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ABSTRACT

The Impact of Assimilable Organic Carbon on Biot@jiFouling of Reverse Osmosis
Membranes in Seawater Desalination
Lauren A. Weinrich

Biological fouling is neither well understood namsistently prevented and continues to
be a challenging problem in seawater reverse osni88VRO) desalination. Biofouling occurs
from bacterial proliferation and leads to operatiand water quality challenges. Despite use of
biocides (i.e., disinfectants) to control microbgabwth, biofouling has not been well-managed in
the seawater desalination industry. This projeetusbiological assay, the assimilable organic
carbon (AOC) test to evaluate pretreatment effecthe nutrient supply. The AOC test provided
a useful surrogate measurement for the biodegritgtadyi biofouling potential of RO feed water.
Biofouling observed in full scale and in controlleanditions at the bench- and pilot-scale
resulted in correlations between AOC and operatiefiects, such as increased differential
pressure and decreased permeate flux through timoraee. Increased differential pressure was
associated with RO membrane biological fouling wtrenmedian AOC was 50 pg/L during
pilot testing. In a comparison test using 30 and0ldg/L AOC, fouling was detected on more
portions of the membrane when AOC was higher. Bioéind bacterial deposits were apparent
from scanning electron microscope imaging and bgmmaeasurements using ATP. Chemicals
used in seawater RO plants such as antiscalingniclg, and dechlorinating agents increased
AOC, and therefore the biodegradability of the ssaw AOC was also a byproduct of reactions
with commonly used disinfectants, such as chlohérine dioxide and ozone. AOC was
increased by 70% in seawater with 1 mg/L humic acid a chlorine dose of 0.5 mg/L,Cl
Increases in biodegradability and AOC were ofteinmmiorored by a the total organic carbon

(TOC) measurement; TOC varied less than 3%. TO®isn informative tool for the plant
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operators to predict biofouling potential, whictpi®blematic because it is often the only organic
carbon parameter used in SWRO monitoring. Polyphasates and polymer-based antiscalants
increased AOC less than 30 pg/L; however, phosgheted antiscalants increased AOC levels
nearly 100 ug/L. Depending on the active chemicahloerent impurities, antiscalants may
increase biofouling potential of the RO feed desthk targeted application for controlling
inorganic fouling. Better operational practicestsas removing the chlorine residual prior to
dosing the antiscalant would alleviate the adveffext of AOC byproduct production. TOC
removal efficiency is typically very poor and theefpeatment impacts on AOC levels should be
controlled in SWRO plants that experience biologficaling problems on the RO membranes.
Besides creating more effective organic carbon keaninor pretreatment configurations and

monitoring programs in the plants are recommenddgtlp control AOC levels in the RO feed.



CHAPTER 1: BACKGROUND AND LITERATURE REVIEW

Desalination using seawater reverse osmosis meeh(@&WRO) is a sustainable solution
for meeting drinking water supply needs and thigiaption continues to expand globally.
However, SWRO still faces expensive challenges fnreambrane fouling. Of the various types
of fouling, biological growth and deposition of baga on the reverse osmosis (RO) membranes
(i.e., biological fouling) continues to be diffitub prevent or control. SWRO biological fouling
results in high operating expenses and inhibitsiefit treatment. In preparing the approach to
research how to reduce or control fouling, evidenasn a review of the literature and the
desalination industry’s experience pointed to theassity of having a tool that provides

predictive capability for biological fouling.

1.1 Background

A literature review for assessing the recent dgyakent of measurement and modeling
techniques for reducing reverse osmosis membranmdohas been published (Weinrich et al.,
2013). Portions of that review are presented teriles the current science for predicting and
mitigating biological fouling (biofouling) and refiorce the lack of effective control mechanisms
to accommodate the industry’s need. SWRO biofgubnwidely regarded as a critical area that
requires additional research in the seawater aedaln industry. Biofouling, caused by
microbial growth on membranes, is not well manadpdiistry personnel and researchers
reported that an essential need exists for beitbelelgradable organic matter (BOM) monitoring
and measurement tools to predict fouling (VoutchR0%0; Amy et al. 2011; Veerapaneni et al.
2011). Some advances in fouling prediction using d@odeling show promise although the
testing has not been conducted in membrane apphesafior seawater desalination. Advanced
computing capability and complex modeling approadbe fouling prediction have time and cost

limitations that may be inhibiting factors.



1.2 Desalination

In the United States, two-thirds of desalinatiopazity is used for municipal water supply
(Carter 2011). Desalination is on the rise anddhied States is currently leading in the number
of desalination projects that are planned or irstragtion. The rise in desalination was forecast
from the current level of 2,324 million gallons iy (MGD) of contracted desalination capacity
up to 3,434 MGD by 2016 in the United States (Gastal. 2010). Desalination applications
include thermal and membrane processes. Globallyyater is desalinated using thermal
distillation or crystallization but these are oftemergy intensive and more expensive than reverse
osmosis (RO). In the United States, 96% of desithevater is produced by RO (Drew 2010).
Although SWRO membrane desalination can be a cak#ynative to freshwater sources for
drinking water, advances in membrane technologypanfbrmance, market demand, and energy

recovery have driven costs down in the past fevades (WateReuse Association 2011).

1.3 Reverse Osmosis

Reverse osmosis membrane separation is desigmethtwe ions and produce pure water.
The most common configuration of RO membranes tmedesalination are flat sheet
membranes that are wound in a spiral (“spiral wéuadcased in fiberglass tubes. Typically
these are connected in series in pressure vesgktafigured in an array. Figure 1 shows the

configuration of a spiral wound RO membrane element



Anti-
Telescoping

Perforated Permeate Tube

Permeate Collection Material

RO membrane
Feed Channel Spacer

Quter Covering

Figure 1 Spiral Wound Reverse Osmosis Membrane (Lettech 2014). Seawater enters one

side, on the opposite end RO permeate and brine aoellected in separate streams.

Reverse osmosis membranes are semipermeable witlsige < 0.001 um and are capable
of removing total dissolved solids from high iosicength water, e.g. seawater. Pretreatment
assists in reducing the contaminants that enteRdeed. Treatment upstream of RO
membranes is designed to remove competing substémgeotect the RO membranes from
fouling caused by particles, inorganic salts, arghoic compounds. Seawater RO plants are
typically operated to produce a constant amoupeomeate through the membranes, i.e., flux.
Flux is the volume of water produced through amafemembrane surface over a unit of time,
e.g. liters per square meter per hour or gallonsgeare foot per day. Driving pressure is applied
to the RO feed to overcome the osmotic pressutieeo$alt water and produce fresh water;
seawater RO plants typically operate in the rarfi@®0 — 1000 psi. As the membranes become
fouled by the accumulation of contaminants on tleentorane surface or in the membrane pores,
higher pressures are applied in order to compefsiatee impeded flow through the membrane.

High pressure pumps are responsible for a sigmifipartion of energy usage in SWRO.
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Therefore increased energy demand and associageatiomal costs are a direct result of RO
membrane fouling. In addition, other operation arantenance (O&M) costs are incurred from
chemical usage, cleaning frequency, and membrat@&cement to address reversible and
irreversible fouling on RO membranes. Predictiomypntion, and removal of fouling continue to
pose an expensive challenge. This project reinfottte need to address shortcomings in

desalination O&M and optimize the SWRO process.

1.4 Membrane Fouling

Membrane fouling results from the accumulation atenials on, in, or near the membrane
(Taylor & Weisner 1999). The result of this accuatign has long been recognized as a major
problem for RO facilities because it can resuklt idecline in water production over time for
constant pressure operations or an increase iiregidieed pressures (Zhu & Elimelech 1995).
Because fouling issues lead to a significant ecandorden on membrane plants, the future of
desalination is partly driven by the economic Vigpoof membranes and their application,
including low pressure and RO membranes. Therefoseiccessful future for membrane
applications will be realized by having a clear erstianding of fouling mechanisms and
developing essential tools for quantification aneMention. Fouling is generally documented as
one of four types: scaling from precipitation ofgpgly soluble salts, plugging caused by
deposition of particulate matter, adsorption ofamig matter, and biological fouling from the
growth of microorganisms on membrane surfaces &Hlimelech 1995; Duranceau 2007).

Solution chemistry, hydrodynamic conditions, andwheane properties are the major drivers
of membrane fouling. Membrane fouling may be furttlassified as to whether it is reversible or
irreversible. Reversible fouling is caused by pbgkseparation mechanisms that induce cake
formation, deposition of particles, and pluggingoofes (Hilal et al. 2006). Irreversible fouling
occurs when dissolved compounds interact with taenbrane material and cannot be removed

by chemical or physical cleaning.



1.4.1 Inorganic Salt Precipitation

The precipitation of sparingly soluble salts orite thembrane surface occurs as
dissolved materials increase in concentration erfébd side of the membrane, until the point at
which the solubility of the salt is exceeded in thgct water, or brine, and precipitation occurs.
Also known as scaling, this type of fouling occargy in high pressure membranes such as
nanofiltration and RO. Low pressure membrane séiparhy microfiltration (MF) and
ultrafiltration (UF) does not concentrate saltshia reject stream and therefore scaling does not
occur. Scaling is often attributed to precipitatafrthe polyvalent cations (calcium, magnesium,
barium, and strontium) and anions (silicate, salfaarbonate, and phosphate). Typically, scaling
is mitigated with chemical and physical pretreatti®iang et al. 2009). Chemical pretreatment
of inorganic scaling caused by calcium salt préatps can be managed with pH adjustment or
antiscalant addition (Pontié et al. 2005). Howeirapure mineral acids often used as antiscalants
have been shown to contain BOM (Amy et al. 2014) dan promote biological fouling

(Vrouwenvelder et al. 2000; Vrouwenvelder & Van Beroij 2001).

Chemicals are added prior to membrane separatimdtae the precipitation of
sparingly soluble salts. Antiscalant chemicals @ &pplications typically contain two or more
phosphonate groups, called polyphosphonates. Titiy @l a chemical to reduce scale formation
is related to its chemical structure, molecularghiiactive functional groups, and solution pH
(Shih et al. 2004). Molecular weight is reporteadnge from 1,000 to 3,500 and typically consist
of polycarboxylates, polyacrylates, polyphosphosigd@d polyphosphates. Phosphonates contain
a carbon-phosphorus bond that must be broken forofial metabolism, and bacterial
degradation pathways have been studied in natwedlyrring phosphonates. With the increasing
use of artificial phosphonates in industry andrthaktural occurrence in the environment,

phosphate-containing chemicals provide an essamnitakent supply. In addition, the presence of



phosphate in waste streams and concentrates hastsip areas of discharge that may be
associated with algal blooms. Companies are dewg@mvironmentally friendly antiscalants to
avoid this issue, some of which are free of phosgsh@Musale et al. 2011). Antiscalants and
mineral acids have been shown to increase biofpyotential (Vrouwenvelder et al. 2000;
Weinrich et al. 2011), and impurities containedhiea treatment chemicals are also potential
nutrient sources. Many of the chemical suppliesemee proprietary rights to the chemical
composition of the antiscalants, and thereforeiipehemical formulations are not disclosed.
Material Safety and Data Sheets (MSDS) lack Chdndibatract Service (CAS) numbers and
only provide general information. For example, Sh&DS for VITEC® 5100 NSF (Avista
Technologies, San Marcos, CA), an antiscalant asedorackish water desalination plant,
provides ‘phosphonic acid derivative compound’ ad pf the mixture. This lack of transparency
makes it challenging to predict the biodegradabditd potential for biological fouling. It should
be noted that under a new program by the OccupattRafety and Health Administration's
(OSHA) Hazard Communication Standard, the UnitedeStwill be aligned with the Globally
Harmonized System of Classification and Labelin@bémicals (GHS). This will impact the
way chemicals are labeled and the MSDS will beanethed as Safety Data Sheets. However, at
the time of this research chemical distributor$ stip products labeled under the old system
until December 1, 2015. Prior desalination configions used sodium hexametaphosphate
(SHMP) as an antiscalant, but it is no longer usszhuse SHMP was shown to be a food source
for bacteria and resulted in biofouling (AlawadBBZ; Voutchkov 2010). A commonly reported
antiscalant in the cooling water industry is 2-p#tfamobutane-1,2,4-tricarboxylic acid (PBTC)
and it has been extensively examined on a moletiat (Demadis et al. 2005). PBTC contains
phosphate and carboxylic acid functional groupsckvlare common in other antiscalant
chemicals and important nutrient reserves for bedtgrowth. Pathways for cleaving the carbon-

phosphate bond present in these chemicals havearbesstigated (Huang et al. 2005) and



bacteria contain specific genes capable of thisatkgion, including som¥ibrio species. The
genusVibrio contains biofilm-forming species that have beetected on a biologically-fouled
SWRO membrane (Zhang et al. 2011). Biofouling poé¢érmeasured using the bioluminescence
assimilable organic carbon (AOC) test and the neapiiganisnVibrio harveyij increased in
samples collected after antiscalant addition aFtljairah desalination plant (Schneider et al.
2011; Weinrich et al. 2011). The antiscalant agpilan was low at 0.5 mg/L. In general,
antiscalant degradation and assimilation by baciarseawater matrices has not been clearly
elucidated. Other phosphonate chemicals include@tnimethylene phosphonic acid (ATMP),
1-hydroxy ethylidene-1,1-diphosphonic acid (HEDéd proprietary phosphino succinic
oligomers. For HEDP and PBTC, 0.5-2% of the chehuigmposition may include phosphoric
acid and phosphorous acid. Other common classastistalant chemicals include
polycarboxylates, polyacrylates, and organic adiisic acid used in SWRO pretreatment was
shown to be an assimilable food sourceMihrio harveyiused in the AOC test (Weinrich et al.

2011).

Mitigating the occurrence of scaling and inorgdoigaling without creating conditions
that may exacerbate biological growth is emergi@g arucial area for managing efficient SWRO
operation. Chemical addition during pretreatmeqgties additional chemistry and microbiology
research to address a collective approach to negldiculing potential. Ultimately the nutrients
available for microbial growth should be controltedninimize biological fouling.
Understanding and preventing such secondary effegtsres research specifically targeted for

SWRO design and processes.



1.4.2 Colloidal or Particulate Fouling

Particulate fouling occurs as water permeates gironembranes that contain suspended
materials. Particles have been recently categogagesither suspended or colloidal (Voutchkov
2010). Particle sizes less thanrh are considered ‘colloids’, but 90% of ‘suspendegatticulate
foulants in SWRO are >Im (Voutchkov 2010). Suspended foulants may incluggnic and
inorganic particles in seawater, for example planksilt, and other fine debris. Filtration of the
seawater prior to the RO membranes can efficignatlyove suspended materials. Colloidal
particles are naturally occurring inorganic andamig compounds and range in size from 0.001
to 1um. These materials are concentrated during physieatbrane separation and since they
may not pass through with the concentrate, thelinipand a subsequent decline in flux occurs.
Colloid materials may either deposit within the nieame pores (known as pore blocking) or
form a cake as suspended particles accumulate. Siv&facturers recommend that membrane
feed turbidity is < 0.1 NTU, silt density index (§F) < 4, and zeta potential > - 30 microvolts
(mV) to avoid colloidal fouling (Voutchkov 2010)rém measurements made in the North
Atlantic and Northwest Pacific oceans, small caoléofanging in size from 0.005 to 0.20® are
identified as the most abundant particles in seevaatd concentrations were nearly fdrticles
per milliliter (Wells & Goldberg 1993). A recent plication by Tang et al. (2011) provides a
comprehensive review of the existing literaturatedl to mechanisms and factors controlling this

type of fouling in wastewater and freshwaters.

Colloid dynamics vary greatly in seawater and agate formation has been observed.
Aggregate formation may occur either by reactiomtied colloid aggregation (RLCA) or by
diffusion-limited colloid aggregation. RLCA formatis have more condensed structures and
distribution occurs in both near-shore and offshareironments (Wells & Goldberg 1993). In

addition, biopolymers have been found in collo@gdregates. Literature reviews suggest one of
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the results of aggregation to be that organic mateackaged which increases biodegradability
of carbon in the water column. Colloids from thext8aMonica basin (California) also share
similarities to soil-derived fulvic acids as detémed through transmission electron micrographs
(Wells & Goldberg 1991). The granular size of 0.608.005um determined in these studies
corresponds te-10 kDa which is in the range for dissolved orgamsidbon (DOC) fractions
measured in seawater. Molecular weights (MW) ofgins, amino acids, sugars, and other
biopolymers range from 0.2 to 200 kDa. NF and R©Ogamerally best ranked for removal of
similarly sized chemicals. It should be noted thaddition to naturally occurring colloids, there
are also anthropogenic colloid sources such aslpatn derivatives. Influences at the intake
from storm drains and urban runoff, wastewaterttneat plant discharge, or point source

pollution from ships in port areas introduce angimgenic colloids.

1.4.3 Organic Fouling

Organic fouling was reported to be most commonWR® desalination (Veerpaneni et
al. 2011) and 40% of RO permeability decline isilatted to a combination of organic and
biological fouling. These two types are interretblbecause of the inherent relationship between
organic matter directly responsible for foulingtioé membrane, and the hypothesis that organic
matter present in RO feed provides substrate fdogical growth. Dissolved organic carbon
(DOC) has been investigated for its inherent cdrtteat is responsible for membrane fouling and
characterized by molecular weight (MW) or sizer{@anometers). Analytical capabilities for
measuring organic matter in a water sample is digliin section 1.5.1 and reminds the reader
that defining the fractions of organic carbon resglole for fouling are at best operational
definitions given the available analytical measugatriechniques. Traditional approaches for
predicting organic fouling potential include DOCY @bsorbance, and color; however, fouling

rates do not correlate with these parameters (Amay. 2011). Organic matter in seawater was
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reported to be 24% high MW DOC (1-100 nm) and alié& low MW DOC (<1 nm); the other
1% was identified as particulate organic carbom(ie et al. 1997). Given that RO membrane
pores are < 0.00m, high molecular weight DOC and particulates wdwgd-etained by the RO
membrane, since they would be too large for remiovapstream pretreatment such as
ultrafiltration (UF) or microfiltration (MF). UF ashMF membranes pore sizes are from 0.01 to
0.05 and 0.1 to 0.pm, respectively. Studies have shown that UF mengsraio not achieve
significant removal of marine natural organic maffeansakul et al. 2010). Opportunities exist
for either breaking NOM down into smaller fractiaghat can be removed by biological
pretreatment, or some other combination of orgahg&orption and removal. These approaches

are discussed in more detail following bench-sgalestigations presented in this study.

1.4.4 Biological Fouling

Biological fouling (biofouling) is neither well urgistood nor consistently prevented and
continues to be a challenge in SWRO membrane sapapmocesses (Griebe & Flemming 1998;
Vrouwenvelder et al. 2000; Vrouwenvelder & Van Be@woij 2001; Pang et al. 2005; Kumar et
al. 2006). The growth of microorganisms into a tofon the membrane surface adds to the
expense of SWRO treatment. Decreasing permeateificoeasing pressure drops in the RO
modules, increasing salt passage, and irreverdiigge to the RO membrane are all issues
associated with biofouling. Bacterial communitieghie biofilms release extracellular polymeric
substances (EPS) which provide an area for additimecteria to proliferate. EPS present in the
biofilm (composed of EPS and bacteria) accounbfbto 90% of the biofilm total organic carbon
(TOC) (Matin et al 2011). Other naturally-occurrioganthropogenic biopolymers can contribute
to biofouling, as well as assimilable organic carlpaOC) provides a food source that enables
bacteria to proliferate. Chemicals introduced thi® treatment process, such as impure acids,

phosphate-based scale inhibitors, and oxidantsaisayexacerbate biofouling. The research
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presented in this dissertation was designed toeaddhe hypothesis that oxidative reactions
between disinfectants and DOC may be similar todhdrinking water treatment. Primary
oxidation during drinking water treatment througk aipplication of ozone changes the structure
of NOM into smaller, polar, oxygenated compounds(Gunten 2003). Van Der Kooij (1986)
showed that AOC concentrations increased in wat@ptes treated with increasing chlorine
doses. In a similar study, Hambsch & Werner (198prted higher biodegradability of humic
substances after chlorination. LeChevallier e(192) reported that chlorination can increase
AOC levels depending on the point of chlorine aggdibn. These effects have been extensively
investigated in surface and groundwater matriced fisr drinking water, but the effects of
disinfection with specific regard to productionB®M is largely unknown in seawater and

brackish water matrices used for RO desalination.

Red tides are highly destructive events that canrowhen red-pigmented marine algae
rapidly increase in concentration, called an algaem. Blooms can severely increase turbidity
of seawater; however, the release of organic natalgogenic organic matter (AOM), is also a
major concern. Dinoflagellates are generally recogghas most frequently responsible for
marine algal bloomd<arenia brevisandNoctiluca scintillansare examples of algae that occur in
seawater and are associated with red tidesAaedococcus anophageffereéssassociated with
brown tides (Edzwald & Haarhoff 2011). An algaldho may have algae counts that range from

10’ to 1@ #/mL; typical concentrations are less than#4@nL.

Transmembrane pressure and hydrodynamic sheasfoarecause algal cell lysis and
lead to release of intracellular organic matteM)Jdn RO treatment, thereby increasing soluble
and highly biodegradable AOM (Ladner et al. 20@)M is composed of acids, proteins, simple
sugars, anionic polymers, negatively charged anittalepolysaccharides (Edzwald & Haarhoff

2011). AOM provides a rich substrate for bactegiawth, thereby exacerbating membrane
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biofouling (Ladner et al. 2010). In general, harh#figal blooms are being increasingly
recognized for their often detrimental impacts db €Resalination facilities. Future research is
needed to anticipate and mitigate the impactsgzflddlooms in geographic regions for RO

facility design and operational efficiency (Cardrak 2010).

1.5 Biological Fouling Prediction

Seawater desalination facilities commonly measilirdensity index (SDI) or a similar
but slightly more advanced modified fouling ind@&4H1) to meet RO manufacturer requirements
and use the data for tracking fouling. These fesdict particulate fouling; they are based on
plugging of a 0.45-micronun) membrane over a defined time interval (oftem®). However,
these test conditions are not predictive of eithrganic adsorption or biological growth. The
potential for mineral scaling of calcium carbont@®ccur may be predicted using Langelier
Saturation Index (LSI) and the Stiff and Davis ln@&outchkov 2010). Mineral scaling is fairly
easy to manage and there are sufficient indexeséaisuring the potential; however,
management with antiscalants or impure acids shmilchrefully chosen as these solutions have
been shown to introduce nutrients available forati@ml growth and proliferation. The most
common or promising techniques for measuring o@earbon and biodegradable carbon in
seawater are discussed in the following sectigdhegrelate to the prediction of biofouling

potential.

1.5.1 Organic Carbon Quantification

Obtaining the most appropriate measurement to septehe biodegradability of RO feed
water is a challenge; available techniques sud¢btakand dissolved organic carbon and UV
absorbance have been used with little succesgddiqting biofouling potential. Combustion
(Standard Method 5310 B) and chemical oxidation &30 C) techniques (APHA 2005)

measure the particulate and dissolved or suspesrgedtic carbon, collectively referred to as
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TOC (Figure 2). Alternatively, the sample may beefed through 0.2 — 0.7 um pore size filters
and the organic carbon in the filtrate would berapenally defined as dissolved organic carbon
(DOC). Although DOC is more useful in water treatrn® describe the carbon that would pass
through microfiltration or ultrafiltration pretreaent, the results still lack specificity for the
biodegradable fraction. The biodegradable fractibROC which is easily assimilated is

operationally defined as AOC and is described liatéhis section.

Figure 2 Relationship between organic carbon fractins in water. Particulate (colloids,
algae, solids etc.) and dissolved fractions are tadtively referred to as total organic carbon
(TOC) and include subfractions which are operationly defined by the treatment as
dissolved or biodegradable. Of the dissolved fraaiih, the assimilable organic (AOC) test

measures the easily biodegradable fraction.

Given that biological growth responsible for foglirequires bacteria and nutrients in
combination, and disinfection has not been sucuakfsfremoving all of the bacteria in the RO

feed, it would be prudent to evaluate the biodegpdity of the organic carbon. Often however,
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only the total organic carbon (TOC) is measuredhwitme guidelines for pretreated seawater
proposed to minimize fouling. TOC only reflects D@@ncentration when other particulates (e.g.
algae) are not present. TOC levels <0.5 mg/L magubkcient to avoid biofouling with evidence
that seawater above 2 mg/L may result in biofou{Mgutchkov 2010; Edzwald & Haarhoff
2011). TOC typically ranges from 2 to 5 mg/L (Ediv& Haarhoff 2011), although levels can

be much greater. In the recent Water Research Rtiondeport by Schneider et al. (2011), TOC
ranged from <1 to >10 mg/L at desalination intalkkesn U.S. and international facilities. Intake
TOC has also been influenced by algal blooms andtaghumic matter found in rivers. Algal
organic matter (AOM) mentioned previously is highipdegradable, although it is often not
measured using surrogates and individual chemiyaes to quantify are tedious. Fluorescence
emission and excitation matrices (FEEM) are pramyigor qualifying changes at the seawater

intake, though quantification would require addifbdevelopment.

