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HIGHLIGHTS
x Pharmaceuticaland hormones (PhPHaje well removed> 60%) by powdered activated carbon (PAC)
X 50-95% removals are also achievit parabens, bisphenol A and pesticides by PAC
X Treatment degradation leads to substantially lower PhPHs removals by PAC
X The fresh PAC dose &rongly correlated to the process efficacy

X Molecular dharge hydrophobicityand molecular weightave a great influenaan themicropollutantfate



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

ABSTRACT

The efficacy of a fluidized powdered activated carbon (PAIG)t (CarboPlus®)was studiedin both nonmnal (total
nitrification + post denitrificationand degradedpartial nitrification + no denitrificationgonfigurationof the Seine
Centre WWTP (Colombes,Francg. In addition to conventional wastewater parameters 54 pharmaceuticals and
hormones (PhPHgNnd 59 other emerging pollutanig&ere monitored ininfluentsand effluentsof the pilot Thus, the
impacs of the WWTP configuration the process operation and the physihemical properties of the studied

compounds were assessedhis article

Amongthe 26PhPHsguantified innominal WWTP configurationinfluents 8 have figh dissolvedconcentrations (>100
ng/L), 11 have an intermediary concentration {1@0 ng/L) and7 are quantified below 10 ng/ISulfamethoxazole is
predominan{about30% of the sum of the PhPH®verall,6 PhPHs argoorly to moderatelyremoved €60%), such
as ibuprofen, paracetamol estrone while 9 are very well removed (>80%).e. beta blockers, carbamazepine or
trimethoprim,and11 are well eliminated (6@0%), i.e. diclofenac, naproxen sulfamethoxazole

In degaded WWTPconfiguration higher levels of organic matter and higher concentratidn®ost pollutants are
observed.Consequentlymost PhPHsare substantially less removed in percentageshmitemovedflux is higher
Thus, the PAC dose required to achieve a given removal percentage is higher in degradeddffjiiration For the
other micopollutants(34 quantified) artificial sweeteners and piatlatesarefound at particularly high concentrations
in degraded WWTRonfigurationinfluents up to pg/L range. @ly pesticidesbisphenol Aand parabens atargely
eliminated (5695%), while perfluorinated acid®AHSs, triclosan and sweeteners are not or weakly removed (<50%)

The remaining compoundxhbit a very variable fate from campaign to campaign.

The fresh PAC dose was identified as the maodtuencing operation pameterand is strongly correlated to
performances Charge and hydrophobicitgf compoundshave beenrecognizedas crucial for themicropollutant
adsorption orfPAC, as well as the molecular weigkinally, aPAC dose of1l0 mg/L allows an averaggemoval of72-
80% of the sum of the PhPHB8 nominal WWTP configuration The comparaisorof the results witlthosefrom the
scarce other stlies tends to indicate thah &xtrapolationof themto different PAC processes and to other WWTP

could bepossibleand relevanttaking into account the differences of water quality from WWTP to WWTP

KEYWORDS

Pharmaceuticajemerging pollutantsadsorption; powdered activat carbon; wastewater treatment
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INTRODUCTION

In addition to priority pollutants (EC 2013, many other emerging micropollutants such as pharmaceuticals
hormones(PhPHs) personal care pducts (PCPs) pesticidesphthalates artificial sweeteners, etc. are found in the
aquaticenvironment(Jones et al. 200Lange et al. 201,2L.uo et al. 2013 As bioactive andoxic substancegheir
environmentakffectshave been prove(Bolong et al. 2009Daughton and Ternes 199%or some of these compounds
such as PhPHs and P§Rvastewater treatment plafW/WTP) discharges have been identifiedaasmportantsource

in theaquaticenvironmeniHalling-Sgrensen et al. 1998eberer 200R

Several studies have shown that conventids¥TPs (with primary and biologicatreatmenty substantiallyremove
hydrophobic, volatile and biodegradable micropollutants even if they are not designed and/or optimized for that purpose
(Clara et al. 200Mailler et al. 2013Ruel et al. 201R However, hydrophilior refractoryorganiccompounds are still
present in the treatedastevater at ng/L to pg/L level (Loos et al. 2018 Besides, emerging micropollutants,
particularly pharmaceuticalsuch as diclofenaanay be included irfuture modifications of existingeuropean(EC
2013 or national reguations Among the solutions to reduce the emerging contamirtistharges into the
environment, the implementation of a tertiary treatmentdnventionalWWTPs is more and more considerdxy
WWTP managersaind decision makersThese technologies, such agembrane filtration, advanced oxidati@amd
adsorption processes, are principally adapted from drinking water indligyhave beeremployed for a long time,
but the generalization dheir applicatiors to wastewater treatment has been seriously considered redémgver,
very few studies have shown the potential of siedhnologiedo remove organic pollutants from treated wastewater

(Boehler et al. 201,2Margot et al. 201Bandtheir economic feasibilitf{Abegglen and Siegrist 2012

In this contextalargescale powdered activated carbon (PAC) pilot has been set up at the Seine CentretWstng
wastewater from Paris conurbation asdpervisedby the Parisian public sanitation service (SIAARh extended

sampling strategyyothin number of campaigns£14) andcompoundsN=113), has been built

Thus, ths paper aims atfisplayingand comparindghe performances o$ucha processfor micropollutantremovalin
both nominal and degraded WWTIonfiguratiors, and to assess the influence of both operation parameters and

physicechemical properties of the pollutanirst, the influent dissolvedconcentrationgor both micropollutantsand



