project Approach

Analytical methods and equipment were developembtcelate membrane fouling with
feed water quality parameters under controlled ajpey conditions.

A self-contained, portable bench-scale RO testwasd fabricated and installed at
locations with source waters including surface wdime-clarified and microfiltered
secondary treated wastewater, tertiary treatedeweaser, and agricultural drainage
water. Four commercially available membranes wested: three polyamide membranes
and one cellulose acetate membrane. Membranesoperated in a single-pass

configuration, each at a constant flux of 10 gfd drpercent recovery. Typical duration



of each run was 8 to 12 weeks or until the feedsaree to any polyamide membrane
exceeded 200 psi. Membrane operating parametarsihembrane pressure and water
flux) were measured daily and water quality gramm@as were collected weekly. Water
quality analyses included general minerals, miab#nalysis by heterotrophic plate
counts and epifluorescence microscopy (total beteAt the end of each test,
membranes were autopsied to determine both theenatuhe biological material
accumulated on the membrane surface (protein, bgdoate, microbiological analysis
by heterotrophic plate counts and epifluoresceniceascopy). Collected data were
compiled in a database. Chemical, physical, aolbgical characteristics of the source
waters, membranes and fouling layers were measur@dised to develop relationships
between source water quality, membrane composiiod, membrane fouling using
artificial neural net analysis. A genetic algontl{GA) was used to select specific
molecular descriptors affecting specific water fand percent rejection and an artificial
neural network (ANN) was used to develop relatigostetween source water quality,
membrane composition and membrane fouling. A polgla “universal Model”
including specific membrane characteristics (speerhter flux, zeta potential, contact

angle, membrane roughness, and indices of crogsjtvas also constructed.

Project Outcomes

Test #1: Surface Water with Conventional Treatment
The first test unit was delivered to Metropolitaraiét District of Southern California

(MWD), F.E. Weymouth Filtration Plant in La Verr@alifornia. This unit remained in
continuous operation for 1,872 hours. ESPA-1 mambrappeared to be the best
performer at this site with the best overall peteefection and steady specific water flux

performance throughout the test.

Test #2: Secondary Treated Wastewater with Limar{ication (#1)
Second unit was delivered to West Basin Municipalt®¥ District, Carson, California.

The unit remained in operation for 1,032 hours. fdeel water tank to the unit became

contaminated with algae which resulted in pressweases above 200 psi (the



predetermined experimental termination point). Ndeane failure was attributed to algal
contamination. Due to the unforeseen contaminaiidy 840 hours of membrane
performance data (before algal contamination) veaslun the final analysis. The best
performing membrane at this site before the comatian was ESPA-1. This membrane

modeled the best in both the individual membrandetsand the “universal’” model.

Test #3: Secondary Treated Wastewater with Midtodition (#1)
The third test site was Orange County Water Dis{@CWD), Fountain Valley,

California. At the time of this test the plant'eatment train received secondary treated
wastewater from Orange County Sanitation Departptemintain Valley, California,
which underwent chemical clarification, recarbooatiand multimedia filtration.

The OCWD RO test unit operated for 1,032 hourd.mfdmbranes at this site, using this
feed water, showed a steady decline in performaneetime.

Test #4: Secondary Treated Wastewater with Limar@ication (#2)
Following OCWD the RO test unit was delivered tmtaaClara Valley Water District

(SCVWD) located in San Jose California. The Distsiconventionally treated
wastewater was used as the feed water for this RGttest unit remained in operation
for 1,272 hours. The experiment was terminatedrvthe pressure in ESPA-1 reached
200 psi (the predetermined experimental cut ofipoi TW-30 appeared to be the best
performing membrane using SCWD feed water.

Test #5: Secondary Treated Wastewater with Midtadition (#2)
For the fifth location the RO test unit was retutne OCWD. The conventional

wastewater treatment was replaced with MF. Thersdtest performed at Orange
OCWD used MF treated secondary treated wastewatas unit remained in operation
for 1,800 hours. Polyamide membranes using MRdteaastewater exhibited better
percent rejection and specific flux performanceC#514 (CA) was the exception. MC-

2514 performance in regards to percent rejectiom egmal for both feed waters.
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Test #6: Agricultural Drainage Water Treated withime Clarification
The last test site was located in Yuma Arizonagisieated agricultural drainage water

as the feed to the RO test unit. This water westéd using conventional filtration
processes that include lime clarification, coagatatising ferric chloride (dose) followed
by dual media filtration. This unit remained ineoation for 842 hours. TW-30 and MT-
2514 membranes continuously performed at or ab8% 1@jection ESPA-1 did not
perform as well as the other membranes at the ofsle¢ experiment but within 48
hours started to improve and continued to impraveggards to rejection) for the

duration of the experiment

Membrane Performance Comparison by Feed Water Type

TW-30 Polyamide Membrane

TW-30 performed the best on Yuma source water. pdugest performance was
associated with high fouling feed waters (OCWD &@WD). TW-30 appeared to
perform well on feed water with lower biologicabi@l and viable) activity such as MF

treated wastewater.

ESPA-1 Polyamide Membrane

The poorest performance was on conventional treatestewater (OCWD and SCWD).
ESPA-1 performed best on surface water (MWD) withhtilux and consistent percent
rejection. The fact ESPA-1 is a high specific wéliex membrane may influence
bacterial loading at the membrane surface. Ineckaster permeability increases
movement and deposition of dissolved and suspesalats from the feed water, which
may increase bacterial fouling (by deposition aragh), resulting in decreased
membrane performance. In general ESPA-1 perfotimetest on MF treated feed
waters (OCWD_MF and WB).
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MT-2514 Polyamide Membrane
MT-2514 performed similarly to the other two polyidemembranes in the study and

performed the best on feed water with lower micablmiads. Its performance on
conventionally treated wastewater (OCWD and SCWBS thhe poorest. MT-2514
appeared to accumulate bacteria at the membrafeesuonsistently no matter the feed
water type, but it appeared to bind proteins ambataydrates at faster rates. Like the
other polyamide membranes, MT-2514 performed betidower fouling feed waters

such as MF, surface water and agricultural draiveafer.

MC-2514 Cellulose Acetate Membrane

MC-2514 was the poorest performer of all membraested on all feed waters used in
the study, and in addition exhibited the highestié@al, protein and carbohydrate
accumulation. MC-2514 was the only membrane tastéae study that maintained its
flux and rejection using conventionally treated teaster. Generally, high biological
loads did not affect MC-2514 performance, which wesopposite for all three

polyamide membranes.

ATR/FTIR Analysis of Clean and Fouled Polymer Mendmmes

As expected, each membrane type exhibited differearhbrane properties. TW-30 has a
higher OH/Amide | Ratio, COO/Amide | and COO/Amiddératios meaning it is a less
cross-linked membrane. The largest differencegwbserved with the OH/Amide |
Ratio. ESPA-1 has the thickest polyamide layeteasonstrated by the higher

polyamide thickness ratio. According to PCA analgites separated indicating organic
constituents on membrane surfaces are differeath vater source has a unique

signature on each membrane.

Membrane Biofilm and Feed Water Community Analysis
There does not appear to be a relationship betwegnbrane chemistries because

microbial communities on polyamide membranes ateapsistently clustering into

related groups. These data suggests there areabtaaors such as feed water chemistry,
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membrane surface chemistry and bacterial divensilyence microbial community

structure on RO membrane surfaces.

Relationship between Source Water Composition andrvbrane Performance
Databases relating source water quality paramgtegsicochemical and biological)

from all of the study sites to membrane performamager flux and solute rejection) at
each weekly time point were constructed for eacthetest membranes. Each line of
data in these databases provided the exemplarg/énatused in the construction of ANN
models describing membrane performance. In addlititee databases for the polyamide
membranes were combined into a single databasehammblyamide membrane
parameters were included as independent inputblasdo produce the database used to

create a “universal” polyamide model.

Individual membrane Performance Models
The ability of the ANN to capture behavior of thestem is evidenced by both the

relatively close agreement between the actualatadathat predicted by the models, and
by the close agreement between the Pearson caretatefficients of the training and
test sets, indicating that models were generally tbpredict membrane behavior well.
The same results were generally observed with rsaifehembrane solute rejection,
where there was fairly good agreement betweendhmkrejection observed in the field

and that predicted by the models for each of teerteembranes.

Specific Water Flux Models: Influential Source Watd>arameters

Typically 6-7 parameters defined each of the whitermodels. There was no absolute
agreement between membrane models with respetfidential parameters; each
membrane appeared to exhibit particular sensiiwvith respect to chemical species or
biological parameters in the source water. Howe¥éne specific parameters are
grouped into broader categories, some trends appeass membrane types. For MT-

2414, specific water flux was negatively relateditoe and monavalent cations
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(potassium) but was positively related to monoviasgrions (bromine) and strongly
related to trivalent anions (phosphate-phosphorolisyas also positively related to
bacterial load (bact/mL and CFU/100 mL). Among ploéyamide membranes, the
ESPA-1 membrane model for specific water flux iadlécl a negative relationship with
time, boron, calcium bicarbonate, trivalent ani¢ptsosphate-phosphorous) and the
strongest negative relationship was with bactéoedliing as viable bacteria (CFU/100
mL). TW-30 specific water flux was negatively rteld to time, monovalent cation (K)
and trivalent anion (phosphate-phosphorous) butpeagively related to total alkalinity
and to the presence of monovalent anions (Cl ahd Bor the cellulose acetate
membrane (MC-25140 the specific water flux was tiegly related to time, TDS, total
hardness, monovalent anions (Cl), and strongly thegdg related to bacterial loading in
the feed (bact/mL and CFU/100mL). Specific walex fvas positively related to

monovalent cation (K).

Percent Rejection Models: Influential Source WatBarameters
Rejection was described using only 4 — 7 input ip@tars. As with the flux models,

there was no absolute agreement between the meenfmaaels with respect to the
specific parameters deemed influential by the ANRer the polyamide membranes the
MT-2514 model indicated rejection was negativelated to time and monovalent cation
(k) but was positively related to divalent catidvig) and monvalent anion (Cl). For the
ESPA-1 model, rejection was negatively relatedrteetand to total hardness in the
source water as well to bacterial load (bact/mLYeas positively related to divalent
cation (Ca). TW-30 membrane model indicated taggation was slightly positively
related to time, to divalent cations (Mg), monowdlanions (NO2-N, Br) and to
microbial load (CFU/100 mL), but was slightly nagety related to the monovalent
anion (Cl) and strongly negatively related to tierd anions (PO3-P). For the CA
membrane MC-2514 rejection was negatively relabetihte, to monvalent anion (Br), to
trivalent anion (PO3-P) but was positively relatedlivalent cation (K), strongly
positively related to monovalent anion (NO2-N) atgb to the divalent anion (NO3-N).
The model indicated rejection was positively rafatie viable bacterial load in the source
water (CFU/100 mL).
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“Universal” Polyamide Model
The database for the “universal” polyamide moded w@nstructed by combining the

databases for all three polyamide membranes (MB2E$PA-1 and TW-30), and
adding a set of input parameters containing menapdrysicochemical parameters
measured by OCWD.

A total of six input parameters were required tastauct both flux and rejection
“universal” models. The “universal” model for palyide membranes indicated that
specific water flux was negatively related to tirsgpngly negatively related to total ion
concentration (EC) in the feed water, and negatixahted to monovalent cation (K),
but was positively related to boron concentratrmonvalent anion (CI) and trivalent
anion (PO3-P). The “universal’ model for polyamidembranes indicated percent
rejection was negatively related to time, totaldmass, trivalent anion (PO3-P) and very

strongly negatively related to the total bactec@hcentration in the feed (bact/mL).

Measured membrane properties including roughnesgact angle, specific water flux,
zeta potential, slope of zeta potential from pHBémbrane crosslinking and thickness
were not deemed significantly influential to beluded in either specific water flux or

rejection models.

Conclusions and Benefits

Conclusions

Analysis of membranes shows a considerable difterém surface properties.
When membranes were exposed to different feed svitey behaved differently
with respect to accumulation of biological mateaat performance (percent
rejection and specific water flux).

Microbial communities developed on membranes exptssame feed water

were different from the feed water community stawetand different from each
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other's community structures. The community stites were unique. Each
membrane was keying in on different elements oféled water and developed
its own population community.

In general, the degree of microbial fouling wasted to the concentration of
bacteria present in source waters.

Generally, protein and carbohydrate loads weregeelt bacterial load in source
water.

Data suggest high flux membranes such as ESPAlbe&vpoor performers on
high fouling feed waters such as conventionallgted wastewaters.

Generally, reduction of microbial particulates by kesulted in improved
membrane performance.

Treatments that tended to reduce microbial loadsarsource water (e.g., MF
pretreatment) in general improved membrane perfooca

The water sources that lead to most rapid perfocedecline were characterized
by high biological load.

It was possible to describe membrane performantermns of source water
physicochemical and biological parameters usingfigidl Neural Network
modeling approach.

According to the models, ionic composition of sauweater influenced membrane
performance as much as biological loading.

Models suggested that the effects that water pbghEmical and biological
properties exerted on membranes performance wadraamspecific.

For polyamide membranes it was possible to consérmcodel of general
membrane performance. In this case, models swgydsit membrane
performance was most strongly influenced by biatabloading, and TDS most
strongly affected water flux.

These results may be generalizable beyond thiy $tuidfurther data would be

required to validate the models (different watarrses and more membranes).
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Benefits to California
California relies on many means to enhance theatipes and cost effectiveness of

water reuse. Using membrane processes benefitsdgimn of southern California.
Educated and well-informed selection of water tre;it processes can translate into
dollars saved. Using predictive tools such as ANddeling will help water
professionals to make appropriate membrane setectoy specific source waters that

will save time, money and energy.

ABSTRACT

The deterioration of RO membrane performance isrdehed by complex interactions
resulting from process operating conditions, meméiaroperties, and source water
quality. Because fouling necessitates applicatiogreater pressure to maintain product
flow, it requires the expenditure of more energptoduce the same amount of water,
and thus can dramatically diminish process efficyeand cost efficiency in a water
processing (purification) system. Analytical medk and equipment were developed to
correlate membrane fouling with feed water quaddyameters under controlled
operating conditions. A self-contained, portaldadh-scale RO test unit was fabricated
and installed at locations with source waters iditlg surface water, lime-clarified and
microfiltered secondary treated wastewater, tertisgated wastewater, and agricultural
drainage water. Four commercially available memésavere tested: three polyamide
membranes and one cellulose acetate membrane. fdeesbwere operated in a single-
pass configuration, each at a constant flux offtilagd 4 percent recovery. Water
guality analyses included general minerals, miabanalysis by heterotrophic plate
counts and epifluorescence microscopy. At thedadrehch test, membranes were
autopsied to determine the nature of the biologitatlerial accumulated on the
membrane surface (protein, carbohydrate, microgio& analysis by heterotrophic plate
counts and epifluorescence microscopy, communigyars by 16S rRNA). Collected
data were compiled in a database. Chemical, palysind biological characteristics of
the source waters, membranes and fouling layers measured and used to develop
relationships between source water quality, mendbcamposition, and membrane

fouling (loss of water flux and rejection) usindificial neural net analysis. Using the
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generated models it was possible to explain vanatin data and their affect on specific

water flux and percent rejection.

Report Organization

The report starts with discussing the project apgindollowed by a discussion on
experimental and laboratory test methods and proesd Each water agency’s RO test
unit results are discussed and analyzed. The gsafeANN model building is explained

followed by model results and conclusions.
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1.0 INTRODUCTION
As the population in southern California continteexpand, local water utilities must

deal with increased demand for limited water siggpéind treatment to meet more
stringent water quality requirements. Advancesiammtoved cost effectiveness of
membrane processes (i.e., ultra-low-pressure rexensosis (RO), microfiltration (MF)
and nanofiltration (NF)) and the continued emergesfomore stringent water quality
regulations have continued to drive extensive mebeiato these advanced water
treatment technologies. However, all membrane gseEs®are prone to various types of
fouling (e.g., biological, colloidal, organic, apdecipitative) that limit membrane
applications. This project will develop standardthods and equipment to characterize
the type and extent of membrane fouling under wetitrolled operating conditions. The
overall purpose of this project is to correlateaslied membrane fouling with measured
components in the source water and chemical ansigdiyproperties of the membranes
with the aim to identify causal relationships betweelected test parameters and

membrane performance.

1.1 Background

RO membranes are employed in diverse applicatiocis &s seawater and brackish water
desalination, removal of trace organic and inorgaonstituents, and reclamation of
municipal and agricultural wastewaters. Membraresnow one of the most important
and versatile technologies currently availablegiovironmental quality controlL[2]. The
RO process results in the best overall removal$ Bnd organic compounds. RO

technology also has a high potential for removallb€lasses of pathoger4,5].

A host of high-performance RO membranes are cuyreniployed in water purification
applications. The membrane materials range fromneon substituted cellulose
derivatives such as cellulose acetate or celluhitsate to more complex polymers with
highly specialized properties such as aromaticszho&ed polyamides, polyether ureas,
and polyethyleneamines. Sheets of these membasee®mmonly wound into spiral-

wrapped reverse osmosis membrane elements. Dapirgtion, feed water is forced
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into the element under sufficient pressure to awee the osmotic pressure of the
dissolved solutes. The membrane barrier prefentiejects the solutes and suspended
solids, including bacteria, viruses and other nocganisms. Approximately 90 percent
of the flow in RO systems is tangential to the meambk surface in order to prevent a
buildup of solutes at the membrane interface; h@wneas the remainder passes through
the membrane as permeate, a proportion of thevegsl colloids, precipitates and
microorganisms entering the element are transpootéfte membrane surface where they
adsorb, forming a fouling layer. The fouling layam be chemical (calcium carbonate
scale, calcium sulfate scale, metal oxides sciea soating, etc.), organic, and
biological in composition. Membrane fouling is timain operational problem that limits
the use of membranes in desalting. The composatimahrate of fouling is a complex
function of the composition of the feed water amel tomposition of the membrane
surface. Prevention of these effects requiresfggnt financial investment in

membrane pretreatment measures such as floccutdsiofication, sedimentation,
disinfection, pre-filtration, etc. Because foulingcessitates application of greater
pressure to maintain product flow, it requireselpenditure of more energy to produce
the same amount of water, and thus can dramatidediinish process efficiency and cost
efficiency in a water processing (purification) t®ya. Fouling also leads to added
facility downtime to implement repairs, membraneacling procedures, and replacement
of damaged or worn out membrane modu&g,8,9].

Feed water composition has a great influence onbreme fouling, as does the
modification of the feed water composition by cheshiadditives such as detergents and
biocidal agents. Each feed water type is complexture of dissolved and suspended
chemical species along with a variety of microoigars. Optimization of membrane
systems for treatment of different types of feedensinvolves careful consideration of

feed water quality, membrane polymer type seleciah operating conditions.
After analysis of feed water quality and membragledion, the most applicable

pretreatment technique can be chosen. Choosimguatiepretreatment technology is an

important constituent of the RO process. Lackrgéa@or pretreatment can lead to
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increased fouling of RO membranes which resulteduced productivity and increased

operating costs.

The foregoing examples suggest it is theoretiqadigsible to predict membrane flux and
rejection behavior of specific source waters frowva knowledge of their chemical and
biological attributes. However, since more thae ohemical or biological parameter
may influence membrane performance, multivarisaéstcal procedures such as
multiple linear regression analysis or artificigiunal network (ANN) analyses are

required to accurately model the phenomenon.

We proposed to apply multivariate (ANN-based) teghes to create models that could
describe and predict the rejection and flux of carorally available RO membranes
based on several different types of source waf€ng project focused on the source
waters most commonly available in California (soefavater, lime-clarified and

microfiltered secondary treated wastewater, antt@ltural drainage water).

ANNSs are a useful tool for providing explanatorydets of myriad and diverse systems,
from industrial processes control to stock market¢¢asting. In the last few years ANN
models have been utilized to predict organic compdoxicity organic compound
interactions with RO membranel)[11]. For their usefulness, ANN models do have
shortcomings. For accuracy the models depend fficisat exemplars to adequately
define the nature of the system being modeledhelisystem being modeled composed of
explained by a small collection of continuous fumas$, a small number of exemplars
may be used to construct an adequate model, prbtidechosen exemplars represent the
vertices of the system. If the system being dbsdris highly complex, hundreds to
thousands of exemplars are required to construatiaguate ANN models. ANN

models may predict behavior of the system very wéhin the range of the input
parameters provided by the exemplars used in toastruction but typically can not
adequately extrapolate beyond the range of the phaesn(especially in complex
systems). Therefore, it is important to defineitiput data well before attempting to

construct the predictive models using this techaiqu
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1.2 Project Objectives

The primary objectives of this project were:
1. To develop a bench-scale RO test unit to charaetehie type and extent of
membrane fouling under well-controlled operatingditions.
2. The secondary objective of this work was to prowdger agency professionals
with relevant data with respect to fouling potelntibselected membranes and
source waters that are applicable to ongoing anatduesearch efforts conducted

by water agencies.

