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1. Abstract

Duringthe third part of the AquaSPICEials at BASFthe IMPROVEIRontainerswere deployedat the
wastewatertreatment plant of BASFThe flowrate on averagewas 1300m®h with conductivityof 12-15
mS/cmand total organiccarbon(TOCYf 1540 ppm. Theeffluent comingfrom one of the five settlerswas
fed to the pilots whereit waspretreated usingultrafiltration and recoveredusingRevereOsmosigRO)and
ClosedCircuitReverseéDsmosi€CCRAnN this feasibilitytest the aimwasto reusethe waterto processwater
(<700 uS/cmand<5ppmTOChr better standardsAlso,acomparisorbetweenthe ROand CCR@asmade
to evaluateoperationalissuesadvantagesnddisadvantagesf the two technologiesThe CCR@nsidethe
IMPROVEDontainershasbeenconvertedin SITUandisnot anofficial DuPontinstallation.Thatbeingsaid,
apermissiorfrom DuPontwasaskedbeforethis mimic CCR@onfigurationwasdone.

Thetestsshowedthat the water quality producedby the ROandCCR®@assufficientto be reusedasprocess
water sincethe conductivityof the ROpermeatewas300-800 uS/cm.More importantly, the TOQoroduced
waslessthan 1ppmwhich suggestshat the water could evenbe fed to the deminplantto produceboiler

feed water. The current sourceof boiler feed water at BASFthas TOClevelsof 2-4 ppm TOC.n terms of

operationalstability, the WWT Peffluent wasvery challengingor the UFandit hadto be operatedat flux of

around 25 Lmh in order to achievea stable operation. The water was also very challengingfor the

conventionalROsincethe membranebecameirreversiblyfouled after only 20 daysand the fouling was
completelyirreversibleafter cleaningwith acids,baseschelatingagentsand non-ionic surfactants.Onthe

otherhandthe CCR@erformedmuchbetter andthe membraneperformedwell for 5weekswith the fouling

tendencyappearingto reacha plateau.Boththe ROandthe CCRQvere operatedat 17 Lmhflux and 66 %

recovery.

2. Introduction

Accesdo freshwater is crucialfor the chemicalindustry, asit is essentialfor variousprocessesincluding
water treatment at wastewatertreatment plants (WWTPs)However the consistentsupplyof freshwateris
increasinglyat risk due to the increasingscarcityand decliningquality of both ground and surfacewater
sourceswith risingsalinitylevelsbeinga significantconcern.The Biesbosclwater that is usedasthe main
water sourceof BASHs alsousedfor drinkingwater production and farmingirrigation, placingBASkn a
vulnerablepositionin draughtperiods Toaddresghesechallengesimplementingsustainableracticessuch
asrecyclingindustrialprocessvater andutilizingalternativewater sourceshecomesmperative.

Within the trials the possibilityto reusethe wastewatertreatment plant effluent wasstudied. Theaim was

to reusethe waterasprocessvater (<800uS/cmand<5ppmTOC)Forthis, the IMPROVEWatertreatment

containerizedpilots were used. Thesepilots were built within the IMPROVEIProject funded by Interreg

FlanderdNetherlandsThelMPROVEPilotsare housedin two 40ft seashippingcontainersandcontainnine

water treatment skidsthat canbe rearrangedin different configurations.Theycantreat up to two streams
at the sametime with nominalflow rate of 2501/h each.Theavailablewater treatment skidsare Reverse
OsmosigRO) Ultrafiltration (UF),lon ExchangdlEX)GranularActivatedCarbon(GAC)Electrodeionization
(EDI)Electrodialysisvith reversalpossibility(EDR)AdvancedOxidationProcessefAOP)MembraneAerated

Bioreactor(MABR)and coagulationandflocculationincludinga lamellasettler.

2.1 ProblemStatementof the BASFAntwerp Case

BASHoldsthe title of the world's leadingmanufacturerof basicchemicalslts facility in Antwerp ranksas
the secondlargestBASKsite and relieson Biesbosclsurfacewater for producingdemineralizedvater and
processwater.
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TheBASFAntwerp wastewatertreatment plant (WWTP)peratesa comprehensivesystemfor wastewater
treatment that includesphysicalchemical, mechanical,and biological treatment stages.The treatment
processonsistof the followingmain components:

1. Neutralization Wastewater with varying acidity levels is collected and mixed, where partial
neutralizationand bufferingoccur. Adjustmentsto pH levels(if outsidethe rangeof 7.0to 7.5)are
madeusingsodiumhydroxide,sodiumcarbonate,or sulfuricacid.

2. SandTrap Beforereachinghe aerationbasinsthe wastewaterpasseshroughsandtrap to remove
coarse settleablematerialswhichhelpspreventequipmentwearandreducessedimentbuild-up.

3. Aeration Basins These basins, organized as three elongated carousels,handle the biological
treatment. Wastewateris introducedinto the first basin,where anoxicpre-denitrification sections
reducenitrate levels.Thebasinshavezonesfor oxygendosing,where organicmaterialsare broken
down into CO2andbiomass.and nitrification, convertingammonianitrogento nitrate and nitrite. A
low-oxygenareafacilitatesdenitrification, convertingnitrates and nitrites to nitrogengas.

4. Settling Basins The mixture of sludgeand water is directed to settling basins,where sludgeis
separatedfrom the treated water, the latter is then dischargednto the ScheldtRiver.Most of the
sludgeisreturnedto the aerationbasins maintainingmicrobialactivity for effectivetreatment.

5. Ozonation Somesludgeistreatedwith ozonein adedicatedreactor,usingozonegeneratedon-site.
Thistreatment aimsto adaptthe settling propertiesof the sludgeandto reducethe sludgevolume
production

6. Thickenersaand DecantersAportion of the sludgeisdirectedto thickenersanddecanterdor further
water removal,after whichthe dewateredsludgeis incineratedexternallywith energyrecovery.

The WWTP operates under continuous monitoring to ensure compliance with discharge standards,
particularly for parameterslike BiologicalOxygenDemand(BOD),ChemicalOxygenDemand(COD)and
nitrogen compounds.Thetreatment plant is managedby the BASFEEnergy/WWT Bervice,which oversees
capacity and load assessmentsgnsuringthat the plant can handle variable wastewater inputs while
minimizingenvironmentalimpacts

With the AquaSPICRroject, the BASFAntwerp plant strivesto investigateand increaseknowledgeof cost
effectivetreatmentsfor water reuse,concerning

a) Thereuseof ROconcentratefrom the new demineralizedvater productionplant

b) The reuseof processcondensatestreamsand processstreamsfrom the steam crackerplant for direct
reuseor reuseafter treatment.

c) Reusdts wastewatertreatment plant effluent for productionof demineralizedor processwater (current
report)

2.2 Goal
Theschematiaepresentationof the technologietestedat the WWTPRof BASFAntwerpcanbe seenin Figure

L
1300 m3/h ~90% recovery ~66% recovery
12-15 mS/cm Process water or
15-40 ppm TOC
UF CCRO

better

»

~90% recovery ~66% recovery

Docks

A4

Figure 1 Schematic representation of the technologies tested at the WWTP of BASF Antwerpen
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3. Technologie®finterest¢ theoreticalbackground

Reverseosmosis

In RO,a pressuregradientleadsto separationthrough a semipermeablenembrane. TheROmembranes
typically do not have visible pores and are considereddense membranes.The suspendedsolids are
mechanicallyrejected by the membrane,while saltsand water are dissolvedinto the active layer and the
rejection is dictated by differencein diffusion coefficientsof the water and solutes.Other factors suchas
membraneandsolute chargealsohaveasignificantrole in the determinationof the rejection,but this isout
of the scopeof thisreport.