86 conventional wastewater parametare discussednd compared to the literature. Théme removas of the molecules
87 areexamined as well aghe effluent dissolvedconcentrationandthe water qualityThe difference between a normal
88 and a degradedonfigurationof the WWTP is particularly analyzeéinally, the influenceof operation parameters
89 (fresh PAC dose, total mass of carbon in the reactor, hydraulic v@l@sity physicechemical properties of the
90 compoundgcharge, hydrophobicity, sizéinctional groups, etc.are also examined Suchresults are of high interest
91 and very relevant considering the poverty of the literature regarding the removal of micropollutants from wastewater by
92 PAC.
93
94
95 MATERIALS AND METHODS
96
97 1. Site and procesdescrption
98
99 In nominal configuration,hie Seine Centrg/ WTP treats 24M00 n? per dayof domesticwastevaterfrom Paris city
100 corresponding t®00000 population equivalentdn these conditions (total nitrification + post denitrificatiotf)e
101 treatment process is composed by three major steps: pre, primary and biological tre#ftentise pretreatment
102 (screening, grit and oil removal unita physicochemical lamellar settling u(iiensaded) removes a great part of the
103 particulate and colloidal pollution thanks to coagulant (ferric chloride) and flocculant (anionic polymer) addition.
104 Finally, a three stage biofiltration system achieves the biological treatinemominal configuration, he first stage
105 (Biofor® filters - biolite medium) allows the treatmermif carbonaceous pollution ireeobic conditionsandthe second
106 (Biostyr® filters - biostyrene mediumiind third(Biofor® filters) stage remove the nitrogenous pollutisaspectivelyin
107 aerobic(total nitrification) andanoxic (denitrification)conditions(Rocher et al. 2092This WWTP is able to switch to
108 a degraded configuratn to treat 40900 n¥ of water per day but artial nitrification and no denitrification are
109 performedA detailed layout of the WWTP in both configurations is given in supporting matétiglre S1.
110
111 The tertiary treatment processudied (CarboPIu8 - Figure 1) is fed by Seie Centre treated effluenand treat
112 between700 andl 200 n¥/day. This pilotconsists ire5 m highreactorwith asurface areaf 4 n?, where water flows
113 upstream through a fluidizdukd of PAC. Depending on the mass of PAC inside the reaatal the hydraulic velocity
114 the beddepthvaries betweenl and3 m. A dose of fresh PAC is continuously injected. At steady state, a comparable

115 amount of PAC igegularlyremoved from the reactdo obtain a solid retention timEgRT) of 5 to 7 daysand an
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overall concentration of 5 to 10 g/L of PAC is maintained insidebed In addition,coagulant (ferric chloride) and
flocculant (anionic polymer) are injected continuously with the fresh RAgabilize the bedxpansiorand to prevent
the leakage of PAC with treated wat&he hydraulic velocitycantechnicallyvary from 6 to 12 m/hand he hydraulic
retention time considering the reactor size is comprised bet¥gand 50 min. Thebservedtontact time between the
PAC bed and the watgariesbetween 10 and 20 min considering the bed dapththe hydraulic velocity

FIGURE 1

2. Study andsampling strategy

The study has beenitially built to assess the process efficacy in different operation configur@taise 1)during 14
campaigns(from July to December 201L3However, he Seine Centre WWTP operated in degraded configuration
during the5 lasts campaigngunplanned) because it received additional water from another WWTP that was in
maintenanceTakingthis into accountthe campaigns performed have been organized in hasgin the results and
discussionsectionsof the article The first9 campaigns, corresponding to phase 1, were performed during nominal
WWTP configuration. The last 5 campaigns were carrieduaderdegraded WWTP configuration, corresponding to
phase?.

In addition,differentprocessconfiguratiors were testeduringthe firstphase(Table 1)by varying thefresh PAC dose

in the ranges operationally feasibléthin the processThus,three moderat® AC doses (80-20 mg/L) and one high
PAC dose (70 mg/l.)as well asfour hydraulic velocities (&-8-10 m/h) were testedallowing determiningtheir
influences on performancesThe 70 mg/L of PAC campaign was performed to determihethersome compounds
could still be recalcitrant to adsorption at high déstarmation about operation parameters duting phaseregiven

in Table 1.In contrary,a stableand intermedig configuration (10 mg/L of PAC and 7 m/h)considered as the
recommendedonfigurationof the processvasmaintainedduringthe second phase

Thus, this experimental design allowassessinghe influences of both the process operation parameters and the
configuration of the WWTP.

TABLE 1

Thesamesamplingprocedure was applied ftine 14campaignsAnalyzes were performeazh the dissolved phas24-h
composite samplesf 20 L were collected using automatic refrigerated samplers (4°C) equipped with glass bottles
properly cleanedand Teflof® pipes to avoicany contaminatioror loss When sampling was completed, glass bottles

were collectedvery carefully homogenized and ssdmples were distributed for analyses. Each samakefiltered

5
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using 07 um GF/F filters (Whatmd?). All samples were analyzed withit8-h after samplingdue to transport time to
the laboratdes involved, except for sweeteners As recommendediy the laboratory performing the artificial
sweeteners andays (internal teststhesesamples weracidified (1% volumetricHCI) andstoredin fridge (4°C)until

analyses

3. Activated carbon characterization

Activated carbon characteristics are very important in the adsorption mechanisms and can strongly influence the
micropollutant fate(Cecen and Aktas 20)2Apart from BET Brunauer, Emmett and Teller) specific surface and
particle size, the mesoporous structure ishibst suitedor micropollutants adsorptiofCecen and Aktas 201Ebie et

al. 2002, as it reduces the impact of organic matter competition with micropollutants. Thus, a mesdpatdus
(DaCarb PB170)wastested in the pilot, after preliminary lab tests comparing different PACs. The characteristics of
this PAC are given isupporting materiad Table 1 Globally, the selected PAC is featured by a high BET surface of
957+ 28 g/m?, which$ close to BET specific surfaces found in the literature, often comprised between 700 and 1 500
m?/g (Cecen and Aktas 2012e Ridder et al. 2013argot et al. 2018 In addition, its granulometry is large but its
median particle diameter is rather lon2@<um), which theoretically enhance the adsorption kinetics. PAC observations

by scanning electron microscopy are provided in supporting matéfiigilire S2.