2.0 PROJECT APPROACH

This project was performed in collaboration betwdenOrange County Water District
(OCWD) and the University of California, Riversil@¢CR), with the cooperation and
assistance of several water agencies (Table 1)WD@nd UCR were jointly responsible
for integrating data obtained from their respectivalysis and data obtained from the
various membrane pilot systems into a single da@b®CWD oversaw all RO unit
operations, sample retrieval, general water quedying, and biological analysis of
water and membrane samples. UCR was responsibdterfolucting a suite of uniform
analytical experiments on membrane and water sanfipbeising on chemical/physical
properties. In the original test plan, OCWD andRJ@ere jointly responsible for the
development, maintenance and analysis of the meralicaling database to identify
significant correlations among all the measure@dupaters obtained for each test site.
Due to a change in UCR staffing during tenure efgstudy, OCWD became the lead and
sole database manager and analyst. Also due tdd.BTd&fing changes particle analysis
and zeta potential analysis of feed water and mangbpermeates, that were slated to be
performed by UCR, were not completed and thereforgd not be used in the final

analysis and modeling tasks

The project objectives were met by conducting tilewing tasks:
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Task 1.Design and construct a self-contained, portabiehacale RO test
unit to be installed at locations with varying soeiwaters, including
surface water, lime-clarified and microfiltered sedary treated
wastewater, and agricultural drainage water. Besuethe units
contained four commercially available RO membratiage
polyamide membranes and one cellulose acetate naeebr

Task 2Conduct suite of uniform analytical tests on theavaamples
provided by each water agency focusing on geneirsgnals and
biological properties. Use these data to constudatabase for
analysis and interpretation; and

Task 3.ldentify relationships between source water qualitgmbrane

composition, and membrane fouling.

2.1 Task 1. Design and construction and field opation of self-contained,
portable bench-scale RO test units

Two RO bench-scale test units were designed anstreated at OCWD (Figure 1).
Each unit was designed to operate four RO memlekmeents in single pass
configuration. Four RO membranes (with nominaé£ 2.5 inches by 14 inches) were
selected (Table 2). Membranes were selected aogoi@ commercial availability and
membrane polymer type. All membranes were operatadconstant flux of 10 gfd (197
mL/min) and 4% recovery. Testing was conductegkaticipating water agencies using
their respective source waters (Table 1). A stedided protocol was developed to
operate the test units, and this protocol wastbtraclhered to by each agency.
Membranes were operated for 8-12 weeks and mempeaf@mance was assessed in
the absence of cleaning.

Membrane performance was evaluated in terms ofegalttion, flux, and operating
pressure. Operating data was manually collectéd aiad water samples collected and
analyzed weekly. Membranes were autopsied atdhelgsion of the test period and

compared with unexposed material.
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2.2  Task 2. Water Quality and Membrane Characterizéion

Specific operations parameters were measured asign integral part of each agency's
bench study. These included analysis of feed anchg@ate water, conductivity,
measurement of inlet and outlet pressures andenflieed and permeate flow rates.
Water quality grab samples were collected on a lydmksis by the participating agency
and shipped to OCWD/UCR for analysis. In ordeingure consistency in the sampling,
prior to the start of the experiment, each agenay provided with sample bottles, labels,
shipping containers and a set of detailed instonstifor the collection, handling and
shipment of samples. To maintain sample integsiéynples were cooled to 4° C and
shipped immediately upon collection to OCWD/UCR dorlysis. Chemical analysis of
feed and permeate water was conductedSpandard Methods for the Examination of
Water and WastewatéAPHA, AWWA, and WEF, 1998). Analyzed water qimli
parameters and average feed water results arenpedsa Table 3. Membrane flux and
salt rejection were normalized to 25° C per ASTMmod D 4516-85 (ASTM, 1989).

In addition to the chemical analysis, OCWD perfodnb@logical testing consisting of
heterotrophic plate counts, total cell count (emifescent analysis) and microbial

community analysis on each feed water.

Membranes were characterized in the laboratoreterthine both the properties of the
membrane and the nature of the biological matarn@ssed on the membrane surface.
Membrane characterization methods developed by OQWIi2 employed to examine
the properties of virgin membrane materials, inclgdATR-FTIR spectrometry, atomic
force microscopy (AFM), and captive (air) bubbletaxt angle analysis. Microbial
community analysis and ATR-FTIR were performedomfbuled membranes submitted

to OCWD upon completion of testing.

2.2.1 Membrane Autopsy

Membrane autopsy is a technique used to identéyctuse of poor membrane
performance. It involves the dissection of a fduleembrane element after removal

from the plant or RO test unit for destructive gsa. The membrane element is
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unrolled to reveal the membrane leaves and plapticer material. A sample of the
fouling layer is obtained from the membrane surfaceehemical and microbiological
analysis. Analytical techniques such as assayaiém [12], carbohydratel3],
heterotrophic plate counts (viable cell counts)fleprescence analysis (total cell
counts), community analysis and ATR/FTIR analyseswsed to determine the nature of

membrane fouling.

The fouled membranes were removed from the testatiparticipating water agencies
and transported to OCWD laboratory where they wiesected under aseptic conditions.
Fouling material was scraped from the membranesasf using a sterile single-edge
razor blade and placed into sterile vials. Scrgpwvere resuspended by vortexing in
sterile R2A (Difco, Inc., Detroit, MI) growth mediu (for bacterial enumeration) or
sterile DI HO (for protein and carbohydrate assays). For batEnumeration serial
dilutions were plated onto R2A medium. Plates wecebated up to two weeks at 28°C
after which the colony forming units (CFU) were nted and CFU/cfwere calculated.

A known weight of biofilm was resuspended in DIHby vortexing and sonication.
Appropriate dilutions were made and carbohydrasaysand protein assays performed.
The microbial community profile was also determirfiesin the membrane scrapings. 2 x
3 cm of the fouled membrane were cut and storestieinle plastic petri dishes for
ATR/FTIR analysis.

2.2.2 ATR-FTIR Spectrometry
Absorption in the mid-infrared (IR) region (400G60 cm') was employed to acquire

spectroscopic ‘fingerprints’ of clean and fouledmi#anes used in the study. The IR
absorption spectra provided information on speg@étymer functional groups (e.qg.,
carbonyl, sulfonate, or amine groups) exposedeatrtembrane surface and were

characteristic of the specific polymer surface cisémes employed.
The membranes were cut into small strips (~ 1 x #amd dried in a glove box purged
with compressed air passed through a dryer (Balstamenhill, MA). A piece of

membrane was pressed against each side of a 4510502 mm zinc selenide internal
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reflection element (IRE). A torque of 10 oz-in.saapplied to the bolt of the pressure

plates of the attenuated total reflectance accegbtarrick Scientific, Ossining, NY).

Sample spectra consisted of 256 co-added scarstmullat 4-cnd resolution with a
Magna 550 FTIR spectrometer (Thermo Nicolet, Madid¥l). The single-beam spectra
were (1) ratioed against a bare IRE backgroundtspac (2) converted to absorbance,
(3) corrected for the wavelength dependence ofnateaeflection and (4) baseline-
corrected utilizing GRAMS/32 (Version Al 7.01) setire (Thermo Galactic, Salem,
NH).

Principal Component Analysis (PCA) was used totedlauled membranes to specific
feed water chemistries. PCA is a data reductiohrtigue often used to relate
spectroscopic data. The PCA turns training settspénto mathematical spectra
(loading vectors) which represent the most commoeadihg variations to all the data. A
set of scores for each factor is calculated forgsgpectrum in the training set. When the
scores are multiplied by the loading vectors, dedrésults summed, the original spectra
are reconstructed. ATR/FTIR spectra (15) wereectdld from each fouled membrane
for a total of 60 spectra. PCA was performed WillEplus IQ, Version 5.20 (Thermo
Galactic, Salem, NH). The full spectrum from 4@d0-1 to 650 cm-1 was used and the
spectra were manually baseline corrected and meatered prior to analysis.

2.2.3  Microbial Community Analysis
A microbial community analysis was performed onfedld water samples received from

each participating water agency. A rapid methogetiped at OCWD was used in lieu
of the commonly used but longer and more tedioltsi@iand biochemical reaction
method. This alternative, culture independent agginas based on polymerase chain
reaction (PCR) amplification of the hypervarialdgion of the 16s ribosomal RNA (16s
rRNA) gene. The 16s rRNA gene is used for charaetigon of microbial communities
because it is ubiquitous amongst eubacteria. Miethod involves extracting total DNA
from the sample, then amplifying only the hyperabhe region of the 16s rRNA gene
using a set of primers that bind specifically te fl6s rRNA hypervariable region. The

amplified products (amplicons) are then rapidlyasafed on a capillary electrophoresis
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system (310 Genetic Analyzer) based on size. ihktsument provides high sensitivity
(up to one base pair resolution) with rapid analyand a typical separation run on this
polymer based system is approximately ten minuté®e distribution of amplicon sizes
provides a “fingerprint” describing the genetic @isity of the sample.

2.2.4 Atomic Force Microscopy
AFM provides essential information about the sulsrom surface topography and

fundamental materials properties of RO membragesh information has been
correlated with the performance (flux and solujeaton) and fouling potentials of
separation membranes and therefore is criticaptmozing function and designing novel
antifouling surfacesl4]. The AFM is an excellent tool for examining tgpaphy of

polymer membrane surfaces in air-dried as welu#dg hydrated forms.

The AFM used in this study was the CP AutoProbek(Baientific Instruments,
Sunnyvale, CA) equipped with a non-contact/contaetd and a 100 um scanner
operated in a constant force mode. Membrane caupere attached to a circular
stainless-steel sample holder using 12-mm carbodwedive tape (Ted Pella, Inc.,
Redding, CA). The holder with the attached meméraas mounted on the piezo
scanner of the AFM. Images were acquired usingpsilUltralevers (force constant =
0.24 N/m; Park Scientific Instruments, Sunnyvalg),Gvhich were gold-coated
cantilevers with integrated height-aspect ratiwail nitride conical tips designed for
maximum penetration into pores and other surfaegidarities frequently encountered
on polymer membranes. Tapping mode AFM (similanda-contact mode AFM) was
generally employed to minimize translational forbesween the AFM tip and polymer
membrane surface. In the taping mode, the AFMileaet was maintained at some
distance from the membrane surface (on the ord&0@® A) and oscillated at a
relatively high amplitude at or near its resorfaefjuency. The vibrating cantilever/tip
was then moved closer to the sample surface et touched (‘tapped’) the sample
once during each oscillation. AFM images were &egluat a scan rate of 1.0 — 2.0 kHz

with a minimum information density of 256 x 256 els.
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The root mean square roughness (RMS roughnessjal@adated for membranes using
Park Scientific software. For a transect contagjiihdata points, the RMS roughness

was given by the standard deviation of the heights:

R.= ”Cll\l—l,v\,here_z: mean z height

2.2.5 Captive (Air) Bubble Contact Angle Measurenten
The hydrophobicities of cells and inanimate subbatialuence the strength and kinetics

of microbial adhesion and early biofoulinth]. Therefore, the relative hydrophobicities
of polymer membrane materials represent an impbstariace parameter in biofouling
studies. The surface hydrophobicity of polymer rheanes was determined by captive
(air) bubble contact angle measuremem&.[ A captive bubble contact angle apparatus
constructed by OCWD staff was used in determinirgdontact angle of RO membranes
used in this studyl]/]. This apparatus consists of a clear Plexiglagsd reservoir,
aluminum sample support stage, charge-coupled e¢@€D) camera, imaging lens, x-
y-z camera mount and an illumination source. Téramonents are mounted on a flat
sheet aluminum equipped with treaded legs to maimtéevel plane. The specimen
mounting stage consists of a ~10 x 10 x 2.5 cm btdckuminum with a ~ 1.0 cm wide
slot cut 3.8 cm deep down the middle. The samplgesis placed in a ~10.2 x 10.2 x
10.2 cm clear Plexiglass reservoir filled with 1&gohm-cm DI water. A thread-feed
syringe with Luerlock needle connection is anglednted on the side of the reservoir.
The syringe is equipped with a 7.62-cm, 22-gaugmlstss steel needle with a 90-degree
bevel (Hamilton Co.). Air bubbles discharged frima syringe were an estimated ~10
ML. The syringe needle was reamed with 0.25 mrkehiwire prior to the day’s
measurements to insure needle diameter. A glassosnope slide) window was
mounted in the wall of the reservoir, oppositesiignge, to enable capture of images of
air bubbles against the membrane sample. The C@Rrea(COHU, Model
48155000AL2D) was equipped with a 0.75X to 3.0Xealive (Edmund Scientific) and
mounted on the x-y-z positioning stage. Imageswaptured and processed using
Image-Pro Plus software (Media Cybernetics, SifMarings, MD). A Sobell filter was

used to outline the bubble’s circular perimeter trecontact baseline. The Image-Pro
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program generated the bubble height and diametarfdiacalculation of the height
diameter (H:D) aspect ratio. Departure of thebaioble from a perfect sphere with an
aspect (height/diameter) ratio of 1.0 was relatethhé¢ degree of spreading of the bubble
over the membrane surface. Smaller aspect ratik.Q) corresponded to greater bubble
spreading and a more hydrophobic surface (largatacbangel), i.e., water was excluded
from the bubble-membrane interface. Aspect ramsoaching 1.0 indicated a more
hydrophilic membrane surface and smaller contagkeanAspect ratio values were
converted to contact angles according to the egmes (Druss, Inc. Charlotte, NC):
Contact angle = 2 arctan (2h/d) for angles <90°
Contact angle = 2 arctan [(2d/h —1)] for angles®®bere h = the bubble
height and d = the bubble diameter.
A polymethylmethacrylate (PMMA), non-porous (i.ende) polypropylene, and glass

microscope slides were analyzed as quality controls

2.2.6 Membrane Zeta Potential Determination
The Zeta Potential was determined from streaminigni@l measurements using an

Electro-Kinetic Analyzer (EKA, Anton Paar, Graz, #tda). This instrument utilizes
silver/silver chloride electrode to measure theastring potential that develops along a
conduit with stationary charged walls (i.e., a trentangular channel with membranes
lining opposing walls). A newly developed clampugll was used to perform the
streaming potential measuremeri8][ 0.1N hydrochloric acid and 0.1N sodium
hydroxide (ACS grade, Fisher Scientific) were uk®dgH adjustment to study the

variation of zeta potential with different solutiphi.

Conductivity and pH electrodes were calibrated teeftarting the zeta potential
measurement for each membrane sample. A thernwositer bath (Daigger, IL) was
used to maintain a constant temperature 8€Z6r the electrolyte solution. Following
parameters need to be entered to EKA software tairobptimal performance during the
measurements:

Rinse time (s): 20, -20, 20,-20

Max Pressure (mbar): 200

Pressure Ramp (mbar): 800, -800, 800,-800
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pH change: 0.2 units between pH levels

Zeta potentials were determined for both fouled eledn pieces of membrane. These
measurements were conducted using different typpbl @adjustment techniques
depending on the type of membrane. For the unussdhrane pieces, streaming
potential measurements were taken throughout theapge from 3 to 9 in 0.2 pH unit
increments and for the used membrane pieces smggotential was measured at the

pH value determined in the field for the feed cdiods of the RO process.

2.2.6.1 Zeta Potential - New Membranes
Clean membranes were tested for their streamirngngat. Prior to the zeta potential

measurement, the membranes were stored in deiowiid at approximately’@ and
rinsed thoroughly with deionized water. Beforediog the sample into clamping cell,
EKA was flushed with deionized water for 20 minute®MA was cleaned by rinsing
with Ethanol (100%) fallowed by deionized watercl@éan membrane (2.5 x 2.5 inch)
sample was loaded into clamping cell, the EKA systeas filled with 9mM NaCl and
this was circulated for 20 minutes until equilibri conditions were achieved (including
conductivity, pH, and electrolyte solution tempara). Schematic of the experimental

run was given as below:

a. First run, Acid adjustmen€lectrolyte solution was adjusted with 0.1N

Hydrochloric acid to achieve pH range ~5 to 3 byngsautomatic titration unit in
0.2 pH increment.

First Run Second Run
pH 3 ) Unadjusted pH > pH 9
0.1N HClin 0.1N NaOH
0.2intervals 0.2invervals
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b. Second run, Basic adjustmgeBRiectrolyte solution was adjusted with 0.1N Saaliu

Hydroxide to achieve pH range ~5 to 9 by using aatistitration unit in 0.2 pH

increment.

2.3 Database Construction

Operational, water quality, and membrane charazion data from each test were
collected and integrated into a functional datalmaaraged by OCWD staff. Data
included in the database consist of: 1) water tuahalysis data of source waters at the
participating water agency facilities, 2) resuttsnh characterization of membrane
surfaces, and 3) operational data from dedicatedtbanits from each participating

water agency, e.g. of salt rejection and specitawflux.

24 Task 3. Construction of Artificial Neural Network Models Describing the
Association of Water Quality with RO Membrane Perfamance

All numerical operations were carried out using Mgoft Excel (Microsoft Corp.,
Redmond, WA). Exemplars were constructed for estehand membrane by combining
all feed water quality parameters (independenttippuameters) corresponding to the
measured specific water flux (gfd/psi) or percejection (dependent output parameters).
The order of exemplars was always randomized poionodeling as a precaution to

insure that the order in which data were presedigaot influence the final results.

2.3.1 Identification of Subsets of Influential Degptors Using a Genetic Algorithm
Input parameters were selected using a geneticitdgo(GA) (Neural Works Predict,

Neuralware, Carnegie, PA). A logistic multipledar regression fitness evaluation was
utilized in this analysis and in addition a “Casedd ariable Selection” was employed to
rapidly eliminate inputs with a low probability ofclusion in the optimum input set.
Inclusion of inputs by the GA was detected by cartdion of a single neural network
and performing a sensitivity analysis to deteduieritial inputs. The GA eliminated
descriptors that did not predict compound-membratezactions, and reduced the initial
21 descriptor set down to subsets of 2 to 4 detecsp Because the membrane fouling

was time — dependent (not at equilibrium) time vesed into each input set.
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2.3.2 Identification of Most Common Influential Desiptors
The GA converges on an optimum fit between thetipawameters and the output

parameter, but it does not necessarily predicobaijly optimum input set; more than one
combination may lead to an acceptable solutionwéier, statistically, it was expected
that the GA should choose the most highly influgritiputs most frequently. A
histogram was constructed for each model by operdlie GA on each data set for ten
(10) iterations. Inputs selected by the GA weredu® construct the histogram. Inputs

selected 50% of the time were retained to construct the ehod

2.3.3 Construction of the Artificial Neural NetworkANN) Models
The design of ANN models for this study was a tHegered network consisting of an

input layer, a “hidden” processing layer and arpatitayer (a single output perceptron).
The relationship between inputs and outputs weigossed upon the network by
“training” it using exemplars from the real worl@uring the training process,
perceptrons were added and the values of the wegpfatctors were adjusted until the
behavior of the network converged on the behavith@real system as determined by
one or more correlative comparisons. At this pdime network had “learned” to
recognize patterns in the input data that pretietautput data. Challenging the network
with a “test” set of exemplars evaluated the pragkcability of the network. Test data
consisted of 10% to 20% of the exemplars that weteresent during training. A well
trained network predicted behavior of the test gXans as well as it did the training
exemplars. Models were constructed for each memeluascribing the relationship
between the feed water quality and both specifitenidux and percent rejection. In
addition, a set of “universal” models were condiedautilizing all of the polyamide

membrane parameters as well as the feed watetypalameters.

3.0 PROJECT OUTCOMES.
3.1 Test #1: Surface Water with Conventional Treahent

3.1.1 Site Description

The first test unit was delivered to Metropolitaratét District of Southern California

(MWD), F.E. Weymouth Filtration Plant in La Verr@alifornia. The plant receives a
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blend of Colorado River water and California Statt@ect water, via the District's 242-
mile Colorado River Aqueduct and the 444-mile Swaftter Project California
Aqueduct, respectively. This water is then treatsidg conventional filtration (rapid
mix, coagulation, flocculation, followed by dual dia (anthracite/sand) filtration.
Chemical additions included 10 mg/L ferric chlori@0 mg/L cationic polymer, and
post-disinfection with 3.0 mg/L monochloraminesheTlproduct water from this process

was used as the feed water for the RO test undlied at the La Verne facility.