UV absorbance at 254 nm (W) is often used as a surrogate for DOC. Specific U
absorbance (SUVA) has been extensively used ikidgrwater treatment to evaluate the
characteristic of organic carbon in source watersriclusion into monitoring and chemical
pretreatment models. SUVA is the UV absorbanceipiérconcentration of DOC. Edzwald &
Haarhoff (2011) adapt conventional drinking wateidglines to seawater in the following
manner: (1) SUVA >4 L/mg-m indicates that NOM isintya aquatic humic matter, (2) SUVA of
2-4 L/mg-m indicates that NOM is a mixture of AOMdeaquatic humic matter, and (3) SUVA

<2 L/mg-m indicates the NOM is composed primarityni AOM.

Ligquid chromatography — organic carbon detectioG{DCD) is an option for
determining NOM having lower SUVA (Amy et al. 201These analyses provide information
for NOM present at various MW often characterizexht high to low molecular weight:

biopolymers, humics, building blocks, low MW acidsd neutrals. Separation is based on size-
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exclusion chromatography (SEC) followed by multétion with organic carbon, Uy, and
organic bound nitrogen. LC—OCD was originally ugadevaluating organic matter
transformation in freshwater treatment, but hasibeedified for the high ionic strength of

seawater.

Using a bulk parameter for quantification of biodwtable organic carbon that is readily
available for microbial consumption, or assimilatitave been investigated for providing
information that traditional analytical chemistqypoaches lack. The assimilable organic carbon
(AOC) test has been applied extensively in drinkireger and reclaimed waste water matrices.
Until recently, the available procedures were atdyeloped for fresh water applications. The
AOC test is a microbial assay (bioassay) that ti@tilly uses two strains of bacteria, P17 and
Spirillum NOX. Bacterial growth is monitored in a pasteutizeater sample until maximum
growth occurs (Ny. The AOC bioassay is considered to be an indidatahe biological
growth potential of a water sample (LeChevalliealett993); similar application for SWRO
treatment provides a quantifiable, comparative @nedictive tool for biofouling potential.
However, highly saline conditions are not condud¢ovgrowth and previous AOC attempts using
these traditional strains have had to drasticdlfr éhe sample (Ong et al. 2002). A saltwater
AOC test using a naturally occurring, bioluminegamarine organisnmyibrio harveyj was
developed and previously evaluated in the fieléonronmental samples from seawater intake
points and treatment points in full-scale SWRO tieation facilities (Schneider et al. 2011;
Weinrich et al. 2011). Unlike traditional spreadtpig techniques in bioassays, bioluminescence
is used for measuring bacterial growth using a@iabunting luminometer. Bioluminescence is
the amount of light produced and is the key measant for this bioassay. Standard curves
produced linear relationships between maximum biglescence and acetate carbon equivalents.
There are numerous advantages to this bioassayding minimal consumables and a short

turnaround time. In addition to available subst(&@C, N,y determination, it is possible to fit
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observed data to the Monod kinetic model and thedebbermine the bacterial rate of utilization
in solution (1may). When determined throughout the treatment pro@ebghenm.y indicates
greater biodegradability, or lability, of that wagample. Alternatively, depressed lability
suggests a lowered potential for biofouling, thotlylextent of this relationship is currently
being confirmed through further testing. For exampl consistent decreasing pattern throughout
the treatment system would suggest that the AOChieg the RO feed would be less labile for

microbial uptake.

1.5.2 Microbiology of Biological Fouling

Qualifying the microbial populations that are rasgible for growth and proliferation on
RO membranes is also an important step to understiafouling in SWRO. Bacterial isolates
from a biologically fouled SWRO membrane at a &dhle facility in Carlsbad, California were
determined by 16S rRNA to be well-known biofilm-fieing bacteria (Zhang et al. 2011). Isolates
matched the gene@hewanellaAlteromonasVibrio, andCellulophaga 16s rRNA terminal
restriction fragment length polymorphism (T-RFLPaswsed to determine that the bacteria
responsible for biofouling in the SWRO were foundhie seawater intake. Samples were
analyzed at four points during treatment includimg intake, phytoplankton epibionts, cartridge
filter, and SWRO membrane. A comparison betweesdl@cations indicated that microbiology
of the cartridge filter was not the same as thahefbiofouled SWRO. The research indicates an
important aspect about bacteria colonizing thericae filter, which is not actively incubating
bacteria responsible for SWRO biofouling. T-RFLRlgeis was also conducted on bacterial
communities from five separate international SWR&mhranes with biofouling. Those results
indicated that, while overall profiles were notritieal, there was consistent occurrence of
dominant bacteria. The researchers state thatndieieg dominant biofilm bacteria is difficult

because >99% of the natural microbial communityoisculturable on nutrient-rich artificial
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medium. This has important implicatiof®seudomonaand other similar easily cultivable model
organisms are typically used for membrane foulesparch. HoweveRseudomonawas not
dominant either in seawater intakes or RO biofilBecteria in marine environments are
proteobacteria from the culture-independent cldmrady, whereas isolation on nutrient-rich
medium favorg-proteobacteria (e.gviibrio). Regardless, bacteria most often observed on
SWRO membranes from international locations areno§imilar and therefore their survival is
expanded from oligotrophic to chemolithotrophic dibions. Finally, the study reports that
seasonal change has marked impacts on microbiahoaities in seawater and it was observed

that this was more impactful than geographic lasatzhang et al. 2011).

Conventional pretreatment (coagulation by ferrilodte (FeC}), sedimentation, and
two-stage sand filtration) showed average turbidkétyoval of 93% in a pilot system operating
for 1.7 years in which average turbidity was 33.2 NTU, but went as high as 20 NTU during
the rainy season because of runoff from the coasta near the plant (Bae et al. 2011).
Compared to the raw seawater, bacterial diversithé conventional system increased while
diversity decreased in a parallel MF setup. Calefubhnaged treatment could use the diversity as
an advantage for removing BOM and minimizing baatdireakthrough. Numerous studies
identify a- andy-proteobacteria to be responsible for biofilm fotima in seawater based on the
16S rRNA from both culture-dependent and —indepehiiethods (Lee et al. 2009; Bae et al.
2011; Zhang et al. 2011). Qualitative results f®@®WRO pilot system employing MF indicated
removal of putative biofilm-forming bacteria, deaseng relative abundance from 98 to 10%.
However, the conventional system was also showeduacey-proteobacteridlteromonas
Cowellia, andGlaciecolafrom 79.8 to 50%. This qualitative analysis cobkdimproved by
guantitative measurements of the abundance ofliiééirming bacteria through quantitative
polymerase chain reaction (qPCR) or other cultndependent tools. While these approaches to

better understand SWRO biofouling are importardcfical applications and routine use have not
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been established. The use of a surrogate measuréneetermining the growth potential of raw
seawater and RO feed would be more practical feeldping approaches for mitigating SWRO

biofouling.

1.5.3 Modeling RO Membrane Fouling

Models are important for designing RO desalinaiorcesses and are present in two
major areas in the literature: (1) mechanistic emrane transport model and (2) lumped
parameter model (Sobana & Panda 2011). Estimatimgrf a membrane that has not yet been
fouled can be expressedhs= AP-/(u X R.) wherel,, is the pure water flux estimated from
resistance-in-series modalR is the applied pressureis the osmotic pressurgjs the permeate
viscosity, and R is the membrane resistance (Antony et al. 20143eRrch has focused on
biological fouling and modeling bacterial growthrian-seawater matrices, such as drinking
water and wastewater treatment. There are limitedaimg applications for biofouling on
seawater RO membranes; although recent advanceosngshigh pressure membranes such as
NF or RO in other matrices is available. Some & itformation will be useful for developing
models, though specific testing in a saline matgeds to be completed. Computational fluid
dynamics (CFD) is based on determining fluid fl(wough the Navier—Stokes equation. Using
CFD in membrane systems is well documented initbature. For the optimization of feed
spacer geometry, CFD has been applied for deciggpséssure losses in the past 10 years
(Panglisch et al. 2011). Picioreanu et al. (20@@prt that the common issue with the previous
models is that they do not relate flow and magssfiex to biofilm growth. To account for this,
they have developed a model for describing bioflemelopment in feed channels of spiral-
wound NF and RO membranes that includes descripfitime liquid flow and the mass transport
of a soluble substrate. The additional benefitefrtmodel is that it includes changes in the

geometry of the feed spacer that occurs from biogjtowth. The resulting flow channeling from
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biofilm clogging is accounted for by an expandethpatational domain of five by three squares,
which is an expansion of other three-dimensional)(8 FD which have previously only focused
on one square element formed by four crossing &las1 The research determined that biofilm
growth affects pressure drops on the feed spdeendits to a greater extent than growth on the
membrane only, which is determined from a morearnifdrop in pressure over the feed channel
length. The study reinforced previous experimeobalervations about the residence time
distribution of solutes and the permitting of deadies caused by biofouling. These effects, in

turn, cause local accumulation of high salinity @vathich leads to a lower permeate flux.

CFD and biofilm modeling are useful in a 3-d appiofor more detailed investigation of
feed spacers, and advantages of CFD include a mtion of time, cost, and risk from
associated experiments that can be avoided usibgt@€predict flow and mass transfer
(Panglisch et al. 2011). However, there are a feawlacks that have been reported elsewhere
(Radu et al. 2010). Validation through experimedtgh for membranes is still necessary. Also,
cost of producing full-scale models is prohibitige, CFD membrane studies have focused on a
small section of the spiral-wound membrane modul2-d. 3-d was modeled without permeation
and therefore concentration polarization (CP) cawtlbe investigated. In addition, more
advanced 3-d models would require additional time: r@sources that are not convenient or cost-
effective. A study using brackish water was conmgaleh which biofilm formation was modeled
and combined with CFD to investigate local effdategular biofilm distribution) and macro-
effects on loss of performance as a result of lbséinhanced CP, increased hydraulic resistance
to trans-membrane flow and feed channel pressoeidrmembranes having feed spacers (Radu
et al. 2010). Radu et al. (2010) had performedihbdeling using brackish water and indicated

that CP enhanced by biofilm formation was the magntributor to permeate flux decline.
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Radu et al. (2010) compiled an overview of multipdeises for the deterioration of
membrane process performance that occur becaumsefofling. These have been defined
experimentally and include transmembrane flow smidiy McDonogh et al. (1994), biofilm-
enhanced CP (Herzberg & Elimelech 2007; Chong. &Q18), and increased feed channel
pressure drop (Vrouwenvelder et al. 2009). CPaddker of concentrated solutes that remains
near the membrane surface as the solvent (watesgpdhrough. Therefore a layer formed by CP
has a secondary effect of increasing the osmogéissure at the membrane surface. Measuring
osmotic pressure is a challenge in RO systemssatiiefore investigated through CP modeling
studies (Subramani et al. 2006; Lyster & Cohen 20R@searclpresented by Chong et al. (2008)
is the only effort that has explicitly included theesence of biofilm in the model. The Monod
kinetic approach is used in mass balance equatidhe model, and reflects substrate
consumption by the biofilm. Substrate consumpteads to biological growth in the model, and
other accommodations for biomass attachment, toatyssnd detachment are also considerations
in the model (Radu et al. 2010). Parameters ugethéomodel are sourced from available
activated sludge modelling inputs recent report experimented with Monod kineticd #me
bacterial growth rate ofibrio harveyifor modeling flow rates, AOC concentration, antstrate
utilization rates i{may). The model was calibrated to match existing dye@nal data at a full-scale
desalination facility that experiences high BOM &1 membrane biofouling (Schneider et al.
2011). Operational data included pressure dropsyaRO pressure vessels. The development of
this model showed that increased pressures inrdssyre vessels can be almost entirely
explained by bacterial growth (biofouling) and thnasnts to the importance of AOC control
through pretreatment. This new approach consitiergallowing phenomena: (Biofilm growth
on the surface of the membrane is nonuniform amtlisced by AOC concentrations. (2) Biofilm
growth in the spacers of the spiral-wound membthatinduces longitudinal pressure reduction

from a restriction in the effective cross-secticihalv area. (3) Pressure losses along the elements
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inside the pressure vessel caused by frictionDghamic conditions including changes in
operational characteristics of the membrane fiiratycle such as influent water quality and
crossflow velocities. This model would use dailyamgrements of AOC ang..x along with
forecast flow rates to each train in a real timpligation. Based on these results, alternative
operational strategies, such as pretreatment ggzttran, flow rate distribution, and the use of
biocides, can be identified for balancing flow satéanong trains and reducing cleaning times. The
model addresses short-term pressure losses cayseddosible fouling, assuming that the
pressure drops are from biological growth; howewelipidal fouling would be revealed through
increases in pressure drop. This phenomenon mayenan issue at all facilities, but where it is
significant, colloidal fouling can be accounted liyrincluding a term in the hydraulic radius

calculation.

1.5.4 Biological Fouling Prevention

Strategies for biofouling prevention typically inde continuous or intermittent biocide
application or nutrient limitation or chemical aplaysical cleaning programs in SWRO
pretreatment, or even membrane surface modificgfang et al. 2009; Mansouri et al. 2010).
Conventional desalination pretreatment often inetuprechlorination, coagulation/flocculation,
clarification, and filtration. Filtration can beldeved using granular media such as sand or dual
media filtration (DMF). Low pressure membrane tneeit is increasingly used in the industry.
However, ultrafiltration and nanofiltration membesrexhibit a low degree of removal of fouling
substances (Hilal et al. 2004). In the interedusftainability, membrane filters have limited
usage and must be cleaned or replaced. Given #ileses with various types of fouling, the
robustness of membrane filters for pretreatmedezatable (Resosudarmo et al. 2013; NRC
2008). Alternatively, proper operation of sand-dition for RO pretreatment has shown that

beach wells, i.e., natural sand filters, have loliefouling potential than in the raw water
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(Ebrahim et al. 2001; Saeed et al. 2004; Veza. 04I8). Intake considerations are also a crucial

aspect of water quality in the treatment plantthigt topic is outside the scope of this review.

1.5.4.1 RO Membrane Amendment

Biofouling management at the membrane level isteradtrategy for controlling O&M cost
and maintaining membrane performance. Researcteedeaeloping membrane components that
are inherently resistant to fouling. Biofouling &t includes various strategies that have been
divided into two main categories, ‘anti-adhesionddanti-microbial’ (Mansouri et al. 2010).
Research using the model organiBseudomonas aeruginokas identified predictors of cell
adhesion with zeta potential, surface roughnesshgdrophobic character. However, as noted
previously, this organism has not been identifieéh&ey member in RO membrane biofilm
studies (Zhang et al. 2011). Anti-adhesion redirméal macromolecular adsorption and
antimicrobial approaches attack, disperse, or &ggpactivity of organisms that have already
attached to the membrane. While advances are madembrane technology and researchers
continue to investigate methods for reducing fayl the membrane site, investigations have

been mostly evaluated in freshwater.

Recent research has identified the importance ti§ating fouling by early detection. Cai &
Benjamin (2011) investigated antibody-based senedteir study. These biosensors were
attached to cellulose acetate UF membranes udmgerature-responsive polymer film. In
combination with a modified film layer, the membeanas capable of detecting bacteria and
reducing fouling. In addition, its thermally resore layer can be exploited to control fouling

specifically of the sensor surfaces.

Feed channel spacers (Figure 1) have also beastedrgstudies have shown that biological
fouling can be related to feed spacers in spiralivdomembrane elements (Cornelissen et al.

2007). Modification of the element using copperfgiea polypropylene feed spacers was shown
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to maintain 75% of the initial flux compared to 3@R&intained by an unmodified membrane
feed spacer in drinking water experiments (Hausetah. 2010). Although experiments with
both modified and unmodified feed spacers exhilitsthntaneous flux declines, the unmodified
units fouled rapidly over time. Other work has feed on using silver nanoparticles for inhibiting
or reducing biological growth on the feed spac¥emn@ et al. 2009). Specifically, Yang et al.
(2009) tested a surface modified RO membrane amdbmane spacer coated with silver
nanopatrticles in sand-filtered seawater. The coatechbrane was able to better maintain
permeate flux than the unmodified membrane; howeniial permeate flux was lower (0.8’m
m?day") than that of the unmodified membrane (13miday"). Extended operation of the
membrane indicated that foulant accumulation mdyce the bactericidal effects of the silver
ions. This limitation was mitigated by additionesting of silver-coated feed spacers, which
showed improvement of the initial permeate flux arede able to minimize flux loss over the

duration of the experiment.

Recent studies have also prepared membranes witbmmter-sized heated aluminum oxide
particles. This approach is referred to as micnogia adsorptive filtrationGAF) and has been
shown to enhance NOM removal (Cai & Benjamin 20TheuGAF coating adsorbed the
organic matter, and the membrane permeability veasiy fully recovered when the particles
were washed off, which suggests that fouling ditlaozur in the membrane material. Other
applications include silver nanoparticles, but tleabains a controversial technique because of
the possibility for detachment of silver nanopégscor disposal of components coated with these

substances. Their fate in the environment isrsitlfully understood.

A comprehensive review by Matin et al. (2011) deththe challenges of membrane
biofouling specifically in SWRO. Previous approaglimcluding biocide application have limited

success as a control strategy for biofouling asdmeadvancements in membrane surface
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modification offer promise. Surface modification wlg inhibit biofilm formation in the critical
stages of bacterial adhesion, microcolony formaiod maturation (Matin et al. 201 Until this
approach can be widely adopted and applied irstidle facilities with a degree of confidence for
long term operational reduction of biofouling oaeunce, biofouling remains as a challenge in
SWRO. In addition to advancing membrane mater@i$duling reduction, removing and

reducing foulants in the RO feed would also bermidable control strategy.

1.5.4.2 Pretreatment and Nutrient Limitation

Nutrient limitation is a practical approach for vethg the quantity of life-sustaining
elements, carbon, nitrogen, and phosphorus, irr dod@ainimize unwanted microbial
assimilation and growth. Although this is a faisiynple concept, the ubiquitous nature of
nutrients that are naturally occurring and fountr@atment chemicals poses a challenge. Current
strategies include acid cleaning, intermittent lmea@pplication and nutrient removal for
biofouling control (Mansouri et al. 2010). The acdanutrient limitation warrants further
investigation for optimizing SWRO treatment and mmizing biofouling, but has not been fully

investigated in part because of the lack of tootsionitoring or measuring biofouling potential.

Effective pretreatment is critical in the efficiesyieration of SWRO membranes (Kumar
et al. 2006). There is evidence that biologicafline sand filtration prior to polyamide
composite RO filters significantly enhanced the rheane performance (Griebe & Flemming
1998), presumably by removing BOM. A study of bigdalable organic carbon in an RO facility
that experienced extreme biofouling was conducte8dhneider et al. (2005). Very high levels
of AOC and biodegradable dissolved organic carberewereated by chlorination of river feed
water. Furthermore, the application of chlorinetlom sludge blanket inhibited any
microbiologically-facilitated AOC reduction. Theinking water industry often practices

preoxidation as part of pretreatment, which crebie®gically available organic carbon, i.e.,
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AOC. For example, ozone reacts with NOM to formellgdes and low MW organic acids (Glaze
et al. 1989; Miltner et al. 1992; Schechter & Smy@95; Siddiqui et al. 1997), which can then be
removed by biological filtration to increase biolog stability and decrease disinfection
byproduct formation. It is unfortunate that theseno biofiltration research to this extent in
desalination, yet there is significant interestitigating irreversible biofouling of RO
membranes and has been referenced by numeroussa(Flemming et al. 1997; Griebe &
Flemming 1998; Schneider et al. 2005; Fujiwara &dgama 2008; Voutchkov 2010).
Anecdotal results and some limited research hasenshhat application of disinfectants
increases biofouling potential in seawater, predlynasulting from the reaction between the
oxidant and NOM, which produces more easily bioddgble compounds as described above in
freshwater. Therefore, background information sstgythat approaches to mitigating membrane
biofouling would be effective if BOM is controllad the RO feed. By measuring BOM using the
seawater AOC test, the following research seeksipport the hypothesis that BOM provides
available nutrients that support biological growththe membranes. This growth leads to

membrane fouling that reduces SWRO operationaieffty.
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1.6 Hypothesis and Objectives

Based on the literature review, the SWRO indusioylal be prudent to affect collective
seawater pretreatment for reducing fouling occureemn particular, biological fouling is not well
managed in part because of a lack of predictivesoreanents. A need exists to establish
guantitative metrics for biofouling potential ineseater RO feed through bench- and full-scale
investigations. Techniques have not been spedaificidely applied in seawater to measure the
biodegradable fraction of organic carbon that dbates to biofouling. Given the fact that
biofouling remains to be a challenge and SWRO ooet to grow as a reliable drinking water
source, the research approach presented in tisisrtiifon was designed to investigate the
conditions during desalination pretreatment thatcanducive to bacterial growth on RO

membranes. The approach was driven by the followinmpthesis:

Biodegradable organic matter, specifically easdlgimilable organic carbon (AOC)

contributes to biological fouling of RO membranegd for seawater desalination.

The following objectives were designed to evaluh&shypothesis:

» Investigate the relationship between biofoulinggmtial, chemical dosing,
operational data and AOC in full scale seawateen® osmosis (SWRO)
desalination plants.

* Determine the influence of AOC on biological fogim bench- and pilot-scale RO
membrane testing.

* Evaluate AOC formation and other organic carbomgkea in seawater treated with
three commonly used oxidants: chlorine, chlorirexidie, and ozone.

* Assess pretreatment chemicals, including antisgatirembrane cleaning and
dechlorinating agents for AOC formation and otheganic carbon changes

following chlorination.
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The scope of work was developed to investigateobioig potential and occurrence using the
seawater AOC test. AOC is considered to be theemiifraction that provides the energy and
carbon needed for bacterial growth by quantifyimg growth potential on a reference
biodegradable carbon source, acetate. There areroumAOC applications, but this project uses
a test specifically for saline conditions by usagaturally occurring, bioluminescent marine
organismyVibrio harveyi The approach is depicted in Figure 3 for invesdtigy the hypothesis
that AOC is an important factor in biofouling whiaglimately leads to operational changes in
SWRO including loss of permeate flux and increadiffdrential pressure on the membranes.
Correlations between AOC and operational changesnfmnane differential pressure, specific
flux) were investigated in full scale facilitiesathexperienced biological fouling problems and in
bench- and pilot-scale configurations. Pretreatrobemicals were evaluated for their potential to
increase the biodegradability of seawater and deduoxidizing, antiscaling, cleaning and
dechlorinating agents. Evidence was collected ppst the hypothesis that AOC contributes to
biofouling and the seawater AOC test is a usefl fior understanding the impact of
pretreatment on biological fouling at bench-, pilaind full-scale desalination plants. A better
understanding of water quality and RO pretreatrimapticts on biofouling potential is revealed
through the project findings, along with recommeiades for identifying sources of AOC during

pretreatment and minimizing biofouling potential.
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operations.
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CHAPTER 2: OPERATIONAL IMPACTS FROM BIOLOGICAL FOUL ING ON
SEAWATER REVERSE OSMOSIS MEMBRANES

Abstract

Biological fouling occurs on RO membranes when éxdatand nutrients are present in
conditions that are conducive to growth and pradifien of the bacteria. Biofouling management
is typically limited to biocide application (i.adisinfectants) in seawater RO plants to control
microbial growth. However, biological growth andsequent fouling has not been well-
managed. Pretreatment has not been focused oentdimitation. This project used a biological
assay, the assimilable organic carbon (AOC) tesv&duate pretreatment effects on the nutrient
supply. The AOC test provided a useful surrogatasueement for the biodegradability or
biofouling potential of RO feed water. Biofoulinpgerved in controlled conditions at the bench-
and pilot-scale resulted in statistically signifit@orrelations between AOC and the operational
effects caused by biofouling. Membrane fouling saee observed through operational changes
over time such as increased differential pressateden the membrane feed and concentrate
locations and decreased permeate flux through #wbrane. In full scale plants there were
strong correlations when AOC was used as a prediatiable for the increased differential
pressure (4 — 8 psi from September — December,) 201Pthe decreased specific flux (0.00004
gpm/ (f€ - psi) or 1.40 liters per hour/ tmbar)). Increased differential pressure was st
with RO membrane biological fouling when the medddC was 50 pg/L during pilot testing.
Conditions were also evaluated at the bench-scg & flat sheet RO membrane. In a
comparison test using 30 and 1000 pg/L AOC, foulirag detected on more portions of the
membrane when AOC was higher. Biofilm and bactet&gdosits were apparent from scanning

electron microscope imaging and biomass measursmseirig ATP.
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2.1 Introduction

Biofouling is neither well understood nor consistgprevented and continues to be a
challenging problem in seawater reverse osmosicRGYWnembrane separation processes
(Griebe & Flemming 1998; Vrouwenvelder et al. 2008uwenvelder & Van Der Kooij 2001;
Pang et al. 2005; Kumar et al. 2006). The growtmigiroorganisms into a biofilm on the
membrane surface leads to costly increases in Stédiment. Decreasing permeate flux,
increasing pressure drops in the RO modules, isorgaalt passage, and irreversible damage to
the RO membrane are all issues associated witbuding. Pilot- and full-scale SWRO were
investigated to identify fouling and correlate asikible organic carbon (AOC), water quality,
and other organic carbon results. Pretreatmentdeagere used to corroborate the water quality
conditions and chemical usage. The objectives teet¢ identify relationships among biofouling
potential, chemical dosing, operational data, a@CAn full-scale SWRO treatment plants, and
2) evaluate AOC as a predictor of biofouling paerity monitoring operational changes (i.e.,
permeate flux, differential pressure) using aglatet membrane test cell and a 500 gallon per

day (gpd) pilot-scale SWRO.