4. Pollutantsand analytical proceduse

In all samplesconventional wastewater parametersre aralyzed by SIAAPFrench accreditethboratory COFRAC,
supporting material Table S2) to characterize the general quality of walldrese parameters includdissolved organic
carbon(DOC), chemical oxygen demar(@€OD), biological oxygen deman(BODs), UV absorption at 254 nrfUV-
254), total Kjeldahl nitrogen (TKN), N&f, NOs, NO;, PO;%, total phosphasus(TP) and total suspended solids (TSS)

All analyses were performed according to standasdpforting material TableS2).

113 micropollutantswere monitoredin the dissolveghase(Table 3. First, pharmaceuticals @44, N for the number
of compoundp and hormones (&l10) wereanalyzedfor all campaigns as they are the compounds targeted by the
process In addition to these molecules, complementanglyses were performedor other micropollutants(N=59)

during phase 2Thus, chlorinated solvents €8), perfluorinated acids (N=2), pesticides =(28), bisphenol A,



177 alkylphenols (N-2) and phtalates(N=4) were analyzed in atampaignf phase 2, whiléAHs (N=13 - the 16 US
178 EPA PAHSs excludinghaphthalene, acenaphthene and acenaphth)ydacd® CPs(N=7) weremonitoredin 3 campaigns
179 andartificial sweeteners (M4) in 4 campaignsThe full list of moleculsis given insupporting material TableS3 as
180 well as their respective lingbf quantification(LQ).

181

182 Micropollutant analges were performed by 4 laboratories: the Institute of Analytical Sciences-(\8lfeurbanne,
183 France) from CNRSn charge of the PhPHshlorinated solvents, perfluorinated acids, pesticides and bisphetiad A,
184 Water Environment and Urban Systems laboratory (LEESk&teil, France)in charge of PAHs and PCRbge Central
185 laboratory of the Police Prefecture (LCPRParis, France)in charge of phthalates and alkylphendsd the Water
186 Technology Center (TZWKarlsruhe, Germany)n charge of artificial sweeteners

187 TABLE 2

188 Information about the analytical procedu(@sble 2 are availabldan the literaturefor PhPHs(Vulliet et al. 201},
189 pesticides and chlorinated solvefBarrek et al. 2009 PAHs (Bressy et al. 20702 alkylphenols and phalates(Bergé
190 et al. 2014, sweeteneréScheure et al. 2009, and forPCPsGasperi et al. 2034

191

192 5. Dataprocessing

193

194 The statistical calculations were performsdparatelyfor the nominal (+9) and the degrade(n=5) WWTP
195 configurations for comparison purpose$Vhen the number of values available was higher than six, box plots were
196 plotted with minimum, B quartile (Q1), 39 quartile (Q3) and maximum values of the series. In contrg® values)
197 individual values were plottedtinally, theresults given in text, concentrations as well as removals, are average results
198 + standard deviati@(>6 values) or minimumtmaximumvalues( ® values).

199

200 As no directassessmentf the uncertaires was performed, and to have an ideahs robustness ofhe data, limit
201 values of 5 times the LQ were defined for each compotihd uncertaintyvasassumednoderatefor concentrations
202 measuredabovethese limit value§<30%), while the uncertainty wasonsidered high for concentratiohelow them
203 (>30%) Suchan approach has already been adoptedRuel et al. 201)1 which stated thathe uncertaintyon the
204 micropollutant concentratiom wastewaters generally comprised between 30 and 100% whervéhee measureds
205 lower than2.5 to 10 times the LQ, depending on the compoand,lower than 30% when higher thahis value

206 Considering thatthe removal of micropollutants was estimated only in sew@nahtionsto limit the propagation of
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uncertaintiesand provide more reliable result¥vhen the compound was quantified above 5 timed.@eén influents
and above the LQ in effluentshe removal was conventionallycalculated In addition, when the compound was
guantifiedabove the LQ in influent&>LQ or >5 x LQ)and below the LQn effluents the removal was estimated using
LQ/2 instead othe effluentconcentrationTheremovals were not calculated when concentratioiboth influents and

effluentsweremeasuredeween the LQ an8 times the LQ.

Finally, 4 classes of behaviors were defined regardingothtainedremovals: verygood (>80%), good (60-80%),

moderate (380%) and poo(<30%).

RESULTS AND DISCUSSION

1. Quality of influentsin nominaland degradeW/WTP configuration

1.1.Conventional wastewater parameténsnfluents

As displayed in Tabl&, the pilot influentsare characterizelly relatively low values of the conventional wastewater
parameters imominal WWTP configuration particularlyDOC (5.6 + 0.9mgC/L), UV-254 (0.110 + 0.012n7%), COD
and BODR (26 £ 11 and 4.8t 3.5 mgQ/L), TKN (1.5 + 0.2mgN/L), NH4* (< 0.3 mgN/D, TSS(3 £ 1 mg/L) andTP
(<0.3 mgP/l). Indeed, this WWTP achieves very high removal3 885 (98%), COD (92%), TN (76%) andTP (95%)

in nominal configuratior{Mailler et al. 2013. In addition, a substantiditaction of the DOC § is due to residual
methanol from the post denitrification st€@IAAP source) in contrary to DOC from the degraded WWTP
corfiguration (no denitrification).