3.1.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water qualgyexpected (Table 4). ESPA-1
started out with a highest specific water flux patcent rejection was similar to the other
polyamide membranes. In this test the TW-30 polgarmembrane had a slow start; it
did not reach its optimum percent rejection und8 hours into the experiment, after
which, the membrane performance remained consiatehtvithin experimental
parameters (Figure 2). The initial poor performeantay have been due to a bad seal that
may have corrected itself with time. This phenoarewas only seen with the TW-30
membrane at the MWD facility. The cellulose ace{@&) membrane, MC-2514, was

the lowest performer of the membranes tested MM surface water.

The feed water was low in total and viable bacteaants (Figure 3). For the duration

of the experiment the total bacteria averaged %.83"/mL with the viable bacteria
averaging 17.91 bacteria/100mL. Microbial concatidn in the feed water varied over
time. After several weeks of operation the meménaermeates began to yield higher
bacterial counts. Since RO membranes are not peat a sterile environments

bacteria are present inside the membrane elem¥idble and total bacteria were
detected after 48 hours of operation (Figure 4)e ihcrease in permeate biological
activity may be the result of bacterial growth be back side of the membrane (permeate
side). The membrane permeate may contain suffiaieount of activated organic

carbon to promote bacterial growth and colonizaéind as the membrane ages resulting

in increased bacterial counts.
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3.1.3 Membrane Autopsy
The experiment was stopped and membranes were eshadter 1,872 hours of

continuous operation. The fouled membranes wexeepl into clean plastic bags and
shipped to OCWD for analysis. Membranes werepidl (section 2.1). All 4
membrane surfaces were covered with a rusty colmdthg layer (Figure 5) which was

due to the ferric chloride addition during the colatjon treatment process.

3.1.3.1 Bacterial, Protein and Carbohydrate Results
The presence of carbohydrate and protein on thelwraera surface indicates the presence

of biological fouling. MT-2514 and ESPA-1 demomastd the highest carbohydrate and
protein loads as compared to TW-30 and MC-2514ufei®). Due to contamination
problems heterotrophic plate counts are not aviaileds the membrane autopsies.
Epifluorescent images showed the presence of haeted particulate debris (Figure 7).

3.2 Test#2: Secondary Treated Wastewater with Miofiltration (#1)

3.2.1 Site Description
Second unit was delivered to West Basin Municipalt®¥ District, Carson, California.

West Basin (WB) wholesales imported water to citieanicipal water companies,
investor-owned utilities and private companiesaatewest Los Angeles County. The

feed water used in this experiment was microfilratreated wastewater.

3.2.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water qualgyexpected (Table 5). After 1,032
hours of operation the polyamide membrane presfi@gan to climb above 200 psi (the
predetermined experimental termination point). cHpewater flux dropped below 0.05

gfd/psi and percent rejection also began to deteao All membrane elements began to

fail simultaneously (Figure 8). The sudden increéag@essure and poor performance
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was attributed to algal contamination of the RQifeater tank (Figure 9). The algal
contamination was noticed by WB staff 864 hours thie RO unit operation. The
occurrence of the algal growth was not communicaagdCWD staff; hence the unit
remained in operation for additional 168 hours.e@uthe unforeseen contamination
only 840 hours of membrane performance data, clarai biological data was used in
the project final analysis. After 1,032 hours pEoation membranes were removed from

the unit and delivered to OCWD for analysis.

3.2.3 Membrane Autopsy
An orange fouling layer was present on all 4 meanbs (Figure 10). The large quantity

of fouling material present on the membrane sudaeas the result of feed water
contamination. Membrane failure due to algal comtation has been reported in
previous studies performed at MWDY. Membrane scrapings were not analyzed for

bacterial content due to the system’s contamination

3.2.3.1 Bacterial, Protein and Carbohydrate Results
Total bacterial loads increased front bacteria/mL to 1Dbacteria/mL in week 6 and 7

(Figure 12), algae were not enumerated. All 4 nraimés, polyamides and cellulose
acetate, had similar carbohydrate and protein I{@idgire 11). This may be the direct
result of the feed water contamination that carhiedvier algal and bacterial loads to the

membrane surfaces, which in turned resulted in mangbperformance failure.

3.3 Test#3: Secondary Treated Wastewater with LienClarification (#1)

3.3.1 Site Description
The third test site was Orange County Water Dis{@CWD), Fountain Valley,

California. At the time of this test the plant'edatment train received secondary treated
wastewater from Orange County Sanitation Departptemintain Valley, California,
which underwent chemical clarification, recarbooatiand multimedia filtration. The
product from this treatment was used as feed wWatehe third RO test unit experiment.
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3.3.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water quagyexpected (Table 6). The
OCWD RO test unit operated for 1,032 hours. Withafirst 120 hours the polyamide
membrane percent rejection decreased from 98%lfthrae membranes to 97% for
TW-30, 97% for MT-2514 and 96% for ESPA-1. Aft@&0lhours all polyamide
membranes’ performance began to improve but ndteinad the initial start-up

rejection of 98%. The polyamide membranes atdités using this feed water, showed a
steady decline in performance over time (Figure Bj)en though there was a steady
decline there were periods through out the testwthe performance improved and again
decreased. This wave affect was observed in@étholyamides with the most
pronounced effect observed in ESPA-1. The up andhdaffect in membrane
performance was correlated with weekends when memelimonitoring was not as
diligent due to reduced weekend operation’s st&ef€-2514 continued to reject at 94%
for 384 hours. After 384 hours the CA element begdollow a similar performance,
upward/downward, as its polyamide counter partse tbtal bacterial load at this site
remained fairly constant at 3 x%Bacteria/mL. The viable bacteria entering the
membrane elements varied during the test froftd Q¢ bacteria/mL. Inoculating the
membrane surfaces with viable bacteria may incrbasgm growth which will affect
membrane performance. Viable bacteria in the patenemained low, 1 CFU/100 mL
(Figure 15).

3.3.3 Membrane Autopsy
Test was completed after 8 weeks of membrane aperalembranes were removed

and autopsied (section 2.1). The fouling layerzeaped to be fairly thick and easy to
scrape off the membrane surface. Photographseéthutopsies are not available.

3.3.3.1 Bacterial, Protein and Carbohydrate Results
Out of the 4 membranes ESPA-1 had the lowest viaddterial load, 3.56 x 10

CFU/cnf, MC-2514 had the highest, 3.51 x"4@FU/cnf, TW-30 was 1.05 x 18
CFU/cnfand MT-2514 at 1.92 x 1®(Figure 16). MC-2514, the membrane with the
lowest performance and highest bacterial countsltadsl the heaviest carbohydrate load

37



193.60 pg/crh(Figure 17). Membrane scrapings had clumps ofdscand other
particulates making enumeration difficult, leadindarge standard deviations among

replicates (Figure 18).

3.4  Test#4: Secondary Treated Wastewater with LienClarification (#2)

3.4.1 Site Description
Following OCWD the RO test unit was delivered tmt@aClara Valley Water District

(SCVWD) located in San Jose California. The Distsiwastewater is collected at the
South County Regional Wastewater Treatment Plamaiténl in Gilroy California where it
undergoes conventional tertiary treatment. Thatétwater is then transferred to water
ponds where it is allowed to soak into the soil amentually added to the underground
aquifer. The RO test unit was installed at thedyikreatment plant and operated using

the plant’s tertiary treated wastewater.

3.4.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water qualgyexpected (Table 8). The SCWD
RO test unit remained in operation for 1,272 hourke experiment was terminated
when the pressure in ESPA-1 reached 200 psi (#sepgrmined experimental cut off).
Initially, the percent rejection for the polyamigeembranes remained above 96%, TW-
30 at 99.4%, MT-2514 at 98.9%, ESPA-1 at 96.7%M@d2514 (CA membrane) at

92%. The percent rejection started out high anthineed constant for all 3 polyamide
membranes for 528 hours. After 528 hours changesiiformance started to occur
(Figure 19). Membranes began to reject less aatilamembrane pressure was increased
to maintain constant flux of 10gfd. After 500 hewf operation the total and viable
bacteria in the membrane permeates increased @fyrFigure 21). Feed bacteria

remained constant (Figure 22).

38



3.4.3 Membrane Autopsy
After 1,272 hours membranes were removed from thauRit and delivered to OCWD

for analysis. These membranes appeared to haeeydhin fouling layer (Figure 23).
The fouling layer on each membrane was thin, wdtwamy loose which made it difficult
to scrape off into sterile containers. ESPA-1 memb appeared to have a thicker layer

of fouling as compared to the other 3 membranes.

3.4.3.1 Bacterial, Protein and Carbohydrate Results
The appearance of a thicker fouling layer on ESRAidInot result in higher CFU/cm

All membranes had a similar viable bacterial load@° CFU/cnf (Figure 25).

ESPA-1 had the highest protein (70.76 pnfjcamd carbohydrate loads (56.56 pnfm
(Figure 24). The combination of the membrane pelyohemistry and the feed water
chemistry resulted in a high attenuation of protad carbohydrate. TW-30, MT-2514
and MC-2514 did not exhibit this affect.

3.5 Test#5: Secondary Treated Wastewater with Miofiltration (#2)

3.5.1 Site Description
For the fifth location the RO test unit was retune OCWD. The conventional

wastewater treatment was replaced with MF. Thersgtest performed at Orange

OCWD used MF treated secondary treated wastewater.

3.5.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water quagyexpected (Table 7). The
polyamide membranes continuously performed atextiein of 97% or better (Figure

26). As in previous tests the CA membrane staatedlower rejection, 92%. Percent
rejection remained high for all membranes duringrapon. The test was terminated due
to time constraints, not membrane failure. Thaltbacterial load to the membranes
remained constant (1®acteria/L) during the test cycle (Figure 27). sken in previous
test systems the viable bacteria were a very spoaiion of the total, 10to 1G CFU/100
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mL. Bacteria were detected in first 500 mL of peate generated after initial start up
(10® total bacteria/mL, 0CFU/100 mL) (Figure 28). Permeate total bacteria
concentrations remained constant but viable bactemcentrations increased with time,

which is evidence of bacterial growth on the penasale of the membrane elements.

3.5.3 Membrane Autopsy
After 1,800 hours of operation membranes were read@nd autopsied (section 2.1).

The fouling layers from OCWD_MF feed water werdblig different from OCWD
(conventional treatment) membranes (Figure 29)l fofiling layers were composed of
bacterial cell and debris as seen in previous aigep Because the fouling layers from
this unit were lighter and the membranes didn’wslacsignificant decrease in
performance it was postulated the biological congmbof the fouling layer would be
smaller then seen on previous membrane surfacehvlad visibly thicker fouling
layers (MWD, WB and OCWD).

3.5.3.1 Bacterial Protein and Carbohydrate Results
The CFU'’s for the membrane fouling layers werexs1®® CFU/cnf for TW-30, 1.3 x

10"°CFU/ cnf for MT-2514, 1.3 x 1¥CFU/ cnf for MC-2514 and 3.62 x £dor ESPA-1
(Figure 30). Even though the fouling layer on thembrane surfaces was light in
appearance the viable bacterial counts were sitailather sites with thicker fouling
layers (MWD, WB, and OCWD). The light appearant¢he fouling layer may be
related to protein and carbohydrate loads. Pra@methcarbohydrate concentrations were

much lower for this site were in comparison to otsiges tested, 0.02 pug/ém

3.6  Test #6: Agricultural Drainage Water Treated wth Lime Clarification

3.6.1 Site Description
The last test site was located in Yuma Arizonagisieated agricultural drainage water

as the feed to the RO test unit. This water westé&d using conventional filtration
processes that include lime clarification, coagatatising ferric chloride (dose) followed
by dual media filtration.
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3.6.2 Comparison of Membrane Performance
Feed water and membrane permeate water qualitg(gleminerals) were analyzed on a

weekly basis. All membranes improved water qualgyexpected (Table 9). This unit
remained in operation for 842 hours. TW-30 and B54 membranes continuously
performed at or above 98% rejection (Figure 31$PE-1 did not perform as well as the
other membranes at the onset of the experimentyitlin 48 hours started to improve
and continued to improve (in regards to rejectionthe duration of the experiment. As
seen in previous tests, MC-2514 operated at a losyection (83.7%) and required
higher pressure to maintain constant flux. As memé pressure increased specific
water flux decreased. Membrane performance wiheaet to specific water flux began
to decrease for all membranes after 310 hours.them@ignificant decrease in specific
water flux occurred between 498 and 510 hoursialb by another decrease in 798
hours of operation. Total bacterial load in thedfevater averaged 1Bacteria/mL with

a small portion of the total load being due to {éabacteria (1LbCFU/100 mL) (Figure
32). Permeate bacteria slightly increased as mamelsraged (Figure 33).

3.6.3 Membrane Autopsy
The test was ended after 842 hours due to timetreomis of the project (not membrane

failure) and membrane were autopsied. The fodaggr in this case was thinner and
difficult to scrape off the membrane surface irntrite vials. This maybe attributed to
the shorter test duration or differences in micabbommunity or water chemistry.
Unfortunately no photographs are available of threeenbranes due to a camera
malfunction on the day of the autopsy. Visuallgdé fouling layers were similar to the
OCWD_MF fouling layers. All 4 membrane fouling lagevere orange in color from the

addition of ferric chloride during the treatmenbgess.

3.6.3.1 Bacterial, Protein and Carbohydrate Results
The concentration of viable bacteria present imtieenbrane scrapings was lower in

comparison to previous sites tested (Figure 34).-2814 and MC-25514 had the highest
biological activity of 2.5 x 19and 2.5 x 1CFU/cnf, respectively. MT-2514 also had a
highest concentration of protein, 84.77 ugfevhich was not shared by MC-2514. MC-
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2514 protein concentration was much lower, 10.3@mg(Figure 35). TW-30 having
the lowest biological activity also had the lowpsitein concentration, 3.98 pg/ém
ESPA-1 protein concentration was 21.23 pdicifhe carbohydrate concentrations for

all membranes were below 10pgfcm

All polyamide membranes performance on the OCWDreational treatment feed water
deteriorated much faster than on the OCWD_MF featkéww MC-2514 percent rejection

was equal for both feed waters.

3.7 Membrane Performance Comparison by Feed Waterype

3.7.1 TW-30 Polyamide Membrane

3.7.1.1 Water Flux and Percent Rejection

TW-30 performed best on agricultural drainage feater (Yuma) consistently
maintaining percent rejection above 99%. Spewrater flux also remained consistent
through out the Yuma test. The poorest performavasassociated with high fouling
feed waters (OCWD conventionally treated wastewater SCWD conventionally
treated wastewater). TW-30 percent rejection gadific water flux at these sites
dropped within hours of start up and continuedeordase during the test period
suggesting there is something in these feed wiataffect membrane performance
from time zero. Rejection performance on the Mfated wastewaters (OCWD_MF and
WB) and agricultural drainage was similar, at c0\a97%. Percent rejection using
surface water (MWD) was not as stable as the aiites in the study.

3.7.1.2Biological Fouling
TW-30 performed the best on agricultural drainagéew(Yuma). Fouling layer protein,

carbohydrate and viable bacteria loads at thisigte low compared to other sites
tested. Total bacteria present in Yuma feed wager similar to other sites tested but the
viable bacterial load was the lowest among thes sitehe study. The lower biological

presence on the membrane surface is also due shtinger term of operation, 841 hours,
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which was significantly lower compared to otheesit TW-30 appears to perform well
on feed waters with lower biological (total andhi&) activity such as MF treated
wastewater. TW-30 is classified as a low foulingnnbrane which would make it an
ideal candidate for high fouling feed waters susl©O€WD and SCWD. In this study
TW30 performance steadily decreased on OCWD and B@&d waters but was the

best performer on these feed waters among the nas@btested.

3.7.2 ESPA-1 Polyamide Membrane

3.7.2.2Water Flux and Percent Rejection
The poorest performance for ESPA-1 was on conveatimeated wastewater (OCWD

and SCWD). ESPA-1 performed best on MF treated vesters (OCWD_MF and WB).
Percent rejection using MF treated wastewater neeaaconsistent for the duration of the
tests at both locations. At WB the specific wdliex started to decline after initial start
up and continued to slowly decrease over time. ughslower flux decline was
observed on OCWD_MF feed water. ESPA-1 perfornesi bn surface water (MWD)
with high flux and consistent percent rejectiongriBultural drainage water did not seem
to affect the membrane performance adversely iardsgto percent rejection or specific

water flux.

3.7.2.1Biological Fouling
ESPA-1 performed equally well on surface watericagpural drainage water and MF

treated wastewater. Protein and carbohydrate therwest for this membrane using
OCWD_MF feed water. WB, the other MF site, hadhlghest protein and carbohydrate
loads which may be the result of the algal contatmm which occurred during the test.
Membranes were autopsied after they were exposaldae for several days. It may be
postulated if the membranes were removed soonethenalgal contamination did not
occur the protein and carbohydrate loads woulddsec to the OCWD_MF results. MF,
agricultural drainage and surface feed waters taet total bacteria (on average®10
bact/mL) then conventional treated feed watersafeerage 1dbact/mL). ESPA-1 using
OCWD conventional treated feed water demonstrategia decrease in percent

rejection and specific water flux. On conventiotrehted wastewater the membrane flux
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started above 0.4 gfd/psi and within 200 hours @tasally dropped to 0.1 gfd/psi as on
OCWD_MF feed water the flux started low at 0.1 g&i/ The difference in starting flux
may be due to biological differences and chemidémnces in the feed waters.
Interestingly, the conventional and MF feed watdr® CWD are very similar in water
quality (Table 3) but different in biological contgFigure 42). The fact ESPA-1is a
high specific water flux membrane may influencetbaal loading at the membrane
surface. Increased water permeability increasegement and deposition of solids
present in the feed water which may increase bateathesion resulting in increased

biofouling and decreased membrane performance.

3.7.3 MT-2514 Polyamide Membrane

3.7.3.1Water Flux and Percent Rejection
MT-2514 performed similar to the other two polyasmmembranes in the study. It

performed the best feed waters with lower micrbloiads. MT-2514 performance on
conventional treated wastewater (OCWD and SCWD)thvagpoorest. Percent rejection
on MF treated wastewater remained consistent averat both OCWD_MF and WB
sites. Specific water flux decreased from inisit&rt up at WB from 0.25 gfd/psi to 0.15
gfd/psi after 200 hours of operation. On OCWD_MEd water the flux remained fairly
constant with a small decrease over time. Usimfase water (MWD) MT-2514 specific
water flux remained constant over time. A smaflrdase in percent rejection started to
occur around 750 hours of operation. Agricultaha@inage water did not appear to have
an adverse affect on MT-2514 performance for thattn of the experiment.

3.7.3.2Biological Fouling
MT-2514 performance was similar to the other polglemmembranes at the same sites.

It had very high rejection using agricultural diage water and surface water. However,
MT-2514 had a more protein associated with the manfouling layer (84.77pum/cén
than ESPA-1 (21.23um/énand TW-30 (3.97um/cii  Carbohydrate concentration
was also higher for MT-2514 on agricultural drai@agater but in the middle for surface
water. OCWD_MF feed water generated the lowedepr@and carbohydrate
concentrations as seen with ESPA-1 and TW-30. I¥ibhcteria found in the fouling
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layer for MT-2514 was similar from site to site. TN2514 appeared to accumulate
bacteria at the membrane surface consistently ritenthae feed water type but it
appeared to bind proteins and carbohydrates arfestes. This may be due to the
polymer chemistry or feed water chemistry.

3.7.4 MC-2514 Cellulose Acetate Membrane

3.7.4.1Water Flux and Percent Rejection
MC-2514 was poorest performer of all membranegtesh all feed waters tested in the

study. Percent rejection was below 95% at alsdiésted and a decline in specific water
flux was observed on all feed waters except aducail drainage water (Yuma). At
Yuma the flux remained constant with a slight iase after 800 hours of operation.
Percent rejection at Yuma also remained consisteit time but low, 85%, compared to
high nineties observed with polyamide membrane€-2814 performed the best on MF
feed water at OCWD and OCWD conventional treatestevaater. Percent rejection on
SCWD feed water at the start was at 92% which waistained for 600 hours after
which the percent rejection began to decreasecif8p@ater flux at 600 hours also
started to decline which may be related to a bugiabf a fouling layer at the membrane

surface.