Salts,suspendedsolids,viruses,anddissolvedcomponentsare retainedin the concentrate while water and
some limited dissolvedcomponentsmove through the membranein the permeate. ROmembranesare
typically not cleanedby backwashindut are mostly cleanedin-place (CIP),or canbe flushedwith air to
removefoulingand preventcloggingof the feed spacer.

Closed circuit reverse osmosis (CCRO)

TheCCRQ@lternatesbetweentwo modesof operation:closedcircuitdesalinatiomandflush cyck. In closed
circuitmode, the ROrecirculatesall of the concentratestreamblendedwith raw feed and producesno brine
(Figure2). The pressureincreasessubsequentlyasthe concentationand the osmoticpressurein the loop
increasesOncea setpointis reached the systemtransitionsto plugflow, the concentratevalveopensand
the systemis flushed.Thecontinuouschanginghydraulicand osmoticpressureconditionsare unfavorable
for microorganismsand therebyreducingfouling. Thepurgingof the brine, beforecrystalscanform, avoids
scalingInaddition, the water recoveryof CCR@higherthan conventionalRQ therebydecreasinghe waste
stream Butthe permeatequality will fluctuate duringthe concentrationcycle requiringa permeatebuffer
tank [1] [2] [3] [4].

The CCRQvas implemented by modifying the conventionalROin the containersin accordancewith the
patent holder DuPontwho allowed the modificationexceptionallyfor UGent. Theconcentratestreamwas
directed to the feed of the pump instead of the buffer tank and the programmingwas adjusted to
accommodatehe cyclicnatureof CCROThewater isrecycledin the systemfor asetnumberof minutesand
then the systemisflushedwith the calculateddeadvolumeof the system Theratio of the volumesproduced
in the filtration and flush cycledictatesthe recoveryof the system.
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Standard Reverse Osmosis Membranes
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Figure 2 Schematic overview of the working principle of CCRO during closed circuitmode;  after each filtration cycle the
brine flush valve will open for certain amount of time [5]

Ultrafiltration

Ultrafiltration is a membranebasedseparationprocesswidely usedin variousindustries,includingwater

treatment, pharmaceuticalsandfood processingFundamentallyultrafiltration operateson the principleof

sizeexclusionwhereasemipermeablemembraneselectivelyallowssmallermoleculesandsolventsto pass
throughwhile retaininglargersolutessuchasproteins,colloids,andsuspendedsolids.Themembranesused
in ultrafiltration typicallyhavepore sizesangingfrom 1to 100nanometerswhich are engineeredo target
specificcontaminantsbasedon their molecularweight. The driving force for the separationprocessis
pressureappliedto facilitatethe movementof the feed solutionthroughthe membrane.

Theefficiencyof ultrafiltration is influencedby severaltheoreticalfactors,includingflux rate, rejectionrate,
andfoulingpropensity.Fluxrate refersto the volumeof liquid that canpassthrough the membraneper unit
areaandtime, andit is a criticalparameterfor assessinthe performanceof the system.Higherfluxesallow
for smallermembraneareato be utilized andtherefore lower capex,but canleadto problemswith fouling
which may require more frequent membranecleaning,shorter membranelifetime and more equipment
downtime. Rejectionrate, on the other hand, measureshe membrane'sability to retain specificsolutes,
ensuringthe quality of the permeate.Fouling,the accumulationof unwanted materialson the membrane
surface,posesa significantchallengeas it can reduce permeability and necessitateregular cleaningor
membranereplacement.

4. Materialsand Methods

Reverseosmosis
In Figure3 the schemeof the ROsetup is shown.TheusedROmembranewasa DupontFilmTedBW3WPRO
4040 with an activemembraneareaof and 7.9 m2. Thepressurehousingwasa Codeline40E100ThepH of
the feed water, flowrate of permeateand recycle pressureof feed and concentrate conductivity of feed,
concentrateand permeateaswell asfeedtemperaturewere continuouslymeasuredonlinewith 10-secona
samplingntervals.

Ageneraloverviewof the ROlayoutis providedin Figure3.
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Feed supply
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Feed buffer ——P©_
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Filtrate buffer Concentrate

recirculation |

Concentrate out

Figure 3 Schematic overview of the conventional RO module . The lines in gray are used only during cleaning in place
or injection of air.
TheROwasmodifiedto CCR®y reroutingthe concentraterecirculationto the suctionof the highROpump

andby installinga brine dischargevalvebeforethe backpressureegulatorthat islocatedat the concentrate
outlet of the pressurevessel.

Ultrafiltration

Theultrafiltration is a processwhere suspendedsolidsare filtered over amembranewith smallpores.This
procesdscommonlyusedasa pretreatmentprocesdor reverseosmosisThemembranesisedin UFcanbe
backwashegberiodicallyandareresistantto low levelsof free chlorineallowingcleaningin placewith bleach.

v v

- -Drair -=Drain

v v

Permeate
/
# Backwash tank

Feed tank

|
|
lecce e

Figure 4 Simplified schematics of the UF skid

TheUFin the IMPROVEDPontainerss basedon two identicalhollow fiber modulesfrom INGEnodel Dizzer
P 40406.0 operated in parallel. Thenominalmembranepore sizeis 20 nm. One of the modulescan be

9
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isolatedfrom the systemby closingdown manualvalvesin casethe required permeate flowrate canbe

achievedwith one module at higher flux. The systemautomaticallyalternatesbetween filtration, drain,

backwashand forward flush modes.In filtration the permeatetankis filled first before outputting water to

the nexttechnology.Duringdrain cyclethe modulesare drainedof water and the filtered suspendedsolids.
During backwashthe water is rapidly pushedin the opposite direction and the filtered cakematerial is
dislodgedfrom the membranesurface.Finally,the feed spaceof the modulesis flushedbefore goingback
into filtration mode. Thepermeatetank wasnot dosedwith chemicals; no chemicaly enhancedbackwash,
only normalbackwastwasused.