2.2 Sampling Approach and Experimental Overview

Water quality variation and organic carbon remavate examined throughout three full-
scale SWRO desalination plants. The plants alt seawater from surface intakes, but have
geographic variability and different pretreatmemfigurations. Grab samples were collected
from various points within the pretreatment proc@$e grab samples provided information on
source water quality fluctuations, and the effaatizss of treatment for removing organic carbon
and AOC as related to biofouling potential. Orgazadbon removal was determined through
typical measurements such as total organic carbOC] and UV absorbance at 254 nm (g

as well as more specific determination of biodeghdlity using the seawater bioluminescent
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AOC test. Operational data were supplied by treatrmkant personnel to supplement the grab
sampling efforts and evaluate the plant’s perforteaCleaning procedures, treatment changes,
flow rates, membrane flux, and differential presstata were used to correlate the significance
of AOC as an indicator of biological fouling pote&htin the following treatment plants: Tampa
Bay Seawater Desalination Plant (TBSDP), West Biinicipal Water District (WBMWD)

Ocean-Water Desalination Demonstration Facilityl gre Al Zawrah SWRO facility.

Using a single membrane provided testing condittbas were easily monitored and
controlled and therefore a focused investigatiothefRO feed water quality, specifically AOC,
was effective for evaluating biological fouling atig resulting impact on differential pressure
and specific flux. Two approaches examined theseatipnal conditions; the first used a 500
gallon per day (gpd) RO pilot that housed one-2@é&mbrane, and the second was a bench-scale
test unit that housed one-0.0452rftembrane coupon that could be changed for teRideed

water with variable AOC.

2.3 Full Scale Desalination Plants

2.3.1 Tampa Bay Seawater Desalination Plant (TBSDP)

TBSDP is located on Tampa Bay in Gibsonton, FL. plaat is co-located with the
Tampa Electric Company (TECO) coal-fired power pkamd receives feed water from the plant’s
cooling loop; if the cooling water exceeds the temagure limits of the membranes, then bay
water can be mixed in. A process flow schematithefplant is shown in Figure 4. The combined
bay water and cooling water (i.e., raw water) waated with chlorine dioxide (0.5 — 1.1 mg/L)
and further treated with sodium hypochlorite, sttfacid, and ferric chloride in the coagulation
step. The water is flocculated prior to the sahdr8: upflow, deep bed granular media filters
with continuous backwash. From these filters, tlagewis sent to two parallel banks of

diatomaceous earth (DE) filters. Any residual sesitrirom the DE filtrate is then removed in
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cartridge filters prior to the SWRO desalinationmieanes. Cartridge filters (Fulflo Durabond
and Honeycomb Filters, Parker Hannifin Corporatiornard, CA) are replaced once a year.
Sodium bisulfite (SBS) is added at this step tatmdithe oxidation-reduction potential (ORP) of
the water and prevent oxidative damage to the memnas: Samples were collected from
pretreatment locations at TBSDP on September 2@atober 24, 2012 and January 3, 2013 for
the purpose of evaluating treatment effectivenes&®©C removal and comparing biofouling
potential (i.e., AOC content) of the RO membraredfelhe project team initially proposed to
collect samples quarterly from TBSDP; however, hsezf the ongoing operational directives,
the plant was online from August through Deceminer lzad adjusted pretreatment in preparation

for shutting down the plant in January. The plaaswffline from January 7 through 24, 2013.
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Figure 4 Tampa Bay Seawater Desalination Plant (TB3P) Process Flow Diagram.

2.3.2 West Basin Municipal Water District (WBMWD) Ocean-Water Desalination

Demonstration Facility

WBMWD is co-located with a natural gas power plamitd the seawater intake is located
at Redondo Beach, CA, 0.5 mile into the Pacific&cand 30 feet below the surface. The plant
was chosen because of its relatively low organitert (TOC ~1 mg/L), reported challenges
with biological fouling and Pacific Ocean locatidrhe desalination process consists of a 2 mm

intake screen, 100 um Arkal disk filters, followeg ultrafiltration (UF) and RO. UF membranes
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were ZeeWeed 1000 (GE, USA). Hypochlorite andc#iGgid were used for UF maintenance
cleaning. There were two parallel RO pressure \&ssed each vessel contained seven
membrane elements. RO membranes were from thet@uklux™ line by NanoH20
(California, USA). NanoH20 membranes used in the flass RO had a surface area of 400 ft

for a total surface area of 5600 ft

2.3.3 Al Zawrah Desalination Plant in Ajman, United Arab Emirates

Al Zawrah is located in the Emirate of Ajman (Uwitarab Emirates) and the seawater
intake uses surface water from the Arabian Gulfta/quality in the gulf is poor, often with
elevated temperatures and red tide occurrences;dissolved solids (TDS) may be as high as
48,000 ppm, and there are numerous large-scaldirdgiga plants (both thermal and RO) that
discharge brine and waste in the area. Shock daltton and post-treatment with SBS was
historically conducted every 3 to 4 weeks. The lilegi@on process consists of coagulation with
ferric chloride, dual media filtration (DMF), cadge filtration, and RO. Coagulant doses were
2.6 mg/L in May, 1.7 mg/L in July, and 2.5 mg/LNevember. The media used in the DMF
included a top layer of pumice (1.2 — 1.5 mm), whicas 800 mm deep and a bottom layer of
silica sand (0.4 — 0.6 mm), which was 600 mm deep,filtration rate of 8 to 10 m/h. Cartridge
filters were replaced approximately every 90 to diags. Adjustment of pH was done using

sulfuric acid at the feed to the cartridge filtevsachieve a level between 6.9 and 7.0.

2.4 Focused Investigation of Biological Fouling on RO mmbranes
2.4.1 Pilot Unit Configuration with TBSDP Feed

Water quality and operational data were collectethfa 500 gallon per day (gpd) pilot
unit deployed at TBSDP. A new thin film composit® Riembrane was installed into the system
and operated under constant permeate flux fordhnegse of further evaluating AOC as a tool for
monitoring fouling. The pilot unit (Figure 5; Tom&¥-500SW, Tomar Water Systems, Inc., San

Marcos, CA) contains a multimedia (sand) prefil@remical injection system, and a UV
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sterilizer integrated on a stainless steel skich&é@owered by a single-point AC power
connection. SBS was used in the chemical injectymtem. The unit was operated at 13%
recovery; permeate flow rate was set at 0.317 gfsv ¢pd). By maintaining constant product
water settings (e.g., flux), operational changeseweonitored daily. Feed water from TBSDP
was pumped from the rapid mix basins prior to #edsfilters. A sump pump lifted water from
the treatment basin over the basin wall and dowoutgh piping into a 32 gallon reservoir in the
pilot unit shed. An automatic feed of SBS was das&althe reservoir to quench the residual. A
lift pump moved the water from the reservoir to faad filter, followed by a cartridge filter prior
to the RO membrane vessel. Pressure gauges weakeiddefore and after the cartridge filter
and after the RO feed pump to the RO vessel ane lfiow. A digital readout monitored
temperature and conductivity of RO permeate. A R&&vmembrane was installed at the
beginning of the test, a DOW FILMTEC™ seawater edlatrt6W30-2540. This unit can
withstand 800 psi applied pressure at a 700 gpd ffilde with average 99.4% salt rejection. The
element is 40 inches long and 2.4 inches wide.atiee area of the membrane is Za&fid

made of polyamide film wrapped in fiberglass.

Seawater was pretreated at the plant with apprdrign@.5 to 1.1 mg/L as ¢bf
chlorine dioxide. Chlorine dioxide residual randemim 0.01 to 0.39 mg/L. After the junction
box, seawater was dosed with sulfuric acid (~2@ +8/L), hypochlorite (4 — 6 mg/L), and ferric
chloride (~4 — 5 mg/L). Daily water quality datareesollected from TBSDP, including
temperature and conductivity at the intake; tutigigoH, alkalinity, and chlorine dioxide residual
at the junction box; chlorine residual in the rapick basin; and SR4 of the RO feed (Table 1).
Grab samples were collected at the pilot unit aradyaed for TOC, assimilable organic carbon

(AOC), UV,s4 and phosphate. Phosphate was 0.3 mg/L and nitesté.09 mg/L.
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Figure 5 Mobile RO skid deployed at the Tampa Bay &water Desalination Plant (TBSDP;
source: the author).

Table 1 Seawater pretreatment records from TBSDP.

Day Intake pH Alkalinity Chlorine dioxide Cl, SDI;5 Cart.

Temp (°C) (mg/L) (mg/L) (mg/L) Filter
3/26/2013 1 27.1 7.90 127 0.161 0.84 3.76
3/27/2013 2 22.8 8.03 123 0.010 0.77 3.62
3/28/2013 3 16.7 7.96 127 0.173 0.87 3.73
3/29/2013 4 21.4 7.96 127 0.010 1.09 3.77
3/30/2013 5 23.9 7.82 123 0.199 0.74 3.74
3/31/2013 6 26.5 7.91 114 0.010 0.94 3.52
4/1/2013 7 26.0 7.82 124 0.392 1.10 3.66
4/2/2013 8 27.1 7.76 127 0.010 1.22 3.39
4/3/2013 9 29.3 7.89 124 0.010 0.69 3.43

4/6/2013 12 28.5 8.00 119 0.039 0.65 3.39
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2.4.2 Membrane Test Cell

The experimental setup included a cross flow telt jgump, motor, pressure gauges, valves
for flow and pressure control, and flow meters. Tk42 membrane cell (Sterlitech, Kent, WA)
holds a flat sheet RO membrane with an active afd& cnf. The permeate carrier was a 20 pm
sintered 316L stainless steel plate. Dow Filmtec38BMR membranes were used for the
experiments and purchased pre-cut. The SW30HRiso@th, hydrophilic commercial flat sheet
thin film, composite RO membrane. A high-presswsitive displacement, diaphragm pump
with a maximum flow rate of 1.8 gpm (6.8 Lpm) wased. Pressure was manually adjusted to
remain constant over the experiment. Feed to thevas pumped from a 5 gallon stainless steel
conical feed tank onto the test cell at a flow @ft&.5 Lpm. There was no recirculation of the
concentrate or permeate to preserve the representatianic loading directly from the RO feed
at TBSDP. Prior to testing, TBSDP second pass R¢ate was used to compress the
membrane at the operating pressure for 1 hour &éésting. Permeate was also used to flush the
system at the end of the experiment. Temperateeel pressure, flow, pH, and conductivity were
measured at 20 minute intervals. After the initianpression period, the unit was operated for
each test for 2 days. Specific flux was calculditeth the driving pressure and normalized for
temperature and the initial flux of the SW30 memilereOperational parameters between the two

membrane tests were nearly the same, as seenle.ab

Experiments to monitor the biological fouling effen permeate flux decline were conducted
onsite at TBSDP with a bench-scale membrane tésisiag the pretreated RO feed because it
was the most representative water source for caimguiouling tests. Pretreated seawater from
TBSDP was diverted from the sampling station piaothe high-pressure RO pump to the test
cell's feed tank. The RO feed water had undergameptete pretreatment conditions at TBSDP,
and SBS was added to remove remaining chlorinduakafter the cartridge filtration step.

Inherent water quality and organic solute concéiomavere maintained by configuring the feed
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in once-through mode to most effectively captueewater quality of the RO feed to TBSDP.
The effects from recirculation and bacterial congtiom may have varied the concentration of
solute (AOC). Operational data from TBSDP wereemi#td for the RO feed and included
turbidity, SDI, pH, and ORP at 4 hour intervals.th¢ end of the experiments, the membrane was

retrieved from the test cell and prepared for imgagising scanning electron microscopy (SEM).

Table 2 Membrane test cell feed water quality andmerating parameters.

AOC baseline AOC 1,000 pg/L

AOC (pg/L) 30 997
TOC (mg/L) 4.3 5.4
SUVA (L/mg-m) 14 1.3
UVs4 (cmit) 0.06 0.07
Total Nitrogen (mg/L as N) 0.4 0.8
Phosphate (mg/L) 0.16 0.13
Operating pressure (psig) 820 820
Temperature (°C) 28.2 28.0
pH 6.88 6.89
Feed Conductivity (mS/cm) 40 40
SDI (15 min) 3.2 2.9
Feed Turbidity (NTU) 0.12 0.09
Permeate Conductivity 0.3 0.3
(mS/cm)

Salt Rejection 99.2% 99.2%
Membrane Flux, (Imh) 20 20

Flux decline 3% 24%
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2.5 Materials and Methods

2.5.1 Assimilable Organic Carbon (AOC)

AOC was measured using the luminescence assaylmEsby Weinrich, Schneider, and
LeChevallier, 2011 (Appendix A). All experimentadchenvironmental samples (50 mL) were
prepared in AOC-free glassware and pasteurizednatar bath for 30 min once the temperature
of the proxy reached 70°C. Samples were then coolad ice bath. After pasteurization the
cooled samples were inoculated wittbrio harveyiat approximately 10colony forming units
(cfu) per mL.V. harveyiis a naturally occurring marine organism and tfoeeeis an appropriate
test organism for seawater. In addition, the inhieb@oluminescent characteristic \éf harveyi
facilitates the use of an automated photon-courtingnometer for monitoring bacterial growth
in a water sample. Samples were gently swirleddupdicate 300-pL aliquots were transferred
into the microplate immediately after inoculatiénlaminar flow hood (SterilGARD II; The
Baker Co., Sanford, ME) was used to maintain #teduring sample handling, inoculation, and
transfer to the microplate. The microplate was cedavith adhesive film to minimize
evaporation, and measurements were taken immedatdlat hourly intervals (generally 2 to 5
hours) until peak luminescence (or maximum growth,,) during the stationary phase was

reached.
2.5.2 Total Organic Carbon (TOC)

TOC was measured using a platinum-catalyst comtu3tOC analyzer (TOC-VCSH,
Shimadzu Scientific Instruments, Inc., USA) withartosampler according to Standard Method
5310 B. Samples were acidified using sulfuric doigH greater than 2 prior to analysis. Results

shown are the average of triplicate injections.
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2.5.3 Ultraviolet Absorbance at 254 nm (U\s,) and SUVA

UV s, Was measured using a UV-Vis spectrophotometerf000, Hach, Co., USA) set at a
single wavelength of 254 nm; water samples weterétl through Whatman GF/F glass fiber
filters with a nominal 0.7-um pore size and meagwsng a 1-cm quartz cuvette. The filtrate
was also used for measuring dissolved organic c{d@®C). Specific UV absorbance (SUVA)

was calculated by dividing UM, (meters) by DOC in mg/L; units are L/mg-m.
2.5.4 Adenosine Triphosphate (ATP) on the Membrane Surfae

ATP analysis was conducted on the RO membranecgufifam the pilot unit to evaluate
microbial activity. ATP occurs in all living orgasrs and is a useful assay because it measures
metabolically active biomass irrespective of whethech biomass is culturable. Small sections of
about 1 square centimeter @mvere portioned for triplicate ATP analysis. Tleetons were
placed in 1.5 mL microcentrifuge tubes containi@g 1L of phosphate buffer and incubated in a
30 °C water bath. At the same time a tube contgiBD0 uL of BacTiter-Glo™ reagent is placed
in the water bath, and both tubes are incubate@ foinutes. Then the reagent is transferred to
the tube for 1.5 minutes in the water bath and thexeery 30 seconds. The tube containing the
membrane portion and the reagent are then remaweld200 L is transferred to a clean tube.
Luminescence is measured 30 seconds later on aa®M20/20 luminometer. Triplicates for
each sample were established. Luminescence is mgiaand then converted to ATP
concentration using a calibration curve construcigidg rATP (Promega Cat# E6011). Final
results are reported on an ATP per area basisviginay the concentration of the 200 pL sample

by the area of the RO portion; units are repored@ATP/M RO membrane.

2.5.5 Scanning Electron Microscopy (SEM)
Membrane surfaces were imaged using FEI XL30 enmental scanning electron

microscope (ESEM; FEI Hillsboro, OR, USA) operatingder high vacuum between 10 and 20
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kV to observe the extent of biological fouling dejed on the RO membrane surface removed
from the membrane testing cell and pilot unit. Nbeame sections were processed to stabilize
biofilm and other fouling deposits prior to beingumted on aluminum SEM stubs and sputter-
coated with a thin layer of gold and palladium. iecedure was modified from the US
Environmental Protection Agency for SEM imagindgo@imass on granular activated carbon used
in filters for drinking water treatment. Other mficktions include drying in a desiccator and

sputter coating with platinum and palladium insteddold and palladium.

Sections from the RO membranes were cut usingiestazor blade, gently rinsed with
deionized water for 30 seconds to remove extraisiedmd then fixed with 2.5% gluteraldehyde
with 4% paraformaldehyde in 0.1M cacodylate bu#féjusted to pH 7.3. Samples were fixed
overnight and washed with cacodylate buffer twioe 15 minutes each. They were then washed
again in deionized water for an additional 15 miasutAfter washing the samples were postfixed
for an additional hour in 1% osmium tetroxide incsézed water, and then washed three times
for 15 minutes each. After osmium fixation the séespvere dried using a dilution series of
ethanol (25, 50, 75, 95 and 100% x2) for 30 minetsh. RO membrane portions were air dried
in a chemical fume hood for 1 hour on filter pafhen transferred to a desiccation jar overnight.
Prior to imaging, the membrane was mounted on alumiSEM stubs and sputter coated with
platinum and palladium for 30 seconds. Multiplesseere examined to ensure continuity of

imaging for the samples.
2.5.6 Nutrients

Samples were collected from the RO feed and andlyamediately onsite at TBSDP for
nitrogen and phosphorus with a portable spectrapheter (DR2400, Hach, USA). Phosphate
was measured as orthophosphate through the aseaitlimethod (Standard Method 4500-P-E;

Hach 8048) at 880 nm; results are reported as RGE. Ammonia was measured as ammonia-
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nitrogen using the salicylate method (Hach 815%6&8t nm; results are reported as mg/LzNM.
Nitrate was measured as nitrate-nitrogen usingadenium reduction method (Hach 8171) at
400 nm; a standard curve was prepared accorditigeteeawater calibration as outlined in the
method, and the results are reported ag NCNitrite was measured as nitrite-nitrogen usimg t
diazotization method (Hach 8507) at 507 nm; resarksreported as NON. Additional samples
were shipped overnight on ice to Delran, NJ whiey tvere processed and analyzed for AOC,

UV sy, TOC and SUVA.

2.6 Results and Discussion
2.6.1 Tampa Bay Seawater Desalination Plant Pretreatmerdnd Organic Carbon

Removal

TOC removal throughout pretreatment between coéignland cartridge filtration was 3% in
September and 6% in October, which is consistetfi tlue limited TOC removal at TBSDP
reported previously (Schneider et al. 2011). Tlissdnot include organic removal before
coagulation as the intake was not included aswdtressampling issues. AOC was generally
below detection (<10 pg/L) after DE filtration. Atiugh not directly investigated in this study,
bioactivity in the DE may have been sufficientéduce AOC after that treatment step. AOC was
less than 10 pg/L following DE treatment, but after cartridge filter AOC increased to 97+19
Mg/l in September and 23+1 pg/L in October (TableCBiemical addition after the cartridge
filter is limited only to SBS to remove the resitlogidant from sodium hypochlorite added prior
to coagulation (Figure 4). The staff reported BBS was typically dosed between 5 and 22 mg/L
but the records from August through December 2@tizated that the range was 3 to 123 mg/L
(specifically in Train 4) for controlling oxidatiereduction potential (ORP). There were no other

chemicals added at this treatment step; antiscalasthot used at TBSDP.
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Table 3 TBSDP organic carbon data.

Treatment step  UVas(cm™ TOC (mg/L) AOC (ug/L)

Coagulation 0.135 6.20 20
& Sand filter 0.133 6.38 60
5 DE filter East 0.127 6.29
2 DE filter West 0.128 6.12 8

Cartridge filter 0.132 6.00 97

ClO, 0.173 5.85 29

Coagulation 0.131 5.49 2
3 sand filter 0.103 5.29 1
§ DE filter East 0.106 5.13 1

DE filter West 0.103 5.07 2

Cartridge filter 0.110 5.17 23

2.6.2 TBSDP Data Modeling

TBSDP went online in August after new RO membramere installed in Trains 1 and 7,
which provided a unique opportunity for the reskasam to conduct an in-depth analysis on
membrane changes caused by fouling. By capturisgithe period immediately after restarting,
the operational impacts from fouling on new membsawere investigated from August until
December 2012, when the plant was online and dpgrdthere are seven first-pass RO trains at
TBSDP. Each train is preceded by a lift pump, gt filter, and a high pressure feed pump.
There are two stages in each vessel separatetlbgla The first stage contains Elements 1
through 3; after a block, permeate from the fivg Edements 4 through 8 is sent to the second-
pass RO for further treatment. In the performanaeking software, data are entered for the two
stages separately. The first three elements wézeted for additional analysis because the
incoming water from the cartridge filter would teetmost representative RO feed for the
purpose of investigating fouling effects. The floates, total flow, and differential pressure were

used for further evaluation. The operating time e@mpared between the RO trains. Total flow
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(in billion gallons) for each of the seven traingidg the time period of interest is listed in Tabl
4. Because of maintenance and variable producgeds) not all of the trains were continuously
operated; those that were operated the longestsuéable for further data analysis and
comparison. Trains 1, 4, and 6 were operating 81166, and 80 days, respectively. These trains
also received the greatest volume of seawater c@da the other trains. The following section
describes the preliminary analyses for the typem@fbranes, flux, and differential pressure

associated with these trains.

Table 4 TBSDP operating time, total flow, and averge specific flux (normalized to 25 °C)

from August — December 2012.

Train and Total time in Total flow Average Sp. Flux

membrane type operation (days) (billion gallons) (gpmi(ft? « psi))

1 SWC4-LD 68 115 0.000027
2 SW30HR 57 7.3 0.000021
3 SW30HR 22 1.1 0.000019
4 SW30HRLE 65 111 0.000033
5 SW30HR 32 2.4 0.000023
6 SW30HRLE 85 18.3 0.000028
7 SWC4-LD 60 8.5 0.000028

There were various membranes used during the tériegof interest in 2012. Each train has
160 pressure vessels containing eight membrandgsidost 2012, new Hydranautics SWC4-LD
membranes were installed in Trains 1 and 7. The &\MX membrane has 400 ftf membrane
area. Trains 2, 3, and 5 contained older SW30HRTelch membranes each having an area of
380 ft. Trains 4 and 6 had newer SW30HRLE-370/34i FilnfiTeembranes with an area of 370
ft> each. The area of the three lead elements intezichwas calculated to determine specific

permeate flux from each membrane type. Specific\ilas calculated from the permeate flow
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(gpm) from Elements 1 through 3 divided by theltataa of the membranes used in that stage
and the net driving pressure (psi) (Figure 6).iRstance, in RO Train 1, flow from the three
elements (400 ?Each) in the 160 vessels crosses 192,308f 0 membrane surface. Therefore,

at a flow of 1,888 gpm and NDP of 260 psi, the fmeftux is 0.000038 gpm/ (f psi).

Specificflux =Q, + NDP + A
where:

Q, isthe permeateflow (gpm)
NDPisthenetdriving pressurg psi)
and

Aisthemembranarea(sqft.)

Figure 6 Specific Flux Calculation

Changes to specific flux and differential pressueze monitored to determine the impact of
fouling in each RO train. Decreased specific flenobserved when water passage is reduced by a
fouling layer, pore blockage or both. Alternativelshen additional force is needed to overcome
osmotic pressure changes on membranes that hadhsioed to fouling, the differential pressure
increases. Membrane manufacturers typically satdifar differential pressure and when the
limits are reached a cleaning procedure is trigjate¢he plant. During the time period evaluated,
Train 4 underwent a cleaning on November 18, aihT@ was cleaned on December 14, 2012.
Trains 1, 4, and 6 produced the majority of theawétable 4) during September and October;
overall trends indicate that specific flux decreband differential pressure increased. Specific
flux decreased to a greater extent in October @8&hlMost pronounced was a 53% decrease in

specific flux in Train 4 prior to the cleaning omMember 18, 2012.