In this study, the WWTP effluents are rather less concentrated (DO&54d\etc.) than effluents from other studies
focusing on PAC adsorption from wastewater. Besidéfijents with average DOC values of 9.864.4 md/L and
UV-254 of 0.239- 0.397 cm wererecentlystudied by(Altmann et al. 201 while DOC concentration of the water
studied by(Léwenberg et al. 20)4vas 8.8+ 1.2 mg/L Similarly, (Margot et al. 201Bperformed PAC adsorption on
biological treatment effluents with DOC af.3 £+ 1.9 mgC/L. Only the study of(Boehler et al. 2012 provides

micropollutant removal by PAC datvith lower DOC concentration water, between 5.6 and 8®@/Img
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The degraded configuration, with partial nitrification am@é denitrification, induces a notable increase of
concentrations particularly DOC (7.5+ 0.5 mgC/L) and the U\254 (0.139 + 0.011 cnt¥). In addition, as no
denitrification is performed in this WWTPBonfiguration the composition of the DOC is different wdtlt residue of
methanolThe difference of DOC concentration is then even higher between the two WWTP configurations.

The concentration of Nkt in influentshighlights the degradation of timitrification step,with concentrations ufp 4.4

= 0.7 mgN/L. Similarly, the highest concentration of N@ influents from degradedonfiguration(23.7 + 2.1mgN/L)
reflects the lack of denitrification. Finally, tHESS concentration is doubled when WWT@nfigurationis degraded
(Table 3). Overall, theobtainedquality of influentsin this WWTP configuration is degraded and quitenparableto
the one from(Margot et al. 20183

The higher quantity of organic matter amest ofpollutants in degraded WWTP configuration shouldubfavorable

to micropollutant adsorption. Indeed, it has been demonstrated that a higher DOC concentration induces a stronger

competition effec{Delgado et al. 201Margot et al. 2013

1.2 Micropollutant concentrations in influents framominalWWTPconfiguration

Among the 8 PhPHsmonitored,a total of 26 compounds wemguantified at least during thenominal WWTP
configuration During this WWTP configuration]4 were systematicallyquantified ininfluents 12 in several samples
but 28 were never quantifieqsupportingmaterial- Table $S4). The dissolvedconcentrations of the 26 compounis

bothnominaland degradedonfigurationof the WWTP are presenteih Table2, with thar occurrence.

8 compounds we measuredh influentsat average dissolvedoncentrations higher than 10@/L: sulfamethoxazole
(993 £+ 817 ng/L), ofloxacin @412 + 315 ng/L), carbamazepine2(5 + 85 ng/L), atenolol 85+ 51 ng/L), diclofenac
(184 + 91 ng/L), oxazepam 139 = 128 ng/L) and erythromycin(124 + 32 ng/L). 7 compoundswere measuredat
concentrationdower than 10ng/L, especially estrone9(x 3 ng/L) and ibuprofen (9 5 ng/L). The 11 remaining
compounds havaverageconcentration®etween 10 and 100 ng/Le. naproxerf33 + 28 ng/L), trimethoprim(64 + 79
ng/L) or propranolol(97 £ 27 ng/L).

These concentrations are rather in accordance with data available in the literature for WWTP éifeldotsle et al.
2011, Loos et al. 2013Luo et al. 2014Miége et al. 2000 although they areverallin the lower part of the range (i.e.

analgesics)This could be due to i) the dilution of the Parisian wastewater (combined sewer) by parasitéGesgesi
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et al. 2008 and ii)intense biological treatmeiricluding atotal nitrification stepknown to enhancthe biodegradation

of micropollutantgClara et al. 2008VicAdam et al. 2010 Sulfamethoxazole contributes ab&@%6 of thetotal PhPHs
concentrationandits concentration lies irhé upper part of the range found in the literature. No data were found for
testosterone, sulfadimerazine, sulfameter, and very scarce information are available for sulfadiazine, sulfathiazole,
fenofibrate and lorazepam. A short review as regard concemsaund in WWTP effluents for these compounds (23
references) is given in supporting materidlable S5.

In addition,most compounds are measured above 5 times their LQ (Table 3), leading to a moderate uncertainty on the
concentrationSulfadimerazinesulfadiazine, sulfameter, sulfathiazole, fenofibrate and testosteroregta@emeasured
between LQ and 5 times LQorresponding to high uncertainties)d the corresponding removals wemmsequently

not calculated

1.3 Micropollutant concentratios in influents frondegraded WWTRonfiguration

In the degradedconfiguration 21 PhPHswere quantified A similar pattern is observed butost of the PhPHsare
measured at higher average dissolved concentrations thaomimal WWTP configuration(Table 2) particulaty
paracetamo(x200 based on average concentratipriisuprofen(x100), ketoprofen(x10) and bezafibrat¢x10). This is

mainly explained byboth seasonalariations(phase 1 Jun®ctober, phase 2 NovembBecember)and the lack of
nitrification since this stefnas been identified as crucial for micropollutant biodegradation in biological treafments
especially for easily biodegratle moleculesby biological treatmentgloss et al. 20QMargot et al. 20135 DGMHQRY LU
et al. 200%. The degree of nitrification is then correlated to sdPm®Hs biodegradatiofMargot et al. 2018 and a