5. Resultsand Discussion

Ultrafiltration (UF)
TheUFwasoperatedthroughoutthe wholetestingperiod from 10" Julyuntil 7" of October2024- Figure5:
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Figure 5 Temperature, Conductivity and normalized permeability of the UF in the testing period

The temperature normalizedpermeability of the UFis an indicator of the membranefouling ¢ a higher
permeability meansthat the water needs less pressureto achievethe same water flux through the
membrane.Theultrafiltration canbe operatedwith one or two modulesin parallel. When one moduleis
operated, the flux needsto be higherin order to produce enoughwater for the ROstep, therefore asa
generalguidelineone modulewasoperatedat 42 Lmh,while 2 moduleswere operatedat 25 Lmh.Initially
the systemwasstarted with 1 module duringthe startup which waslater switchedto 2 moduleoperation
for a short period of time and then backto 1 moduleoperation. Therecoveryof the UFwasaround90%,
howeverif this installationisto be built in realworld, the UFconcentratewould be returnedto the settlers

One very interestingperiod is the blue (singlemembrane)period before the first chemicalcleaning.The
membrane permeability initially started to decrease,followed by a gradualincreaseand a very sharp
increase.Thenthe membraneperformancestartedto decline,necessitatinghe needfor chemicalcleaning.
Beforethe cleaningwas done, the secondmembranemodule was opened so that the UFcould operate
trouble free for the ROuntil cleaningwasdone (in red). It is noteworthy that the permeabilitywith two
membraneqonebeingsupposedlyfouled)wasin this momentalmostthe highestin the testingperiod. This
suggestghat the foulingon the membraneis not permanent,andisin fact more of an issueof critical flux.
Criticalfluxin ultrafiltration isthe thresholdflux valuebelowwhichthereisminimalor no irreversiblefouling
andastablemembraneperformancecanbe maintained,while operatingabovethis valueleadsto rapid and
severemembranefouling requiringfrequent cleaninginterventions. It representsthe optimal operational
point balancingoroductivitywith sustainabldongterm membraneperformance Theprocesscanbe further

10
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augmentedon full scaleby alsoapplyingchemicallyenhancedackwashingCEByvherechemicalsare dosed
in the backwashindank. Duringthe tests, the systemwasset to operate at 70%of the determinedcritical
flux, but if CEBs alsoapplied,possiblythe systemcanbe operatedat up to 100%0f the critical flux.

Afterthe first chemicakleaningwith NaOHand sodiumhypochlorite the systemwasplacedin singlemodule
operation. Thepermeabilitywasveryhighafter the cleaningsuggestinghat the cleaningwaseffective,but
after afew hours,the permeabilityvaluereducedsharplyoncemore. Thesystemwassincethen placedinto
2 moduleoperationwhichimprovedthe permeabilityimmediately. Thisconfirmsthe theory aboutthe critical
flux of the UF.Thereversibilityof the membranepermeabilityasa function of flux suggestghat the fouling
is not causedby biofouling, which is logical as most of the easilybiodegradablecomponentswould be
removedby the WWTP.

For a short period of time the backwashingf the UFwas done with ROconcentrate. There are several
advantage®f usingsuchschemeg the higherosmoticpressureof the ROconcentratecanshockanybiology
that growson the UF(30-40mS/cmROconcentratevs 10-15mS/cmfeed water), the recoveryof the UFcan
be increasedsinceno permeatewill be usedin the backwashinglongerbackwashinganbe done possibly
improvingthe effect and others. Unfortunately,no clearimprovementwasseenin the UFpermeabilityand
alot of negativeeffectswere seenat the RO,sothe useof ROconcentratein the UFbackwashingvasquickly
stopped.

It shouldbe noted that decreasindhe fluxto 25Lmhby openingthe secondmodulehelpedthe performance
of the systema lot, but it seemedthat in someperiods(e.g. around 1% Sep)the performanceof the UF
seemedio haveworsenedoncemore, suggestinghat the water qualityhasavariablenature. Unfortunately,
no turbidity wasmeasuredthroughout the teststo supportthis observation.It shouldbe noted that more
than 50 production plants contribute to the influent of the WWTPand disturbancesof any of them like
shutdownsand startupscanleadto challengesn the operationof the WWTPand hencethe effluent quality
canbe variablein its nature. It isthereforeimperativeto do longertestingperiodsin order to haverealistic
tests

Towardsthe end of Septemberthe water quality seemedto haveworsenedoncemore. A cleaningin place
with NaOHand sodiumhypochlorite,followed by citric acidwasdonein order to seeif iron-basedfoulingis
causingissueswith the UF,but this seemedto have no extra effect than the normal NaOHand sodium
hypochlorite cleaning. Towardsthe end of Septemberthe permeability could be restored shortly with
intensivebackwasheglongerbackwashcycles) but the effect lastedno more than a few hours.In areat
world installation, the systemcould benefit form an online turbidity sensorthat is usedfor control of the
durationof the backwashandfiltration cyclesaswell asflux dependingon the feedwater quality.

Thepressureof the UFcanbe seenin Figure6:

11
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Figure 6 Pressure duringthe operation of the UF

Thepressuresvere reachingvaluesof 1 bar when operatedwith a singlemodule and rarely exceeded0.6
bar when operated in dual module mode. The pressureincreasesduring the exploration period were
inverselycorrelatedwith the decreases normalizedpermeability(Figure5), therebyalsoindicatingfouling.

Theexactflux valuesduringthe operation of the UFcanbe seenin Figure7:
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Figure 7 Flux settings of the ultrafiltraion

Asageneralrule of thumb onemodulewasoperatedat 42 Lmhandtwo moduleswere operatedat 25 Lmh,
but the exactvalueswere somewhatdifferent in the first weeksof operation. Towardsthe last week of
operationan algorithmwasimplementedthat automaticallywould evaluatethe critical flux of the UFand
setthe systemflux lower than the critical flux value. Thisis the reasonwhy the flux had severalvaluesafter
the NaOHand NaOCfollowed by HCland Citricacid cleaning.

At timesin the feed of the pilots, plasticfill from columnsof certainplantsat the BASISite andlargepieces
of sludgefrom the WWT Rwere observed affectingthe influent water quality of the WWTP Combinedwith
the suspectedvariablewater quality, a robust pretreatmentis recommendedf the systemisto be built at
BASFSomeoptionsare coarsestrainersor screeng1-5 mm) followed by seltcleaningfine screeng100-500
microns)to removelarger particles,debris, and suspendedsolids Additional pre-treatment might include
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mediafiltration of sand/anthracite.Chemicapre-treatment with coagulationmay alsobe considered but
thiswouldincreasethe operationalcostand carbonfootprint of the UF.

Overallthe UFprocessvasrather stableanddid not need manycleaningn placeevents.

Feedwater quality

In orderto give a good comparisonof the feed water quality duringthe ROand the CCRQests, the mean,
medianand other statisticalvaluesare givenTablel. It shouldbe noted that thesewere done duringtwo
separateperiodsandthereforethe feed water quality wasdifferent.