The permeate flow from the first three RO unit3ain 4 ranged from 1505 — 2025 gpm
during the period investigated and averaged 17981tgpm; NDP ranged from 235 - 386 psi

and averaged 298 * 42 psi. Operation of thegemembranes following installation in 2012
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achieved a maximum permeate flow of 2101 gpm (Aug8s13 days after installation) and a
minimum NDP of 223 psi (first day of operation)thdugh these were achieved on different
dates, the estimated maximum specific flux woul@ 890050 gpm/ (ft- psi). The maximum
specific flux measured during the period of invgation was 85% of the estimated maximum
permeate flux. Conversely, the lowest permeatephst-installation was 1505 gpm and the
maximum NDP was 442 psi that results in an estichpegmeate flux of 0.000018 gpm/A(fpsi).
Given this estimation of the lowest permeate floihwhe highest NDP the plant achieved 20%

greater flux even at the minimum operating leveirythe period of investigation.

Table 5 TBSDP RO trains and delta specific flux. Rint operations started August 2012.

(ND = no data, membranes were not in operation).

Train # and Delta sp. % Delta sp % % decrease

membrane flux decrease flux decrease during

type September basedon  October based on August -
average average December

1 SWC4-LD 0.000005 19 0.000010 37 47

2 SW30HR 0.000003 14 ND ND 39

3 SW30HR ND ND ND ND ND

4 SW30HRLE  0.000000 1 0.000012 36 53

5 SW30HR ND ND 0.000008 33 36

6 SW30HRLE  0.000005 18 0.000008 28 49

7 SWC4-LD 0.000007 25 0.000012 44 45

Average 0.000004 16 0.000011 29 45

2.6.3 TBSDP Operational Performance and Data Modeling Rasts

Grab sample collection coincided with the periodpération for RO membranes in Train 4.
Other trains were periodically offline for maintexa and therefore did not provide a complete

data set for comparison with the water quality dasiplrain 4 was operating for 47 days prior to



46
the first cleaning on November 18, 2012. Figurlrdugh 9 graphically depict the operational
data beginning on September 22 for Train 4. Comsigtends were evident for decreasing
specific flux (Figure 7) and increasing differehfigessure (Figure 8); a strong correlation existed

between the two data set$$r0.89; Figure 9).
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Figure 7 TBSDP: Specific flux of the first pass ROnembranes in Train 4 from September
to November 2012 (n=35). New membranes were instdl in August, and the train was

online beginning September 22.
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Figure 8 TBSDP: Differential pressure of the 1st pgs RO membranes in Train 4 from
September to November 2012 (n=35). New membranesménstalled in August, and the
train was online beginning September 22.
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Organic loading and cartridge filter monitoring @atere examined to evaluate whether
the operational changes to the RO membranes (gpgaK and differential pressure) were a
result of biological fouling. A small dataset (r.6) for AOC, TOC, and U}, suggested that
organic content of the RO feed increased as spdhift decreased (r = 0.933, n = 165 0.01).
To confirm this, a larger dataset (n = 120) usirgnitoring data at the cartridge filter was
investigated to ascertain treatment impacts andatipeal effectiveness on organic carbon
removal and the impact on RO fouling. Monitoringlatemical dosing data after the cartridge
filters were used for an evaluation of the plamdition at this treatment step. Cartridge filter
monitoring data included differential pressurebidity and silt density index (SDI) compiled
from hardcopy records at TBSDP for the period fagést through December 2012. Differential
pressure increased at two intervals, with peak®@cober 15 and November 18, 2012 (average
6.9 psi; range 4 — 35; n = 120; Figure 10). Dutimese same periods, SDI of the Train 4 cartridge
filtrate averaged 3.9 (range 2.9 — 4.9; n = 118ufé 11). Correlations were weak between
differential pressure or specific flux and the peéat variable SDI (Table 6), which are not
surprising; SDI is inadequate for addressing aeafdouling issues because the test is limited to
only measuring particles and not the BOM that dbuates to biofouling. Turbidity was generally
low and stable below 0.5 NTU, in most instances tean 0.25 NTU (average 0.11; range 0.05 —
0.35; n =119; Figure 12). Turbidity had an inveralationship to differential pressure (r = -0.45,
p <0.01, n = 34), and in the absence of a positiationship depicted, the results suggest that
the increases in differential pressure were nalgaaused by particulate or colloidal fouling.
Interpretation of the data would suggest that thairig was biological from AOC loading after
startup in August, the effects of which were obsdrthrough November. It should be noted that
the data exhibited autocorrelation based on paemdescribed in Durbin-Watson significance.

Given that the increase of differential pressuré @ecline of specific flux is associated with
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continued operation, the influence of time on thtadets appears to be a factor for certain

outcomes of this full scale facility and limitedesgtional periods of the data collection effort.

SBS was applied to the cartridge filtrate to remtineechlorine disinfectant residual and
decrease ORP in the RO feed. The highest SBS floseshat quarter were applied in October
and November (during the same periods in whictetdffitial pressure increased). From plant
startup on August 14 until December 31, the ave&i#f@ dose was 8 mg/L and ranged from 3 to
123 mg/L. AOC concentrations in the RO feed werteagolated from the SBS dose. SBS used at
TBSDP was investigated in bench-scale testing (@n&), and impurities in the solution
increased AOC. In addition to bench-scale test§ BBreased AOC at the RO feed during
sample collection (Table 3). The reported conegiuns represented more conservative
estimates, in which average AOC was 150 pg/L (ré@fige 1830 pg/L; n = 123) versus another
model that predicted average AOC to be 190 pghhgga/0 — 3020 pg/L; n = 123). Using the
conservative approach, calculated AOC results wiendar to the grab sample results; cartridge
filter AOC was 97 ug/L in September and the extlaigal AOC from SBS dosing was 98 ug/L.
AOC in the RO feed for Train 4 during the periodrofestigation is depicted in Figure 13. AOC
in the RO feed was evaluated as a variable forigiied fouling (observed from decreased
specific flux and increased RO differential pressdrable 6). Of the possible predictor variables
for fouling including cartridge filter differentigdressure, SDI, cartridge filtrate turbidity, an@ R

feed AOC, the strongest correlation was with AOE (.563,p = 0.001, n = 34; Table 6).

The relationships among TOC, Wyand AOC were evaluated to determine whether
these parameters were significantly correlaged (.05). TOC and U}, were correlated (r =
0.61,p = 0.05); however, AOC showed no significant relaship at TBSDP with UM, (r =

0.36,p=10.28) or TOC (r = 0.43)= 0.19). Given the lack of specificity for TOC alo/ ;54 in
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measuring the biodegradability of organic carbasent, it is recommended that this utility track

AOC for predicting pretreatment changes impactiigaoling potential.

Table 6 Correlation and significance of predictor variables at TBSDP cartridge filter (CF)

and RO feed fordifferential pressure and specific flux from Septerber — November 2012.

Differential Pressure Specific Flux
Pearson ) Pearson p* (2-
correlation " (2-talled) correlation tailed)
CF differential pressure (n=35) 0.187 0.282 -0.219 0.206
CF SDI (n=33) -0.232 0.194 0.238 0.183
CF turbidity (n=34) -0.450 0.008 0.397 0.020
AOC (n=34) 0.563 0.001 -0.495 0.003
Day (n=35) 0.965 0.000 -0.920 0.000
*Note: p-values are overestimated due to serial autocorretian.
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Figure 10 TBSDP Cartridge filters Train 4: Differential pressure during the analysis period

in 2012. Peaks detecte@ct. 15 and Nov. 18th. Average = 6.9 psi (range 434.9; n=120).

The SBS dose (n = 59, September — December) shaweditive relationship with

differential pressurep(< 0.01) and a negative relationship with speditig (p < 0.01). Increases
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in differential pressure and decreases to spdtificoccurred because of fouling on the
membranes during the periods investigated. TBSBRekperienced biofouling in the past on
account of water quality issues at the intake archigh concentration of organic carbon in the
RO feed. Pretreatment generally removes less td@ndf TOC, and sampling events indicate
that AOC was increased in the post-cartridge figmnpling point (i.e., RO feed). The only
chemical addition at that point was SBS, and irjuastion with the bench-scale testing,
operational records and statistical evidence, tliitian of SBS increased AOC in the RO feed.
These conditions were conducive to biological gfoat the RO membranes, and, given the low
potential for particulate fouling, chemical dosigd operational parameters suggest that the

fouling was biological in nature.
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Figure 11 TBSDP Cartridge filters Train 4: Silt Density Index during the analysis period in

2012. Average = 3.9 (range 2.9 — 4.9; n=119).
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Figure 12 TBSDP Cartridge filters Train 4: Turbidit y during the analysis period in 2012.

Average 0.11 NTU (range 0.05 — 0.35; n=119).
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n = 123).



53

2.6.4 West Basin Municipal Water District Pretreatment and Organic Carbon Removal

Four sampling sets were collected from WBMWD fa thurpose of evaluating the
changes to organic carbon through the pretreatpreness (Table 7). Samples were collected on
June 5, July 31, November 29, and December 28,. ZDdrng that time the plant was producing
about 0.05 MGD of desalinated water. The samplicgtions included raw seawater (after intake
screen and before Arkal filter pods), UF feed foilog Arkal screening and ferric chloride
addition, UF filtrate, feed to the cartridge filtafter chemical addition (when applied), and at the
RO feed after the cartridge filters. A shippingissluring the November sampling resulted in a

loss of the UF filtrate and RO feed samples.

Average TOC throughout the treatment train was £.097 mg/L in June, 0.9 + 0.03
mg/L in July, and 0.7 = 0.05 mg/L in December.He fall and winter sampling events, TOC was
lower than in the summer but increased during gagtnent. During June and July, TOC was
only removed by 5% throughout pretreatment. Avera@€ throughout treatment was also
greatest in June, particularly before UF treatmieniune the water quality evidence from lower
pH, higher ORP, higher AOC, TOC, and kd\were all different from the other sampling events.
Changes to organic carbon during pretreatmentragghgally represented in Figure 18. In July,
both AOC and UYs, were higher at the RO feed than in the intakectviaias not reflected in the
TOC dataset. Average AOC from July was 55 + 30 [ggitl in June it was 79 + 57 ug/L. In the
June event, AOC was reduced between the intak&@anied by 110 pg/L. In July, AOC at the
intake was < 30 pg/L but increased to 90 pg/L enR© feed during the time in which preformed
chloramine was dosed at 5 mg/L (ORP 468 mV). Newothemical addition was responsible for
both the increase in AOC and kYin the cartridge filter and RO feeds. AOC was émsentally
higher at two pretreatment locations: after coatieand after SBS dosing at the location before

the cartridge filter. Chemical dosing at the plactounted for the higher AOC levels upstream of
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the RO feed. Increased AOC from the presence ahutg agent residuals and the addition of

SBS was not reflected in the TOC levels.

Table 7 WBMWD organic carbon and water quality data UF = ultrafiltration step; SBS =

sodium bisulfite. ORP = oxidation reduction potental.

Treatment Step TOC AOC UV 54 pH ORP
(mg/ll)  (ug/L) (cm?) (mV)
Raw seawater 1.08 131+24 0.014 7.9 311
0O UF Feed 1.16 145+ 2 0.017 7.9 305
S .
S ® UF Filtrate 1.01 33+9 0.013 7.9 301
Cartridge filter feed 1.15 67 £ 26 0.011 7.8 265
RO feed 1.03 205 0.010 7.8 270
Raw seawater 0.91 27+4 0.013 8.1 294
.G UF Feed 0.92 20+ 13 0.011 8.1 276
= ol; UF Filtrate 0.88 62+9 0.010 8.1 282
- Cartridge filter feed 0.91 79120 0.042 8.1 463
RO feed 0.86 89 + 20 0.040 8.1 468
% G Raw seawater 0.88 8 0.009 8.1 270
% S\g{/ UF Feed 0.87 3 0.007 8.1 228
Z Cartridge filter feed 0.92 14 0.007 8.0 210
Raw seawater 0.68 18+2 0.010 8.0 144
5 UF Feed 0.62 30+ 15 0.017 7.9 168
% g UF no SBS 0.64 12+2 0.006 7.7 173
é < UFSBS 0.63 63+9 0.007 6.5 123
Cartridge filter feed 0.75 15+4 0.010 7.2 173
RO feed 0.73 15+0 0.010 7.2 164
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The relationships among TOC, Wyand AOC were evaluated to determine whether
these parameters were significantly correlaged (.05). TOC did not have a significant
relationship with U\s, (r = - 0.05,p = 0.75) or AOC (r = 0.01p = 0.97); however, AOC and
UV s, are very strongly correlated at WBMWD (r = 0.985; 0.001). Through additional testing
using long term correlations, it may be possibl&ack biofouling potential using routine 33/

and AOC measurements.
2.6.5 WBMWD Data Modeling

Operational performance of the plant that coincidétl the grab samples was tracked to
identify changes that were indicative of biologitmiling. To that end, RO operational
monitoring data were collected for June throughsigand November through December 2012
and included flow (gpm), conductivity (mS), RO fdedhperature (°C), differential pressure
(difference between feed and concentrate presgsije permeate flow from the front and tail,
and conductivity from the front and tail perme&pecific flux of the entire RO train was
calculated from the permeate flow (sum of front &atiflows in gpd) divided by the net driving
pressure (psi) and total area of the membrane®(®&40Net driving pressure was calculated
according to the equations provided by the comsyltontractor for WBMWD (Figure 15). Daily
averages were calculated from the 15-minute incnésrend outliers embedded in the data set
were removed from the averages (loss of systenespondence or briefly offline). Observations
of the data indicated major changes between JulyNmvember with regard to differential
pressures and specific flux. From June through Ayqrmal trends were apparent, but the
November through December data were noticeablgmdifit (Figure 16 and Figure 17).
WBMWD confirmed that the changes were from ongdésiing of new membranes and hybrid
configurations, which consisted of 21 separate usisg two models of membranes alone in the

vessels and combined as hybrids.
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Pnet = NDP = Net Driving Pressure (psi)
AP

Pret= Peed — AT — m_ Prermeate

where:
Amr = Average Osmotic Pressure Differential (psi
= 0.006 x Average Feed/Brine Conductivity
n = Number of stages in Array
m(ﬁ)}
Y

Average Feed/Brine Conductivity = Conductivity afde X[

=

where:
Permeate Flow

Concentrate Flow + Permeate Flow
AP = Feed Pressure - Concentrate Pressure (psi)

Prermeate= P€rmeate pressure (psi)

Y = Recovery =

Figure 15 Calculations for net driving pressure (NIP®) of the RO membranes.

The organic carbon results from the water quabiygling were incorporated into a 2
week period before and after the sampling dateerttihg the values in this way followed the
assumption that water quality changes would benmahin the absence of major treatment
changes or incoming water quality fluctuations othge not detected during the four periods in
June, July, November, and December. The data wéeaded based on similar differential
pressure and specific flux near the sampling dateder quality data were input for June 1
through 16, July 27 through August 9, Novemberht@ugh 25, and December 11 through 29.
Because of a shipping issue during the Novembeplagnevent the RO feed was not available,
and therefore the water quality data from the whyér filter feed were used. The data were

analyzed using statistical software (SPSS19; IBMpGo
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Figure 16 WBMWD: Differential pressure of the first pass RO from June to December 2012
(n=163). Data are reported for the months in whiclgrab samples were collected (June, July,
November, December). A clean in place (vertical Ig) was conducted on the RO membranes
on July 12 and December 6, 2012. Membrane configuians were changed during the
duration of testing.
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Figure 17 WBMWD: Specific flux of the first pass ROfrom June — December 2012 (n=163).
Data are reported for the months in which grab samfes were collected (June, July,
November, and December). Membrane configurations we changed during the duration of
testing.
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2.6.6 WBMWD Operational Performance and Data Modeling Resilts

During the year in which this study was conductasth chemical pretreatment and
membrane types were varied at WBMWD. Membranes wieaeged between October 30 and
November 15, 2012 and again between November 1®Dandmber 31, 2012; other changes
included adjustments to recoveries, flux, and fiimd. Because of the inherent variability, there
was limited opportunity to evaluate meaningful tielaships between the water quality of the
seawater and long term operational impacts. Althahg approach for correlating differential
pressure or other operational changes to organimoan the RO feed was limited, there was
evidence that pretreatment chemicals and oxidaticneased the biodegradable organic carbon in
seawater. The addition of chloramines and SBS wnelieative of increases in AOC but less
often for changes to TOC and khlymeasurements (Table 7). Clean in place was pegition
the RO membranes after increases in differentedsure were observed and reported by the
plant’s operations staff to be related to biofogli€lean in place was performed on July 12 and
December 6, 2012. Raw seawater results in Juneaitedi more organic carbon compared to

other sampling events (Table 7).

Bivariate correlations for organic carbon are régin Table 8. In the full dataset,
differential pressure decreased over time as dtrafscieaning and new membrane installations
(r=-0.778,p < 0.01, n = 58) which was also reflected in arggroorrelation with increasing
specific flux (r = 0.884p < 0.01, n = 58). TOC had a very strong positivatienship with
differential pressure and a strong negative retatigp with specific flux. AOC and Uy, in the
RO feed did not have any remarkable relationshufifferential pressure. Specific flux and AOC
in the RO feed had the strongest negative coroglatbmpared to TOC and WM results. The
team anticipated that differential pressure woddddated to AOC assuming that operating

conditions and membrane types were the same indelewh dataset; but this was not the case
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during the time in which the data were collectelde Thembranes were changed in a set of 21
tests in November and December, which was pamather project being conducted at the plant.
Although differential pressure could be higher witgher average feed/concentrate flow (for
constant water temperature), the normalized sjpeftifk should not vary unless the membranes
were fouled. As seen in Figure 17, a flux declineusred in the November and December
dataset. The decline in specific flux during thenitaring period correlated to each of the organic

parameters that were measured, and AOC had thegesband most significant relationship.

Table 8 Correlation and significance of predictor ariables from the WBMWD RO feed for

differential pressure and specific flux from June -December 2012 (n=58).

Differential Pressure Specific Flux
ch)Dr?SI;St(i)onn p* (2-tailed) c;?;gi)c?n p* (2-tailed)
AOC -0.134 0.317 -0.705 <0.01
TOC 0.817 <0.01 -0.513 <0.01
UV 254 -0.176 0.185 -0.683 <0.01
Day -0.778 <0.01 0.884 <0.01

*Note: p-values are overestimated due to serial autoctioela

2.6.7 Al Zawrah Pretreatment and Organic Carbon Removal

Samples were collected within the treatment treamfAl Zawrah on May 29, July 29,
and November 4, 2012. Samples for water qualityyaisincluded raw seawater from the intake
without chemical addition, DMF feed and filtrateddiitrate from the cartridge filters. In the May
event, TOC ranged from 3 to 14 mg/L through thattreent steps and AOC was 75 to 197 ug/L
(Table 9). In the July sampling event TOC averabédt 0.1 mg/L, and AOC averaged 9 +5
pg/L. Discussions with the plant manager indicabed during the May event an algal bloom in
the area affected the intake pH of the seawatdchakas typically 8.1 had dropped to 7.5.
Changes to organic carbon during pretreatmentragghgally represented in Figure 18. AOC

and TOC concentrations were lower in July tharhénMay event presumably because there were
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no impacts from red tide at the intake. TOC andJdJmeasured in the November sampling were

minimally impacted during pretreatment, but the AdGreased in the filtrate from the DMF.

DMF filtrate removed between 21 and 43% of the A@the DMF feed in the previous

sampling events. Organic carbon removal by DMF owour through adsorption or

biodegradation mechanisms (Naidu et al. 2013).dgjichlly active filters are dynamic in the

sense that maturation of the filter affects orgaeinoval potential; depending on the filter age,

filtration rate, presence of disinfectant or otfeators, biodegradation in the filter could be

reduced and organic carbon breakthrough or mickdetachment may occur.

Table 9 Al Zawrah organic carbon and water qualitydata. DMF = dual media filtration;

CF = cartridge filtration.

Treatment Step  TOC (mg/L) AOC UV 54 (cm‘l) pH
(Ho/L)
O  Raw seawater 29 197 0.017 7.5
:S‘,/ DMF Feed 13.7 143 0.033 7.5
T  DMF Filtrate 3.8 113 0.012 7.5
= CF filtrate 5.6 75 0.012 6.9
g)\ Raw seawater 1.21 2 0.020 7.7
"\mn/ DMF Feed 1.17 14 0.052 7.7
=  DMF Filtrate 0.96 8 0.012 7.7
” CFifiltrate 1.04 12 0.011 7.0
gj Raw seawater 1.26 4 0.013 7.7
8 DMF Feed 1.24 2 0.012 7.7
é DMF Filtrate 1.22 147 0.010 7.7
= CF filtrate 1.24 181 0.012 7.0
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Figure 18 Al Zawrah organic carbon in the raw seawter and the RO feed.

2.6.8 Al Zawrah Data Modeling Approach

Al Zawrah plant performance was evaluated using Qi cartridge filter operational

data. Manual log sheets were copied and submibtéketproject team for analysis of the plant’s
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condition. Records were submitted for the DMF (pues, flow, temperature, online differential
pressure transmitter, online filtrate turbidityedrchlorine in filter outlet), cartridge filter (lome
differential pressure transmitter, SDI, ORP), akidgh the RO feed. Operational data were
collected in 4-hour increments for May, July, anttdder through November. During the
collection times in 2012 the plant was not usingmadization software for its record keeping.
The absence of RO operating information limiteddtialuation of water quality impacts on the
RO system; however, the condition of the plant exzduated with respect to differential pressure
of the media and cartridge filters in conjunctiohvthe organic carbon results from the same
collection periods. Changes in differential pressairthe cartridge filter would provide evidence

that biological growth may have occurred on thieffd.
2.6.9 Al Zawrah Operational Performance and Data ModelingResults

Organic measurements were extrapolated betweer2Blayd 30, July 28 and 30, and
November 1 and 6. Differential pressure in thergdge filter increased in July and November
near the sampling events (Figure 19). ORP of thieidge filtrate was greatest in November
(Figure 20). The data showed strong positive catiat between differential pressure of the
cartridge filters and AOC in the RO feed (r = 0.984 < 0.01, n = 48). U}, had strong
positive relationships to the cartridge filter d6@RP and differential pressure; Table 10) but the
measurements in the dataset were 0.011 and 0.012asrage = 0.01 ¢+ 5%), which
indicates no meaningful impact of /on fouling. The pressure differential for the D¥M&d
strong relationships to the organic carbon datathimumeaning of that is not as clear because the
function of the filters is not impacted only by argc carbon content of the water, but more so by
flow rates, backwash frequency, source water gualitd turbidity. Of the plants investigated,
only the Al Zawrah facility had the potential faplogical removal of AOC by a media filter

(Tampa’s sand filters contain chlorine residuali, liological activity and subsequent removal of
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AOC was not consistent. TOC removal was not coamsistither; maximum removal was 14%,
but the other sampling events showed less. Poanargemoval and inconsistent operations are
widespread challenges in desalination. The posangstrong relationships determined when
AOC was investigated as a predictor variable fotdgjical growth confirms the presence of
biodegradable organic carbon and its impact onatiges. Furthermore, AOC was not
significantly correlated to TOC (r = 0.38= 0.22) or U\ss4 (r =-0.11,p = 0.74). No relationship
was apparent for TOC and B/ (r = 0.29,p = 0.37). Given the lack of relationships amongéhe
parameters, additional monitoring using AOC andrat@nal changes to identify increases in
biofouling potential are recommended. Although Ri@advere not available, relationships
between AOC and biological growth that lead to desnin differential pressure and other
operational data exist. If AOC is monitored andig@tment optimized for removal of organic
carbon, biological fouling on both cartridge fikesind ultimately on RO membranes would be

reduced.

25

EBDMF A Cartridge Filter

N
o

[y
(6)}
!

=
o
1

Differential Pressure (psi)

(€3]

Figure 19 Al Zawrah differential pressures during the collection periods for the dual media

filter (DMF) and the cartridge filters.
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Figure 20 Al Zawrah oxidation reduction potential (ORP) of the RO feed during the

collection periods.

Table 10 Correlation and significance of predictowvariables from the Al Zawrah RO feed

from May — November. ORP = oxidation reduction potatial.

Dual Media Filter Cartridge Filter Cartridge Filter ORP
Differential Pressure Differential Pressure
Pearson p* Pearson p* Pearson p*
correlation (2-tailed) correlation (2-tailed) correlation (2-tailed)
AOC -0.521 <0.01 0.980 <0.01 0.984 <0.01
TOC -0.670 <0.01 -0.099 0.505 -0.034 0.816
UV g4 -0.852 <0.01 0.901 <0.01 0.930 <0.01

*Note: p-values are overestimated due to serial autocorrefian.

2.6.10 Pilot Unit Results and RO Membrane Inspection

The system was set at 13% recovery; under thigaoinsetting for permeate flow the
changes to driving pressure were monitored antiduvaluated. Feed pressure ranged from 660

to 720 psig during operation, and pressure of tmeentrate (or brine) ranged from 590 to 620
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psig. Initial pressure conditions were 660 psithatfeed line and 610 psig at the brine outlet.
Differential pressure was monitored from March B®tigh April 3, 2013 and increased from 50
to 90 psig during the 9 day operating period (Fegt, Table 11). Even though the permeate
flow rate was set at 0.317 gpm (457 gpd), speflificdecreased during operation. Permeate flow
was normalized for temperature and pressure at@atle data points and then divided by the
net driving pressure to determine specific fluxe8fic flux decreased from 0.32 to 0.25 gpm, a
22% decrease (Figure 21). Salt rejection remaioedistent and ranged from 99.6 to 99.8%

(data not shown).
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Figure 21 Pilot unit RO differential pressure and ecific flux during operation.