3.7.4.2Biological Fouling
Viable bacteria present in MC-2514 fouling layenkssites ranged between®iact/mL

on agricultural drainage water to*¥®act/mL on MF and conventional treated
wastewaters (bacterial autopsy data for surfacenignot available) . Protein load was
lowest for MF treated wastewater at OCWD and serfaater (MWD) and highest
protein concentration was found on OCWD conventitreated feed water.
Carbohydrate concentrations were highest on bathertional treated feed waters and
lowest for OCWD_MF and agricultural drainage wgduma). The lowest performing
membranes also had the highest bacterial, protelrcarbohydrate loads. MC-2514
appeared to be dependent on bacterial fouling.eNdacteria and bacterial debris

resulted in lower percent rejection and specifitav#ux.
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3.8 ATR/FTIR Analysis of Clean and Fouled Polymer Membanes

3.8.1 Analysis of Virgin Membrane Samples

ATR/FTIR spectrometry was utilized to characterigedace structure and chemistry of
dried virgin polyamide membrane samples. Thisysmsas used to determine the
degree of crosslinking and polyamide thicknesschitaembrane type exhibited different
degrees of crosslinking and thickness (Table MJ-2514 was the least crosslinked
membrane by this determination and TW-30 was thst mr@sslinked membrane, with
the COO/AMID I ratio, the COO/AMID Il ratio and tH@H/AMID 1 ratio two to four
times the other membranes. The ESPA-1 membranthkatliickest polyamide layer as
demonstrated by the higher polyamide thickness,ratihough there were not great

differences between the polyamide membranes inrgewéh respect to this parameter.

3.8.2 Analysis of Fouled Membrane Samples
For each membrane, the chemical signatures obthled surfaces at each site were

compared using PCA (Figure 36 through Figure 33ustering of the spectra in these
analyses show that the different membrane chemsséitracted different foulants from
each of the sites. The data suggest that theenatdoulants accumulated on membranes
is very highly influenced by the differences in feed water constituents from site to

site.

3.9 Membrane Biofilm and Feed Water Community Analysis

Microbial community analysis provides a sensitiveasurement of differences in
microbial community structures using dendritic tdusanalysis. This analysis was
performed on OCWD_MF and Yuma membrane scrapingsafifeed waters. This
analysis shows feed water microbial communitiesd#ferent from each other and
membranes are selecting different organisms fratividual feed waters (Figure 40
through Figure 42). Membranes do not equallpetithe same type of bacteria. If the
same bacteria were consistently singled out, tleeaibial community patterns would be

the same. Differences between the membranes mat@immunities may be due to
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differential bacterial adsorption differences inmigane surface coatings used by
manufacturers as well as bacterial growth at thenbrane surface. These data suggests
several factors such as feed water chemistry, mamelsurface chemistry and bacterial

diversity influence microbial community structure BO membrane surfaces.

3.10 Relationships Between Source Water Composition andembrane
Performance

3.9.1 Construction of Databases Relating Source Waterd&aeters to Membrane
Performance

Databases relating source water quality paramgtégsicochemical and biological)
from all of the study sites to membrane performgmeger flux and solute rejection) at
each weekly time point were constructed for eadihetest membranes (APPENDIX 1).
Each line of data in these databases provideddhmgars that were used in the
construction of ANN models describing membranegrenfince. In addition, the
databases for the polyamide membranes were combiteed single database, and the
polyamide membrane parameters (Table 10) werededl@as independent input

variables to produce the database used to créatewersal” polyamide model.

3.9.2 Application of ANN Modeling to Determine Relationghs between Source
Water Composition and RO Performance

Membrane performance (specific water flux and teyeg at the test sites was a non-
equilibrium function (varied with time), and thusguired time as an integral input in the
constructing the models. In addition, the reldyiveeall number of sites (only 6 in all)
presented a further challenge in limiting the scofpeariations observed amongst the
physicochemical and biological parameters avail&dnienodel construction. Typically,
under these circumstances where there are mangtiabieputs, it is possible that more
than one combination of input parameters may yaeldcceptable “local” solution. The
first priority of model construction was thus tedify the most influential
physicochemical and biological input parameters yiedded a more “global” solution.
To this end, iterative applications of the GA wagpdoyed during the initial screening to

identify the most statistically common influentiaput parameters prior to ANN model
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construction. This gambit ensured that only inpli&é were most commonly identified
by the GA would be used for model construction, eamtled to eliminate those included
by noise in the GA. In addition, the number of @&g of freedom for model inputs were
constrained during the initial input parameter soreg by restricting the number of
potential transformation functions (mathematic#tienships feeding real world data
into the ANN) to only a single function per realnebinput. Later, during ANN
construction, this restraint was relaxed in ordegite the ANN construction algorithm
more degrees of freedom in feeding input datatimtomodel.

3921 Individual Membrane Performance Models

3.9.2.11 Overall Model Fitness

Results of attempts to construct ANN Models deseglthanges in the specific water
flux (gfd/psi) of individual test membranes as adtion of time and source water
parameters are shown in Figure 43. The abilitthhefANN to capture behavior of the
system is evidenced by both the relatively cloge@gent between the actual data and
that predicted by the models, and by the closeeageat between the Pearson correlation
coefficients of the training and test sets, indi@athat models were generally able to
predict membrane behavior well. The same reswdte generally observed with models
of membrane solute rejection (Figure 44), whereetheas fairly good agreement
between the actual rejection observed in the f@ld that predicted by the models for

each of the test membranes.

In order to more clearly demonstrate the goodné&shmetween the ANN models and
the observed membrane performance in the fieldja#latata were compared directly
with the modeled performance for the cellulose @&eetnembrane MC-2514 (specific
water flux; Figure 46, rejection), and for the ptyide membranes TW-30 (Figure 47,
specific water flux; Figure 48, rejection), ESPAFigure 49, specific water flux; Figure
50, rejection), and MT-2514 (Figure 51, specifidevdlux; Figure 52, rejection).

It may be observed that the temporal changes inbreeme performance (both specific

water flux and rejection), though generally negatinften varied considerably from site
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to site. Moreover, the kinetics describing membrparformance in the field could not
be generally represented by any simple mathematezzdy curve, and thus it was not

possible to generate simple rate constants witlchwmta describe membrane behavior.

For this reason, we chose to apply ANNs, a higlolylimear approach, in order to

describe membrane behavior.

In nearly all cases, the ANN models generatediggtudy were in very good agreement
with the observed performance behavior of all tieenranes used in the study at all of
the sites. These results indicate that suffidigioirmation existed in the measured source
water quality parameters at the sites to deschiberaist majority of the variations in
membrane performance observed during the courdesastudy for all for the

membranes tested.

3.10.2.1.2 Identification of Source Water ParameterInfluencing Membrane

Performance

Although ANN models cannot be easily dissectedhenway that multiple linear
regression models can, yielding slopes relatingntvidual independent variables to the
dependent variable, it is possible to identify itifeuential inputs in the ANN models, and
to assess their relative direction of influencevlayperformance of a “sensitivity
analysis”. This yields an index value relatedn® overall direction of influence of the
model input and the magnitude of the influencetinegao the other inputs in the model.

It is similar in some ways to performing and detiva analysis in which the direction

and acceleration of the dependent variable is sgprkas a function of each independent
variable. The danger of interpretation here i$ with a complex multivariate system,
local effects of the input may be vastly differéaim the overall effect (imagine the
relationship between x and y with a sine functeg,). However, bearing that in mind, it
is possible to extract useful information from asavity analysis of an ANN model, and
to use this to gain some insight as to the poteintieractions between source water

physiochemical parameters and membrane performance.
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3.10.2.1.2.1 Specific Water Flux Modelsnfluential Source Water Parameters
The source water parameters deemed most influenmtiapecific water flux for each of
the test membranes are indicated in Table 11. nkeas included in the models are
indicated in the table. Blank spaces indicatepdm@meter was not used in construction

of a particular model.

Time was universally included by constraint; howetee sensitivity index indicates it
was universally negative. This is not a surprigiesult, as it indicates that as the
membranes were exposed to the source waters f@asiog periods of time, their

specific water flux on the overall tended to deelin

Typically, only 6 — 7 parameters were requiredeb@ree each of the water flux models.
There was no absolute agreement between membrastedswath respect to influential
parameters; each membrane appeared to exhibitylartsensitivities with respect to

chemical species or biological parameters in thecwater. However, if the specific

parameters are grouped into broader categorie® s@mds appear across membrane

types.

Microbiological fouling is known to result in a dew in specific water flux, and should
be expected to appear as an influential paramétanany cases this was noted; in the
case of ESPA-1 and MC-2514 bacterial loading insitnverce water was strongly
negatively related to specific water flux, andhe tase of ESPA-1 this proved to be the
most highly influential parameter in the specifiater flux model. However, in the case
of the other membranes, the effect was not so gtfllT-2514) or negative, and in the
case of TW-30 there was no inclusion of microbeigmeters in the model at all. ESPA-
1 membranes in particular are high water flux meanbs; for this reason it isn’'t
particularly surprising to see such a strong negatifect of microbial concentration in
the feed water.

Influence of ionic species suggested by the madelg be related to the interactions of

the ions with the charged membrane surfaces (moetigtively charged at the pH of the
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source waters used in the study). For the polyamidmbranes, in general monovalent
cations (Na, K) exhibited a slight negative inflaeron specific water flux (the higher
their concentration, the lesser the specific wiiter) and monovalent anions exhibited a
positive influence (the higher the concentratiomainovalent anions, the greater the
specific water flux). Although it is not possibiéth these experiments to establish a
direct cause and effect relationship, it may b¢ tikase species in solution interfered
with association of charged foulants (microbiahoarticulate or dissolved) with the
membrane surfaces, or by associating with the manebchemistry (surface or internal),
influenced membrane permeability. In the casdefpolyamide membranes, phosphate-
phosphorus was very strongly related to specifitewfux, but the direction of the
relationship was variable. In the case of MT-28ieleffect was strongly positively
associated with specific water flux (in fact, itsdne most influential parameter in the
model), indicating that increasing -phosphorushmfeed water generally favored
improved water flux, while in the case of ESPA-H a&W-30, the opposite case was
observed. Differences in the membrane surface ignmay be responsible for the
observed variation in this influence of phosphate.

The cellulose acetate membrane model (MC-2514 p\vmhdifferently than the
polyamide membrane models with respect to the enfte of anions and cations. In this
case, the total ionic strength (as TDS) was negigtmfluential, as might be generally
expected by osmotic considerations. However,rifleence of monovalent cations and
ions in the MC-2514 model are exactly oppositehose generally observed for the
polyamide membranes. This may be due to bothrdifiees in surface chemistry (which
is unknown) and to differences in the membranermpelychemistry as well.

The observed negative influence of boron in the &%RBpecific water flux model is
notable, but may prove more difficult to explaifihere is a variable effect of water
hardness and alkalinity as well; in the case ofpilgamide membrane ESPA-1 there
was a negative influence of calcium bicarbonatdéspecific water flux model, while

total alkalinity exhibited a positive influence specific water flux in the BW-30 model.

51



Notably, some source water components were naided in the specific water flux
models. The source water pH was universally exaduéor instance. This was
surprising, as pH certainly influences membranéasercharge and should have an effect
on the binding of many species to the membranggparently, the ranges of pH in the
feed waters were not sufficient to make it as ¢iffeca driver in this study as were other
water chemistry parameters. Likewise, electricalductivity was excluded, and TDS
only included in the cellulose acetate membraneah@shd not in the polyamide
membrane models. The ranges of dissolved ioniciepén the source waters apparently
also were also not sufficient to drive any intei@cto the point that these parameters

dominated the specific water flux of the polyamimembranes.

3.10.2.1.2.2 Percent Rejection Models: Inflagal Source Water Parameters

The source water parameters deemed most influemtipercent rejection for each of the
test membranes are indicated in Table 12. Parasietuded in the models are
indicated in the table. As before, blank spacdgate the parameter was not used in

construction of a particular model.

As with the specific water flux models, time wasluded by constraint. With the
exception of TW-30, the sensitivity index indicatewas universally negative, and as
with the specific water flux models this is notmusing, as the membranes generally
exhibited a decline in rejection with exposurehte source waters for increasing periods

of time.

As with the specific water flux models, rejectioaswdescribed using only 4 — 7 input
parameters. As with the water flux models, theas wo absolute agreement between the
membrane models with respect to the specific pailensiedeemed influential by the

ANNSs. However, as before, certain general obsgmatmay be made with regards to

the types of parameters that the models indicaté yredictors of solute rejection.

Microbial load in the source water was identifiednggatively influential in the case of

the ESPA-1 model. This is not surprising, as tB®E-1 specific water flux model was
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also strongly influenced by the presence of baaterthe source water. However, the
microbial loading parameters were either not infhied (MT-2514) or were positively
influential (TW-30) with the other polyamide membeamodels. In the case of cellulose
acetate, a positive influence was noted. Bothsasehich microbial influences were
positive involved viable bacteria in the sourceavather than total bacteria. It would
appear that the relationship between bacteriadrstiurce water and rejection as
described by the models is not a direct interactsnone would expect that to be
negative. As viable bacteria are involved in bibi case of TW-30 and MC-2514,
perhaps microbial metabolic reduction of a phydiemoical parameter that negatively
influenced rejection, such as phosphate-phosphmrograte-nitrogen (see below), may

explain the relationship.

Divalent cations were included in all of the mod#scribing membrane rejection, both
polyamide (MT-2514, ESPA-1 and TW-30) and cellulasetate (MC-2514). The
direction of influence was universally positiven the case of MT-2514, the rejection
model identified the Mg concentration in the sousager as the most positively
influential parameter. Whether this effect represe direct influence on the membrane
chemistry or an indirect one is unknown. Certathlyse chemical species can associate
with the surface of the membrane, possibly compaetiith foulants for negatively

charged groups on the membrane surfaces.

Monovalent anions were included in the rejectiordals, and in general were positively
associated with rejection as they were with spewifaiter flux. The cellulose acetate
rejection model showed a very strong positive a@asioa with nitrite-nitrogen (it was the
principal driver in that model), but bromine ionhgbited a negative influence. Chloride
was positively associated with rejection with th&{2514 model.

Divalent and trivalent anions were also includethim rejection models as they were in
the specific water flux models. Phosphate-phogpharas negatively influential in the
TW-30 rejection model as it was in the specificevdlux model. It was also negatively
influential in the cellulose acetate membrane te@yaanodel (MC-2514). Nitrate-

nitrogen was found to be positively influentialtimns model, however.
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It is notable that none of the rejection modelduded the general determinants of ionic
strength (EC or TDS), pH or TOC (unfiltered, whitight represent both microbial,
nanoparticulate and dissolved organic speciespamhich might be expected to be
influential. As with the specific water flux modeit would appear that the variations
observed between the source waters at the testgiie not enough to male these inputs

significant drivers for rejection kinetics comparedther water chemistry parameters

In conclusion, the ANN rejection models more oféathibited an influence of water
chemistry parameters than biological parameteis paincipally by the concentrations of
specific anions and cations. As with the spedcifater flux models, it would appear that
differences in the surface chemistry (in the cdgb@polyamide membranes) or
differences in the membrane chemistry (in the cdgmlyamide vs. cellulose acetate)
strongly impacted which source water parameterd mflgsenced rejection kinetics.

3.10.2.2 “Universal” Polyamide Model

Although each membrane apparently behaved in a enapecific for it's unique
physiochemical makeup with respect to specific wiie and rejection, an attempt was
made to identify interactions between the polyanmunbranes and source water
physicochemical and biological parameters basetbammon physicochemical
properties of the membranes, and to identify, ggdole, unique membrane properties
that influenced the behavior of each membraneernvdrious source waters. The
database for this “universal” polyamide model wasstructed by combining the
databases for all three polyamide membranes (MB2E$PA-1 and TW-30), and
adding a set of input parameters containing menapérysicochemical parameters
measured by OCWD (Table 10).

3.10.2.1.2.2 Overall Model Fitness

Results of attempts to construct a “universal” polyde ANN models describing

changes in the specific water flux (gfd/psi) asiaction of time and source water
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parameters are shown in Figure 53. The fitneskisimodel is significantly less that that
of the individual polyamide models, as evidencedhgylower R-value (0.82 as opposed
to >0.9). However, predictive ability (represenbsdthe similarity between the R-values
of the training and test sets) is still good. TAMN model, then, should represent the
patterns of behavior common to all of the polyamitembranes, and thus should react to
the more underlying principals affecting polyamwdater flux as opposed to issues

related to the specific properties of any one effiblyamide test membranes.

The ability of the “universal” polyamide specifiater flux model to describe membrane
behavior at each of the test sites is shown irur€i®4, Figure 55 and Figure 56. In this
case, ability to predict the precise kinetics ofevdlux changes observed by the
individual membranes at each site is noticeably & urate than were the individual
ANN models for specific water flux, but nonethelefes the most part the fundamental
relationships have been preserved. The greatesttes occurred with the most rapid
fouling source waters with regards to membranef@i(OCWD conventional treated
wastewater and SCWD conventionally treated wastywat

The properties of the “universal” polyamide modséd to describe rejection are shown
in Figure 57. As with the specific water flux madée overall predictive ability of this
model is less than that of the individual polyammdedels describing rejection (overall
R-value of 0.79 as opposed to R-values >0.9) himdase, two outlying points skewed
the results, such that were they excluded fronati@ysis, the correlation coefficient
would probably have been much higher. In genénate was a much better agreement
between the actual rejection and the predictedegagienerated by the model. In general,
the “universal” polyamide rejection model agreedlwth the field observations for all
three of the polyamide membranes at the majorithefsites. The exception was with
ESPA-1 at the SCWD site, also more poorly preditigethe “universal” polyamide

specific water flux model.
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3.10.2.2.2.1 *“Universal’ Polyamide Models for Specific Watéflux and Rejection:
Influential Source Water Parameters

Table 13 shows the specific source water physioatedparameters that were selected
by both the “universal” polyamdie specific watandlmodel and the “universal”
polyamide rejection model. A total of six inputrpaneters were required to construct
both models. In this case the membrane paramstesincluded in the list of potential
inputs, but in neither case were the membrane peteamdetermined to be influential in
either of the ANN models. This does not mean diféérences in membrane properties
are not involved in modulating either specific wetex or rejection, but it does suggest
that the particular membrane properties that werasured, which include surface
roughness, hydrophobicity (contact angle), degfeeternal crosslinking (the
COO/Amide and OH/Amide ratios), the relative thieks of the polyamide layer, and the
membrane surface charge (zeta potential) and éakptonation (Zeta potential slope
from pH 5 to pH 7) were not the particular membrpregperties giving rise to the
specific membrane behaviors noted in the other tsoda this case, water
physicochemical and biological parameters weretgrehivers in determining model

behavior.

In the case of both “universal” models, time ongaia appeared to be negatively related
to both specific water flux and to rejection. Thisas expected, as membrane
performance generally deteriorated with respetittie during exposure to the source

waters.

In this case, the specific water model now showedgative response to EC (which is a
general measure of total ionic species in solutionfiact, this was the most influential
parameter in the model. This is not an unexpewsdlt, as increasing the total ions in
solution would result in a loss of driving forceasesult of osmotic pressure in the feed
water, and possibly a “tightening” of the membraneesponse to increasing salinity
(such an effect was demonstrated on polyamide meamabrin this laboratory; and was

predicted by monovalent ion inclusion in a trimdsdyoride (TMP) -meta
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phenylenediamine (MPD) polyamide structure by malcmodeling) (Dr. Harry F.

Ridgway, pers. com.).

Monovalent ions (K ion) exhibited a negative infhee on specific water flux, as it did in
both the MT-2514 and TW-30 membrane models. Piotass a small ion with a high
charge density, and also carried a larger entowbgmter molecules in its sphere of
hydration. The ion would certainly strongly assdeiwith free carboxylate groups on the
membrane surface or inside the permselective kgyarges at the membrane surface, and

may possibly interact with the polyamide to redueder permeability.

Monovalent anions (chloride) exhibited a positiméuence in this model. The mode of
action of this ion is less clear; the effect mgyresent competition with membrane
negative charges for potassium at the membranacgyrivhich would reduce its
association with membrane carboxylate groups driig€iabove hypothesis regarding

potassium action is correct) should reduce thecteffef potassium on the membrane.

Phosphate-phosphorus was also shown in the moé&hibit a positive influence on
polyamide specific water flux. It could act inashion similar to chloride ion, competing
for cations with the carboxylate groups on the memée surface, or via an entirely
different mechanism.

Finally, boron was observed to exhibit a fairlyosty negative relationship with specific
water flux. Boron is poorly rejected by polyammembranes (50% - 70%,
http://www.pwgazette.com/tfc.htm), and this woultsidy enter the polymer matrix. It
possibly could facilitate water flux by opening tmembrane structure, but it did so in
general it might be expected to increase solutediwell as water flux, in which case
the rejection should suffer. As the rejection maltes not indicate that boron exhibits a
significant negative influence, either boron aotgnprove water passage alone, or the

action is by a different mechanism altogether.
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The “universal” polyamide model for rejection alsas influenced by phosphate-
phosphorus, but in the opposite direction as wasmilux. This might imply that the
presence of phosphate-phosphorus increases memviagereflux and solute flux
simultaneously, possibly by opening the membranestre. The individual membrane
models showed that this ion negatively affectedi¥A&30 rejection membrane model
most; however, the though it also was negativelyamtial in the specific water flux
model for that membrane, the effect was negatikera positive, as with the

“universal” water flux model.