Table 1 Feed water quality for the RO and CCRO experimental periods

Parameter Period Mean Median Standard Minimum Maximum Sample
Deviation Size
Chloride, ppm RO 2979.46  2919.00 224.26 2672.80 3389.00 14
Chloride, ppm CCRO 3481.20 3429.75 379.07 2546.50 4377.00 24
Fluoride, ppm RO 9.29 9.17 0.82 8.10 11.25 14
Fluoride, ppm CCRO 9.11 8.80 2.03 5.39 1555 24
Phosphate, ppm RO 8.64 10.00 2.72 0.00 10.00 14
Phosphate, ppm CCRO 4.94 4.60 4.45 0.10 20.23 24
Conductivity,
pS/cm RO 11765.00 11905.00 690.17 10810.00 13210.00 14
Conductivity,
uS/cm CCRO  12496.25 12310.00 897.03 11020.00 14480.00 24
Nitrate, ppm RO 8.72 2.31 13.25 0.10 47.74 14
Nitrate, ppm CCRO 8.10 2.67 13.25 0.10 61.75 24
Nitrite, ppm RO 0.32 0.10 0.48 0.10 1.69 14
Nitrite, ppm CCRO 4.23 0.10 11.97 0.10 43.60 24
Sufate, ppm RO 1136.63 1138.50 183.81 918.00 1610.00 14
Sufate, ppm CCRO 1059.54 1035.60 157.43 730.98 1433.50 24
TOC, ppm RO 26.97 27.86 9.41 2.73 42.02 14
TOC, ppm CCRO 27.15 28.41 7.75 13.80 40.77 24
Aluminum, ppm RO 0.09 0.09 0.01 0.06 0.12 14
Aluminum, ppm CCRO 0.07 0.07 0.02 0.04 0.11 24
Barium, ppm RO 0.03 0.03 0.01 0.02 0.04 14
Barium, ppm CCRO 0.02 0.02 0.00 0.02 0.03 24
Calcium, ppm RO 55.43 55.08 3.09 49.50 60.18 14
Calcium, ppm CCRO 62.52 61.29 5.46 53.82 75.00 24
Iron, ppm RO 0.11 0.12 0.04 0.03 0.15 14
Iron, ppm CCRO 0.07 0.07 0.03 0.01 0.14 24
Potassium, ppm RO 53.81 53.17 3.82 47.30 62.63 14
Potassium, ppm CCRO 50.26 48.43 5.86 41.00 61.00 24
Magnesium, ppm RO 89.17 87.35 10.80 76.17 108.13 14
Magnesium, ppm  CCRO 112.36 112.25 7.64 96.76 130.00 24
Manganese, ppm RO 0.03 0.03 0.01 0.02 0.05 14
Manganese, ppm  CCRO 0.03 0.03 0.01 0.01 0.05 24
Sodium, ppm RO 289048 2921.50 177.82 2612.61 3190.41 14
Sodium, ppm CCRO 3059.36  3078.50 217.65 2649.73 3596.00 24
Silica, ppm RO 1.64 1.91 0.59 0.57 241 14
Silica, ppm CCRO 2.17 2.07 0.58 1.20 4.00 24
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Reversenosmosis(RO)

Thesystemwasoperatedin conventionakeverseosmosianodebetweenJuly 10and August 13. TheROwas
operatedwithout a cartridgefilter sinceit wasplacedafter the ultrafiltration. Thefluxandthe recoverywere
alwayskept at 17 Lmh and 66 %, respectively.Thetemperature and conductivity normalizedmembrane
permeabilityfor that period, whichis anindicationof the membranefouling canbe seenin Figures:

Normalized MTC over Time
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Figure 8 Normalized membrane mass transfer coefficient (MTC for the RO)

Thesystemwasoperatedwith COSUNCarboxyline25-30UPat 5ppmdosageuntil July3d". Themembrane
MTCstartedto decreaseapidlyin the first weekof operation. Aninitial rapid declineis somewhatexpected
in the first daysto a certaindegreeasthe membranewill inevitablybe fouled and the activelayer of the
membranewill becomecompressedHowever the magnitudeof this declineis muchlargerthan usual.July
14, the systembecamestuckin forward flush mode over the weekend.In this modethe feed water is just
pumpedthroughthe feed channel flushingit. Interestinglythe membranepermeabilitywasnicelyrestored
after the systemwasplacedbackin operation.

To counteractthe rapid declineof permeabilitya cleaningin placewith NaOHat pH 12, followed the next
dayby citric acidand HClcleaningat pH2 wasdone, but the effect of those cleaningsvasvery short (afew
hours).Therapid declineof the membranecontinuedand another cleaningwasdonewith NaOH followed
by HClonthe nextday. Thishadaminor effectonthe membranepermeability but ultimately the membrane
MT Ccontinuedto declineuntil eventuallythe pressureexceeded40bar (Figurel4) andthe membranewas
replaced.A sampleof the membranewas taken and examined;results can be found in the membrane
autopsysection.Overall,the resultsshoweda visuallycleanmembranewith no obvioussignsof scalingor
fouling.

OnJuly30" anew BW30PRG4040 membranewasplacedandthe antiscalanwasreplacedwith Genesy4.F
againdosedat 5 ppm in the feed. The performanceof the membraneexperiencedsimilardecliningtrend.

Herea cleaningof Genesb34 wasattempted at 3 %odosageand pH 12. The GenesoB4 specialROcleaner
containsiminodisuccini@cid (a chelatingagent) and non-ionic surfactant. Giventhat the cleaneris usedat

highpHit offersawide cleaningactionfor organicfouling,inorganicfouling, iron removalviachelationand
removal of hydrophobicfoulants viathe surfactant. However,this cleaneralsodid not have a lastingor

significant effect. Towardsthe end of the experiment another cleaningwas done, but it was again
unsuccessful.
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Therewasno significantfeed channelpressuredrop increasethroughoutthe tests, indicatingno particulate
foulingor biologicalfoulinginsidethe feed spacer(Figure9). Thelackof feed channelpressuredrop increase
alsoconfirmsthat no cartridgefilter wasneededfor the RO althoughthe systemrecirculatesover 90 % of
the concentrateto the feedtank sothere is a riskthat biologicalformation or scalecanpotentially form in
the feedtank, blockingthe membrane.
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Figure 9 Feed channel pressure drop during the RO tests

Thepermeateconductlwtyln ROmodevariedbetween250and 500 uS/cm- Flgu rel0
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Figure 10 Permeate conductivity in RO mode

Thenormalizedsalt passagewas rather stable at around 0.7-0.8 %, which is normal for this membrane.
Increasechormalizedsalt passagenayspeakof membranedamagebut thisisnot observedchere- Figurell.
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Figure 11 Normalized salt passage in RO mode

Overall,the performanceof the conventionalROon this streamwasvery troublesomeand the membranes
experiencedseriousfouling after only 2 weeksof operation. The suspectedfouling that is accumulatingon
the membraneis expectedto be of organichature with low biodegradabilityto passthe WWTPof BASF,
smallerthan 20 nm to passthe UFand resistantto acidsand basesin the 2-12 pH range. Thetemporary
minor effect of recoveryof the membranepermeability after the systemwas stuckin forward flush mode
suggestdhat the foulingis slowlysolublein water.