total nitrification, asm nominal WWTP configuration is known to bamore efficient thara partial nitrification(Joss et

al. 2008, as in degraded WWTe&bnfiguration This results ilower concentrations in dischargesm nominal WWTP
configuration Finally, the total concentration dhe PhPHsdoublesfrom 2 729+ 1 057 ng/L in nominal WWTP
configurationto 4 956 + 3 628 ng/L in degraded WWEbBnfiguration mainly due to théncrease oparacetamol and
ibuprofen concentrationgn contrary, four compounds are measured at notably lower concentrations: sulfamethoxazole,

carbamazepine, ofloxacin and ciprofloxaganobably because seasonal variability

A total of B other emerging micropollutantsere alsomonitored during phase in order to improve and enlarge the

performance overview of the PAtBatment Concentrations are presentedlable 3.Amongthem, monitoredduring

10
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degraded WWTRonfiguration 34 were measured above the LQ. Only 3 pesticides (atrazine, diuron and isoproturon)
out the 23pesticidesinvestigated were quantified due to both a low occurrence in treated wastewatéglahd.
Most of the compounds were always foundinfluents especially PFOS, PFOA, bisphenol A, nonylphenols (NP),

paratert-octylphenol (tOP), bis(2-ethylhexyl) phthalat¢DEHP), artificial sweeteners, triclosan and parabens.

A wide variety of dissolved concentrations is observed, from a few ng/L to more 0@hrp/L. Phthalate levelgre

rather high, ranging from 300 to0®0 ng/L. Similarly acesulfame and sucralose exhibit the highest concentrations by
far, respectively 8 725 + 602 and 7 150 + 745 ng/L, due to very poor removals by convefiigmnils (Lange et al.

2012. Artificial sweeteners have been recently recognized as a new class of emerging environmental contaminants
(Lange et al. 2012 highly persistent, and their toxicity in the environment is still not well kn@isphenol A, NP,
cyclamate and saccharin are foundaater concentratins (100-1 000 ng/l), as well agdiuron, isoprotuwon, A-OS,

PFOA and parabend 0-100 ng/l). Then, #l the PAHSs present dissolved concentrations lower than 20 ng/L in the
effluents Finally, as the concentrations presented forsehenicropollutants were acquired in degraded WWTP
configuration it can be assumed thiey should be lower or equal mominal WWTP configuration Levels foundare

very similar to other studies for pesticides, perfluorinated acids, bisphenol A, triclosan and ph{Baejéset al.

2013 Deblonde et al. 2011.00s et al. 2013Luo et al. 2014Zareitalabad et al. 20L3In contrary substantiallyhigher

levels of sweetene(Berset and Ochsenbein 20TXdéfez et al. 20)2and PAHgFatone et al. 201 Diao et al. 2014
SancheZvila et al. 2013 were found in WWTP effluent® the literature Similarly, levels of parabens found are

rather high compared to the literat(i@hen et al. 201,2Yu et al. 2012k In particular, concentrations arbghtly

higher than those reported lf¢earaMatta 20123 for the same WWTP discharges, highlighting the impact of the
degraded configuration. More information about data available in the literature is given in supporting magdyiel

S5.

Like PhPHs most of these other emerging micropollutaietture concentrations higher than 5 times their LQ, except
three PAHs (anthracene, benzo[a]anthracene and dibenzo[ah]anthracene) and some campaigns for NP, benzylbutyl

phthalate (BBP), cyclamate and two pamab (benzyl and butyl paraben).

2. Efficacy of PAC innominaland degrade®VWTP configurations

2.1.Conventional wastewater parameter removal in nominal and degraded WWTP configuration
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An overall improvement of the water quality is observed after the Pé&tment. m nominal WWTP configuration
concentrationremovals ofDOC (35 + 24%), UV-254 (32 £ 14 %), COD (13 £ 14% and BODR (39 £ 19%) are
observed(n=9, average PAC dose of 14 mg/Dhese results are rather similar or lowleanthose of(Margot et al.

2013, despitethe sameaverage PAC dose. Actuallihis difference could belue to the filtration unit after the PAC

contad tank in their study, which was recognized as the main cause of the general water quality improvements because
it was biologically active. Furthermorthey evaluated between 20 and 38% DOC removal due to the PAdgainst

35+ 24%and23 + 4 % innominal anddegradecdtonfigurationsrespectively Similarly, (BoeHer et al. 2012 observed

a DOC removal between 15 and 48%nsistent with previously cited results

In degraded WWTRonfiguration the influent quality (Table 3y degaded (Figure 4). Indeed, DOG rather better
removed both in percentage atmhcentratiorin nominal WWTP configuration despitehigher influent concentrations
In contrary, UV254, COD, BOR and TKN are similarly removed in both WWTP configuratiohs.addition, the
presence oNH4" in degraded WWTRffluents(Table 3)allows highlighting that a nitrification process ocauin the

pilot, with a removalof about20 £ 7 %. This confirms thefindings of (Margot et al.2013 even ifauthorsquote a
higher NHs" removal (85+ 20%) because of the biologically active filtration unit after the PAC contact tahé&.

formationof NOs" and NQ" confirmsthe nitrification process.

2.2. Micropollutant removah nominalWWTPconfiguration

The overall performances of the pilatbothnominaland degraded WWTEonfigurationare presented iRigure 2 For
each compound, the results framminal configuration are giveron the left hand and the results from degraded
configurationon the right handA short literature revievaboutthe micropollutant removals by PAC is also provided in

supporting material Table S5.