Organic carbon was present in the RO feed througheuwluration of the experiment
(Table 11). TOC ranged from 3.6 to 4.3 mg/L, and4d¥anged from 0.09 to 0.12 EmSUVA
ranged between 2 and 3 L/mg-m which suggestsheatriganic matter may be a mixture of
algae-derived organic carbon with less humic mattesent; the water had already been
coagulated, so the low ratio of humic matter wasstzient. AOC fluctuated during the first 5
days of operation between 22 and 161 pg/L and dsecethroughout the duration of the testing,
following a trend exhibited by TOC data. Average @@as 60 pg/L, and the median was 50

png/L AOC.
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Increases in differential pressure detected betweefeed and concentrate suggest that
fouling material deposited on the membrane inhibitee flow through the RO membrane. The
nature of the fouling that caused the increasefurdiser investigated during the membrane
autopsy described later in this section. AOC presethe feed provided a source of nutrients for
bacterial growth and proliferation on the membrasielogical fouling was evident on the
membrane surface; it inhibited flow and led to ¢hserved increase in differential pressure. To
further evaluate the impact of the different orgasarbon measurements, the data were modeled.

Statistical significance of the constituents id&sed in the following section.

Table 11 Pilot unit operational and organic carbordata.

Day Differential Specific flux AOC AOC pUmax  TOC UVs4 SUVA
Pressure (psi) (gpm/(ft>s psi))  (ug/L) (hr® (mg/L) (cm?)  (L/mg-m)

1 53 0.000034 63 0.01 4.29 0.09 207
2 50 0.000034 161 0.02 4.09 0.09 211
3 60 0.000031 60 0.02 4.01 0.10 237
3.5 55 0.000031 68 0.02 3.75 0.08 2.19
4 65 0.000026 57 0.02 3.73 0.09 234
4.5 60 0.000025 113 0.01 3.46 0.09 2.66
5 70 0.000030 22 0.03 3.71 0.10 2.72
55 67 0.000029 71 0.01 3.79 0.09 229
6 80 0.000032 48 0.01 3.67 0.09 245
7 80 0.000029 36 0.01 3.50 0.09 254
7.5 70 0.000029 43 0.01 3.77 0.12 3.26
8 80 0.000029 45 0.02 3.80 0.10 2.55
8.5 90 0.000029 20 0.01 3.65 ND ND

9 80 0.000031 50 0.01 3.62 0.09 254

9.5 80 0.000029 50 0.01 3.50 0.09 2.63
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Regression analyses and bivariate correlations ineestigated for differential pressure
and normalized specific flux using SPSS analyscdiware (SPSS19; IBM Corp). These
dependent variables were selected for evaluatidheobrganic carbon constituents of the RO
feed that were correlated to biological foulingthdlugh recovery was held constant throughout
operation, a 22% decline in normalized specifig fhecurred (Figure 21). Predictor variables
were AOC, TOC, SUVA, and Uy, listed by significance in Table 12. The dependemiables
(differential pressure and normalized specific flwere also analyzed for correlation and

significance to the day of operation.

The correlation between differential pressure goelating day was 0.9¢ € 0.01),
which is consistent with the trends observed. heptvords, differential pressure showed a
positive increase over the duration of the testifay.normalized specific flux, the correlation
indicated that a decrease occurred during operétion 0.41), which was also determined by the
calculations, which showed a 22% decrease. Bivwadaitrelations indicated that AOC was more
significant p < 0.01) than TOCg< 0.05) for predicting differential pressure chesg
Correlations between differential pressure with A@@ TOC were negative; AOC and TOC
decreased over the duration of the test (TablePli)s of the predictor variables showing linear
regression trends and coefficients of correlatR?) &re presented in Figure 22. Conclusions
drawn from this dataset would suggest that AOC mneakin the RO membrane feed has a
statistically significant impact on changes tod@iéntial pressure of the RO. Similar to the
previous results reported in Section 2.6.3 for TBSMater quality monitoring, AOC showed no
significant relationship with U¥, (r = - 0.36,p = 0.20) or TOC (r = 0.3% = 0.24). Although
TOC and UVsis4 were correlated at TBSDP during the previous nooimity, there was no
relationship between these parameters in the teitding reported here (r = - 0.G65= 0.84).
Given that TOC and AOC both had a significant iefeghip with differential pressure, a

regression model was determined for these parasa@giincorporating TOC and AOC into a
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model, both AOC and TOC were significant predictariables for differential pressurp €
0.001, F(2,12)=12.83, adjusted R0.628). U\is, was not a significant predictor in the
regression model. Given the consistent evidencA@C as a significant predictor of operational
impacts from biological fouling, it is importantatutilities incorporate this evaluation into their
monitoring plan. In some cases TOC, in additioA@C, would be useful for understanding

organic impacts on fouling.

Table 12 Pilot unit correlation and significance oforedictor variables (n=15).

Differential Pressure Normalized Specific Flux

Pearson correlation p (2-tailed) Pearson correlation p (2-tailed)

AOC -0.71 <0.01 0.19 0.488
TOC -0.63 0.012 0.73 <0.01
SUVA 0.52 0.059 -0.51 0.065
UV s, 0.26 0.380 -0.19 0.514

Op. Day 0.90 <0.01 -041 0.133
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Figure 22 Pilot unit differential pressure and organic carbon data regression plots.
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The membrane was removed on April 6, 2013 andtedbelran, NJ for an autopsy.
Photos were taken of the membrane prior to disse¢kigure 23). A circular saw was used to
remove the end caps and split the fiberglass hgu3ime crossflow direction was noted to track
the feed, middle, and brine regions of the elemémtas carefully unrolled, and membrane
swatches were removed from the three regions @sstgrilized razor and portioned for ATP

analyses and SEM.

Visual inspection indicated brownish deposits anrtiembrane and the feed spacer. The
deposited material was slimy in texture and didapgear to be hard scale buildup. The
deposition appeared to be organic or biologicaé ptoduct collector did not show any
discoloration or buildup. When the feed spacer segmrated from the membrane the pattern was

evident in the deposited material (Figure 23).

Figure 23 Pilot RO membrane after operation. The sipal wound membrane element

opened during autopsy had evidence of biological fiting (source: the author).

ATP analysis of the membrane surface was conddotetiree replicates from each

location at the feed, middle, and brine areas emtembrane. ATP ranged from 1900 to 6200 ng



ATP/n? on the RO membrane surfaces. The lowest ATP wasuned from the feed sections

(Table 13).

Table 13 Pilot unit RO membrane ATP results.

Location Replicate Area (cm?) Area (m?) Luminescence ng ATP/m? RO

Feed 1 1.40 0.000140 720161 1.9E+03
2 1.40 0.000140 763553 2.1E+03
3 1.08 0.000108 864099 3.1E+03
Mean 782604 2.4E+03
SD 73835 6.4E+02
Middle 1 1.56 0.000156 1848179 5.3E+03
2 0.80 0.000080 962957 4.8E+03
3 0.60 0.000060 941638 6.2E+03
Mean 1250924 5.4E+03
SD 517347 7.3E+02
Brine 1 0.36 0.000036 493725 4.8E+03
2 0.91 0.000091 881294 3.8E+03
3 0.84 0.000084 799109 3.7E+03
Mean 724709 4.1E+03
SD 204215 6.5E+02

There was a slimy fouling layer on the membranespater observed during the visual
inspection. Chemical fixation was conducted onrtteambranes to prepare the sections for
imaging using SEM. By fixing and dehydrating thenpée, evidence of biological fouling and
bacterial deposition was preserved on the membFemding was examined on the membrane
and feed spacers in SEM images. Bacteria approglynatum in length were evident on both the
feed spacer and the membrane (Figure 24 and Figure)biofilms did not cover the entire

imaged areas but were evident in patchworks isaatiples. Images from the membrane spacer
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the brine side and on the RO membrane had foudipgrs and diatom fragments as well (Figure
26). The fouling layers had an accumulation of &aat growth byproducts surrounding the
bacteria, known as extracellular polymeric substar{&PS). Bacteria (as well as other cellular
organisms) and EPS form the biofilm on the surfafdlhe membrane. Based on the inspection
and imaging of the membrane and ATP analysis,dhelts suggest that biological growth
occurred on the membrane. The relatively shortaifmr of the pilot system still provided
sufficient biological growth substrate for prolié¢ion as well as an observed decline in permeate
flow and increase in differential pressure. Byfifte day of operation, sufficient fouling had

occurred to maximize differential pressure to astant 80 psi for the duration of the testing.



Figure 24 SEM images of pilot RO membrane feed spacat 8000 and 20000 times
magnification. Bacterial rods approximately 1 um wee detected within a biofilm matrix

(source: the author).
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Figure 25 SEM images of pilot RO membrane from twdalifferent locations on the feed side.

Biofilm contains bacteria, EPS and diatoms (sourcethe author).



Pt/Pd coate
Lt ¢
g ‘*“_

Figure 26 SEM images of pilot RO membrane feed spac(top image) and brine side RO

membrane (bottom) with fouling layer and diatoms (surce: the author).
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2.6.11 Membrane Test Cell Results and RO Membrane Inspean

Experiments were conducted using a once-througremdgtthout recirculation to most
closely mimic RO feed conditions and determine Wwaetlevated AOC would be indicative of
increased fouling potential. To achieve this olijegtchanges to permeate flux were compared in
two experiments under similar operational condgiand constant pressure. RO feed water from
TBSDP was used for the first baseline test. Incasé test, acetate was injected to amend the RO
feed with 1000 pg/L acetate carbon as an additida@dl nutrient source. Comparisons of
permeate flux and autopsied membrane sectionsevataated to determine the extent of fouling

from two different AOC feeds.

The permeate fluxJj from the baseline test was compared to the test the elevated
AOC experiment (Figure 27). Flux was calculateditwding permeate flow (Lpm) by the
membrane surface area (0.00439.mhe initial flux J) of the membrane was 20 Lin; average
normalized flux was 97 + 5% during the baselineagixpent and 76 + 7% during the experiment
in which seawater contained 1000 pg/L AOC (as éeetarbon). With comparable nutrient
levels and operational conditions in the two experits, AOC was the targeted variable to
evaluate its impact on flux. Biofilm growth and dsgion occurred during these experiments and
resulted in 24% flux decline in the AOC amended ¢espared to just 3% decline in the
baseline test. SEM images confirmed that the menebiimm the AOC amended test having
greater flux decline showed evidence of bactesighal, and biofilm deposits throughout the

membrane sections.



78

¢ AOC baseline ®mAOC 1 mg/L

1.2
S
5 1.0 M0 400t teey oo
< L 4
T — Togeett e
=2 08 —m L 1] EEE W
i nt ¥ mngm,,, NN "gng"am =
< 06
()]
£ 04
()]
o

0.2

0.0 L L 1 1 1 L L 1 ' 1 L L ! 1 J

0 5 10 15
Time (hours)

Figure 27 Normalized permeate flux from the membrase test cell using TBSDP RO feed.
Pretreated TBSDP RO feed contained 30 pg/L AOC (batine). Separate test used RO feed

that was amended with 1,000 pg/L acetate.

Visual inspection of the membranes revealed thepcession marking from the permeate carrier
plate in the center of the element (Figure 28) rSpharownish particulate was visible across the
active areas of the membrane. In the membranethertest with the acetate-amended feed

(Figure 28, right) membrane wrinkling that occuresd appeared to follow the flow direction of

the feed across the membrane (horizontally froimt tig left).

Figure 28 RO membrane from the membrane test celldft: baseline feed test; right: acetate

amended feed; source: the author).

Images of the membrane were taken of the feed,lejiddd brine sides according to the

orientation in the test cell. SEM was useful foalerating the morphology of the membrane
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surface after operation. Compared to the virgin br@me cut from a section beyond the active
area in the test cell (Figure 29), the images ahiyr@ne from the baseline tests (Figure 30 —
Figure 32) were similar, and nearly no occurrerfdewaing material was detected on the feed
and middle sections. On the sections taken fronbtime side of the membrane (Figure 32), there
were areas of compression on the membrane andair®yjum rods that were either bacteria or

inorganic deposit.

In the SEM images taken of the membrane with agetatendment, there was evidence
of organic or biological fouling. The feed side hadnerous areas of biofilm and bacterial rods
within a biofilm and inorganic deposits (Figure 3Bhages from the middle of the membrane
mostly depicted slight coverage of fouling materibé membrane structure was still visible
underneath (Figure 34), and some locations had mdemsive deposits and areas of fouling and
singular organisms (not shown). Images from theebside of the membrane had less fouling, but
there was some inorganic scaling and even a sindisitom with biofilm deposited near the
upper left of the structure (Figure 35). Overdlke tnembrane from the AOC amended feed had
more areas of fouling material covering the meméreampared to the membrane with the

unamended baseline RO feed.

TOC concentrations differed by 1.1 mg/L in the ®@¥periments on account of the
amendment of acetate-carbon (1000 pg/L was detivtireugh injection of a concentrated feed).
The baseline RO feed had 30 pg/L AOC versus 99 AGIC in the amended feed. SUVA was
near 1.4 L/mg-m, which is lower than the reportatligs in the previous sections because of
pretreatment coagulation that removed humic matétresphate and nitrogen were present in
sufficient supply and varied slightly between the experiments. Phosphate was 0.16 and 0.13
mg/L in the baseline and amended AOC tests, raspictNitrogen was reported as the sum of

nitrite, nitrate, and ammonia. In both tests, tatwwas 0.001 mg/L NEN, and nitrate was 0.3



80

mg/L NOs’N. Ammonia was 0.07 mg/L NN in the baseline feed and 0.4 mg/L in the amended
feed. The limiting nutrient in the baseline tesiswearbon, as determined by the molar
carbon:nitrogen:phosphate (C:N:P) nutrient rati6@b:1. In the AOC amended feed, nutrients

were present in sufficient supply and had a C:Mti® of 107:11:1.

Nutrient balancing has been investigated as a waprtrol membrane fouling caused by
biological growth and the production of EPS, whilgenerated when bacteria are present in a
nutrient-limited environment specifically with reémce to phosphate. The bacteria excrete a
nutrient reserve to protect continued proliferataom adhesion to the surface. In conditions
where the nutrients are balanced, bacteria aretalpimliferate freely and do not produce EPS in
the same amounts. The lower carbon ratio in thelip&stest in conjunction with evidence from
the SEM images of minimal bacterial attachment ssgthat biofilm development did not occur
to the same extent as in the amended feed, arefahethe difference in carbon (i.e., AOC)
between the baseline and amended feed was ctiicalanges in substrate loading available for

bacterial growth on the membrane.

When the test cell was operated under constansymesthe membrane permeate flux
decreased when the RO feed contained 1000 pg/lO& And a nutrient ratio of 107:11:1 C:N:P.
In that experiment, SEM imaging showed a highetrithistion and occurrence of fouling and
bacterial growth compared to the membrane withoeteie amendment. Elevated AOC affected
operation by reducing flux as a result of deposiaad proliferation of bacteria into a biofilm as
seen on feed and middle sections of the membrai® B flux decrease typically is affected by
poor water quality and deposits on the membrarie thre membrane pores (fouling). Compared
to a water source fully pretreated both with a munin and maximum AOC content under similar
operating conditions, the permeate flux decreagandre than 20% as a result of fouling of the

membrane. There are numerous opportunities in whi@@ could increase in RO feed water.
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AOC increases occur from oxidation of organic maittereased chemical dosing, and water
quality fluctuations such as algal blooms. In fdhle applications, RO permeate flux decline
would be exacerbated during those water qualitgitimms in which AOC is elevated. Additional
testing would be needed to identify the minimum Al@@I| and appropriate nutrient ratio for the
control of biofilm growth and bacterial proliferati. From these results, a ratio of 72:6:1 and
AOC 30 pg/L were effective for reducing bacteridhasion and biofilm proliferation.
Determining the critical level of AOC in which badil proliferation is minimized under normal
operating conditions would be an appropriate sbefRO treatment plants. Alternative treatment
or maintenance strategies could be addressed i #wo decline and other operational issues

that occur as a result of biological growth.
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Figure 29 SEM image of virgin membrane at 20000X ngmification (source: the author).



82

Mic| HV |Spot| WD | Mag
XL 15kV. 3 9.3 mm 20000 x

Figure 30 SEM image of Baseline test at 20000X maifjnation: Feed section (source: the
author).
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XL [15kV| 3 [8.2mm|5000 x 5 um

Figure 31 SEM images from Baseline test at 5000X rgaification: Middle section of the RO
membrane that is mostly intact without major occurrence of deposited fouling material

(source: the author).
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Figure 32 SEM images from Baseline test: Brine seaons of RO membrane are visible
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Figure 33 SEM images from AOC amended test at 50000agnification
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. Feed sections of

the RO membrane are largely covered with biofilm (surce: the author).
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Figure 34 SEM images from AOC amended test at 5000xagnification: Middle sections of
the RO membrane are intermittently covered with bidilm. Bacterial rods are present
(source: the author).
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Figure 35 SEM images from AOC amended test at 120B0and 2500X magnification: Brine
sections of the RO membrane are intermittently cowed with fouling; diatom and

surrounding fouling (source: the author).
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CHAPTER 3: BIODEGRADABLE NUTRIENT BYPRODUCTS OF PRE TREATMENT
PRACTICES IN SEAWATER RO DESALINATION

Abstract

Application of seawater reverse osmosis membraR@S) antiscaling, cleaning, and
dechlorinating agents in most solutions and recond®e doses increased AOC, and therefore
the biodegradability of the seawater. AOC was albgproduct of reaction between naturally
occurring organic carbon or antiscalants and contynaged disinfectants, such as chlorine,
chlorine dioxide and ozone. AOC was increased 9 i0seawater with 1 mg/L humic acid and
a chlorine dose of 0.5 mg/L £lIncreases in biodegradability and AOC were oftehmirrored
by TOC (TOC varied less than 3%). These and o#milts indicate that TOC is not an
informative tool for the plant operators to predimfouling potential, which is problematic
because it is often the only organic carbon parameted in SWRO water quality monitoring.
Polyphosphonates and polymer-based antiscalamtsas®d AOC less than 30 pg/L; however,
phosphate-based antiscalants increased AOC legaityrl00 pg/L. Depending on the active
chemical or inherent impurities, antiscalants nmayease biofouling potential of the RO feed
despite the targeted application for controllingrganic fouling. Better operational practices such
as removing the chlorine residual prior to dosimg antiscalant would alleviate the adverse effect
of AOC byproduct production. TOC removal efficierisytypically very poor and the
pretreatment impacts on AOC levels should be ctatran SWRO plants that experience
biological fouling problems on the RO membranessiBes creating more effective organic
carbon removal, minor pretreatment configuratiams monitoring programs in the plants are

recommended to help control AOC levels in the R&lfe

3.1 Introduction

In seawater reverse osmosis (SWRO) desalinatiorigyleeactions between treatment

chemicals and dissolved organic matter (DOM) haotebeen investigated for the purpose of
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evaluating the biodegradability of the treatmerdroltals or the formation of byproducts.
Measuring easily assimilable organic carbon (AO@)mrovide insight and quantifiable results
about the biodegradability of seawater at diffestages of pretreatment. The production of AOC
would provide the nutrients for growth and proliton of bacteria on the RO membranes

thereby leading to biofouling, associated flux desland other operational challenges.

Seawater DOM originates from various sources inolyiterrestrial runoff, byproducts from
micro- or macroorganisms, and anthropogenic solseels as wastewater, industrial, or
agricultural discharges. A major component of t&rially-derived DOM is humic material.
Humic matter has been reported to be an associattiaiatively small molecules bound together
by intermolecular hydrophobic reactions (Conte Bittolo, 1999) or high molecular weight
macromolecules with aromatic structures and gredeabsorbance (on account of the
molecular size) than other natural organic matt€N1) and DOM fractions (Reckhow, 1990).

In general, researchers agree that the humic steuts affected by pH, ionic strength,
concentration, and divalent cations. A significamtount of research has focused on the oxidation
of humic matter in surface water, but there is \V#tg information about its behavior and
reactivity in water having high ionic strength likeawater. A recent study by Schneider et al.
(2013) reports that in tests using humic acid fiedi seawater, removal of DOM is affected by
ionic strength and divalent cations which createiea or magnesium complexes and steric
stabilization. These mechanisms can inhibit theaffeness of coagulation during seawater

pretreatment.

Because coagulation is relied upon for the remofafrganic carbon, the chemistry of
seawater has important implications for the presarfi©iumic matter in desalination, and
ultimately the ability of a given desalination pesttment process to remove humic matter. Humic

matter is not readily biodegradable; however, fatsists after the coagulation step during
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pretreatment, then potential oxidation processesdtseam could liberate AOC from the

complex structures.

Although humic structures are generally consideeddctory (i.e., not easily biodegraded or
assimilated by microorganisms), photooxidation biathemical transformations can liberate
important nutrient reserves. Understanding theakegf transformation in seawater from
refractory organic carbon into biodegradable orgaarbon, including AOC, is of importance in
seawater applications. Extensive literature has peblished investigating the reactions of DOM
with ozone, chlorine, or chloramine disinfectasi¢ally used in drinking water treatment.
Oxidation from ozonation or other advanced oxidafioocesses (AOP) transforms a complex
organic structure into more biodegradable fractemd AOC used by bacteria for growth.
Oxidation of specific components found in humic tmasuch as aromatic rings and carbon-
carbon double bonds decreases thedlJahd can increase the proportion of biodegradable
fractions, such as AOC or other disinfection bymid in fresh water (Hammes et al., 2006;
Glaze and Weinberg, 1993). Such byproducts ara afitere biodegradable and would be
amenable to removal through biological filtratidiltration through biologically active media
produces water that is more biologically stable ead effectively reduce disinfection byproduct
formation potential. This project was conducteduantify the impact of AOC as an important
parameter for understanding the biological stabdittreated water and biofouling potential of

seawater RO membrane processes.

Polyphosphates, polyphosphonates, polyacrylatespalycarboxylates are the most frequent
types of antiscalants manufactured and used d@WRO pretreatment to inhibit inorganic
fouling (i.e., scaling) that occurs when the cotiion exceeds solubility in the brine and the
salts precipitate. Although antiscalant applicai®effective for preventative maintenance of salt

precipitation onto the RO membrane, unwanted di@gets such as biofouling have been
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reported. Various reports in freshwater and seaviatee indicated that these chemicals provide
nutrients and promote conditions that lead to fedtion of bacteria and formation of biofilms.
Recent studies usingbrio fischerihave shown that bacterial deposition and biofibrmfation
increased in solutions containing between 20 afidi§/L polyphosphonate- and polyacrylate-

based antiscalants (Sweity et al., 2013).

Predicting biofouling potential as a side effectb&émical dosing is further complicated by
the proprietary nature of the chemical industrynMfacturers provide dosing guidelines and
often list the percent of the active componenhmproduct, but the specific ingredients are trade
secrets and rarely listed. Researching the chemmakéup was nearly impossible; manufacturer
websites, distributors, and material safety dagesh(MSDS) lacked clarification. Available
information does indicate that carbon and phospliaeften inherent components of antiscalant
solutions, which are also essential nutrient sesfibr the growth and proliferation of bacteria.
Although antiscalants are complex molecules anceastily assimilated, they may contain
impurities including phosphoric acid and phospheracid that may be present between 0.5 and
2.0%. Even if phosphate is specifically measuradnereased biofouling potential in the RO
feed water from these impurities would be betted@ated by measuring the biodegradable

nature of the substance through the AOC test.

Often the pretreatment strategy in SWRO plants imdnage ORP as a last step during
pretreatment and immediately before the RO fee@r&prs aim to control biological growth
using chlorine throughout the treatment processcantrol inorganic fouling by dosing
antiscalants. In this scenario, the chlorine resdicgioften not removed until after the antiscalant

is added, providing the opportunity for the treatinehemicals to react.
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The objectives were to 1) evaluate organic carli@mges and AOC formation from three
commonly used oxidants: chlorine, chlorine dioxidied ozone; 2) evaluate organic carbon

changes, AOC formation from pretreatment chemiaatsfrom reaction with chlorine.

3.2 Sampling Approach and Experimental Overview

Chlorine, chlorine dioxide and ozone were usedserées of bench scale oxidation tests for
the purpose of evaluating the biodegradability GNDafter reactions with disinfectants
commonly used in water treatment. The experimartharein referred to as oxidation instead of
disinfection because the testing was not conductegaluate biocidal effects but rather to
observe changes to a model organic structure aatturally occurring organic matter in

seawater.