Why is RO normalization necessary

ThenormalizedMT Cis a representationof the membranepermeability (flux over appliedpressure) where
the temperatureeffectsare takeninto accountandthe pressureis the hydraulicpressurecorrectedfor the
osmoticpressureof the water. In thisway a cleartrend of the membranefouling evolutioncanbe observed
much faster comparedto just looking at the raw pressurevalue. In reverse osmosisthe temperature
improvesthe permeabilityby ~3 %with eachdegree, meaningthat evensmalltemperaturevariationshave
a hugeeffect on the membranepermeability Similarly,the effluent of the WWTPhasa high conductivity
(Figurel3) andthe osmoticpressureof the feed water variesbetween 14 and 18 bar (Figurel14). Thiscan
leadto verylargedaily swingsin the pressure makingthe true trendsof the membranefouling (Figurel5).
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Temperature over Time
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Figure 12 Temperature variations during the RO period

Theconductivityof feed aswell asfeed and concentrateconductivityof the membranecanbe seenin Figure
13. It shouldbe notedthat the feed conductivityisthe raw conductivityof the incomingWWTReffluent. The
reasonwhy the membranefeed conductivityis much higherstemsfrom the recirculatingnature of the RO.
Sincea singleelementrecoveryis typically around 15%,in order to reachhigherrecoveriesand still have
sufficient flowrate in the feed channelof the ROmembrane,a recirculationis done. This simulatesthe
conditionsin the last elementsof the last stageof a conventionalreverseosmosisinstallation, that are
typicallythe most challengingdueto the higherconcertration of scalingelementsand foulants.

Conductivity over Time

50000 :
Mem Conc Cond
Mem Feed Cond
Feed Cond
. @eso! 34
(Genesol34)
: . = . i
soogo|  (66% Recovery 17 LH) Gitrc ciP) New antiscalant]
Stuck in FF i P Genesol 34
g : of 120 o
35000 4
) 2
s [ l
z 4
£ 30000 i 1 2 & |
g
25000 7 d
L !
[ B
20000 § :
8 h
i ;
150001
10000 P 2 - X . =
.0\"' 9«7‘ 6\{" 9\7» 3 & '@9 & &
g & s & & & & & &
Figure 13 Conductivity on the feed and concentrate sides of the RO membrane aswell as thefeed conductivity .
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Figure 15 Average feed side pressure of the reverse osmosis

Onethingthat isnot takeninto consideratiorby the ROnormalizationisthe concentrationpolarization.The
concentrationpolarizationhappensasthe ionsare rejected on the membranesurfacecreatinga localized
concentrationgradient. The ions needto migrate back into the bulk of the channeland ultimately the

concentrationon the membraneis alwayssomewhathigherthan the bulk. Tofacilitatethe migrationof ions
backinto the bulkof the channelsacertainfluid velocityisneededinsidethe channelsTypicallythe DuPont
Wave ROsystemdesignprogramrecommendsa minimum concentrateflowrate of 1.66 mh, while the

pump of the pilot canonly achievel m®h. Therefore,the concentrationpolarizationis somewhatmore

pronouncedin the pilot. Initially whenthe membraneMTCwasplotted averylow valuewasobtainedFigure
16:
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18 Normalized MTC over Time
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Figure 16 Membrane MTC for the RO membrane without the concentration polarization taken into account

The influence of concentrationpolarizationis often neglectedin ROnormalization,howeverwhen the
osmoticpressureisin the orderof 15bar asit isin this case a 30 %o concentrationpolarizationwould mean
5barextrapressurasneededfor the waterto achievethe sameflux solelydueto concentrationpolarization
Typicallyanew BW3MPRO040membranehasa permeabilityof around1.3m/s.Pa.Therefore,in order to
achievemeaningfulvaluesfor the MTCin Figure8 the osmoticpressurein the feed and concentrateside of
the membranewasmultiplied by a factor of 1.3,assuming30% concentrationpolarization.

ClosedCircuitReverseosmosis(CCRO)

TheCCR@asstartedon 13" of Augustandwasoperateduntil the 7" of October. TheGenesy4 Fantiscalant
wasusedwith 5ppmdosagen the feed (7" of Octoberuntil 22" of September)and no cartridgefilter was
used.Hereit isimportant to underlineagainthat the CCRQusedin the study was not an official system
offered by DuPontUGentwasgivenanexplicitpermissionto modifyits skidinto CCR®y DuPontwithin the
AquaSPICtHals, but the systemcanhavesubtlechangeghat maynot performin the samewayasan official
CCRQystem.
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Figure 17 Membrane MTC of the CCRO

Theexperimentsvere performedagainat 66%recoveryand 17 Lmhflux (Figurel?). After 3daysof operation
it wasnoticedthat in CCR@nodethe concentrateflowrate wasevenlower than the ROat 0.9m*h dueto
different programming.To resolvethis the pump flowrate wasincreasedo 1m’h concentrateflowrate. In
orderto test the influenceof concentrateflowrate of the system the concentratewasthen decreasedo 0.8
m3h in the period 27/08 until 2/09. While the MTC expectedlydecreasedin value (due to the higher
concentrationpolarization),the rate of MTCdeclinewasnot significantlydifferent. After the systemwas
placedbackin 1 m%h concentrateflowrate, a cleaningin placewith NaOHat pH 12 was simultaneously
performed,followed by HClcleaningat pH2 on the nextday. Similarlyto the ROthesecleaningsn placehad
no lastingeffectonthe membraneMTC. After this two more experimentalClPsweredonewith ethanol(10-
15%)aswell asa deminwash. Thereasoningwasthat the ethanol might desorbthe hypotheticalfoulant
from the membranesurfaceand the demin washwasdoneto try to redissolvethe fouling. None of these
treatmentsworked successfully

From Sep12 until Sep16 the UFwas backwashedwith ROconcentrate. This,however, poseda serious
problemfor the UFand,asaresult,alsoaffectedthe CCROgadingto a sharpincreasen the conductivityof

the CCR@ermeate(Figurel8). Moreover,it seemedto alsohavea negativeinfluenceon the MTCaswell.