In nominal WWTP configurationwith a fresh PAC dosat 10 mg/L(n=3), paracetamol and ibuprofen are poorly
removed and4 compounds are moderately removed by the pilot, including estB2@1¢6, min-max). In contrary,9
substances are very well removed, including proprand6t98%), atenolol 86-92%), trimethoprim @4-98%),

carbamazepine86-97%), oxazepam &2-91%), bezafibrate 71599%) and ciprofloxacin {76-91%). Finally, the 11
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remaining compounds are well removed, @ffoxacin ©3-89%), naproxen 46-99%), sulfamethoxazole53-72%) and

diclofenac {2-85%).

To the best of our knowledge, papers dealing with the removal of micropollutants from wastewater by PAC are very
scarce, especially #rgescale.Among the 26 PhPHs quantifiednly 16 have been already studied in a comparable
context- adsorption frontreated wastewater by PAOespite rather large standard deviatiom®ur study removals

are similar to those of these studi@dtmann et al. 2014Boehler et al. 2012 6wenberg et al. 201Margot et al.

2013 for these 16common PhPHSs, as shown by supporting materidlable S3 andrigure S3.0nly ibuprofen and
estroneremovals are notablpwer in our study, probably because of their lower influent concentrationsontrary
ciprofloxacin is better removetthan in the iterature As the average fresh PAC doses are compafablibese studies

(14-15 mg/L), this suggests that micropollutant adsorption on PAC is likely to be a very stable phenomenon and that
these rsults could be extrapolated to otl®&kC treatmerst A generalization of these results to other WWTPs and PAC
processes could be then possible and relevaren if efficacy in waters witlslightly higher DOC concentrations
should be slightly lowerln addition, some papers have already observed comparablenpenfies over PhPHs with
advanced oxidation processes such as ozongfittmann et al. 2014Margot et al. 2018 For several compounds

scarce data are available displaying their removal by grain activated carbon filter and/or PAC batch experiments with
surface water(paracetamol, roxithromycin, erythromycin and testosterone), while no reference was found for
sulfadimerazie, sulfameter, sulfadiazine, sulfathiazole, lorazepahfenofibrate (supporting materiat Table S5).

Overall, observedremovals are similato those from former studiefAltmann et al. 2014Boehler et al. 2012

Lowenberg et al. 201Margot et al. 2013Ruel et al. 2012Snyder et al. 20Q Vesterhdf et al. 2009.

The remova vary due to variations of the fresh PAC deqsupporting materiat Table S1)and of the influent
concentrationsDespitethis, the variationsof removal percentageserelatively moderate for most of tttempounds
around5-15% between Q1 and Q3except for paracetamol, sulfamethoxazatel bezafibrate, which have higher
variationsof 20-30% Moreover, thebservedrariations aréower for well and very well removed compour(@s. beta

blockers or trimethoprim}.e. belowl0%.

2.3. Micropollutant removaln degraded WWTBonfiguration

13



387 In degraded WWTRonfiguration different impacts can be observed PhPHs removalercentagesiepending on the
388 compound(Figure 4) First, paracetamol and ibuprofen are better removed in percentage in degraded configuration,
389 most likely due to their higher influerdoncentrationsSeveral compounds amather similarly removed in both
390 configurations i.e. both beta blockers, trimethadpr, sulfadiazineand ofloxacin, despite variations of influent
391 concentrationsThen,lower removalsn percentage arebservedor a majority of compoundsluringdegraded WWTP
392 configuration(Figure 4) despite higheinfluent concentratioa Neverthelessthe removedpollutant loadis higher in
393 degraded than imominal WWTP configuration (ketoprofen, naproxendiclofenac, trimethoprim, roxithromycin
394 metronidazole,atenolo] propranolol, oxazepam, lorazepalmezafibrateand estrone In contrary, arbamazepine,
395 ciprofloxacin and sulfamethoxazole hdeaer removain degraded configuratiodueto lower influentconcentrations.
396 This decreas®f the micropollutant remwals canbe explainedy boththe variations of influent concentratioasd the
397 water quality changeAs demonstrated byigher DOC and UVW254, the influentsin degraded WWTRexhibit higher
398 organic mattettevels inducing a stronger competition with micropollutants for adsorption on the BBAdirect site
399 competition and pore blockingle Ridder et al. 201 Delgado et al. 2092In particular, thenegativerelation between
400 DOC concentration anchicropollutant removals has already bdeghlightedin the literature(Altmann et al. 2014
401 Margot et al. 2013

402 Finally, thesum ofPhPHsis similarly removedn nominaland degradedVWTP configurations(72-80% vs 70-81%).
403 This is mainly explained bitigherremovas of the highconcentrated pollutants sucheracetamol and ibuprofemd
404 slightly lower removad of the other compounds.

405

406 Regardinghe other emerging micropollutants monitored (Figure8gzine (5164%, mirrmax), isoproturon (%-83%)
407 andto a greater exterdiuron @2-96%) have a good affinity for PACsonfirming the suitability of the process for
408 pesticide removalThis confirms other studiesbservationgMargot et al. 2013Ruel et al. 2012Snyder et al. 2007
409 even if atrazines slightly less removed in our caflewer PAC dose)ln addition, mrabens (>70%), particulargthyl
410 parabern(88-94%) andpropyl paraber{91-96%), are also well or very well removeds far as authors know, this is the
411 first study displaying tHe fates within PAC in wastewateras well ador phthalates and PABI In contrary, acesulfame
412 (9-19%), sucralose (86%), triclosan (1829%) and PFOS (652%) are poorlyremoved by adsorptiofzor PFOA no
413 clear conclusion can be dravwamce a systematimegative removalvasobserved, with concentrations always higher in
414 effluents than in influentdNo samping blanks were performed for the studhyt this potential contamination may
415 result from Teflof pipesor element®f the automatic samplers.