Total hardness also was negatively associatedrejigiction in the “universal” polyamide
model. This could be related to the potentialfdoming chemical scale on the

membrane surface during membrane operation. Hawesjection was also positively
associated with magnesium ion, which would not sufpihat hypothesis. Magnesium
would probably mainly associate with the negatilrarges at the membrane surface, as it
is very well rejected by polyamide membranes, babuld also affect the internal
structure of the membrane, possibly by bridging tarboxylate groups inside the
polymer structure — a mechanism that should inereggity within the polymer

structure and decrease the diffusion rate of sohdkecules.

Finally, bacterial loading in the feed water (asktacteria) exhibited the greatest
negative influence on rejection in the “univergailyamide model. This is certainly an
expected result, as direct deposition of bactarithe surface (and later growth of the
adhering organisms) is known to be a principal eaafsnembrane failure. Although not
the greatest factor in the individual membraneat&e models, (presumably because
factors particular to the specific membrane chemisad masked it), in a composite
model expressing rejection of all three polyamidambranes, the level of bacteria in the

feed water became a very prominent driver.

4.0 CONCLUSIONS AND BENEFITS
4.0.1 Conclusions

Analysis of membranes shows a considerable difterém surface properties.
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When membranes were exposed to different feed svitey behaved differently
with respect to accumulation of biological mategatl performance (percent
rejection and specific water flux).

Microbial communities developed on membranes exptssame feed water
were different from the feed water community stawetand different from each
others community structures. The community stmestwvere unique. Each
membrane was keying in on different elements oféled water and developed
its own population community.

In general the degree of microbial fouling wastedieo the concentration of
bacteria present in source waters.

Generally protein and carbohydrate loads wereedltd bacterial load in source
water.

Data suggest high flux membranes such as ESPAtb&poor performers on
high fouling feed waters such as conventionallgted wastewaters.

Generally reduction of microbial particulates by M#Sulted in improved
membrane performance.

Treatments that tended to reduce microbial loadsarsource water (e.g., MF
pretreatment) in general improved membrane perfooca

The water sources that lead to most rapid perfocendecline were characterized
by high biologically loading source waters.

It was possible to describe membrane performanterins of source water
physicochemical and biological parameters usingfigiel Neural Network
modeling approach.

According to the models ionic composition of sounaer influenced membrane
performance as much as biological loading.

Models suggested that the effects that water pbghEmical and biological
properties exerted on membranes performance wadraamspecific.

For polyamide membranes it was possible to constrmecodel of general
membrane performance. In this case models sughtstemembrane
performance was most strongly influenced by bialabioading, and TDS most

strongly affected water flux.
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These results may be generalizable beyond thiy $tuidfurther data would be

required to validate the models (different watarrses and more membranes).

It was possible to utilize the databases of sowater properties and membrane
performance gleaned from each of the participagiggncies to successfully construct
artificial neural networks with which the perforntanof the individual RO membranes
(both polyamide and cellulose acetate) could beiokied and investigated. These
models indicated that although classical feed waaeameters known to affect
membrane performance (such as ionic strength arctér loading) were certainly
factors, in many cases more subtle effects fromneeplay of water chemistry
parameters had significant influence on membran@peance. Moreover, differences
in the individual membrane physicochemical propsrted to differences in overall
response to many of these feed water physicochépacameters, such that the best
predictions of membrane performance were obtaineehveach membrane was
considered as an individual. Nonetheless, it vies possible in the case of the three
polyamide membranes to consider broader behavijoceimbining all of the polyamide
membrane data into a model that smoothed away wiutte individual differences in

membrane response.

Although it is tempting to offer these models aohition to predict membrane
performance in general, it is prudent to note thay are based on a very limited field
experience (six sites) and a rather small numberevhbranes (three polyamide and one
CA membrane). Certainly within this realm of expace the models are valid; however,
validity outside remains to be proven. Nonetheldss study does suggest that
performance of reverse osmosis membranes deperalsanplex interplay of

membrane properties and source water factors, @wbes some insight as to the nature
of that interplay. Furthermore, the study offersethod by which membrane
performance may be analyzed and predicted withegp easily quantifiable field

parameters.
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4.0.2 Benefits to California

It is increasingly more difficult to ensure relialdnd adequate water supplies due to
environmental constraints and rapid population ghowSouthern California being a
semi-arid region which is prone to prolong droughtsst increase its conservation
through water recycling, eliminating groundwatentzonination, researching new

technologies, and developing alternative watercasir

California relies on many means to enhance theatipes and cost effectiveness of
water reuse. Using membrane process would behefiteigion of southern California.
Educated and well informed selection of water treait processes can translate into
dollars saved. Techniques that help select theoppipte membranes for specific source

waters will save time, money and energy.
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Figure 2. MWD RO Test Unit Performance Data.
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Figure 5. Fouled RO membranes removed from MWD test unit afte 1872 hours of
operation.
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Figure 6. Fouled MWD membrane protein and carbohydate loads.
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(1) (2)

3) (4)

Figure 7. DAPI stained MWD membrane scrapings. Epifluorescenmicroscopy
(Olympus IX 70, 100X objective). (1) ESPA-1 (2) MT2514 (3) MC-2514 (4) TW30.
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Figure 9. WB test unit feed water tank. 1032 howr of operation. Green color is the
result of algae contamination.
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Figure 10. Fouled membranes removed from WB RO & unit after 1032 hours of
operation.
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Figure 13. OCWD RO test unit (conventional treatmet) performance data.

73



6.00E+06

5.00E+06

4.00E+06

3.00E+06

Total Bacteria/i

2.00E+06

1.00E+06

0.00E+00

OCWD Feed Water

8.00E+05

’,q A 1 7.00E+05

/ \ / \ 1 6.00E+05

\

/ / + 5.00E+05
\ z
& / \ 4.00E+05
o
/ \ 1 3.00E+05 =

/ \ 1 2.00E+05

/ \ Ok
-~ ~ + 1.00E+05
m - -
[ ‘ ‘ ‘ : 0.00E+00
200 400 600 800 1000 1200
Time (hrs.)

|——4—2Bact./mL = —CFU/100mL |

Figure 14. Total and viable bacterial loads into O®/D RO test unit.
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Figure 15. OCWD RO test unit viable bacteria in menbrane permeate.
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Figure 17. OCWD RO test unit fouled membrane scraipgs, protein and

carbohydrate.

75



OCWD Autopsy

8.00E+13

7.00E+13

6.00E+13 -

5.00E+13

4.00E+13 - T

3.00E+13 -

Total Bacteria/ cm2

2.00E+13

1.00E+13 - 4

0.00E+00
TW30 M-T2514 ESPAl1 M-C2514

Membrane

Figure 18 . OCWD fouled membrane autopsy, total bacteria. Samplesontained
bacteria and other particulates which made enumerabn difficult resulting in large
standard deviations.

76



0.70 -

0.60

0.50

0.40

0.30

Specific Flux (gfd/psi)

0.20

0.10

0.00

Specific H20 Flux

—O— TW30

—@—ESPAL
- =A== AMMT

— =AMMC

100

95

90

85

80

75 -

% Rejection

—O— TW30
—@—ESPAL
—A— AMMT
55 9 | == =AMMC

65 -

50 \

400 600 800 1000 1200 1400

Time (hr)

%Rejection

0 200

400 600 800 1000 1200 1400
Time (hr)
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Figure 20. SCWHD test unit. Total bacteria in memkane permeate.
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Figure 21. SCWHD test unit. Viable bacteria in merorane permeate.
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Figure 24. SCWD RO test unit fouled membrane scrapgs.
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CFUs found on membrane surfaces were similar for amembranes.
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Figure 26. OCWD_MF Performance Data.
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Figure 28. OCWD_MF Total Bacteria in Permeate.

Viable bacteria were detected at t=0 and continadze detected throughout the
experiment. Bacterial concentrations appeareddeease over time indicating growth on
the permeate sides of the membrane elements.
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Figure 29. Fouled Membrane from OCWD_MF Test Unit. Fouling layers were
fairly thin and loose.
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Figure 30. OCWD_MF Membrane Autopsy.
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Figure 31. Yuma RO Test Unit Performance Data.
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Figure 32. Yuma RO test unit feed water total andiiable bacteria.
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Figure 33. Yuma RO test unit permeate total and wable bacteria
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Figure 34. Yuma RO test unit viable bacteria in faling layer.
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Figure 35. Yuma RO test unit membrane autopsy. Rtein and carbohydrate
present in fouling layer.
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Figure 36. Principal components scores plot of faars 1, 2 and 3 using the entire
spectral range from 4000 cml to 650 cm1 for M-C2514 operated on feed water
from MWD, OCWD, OCWD_MF, SCWD, West Basin and Yuma.

91



14 MWD
lé 2
17 23 \West Basin gzﬁ yis)
OCWD_L S5t 1
10
Score (Factor 2) @ 3
. 9 scvwp 4
’ 86
%5 87
44%6%p 79 887&;@
] OCWD_MF ‘%ﬁ 8 Yuma
-2 -.05 A

Score Factor 2)

Figure 37. Principal components scores plot of faars 2 and 3 using the entire
spectral range from 4000 cm-1 to 650 cm-1 for foudeTW-30 operated on MWD,
OCWD, OCWD_MF, SCWD, West Basin and Yuma feed wates.
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Figure 38. Principal components scores plot of faars 1, 2 and 3 (not labeled) using
the entire spectral range from 4000 cnd to 650 cm1l for fouled ESPA-1 reverse
osmosis membranes operated on feed water from MWRQCWD, OCWD_MF,
SCWD, West Basin and Yuma.
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Figure 39. Principal components scores plot of faors 1and 2 using the entire
spectral range from 4000 cml to 650 cm1 for fouled M-T2514 operated on feed
water from MWD, OCWD, OCWD_MF, SCWD, West Basin andYuma.
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Figure 40. Dendritic comparison of microbial communities from biofilm scrapings
from OCWD_MF.
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Figure 41. Dendritic comparison of microbial communities from biofilm scrapings
from Yuma RO test unit.
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Figure 42. Dendritic comparison of microbial communities in feed waters tested in
study. SCWD1 and SCWD2 were taken on different das/but clustered together
indicating microbial community similarities, WB1 — WB3 were taken on different
days but clustered together indicating microbial conmunity similarities. Microbial
communities differed from site to site but remainedsimilar within sites during test
period.
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Figure 43. Specific Water Flux ANN Model ResultseTgraphs show the accuracy of

prediction. The overall R values are high andeghgera good agreement between the test

and the train values. The line indicates a perfextel.
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Figure 44. Percent Rejection ANN Model Results

The graphs show the accuracy of prediction. TheralvR values are high and there is a
good agreement between the test and the trainsalliee line indicates a perfect model.
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Figure 45. ANN Model for MC-2514 — Specific WateFlux

MWD and SCWD models have some variations but tmeigdly the trend is evident.
OCWD, OCWD_MF and Yuma generally track well. Thesadels are capturing lot of
variations in the data. Inputs are capable ofipted) membrane performance on
specific feed waters over time
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Figure 46. ANN Model for MC-2514 — Percent Rejeatin
The predicted agrees well with the actual data.
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Figure 47. ANN Model for TW-30 — Specific Water Flux

The predicted models agree with the actual dats&/DMracked well but at end of the run
the model detected some differences. WB model sedra more optimistic but
generally the trend is in the same direction. Yunmalel at beginning has some variation
but tracks well.
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Figure 48. ANN Model for TW-30 — Percent Rejection
MWD and OCWD models have some variations at thes é&ud generally all models

trend in the same direction as actual data.
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Figure 49. ANN Model for ESPA-1 — Specific Water kix

Good models, predicted tracks actual in most irtgtan Inputs are capable of predicting
membrane performance specific feed waters over. time
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Figure 50. ANN Model for ESPA-1 — Percent Rejectio

Good models, predicted tracks actual in most irtgtsin Inputs are capable of predicting
membrane performance on specific feed waters awex. t
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Figure 51. ANN Model for MT-2514 — Specific WatelFlux. Good models,
predicted tracks actual in most instances.
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Figure 52. ANN Model for MT-2514 — Percent Rejectin. SCWD has a small
variation at end but the generally trend is followel.
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Figure 53. “Universal” ANN Model for Specific Flux

The graph shows the accuracy of prediction. TheralR values are in good agreement
between test and the train values. The line idica good model. The sensitivity index
lists the inputs to the model and indicates hovsgi®e the model output is to small
changes in each input.
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Figure 54. ESPA-1 ANN “Universal” Model — SpecificWater Flux

Predicted and actual values are not exactly thedarnthe general trend is the same
Models will not predict exact details at specifioé points but general trends are

represented.
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Figure 55. TW-30 ANN “Universal’ Model — Specific Water Flux

Predicted and actual values are not exactly thedarmthe general trend is the same.
Model will not predict exact details at specifim@ points but general trends are

represented.

109

800




MAD
0D
0%

O ==~ o
o.zoﬁwg—( ————— }-ﬁ— i
015

g
%o.lo
0%
000 ; ; ; ; ; ‘ ‘ ‘
0 20 40 60 80 10 120 MO 160 180
Time (rs)
OCWD MF
0.30
-~ 025
)
o
£ 0.20
)
s 0.15 1
?
£ 0.10
£
£ 005
0.00 + : : : : : : : : :
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (hrs.)
;!
030
0.25 \
020 13
~
é 0.15 ~ ‘ ﬂ
=~ —
—
% 0.10 = - <= ==
0.05
0.00 ‘ ‘ ‘
0 200 400 600 800
Time (hrs.)

030

025

020

030

025

020

006
000 T T T T T T T T T T T T T T
0 M 140 210 20 30 40 40 50 630 70 70 840 90 WO
Tine (1s)
YUMA
0.30
0.25
0.20
0.15
0.10 — — —
0.05
0.00 T T T T
0 200 400 600 800 1000
Time (hrs.)

—&— ACTUAL =0 —PREDICTED

Figure 56. MT-2514 ANN “Universal” Model — Specifc Water Flux

Predicted and actual values are not identicallieigeneral trends observed. In this case
MWD did not track very well at the start. Modellwiot predict exact details at specific
time points but general trends are represented.
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Figure 57. “Universal” ANN Model for Percent Rejedion

The graph shows the accuracy of prediction. TharalR values are in good agreement
between test and the train values. The line ind&ca good model. The sensitivity index
lists the inputs to the model and indicates hovssiee the model output is to small
changes in each input.
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Figure 58. ESPA-1 ANN “Universal” Model — PerceniRejection

Predicted and actual values are not exactly the same byerieeal trend is the same.
OCWD_MF predicted and actual values track very well as SGkaXks the general

trend.
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Figure 59. MT-2514 ANN “Universal’ Model — PercentRejection
Predicted and actual values are not exactly thedarthe general trend is the same.
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Figure 60. TW-30 ANN “Universal” Model — Percent Rejection
Predicted and actual values are not exactly theedarthe general trend is the same.
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Table 1. Participating Water Agencies and Source \Ater

Test # Participating Water Source Pretreatment
Agency
Metropolitan Water Conventional (No
! Distrigt of So. Cal. Surface Water Lime) (
2 Orange County | Secondary Treateq Conventional with
Water District Wastewater Lime Clarification
3 W_e_st Basin Secondary Treated PTI
Municipal Water Microfiltration
L Waste Water
District
4 Santa Clara Valley| Secondary Treateq Conventional with
Water District Wastewater Lime Clarification
Orange Count Secondary Treated , : .
> Watgr Districty Waste{vater Microfiltration
6 University of Agricultural Conventional with

California Riverside|

Drainage Water

Lime Clarification

Table 2. Membranes and manufacturers used in thistudy.

Membrane Polymer Chemistry Manufacturer
MC-2514 Cellulose Acetate Applied Membranes, San
Marcos, CA
i . Applied Membranes, San
MT-2514 Polyamide Marcos, CA
ESPA-1 Polyamide Hydranautics, Oceanside, [CA
TW-30 Polyamide Dow FilmTec, Midland, Mi
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Table 3. Water quality parameters measured for edtfeed water and membrane

permeate also used as ANN independent variable infs

Test Name/Model Inputs Units MWD ODCWD WB SCWD OCWD_ MF| Yuma
Electrical Conductivity (EC) um/cm 882.80 | 1550.00 | 1408.57 | 1145.56 1747.69 | 3790.00
Total Dissolved Solids (TDS) mg/L 488.29 | 863.17 | 651.00 | 650.67 965.23 | 2324.67
pH UNITS 7.43 6.19 7.69 7.94 6.97 5.83
Sodium (Na) mg/L 91.33| 191.00| 171.00| 119.33 208.23 | 602.17
Potassium (K) mg/L 4.16 14.21 16.54 24.74 17.52 6.57
Magnesium (Mg) mg/L 26.49 3.73 23.96 29.89 21.85 61.48
Calcium (Ca) mg/L 60.77 79.44 49.47 48.19 70.42 80.27
Boron (B) mg/L 0.14 0.34 0.59 0.38 0.43 1.03
Total Hardness (as CaCO3) mg/L 253.40 | 213.71 | 222.14 | 243.44 276.77 | 453.83
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 114.80 38.33 [ 304.57 | 240.67 120.61 4.55
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 114.800 | 38.329 | 304.571 | 240.667 119.825 4.55
Nitrite Nitrogen (NO2-N) mg/L 0.004 0.582 0.18 0.01 0.753 | <0.002
Chloride (Cl) mg/L 98.34 | 219.25| 176.14 | 143.47 208.46 | 618.50
Bromide (Br) mg/L <0.1 0.23 0.39 0.12 0.28 0.14
Nitrate Nitrogen (NO3-N) mg/L 0.50 0.75 0.38 1.76 1.01 4.00

Phosphate Phosphorus (orthophospahte)

(PO3-P) mg/L <0.1 <0.1 1.53 2.15 0.24 <0.1
Sulfate (SO4) mg/L 169.60 [ 366.71 [ 114.14 56.53 379.23 | 917.67
Total Organic Carbon (Unfiltered) (TOC) mg/L 2.62 9.15 10.27 6.07 10.34 1.29
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Table 4. MWD RO Test Unit Feedwater and Membrane Brmeate General

Minerals.
Test Name Units Feedwater| MT-2514| ESPA1-2514 TW3®G24 [ MC-2514
Electrical Conductivity (EC) pm/cm 882.80 18.11 27.80 92.37 51196
Total Dissolved Solids (TDS) mg/L 488.29 8.80 10.29 16.00 23.14
pH UNITS 7.43 6.16 6.2] 6.1y .40
Sodium (Na) mg/L 91.33 2.14 5.21 5.6B 7.46
Potassium (K) mg/L 4.16 <0.1 0.14 0.20 0.26
Magnesium (Mg) mg/L 26.49 0.60 0.61 2.14 0.19
Calcium (Ca) mg/L 60.77 0.90 0.19 6.9B 0.99
Boron (B) mg/L 0.14 <0.1 0.17 <0.1 0.11
Total Hardness (as CaCO3) mg/L 253.40 3.74 2.7% 20.07 6.6
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 114.80 4.86 5.82 4.5B 7.91
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 114.80 4.86 5.82 4.5B 7.91
Nitrite Nitrogen (NO2-N) mg/L 0.004 <0.007 <0.00p <0.042 <0.0p2
Chloride (Cl) mg/L 98.34 4.13 6.54 4.8 10.94
Bromide (Br) mg/L <0.1 <0.1 <0.1] <0.1 <0.L
Nitrate Nitrogen (NO3-N) mg/L 0.50 0.34 0.32 0.3} 0.38
(oﬁ?hoospphhcitgairt]g)s E)Ft]gr?’ui,) mg/L <0.1 <0.1 <0.1 <0.1 <0.p
Sulfate (SO4) mg/L 169.60 4.12 2.79 3.91L 3.47
Total Organic Carbon (Unfiltered) (TOC) | mg/L 2.62 0.24 0.2§ 0.28 0.946
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Table 5. WB RO Test Unit Feedwater and Membrane Remmeate General Minerals