Onepossibleexplanationfor this negativeeffect on the MTCand membraneconductivityis that biofouling
andor scalingnaybeforminginsidethe UFbackwashank.Whenthe UFisbackwashedhesewill befiltered

on the permeatesideof the UFand will eventuallyend up in the CQROfeed oncethe UFis placedbackin

filtration.
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Figure 18 Permeate conductivity in CCRO mode

TheCCR®@ermeateconductivitywasaround400 uS/cmwhenthe concentrateflowrate was1 m*h, which
is similarto the conductivityin ROmode.Oncethe backwashwith ROconcentratewasstartedat the UF,the
ROpermeateincreasedtremendouslyin valug evenreachingthe maximumvalue of the sensorat 1000
puS/cm,thereforethe movingaveragevalueisnot accuratein this region.

At this point suspicionghat the membranewasdamagedarose.The membranewascleanedin placewith
NaOH jmmediatelyfollowed by HClcleaningwhichinitially increasedhe conductivityof the permeate,but
later causedt to return to valuesof around450uS/cm.Unfortunately,dueto operatorerror the membrane
wasoverpressurizedo over60bar (25" September)whichcausedt to becomedamagel (largeconductivity
spikejust beforethe & b SYBS Yrharker)andit wasreplacedon Sep25". Thenew membranehad similar
valuesto the old valuesof 400 uS/cmbefore the over pressurizationprovingthat the previousmembrane
was not damagedbefore the over pressurizationand that the bad quality wasdue to the UFbackwashing
with ROconcentrate

It is best not to comparethe raw conductivityasit dependson the temperature and feed conductivity.
Instead it isbetterto comparethe normalizedsaltpassagdFigurel9). Thevaluesof normalizedsaltpassage
are about 10-20 % higherthan the RO(Figurel1), which could be due to incompleteflushingof the CQRO
duringthe brine flush cycleleadingto higherconductivityon the feed sideof the membrane Also,in CCRO
mode immediatelyafter the flushingthe conductivityis very high becauseof the lower flux valuesin this
mode.
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Figure 19 Normalized salt passage in CCRO mode

Laboratoryanalysisof the water producedwith ROand CCRO

Theproducedwater wassampled3x per week and wasthen analyzedin the lab of BASF Table2. Please
note:

Table2 Qualityof the treated water usingROandCCROTomakeabetter comparisorof the quality produced
by the two technologiesboth are givenone belowthe other. Butthe reader iswarnedthat the feed quality
may havebeendifferent in the two periodsof operation(ROand CCRP Alsoin the beginningof the tests,
some measurementlimits were higher during the ROperiod. To make a fair comparson, the reader is
encouragedo look at the figuresin Appendk 2.

Parameter Period | Mean | Median | Standard| Min Max # Samples
Deviation

Chloride ppm RO 80.692  78.100 14.794 58.800 117.000 13
Chloride ppm CCRO  128.396 111.6 55.250 81.100 346.000 24
Fluoride ppm RO 0.100 0.100 0.000  0.100 0.100 13
Fluoride ppm CCRO 0.170 0.100 0.175 0.100 0.950 24
Phosphate ppm RO 6.154  10.000 4,865 0.000 10.000 13
Phosphate ppm CCRO 0.114 0.100 0.080 0.000 0.440 24
Conductivity uyS/cm RO 287.231 274.0 46.161 218.000 397.000 13
Conductivity uS/cm CCRO  471.083 399.0 224.456 276.000 1376.000 24
Nitrate, ppm RO 1.014 0.1 1.585 0.100 5.220 13
Nitrate, ppm CCRO 1.253 0.465 1.765 0.100 8.010 24
Nitrite, ppm RO 0.118 0.100 0.061  0.100 0.330 13
Nitrite, ppm CCRO 0.182 0.100 0.182  0.100 0.760 24
Sulfate ppm RO 0.866 0.850 0.351  0.290 1.740 13
Sulfate ppm CCRO 9.716 3.020 16.152 0.510 79.000 24
TOCppm RO 1.557 2.000 0.705 0.295 2.000 14
TOCppm CCRO 0.626 0.582 0.387  0.249 2.310 24
Aluminum ppm RO 0.017 0.010 0.023  0.010 0.098 13
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Aluminum ppm CCRO 0.010 0.010 0.000 0.010 0.012 24
Barium ppm RO 0.010 0.010 0.000 0.010 0.010 13
Barium ppm CCRO 0.010 0.010 0.000 0.010 0.010 24
Calcium ppm RO 0.046 0.033 0.033 0.010 0.149 13
Calciumppm CCRO 0.559 0.177 0.919 0.040 4.300 24
Iron, ppm RO 0.010 0.010 0.000 0.010 0.010 13
Iron, ppm CCRO 0.010 0.010 0.000 0.010 0.010 24
Potassium ppm RO 1.425 1.381 0.387 0.881 2.500 13
Potassiumppm CCRO 2.114 1.815 0.732 1.500 4.700 24
Magnesium ppm RO 0.047 0.045 0.015 0.028 0.080 13
Magnesium ppm CCRO 0.994 0.261 1.706  0.072 8.000 24
Manganese ppm RO 0.010 0.010 0.000 0.010 0.010 13
Manganeseppm CCRO 0.010 0.010 0.000 0.010 0.010 24
Sodium ppm RO 58.405 58.440 9.836 46.465 86.000 13
Sodium ppm CCRO 97.288 83.763  48.603 58.000 297.000 24
Silica ppm RO 0.012 0.010 0.005 0.010 0.030 13
Silica ppm CCRO 0.115 0.010 0.394 0.010 2.000 24
Strontium ppm RO 0.010 0.010 0.000 0.010 0.010 13
Strontium ppm CCRO 0.013 0.010 0.008 0.010 0.048 24

A figure of the time seriesfor eachcomponentis givenin Appendix2. While a table summaryis a more
compactway to representthe data, often it givesa simplified picture of the real situation. Therefore,the
readerisencouragedo browsethroughthe time seriesfiguresin the Appendix.Somethingsto note arethat
the TOdsmuchlargerinthe ROperiod,dueto anunnecessargilution in afew of the initial samples]eading
to high low detection limit of 2ppm. Thiswas later addressedand the later detection limit for TOCwas
0.2ppm.Similarthingscanbe seenfor the phosphate.

Anothernoteworthy detail is that the quality of the CCR@n the table view is significantlyworsecompared
to the RO.Thiscanbe explainedby the worsenedqguality of the CQROwhenthe UFwasbackwashedvith

CCRQoncentrate(see previoussectionfor details) and the one samplewith the membranewhich was
damagedby very high pressuresA better wayto comparethe two technologiesis to plot the rejection -

Figure20 andFigure21.