416
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The 9 remaining compounds have variable removalsdratrather moderatg removed such asaccharin (3354%),
DEHP @9-63%), bisphenol A 49-78%) or NP (397%) The removal of these substances from wastewater by
adsorption was poorly studied, b{Ruel et al. 201Rreported thatwithin a granulated activated carbdreatment,
DEHP and NP arerespectivelynoderately(30-70%) and poorly (<30%) remove¢¥'u et al. 2008 also observed poor
removalfor NP by activated carborgimilarly, (Scheurer et al. 20)®bserved that moderate to good removals can be
achieved byPAC adsorption for saccharin and sucralos®at is consistent with results obtairiacdbur study.Finally,
bisphenol Awas found to beslightly better removed from wastewater by PAC(Margot et al. 2018 Regarding
PAHSs, the variation of removal is high bihese compoundare overall not eliminated by the processpoorly

removed(10-40%for pyrene fluoranthenejndenofl23 pyrene and benghi]peryleng.

Even if the number of samples for these substances is linthedsariations ofpesticide, sweetener and paraben
removals from campaign to campaigme alower than30%. Contrariwise, phialates (except DEHP, PAHSs,

alkylphenols and perfluorinated acids h#aevariations of removals

2.4.Waterquality after the PAC treatment

TKH WHUWLDU\ 3$& WUHDW P H Q \mic®poHutaayiane i EnGek i iDfloebt\afdike Bl @atHT abl 3)

but it substantiallydecreases thettissolvedconcentrations. As the generalization of tertimeatments to all WWT#®

would dependstrongly on regulations, having an idea of the levels that could be requird¢def® compounds

crucial. Instead of an overattmoval (average removal of &), such asequired in Switzerland,r@ironmental quality

criteria (EQC)for freshwaterscomparable t@nvironmental quality standards (EQS) fwiority pollutants from(EC

2013, could be used as references. Such EQC have been proposed in Swithgridned EcotoxicityCentre of
EAWAG (supporting material Table S6) (Gotz et al. R10, Kase et al. 2011 A comparison of the concentrations
measured in effluents from the PAC tmeant with these EQC or EQS enables to state if this process efficacy is
sufficient to reach references. However, these EQC/EQS apply for freshwaters and not effluents from WWTP, so a

dilution factorshould be consideraghen evaluating the quality of the treatment and the compliance with regulations.

For PhPHs naproxen, trimethoprim and atenokancentrationsare alreadymeasured belovthese proposedvalues

before treatment. Ibuprofen, sulfamethoxazalprofloxacin, propranolol, carbamazepine and bezafibrate are always
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measured below levels proposed after the treatment, while a fresh PAC dose of 20 mg/L allows delickdsmar,
erythromycin and estrone concentrations below the EQC proposed trefavid.For diclofenac, this is particularly
interesting as this compound is ntisted on the first watch list of th€EC 2013.

Among the other emerging micropollutants measured, somdiséed aspriority pollutants(EC 2013. Maximum
admissible concentration (MAEQS) and annual average environmental quality standard€£@3) have been set up
for them in surface waters (supporting materidlble S5). All the compounds with MAGEQS defined were always
guantified below these valu@s the dissolved phas&or AA-EQS, different cases were encountered: pesticid@®, t
and DEHP were always found below, NP was measured below only after trea®R@8 and benza]pyrene were
still found above after treatment. Bisphenol A and triclosan are not includé&Ci2013, but have EQC proposed by
the Swiss Ecotdgity Centre of EAWAG. Regarding it, bisphenol A was alwaysasured belowhis criterion, even in
influentsand before dilutionwhile triclosan was stilineasured above its limit valadter treatment. However, for these
compoundsthe campaigns have been performedewithe WWTP operated in degraded configuration, wdtatuld

lead tohigher concentrationg&SearaMatta 2012. In addition, the WWTP discharges are diluted in the Seine River.

3. Influence of operatioparametersndphysicachemical properties of the compounds

Different types of parameters can influence the adsorgifonessegde Ridder et al. 2011Delgado et al. 2012
structure and properties of the adsorbent, physibemical properties of thergetedcompoundswater quality and
compositionand the operation parameters (dose of adsorbentact time.etc.). As explained previously, emerging
micropollutant removals are lower when the WWTP operates in degraded watifig, because of stronger
competition from effluent organic mattand higher concentrationResults of this study also alloeharacterizing the
relatiorshipbetween fresh PAC dose and performances, as well as investigating the relations betweesthpaysoal

propertiesof the compoundand their behaviors with PAC.

3.1.Operation parameters

The freshPAC dose

To assess the influence of the fresh PAC dose, 4 dos#8-3870 mg/L) were tested during nominal WWTP

configurationand the results of the 12 PhPHs quantified in every campaigns of the phase 14Figere considered
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Based on our results, the fresh PAC dappeargo be the leading operation parameter as regards its influence on
performancesin particular, asignificant positivecorrelationis foundbetween the removal of the 26 PhPHs and the
dose of PAC(rspearman= 0962; p-value< 0.00 . ) considering the results inominal WWTP configuration.
Similarly, significant correlations are found betweenithndividual removalsand the PAC doses well as foDOC
removal gupporting material Table S6). In particular, diclofenac, sulfamethoxazobmetronidazole, sulfadiazine,
atenolol, propranolol and carbamazepine have all spearman coefficentalftion higher than 8 with p-valuelower

than 005.