Pretreatment chemicals commonly used in SWRO faonibnane cleaning and protection
were analyzed for their biodegradability and posno increase AOC in seawater matrices.
Antiscalants, citric acid (cleaning agent), and 88 ORP control) were tested alone and in
combination. Typical strategies in SWRO pretreatmegre targeted to evaluate the production
of BOM and AOC formation when sequential additidraotiscalants, oxidants, or SBS occurs.
Antiscalants applied in SWRO processes were inya&d to understand the biodegradable
nature of these chemicals, the inherent chemigalirities and the byproducts, namely AOC that

is formed from reaction with chlorine.

3.3 Materials and Methods

3.3.1 Glassware

Reaction vessels were graduated, 250-mL boroglicattles (KIMAX; Kimble Chase,

Vineland, NJ) rendered carbon-free as previoussgidieed (Weinrich et al. 2009). Briefly, the
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bottles are washed, rinsed and baked at 550°Gxtosirs. The bottle closures were acid washed

in 10% hydrochloric acid overnight, rinsed with dahtory grade water, dried, and autoclaved.

3.3.2 Model Seawater Matrix

Model seawater matrices (used for humic acid tgstirere prepared from Milli-Q water and
American Chemical Society (A.C.S.) grade chemidaddoratory grade water was generated
from a system using RO-purified, finished drinkingter passed through ion exchange and
activated carbon filtration and ultimately pasdewagh a Milli-Q Academic System (Millipore
Corporation, Billerica, MA). Prior to use, modeltaes were allowed to equilibrate at room

temperature for at least 24 hours.

Milli-Q water (3 L) was amended with the following6 g sodium chloride (EMD Chemicals,
Gibbstown, NJ), 1.65 g KCI, 0.024 g NaHR0.006 g KNQ, and 0.48 g NaC The solution is
mixed, adjusted for pH, and autoclaved. Upon cagplBhmL each of 0.1 M calcium chloride and
1.0 M magnesium sulfate are added. This solutioswgd as the model seawater matrix into

which humic acid was added.

3.3.3 Humic Acid Oxidation with Chlorine, Chlorine Dioxid e

Three concentrations of humic acid from 1 to 5 mgére chosen to span the typical range
found in seawater samples collected during fietd@ang (Chapter 2). A stock of humic acid was
prepared in Milli-Q water at a concentration of 8/ of carbon (g/L as C) and was dissolved by
sonication overnight. Humic acid was used as thdahDOM source in a laboratory generated

seawater matrix at pH 7.2.

Chlorine and chlorine dioxide tests were separgispared at doses of 0.5 mg/L, @hd
reacted for 4 hours in laboratory generated seawatetions containing humic acid. Sodium

hypochlorite solution, 5%, Chemical Abstract See€AS) #7681-52-9 (J.T. Baker, Avantor,
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Center Valley, PA) was used to prepare a workirgtsm of 100 mg/L CJ for dosing the test
solutions. Chlorine dioxide was purchased as a 30§ stock solution (0.3% chlorine dioxide;
CDG Environmental, Bethlehem, PA) and used to peepal 00 mg/L working solution. Stock
and working solutions of chlorine dioxide were meas at absorbance at 445 nm using a
spectrophotometer (DR 5000; Hach, Co., USA). Thekssolution was stored in between
experiments at 4°C. At the end of the reactionjwsudhiosulfate was used to quench the oxidant

residual.
3.3.4 Seawater Oxidation with Chlorine, Chlorine Dioxide

A series of bench-scale chlorination tests werelooted to evaluate changes to organic
carbon naturally occurring in seawater with paticdiocus on AOC formation from
geographically diverse locations. Bulk seawatergaswere collected and shipped to Delran,
NJ. Upon arrival the water was stored at 4 °C. Sgemfrom the intake at West Basin Municipal
Water District (WBMWD) RO demonstration facility Redondo Beach, CA was collected on
May 14, 2012 and shipped in a 10 gallon carboyff 8tanm WBMWD reported the following
water quality: pH 8.1, ORP 352 mV, TDS 32.2 ppgtJgconductivity 50.3 mS. Weekly
variability (June 13 — July 5, 2012) was detectedantrol solutions retrieved from the container
stored at 4°C. AOC ranged from 88 to 224 ug/L, Tl 0.6 to 1.2 mg/L, and UM, from
0.009 to 0.011cth Controls were analyzed with each experimentalcsetcommodate these

differences.

Seawater from the Arabian Sea (35°C collection enamoire, pH 7.7) from the Al Zawrah
RO treatment plant in the Emirate of Ajman wasexikd on July 29, 2012 and pasteurized at
70°C for 30 minutes prior to shipment to inactivaty indigenous bacteria. The pasteurized

samples were cooled and shipped in 0.5 L bottles.
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Seawater from intake of the intake of Tampa Bay&éer Desalination Plant (TBSDP) at
TECO was collected in a 5 gallon carboy and shigpddelran, NJ for testing. Prior to testing,

water was filtered through a 0.7 um size glasg fiiter (GF/F).

Amber glass reactors were rendered chlorine-derfraedsy soaking in a 40 mg/L chlorine
bath overnight. Sodium hypochlorite solution, 598S5#7681-52-9 (J.T. Baker, Avantor, Center
Valley, PA) was diluted in Milli-Q water to prepaseworking solution of 430 mg/L €for
dosing test solutions. Chlorine dioxide was purellass a 3000 mg/L stock solution (CDG
Environmental, Bethlehem, PA) and used to prep@&&0amg/L working solution for dosing. The
raw seawater (250 mL volume) was treated with aidoand chlorine dioxide for 4 hours at
ambient temperature (22°C). At the end of the feadtme, sodium thiosulfate was used to
qguench the oxidant residual. Chlorine and chlodiogide tests covered a range of oxidant doses
from 0.5 to 15 mg/L as @lChlorine dioxide was tested at doses from 04 tagy/L as Gl in
WBMWD seawater, and 1 to 10 mg/L in water from TanBay and Arabian Sea. Chlorine
demand was measured at the end of the reactiortdiopgantify the amount of disinfectant that

remained after reactions with various microbial ahdmical components in the water.

3.3.5 Oxidation with Ozone

An ozone stock solution was prepared from Zero €@d/gen (> 99.8 %; Airgas, Inc.;
Malvern, PA) using an ozone generator (Pacific @Zbachnology, Benicia, CA) according to
the batch method as outlined in Standard Metho88R3APHA, 2005) in Milli-Q water chilled
in an ice bath. Ozone concentrations in the stostewletermined after dilution and preparation
for measurement on the spectrophotometer at 600simg Indigo Method 8311 (DR 5000,

Hach, Co., USA).

Humic acid was prepared at concentrations rangiomg D.3 to 5 mg/L and tested at variable

o0zone:TOC dose ratios to identify maximum formatdmOC. Humic acid stock preparation is
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described in Section 3.3.3. Raw seawater colleficbed Tampa Bay and the Arabian Sea was

tested at doses of 1:2 and 1:1 ozone: TOC.

3.3.6 Antiscalant and Pretreatment Chemicals

Antiscalants and other chemicals (Table 14) westetkin a laboratory generated
seawater matrix (Section 3.3.2) and in seawatantig@e3.3.4) from the Arabian Sea, Redondo
Beach, CA, and Tampa Bay, FL. The matrix enabledtioject team to evaluate the results for
the inherent organic carbon content from the aalgst without any influence or contributing
background organic levels found in environmentalisger. The seawater matrix was prepared
with necessary nutrients including nitrogen, phasph, and sulfate, but without bromide to
minimize formation of hypobromous acid. By prepgrihe matrix in the laboratory, the project
team was able to evaluate reaction and degradatite antiscalants in the presence of free

chlorine residual.

Batch experiments targeted low and high range dasienarios for each antiscalant.
Chemical manufacturers were contacted to discdwventost widely used antiscalants in SWRO
and for guidance on treatment conditions and dogingscalants were prepared at two
concentrations in the laboratory generated seawsdéix and dosed with 10 mg/L CI2 from a
5% sodium hypochlorite solution (J.T. Baker, AvarRerformance Chemicals, Inc., Center
Valley, PA). Sodium hypochlorite was employed asdaikidant for testing because of its
widespread use in the SWRO industry. The concéntibf the chlorine stock and its dosing
solutions were measured by ferrous ammonium suitasgion with N,N-diethyl-p-
phenylenediamine (DPD) indicator in accordance Biindard Method 4500-Cl F (APHA,
2005). After the chlorine dosing solution was adttethe individual antiscalant solutions and
mixed in volumetric flasks, the solution was trammetd headspace-free into 250 mL chlorine-

demand-free amber bottles and placed in the de2k°& where the reaction took place for 18
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hours. At the end of the reaction time, chloriesidual measurements indicated that the initial
high dosage of chlorine was not depleted and thgples were, therefore, appropriately quenched
of the free chlorine residual before analysis. Atoal was also subjected to the same chlorine
dosing, reaction, and storage conditions. An aligdidhe initial antiscalant solution was reserved
for the same suite of analyses, and results amrtegprelative to the control. The control had the
following amounts: 20 pg/L AOC, 0.04 mg/L TOC, kky0.003 crit, and phosphate 5.5 mg/L

PO,
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Table 14 Common SWRO pretreatment chemicals (phospite, phosphonate,
polymer/polycarboxylate, and dechlorinating agent)*Antiscalant MSDS/info sheet available.

Type Name CAS # Manufacturer and Description Dose
(mg/L)
D
®  Hypersperse™ MDC 7722-88-5 Contains 1-5% (w/w) of sodium 2-10
s 704* pyrophosphate (a.k.a diphosphoric acid,
s sodium salt). GE Betz, Inc. (Trevose, PA).
<
o Sodium 68916-31-1 A. Pfaltz & Bauer (Waterbury, CT) Variable
hexametaphosphate .
(SHMP): molecular 10124-56-8 B.Tech grade, Alfa Aesar (Ward Hill, MA).
formula (NaPQ)e 68916-31-1  C.Glassy, approx (NaRfy; Spectrum
Chemical Mfg. Group (Gardena, CA).
68916-31-1  D. Macron Fine Chemicalvantor
Performance Materials, Inc. (Center Valley, PA).
| A-102 Plus* Composition American Water Chemicals (Plant City, 1-10
S proprietary.  FL). TOC 26 mg/g.
_Q P . - .
T © l-hydroxyethylidene- 2809-21-4 Min 95%. StremChemicals (Newbury, 1-5
=3 1,1-diphosphonic .
£ » acid (HEDP)
c 2
2 2 Hypersperse™ MDC 22042-96-2 Contains diethylenetriamine 3-6
o 2 150* pentamethylene phosphonic acid, sodium
209 salt (DOTPMPA-Na). GE Betz (Trevose,
S8 PA). TOC 40 mg/g.
D_O_ Vitec® 3000 Composition Avista Technologies, Inc. (San Marcos, 2-5
proprietary. CA). Contains a bacteriostat to inhibit
bacterial growth during storage.
Acumer-DOW™ Composition  Polyacrylic acid, sodium salt (34.0 — 1-10
1035* proprietary.  36.0%). Average molecular weight (MW) =
2000. (Rohm and Haas/The Dow Chemical
Company).
Acumer-DOW™ Composition  Sulfonate, carboxylate; Acrylic polymer(s) 1 —11
2000* proprietary.  (42.0 —44.0 %). <500 ppm residual
) monomers. Average MW=4500. (Rohm and
© Haas/The Dow Chemical Company).
>
g  Acumer-DOW™ Composition ~ Sulfonate, carboxylate. Acrylic polymer(s) 1 —7
'(_85 2100~ proprietary_ (360 —38.0 %) Average MW:].].,OOO.
S (Rohm and Haas/The Dow Chemical
g Company).
= AWC A-104* Not available. American Water Chemicals (Plant City, 1-10
g FL). Information provided only for similar
S product on MSDS.
)
o Citric Acid 77-92-9 Anhydrous. EMD (Gibbstown, NJ). 1-5
Flocon + N Not available. 20% active ingredient. A neutralized 10%
aqueous solution of organic acids. BWA™ \/w
Water Additives (Tucker, GA).
SpectraGuard™ Not available. Professional Water Technologies. 2-6
Super Concentrate Phosphate and phosphate-derivative free,
(SC) 11X macro-molecule “dendrimer” antiscalant.
Other Sodium bisulfite 120002-56-4 A.C.S. Grade; Fisher Sci (Fair Lawn, NJ). 1 -5

Dechlorinating agent/ORP control.
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3.3.7 Water Quality Analyses

Samples were analyzed for by TOC, and AOC (Methods described in Section EEe
and total chlorine were measured using DPD readeiaish Co., USA) according to Standard
Method 4500-CI G (APHA, 2005). Phosphate was measas orthophosphate using the ascorbic
acid method (Standard Method 4500-P-E; Hach 80483@nm; results are reported as mg/L

PO,

3.4 Results

3.4.1 Humic Acid Oxidation with Chlorine, Chlorine dioxid e

AOC concentrations in the humic acid control avetagjl0 pg/L £ 19% before dosing
with the oxidant (Table 15). The addition of mortentic acid did not significantly increase the
amount of AOC, but increasing concentrations weflected in the Uys,and TOC
measurements. In this case, a source of refractotyon such as humic acid would be easily
detected using non-specific organic analyses, diictuUV,s, and TOC. AOC was not expected
to vary in the control solutions because humic &itlostly refractory and not readily

biodegradable.

Oxidation with chlorine (G) and chlorine dioxide (Cl§) produced 155 and 103 pg/L AOC,
respectively, at the lowest concentration of huadiicl. Only in the chlorinated solution was AOC
significantly increased (70%) compared to the curafter reaction. There were no significant
changes to U}, TOC, or AOC from the solutions with higher conizations of humic acid
using the same doses of chlorine or chlorine diexthlorine dioxide has a lower redox potential
than hypochlorous acid (the active species durmgrimation); therefore, the oxidation and

chlorine-substitution reactions may be further ediin high ionic strength seawater.
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The structure of organic molecules, such as huuid; & affected by high ionic strength;
therefore, the increased concentrations of humet (&cv. 1 mg/L) may not necessarily be more
amenable to oxidation with only 0.5 mg/L of chl@iar chlorine dioxide (Table 16). Post-
oxidation with chlorine and chlorine dioxide effedtnearly no change in Uy absorbance (
2%) or TOC (-4%)Swietlik et al. (2004) reported that chlorine diogith capable of producing
biodegradable byproducts including aldehydes anabsglic acids from humic acid in
freshwater at doses of 1.2 mg GlI@g" DOC reacted for 24 hours; however, under the dasds
conditions in the seawater experiments reported, iodegradable byproducts measured as

AOC were not affected.

In this report, the experimental conditions coesiof a reaction time of just 4 hours, which
was more consistent with preoxidation in a destiingplant. For instance, an oxidant is often
added at the intake to inactivate organisms froaréw seawater and the residual would be
carried through the treatment until SBS is addddrbehe RO membranes. Also, the dose ratio
of chlorine dioxide to organic carbon ranged froth® 0.5 mg CI@mg* DOC which was a
fraction of the dose tested by thwietlik team. In practice, seawater desalinaticants are often
restricted by the potential formation of chloriterh chlorine dioxide disinfection. The maximum
contaminant level for chlorite is 1.0 mg/L with aaj of 0.8 mg/L. The results from these
preliminary experiments indicate that at low dose8.5 mg/L of chlorine and chlorine dioxide,
the higher redox potential of chlorine is capalflbreaking down the carbon bonds contained in

humic acid and rendering the structure into BOM tiredtefore AOC as a reaction byproduct.
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Table 15 AOC formation in humic acid solutions withchlorine or chlorine dioxide (applied

dose of oxidant was 0.5 mg/L).

Humic Oxidant UV s % Diff TOC % Diff AOC % Diff
Acid (0.5 mg/L) (cm™) Rel.to  (mg/L) Rel. to (Ma/L) Rel. to
(ma/L) Control Control Control
1 Control 0.091 1.16 91
1 Chlorine 0.093 2% 1.11 -4% 155 70%
1 Chlorine dioxide  0.089 -2% 1.04 -10% 103 13%
2 Control 0.182 2.48 109
2 Chlorine 0.182 0% 2.39 -4% 121 11%
2 Chlorine dioxide  0.179 -2% 2.30 -1% 116 6%
5 Control 0.456 6.43 128
5 Chlorine 0.456 0% 6.30 -2% 118 -8%
5 Chlorine dioxide  0.454 0% 6.48 1% 121 -5%

3.4.2 Seawater Oxidation with Chlorine, Chlorine dioxide

In many locations, SWRO plant operators regulapiylya chlorine during pretreatment at
doses as high as 5 mg/L to reduce biological grdwthmay intermittently shock chlorinate
using higher concentrations of chlorine to remoidilm on intake structures, inactivate
organisms in the feed and overcome chlorine derotite water. Operational evidence has
suggested that this procedure can lead to biolbfpoéing of the RO membranes downstream of
the initial application. The team hypothesized tfdorine and chlorine dioxide treatment would

produce BOM leading to reductions in kiyand increases in AOC.

Organic constituents and byproduct precursors wgpected to vary across the three
seawaters tested on account of the geographioaisitiy of the sources and therefore would
behave differently when dosed with an oxidant. iFierent variability between the types of

water and constituents would explain the non-mamoteesults in AOC formation or removal
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(Table 16), but trends among the water types beegoparent. In most treatments TOC levels
generally did not show any remarkable differena@amared to the control. In Tampa Bay, TOC
changes post-treatment varied from -7 to 2%, arabian Sea chlorination decreased TOC by
14% on average from 1.4 mg/L in the control torh@L after chlorination. TOC changes were
more variable for chlorine dioxide treatment in Biemn Sea water; TOC decreased in 1 to 4 mg/L

as C}, but in the 10 mg/L chlorine dioxide dose TOC eased by 29%.

There is evidence that particulate matter may hdaerd easier to oxidize in the TOC
instrument (using high temperature combustiony giteoxidation (i.e., chlorine dioxide) which
would be evident as an increase in TOC comparétetoon-oxidized seawater control. In the
same 10 mg/L chlorine dioxide treatment of Araltsma water, UM, also increased by 44%,
compared to the control when the lower dose treatsmdecreased U,by 22%. U\ss,
decreased in Tampa Bay water in both the chlonikechlorine dioxide treatments at 10 mg/L;
there was a 30% reduction from the starting absmin the control at 0.18 émTOC also
showed slight reductions to 8% in the same treatsnénstudy previously published reported
that increasing doses of chlorine corresponde@toedsing UV absorbance at wavelengths
greater than 250 nm, in which the chlorine treatmanged from 0.2 to 1 mg/L (Weinrich et al.

2011).

The observations contained in this report indithét UV,s, decreased at all chlorine
doses (1 - 10 mg/L) in TECO raw water from TBSDE ahl and 4 mg/L doses in Arabian Sea
raw water. U\s, for Arabian Sea raw water was 0.02 tamd was reduced with both chlorine
and chlorine dioxide doses of 4 mg/L. When dosat Wd mg/L, U\ss4increased by 44% from
the chlorine dioxide treatment and 51% from chleriihese reported inconsistencies with
organic carbon were not observed in West Basin aeawhere UYs, increased consistently for

both oxidants. Uk, increased between 122 and 322% at 5 to 15 mg#triokl doses and from 9
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to 136% in 0.5 to 4 mg/L chlorine dioxide treatnerut of the three sources tested, West Basin

seawater had the lowest organic carbon {4J8&nd TOC) but had the highest AOC in the control.

Changes to aromaticity or carbon-carbon double $amdl other structures in humic acid
would be exhibited as reductions in kY but that change was not detected at the dosesites
Therefore the data suggest that the organic cgrtesent in the West Basin water was not
dominated by humic acid because consistentskiicreases were observed. From the testing
conducted in humic acid solutions treated with cthor chlorine dioxide, UV decreased or
stayed the same. SUVA at 254 nm has been recqlied to evaluating the humic nature of
seawater. Edzwald & Haarhoff (2011) adapt conveafidrinking water guidelines to seawater
in the following manner: (1) SUVA greater than digates that NOM is mainly aquatic humic
matter; (2) SUVA of 2 to 4 indicates that NOM isn&ture of AOM and aquatic humic matter;

and (3) SUVA less than 2 indicate the NOM is conggogrimarily from AOM.

SUVA for West Basin was 0.9 L/mg-m which suggebtt the seawater did not contain
much aquatic humic matter. The increases in WesinBauggest that liberation of organic matter
during oxidation may have occurred. A study by Haarat al. (2007) confirmed that the
cytoplasm released from phytoplankton during ozonatcreased AOC in both laboratory
generated water spiked wiitenedesmus vacuolatusd an environmental source from a lake.
As an alternative to chemical treatment, physicedugtion of algal cells would also liberate
cytoplasm and increase AOC. During RO treatmeststiearing effect caused by physical
treatment processes specifically the high-pressunegps used to deliver water to the membranes,
can break algal cells apart. Rupturing algal déllsugh either physical processes or chemical
oxidation could potentially increase AOC, therehgreasing biofouling potential of the

pretreated water.
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Tampa Bay seawater had the most significant inesegisAOC compared to the other water
sources after chlorine and chlorine dioxide treattm@OC increased as much as 114% with
chlorine dioxide and 142% with chlorine treatméieatments with both chlorine and chlorine
dioxide suggest that normal and shock chlorinadioses would react to produce or liberate
biodegradable organic carbon. AOC formation wadiooed with these treatments, although

changes to TOC concentrations were not detected.

The variability of organic carbon present in thgeegraphically diverse waters indicates that
AOC formation occurs when water is treated withrdectants to control biological fouling.
TBSDP experienced operational problems with orgbouting and biofouling of its RO
membranes; it also had the highest organic corations of the seawaters tested. The type of
organic matter present at the intake may also &éeigiive of the extent of reaction and type of
transformations. It appears that, out of the s@mutested, Tampa Bay contains the most humic
material, which was highly reactive with oxidanisldormed AOC as biodegradable oxidation
byproducts. SUVA of TBSDP was 3.18 L/mg-m indicgtthat it is in fact a mixture of humic
and microbially-derived (autochthonous) organicteraflhe presence of humic material in
TBSDP raw water was consistent with a previousystbdt evaluated coagulant removal
(Schneider et al. 2011). In that report, raw TBSiPer was characterized using liquid
chromatography - organic carbon detection, and dwwoildstances were 50 to 70% of the organic
carbon; SUVA was 3.24 to 5.5 L/mg-m. AOC is coreislly formed as a byproduct from
oxidation of humic acid and the organic carbon @négn TBSDP raw water. The formation of
AOC as a byproduct would generate conditions anlertalbacterial proliferation and

subsequent biological fouling of the RO membranes.
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Table 16 AOC formation in seawater with chlorine orchlorine dioxide (applied dose of
chlorine was 0.5 — 15 mg/L and chlorine dioxide wag.5 — 10 mg/L. SUVA (L/mg-m):
WBMWD = 0.9, Tampa Bay = 3.18, Arabian Sea = 1.45.

Dose Dose UVy, % Diff TOC % Diff AOC % Diff
(mg/L  (mgCIO, (cm?Y Rel.to (mg/L) Rel.to (ng/L) Rel. to

Cly) mg TOC) Control Control Control
Control 0.009 1.00 110+ 21
0.5 0.012 33% 094 6% 5620  -49%
2 2 0.015 67% 092 8% 71+6  -35%
o & a4 0.025 178% 095 5% 20+ 9  -74%
§ © 10 0.031 211% 110  10% 2+ 0 -98%
= 15 0.038 256% 1.5  15%  92+11  -17%
v, Control 0.011 0.6 88+ 19
£2 05 0.8 0.012 9% 059 2%  58+11  -34%
s3 2 3.3 0.021 91% 065 8% 34+8  -61%
4 6.7 0.026 136% 0.65 8% 34+9  -61%
0 0.176 5.54 36 + 12
o 1 0.153 -13% 563 2% 78+4  117%
g & 4 0127 -28% 560 1%  51+7  43%
g ° 10 0121 -33% 515 7%  87+9  142%
S 23 1 0.2 0161 9% 561 1% 49+8 3%
23 0.7 0131 -26% 541 2%  77+18  114%
©° 10 1.8 0121 -31% 516 7%  65+0  81%
0.021 1.44 60 +14
o 1 0.014 -32% 125 -13% 51+13  -15%
3 é 0.019 -7%  1.24  -14% 41+13  -32%
§ © 10 0.031 51% 122 -15% 58%12  -3%
g o e 1 0.7 0.016 -22% 140 3%  51+6  -16%
5% 4 2.8 0.016 -22%  1.26 -13% 102  -83%
O ©
10 6.9 0.030 44% 186 29%  2+0 -97%

Chlorine demand is typically used in drinking wateevaluate the dose needed to maintain a
residual in the distribution system after the disttant reacts with DOM, bacteria, and other
substances that can deplete the residual. It isurptising that the untreated water from Tampa

Bay is highly reactive with chlorine and chloriniexide. Chlorine demand of TBSDP intake
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water was 8 and 4 mg/L for chlorine dioxide. In garison, Arabian Sea water had 80% less
TOC and exhibited a demand less than 1.8 mg/Lditn iree chlorine and chlorine dioxide.
WBMWD intake seawater had similar TOC levels ta fin@am the Arabian Sea and exhibited a
maximum chlorine demand of 2.5 mg/L when dosed wWihng/L chlorine. Arabian Sea chlorine
demand was 1.8 mg/L. Demand from chlorine dioxrd&/iBMWD seawater was 3 mg/L; in

Arabian Sea testing the demand was 1 mg/L.