Theelementswith higheraveragerejectionsaredisplayedn Figure20 andthe elementswith lower average
rejectionaredisplayedn Figure21l. In casethe feed or the ROpermeatemeasuredvalueisbelowdetection
limit, the rejectionis depictedwith atriangularmarker.Fromthis comparisonit canbe seenthat while the

CCR®asmarginallyiower product quality, the two technologieproduceverysimilarwater.
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The TOC and conductivty rejection during the trials is listed below in Figure 22
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Figure 22 Rejection of conduc tivity and TOC du ring the trials for RO and CCRO

It isinterestingto note that the TOQejectionfor CCR@sin fact higherthanit is for RObut the first 2 weeks
of operation were done with a high limit of detection (hence the triangular markerg. Also, the TOC
compositioncannotbe guaranteedo bethe samein the two testingperiodsof ROand CCR®@hich canalso
affectthe rejection.
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6. Membraneautopsy

Membrane autopsy of themembrane operated in RO mode on 01/08

Figure 23 Membrane autopsy on 01/08. Operation in RO mode

Overall, this membrane looks to be in pristine state, which is surprisinggiven the severereduction in

permeabilityand the increasedoperationalpressure.Thethin fouling layerwasvery easyto rub off with a
fingerrevealinga shinypolymerlayer. While organicfouling canindeed lower the MTG we would expecta
much thicker fouling layer basedon the MTCreduction during the trials. In terms of scalingthe expected
scalantseforeand after anaddition of Genesyd Santiscalantcanbe seenin Figure24:
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Figure 24 Scaling prediction from the Membrane Master 5 software

The main scalantsexpectedin the simulation are CaC@ BaSQ Cd, and Fe. Theyshould all be nicely
controlled by the antiscalant,however in our experiencesome elements such as Fe can scaleon the

membraneregardles®f the scalingpredictionor precipitatewith organicsin orderto further investigatean

ICROE&nalysisvasdoneon amembraneafter microwavedigestion.In orderto differentiate betweenacid

solubleCain CaC@andthe acidinsolubleCak andCaSQ a second CROE Sanalysisvasdone after soaking
the membranefirst for over1hin 1M HClacid. Theresultscanbe seenin Error! Referencesourcenot found.

and Error! Referencesourcenot found.

Al Si Ca Na Mg K Ba Sr Fe Mn n
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Figure 25 Relative concentrations inthe ICP -OES analysis after microwave digestion . Numbers are not given as they are
meaningless in a relative concentration context.

Al Si Ca Na Mg K Ba Sr Fe Mn Zn
Figure 26 Relative concentrations in the ICP - OES analysis after soaking the membrane for over 1h in HCI followed by

microwave digestion . Numbers are not given as they are meaningless in a relative concentration context.

It should be noted that Nais not a scalingelement, so this is in fact backgroundcontamination.In the
membranethat wasonly digestedwe seeSi,Ca,Mg and Fescalingwhile in the HClsoakedmembranewe
seeonly Ca,Mg and Fe.Basedon this we canconcludethat the Siin Error! Referencesourcenot found. is
colloidalsilicathat endedup on the membrane sinceSicannotbe dissolvedin HCl.Mg is alsosurprisingto
seeasit is not predictedasa scalingrisk in the MembraneMaster 5 software. Moreover, in both analyses
the Naisthe predominantelement,eventhoughA Ujudté backgroundelementandtherefore there are no
signsof significantscaling.

Opticalmicroscopywasalsoperformedon someof the foulingfound on the membrane.Overall,no visible
scalingcanbe observedrigure27.
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Suspicionghat largemoleculeorganicfouling may be settling on the membranesurfacedue to chemical
affinity with the membranematerial arouse.Componentghat are under suspicionare: Polyvinylalcohol
(PVA)Carboxymethytellulosg( CMC)Polyethyleneaglycolf PEG)Polyacrylate§in superabsorbingolymers

or flocculationetc).

Abattery of testswere performedon severamembranesand canbe summarizedn table Table3:

Table 3 Tests performed on membrane autopsies and their outcomes

Datemembraneharvested Testtype Conclusion

16/08 BASF GCMS (Gas| No specificorganic components
ChromatographyMass found onthe membrane
Spectrometry)

16/08 BASF FTIR (Fourier Transform| Biologicahature of the fouling
Infrared Spectroscopy)

16/08 BASF XRF scan (Xray| Fe, Ca, CI, S, P, Zn elements
Fluorescenc&pectroscopy) detectedon the membrane

01/10 UGent LCMS (Liquid| No specificorganic components
ChromatographyMass foundonthe membrane
Spectrometry)

01/10 UGent HPLEMVS High | No specificorganic components
Performance Liquid| found onthe membrane
ChromatographyT andemMS)

01/10 UGent py-GCMS (PyrolysisGas| No specificorganic components
ChromatographyMass found on the membrane
Spectrometry

01/10 UGent SEMEDS (Scanning Somesilicafouling as well as a

ElectronMicroscopywith Energy|
DispersiveX-ray Spectroscopy)

sulfurcontainingnodes
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Sinceno specificcomponentswere found on the membrane,it wasconcludedthat the foulingwaslikely of
natural organicmatter and someminor scaling However the possibilitystill existsthat the foulingisfrom a
specificfoulant for examplethe superabsorbenpolymers but was not ableto be identified with the testing
methods.

Permeability tests using thedled membrane athe UGent laboratory

Someof the membranesharvestedduringthe autopsywere tested in the lab in terms of permeability. The
originalideaof thiswasto test if ethanolcouldbe usedto extracta potential foulant of organicnature.The
summaryof the testscanbefoundin Table4:

Table 4 Permeability tests in the lab using membranes harvested from the autopsies

Harvested Conditions Storage Coupon LMH/bar Salt rejection, %
16-Aug 20 bar.lg/INaCl In NaHSO3 in fridg: Fouled 3.3 98.8
16-Aug 20 bar, 1g/I NaCl In NaHSO3 in fridgr Washed 3.4 98.5
16-Aug 20 bar, 1g/I NaCl In NaHSO3 in fridg: 15% Ethanol 3.5 98.9
16-Aug 20 bar, 1g/l NaCl In NaHSO3 in fridg: 30% Ethanol 4.0 99.1
16-Aug 20bar, 1g/INaCl Dry in packaging New membrane 3.8 98.4

1-Oct 20 bar, 1g/l NaCl Dry in fridge Fouled 3.3 98.9

Analysiofthe membranepermeabilitytestsrevealednterestingdiscrepanciebetweenpilot andlaboratory
conditions.Membranesharvestedon Augustl6werepreservedn sodiumbisulfite solutionandrefrigerated,
while the October 1%t membranesamplewas stored in a refrigeratedplasticbag. Remarkablylaboratory
testingshowedthesefouledmembranegetained80%of their originalpermeability- exhibiting3.3LMH/bar
comparedto 3.8 LMH/barfor newmembranes

Simplemechanicalcleaningby gentle rubbingwith deionizedwater produceda modestimprovementin
permeabilityto 3.4LMH/bar.More notably,in-situ ethanolcleaningrials, conductedby circulatingl5%and
30%ethanolsolutionsthroughthe membranesetup,showedpromisingresults. The30%ethanoltreatment
not only enhancedpermeabilitybut alsoimprovedsalt rejection performance,suggestingotential for this
cleaningmethodologyin future applications.