Test Name Units Feedwater M-T2514| ESPA1-2514 TW3G24 | M-C2514
Electrical Conductivity (EC) pm/cm 1408.57 25.5Y 451917 23.17 306[29
Total Dissolved Solids (TDS) mg/L 651.00 18.0¢ 28.6} 19.97 120.p0
pH UNITS 7.69 6.34 6.49 6.3p 7.7
Sodium (Na) mg/L 171.00 2.96 3.14 1.94 39.43
Potassium (K) mg/L 16.54 0.21 0.2] 0.21L 3.40
Magnesium (Mg) mg/L 23.96 0.58 0.5§ 0.6p 2.43
Calcium (Ca) mg/L 49.47 2.05 17.8 0.8b 5.14
Boron (B) mg/L 0.59 0.19 0.24 0.1p 0.48
Total Hardness (as CaCO3) mg/L 222.14 3.5] 16.3% 2.76 24.86
Alkalinity-Phenolphtalein
(ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 304.57 12.63 21.8y 12.31 54.p9
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 304.57 12.63 21.8Y 12.31 54.p9
Nitrite Nitrogen (NO2-N) mg/L 0.180 <0.007 <0.00p <0.042 <0.0p2
Chloride (CI) mg/L 176.14 2.71 2.81 2.6p 54.33
Bromide (Br) mg/L 0.39 <0.1 <0.1 <0.1 0.2b
Nitrate Nitrogen (NO3-N) mg/L 0.38 0.32 0.34 0.3P 0.43
(OF:‘hOOSpphh:‘StgaF;]rt‘g)sF;‘gg“_i,) mg/L 153 <0.1 <0.1 <0.1 0.1p
Sulfate (SO4) mg/L 114.14 3.2(0 3.11 3.1P 4.93
Total Orgamc(grlgrlé;)n (Unfiltered) mall 10.27 0.42 0.4 0.4l 1.4

118



Table 6. OCWD RO Test Unit Feedwater and Membran®ermeate General

Minerals
Test Name Units Feedwater MT-2514 ESPA-1 TV80 MC2-514
Electrical Conductivity (EC) pum/cm 1550.00] 31.2] 32.7p 29.81 74p7
Total Dissolved Solids (TDS) mg/L 863.17 11.67] 19.17 13.38 3133
pH UNITS 6.19 5.89 6.1 5.8 5.8p
Sodium (Na) mg/L 191.00 5.51] 5.24 1.7p 9.1
Potassium (K) mg/L 14.21 0.53 0.33 0.3 0.9
Magnesium (Mg) mg/L 3.73 1.63 1.63 24 1.6
Calcium (Ca) mg/L 79.44 0.24 0.81 0.3% 0.3
Boron (B) mg/L 0.34 0.10 0.14 12.3¢ 0.2
Total Hardness (as CaCO3) mg/L 213.71 5.58 6.53 7.8p 4.46
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 38.33 13.97 14.3¢ 36.4f 14.30
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 38.33 13.97 14.3 36.4[ 14.40
Nitrite Nitrogen (NO2-N) mg/L 0.582 0.04 0.1 0.04 0.%6
Chloride (CI) mg/L 219.25 2.56 2.8( 2.54 11.41
Bromide (Br) mg/L 0.23 <0.1 <0.1§ <0.1 <0.]
Nitrate Nitrogen (NO3-N) mg/L 0.75 0.38 0.39 0.3 0.4
Phosphate PhOSphOI’US mg/L <0.1 <0.1 <0.1i <0.] <0.1
(orthophospahte) (PO3-P)
Sulfate (SO4) mg/L 366.71 3.10 2.94 3.10 3.95
Total Organic Carbon (Unfiltered) 9.15 0.45 054 0.51 08
(TOC) mg/L [
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Table 7. SCWD RO Test Unit Feedwater and MembranPermeate General

Minerals
Test Name Units Feedwater| M-T2514| ESPA1-2514 TwW3®G24 | M-C2514
Electrical Conductivity (EC) pm/cm 1145.56 25.07 20.89 14.61 129.99
Total Dissolved Solids (TDS) mg/L 650.67 17.56 17.33 12.67 70.56
pH UNITS 7.94 6.23 6.24 6.26 72.7D
Sodium (Na) mg/L 119.33 2.28 3.43 2.43 18.28
Potassium (K) mg/L 24.74 0.37 0.51 0.44 6.51
Magnesium (Mg) mg/L 29.89 0.20 0.20 0.23 0.9Y
Calcium (Ca) mg/L 48.19 4.56 0.73 1.19 1.6
Boron (B) mg/L 0.38 0.18 0.26 0.16 0.3}
Total Hardness (as CaCO3) mg/L 243.44 14.65 2.65 5.5( 7.94
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 240.67 11.39 6.83 7.14 15.2p
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 240.67 11.39 6.83 7.14 15.2p
Nitrite Nitrogen (NO2-N) mg/L 0.008 <0.002 <0.002 <0.002? <0.0(2
Chloride (CI) mg/L 143.47 2.51 3.49 2.33 2491
Bromide (Br) mg/L 0.12 <0.1 <0.1 <0.]] <0.]
Nitrate Nitrogen (NO3-N) mg/L 1.76 0.35 0.41 0.36 1.1}
(oﬁ?h%spphhigai?g)sE)Ft]ggj-;) mg/L 2.15 <0.1 <0.1 <0.1 <0.1
Sulfate (SO4) mg/L 56.53 2.73 2.67 2.73 2.88
Total Orga”ic(%rcbg’” (Unfiltered) mg/L 6.07 0.28 0.29 0.31 0.41
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Table 8. OCWD_MF RO Test Unit Feedwater and Membrae Permeate General

Minerals
Test Name Units Feedwater MT-2514 ESPA1-- TVB0- MC-2514
Electrical Conductivity (EC) pm/cm 1747.69 29.4% 39.12 28.00 143.0
Total Dissolved Solids (TDS) mg/L 965.23 15.78 20.77 13.15 64.44
pH UNITS 6.97 6.30 6.15 6.10 6.22
Sodium (Na) mg/L 208.23 4.96 6.10 3.47 20.04
Potassium (K) mg/L 17.52 0.34 0.43 0.34 1.6(
Magnesium (Mg) mg/L 21.85 0.20 <0.1 0.10 0.24
Calcium (Ca) mg/L 70.42 0.63 1.85 0.83 0.9
Boron (B) mg/L 0.43 0.15 0.23 0.15 0.34
Total Hardness (as CaCO3) mg/L 276.77 2.00 4.80 2.97 3.2]
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 120.61 15.17 15.37 13.95 18.71
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 119.82 12.79 14.20 9.68 18.5
Nitrite Nitrogen (NO2-N) mg/L 0.753 0.01 0.10 <0.002 0.57
Chloride (Cl) mg/L 208.46 1.8Q 2.91 2.97 25.71
Bromide (Br) mg/L 0.28 <0.1] <0.1 <0.1 0.19
Nitrate Nitrogen (NO3-N) mg/L 1.01 0.18 0.37 0.45 0.49
(OF:‘hOOSpphh:‘StgaF;]rt‘g)sF;‘gg“_i,) mg/L 0.24 <0.1 <0.1 <0.1 <0.1
Sulfate (SO4) mg/L 379.23 2.85 2.83 2.25 2.81
Total Orga”ic(%rcbg’” (Unfiltered) | o 10.34 0.88 0.92 0.76 1.2
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Table 9. Yuma RO Test Unit Feedwater and Membran®ermeate General

Minerals
Test Name Units Feedwater| M-T2514f ESPA1-2514 TW3GB24 | M-C2514
Electrical Conductivity (EC) pm/cm 3790.00 34.07 72.23 18.58 683.947
Total Dissolved Solids (TDS) mg/L 2324.67 14.00 31.17 8.17 324.67
pH UNITS 5.83 6.07 5.82 5.93 5.8
Sodium (Na) mg/L 602.17 4.85 12.92 3.3( 120.8B
Potassium (K) mg/L 6.57 0.10 0.40 <0.1 1.6}
Magnesium (Mg) mg/L 61.48 0.10 0.20 <0.1 1.41
Calcium (Ca) mg/L 80.27 1.70 0.30 <0.1 2.1%
Boron (B) mg/L 1.03 0.33 0.70 0.29 0.94
Total Hardness (as CaCO3) mg/L 453.83 8.10 1.70 <] 11.12
Alkalinity-Phenolphtalein (ALKPHE) mg/L <1 <1 <1 <1 <1
Total Alkalinity (TOTALK) mg/L 4.55 3.63 1.52 1.89 2.58
Hydroxide (OHCa) mg/L <1 <1 <1 <1 <1
Carbonate (CO3Ca) mg/L <1 <1 <1 <1 <1
Bicarbonate (HCO3Ca) mg/L 4.55 3.63 1.52 1.89 2.58
Nitrite Nitrogen (NO2-N) mg/L <0.002 <0.002 <0.002 <0.002 <0.042
Chloride (Cl) mg/L 618.50 5.82 16.60 3.97 183.3B
Bromide (Br) mg/L 0.14 <0.1 0.15 <0.1 <0.]
Nitrate Nitrogen (NO3-N) mg/L 4.00 0.39 0.76 0.35 2.88
(oﬁ?h%spphhigai?g)sE)Ft]ggj-li) mg/L <0.1 <0.1 <0.1 <0.1 <0.1
Sulfate (S0O4) mg/L 917.67 4.45 3.28 2.89 10.5p
Total Organic cazon (Unfltered) 1 mgiL 1.29 0.12 0.14 0.12 0.1%
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Table 10. Polyamide Membrane Properties. Membranproperties used as inputs

in “Universal” polyamide model.

Membrane Properties TW-30 MT-2514 ESPA-1
Roughness (nm) 58.94 81.44 83.95
Contact Angle 61.53 61.17 61.95
Specific Water Flux (gfd/psi) 0.11 0.14 0.24
Zeta Potential (mV) -9.60 -20.84 -25.20
Zeta Potential Slope (pH 5-7) -3.77 -4.11 -2.01
COO/AMID | Ratio 0.45 0.20 0.28
COO/AMID Il Ratio 0.43 0.18 0.45
OH/Amide | Ratio 251 0.63 0.76
Polyamide Thickness 1.26 1.44 1.47
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Table 11. ANN Specific Water Flux Model Influentid Parameters. Sensitivity
indices for each input, showing overall direction ad magnitude of influence on
specific water flux.

Membrane Type

Parameter

MT-2514

ESPA-1

TW-30

MC-251¢

Time

-0.350

-0.274

-0.821

0-36-

EC

Total lons {

TDS

-1.02¢

Hydrogen lons —j

Ph

Na

Monovalent Cations {

K

-0.802

-0.517

0.248

Divalent Cations {

Mg

Ca

B

-0.765

TOTHRD

-0.50(

ALKPHE

Hardness/Alkalinity <

TOTALK

0.617

OHCa

CO3Ca

—

HCO3Ca

-0.342

NO2-N

Monovalent Anions {

Cl

0.162

-0.04¢

Br

0.042

0.106

NO3-N

Divalent/Trivelant
Anions

PO3-P

25.051

-18.268

-0.966

SO4

Organics —

TOC

Bact/mL

0.272

-9.05¢

Bacterial {

CFU/100mL

0.519

-73.260

-16.927
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Table 12. ANN Percent Rejection Model Influential Parameters. Sensitivity indices
for each input, showing overall direction and magrtude of influence on rejection in

the models.

Membrane Type

Parameter

MT-2514

ESPA-1

TW-30

MC-2514

Time

-0.345

-0.621

0.129

-0.111

EC

Total lons {

TDS

Hydrogen lons |

Ph

Monovalent Cations {

Na

K

-0.390

Divalent Cations {

Mg

0.805

1.226

Ca

0.114

0.623

B

/

TOTHRD

-0.159

ALKPHE

Hardness/Alkalinity <

TOTALK

OHCa

CO3Ca

N

HCO3Ca

NO2-N

0.359

16.462

Cl

0.216

-0.023

Monovalent Anions {

Br

0.446

-0.510

NO3-N

1.569

Divalent/Trivalent
Anions

PO3-P

-2.034

-0.697

S04

Organics —]

TOC

Bact/mL

-0.653

Bacterial {

CFU/100mL

4.664

0.782
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Table 13. ANN “Universal” Model Influential Parameters for Specific Water Flux
and Percent Rejection. Sensitivity indices for edcinput showing overall direstion
and magnitude of influence in models.

Parameter

Specific H20H

% Rejection

Time

-0.220

-0.269

EC

-1.216

Total lons {

TDS

Hydrogen lons —

Ph

Na

Monovalent Cations{

K

-0.158

Mg

0.572

Divalent Cations {

Ca

B

0.467

TOTHRD

-0.266

ALKPHE

Hardness/Alkalinity <

TOTALK

OHCa

CO3Ca

.

HCO3Ca

NO2-N

Monovalent Anions{

Cl

0.188

0.069

Br

NO3-N

Divalent/Trivelant
Anions

PO3-P

0.180

-0.114

S04

Organics —

TOC

Bact/mL

-11.850

Bacterial {

CFU/100mL

/

Roughness (nm)

Contact Angle

Specific Water Flux (GFD/PSI)

Zeta Potential (mV)

Membrane Properties<

Zeta Potential Slope (pH 5-7)

COO/AMID | RATIO

COO/AMID Il RATIO

OH/Amide | Ratio

"Polyamide Thickness™
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GLOSSARY

Reverse osmosis membrane properties used as inpuisdevelopment ANN models.

Contact Angle (degrees) Fhe air bubble contact angle of the membrane, nedsat
the outside angle between the membrane surfaca hne tangential to an air bubble
trapped against the membrane surface (in 17 MOhanided water at 24°C). The
contact angle represents a measure of surface pilyithioity; the smaller the angle, the
greater the surface hydrophibicity.

COO/Amide | Ratio — A unitless relative index of membrane cross-lirdginency
derived from attenuated total internal reflectiamufer transform absorption at 1415¢m
corresponding to the presence of free carboxylateps and the absorption 1665tm
corresponding to the amide | bonds in the membrditne larger the ratio, the less cross-
linked the membrane.

COO/Amide Il Ratio - A unitless relative index of membrane cross-lirdgirency
derived from ATR/FTIR absorption at 1415¢morresponding to the presence of free
carboxylate groups and the absorption 1542 carresponding to the amide Il bonds in
the membrane. The larger the ratio, the less dnolssd the membrane.

OH/Amide | Ratio - A unitless relative index of membrane cross-lirdginency derived
from ATR/FTIR absorption at 3400 ¢htorresponding to the presence of hydroxyl
groups and the absorption 1665 toorresponding to the amide | bonds in the
membrane. The larger the ratio, the less croggdinthe membrane.

Perceptron —Basic information processing element of neural wekwconsisting of
multiple input nodes with associated waiting fuaos that are summed internally to a
single output node.

Polyamide Thickness -A unitless relative index derived from ATR/FTIR nse@ements
based on the ratio of the strength of the 1663 amide | absorption band of the
polyamide layer and the 874 rabsorption band of the polysulfone membrane support
layer. The larger the ratio, the thicker the polideriayer.

Roughness (nm) -A direct measurement by atomic force microscopyNABf the
rugosity of the membrane surface defined as thedata deviation of the height of
features on the membrane, expressed in nanomeétersoughness of the membrane
may reflect subtle differences in internal physloamical properties. Interactions of
nanoparticles with membrane surfaces are oftertipelsi related to surface roughness.

Specific Water Flux (gfd/psi)— Measurement of the membrane water flux perwater
pressure. Many membrane properties are represbytidud specific water flux,
including membrane density and intrinsic poroditygdraulic conductivity, hydrogen
bonding, charge interactions and many others.
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Zeta Potential Slope (pH 5-7) This is rate of change of the Zeta potential agthes
shifted from 5 to 7. This index is inversely projpanal to the ease with which
membrane protons may be introduced or removedeafittction of pH; the more
negative the index, the more easily the merman Inegyrotonated or deprotonated.

A

AFM

ANN
ATR/FTIR

Bact.
CA
CCD
CFU
cn?
COO

DI

DNA
ESPA-1
GA

gfd

HCI

IR

kHz
mL/min
mm
N/m
MC-2514
MF
MWD
MT-2514
N

NacCl
NF
NaOH
OCwWD
OCWD_MF
OH
PCA

psi
rRNA
RO
R-value
SCWD
TW-30
UCR

Angstrom

Atomic Force Microscopy

Artificial Neural Network

Attenuated Total Reflectance Fourier Trfans Infrared
Spectroscopy

Bacteria

Cellulose Acetate

Charged-coupled Device

Colony Forming Unit

centimeter squared

Carboxylate

Deionized

Deoxyribonucleic Acid

Hydranautics reverse osmosis membrane
Genetic Algorithm

gallon feet per day

Hydrochloric Acid

mid-infrared

kilohertz

milliliters per minute

millimeter

Neuton per meter

Applied Membranes Cellulose Acetate Meamler
Microfiltration

Metropolitan Water District

Applied Membranes Polyamide Membrane
Neuton

Sodium Chloride

Nanofiltration

Sodium Hydroxide

Orange County Water District

Orange County Water District_Microfiltia
Hydroxide

Principal Component Analysis

pound per square inch

ribosomal ribonucleic acid

Reverse Osmosis

Pierson Correlation Coefficient

Santa Clara Water District

Dow Film Tec Polyamide

University of California, Riverside
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pL
pm
WB

microliter
micron
West Basin Municipal Water District
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ESPA-1 Feed Water Quality Parameters and Membrarferfance at All Sites

APPENDIX 1: MEMBRANE PERFORMANCE DATABASES

Location [Time (hr) EC TDS Ph Na K Mg Ca TOTHRD TOTALK HCO3Ca NO2-N Cl Br NO3-N PO3-P S04 TOC Bact/mL | CFU/100 mL spec. flu x | % rejection
SCwWD 120 1160 674 7.8 123 22.5] 29.8 49.3 0.40] 246 243 243 0.008| 169 0.12 1.51] 0.3 62.8 5.34| 3.22E+06| 2.98E+06 0.45 97.4]
SCWD 288 1140 639 8.3] 117 24.3 29.2 45.8 0.38] 235 246 246 0.010] 156 0.12 0.90| 0.3] 64.8] 6.29| 5.24E+06| 9.42E+04 0.30 97.6
SCWD 624 1130 632 7.8 116 24.4) 28.3 44.4 0.36 227| 235 235 0.005| 159| 0.10] 2.40 2.4 63.0] 5.99 1.21E+07| 9.70E+06 0.14 96.0)
SCWD 792 1170 681 7.9 119 24.6] 28.2 44.9 0.36 228 241 241 0.009| 2.2 0.10| 0.33] 0.1 2.8 8.16| 4.97E+06 3.45E+05 0.06 94.8]
SCWD 960 1130 641 8| 119 25.4] 30.3 48.4 0.39] 246 246 246 0.005] 160 0.10| 1.77] 2.7 64.0| 5.9 5.13E+06 9.33E+04 0.02 89.8]
SCWD 1128 1150 657 7.7] 116 23.9 28.8 47.5 0.36 237| 244 244 0.007| 162| 0.10] 0.29 3.4 62.2 5.80| 1.61E+07| 7.00E+06 0.01 87.3