3.4.3 Humic Acid Oxidation with Ozone

The results described in this section compare haweiit, a model organic compound, in
a laboratory generated seawater matrix of sim@adactivity to other environmental seawater
matrices near the same TOC concentration (TableUM, decreased by an average of 27%
throughout all the samples (n=12) and by an avendg@% in the solutions reacted with the
maximum ozone dose of 3:1 ozone:TOC. Ozone reattshe carborcarbon double bonds in
the complex humic acid structure and also reduc@saticity to create more biodegradable
organic carbon structures. The reduction in absmdauggests that bonds in the carbon structure
were broken through ozone oxidation. TOC increadedl concentrations tested at the higher
ozone doses 3:1 and 2:1 ozone:TOC. TOC decrea$ed dbse ratio by an average of 21%, and
at 0.3 dose ratio TOC decreased by 12%. AOC wadlyrmasnoved in the 0.7 to 3 dose ratios.
The removal of AOC would result from mineralizatiohthe background AOC in the control and
a lack of BOM produced by the batch test. AOC cstesitly produced only at 0.3 dose ratio.
AOC increased as much as 198% in the 1 mg/L hunoitsolution. In freshwater, biodegradable
organic carbon formation is maximized at ratiosdndl 0.5 ozone: TOC (von Gunten, 2003; van
der Kooij, 1986). The ratios of AOC production wemnilar in our study at the 0.3 ozone:TOC
ratio compared to the previously mentioned stuttyoaigh the complexity of humic substances in

seawater makes a direct comparison difficult. bt,faumic matter exhibits different properties in
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solutions of low ionic strength versus those ohhignic strength, such as seawater. For instance,
humic matter is considered to be a conformatiomaliecules inherently hydrophobic and at high
ionic strength the molecules become more denselygoh thereby enhancing electrostatic
repulsion and hydrophobicity in solutions with hégltoncentrations of humic matter (Conte and
Piccolo, 1999; Yu et al., 2010). This behavior nhigfier some explanation as to the difference in
AOC production that occurred in the 0.3 dose ratitoere the percent of AOC production
decreased in increased humic acid concentratibisspbssible that the concentration of humic
acid at 5 mg/L was not as amenable to oxidatidmuasic acid at a lower concentration of 1 mg/L
if the hydrophobicity of the structure increaseddese of stronger intermolecular and

hydrophobic arrangements of the available orgamitenal.

Ozonation is widely used in surface water treatnfi@ndlrinking water but has not been
thoroughly investigated in desalination. Some infation exists from treatment of ballast water
and brackish waters with ozone. Ozonation has @en lapplied in desalination pretreatment for
drinking water because of the formation of byprdduccluding bromate, a carcinogen. Other
impacts from the presence of bromide would inclideformation of hypobromous acid and the
hypobromide ion, which could react with DOM to fobtmomoform and other brominated
byproducts. Residual oxidants produced from ozonatiay also damage RO membranes if not
removed in the feed. This study aimed to quantifiether AOC was formed at typical
ozone:TOC dose ratios previously reported in fregbwliterature. In the absence of adverse
oxidation byproducts (such as bromate), breakingndieigh molecular weight and hydrophobic
structures would be an option in seawater pretreatnfror instance, the hydrophobic nature and
interactions between organic foulants and a hydsbjghmembrane would exacerbate membrane
fouling (Yuan & Zydney 1999; Yu et al. 2010). Adwad oxidation for reducing these issues has
been introduced in the past few years. For instapptying AOP in seawater using UV and UV

with hydrogen peroxide has been investigated isaavater matrix (Penru et al., 2012) in order to
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reduce aromaticity of humic matter and increasddgoadability. If treatment applications could
be developed for seawater in which humic hydroptitbis reduced and removed through
biodegradation in a biological filter, minimizingdmate and other unwanted byproducts during
pretreatment, AOPs could target both organic anbbgical fouling by removing the structures

that lead to these issues.

Table 17 AOC formation (percent differences relatie to the control) in humic acid solutions

with variable ozone doses.

Dose ratio (mg:mg) Humic acid (mg/L) UVyss(cm?) TOC (mg/L) AOC (ug/L)

30;TOC 0.3 -39% 8% -98%
0.5 -41% 35% -97%
1.3 -61% 35% -98%
20;TOC 0.3 -29% 69% -59%
0.5 -27% 62% -21%
1.3 -42% 72% 6%
0.7 ;s TOC 1.0 3% -20% -15%
2.0 -8% -19% 3%
5.0 -20% -24% -42%
0.3G;:TOC 1.0 -12% -8% 198%
2.0 -17% -12% 84%
5.0 -33% -15% 49%

For the 1 mg/L humic acid solutions, the full rarj@zone doses from 0 to 3 mg:Mgas
compared (Figure 36 Figure 38). U\s,and TOC were generally stable in all of the oztmsés
with humic acid. AOC increased when ozone:TOC wasdherwise, AOC was nearly the same

in reactors at 0.7 and 2 ozone:TOC (Figure 38).
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Figure 36 UV,s, results from ozone: TOC dose ratios in 1 mg/L humiacid solutions.
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Figure 37 TOC results from ozone:TOC dose ratios il mg/L humic acid solutions.
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Figure 38 AOC results from ozone:TOC dose ratios il mg/L humic acid solutions.
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3.4.4 Seawater Oxidation with Ozone

Bulk seawater from Tampa Bay and the Arabian Seatweated with 1:2 and 1:1 ozone:TOC
to evaluate the impact of ozonation on environmesataples having a complex mixture of
organic carbon (Table 18). Ozonated Arabian Sdanted nearly no change to kyor TOC
(1.32 mg/L). UMs, was low at 0.01 cih suggesting that the inherent organic carbon wés n
high in aquatic humic matter (SUVA 1.0 L/mg-m)idtinteresting to note that, although the
content of the seawater had low organic carbomatian increased AOC levels three-fold at 1:1
ozone:TOC dose ratio, and nearly six-fold at 1:@nezTOC. These results are similar to the
previous test with humic acid (Figure 39). The cangbn reveals that increased ozone doses do
not increase AOC by the same magnitude and alggestsythat the organic matter in the
seawater is a more complex mixture than the modgoc, humic acid. Ozonated Tampa Bay
seawater, which contained more TOC (5.95 mg/L),restly no change in AOC at a 1:2 dose

ratio, but decreases were apparent for bothskadhd TOC.

Table 18 AOC formation in seawater with variable obpne doses.

Ozone Dose  UVgsy % Diff TOC % Diff AOC % Diff
(mg Os:mg (cm™) Rel.to  (mg/L) Rel. to (ug/L) Rel. to

TOC) Control Control Control
Tampa Bay Control 0.171 5.95 57+ 14
1:2 0.108 -37% 517 -13% 66 £ 25 16%
11 0.079 -54% 4.19 -30% 190 -67%
Arabian Sea Control 0.014 1.32 13+3
1:2 0.012 -29% 1.33 1% 69 +19 431%

11 0.010 -14% 1.32 -1% 36+2 177%
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Figure 39 Comparison between organic carbon afteramnation of humic acid (a) 1 mg/L, (b)

5 mg/L and raw seawater from (c) Arabian Sea (AS; Ing/L) and (d) Tampa Bay (TB; 6
mg/L).

3.4.4 Chemical Grades and Impurities

Chemicals added during seawater RO desalinatidreptenent may include a pH adjustor,
antiscalant, and oxidant residual either alonex@oimbination. Chemicals such as citric acid,
which may be used as part of a membrane cleanifay pH adjustment, provide a readily
biodegradable source of organic carbon and therefioropportunity for unwanted bacterial
proliferation on the RO membrane. In addition, cangbns between various chemical sources
(e.g., sodium hexametaphosphate [SHMP]) indicdtatitpurities from different chemical

grades and manufacturers may be an additional safifsiodegradable carbon.

Four different manufactured sources of SHMP (SHMP B) were obtained to evaluate
concentrations of organic carbon variability inigmins at two doses, 1 and 5 mg/L (Table 19).

SHMP was used as a reliable chemical in RO pretreatt because of its ability to sequester and
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prevent calcium from precipitating as a scale. Desfs use as an antiscalant, biofouling of RO
membranes became a detrimental consequence (Alad@@ry VVoutchkov 2010). SHMP was
selected for testing in this study to establistasetine of biodegradable organic carbon from
dosing a chemical known to cause biofouling. Chaivitopurities have also been reported to
cause biological fouling on RO membranes (Vrouwédereet al., 2001) and that potential side
effect would not necessarily be detected in TOGe{@n U\ss,) measurements which are not
specific to the biodegradability of the organichzar. Three sources (SHMP B — D) provided an
average of 100 pug/L AOC. The source with the lowa3€C (< 30 ug/L) was SHMP A but that
had the greatest TOC concentration. AOC levelSfdMP D were similar for both solutions
tested at 1 and 5 mg/L, which were 130 + 10 and+1P0 pg/L AOC, respectively. In all the
samples UYs, was less than 0.01 €pwhich suggests that the impurities were not atineea

carboncarbon double bonds detected at that wavelength.

Only SHMP B showed a significant difference in AG&ween the two doses; a 1 mg/L dose
had 67 pg/L AOC and 5 mg/L had 141 pg/L AOC. SHM#iBBechnical grade and therefore may
have more impurities than the other chemicals, whiere more expensive and of a higher grade.
SHMP C and SHMP D concentrations also showed eg&lehelevated organic carbon in higher
dilutions; despite the fact that they were the s&@A8& number as SHMP A. SHMPwas also
dosed at 1 mg/L into WBMWD intake seawater, with@oted results: 164 pg/L AOC (control
was 101 pg/L, SHMP 67 pg/L); however, neitherkiwvior TOC increased significantly. These
results provide evidence that impurities in treattrdhemicals may be sources of nutrients or a
substrate for bacterial growth that may lead tdchiting. Furthermore, U, and TOC are not

effective methods for predicting the potential hacterial growth, unlike the AOC test.

Polyphosphonates contain two or more phosphonatgpgrand may also be referred to as

organophosphorus compounds because the structui@n®at least one carbon. The simplest
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structure that has been widely used in industgraantiscalant and corrosion inhibitor is 1-
hydroxy ethylidene-1,1-diphosphonic acid (HEDP).DHEwas tested at doses of 1 and 5 mg/L in
a laboratory generated seawater matrix and in deafvam the intake at WBMWD (Table 20).
The chemical was purchased neat and had variabie I&@ls as high as 100 pg/L in seawater
but less than 30 pg/L when tested in the buffeneal@d similar effect was seen in seawater for
SHMP in that the AOC in the seawater test was as®d by the amount of AOC in the
laboratory generated matrix. Results reportedtaaverage (and standard deviation) from two
separate experiments in the WBMWD seawater.

Table 19 Organic carbon in solutions containing twaloses of sodium hexametaphosphate

(SHMP) from various manufacturers.

Dose (mg/L) UMss(cm?)  TOC (mg/L)  AOC (ug/L)

SHMP — A 1 0.004 1.0 27
5 0.004 1.2 27
SHMP - B 1 0.004 0.6 67
5 0.003 0.6 141
SHMP - C 1 0.003 0.7 101
5 0.005 0.7 104
SHMP - D 1 0.001 <0.25 130
5 0.004 <0.25 100
SHMP — B in seawater Control 0.009 0.99 110

1 0.010 1.06 164
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Table 20 Organic carbon in solutions containing th@olyphosphonate, 1-hydroxy
ethylidene-1,1-diphosphonic acid (HEDP).

Dose, mg/L UV, (cm?) TOC (mg/L) AOC (ug/L)

HEDP 1 0.003 0.90 29
5 0.003 1.80 20
HEDP in seawater Control 0.009 0.99 110
1 0.01 1.1 138 + 47
5 0.01 1.6 120+ 7

The concentration of organic carbon was evaluaietirfearity at increasing doses of
antiscalants (Table 21). Active chemicals usedfuiscalant applications in seawater RO are
rarely identified specifically by the manufactueard are a fraction of the concentration in the
neat product sold. According to the MSDS assemfaethis project, active concentration is
generally 10 to 60% of the solution, averaging 33%6r dosing purposes, this is not taken into
account and the manufacturers recommend calculdtendose based on 100% product
concentration (or even super concentrates to faigleasier shipping and storage with smaller
volumes). Testing at elevated doses was plann&det only the active concentrate and thereby
ascertain the potential for biodegradation of teatrchemical; however, testing using this
approach prevented AOC measurement because thdebatd concentrated antiscalant
prevented growth of the AOC test organism. TOC EWds, were measured, and correlations

were made at normal dosing ranges (< 10 mg/L)dcetbvated range (40,000 mg/L).

The coefficient of determination indicated that tluse and resulting TOC showed a very
strong correlation {r> 0.9), partially because the range of concemntnatspanned up to four
magnitudes. For the antiscalant AWC A-104, theie 1sl relationship for dose versus TOC as
indicated by the slope = 1.02. AWC A-104 is a paljpoxylate (inherently composed of organic
carbon) with proprietary active ingredients, wherdee other chemicals are polyphosphonates
without organic carbon as part of the proprietanyrfulation. At the lowest doses tested as

recommended for the individual antiscalants, TO&daased 16 to 38% for phosphonates, and 19
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to 60% for the polymer/polycarboxylates. Basedhs information, organic carbon loading
would occur from the addition of these chemicalse Ppotential for TOC to be broken down by
oxidants into biodegradable carbon fractions coa@dignificant depending on the treatment
process, application, and dosing location. Furtieeemmmembrane fouling caused by elevated
organic matter is a possibility if a treatment placorrectly doses antiscalant during

pretreatment.

The polymer AWC A-104 had the greatest composiiem OC; the chemical is
phosphorus-free, with an active concentration pfogrietary chemical. Depending on the dose
(Table 22) TOC ranged from 50 to 100% of the coritfmwsof the antiscalant. AWC 102+, a
polyphosphonate that contains phosphorus, notasgiate form produced by the same
manufacturer, was tested similarly. By comparisha, TOC composition of AWC 102+ was
dose-dependent but ranged from 15 to 29%. A typicaing rate for both chemicals is 1 mg/L

for SWRO plants operating at 45 to 50% recovery.

AWC A-102+ and A-104 were dosed into seawater ctdle from the intake at
WBMWD to evaluate the organic carbon levels in angter matrix. Targeted concentrations
were 1 and 5 mg/L as outlined by the manufactufevo different tests were conducted (Table
22), and the results reported are the averagestandard deviation) from two separate
experiments using the WBMWD seawater. In Test 15thay/L dose seemed to be slightly lower
than in Test 2 according to TOC concentrationsibitibn by the bacteriostat in the 5 mg/L doses
would explain the lower amount of AOC. By companisuith the 1 mg/L antiscalant doses in
seawater, AOC levels are between 73 and 100 pgAhéopolymer A-104 and 109 to 163 pg/L

for the polyphosphonate A-102 +. Wywas generally within 20% of the seawater control.
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Table 21 Correlations between organic carbon and discalant doses in typical and elevated
ranges. Antiscalants were dosed with proprietary atve ingredients into a laboratory
generated seawater matrix.

Typical range

Elevated range

MDC 704 (mg/L) 3 10 3800 40000  Slope R
ié TOC (mg/L) 059 079 40 144  0.003 0.966
, o
2 8 UVuu(em) 001 001 00l 001 96E8 0422
o o
AWC 102+ 1 10 100 500  Slope R
(mg/L)
TOC (mglL) 0.16 145 33 146 0.29 0.999
UV 554 (cNY) 0.004 0.006 0.020 0.068 1.3E-04  0.997
(O]
T
g 2
£ MDC 150 (mg/l) 3 10 3000 8500  Slope R
2 TOC (mglL) 0.61 254 96 343 0.04 0.994
>
S UV s (c1Y) 0.007 0.011 0.15  0.34 3.9E-05 0.994
Vitec 3000 (mg/L) 2 7 3800 40000  Slope R
TOC (mglL) 075 137 172 833 0.02 0.987
UV 54 (c1Y) 0.01 0008 0.05 032 7.7E-06  0.999
AWC A-104 1 10 100 500 Slope R
(mg/L)
TOC (mglL) 060 4.86 107 508 1.02 0.9997
UV 554 (cNY) 0.008 0.007 0.008 0.019 2.38E-05  0.971
@
g
©° 2
g Flocon Plus N 3 10 3000 9000  Slope R
2 (mg/L)
§ TOC (mglL) 1.16 3.64 232 816  0.091 0.997
§ UV 54 (1Y) 0.005 0.011 037  1.19 13E-04  0.999
S
o
SpectraGuard™ 2 6 143000 275000 Slope 2R
sC
TOC (mglL) 037 037 1342 1860  0.007 0.962
0.001 0.001 0.285 0.511 1.9E-06  0.999

UV s, (Cm_l)
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Table 22 Organic carbon in seawater from the WBMWDintake dosed with

polyphosphonate and polymer antiscalants.

Dose (mg/L) UVass(cm™) TOC (mg/L) AOC (ug/L)

Seawater Control 0.009 1.00 110+ 21

AWC A-104 1 0.011+£0.001 1.47+0.3 87 +19
5 0.011 +0.003 3.86+2.0 27 £ 16

AWC A-102 + 1 0.011+0.002 1.12+0.1 136 + 38
5 0.012+0.001 1.76 +0.8 62 + 65

Citric acid has been used for pretreatment in seEaviRO, and has already been shown to
be an assimilable food source forharveyiused in the AOC test (Weinrich et al., 2011).
Understanding the chemical composition is an ingydrpart of predicting biological fouling
potential. In some cases, such as citric acidatieal chemical used for treatment can provide a
food-source for microbial growth. There were twhiatent tests conducted and the results
reported are the average (and standard deviatiom) tivo separate experiments in the WBMWD
seawater (Table 23). Citric acid is used for membreleaning but also provides a nutrient source
and increases the potential for biological growtimembranes. Tests of citric acid at
concentrations of 1 and 5 mg/L in a laboratory geteel seawater matrix resulted in AOC levels
of 310 and 543 pg/L, respectively. In seawateredas 5 mg/L resulted in an average of 1020
pg/L. Citric acid is a known chemical food souroethe marine AOC test organism; therefore,
even if a high purity grade chemical is used, tierent chemical component is easily
assimilated. After cleaning, any residual citricdatbat was not flushed or otherwise removed

may cause increased AOC in the RO feed and additiartrients for bacterial growth.



118

Table 23 Organic carbon in solutions dosed with thpolycarboxylate, citric acid.

Dose, mg/L UV,s (cm?) TOC (mg/L) AOC (ug/L)

Citric acid 1 0.003 1.50 310
5 0.003 3.90 543
Citric acid in seawater Control 0.009 0.99 110
1 0.010 +0.001 1.38+0.10 779 +510
5 0.014 +0.004 3.45+0.06 1020 + 180

SBS was tested at doses of 1 and 5 mg/L (TableSBS. (alone or as a mixture of sodium
metabisulfite) is applied during treatment to remoxidant residual (e.g., chlorine) and protect
membranes from oxidant damage. Many RO membranemtggs are contingent on keeping the
ORP below a set point. Although Wfand TOC levels were the same at both doses{{#V
0.003 crit and TOC = 0.7 mg/L), AOC increased with increasioges, from 58 pg/L in the 1
mg/L test solution to 116 pg/L for 5 mg/L SBS. S&8 not increase TOC or WY, levels at the

two doses tested but the amount of BOM measurg®d increased.

Table 24 Organic carbon in seawater from WBMWD int&ke dosed with sodium bisulfite.

Dose (mg/L) UMss(cm™)  TOC (mg/L)  AOC (ug/L)

Sodium bisulfite 1 0.003 0.7 58

5 0.004 0.6 116
Sodium bisulfite in Control 0.011 0.99 88
seawater 5 0.012 0.97 102

3.4.5 Byproducts of Antiscalant and Chlorine Reactions

SBS is often the last chemical added before therR@brane feed (i.e., after the cartridge
filters), applied to reduce ORP, quench the disitafiet residual, and protect the membranes from

the damaging effects of oxidants and disinfectabtsrent pretreatment strategies often entail
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antiscalant dosing prior to the addition of SBSnofacturers recommend dosing antiscalant
prior to the cartridge filters. In this scenarioe disinfectant residual (e.g., chlorine) would not
have been quenched by SBS and would remain in #iterwluring antiscalant addition. Because
chlorine is a non-selective oxidant, the disinfatt&ould not only inactivate bacteria but also
react with other components in the water includit@@M and an antiscalant (if present).
Byproducts from those reactions should be carefidlysidered. The following section discusses
the potential for increased nutrient levels, foample AOC and phosphate that would occur

following reactions between chlorine and frequen#dgd antiscalants.

Antiscalant chemicals were tested from various rfegturers for each class:
polyphosphates, polyphosphonates, and polycarbimsyla total of 11 chemicals were tested at
two doses each and the following results examiaekianges to organic carbon and phosphate
composition after reacting with free chlorine f@& Hours at 25°C. Polyphosphate had the greatest
amount of AOC compared to the other chemical typable 25; 90 pg/L AOC at the 10 mg/L
dose). Polyphosphonates and polycarboxylates dgnleaa low AOC background levels

(concentration before chlorination); AOC was onlylg/L higher than the control.

After reaction with chlorine, AOC increased by degahan 10 pg/L in seven of the
solutions from five chemicals. Increases in AOCeaueot specific to a certain class of
antiscalant; the results show that at least onmia in each class had an increase in AOC after
chlorination. The greatest increase was seen ipdhyghosphonate chemical AWC A-102+ in
the 10 mg/L solution, which increased AOC from &@B¥2 ug/L AOC, followed by an increase
of 175 pg/L AOC in the 10 mg/L dose of polymer A@mbow™ 2000 and an increase of 71
pHg/L AOC in the 3 mg/L dose of polyphosphate Hyperse™ MDC704. These and the other
increases of biodegradable organic carbon are i@pioconsidering that even a minor increase in

AOC contributes to conditions where sufficient rerits exist for bacteria to grow and
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proliferate. For a few of the chemicals chlorinatitid not have an impact on AOC (i.AAOC

was 0): HEDP, Acumer-DOW™ 2100, and AWC A-104.

Phosphate averaged 0.4 + 0.6 mg/L, median 0.2 fmg%22). Phosphate increased in all
polyphosphate and polyphosphonate antiscalantsratietion with chlorine. This latter
observation may be explained by an oxidation meshathat breaks down one or two of the
phosphonate groups from the carbon (Figure 40)nm brthophosphate. Although phosphate
impurities in the polycarboxylate/polymer antiscataaveraged 0.4 mg/L, no increase was
measured in the chlorinated solutions. No incréaghosphate was anticipated; the inherent
makeup of polycarboxylate/polymers is not phospbaighosphate-derivative based although the

composition is proprietary.

OH OH OH

| 1 |
HO —P—C—P—0H

Figure 40 1-Hydroxy Ethylidene-1,1-Diphosphonic Ad (HEDP)

In the previous section, results were presentethiincrease of TOC after addition of
the antiscalant. Even at the minimum recommendedsja OC increased by 0.5 and 2 mg/L in
the minimum and maximum recommended doses, respctiThe range of changes in TOC was
-0.3 to 0.3 mg/L. Although dosing the chemical eased TOC, changes to TOC were not
detected after chlorination. For W/ all levels were less than 0.01 ¢nthese levels would be
too low to practically identify impacts from treagnt changes in an environmental seawater
source. In fact, measurements for organic carbadndimg TOC and UV, that are non-selective
to BOM do not provide meaningful information regaginutrients for bacterial growth and
cannot be used as a BOM indicator measuremenfliXé or even a direct phosphate nutrient

measurement.



121
Chlorine demand was also monitored to evaluatedhetivity of the antiscalant; chlorine
was measured after the 18 hour reaction time ablestied from the residual in the matrix
control. Chlorine demand was greatest in both Hypense™ MDC150 and Vitec® 3000 at 5.5
mg/L Ch. These chemicals are both polyphosphates; as twechajor byproduct did not appear
to be AOC but rather phosphate. Phosphate incrégsa8d and 3.4 mg/L in the post-

chlorination solutions for Hypersperse™ MDC150 &fiteéc® 3000, respectively.