The stark contrast between laboratory and pilot-scaleperformancewarranted investigation.The leading
hypothesissuggestghat while the fouling layer may not significantlyimpact cleanwater permeability, it
createsastagnantoundarylayerthat intensifiesconcentrationpolarizationeffects.Thistheoryissupported
by two key operationaldifferences:

1. Flow dynamics:The pilot system operated at approximately10 cm/s crossflow velocity, while
laboratory tests maintained 20 cm/s (valueto be verified), reducingconcentration polarization
effectsin the latter.

2. Salinity conditions: Pilot tests processedfeed water at 30-35 mS/cm conductivity, whereas
laboratory tests used significantlylower salinity (1 g/L NaCl,equivalentto 2 mS/cm). The higher
salinity in pilot operationswould amplify concentration polarization effects at the membrane
surface.

3.

Thesefindings suggestthat the fouling layer's impact on membrane performanceis primarily through
enhancedconcentration polarization rather than direct permeability reduction, particularly under high-
salinityconditions.
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It washypothesizdthat the foulingon the membranehad minorinfluenceonthe lab-scalecomparedto the
pilot scalebecausehe pilot scde wasdone at muchhigherconductivityof 30-35mS/cm.New permeability
testswere doneat 34.5mS/cm but the permeabilitywasagain20.7% lower comparedto the nearly 50 %
reduction in permeabilityon pilot scale.Ultimately it was concludedthat this light fouling mayhelp other
foulingstickto the membraneandform agellayerwhichisremoved better in CCR@odedueto its flushing
cyclesHowever this hypothesiscannotbe confirmed.

7. Conclusions

Thethree-monthtrial at BASF'svastewatertreatment plantdemonstratedooth the potentialandchallenges
of treating WWT Peffluent for reuseasprocesswvater or asourcefor boiler feedwater production

1. Water Quality AchievementBoth ROand CCR@echnologiessuccessfullproducedwater meeting
processwater quality requirements(conductivity 300-800 uS/cm),with TOClevelsbelow 1 ppm -
potentially suitablea a sourcefor boilerfeed water production exceedinghe current sourcewater
quality (2-4 ppm TOC).

2. Ultrafiltration Performance:The UF systemdemonstratedstable operation when operated at an
appropriateflux of 25 LMHwith two modules,comparedto unstableoperationat 42 LMHwith a
singlemodule.Thisindicatesthe existenceof acriticalfluxthreshold,belowwhichmembranefouling
is acceptable Thefoulingwas largely reversiblewith NaOHand NaOCkleaning.Oveall the water
waschallengindgor the UF

3. ConventionaROLimitations:The conventionalROsystemfacedsignificantoperationalchallenges,
with severemembranefoulingoccurringwithin 20daysof operation. Thefoulingprovedirreversible
despitemultiple cleaningattemptsusingvariouschemicakreatments(acidsbaseschelatingagents,
and norionic surfactants)

4. CCR@dvantagesTheinhousemplementedmimicCCR®ystemshowedsuperiorfoulingresistance
comparedto conventionalRO,maintainingstableoperationfor five weekswith fouling tendencies
reachingaplateau.Both system®peratedat 17 LMHflux and 66%recoverybut CCR@emonstrated
better longterm operationalstability.

5. MembraneFoulingCharacterizationExtensivemembraneautopsyand analysisrevealedthat the
fouling was primarily composed of natural organic matter with minor scaling components.
Laboratorypermeabilitytestssuggestedhat concentrationpolarizationeffectsdueto athin fouling
layer, ratherthan athickirreversiblefoulinglayer, maybe the primary causeof performancedecline
in the pilot scale.

Forfull-scaleimplementation,severarecommendationgmerge:

1 Implementationof robust pre-treatment, possiblyincludingsandfilters, coarsestrainers(1-5 mm)
and fine screeng 100500 microns)may help with the UFstability issuesand allow for operationat
higherflux
Operationof UFbelow critical flux, but alsowith chemicallyenhancedackwash

1 Preferencor CCR@verconventionalROfor long-term operationalstability andlongermembrane
lifetime dueto lesschemicalcleanings

1 Installationof onlineturbidity monitoringfor automatedcontrol of backwastcyclesof the UF

1 Consideratiorof mixed pre-treatment strategiedor variablewater quality management
Thesefindingsdemonstratethe technicalfeasibilityof treating WWT Peffluent for reuse,while highlighting
the importance of appropriate technologyselectionand operating parametersfor sustainablelongterm
operation.

=
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Listof abbreviations

BGAC
CapEx
CCRO
CIP
COD
DO
EDR
EDI
GAC
IC
IEX
IMPROVED
MABR
MB
MTC
NDP
NPD
NSP
OpEx
PFRO
RO
RGP
SAC
TC
TOC

Biological granular activated carbon
Capital Expenditure

Closedcircuit reverse osmosis
Cleaning in place

Chemical oxygen demand
Dissolved oxygen

Electrodialysis reversal
Electrodeionization

Granular activated carbon
Inorganic carbon, ion chromatography
lon exchange
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Membrane aerated bioreactor
Mixed bed resin

Mass transfer coefficient
Net Driving Pressure
Normalized Pressure Drop
Normalized salt passage
Operational Expenditure
Pulseflow reverse osmosis
Reverse osmosis

RO permeate

Strong Acid Cation

Total Carbon

Totalorganic carbon
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8. Appendces

Appendix1. Equationsusedin the ROnormalization
YO 06 Y 0
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Where"Y is the Dow membrane U-value, equal to 3200, 06 is the recovery corrected permeate

conductivity, 'Y is the referencetemperature equal to 25 °C and ”Y is the conductivity corrected

temperature.
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WhereNPDis normalizedpressuredrop [kPa],0 normalizeddesignfeed flow of the ROsystem[m?3.h-
1,0 normalizeddesignconcentrateflow [m3.h?], Y is the viscositycorrected temperature,
0 istheviscositycorrectedflow,s  ands arereferenceandfeed viscosityrespectivelym andn are

Dow membranevalues,equalto 1.6and 0.4, respectively.
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WhereMT Cisthe masstransfercoefficient[m.S%.Pa'], NDPnet drivingpressurglkPa], OPosmoticpressure
calculated for feed, permeate and concentrate [kPa] and Y  is the osmotic pressure corrected
temperature.
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Appendix2. Laboratoryanalyses

Thelaboratoryanalysisvasperformedby BASFor conductivity, TOCmetalsand anions.Thesamplesvere
taken 3x per week on Monday, Wednesdayand Friday. The results are plotted with the mostimportant
changesn the systemoperationlisted asannotationson the top of the figures.It isimportantto noticethat

in casethe valueof a certainmeasurements below detectionlimit, its markeris denotedwith atriangular
marker.

Figure 28 Nitrate levels in the feed and the RO permeate
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