MWD 48 910 NA| 7.4 96 4.4 28.6 60.5 0.13] 269 114 114 0.004] 97.6 0.10| 0.47| 0.1 180.0] 2.65| 5.81E+04 7.67E+00| 0.30 98.2]
MWD 288 900 526 7.5 95 4.3 27.7 60.8, 0.14] 266 117 117, 0.002] 99.1 0.10| 0.44] 0.1 182.0] 2.25| 5.32E+04 7.00E+00| 0.28 98.5]
MWD 432 912] 444 7.6 99 4.4 28.8 63.6 0.13 277| 115 115 0.003] 98.9 0.10] 0.46 0.1] 178.0] 2.36| 2.25E+04| 7.67E+00) 0.28 98.4
MWD 552| 911] 510 7.7] 98 4.4 29.2 64.6 0.14 282 119| 119 0.003] 96.4 0.10] 0.10| 0.1] 179.0] 2.27| 6.87E+04| 2.33E+00 0.28 98.2)
MWD 696 916 544 7.4 94 4.3 27.7 60.3 0.13] 265| 119 119 0.005 97.2 0.10] 0.10] 0.1 186.0] 3.16| 6.75E+04 2.10E+00| 0.28 98.1
MWD 1248 837 460 7.2 83| 3.6 23.1 51.2 0.14] 223 108 108, 0.003| 101 1.00] 0.51] 0.1 152.0] 3.35| 2.75E+04 2.43E+01 0.28 97.5]
MWD 1416 892 NA| 7.4 90 4.2 26.6 91.7 0.14 264 118 118 0.003] 94.6 1.00 0.58] 0.1] 179.0] 3.13| 8.42E+04| 5.53E+00 0.27 97.2)
MWD 1608| 760 410 7.2 83| 3.7 20.3 39.9] 0.15] 183 104 104 0.003] 103 1.00] 0.10] 0.1 110.0] 2.25| 7.59E+04 7.67E-01 0.27, 96.8]
OCwD 120 1600 890 6.2 200 14.0] 3.9 74.8 0.36 203 44 44] 1.480] 220 0.25| 0.65| 0.1 379.0] 8.48| 2.72E+06| 1.57E+03| 0.43 97.1
OCwD 288 1580 860 6.3] 212 15.8, 9.6| 72.9 0.41 221 44 44 0.226 228 0.22 0.65| 0.1] 359.0] 11.8| 4.16E+06| 2.80E+04 0.19 96.3
OCwD 456 1510 853 6.2] 186 14.6 0.9] 86.5 0.30 220 16| 16| 0.860)| 213 0.24] 0.93] 0.1] 338.0] 6.4] 1.01E+06| 7.45E+05) 0.12 95.4
OCwD 624 1530 828, 6.2 187, 13.8] 1.6 83.0 0.35] 214 33 33 0.288| 0.5 0.21 0.82] 0.1 374.0] 9.39| 5.38E+06| 6.00E+04 0.09 94.9
OCwD 792 1630 872 6.3 195 14.4] 4 83.1 0.31] 224 43| 43| 0.594] 216 0.25| 0.70] 0.1 358.0 10.2| 3.03E+06| 1.37E+05 0.07 94.3]
OCwD 984 1590 876 6.1] 190 14.6 2.1 79.7 0.33 208 45 45| 0.250] 0.5] 0.22 0.10| 0.1] 387.0] 10.2| 2.59E+06| 4.87E+04 0.06 94.0
OCwD 1035] 1410 NA| 6| 167, 12.3] 4 76.1 0.30] 206 44 44 0.373] 0.5| 0.22 0.10] 0.1 372.0] 7.56] 1.23E+06) 6.53E+04] 0.07, 94.0]
wB 24 1400 650 7.7 175 16.2] 21.7 51.4 0.63] 218 303 303 0.244] 179 0.40 0.40] 1.2] 109.0] 11.30] 3.11E+04 1.67E+03| 0.29 98.6|
wB 192] 1380 668 7.4 160 15.7 24.6 47.7 0.57, 220 303 303] 0.215] 166 0.35] 0.47 1.6 110.0] 12.1 1.10E+03| 1.05E+03| 0.19 98.1
wB 528 1360 646 7.6 176 17.4 25.2 50.6 0.65| 230 303 303] 0.122] 169| 0.36 0.34] 1.7 112.0] 0.47| 2.20E+04| 1.44E+05 0.10 97.9
WB 696 1420 694 7.6 175 17.2] 24.8| 50.9 0.58] 229| 299 299 0.175] 185| 0.42 0.17] 1.4 117.0] 11.3| 2.74E+04 4.15E+03 0.09 97.7]
OCWD_MF 1 1640 878, 6.5 175 15.5] 21.2 18.5] 0.36 276| 87 87 0.530] 190 0.18 1.16| 0.1 371.0 11.9| 5.44E+05 3.60E+02 0.14 97.§]
OCWD_MF 48 1840 1030 7.6 222 17.5 22.1 76.2 0.41 281 98 98] 0.019| 220 0.26 0.55| 0.2] 428.0| 14.3| 2.73E+05| 3.50E+02 0.10 97.7|
OCWD_MF 192] 1850 1010 7 222 17.2 22.1 78.6 0.41 287 155 155 0.080| 223 0.25] 0.41 0.2] 373.0] 12| 1.10E+06 2.30E+03 0.09 98.0
OCWD_MF 360 1770 990 6.8 208 17.4] 21.9 77.2 0.45] 283 129 129 0.045] 214 0.23 0.51] 0.2 377.0] 11.8| 7.98E+03| 1.30E+04 0.09 97.9
OCWD_MF 528 1800 1000 7.2] 225 18.2 23.1 79.7 0.45) 294 159| 159 0.129| 210 0.28 0.62 0.3] 397.0] 12.5| 1.78E+04| 1.80E+04 0.09 97.8
OCWD_MF 696 1820 1020 7 219 17.3 21.3 76.4 0.44 278 124 124 0.189| 213 0.33 0.59 0.4] 397.0] 9.45| 1.81E+05| 4.40E+04 0.09 97.9
OCWD_MF 864 1820 948 7.7 209 18.6| 222 82.2 0.44] 297| 130 naj 1.270] 220 0.26] 0.47| 0.3 362.0 8.35| 1.46E+04 1.70E+04] 0.08 97.§]
OCWD_MF 1032 1700 964 6.8 188, 18 21.3 78.1 0.46 283 100 100 1.470] 203 0.38 0.21] 0.2 381.0 10.5| 1.61E+04 3.10E+04 0.08 97.7]
OCWD_MF 1200 1730 960 6.6| 212 17.6 21.2 721 0.42 267| 113 113 0.732] 202 0.29 0.34] 0.3] 378.0] 11.7| 3.33E+04| 4.60E+04 0.08 97.6
OCWD_MF 1368 1650 920 6.6| 207| 17.3 20.2 71.9 0.44 263 112] 112 2.510] 205 0.31 6.32 0.1] 380.0f 7.81| 5.20E+04| 2.43E+04 0.07 97.5
OCWD_MF 1536 1520 822 7| 175 16 21.6 71.6 0.41] 268 111 111 1.790] 183 0.24 0.37] 0.2 308.0 11.6| 2.27E+04 6.90E+03, 0.07 97.6
OCWD_MF 1704 1770 986 6.9] 220 19.7 22.2 67.6 0.46 260 129| 129 0.170] 204 0.28 0.82 0.3] 389.0] 11.8| 2.13E+03| 3.30E+03 0.06 97.6
OCWD_MF 1800 1810 1020 6.9] 225] 17.5] 23.7 65.4 0.44) 261 121] 121 0.859 223 0.31 0.72 0.3] 389.0] 0.65] 4.20E+03 4.10E+03 0.06 97.5
YUMA 0| 3960 2470 5.7 639 6.9 66.8, 95.2 1.15] 513 1 1 0.002] 654 0.10| 4.33 0.1 975.0 1.32| 1.83E+04 6.67 0.13 95.5]
YUMA 162 3560 2180 6.3 589 6.8] 60.7, 76.0 1.03] 440 7| 7 0.002] 571 0.10| 3.83] 0.1 882.0 1.36| 1.63E+04 0.00 0.11 97.8]
YUMA 31 3970 2440 5.9 599 6.4] 59 70.0 1.01 418 2 2 0.002] 621] 0.10] 4.43 0.1] 916.0| 1.18| 1.20E+04| 366.67| 0.10 98.3
YUMA 498 3890 2370 6 622] 6.8 67.2 86.3 1.05 492 4 4 0.002] 651] 0.10] 3.92 0.1] 941.0] 1.31| 1.23E+04| 15.00 0.09 98.4
YUMA 666 3630 2180 4.8 547 6.1] 52.9 74.0 0.92] 403| 2| 2 0.002] 595 0.14 3.72] 0.1 877.0 1.32| 1.13E+04 25.00 0.07 99.1]
YUMA 834 3730 2308 6.3 617 6.4 62.3 80.1 1.02] 457| 12 12 0.002] 619 0.14f 3.79] 0.1 915.0| 1.24| 1.32E+04 52.40 0.07, 99.1]
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MT-2514Water Quality Parameters and Membrane Performanik Sites

Location (Time (hr) EC TDS Ph Na Mg Ca TOTHRD TOTALK HCO3Ca NO2-N Cl Br NO3-N PO3-P SO4 TOC Bact/mL [ CFU/100 mL spc. flux % rejection
SCWD 120 1160 674 7.8 123 22.5] 29.8| 49.3 0.40] 246 243 243 0.008| 169 0.12 151 0.3] 62.8 5.34| 3.22E+06 2.98E+06 0.12 99.0
SCWD 288 1140] 639 8.3] 117| 24.3] 29.2 45.8| 0.38 235 246 246 0.010 156 0.12] 0.90] 0.3] 64.8 6.29] 5.24E+06 9.42E+04 0.09 98.9|
SCWD 624 1130 632 7.8 116 24.4) 28.3| 44.4 0.36] 227 235 235 0.005| 159 0.10 2.40] 2.4 63.0 5.99] 1.21E+07 9.70E+06 0.07 98.6
SCWD 792 1170 681] 7.9 119 24.6| 28.2 44.9] 0.36 228 241 241 0.009 2 0.10] 0.33] 0.1] 2.8 8.16| 4.97E+06 3.45E+05 0.03 97.2}
SCWD 960 1130 641 8.0 119 25.4) 30.3 48.4 0.39] 246 246 246 0.005| 160 0.10 177 2.7| 64.0 5.90| 5.13E+06 9.33E+04 0.02 96.3
MWD 48| 910 NA 7.4 96 4.4 28.6f 60.5 0.13 269| 114 114 0.004 98| 0.10] 0.47 0.1] 180.0] 2.65| 5.81E+04 7.67E+00 0.17 98.9|
MWD 288 900 526 7.5 95 4.3] 2717 60.8 0.14 266 117| 117| 0.002 99| 0.10] 0.44 0.1] 182.0 2.25| 5.32E+04 7.00E+00 0.19 99.14
MWD 432 912 444 7.6 99 4.4 28.8| 63.6] 0.13] 277 115 115 0.003| 99 0.10 0.46| 0.1] 178.0 2.36| 2.25E+04 7.67E+00 0.19 98.9
MWD 552| 911 510 7.7 98 4.4 29.2 64.6 0.14 282| 119| 119 0.003 96| 0.10] 0.10] 0.1] 179.0 2.27| 6.87E+04 2.33E+00 0.20 98.8|
MWD 696 916 544 7.4 94 4.3] 27.7| 60.3] 0.13] 265 119 119 0.005| 97 0.10 0.10] 0.1] 186.0 3.16| 6.75E+04 2.10E+00 0.20 98.7|
MWD 1248 837| 460 7.2 83 3.6} 23.1 51.2 0.14 223 108 108 0.003| 101 0.10] 0.51] 0.1] 152.0] 3.35| 2.75E+04 2.43E+01 0.20 98.4}
MWD 1608| 760 410| 7.2 83| 3.7 20.3] 39.9) 0.15] 183 104 104 0.003] 103 0.10 0.10| 0.1] 110.0] 2.25| 7.59E+04 7.67E-01] 0.18| 97.9
OocwD 120 1600 890 6.2] 200 14.0 3.9 74.8 0.36 203 44 44 1.480] 220 0.25| 0.65| 0.1] 379.0 8.48| 2.72E+06 1.57E+03 0.15| 98.14
ocwD 288 1580 860 6.3 212 15.8] 9.6| 72.9| 0.41] 221 44 44 0.226 228 0.22 0.65] 0.1] 359.0 11.80| 4.16E+06| 2.80E+04 0.09 97.4
OoCcwD 456 1510 853 6.2] 186 14.6) 0.9 86.5 0.30 220 16| 16| 0.860] 213 0.24] 0.93] 0.1] 338.0 6.40| 1.01E+06 7.45E+05 0.07 97.0}
ocwD 624 1530 828 6.2 187 13.8] 1.6| 83.0] 0.35] 214 33 33 0.288 1 0.21 0.82] 0.1] 374.0 9.39] 5.38E+06 6.00E+04 0.05 96.5
OoCcwD 792 1630 872 6.3] 195 14.4 4.0 83.1 0.31 224 43 43| 0.594 216| 0.25] 0.70] 0.1] 358.0 10.20| 3.03E+06| 1.37E+05 0.04 96.14
ocwD 984 1590 876 6.1 190 14.6} 2.1 79.7| 0.33] 208 45| 45] 0.250] 1 0.22 0.10] 0.1] 387.0 10.20| 2.59E+06| 4.87E+04 0.03 95.7|

WB 24 1400 650 7.7 175 16.2 21.7 51.4 0.63 218 303 303 0.244 179 0.40] 0.40] 1.2 109.0| 11.30| 3.11E+04 1.67E+03 0.26 98.8|
wB 192 1380 668 7.4 160 15.7 24.6| 47.7 0.57| 220 303 303 0.215| 166 0.35 0.47| 1.6 110.0] 12.10| 1.10E+03| 1.05E+03 0.16 98.3
WB 528 1360 646 7.6 176 17.4 25.2 50.6 0.65 230 303 303 0.122 169 0.36] 0.34] 1.7 112.0] 0.47] 2.20E+04 1.44E+05 0.16 98.5|
WB 696 1420 694 7.6 175 17.2 24.8| 50.9| 0.58| 229 299 299 0.175] 185 0.42 0.17| 1.4 117.0] 11.30] 2.74E+04] 4.15E+03 0.16 98.4
OCWD_MF 1] 1640| 878 6,5-1 175 15.5} 21.2] 18.5| 0.36] 276 87| 87| 0.530 190 0.18] 1.16 0.1] 371.0 11.90] 5.44E+05| 3.60E+02 0.08 98.4}
OCWD_MF 48 1840 1030) 7.6 222 17.5} 22.1 76.2] 0.41] 281 98| 98| 0.019| 220 0.26 0.55| 0.2] 428.0| 14.30| 2.73E+05 3.50E+02 0.07 98.4
OCWD_MF 192 1850 1010 7.0 222 17.2 22.1 78.6 0.41 287 155 155 0.080 223 0.25] 0.41 0.2] 373.0 12.00| 1.10E+06| 2.30E+03 0.06 98.5|
OCWD_MF 360 1770) 990 6.8 208 17.4) 21.9| 77.2] 0.45] 283 129 129 0.045| 214 0.23 0.51] 0.2] 377.0 11.80| 7.98E+03| 1.30E+04 0.06 98.5
OCWD_MF 528 1800 1000 7.2 225 18.2 23.1 79.7 0.45 294 159 159 0.129 210 0.28] 0.62] 0.3] 397.0 12.50| 1.78E+04 1.80E+04 0.06 98.4}
OCWD_MF 696 1820 1020 7.0 219 17.3] 21.3] 76.4 0.44] 278 124 124 0.189 213 0.33 0.59| 0.4] 397.0 9.45| 1.81E+05 4.40E+04 0.07 98.6
OCWD_MF 864 1820 948 7.7 209 18.6) 222 82.2 0.44 297| 130 na| 1.270] 220 0.26] 0.47 0.3] 362.0 8.35| 1.46E+04 1.70E+04 0.06 98.4}
OCWD_MF 1032] 1700 964 6.8 188 18.0} 21.3] 78.1] 0.46| 283 100 100 1.470 203 0.38 0.21] 0.2] 381.0 10.50| 1.61E+04 3.10E+04 0.06 98.3
OCWD_MF 1200 1730] 960 6.6 212 17.6) 21.2 72.1 0.42 267| 113 113 0.732 202] 0.29] 0.34] 0.3] 378.0 11.70| 3.33E+04 4.60E+04 0.05 98.2}
OCWD_MF 1368 1650 920 6.6 207| 17.3 20.2 71.9 0.44 263| 112 112 2.510] 205 0.31] 6.32] 0.1] 380.0 7.81| 5.20E+04 2.43E+04 0.05 98.14
OCWD_MF 1536 1520 822 7.0 175 16.0} 21.6| 71.6) 0.41] 268 111 111 1.790 183 0.24 0.37| 0.2] 308.0 11.60| 2.27E+04 6.90E+03 0.04 98.0)
OCWD_MF 1704 1770] 986 6.9] 220 19.7 222 67.6 0.46 260 129 129 0.170 204 0.28] 0.82] 0.3] 389.0 11.80| 2.13E+03| 3.30E+03 0.04 98.0}
OCWD_MF 1800 1810] 1020] 6.9 225 17.5] 23.7] 65.4] 0.44) 261 121 121 0.859 223 0.31 0.72] 0.3] 389.0 0.65| 4.20E+03 4.10E+03 0.04 97.9
YUMA 0 3960 2470 57 639 6.9 66.8 95.2 1.15 513 1] 1 0.002 654 0.10] 4.33] 0.1] 975.0 1.32| 1.83E+04 6.67E+00 0.05] 99.0}
YUMA 162 3560 2180 6.3 589 6.8] 60.7] 76.0] 1.03 440 7 7] 0.002 571 0.10 3.83] 0.1] 882.0 1.36| 1.63E+04 0.00E+00 0.08 99.4
YUMA 31 3970 2440 5.9 599 6.4] 59.0 70.0 1.01 418 2 2 0.002 621 0.10] 4.43 0.1] 916.0 1.18| 1.20E+04 3.67E+02 0.09 99.5|
YUMA 498| 3890 2370 6.0 622 6.8] 67.2] 86.3] 1.05 492 4 4 0.002 651 0.10 3.92] 0.1] 941.0 1.31| 1.23E+04 1.50E+01 0.09 99.5
YUMA 666 3630 2180 4.8 547| 6.1 52.9 74.0 0.92 403 2 2 0.002 595 0.14] 3.72] 0.1] 877.0 1.32| 1.13E+04 2.50E+01 0.07 99.6}
YUMA 834 3730 2308 6.3] 617| 6.4] 62.3 80.1 1.02 457 12] 12] 0.002 619 0.14] 3.79) 0.1] 915.0 1.24| 1.32E+04 5.24E+01 0.08 99.6}

137



TW-30 Water Quality Parameters and Membrane Performangk Sites

Location [Time (hr) EC TDS Ph Na Mg Ca TOTHRD TOTALK HCO3Ca NO2-N Cl Br NO3-N PO3-P S04 TOC Bacl./_mL ICFU/100mL pec. flu x| % rejection
SCwWD 120 1160 674 7.8 123.0] 22.5] 29.8] 49.3 0.40] 246 243 243 0.008| 169.0 0.12] 151 0.3] 62.8 5.34| 3.22E+06| 2.98E+06 0.26] 98.7]
SCwWD 288 1140 639 8.3 117.0] 24.3] 29.2] 45.8 0.38] 235 246 246 0.010 156.0 0.12] 0.90] 0.3] 64.8 6.29| 5.24E+06| 9.42E+04| 0.26] 98.14
SCwWD 624 1130 632 7.8 116.0| 24.4] 28.3] 44.4 0.36 227 235 235 0.005 159.0 0.10] 2.40 2.4] 63.0 5.99] 1.21E+07| 9.70E+06| 0.13] 98.14
SCwWD 792 1170 681 7.9] 119.0] 24.6] 28.2] 44.9 0.36 228 241 241 0.009| 2.2] 0.10] 0.33] 0.1] 2.8 8.16| 4.97E+06 3.45E+05| 0.09] 97.9]
SCwWD 960 1130 641 8.0 119.0] 25.4] 30.3] 48.4 0.39] 246 246 246 0.005 160.0 0.10] 1.77 2.7 64.0 5.9 5.13E+06 9.33E+04| 0.06 96.0f
SCwWD 1128, 1150 657 7.7| 116.0| 23.9] 28.8] 47.5 0.36 237 244 244 0.007| 162.0 0.10] 0.29] 3.4 62.2 5.80| 1.61E+07| 7.00E+06 0.04] 95.9]