Many of these antiscalants would react with chietimincrease the amount of
biodegradable carbon or other nutrients in the &€ fwhich would create optimum conditions
for biological growth on the membranes. Thereftiie, treatment strategies could be amended to
minimize additional AOC formation and phosphatetdtion by removing the oxidant residual
before the antiscalant is added. AOC and phosphassurements both indicate the presence of
necessary nutrients for bacterial growth and pddifion. A strategy to minimize nutrients would

be useful for controlling RO membrane biofouling.
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Table 25 Nutrient and organic carbon data for 11 atiscalants before and after reaction with chlorinein a laboratory generated seawater

matrix.
Baseline levels Post-reaction with chlorine
N cl, A A A A %A %A
Trade Name Dose oH AOC PO, TOC Wosa | o, AOC PO4 TOC UVas4 roc  poa  Toc Wone % AAOC %oP04 Wone
mg/L (ug/t)  (mg/L)  (mg/L)  (em™) (me/L) (ug/t)  (mg/L) (mg/L) (em™)
£ H ™ 3 8.8 76 1.2 0.55 0.001 2.9 147 1.5 0.39 0.001 71 0.4 -0.2 0.000 93% 32% -29% 0%
% £ Hypersperse
o o
= g Mbc7o4 10 89 9 09 084 0001| 48 118 47 091 0001 | 28 33 01 0000 | 31% ae% % %
AWC A102+ 1 88 0 0.0 0.12 0001 | 4.2 10 0.4 0.25 0.003 | 10 04 01  0.002 0% 0% 105%  200%
10 8.8 10 0.0 1.41 0.001 4.5 372 5.0 1.51 0.005 362 5.0 0.1 0.004 3620% 0% 7% 400%
g HEDP 1 8.8 9 0.5 0.80 0.001 1.1 10 0.5 0.90 0.002 1 0.1 0.1 0.001 10% 18% 0% 100%
§ 5 8.6 10 0.1 1.70 0.001 1.6 10 1.2 1.80 0.009 0 1.1 0.1 0.008 0% 1892% 0% 800%
o
% Hypersperse™ 3 8.7 10 0.3 0.57 0.001 4.2 58 2.8 0.61 0.007 48 2.6 0.0 0.006 480% 952% 8% 600%
S
5 MbC150 10 87 2 0.3 250 0005 | 55 10 3.7 221 0005 | & 34 03 0000 | 342%  1107%  -12% 0%
Vitec® 3000 2 8.9 5 0.0 0.71 0.004 4.2 50 2.5 0.44 0.004 45 2.5 0.3 0.000 900% 0% -38% 0%
7 8.9 10 0.0 1.33 0.002 5.5 10 3.3 1.25 0.002 0 33 -0.1 0.000 0% 0% -6% 0%
Acumer- 1 8.7 7 2.8 0.15 0.001 0.5 10 0.0 0.22 0.005 3 -2.8 0.1 0.004 42% -100% 43% 400%
DOW™ 1035 10 85 1 0.1 1.73 0.001 | 0.0 10 0.0 1.55 0.000 9 01 -02  -0.001 688% 100%  -10%  -100%
Acumer- 1 8.6 10 0.4 0.28 0.001 0.5 12 0.0 0.50 0.003 2 -0.4 0.2 0.002 22% -100% 81% 200%
g DOW™2000 10 86 0 0.5 203 0003 | 0.5 176 0.1 2.03 0.000 | 175 04 00  -0.003 | 55340% -85% 0% -100%
£
2 Acumer- 1 8.7 3 0.0 0.19 0.003 11 10 0.0 0.23 0.003 7 0.0 0.0 0.000 195% 0% 21% 0%
3 DbOow™2100 10 87 10 0.0 166 0003 | 08 10 0.0 1.74 0.003 0 00 01  0.000 0% 0% 5% 0%
_g AWC A-104 1 8.8 1 0.0 0.56 0.002 0.7 10 0.0 0.68 0.005 9 0.0 0.1 0.003 890% -100% 21% 150%
% 10 8.8 10 0.3 4.82 0.001 0.0 10 0.0 4.79 0.008 0 -0.3 0.0 0.007 0% -100% -1% 700%
;3 FloCon+ N 3 8.6 10 0.1 1.12  0.001 0.2 10 0.0 1.26 0.004 0 0.1 0.1 0.003 0% -100% 12%  300%
10 8.4 4 0.3 3.60 0.005 0.3 10 0.0 3.89 0.009 6 -0.3 0.3 0.004 150% -100% 8% 80%
SpectraGuard 2 8.4 10 0.2 0.10 0.001 0.0 18 0.0 0.06 0.000 8 -0.2 0.0 -0.001 80% -100% -42%  -100%
mse 6 87 0 01 010 0001 | 02 10 0.0 022 0009 | 10 01 01 0008 | 6049%  -100%  108%  800%
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CHAPTER 4: CONCLUSIONS AND FUTURE RESEARCH
4.1 Conclusions

This study was designed to investigate the hypahibat biodegradable organic matter,
specifically AOC contributes to biological foulid RO membranes used for seawater
desalination. The research results suggest thaitonioig AOC is better than TOC or other
parameters commonly used in the industry. Evalgad@C after various stages in pretreatment
would provide the operator with the information dee to institute a control strategy for

minimizing biofouling potential within the plant dipefore the RO membranes.
4.1.1 Objective 1 Summary

Through the investigation of relationships amorafdailing potential, chemical dosing,
operational data, and AOC in full scale SWRO desdilbn plants, it was revealed that
pretreatment processes were not typically effedbveemoval of organic carbon. Predictor
variables were modeled to determine the impactatémquality on differential pressure and
specific flux; SDI was not a significant predicttgspite routine monitoring at the plant. The

addition of SBS increased AOC and biofouling pdtgnt

The removal of TOC by the pretreatment proce3B&DP ranged between 3 and 6%,
and UVss, was not reduced by more than 16% to a minimumXif om’. TOC was greater than
5 mg/L in the RO feed (around-56 mg/L at the intake). AOC within the TBSDP pretraent
steps was generally low in the diatomaceous ed#irtité but increased in the post-cartridge filter
sampling point (i.e., RO feed). Chemical additié/58S accounted for the increase in AOC.
AOC in the RO feed led to biological growth and seduent RO membrane fouling; at TBSDP,
fouling was observed as elevated differential pressé November 2012 and a decrease in

specific flux over the time period investigated.
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During the collection periods at WBMWD, membranamges and hybrid configurations
were being evaluated. The changing operationsesigdid meaningful interpretations of the
impact on differential pressure. The plant had rigabchallenges in the past with biological
fouling of the RO membranes. From the data modetiegreased specific flux had the strongest
correlation to AOC levels at the plant. Other ofieraal observations indicated that chemical
dosing accounted for higher AOC levels upstreath®fRO membranes, even when the seawater
at the intake had the lowest organic carbon commmipared to the other sampling events. The
trends were comparable by observing increases i@ &@m cleaning agent residuals and the
addition of SBS; the increased biodegradable orgeanibon was not observed in the TOC

measurement alone.

Operational data from the Al Zawrah plant were te@dibecause the staff was not using
normalization software for record keeping. The abseof RO operating information limited the
evaluation of water quality impacts on the RO gystleut changes in differential pressure at the
cartridge filter provided information about theondition and evidence that biological growth
may have occurred. The data showed a very strosigyEcorrelation for differential pressure of
the cartridge filters and AOC in the RO feed (r.883,p < 0.01, n = 48). U, also had a strong
relationship to the data cartridge filter data.sTpliant was the only facility of the three in this
project that had potential for AOC removal thro@MF; however, AOC removal across the
filters was not consistent. If AOC is monitored qmndtreatment is optimized for the removal of
organic carbon, biological fouling on both cartedgters and ultimately on RO membranes

could be minimized.

Full-scale SWRO treatment plants generally had podmconsistent TOC removal. AOC
was present in the RO feed at all locations fronbol080 pg/L. In most cases, neither TOC nor

UVs.had a statistically significant relationship to AQ@creases, in RO membrane differential
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pressure, and decreases in specific flux, wereoprapational changes that were most consistent
with the effects of fouling on the RO membranesrRwganic carbon removal and inconsistent
operations are widespread challenges in SWRO. d&#iye and strong relationships determined
from investigating AOC as a predictor variable balogical growth confirms the presence of
biodegradable organic carbon and the resultingraevienpact on operations. Based on the results
from TBSDP, a threshold between 30 and 60 pg/L A@ald increase the potential for
biofouling. Other SWRO plants should evaluate thggtems to identify impacts of chemical
addition on the presence of AOC and determinehtesholds at which the system would

experience increased biofouling potential and dpmral changes.

4.1.2 Objective 2 Summary

The influence of AOC on biological fouling in bendnd pilot-scale RO membrane
testing was investigated. Changes to differentietgure were monitored in pretreated TBSDP
water under constant flux conditions in a pilottuliicreased differential pressure was associated
with RO membrane biological fouling when the med#dC concentration naturally present in
TBSDP was 50 ug/L and permeate flux was constasn Bvith a constant setting, flux decline
occurred from biological fouling, and membrane gosere blocked by biofilm growth. AOC
was more significant than TOC for predicting chantgedifferential pressure. A regression
model with AOC and TOC combined was significantgoedicting differential pressure;

however, U\,s, was not a significant predictor variable.

Using a crossflow RO membrane test cell, RO featldhntained 1000 pg/L acetate
carbon was used to evaluate whether increased A@ding would affect RO membrane fouling
as compared to the 30 ug/L AOC baseline. The exmifference in AOC concentrations was
used to increase the fouling occurrence and motfitoeffect in a shorter time period. Permeate

flux decline was associated with RO membrane bio&ddouling when AOC was elevated and
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other conditions were constant, including operagirgssure and water quality. Flux decline
under the same operational conditions was greateitest where the RO feed contained more
AOC from additional biofilm formation and organiauling. Biofilm and bacterial deposits were
apparent from the SEM imaging. Fouling was deteotedhore portions of the RO membrane

when AOC was higher.
4.1.3 Objective 3 Summary

AOC formation and other organic carbon changes weatuated in seawater treated
with three commonly used oxidants: chlorine, chierilioxide, and ozone. Laboratory generated
seawater solutions containing humic acid and enuiental seawater was tested in a series of
bench-scale oxidation tests using chlorine, chéodioxide, and ozone to observe the impacts of
these oxidants on BOM formation. AOC was formed &yproduct of reactions with these
disinfectants commonly used in water treatmenmm#my of the treatments, the biodegradability
of the water increased; in full-scale applicatidhgse effects would generate conditions
amenable to bacterial proliferation and subsegbiahbgical fouling. AOC was increased as
much as 70% in seawater with 1 mg/L humic acidawtlorine dose of 0.5 mg/L £khanges
to UVas, and TOC were minimal (2% and -4%, respectivelyyhdr concentrations of humic
acid did not produce additional AOC, most likelychase of the high ionic strength of the
seawater matrix and internal hydrophobic molecuigaractions of humic acid that have been
reported to inhibit expansion of the molecule. livgions from these results suggest that even
plants with low TOC (e.g., 1 mg/L) would be vulnigleto reaction with the oxidant and
subsequent increased RO feed biodegradability.rideldioxide reacts slowly with humic acid
and did not significantly change W\, TOC, or AOC in testing with a 4-hour contact time
Longer contact times or greater chlorine dioxideedomay have a different effect. The reactivity
between oxidants and environmental seawater sovacesl. Except for the intake seawater from

WBMWD, UV ,5, decreased or remained unchanged in all the wedted. Decreases in Ly
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are usually from the breakdown of aromatic and teahrbon bonds in humic structures. 4V
increased in the seawater collected from WBMWD wtigorine or chlorine dioxide was
applied. Increases are not as clearly understobchy have resulted from the breakdown or
lysis of microbial components (e.g., algae) thigased intracellular organic material. When the
AOC and therefore inherent biodegradability of skawater increased after treatment, TOC did
not follow the same trend. In test solutions wither chlorine or chlorine dioxide that exhibited
increases in U¥, (West Basin) and AOC (Tampa Bay), TOC changesaaes 3% and -2%,
respectively. TOC does not provide insight into ¢hanges to the biodegradability of the water.
Unfortunately, TOC is often the only organic carlpamameter used in SWRO water quality
monitoring, although it is not an informative tdot the plant operators to predict biofouling
potential.

4.1.4 Objective 4 Summary

Pretreatment chemicals, including antiscaling, nramé cleaning and dechlorinating
agents were tested for AOC formation and otherricgearbon changes following chlorination.
Chemical impurities in treatment chemicals werenshto increase AOC concentrations (e.g.,
SBS increased AOC at a baseline level of 58 pg/lLfimg/L of SBS) that were otherwise
undetected by U}, and TOC measurements. Antiscalants increase argartboon concentration
linearly by dosing the neat chemical. Antiscalasftsn contain a bacteriostat to inhibit bacterial
growth during storage. If the solution is underahgbe biocide will be diluted and inherent
nutrients or chemical impurities have been showindcease AOC during bench-scale testing.
Phosphate and AOC are byproducts of reactions leetaetiscalants and chlorine. The
byproducts could lead to biological fouling on R® membrane because of the increased
assimilable nutrient loading and potentially deseeaffectiveness of the antiscalant. Better
operational practices that include removing th@hé residual prior to dosing the antiscalant

would alleviate the adverse effect of AOC byproduct
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4.1.5 Recommendations

SWRO plant managers would benefit from exploringerefficient techniques for the
removal of organic carbon during treatment. TOCaeah efficiency is typically very poor and
pretreatment impacts on AOC levels should be utatsand controlled in SWRO plants that
have biological fouling problems. Personnel shomestigate the sources of AOC during
pretreatment since certain pretreatment chemicate shown to increase AOC if present along
with a disinfectant residual. Minor pretreatmenjuatinents may help control AOC levels in the
RO feed. Despite impacts to water quality at thiakie (e.g. algal blooms), this report has shown
that antiscaling, membrane cleaning, and dechltngagents could be wholly responsible for
increasing AOC in the RO feed. Monitoring chemmapplies for impurities is one option for
AOC control. Furthermore, it would be useful if thater industry was provided with
specifications and additional information on arglaat and chemical dosing in the form of a
guidance manual from the American Water Works Fatiod or other national organizations an
unbiased source of information. At the moment, nmdfstrmation on dosing is directly from the
manufacturer without a larger oversight for othmeplications at the plant. Changing the
configuration to reduce the ORP before additioardfscalant would reduce the contact time
between the disinfectant and the antiscalant, wimiaix breakdown the parent compound and
produce AOC as a byproduct.

Pretreatment applications have largely been focaggthysical separation. Membrane
pretreatment, for example, using micro- or ulttedtion membranes can be effective for
particulate removal, and even some removal of Ti@vever, low molecular weight organic
molecules can readily pass through those membrahese molecules typically compose the
AOC fraction of water. Therefore, membrane pretneait systems would still be vulnerable to
biological fouling on the RO membranes unless tECAraction was controlled. Further

development of biological treatment to reduce euts in the RO feed would be valuable.
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Evaluating pretreatment impacts using new methadk as the bioluminescent AOC test will
facilitate control measures to optimize chemicalitisoh and achieve reduced biodegradable
nutrients loading and fouling rates. Additionaldsmn information collection for data modeling
applications and real-time monitoring is recommehd®her quantitative and qualitative
techniques for monitoring water quality and micmbgy of seawater intakes and during
pretreatment will aid current and future SWRO amilons. Additional SWRO research and
development are crucial for the efficiency of thiswing industry.

Biological filtration and other pretreatment managat options should be investigated
for removal of biodegradable byproducts to minimi£@C and subsequent biological fouling.
This research shows that AOC was a significantipredvariable for biological fouling impacts
on increased differential pressure or permeatediotine in bench-, pilot-, and full-scale studies.
SWRO plant managers interested in minimizing tlaEbarse operational effects and biofouling
occurrence in SWRO should consider the followingnseios:

. Measuring the water quality at the intake andRefeed would be a first step in
determining the effectiveness of pretreatment orCA@moval.

. Systems that use oxidants (e.g. hypochloriteyraie dioxide) should monitor AOC after
typical and extreme dosing scenarios.

. Systems that use antiscalants should first re@RE first (e.g. with SBS/sodium
metabisulfite) to maintain antiscalant effectivesnaad minimize formation of AOC. SBS
solutions may also contain impurities that incre@8«, so dosing should be carefully
considered.

. Chemical dosing should be evaluated through benale tests to minimize AOC,

maximize desired outcome, and optimize the treatimetess for better operational control.
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. Fluctuating water quality at the intake shouldtaeked to correlate sources of AOC
increases (algae, increased organic loading, xants) so that operations may be adjusted to
account for changes in AOC and minimize biofoulrzgential.

Future studies should be conducted at individgattment plants to evaluate the
maximum AOC threshold for controlling biologicaluling based on water quality and the
process train. Plant managers may thereby institet@sures to control the nutrients entering the
RO feed; pretreatment adjustment by maximizing wigeaarbon removal or minimizing
chemicals that may exacerbate the biodegradabiiitie RO feed would be efficient preliminary
approaches. Identifying the locations during m&timent in a specific system where AOC is
formed or increased would be the first step tom@bttiofouling occurrence and minimize its

potential and associated adverse effects on SWBRQ pperations.
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APPENDIX A

AOC PROCEDURE

The seawater assimilable organic carbon (AOC)wastpublished in Applied and
Environmental Microbiology, 2011, pp. 1148-1150i(t0.1128/AEM.01829-10). The following
summary of the materials and procedures is provioledn overview with particular focus on
preparation of the standard curve solutions foratens and laboratory staff interested in using

the application for monitoring AOC in their faciés.

Principle: The biological fouling potential of seawater waslaated through the application of a
predictive tool, the seawater AOC test in whichrieeximum biomass density of an inoculum is
measured in a pasteurized water sample. Pasteonizasactivates native microflora so nutrients
are not depleted by other organisms. The test @gais a heterotrophic, nutritionally diverse,
bioluminescent marine organisWibrio harveyi V. harveyiexhibits constitutive luminescence,
an attribute that facilitates a proportional relaship between light produced and biomass; in
which biomass results in assimilation of availahlbstrate, (i.e., AOC). The growth\éf harveyi
follows Monod bacterial growth kinetics, and maxmmgrowth (N, occurs during the
stationary phase when maximum biomass is prodwikmhving depletion of available substrate.
Standard curves are used to convext,Niminescence units into pug acetate carbon equitsale
per L (ug C/L). A series of standard curves ar@ared to confirm reproducibility in the
laboratory. Once established, blank, yield, anavijnacontrols may be used for quality control
per set of analyses. Minimizing carbon carryovebacterial contamination should be carefully
controlled. Laboratories equipped with clean prapan areas and a laminar flow hood would
facilitate appropriate contamination control. It mvailable, additional procedural controls to

reduce and monitor contamination will be necessary.
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Apparatus

1. Luminometer: programmable, photon-counting nptate reader such as SpectraMax L
(Molecular Devices, LLC, Sunnyvale, CA) operatethgsSoftMax® Pro software v5.4.

Readings were reported in relative light unitsjrokd as the integral of the photon count versus
the time-reaction curve. Units were consideredetodbative because the formula can be modified
manually, which added to the ease of data mongaximd reporting. The software was
programmed for automated reading of the sampldseimicroplate wells with a chamber
temperature of 30°C. Settings were adjusted fdrkiagtic integration (1 second) over 30 second
intervals. Data analysis and automated calculatimre adjusted by the user from SOFTMax®
Pro exports in spreadsheet processing softwareadémage luminescence values for replicates
were monitored until maximum growth was reachedlifer description under the standard curve

section).

2. 96-Well plates: Microlite™ 1+ Flat bottom (Thesrivlilford, MA, part number 7571) or
similar 96-well opaque, white, polystyrene micraptawith very-low cross talk. Plates were

covered using an adhesive sealing film during asisly

3. Sampling vessels: Organic carbon-free borosdigéass vials (45 mL capacity) with
tetrafluoroethylene-lined silicone septa. Vials ezndered free of organic-carbon through
washes with 2% Citrajet® (Alconox, White Plains, N4rying, and muffling at 550°C in a
furnace for 6 hours. Closures were detergent wathed soaked overnight in 10% hydrochloric
acid (American Chemical Society Grade, EMD Chemsic&libbstown, NJ) and rinsed three
times with Milli-Q water, dried, then autoclavedptidnal: AOC-free, precleaned sub-sample

vials (Scientific Specialties Inc., 2000 classtpamber 276720).

4. Stock preparation vessel: Screw thread, gradubteosilicate glass bottles (250 mL

capacity) were used for the preparation of theeptsgand th&. harveyiculture. Caps were
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black polypropylene welded to a polytetrafluoroétimg (PTFE) /silicone liner (Kimble Chase
Supplier No. 61110P-250). The PTFE/silicone linenimates the possibility of glue

contamination to bottle contents.

5. Hot water bath capable of achieving and holdiagC.

6. Micropipettes: adjustable volume, capable ofveeing volumes between 10 t0100 uL

and 100 to 1000 pL.

Vibrio harveyi stock and reagent solutions

1. V. harveyi ATCC® 700106™; American Type Culture Collectidanassas, VA. Stock
was propagated according to product sheet directidmeference stock was stored at -80°C in
marine broth and 10% glycerol. From the referemoeks a refrigerated inoculum stock was
prepared for each analysis set and enumeratedelsdanple testing. Enumeration was conducted
by spreading 0.1 mL of the refrigerated stock antwine agar plates. Dilutions were necessary

to achieve plate counts in the 30 to 300 cfu ramgpical stock solutions were 1 x 10"7 cfu/mL.

a. Refrigerated inoculum stock was prepared byking the frozen stock onto a marine
agar plate incubated at 30°C (overnight, ~18 hodrsjngle colony was then inoculated into a
sterile saline buffer containing acetate-carbon 1Xsalts [BD and Co., Sparks, MD] in 1000

mL laboratory grade water with 2% sodium chloridd, mM CaC}, and 1.0 mM MgS@and
adjusted to pH 7.2, fortified with 2 mg of acetaterbon/L) and incubated at 30°C. The stock was
then enumerated and stored in the refrigeratathiinoculation of water samples. Stocks were

stable up to 1 month.

b. Marine agar plates (for enumeratMgharveyistock) prepared by dissolving the
following in laboratory grade water (per liter): §ipeptone, 5 g yeast extract, 15 g agar (BD and

Co., Sparks, MD), and 20 g sodium chloride (EMD @luals, Gibbstown, NJ). The agar was
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heated with frequent agitation, boiled for 1 mintdteompletely dissolve the additives, and then
autoclaved at 121°C for 15 minutes, cooled to 5@%€! poured into petri dishes; as an

alternative, premade plates may be used.
Standard Curve:

Approach: Using 40-mL, carbon-free sampling vess¥lanL of the saline buffer was fortified
with acetate-carbon working solution (20 mg/L) a@hen inoculated with Tocfu/mL of V.
harveyistock inoculum. Solutions were mixed to distribcédls and 300 puL was then
immediately transferred into replicate wells in thigroplate. The microplate was covered with
adhesive film and put into the luminometer. Lumoage is measured immediately and then at
predetermined intervals until maximum growth durihg stationary-growth phase is reached
(Figure Al1). The regression line produced for @eetarbon concentration versus maximum
luminescence was used for converting environmesataple luminescence into acetate carbon
equivalents (Figure A2). Depending on the frequesfagadings, an average of the stationary
growth phase readings may be used for construofitime standard curve. As an alternative, the

Monod model may be applied to determine substrab@mum and growth rates.

b. A 2000-mg/L stock solution of acetate-carbon wapared by adding 113 mg of sodium
acetate (ACS grade; Mallinckrodt, Paris, KY) to 10D of Milli-Q water. The acetate carbon
stock was then sterile filtered into an autoclabetbsilicate bottle by using an Acrodisc syringe
filter 0.2- um HT Tuffryn membrane (PALL, East KilINY) and a 10-mL Luer-Lock-tip syringe
(BD, Franklin Lakes, NJ). This stock was storedap months at 4°C and used for preparing

standard curves and positive controls.

C. Standard curve test solutions were preparediing the requisite volume of acetate
stock to sterile saline buffer (1X M9 salts in 1000 laboratory grade water with 2% sodium

chloride, 0.1 mM CaGJ and 1.0 mM MgS@and adjusted to pH 7.2) at concentrations ranging



143
from 10 to 1000 pg acetate-C/L. Instead of thimeadbuffer, alternative solutions such as a
seawater or marine mix for aquarium applicationy bmused, although these sources may have

impurities that should be considered.
Sample analysis

a. Samples were collected in 40 mL vials and pagelifor 30 minutes once the
temperature of the proxy reached 70°C. After paistation, the cooled samples were analyzed as
soon as possible; in some cases, samples werd sto4€C for no longer than 1 week. Half of

the aliquot from the collection vessel was resei@&dmL) and inoculated with I@fu/mL V.
harveyifrom the refrigerated inoculum stock. Solutiongeveixed to distribute cells, and 300

KL was then immediately transferred into replicaédls in the microplate. Once all were
transferred, the microplate was covered with adleeiiim, and luminescence was measured
immediately and then at predetermined and progradrimervals (e.g., 4 hours) until maximum

growth during the stationary-growth phase is redche

b. Quality control: Because the method producesctelial growth curve, sample toxicity
is readily apparent from very low or decreasingiheacence over time in the inoculated
samples. For confirmation of bacterial activity pet of analyses, controls are to be analyzed in
the same manner described in the procedure seblegative controls should show little or no
luminescence increase over time. Positive contmtgaining 100 g acetate/L will have the

appropriate luminescence response.
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Figure A2 Luminescence during Vibrio harveyi growth phases measured on SpectraMax L

(Molecular Devices, LLC).
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