MWD 288 900 526 7.5] 94.9] 4.3 217.7] 60.8] 0.14] 266 117| 117| 0.002] 99.1] 0.10] 0.44] 0.1] 182.0 2.25| 5.32E+04 7.00E+00 0.17] 95.8]
MWD 432 912 444 7.6| 99.0] 4.4 28.8] 63.6] 0.13] 277 115 115 0.003| 98.9] 0.10] 0.46] 0.1] 178.0 2.36| 2.25E+04 7.67E+00| 0.17] 98.0]
MWD 552 911 510 7.7] 97.7| 4.4 29.2] 64.6] 0.14] 282 119 119| 0.003| 96.4] 0.10] 0.10] 0.1] 179.0 2.27| 6.87E+04 2.33E+00| 0.18] 98.1
MWD 696 916 544 7.4 93.9] 4.3 217.7] 60.3] 0.13] 265 119 119| 0.005 97.2] 0.10] 0.10] 0.1] 186.0 3.16| 6.75E+04 2.10E+00| 0.17] 98.9]
MWD 1248, 837 460 7.2] 82.9] 3.6 23.1 51.2] 0.14] 223 108 108| 0.003| 101.0 0.10] 0.51] 0.1] 152.0 3.35| 2.75E+04 2.43E+01] 0.18] 98.9]
MWD 1608 760 410 7.2] 82.8| 3.7 20.3] 39.9] 0.15 183] 104 104] 0.003] 103.0 0.10] 0.10] 0.1] 110.0 2.25| 7.59E+04 7.67E-01 0.18] 98.6]
OocwD 120 1600 890 6.2] 200.0 14.0 3.9 74.8] 0.36 203 44 44 1.480 220.0| 0.25] 0.65] 0.0] 379.0] 8.48| 2.72E+06 1.57E+03 0.15] 98.0]
OoCcwD 288 1580 860 6.3] 212.0 15.8 9.6 72.9] 0.41] 221 44 44 0.226| 228.0] 0.22] 0.65] 0.0] 359.0| 11.8] 4.16E+06| 2.80E+04| 0.05] 96.9]
OoCcwD 456 1510 853 6.2] 186.0| 14.6 0.9 86.5 0.30] 220 16 16| 0.860 213.0] 0.24] 0.93] 0.1] 338.0| 6.4] 1.01E+06 7.45E+05) 0.04] 96.4]
OoCcwD 624 1530 828 6.2] 187.0] 13.8 1.6] 83.0] 0.35] 214 33| 33 0.288| 0.5] 0.21] 0.82] 0.1] 374.0] 9.39| 5.38E+06 6.00E+04 0.03] 96.0f
OoCcwD 792 1630 872 6.3] 195.0| 14.4 4.0 83.1] 0.31] 224 43| 43| 0.594 216.0| 0.25] 0.70] 0.1] 358.0| 10.2| 3.03E+06| 1.37E+05 0.02] 95.5]
OoCcwD 984 1590 876 6.£| 190.0] 14.6 2.£| 79.7] 0.33] 208 45| 45| 0.250] 0.5] 0.22] 0.10] 0.1] 387.0] 10.2] 2.59E+06| 4.87E+04 0.02] 95.2]
WB 24 1400 650 7.7] 175.0] 16.2 21.7] 51.4] 0.63] 218 303 303 0.244 179.0 0.40] 0.40] 1.2 109.0 11.30| 3.11E+04| 1.67E+03 0.21] 98.3]
WB 192] 1380 668 7.4 160.0| 15.7 24.6] 47.7 0.57] 220 303 303 0.215] 166.0 0.35] 0.47| 1.6 110.0 12.1] 1.10E+03| 1.05E+03 0.09] 97.3]
WB 528 1360 646 7.6| 176.0| 17.4 25.2] 50.6| 0.65 230 303 303 0.122] 169.0 0.36] 0.34] 17 112.0 0.47| 2.20E+04| 1.44E+05 0.05] 97.14
WB 696 1420 694 7.6] 175.0] 17.2 24.8| 50.9] 0.58 229 299 299| 0.175| 185.0 0.42] 0.17] 1.4] 117.0 11.3| 2.74E+04 4.15E+03) 0.05| 97.0]
OCWD_MF 1 1640 878 6.5] 175.0] 15.5 21.2] 18.5 0.36 276 87 87 0.530] 190.0 0.18] 1.16 0.1] 371.0] 11.9] 5.44E+05| 3.60E+02 0.08| 98.2]
OCWD_MF 48 1840 1030 7.6| 222.0| 17.5 22.1 76.2] 0.41] 281 98| 98 0.019| 220.0| 0.26] 0.55] 0.2] 428.0 14.3] 2.73E+05| 3.50E+02 0.07| 98.4]
OCWD_MF 192] 1850 1010 7.0] 222.0| 17.2 22.1 78.6] 0.41] 287 155 155] 0.080 223.0] 0.25] 0.41] 0.2] 373.0] 12| 1.10E+06 2.30E+03 0.05] 98.4]
OCWD_MF 360 1770 990 6.8 208.0| 17.4 21.9] 77.2] 0.45| 283 129] 129| 0.045] 214.0] 0.23] 0.51] 0.2] 377.0] 11.8] 7.98E+03| 1.30E+04 0.05] 98.4]
OCWD_MF 528 1800 1000 7.2] 225.0 18.2 23.1 79.7| 0.45| 294 159 159| 0.129] 210.0| 0.28] 0.62] 0.3] 397.0] 12.5| 1.78E+04 1.80E+04 0.05] 98.3]
OCWD_MF 696 1820 1020 7.0] 219.0 17.3 21.3] 76.4] 0.44 278 124 124 0.189] 213.0] 0.33] 0.59] 0.4] 397.0] 9.45| 1.81E+05 4.40E+04| 0.04] 98.4]
OCWD_MF 1032 1700 964 6.8] 188.0| 18.0 21.3] 78.1] 0.46 283 100 100 1.470 203.0] 0.38] 0.21] 0.2] 381.0] 10.5] 1.61E+04 3.10E+04| 0.04] 98.3]
OCWD_MF 1200 1730 960 6.6| 212.0 17.6 21.2] 72.1 0.42] 267 113 113] 0.732] 202.0| 0.29] 0.34] 0.3] 378.0] 11.7] 3.33E+04 4.60E+04| 0.04] 98.2]
OCWD_MF 1368, 1650 920 6.6 207.0 17.3 20.2] 71.9] 0.44 263 112] 112] 2.510] 205.0| 0.31] 6.32 0.1] 380.0| 7.81| 5.20E+04 2.43E+04| 0.03] 98.2]
OCWD_MF 1536 1520 822 7.0 175.0] 16.0 21.6] 71.6] 0.41] 268 111 111 1.790 183.0 0.24] 0.37] 0.2] 308.0| 11.6] 2.27E+04 6.90E+03| 0.03] 98.1
OCWD_MF 1704 1770 986 6.9 220.0 19.7 22.2] 67.6] 0.46| 260 129 129| 0.170| 204.0| 0.28] 0.82] 0.3] 389.0| 11.8] 2.13E+03| 3.30E+03| 0.03] 98.2]
OCWD_MF 1800 1810 1020 6.9 225.0 17.5 23.7] 65.4] 0.44 261 121 121] 0.859] 223.0] 0.31] 0.72] 0.3] 389.0] 0.65| 4.20E+03 4.10E+03) 0.03] 98.2]
Yuma 0 3960 2470 5.7 639.0 6.9 66.8] 95.2] 1.15 513 1 1 0.002] 654.0| 0.10] 4.33] 0.1] 975.0| 1.32| 1.83E+04 6.67E+00| 0.06] 99.5§
Yuma 162 3560 2180 6.3 589.0 6.8 60.7| 76.0| 1.03 440 7 7 0.002] 571.0] 0.10] 3.83] 0.1] 882.0| 1.36] 1.63E+04 0.00E+00| 0.12] 99.6f
Yuma 31 3970 2440 5.9 599.0 6.4 59.0| 70.0] 1.01 418 2 2 0.002] 621.0| 0.10] 4.43] 0.1] 916.0| 1.18| 1.20E+04 3.67E+02 0.12] 99.6|
Yuma 498 3890 2370 6.0 622.0 6.8 67.2] 86.3] 1.05 492 4 4 0.002] 651.0] 0.10] 3.92] 0.1] 941.0] 1.31] 1.23E+04 1.50E+01 0.13] 99.6|
Yuma 666 3630 2180 4.8 547.0 6.1 52.9] 74.0] 0.92] 403 2 2 0.002] 595.0| 0.14] 3.72] 0.1] 877.0] 1.32| 1.13E+04 2.50E+01] 0.10] 99.7]
Yuma 834 3730 2308 6.3] 617.0] 6.4/ 62.3] 80.1] 1.02 457 12 12| 0.002] 619.0| 0.14] 3.79] 0.1] 915.0| 1.24] 1.32E+04 5.24E+01] 0.10] 99. 6}
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MC-2514Water Quality Parameters and Membrane Performanil Sites

Location [Time (hr) EC TDS Ph Na Mg Ca JOTHRD JOTALK HICO3Ca NO2-N Cl Br NO3-N PO3-P S04 TOC Bact/mL | CFU/100 mL Epc. flux % rejection
SCwWD 120 1160 674 7.8 123 22.5| 29.8 49.3| 0.40 246 243 243 0.008| 169.0 0.12] 1.51 0.3] 62.8 5.34| 3.22E+06| 2.98E+06 0.08 92.6868
SCWD 288| 1140 639 8.3] 117| 24.3] 29.2 45.8 0.38 235 246 246 0.010 156.0 0.12] 0.90 0.3 64.8 6.29] 5.24E+06 9.42E+04 0.09 92.87|
SCwWD 624 1130 632 7.8 116 24.4 28.3 44.4 0.36 227 235 235 0.005| 159.0 0.10| 2.40 2.4 63.0 5.99| 1.21E+07 9.70E+06 0.10| 92.17]
SCWD 792 1170 681 7.9 119| 24.6| 28.2 44.9] 0.36 228 241 241 0.009 2.2] 0.10] 0.33 0.1 2.8 8.16| 4.97E+06 3.45E+05 0.07 90.36)
SCWD 960 1130 641 8.0 119| 25.4] 30.3 48.4f 0.39 246 246 246 0.005 160.0 0.10] 1.77 2.7 64.0 5.90] 5.13E+06 9.33E+04 0.04f 86.56
SCwWD 1128| 1150 657 7.7 116 23.9| 28.8 47.5| 0.36 237 244 244 0.007| 162.0 0.10] 0.29 3.4 62.2 5.80 1.61E+07 7.00E+06 0.03 84.47]
MWD 48 910 NA 7.4] 96 4.4 28.6 60.5 0.13 269 114 114 0.004 97.6 0.10] 0.47 0.1 180.0 2.65| 5.81E+04 7.67E+00 0.08 92.19
MWD 288 900 526 7.5 95 4.3 27.7 60.8 0.14 266 117 117, <.002] 99.1 0.10| 0.44 0.1] 182.0 2.25| 5.32E+04 7.00E+00 0.08 92.14]
MWD 432 912] 444 7.6| 99 4.4 28.8 63.6 0.13 277| 115 115 0.003 98.9 0.10] 0.46 0.1 178.0 2.36] 2.25E+04 7.67E+00 0.08 90.80)
MWD 552 911] 510 7.7 98 4.4 29.2 64.6f 0.14 282 119| 119| 0.003 96.4 0.10] 0.10 0.1 179.0 2.27| 6.87E+04 2.33E+00 0.08 89.63]
MWD 696 916 544 7.4 94 4.3 217.7 60.3| 0.13 265 119 119 0.005| 97.2 0.10| 0.10 0.1] 186.0 3.16| 6.75E+04 2.10E+00 0.09 89.47]
MWD 1248 837| 460 7.2 83 3.6 23.1 51.2f 0.14 223 108 108 0.003 101.0 0.10] 0.51 0.1 152.0 3.35| 2.75E+04 2.43E+01 0.09 85.82]
MWD 1608 760 410, 7.2 83| 3.7 20.3 39.9| 0.15 183 104 104 0.003] 103.0 0.10] 0.10 0.1] 110.0 2.25] 7.59E+04 7.67E-01] 0.09 83.93]
ocwD 120 1600 890 6.2] 200 14.0 3.9] 74.8 0.36 203 44 44 1.480] 220.0] 0.25] 0.65] 0.1 379.0] 8.48] 2.72E+06 1.57E+03| 0.07 94.26|
ocwbD 288 1580 860 6.3 212 15.8] 9.6 72.9| 0.41 221] 44 44 0.226| 228.0 0.22] 0.65 0.1] 359.0 11.80| 4.16E+06 2.80E+04 0.05| 94.71]
ocwbD 456 1510 853 6.2 186 14.6] 0.9 86.5| 0.30 220 16 16| 0.860 213.0 0.24 0.93 0.1] 338.0 6.40 1.01E+06 7.45E+05 0.04 94.30]
ocwD 624 1530 828 6.2] 187| 13.8 1.6 83.0f 0.35 214 33 33 0.288 0.5] 0.21 0.82 0.1 374.0] 9.39] 5.38E+06 6.00E+04 0.03 94.28]
ocwbD 792] 1630 872 6.3 195 14.4] 4.0 83.1f 0.31 224 43| 43 0.594 216.0 0.25| 0.70 0.1] 358.0 10.20) 3.03E+06 1.37E+05 0.02| 93.83]
ocwD 984 1590 876 6.1] 190 14.6) 2.1 79.7 0.33 208| 45 45| 0.250] 0.5] 0.22] 0.10 0.1 387.0] 10.20] 2.59E+06| 4.87E+04 0.02f 93.62]
wB 24 1400 650 7.7 175 16.2] 21.7 51.4| 0.63 218 303 303, 0.244) 179.0 0.40 0.40 1.2 109.0 11.30) 3.11E+04 1.67E+03] 0.15| 81.27]
wB 192 1380 668 7.4] 160 15.7 24.6 47.7 0.57 220 303 303 0.215 166.0 0.35] 0.47 1.6 110.0 12.10] 1.10E+03| 1.05E+03| 0.13 80.22]
wB 528 1360 646 7.6| 176 17.4 25.2 50.6f 0.65 230 303 303 0.122] 169.0 0.36 0.34 17 112.0 0.47] 2.20E+04 1.44E+05 0.11 78.28]
WB 696] 1420 694 7.6] 175 17.2] 24.8| 50.9] 0.58 229 29_9| 292' 0.175] 185.0 0.42] 0.17, 1.4 117.0 11.30) 2.74E+04 4.15E+03| 0.12] 79.04]

OCWD_MF 1 1640 878 6.5] 175-:1 15.5 21.2 18.5 0.36 276 87 87 0.530] 190.0 0.18 1.16 0.1 371.0] 11.90] 5.44E+05| 3.60E+02 0.06 90.95|

OCWD_MF 48| 1840 1030 7.6 222, 17.5] 22.1 76.2| 0.41 281] 98| 98| 0.019 220.0 0.26] 0.55 0.2 428.0 14.30| 2.73E+05 3.50E+02] 0.05| 91.61]

OCWD_MF 192 1850 1010 7.0] 222 17.2 22.1 78.6) 0.41 287 155 155 0.080 223.0] 0.25] 0.41 0.2 373.0] 12.00] 1.10E+06| 2.30E+03| 0.05 92.09

OCWD_MF 360 1770 990 6.8 208, 17.4] 21.9 77.2f 0.45 283 129 129 0.045| 214.0 0.23 0.51 0.2] 377.0 11.80| 7.98E+03 1.30E+04 0.05| 92.28]

OCWD_MF 528 1800 1000 7.2 225 18.2] 23.1 79.7| 0.45 294 159 159 0.129 210.0 0.28 0.62 0.3] 397.0 12.50 1.78E+04 1.80E+04 0.05| 91.96]

OCWD_MF 696 1820 1020 7.0] 219 17.3 21.3 76.4 0.44 278 124 124 0.189 213.0] 0.33] 0.59 0.4 397.0] 9.45] 1.81E+05 4.40E+04 0.05 92.35]

OCWD_MF 864 1820 948 7.7 209 18.6] 22.2 82.2| 0.44 297 130 na| 1.270] 220.0 0.26 0.47 0.3] 362.0 8.35| 1.46E+04 1.70E+04 0.04 92.14]

OCWD_MF 1032 1700 964 6.8 188 18.0 21.3 78.1] 0.46 283 100 100 1.470] 203.0] 0.38 0.21 0.2 381.0] 10.50] 1.61E+04 3.10E+04 0.04f 92.06

OCWD_MF 1200 1730 960 6.6 212 17.6] 21.2 72.1 0.42 267 113, 113 0.732 202.0 0.29 0.34 0.3] 378.0 11.70) 3.33E+04 4.60E+04 0.04| 91.66|

OCWD_MF 1368 1650 920 6.6 207 17.3 20.2 71.9 0.44 263 112 112] 2.510] 205.0| 0.314 6.32 0.1 380.0] 7.81) 5.20E+04 2.43E+04 0.03 91.82]

OCWD_MF 1536 1520 822 7.0] 175 16.0 21.6 71.6) 0.41 268| 111 111 1.790| 183.0 0.24] 0.37 0.2 308.0] 11.60| 2.27E+04 6.90E+03| 0.03 91.57|

OCWD_MF 1704 1770 986 6.9 220 19.7] 22.2 67.6| 0.46 260 129 129 0.170 204.0 0.28 0.82 0.3] 389.0 11.80| 2.13E+03| 3.30E+03] 0.03 91.67]

OCWD_MF 1800 1810 1020 6.9 225| 17.5] 23.7 65.4f 0.44 261 121 121 0.859] 223.0] 0.31 0.72 0.3 389.0] 0.65] 4.20E+03| 4.10E+03 0.03] 91.03]
YUMA 0| 3960 2470 5.7 639 6.9 66.8 95.2| 1.15] 513 1 1 0.002 654.0 0.10| 4.33] 0.1] 975.0 1.32| 1.83E+04 6.67E+00| 0.06 83.79
YUMA 162 3560 2180 6.3] 589 6.8 60.7 76.0) 1.03 440 7 7 0.002] 571.0] 0.10] 3.83 0.1 882.0] 1.36) 1.63E+04 0.00E+00| 0.06 85.05)
YUMA 31 3970 2440 5.9 599 6.4 59.0 70.0| 1.01 418 2| 2| 0.002 621.0 0.10] 4.43] 0.1] 916.0 1.18| 1.20E+04 3.67E+02] 0.06 84.80)
YUMA 498 3890 2370 6.0 622 6.8 67.2 86.3 1.05] 492 4 4 0.002 651.0 0.10| 3.92 0.1] 941.0 1.31) 1.23E+04 1.50E+01] 0.06 84.62]
YUMA 666 3630 2180 4.8 547 6.1] 52.9 74.0 0.92 403 2 2 0.002] 595.0] 0.14] 3.72 0.1 877.0] 1.32) 1.13E+04] 2.50E+01 0.06 86.28|
YUMA 834 3730 2308 6.3] 617 6.4] 62.3 80.1 1.02 457| 12] 12] 0.002] 619.0] 0.14 3.79 0.1 915.0] 1.24) 1.32E+04] 5.24E+01 0.06 85.82]
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APPENDIX 2: RO TEST UNIT STANDARD OPERATING PROCEDU RE

This test unit is designed as a single-pass systitm4 RO vessels arranged in parallel
and fed by a common manifold. Each vessel (ancbitsesponding bank) is designed to
run independently and is equipped with a pressauvgg to monitor feed and concentrate
pressure as well as a flow meter to monitor thecentrate flow rate. The permeate flux
must be measured by hand using a standard stopwaatchraduated cylinder. The
permeate tubing is located on the right side oheasssel and collectively drain into a
manifold, also located on the right side of the test. The direction of flow to each
vessel is from left to right if standing in fronftthe unit. Each vessel contains 1 spiral
wound element with the following dimensions: 2n5diameter and 14-in length. A
temperature gauge has been mounted on the pamelasure the feed water temperature
in the tank.

A 30-gallon feed tank and lid are mounted on tlae of the test unit. A spillway is
inserted at the top of the tank to ensure thatpdimal supply of water exists in the tank
at all times. As a safety precaution, the tarkis® equipped with a float level switch,
which will automatically turn the system off in tegent that the water supply to the tank
is interrupted.

All membranes shall be operated at a constanttAtoughout the duration of the test
period. Membrane performance (measured in ternfispofind rejection) shall be
monitored and recorded on a routine basis usingttreided log sheets. Detailed water
quality analysis shall be coordinated with the pcocoordinator.

The following pages provide detailed informatiogasding the operation of this RO test
unit.

Start-Up Procedure

1. Open tank influent valve to fill tank and allow to spill over to drain.

2. Open priming vent plug (1) on the pump until a diestream of airless water
runs out the priming port.

Close the priming vent plug.

Insure that the following valves are fully open:

Bypass Valve (1)

Brine Flow Valve (4)

Close the GO pressure regulators (blue knob) (d)ptetely by turning
counterclockwise (“decrease” as noted on the presggulator blue dial).
Switch system power on.

Slowly initiate flow to each bank/membrane vesgebpening the GO regulators
(NOTE: Turn each GO regulator clockwise [“increaas’noted on the blue dial]
5-8 times until concentrate flow rate reads apprately 1.5 GPM on each flow
meter).

10. Close the Bypass Valve completely.

Nookow

©
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11.Begin closing Brine Flow Valves (NOTE: Concentriitev rate will begin to
decrease while the pressure begins to increaséjle\dbing this, proceed to step
10.

12.Continue to open the GO pressure regulators (clsekmrn [“increase” direction
as noted on the blue dial]).

13.Toggle between adjusting GO pressure regulatott@rine Flow Valve until
the desired flow rates (concentrate and permeaéegchieved (see Membrane
Operating Parameters for specifications). NOTHRirily the first 2-3 days of
operation, these parameters will continually chamgd the membranes stabilize.
Once stabilized, these parameters should only meedr adjustments to maintain
a constant permeate or flux

Shut-Down Procedure

1. Completely Open Bypass Flow Valve.

2. Close GO pressure regulators (counterclockwise[tdecrease” as noted on the
pressure regulator blue dial]).

3. Switch system power off.

4. Drain water from feed tank.

5. Secure unit.
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