As previously reportedBoehler et al. 201,2Snyder et al. 20Q7 the higher the PAC dosethe higherthe removals.
Overall, the point of inflexionis reached around 10 mgfior most of thecompounds explaining why the gain of
removal is relatively moderateetween 10 and 20 mg/and between 20 and 70 mgdf PAC, despitethe strong
correlation.In addition, while9 compounds are very well removed at 10 mg/L of PAC, they are 14 at 20amd/8 at

5 mg/L (Figure 4). Similarly, the number of well or very well removed compounds increases eoat 5 mg/L of
PAC, to20 at 10 mg/L an®6 at 20 mg/L.Finally, applying a high dose of fresh PAC (70 mg/Laleles to achieve a
very high eliminatiorof micropollutants with removals higher than 90%r all compoundsin particular, diclofenac
which is on thdfirst watch list of the(lEC 2013, is moderately removed at 5 mg/L of fresh PAC, well removed at 10
mg/L and very well removed at 20 mg/&imilarly, sulfamethoxazoles very impacted by the PAC dageinally, the

removalof the total PhPHs concentratienaround 76%at 10 mg/L of PAC45% at 5 mg/L and 83% at 20 mg/L.

Total mass of the PA thebed

In normal operatiorof the pilot, the total mass of the PAC bed is close to 4@kgpite substantial variations of the
total mass of PAC in the bed (supporting materighble S1) no significant impact is observed on the performances,
highlighting that this parameter is minddowever, the presence of a high mass of PAC in the bed should slightly
enhance the performances compared to operating with only the fresh PA@sliva@asobserved with laboratory scale
experiments (not presented)his confirms that theobservedremovas on the pilotare mainly achieved by thé&esh

PAC dosewhereagthe quantity of preloaded one in the balibws a limited enhancement of the overall performances
This observation has to beonfirmed by laboratory scale tests in order to clearly identify the roléngfcted or

preloadedPAC.

Other operation parameters
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506 The hydraulic velocity has theoretihp an influence on contact timévioreover, contact time has been identifasl
507 significantlyimpacting the adsorptioprocess in the literatur&nyder et al. 2007 However, the hydraulic velocity/the
508 water fow has not a significant impact on the observed contact time in the Car®gittusess because the variation of
509 the hydraulic velocityis coupledwith a modification of the bed depth. Indeed, a higher velocity means a higher bed
510 depth by natural expansipwhich balances the decrease of contact timaddition, WKH H[SHULPHQWDO GHV
511 allow deeplyassessinghis point contrary to the PAC dos&leverthelessalthougha slight impact is observed on
512 efficacyfor some compound&upporting material Figure S4)such as atenolol, diclofenac or oxazep#meems that
513 hydraulic velocity would not be a driving parameter of the process efficacy

514

515 Finally, the solid retention timeSRT) of PAC andthe presence of coagulant and flocant were not studied in this
516 paper.(Margot et al. 201B8haveneverthelessbserved a slight increase of micropollutegrtnoval by PAC adsorption
517 in presence of coagulant.

518

519

520 3.2.Influence of the lpysicachemical properties of the compourastheir removals

521

522 The fate of many pollutantswithin PAC can be explained by thegihysicachemical propertiegzirst of all, the charge
523 of the compound is a crucial parameter in theimoval Indeed, all positively charged compounds (atenolol,
524 propranolol, trimethoprim, ciprofloxacinponfloxacin) are well removed (>80%), regardless their other propefiias.
525 has already beennderlined in the literatur@de Ridder et al. 201 Margot et al. 2018 In fact, cepending on the point
526 of zero charge (PZC) of the adsorbent, its surface can be neutral or sllgdnilyed (positiig or negativéy) atinfluent
527 pH (7-8). In addition, sorption oéffluent organic matter, generally negatively chargedvastewateron activated
528 carbon surface can switch (if initially neutral or positive) or incrédisdready negatie) the chargeresulting overall in
529 a surface negatively chargéslargot et al. 2013Yu et al. 2012n Therefore this indicates that in this case the PAC
530 surface hasegative charges inducirgirongelectrostaticattractionof positive compoundsin spite of their positive
531 charges erythromycin and roxithromycimre less removed (560%), probablyas a results otheir high molecular
532 mases (733.5 and 837.0 g/motespectively; supporting material Table $4), inducing a higher sensibility to
533 competition withorganic matterand other compounddi et al. 201) anda size exclusionMorencCastilla et al.
534 2003. For thesecompounds, a slight positiveelation with hydrophobicity (log Bw) is moreoverobserved i.e.

535 atenolol 80% - log Dow = -1.99) vs. propranolol (94% log Dow = 0.98). The number of Fbond sitesand the
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compound structurdo not seem to have angubstantiainfluencefor these compound$4oreover, considering only
compounds with similar log & and molecular mass, negatively charged compounds are less removed than positively

charged ones (i.e. trimethoprim, propranolol, naproxen, diclofenac, sulfamethoxazole).

For neutral and negatively charged compoufielgure 2and supporting materialTable S3), the hydrophobicity and
the structure of the compourséem tgplay a major role in removalhe influence of hydrophobicity, polarizability or
structure of the compoundugctional groups allowing Hhondor S Shinding has already beemeported(de Ridder et
al. 2010 Delgado et al. 2092 Indeed, theadsoption of the neutral compounds seems to influencedby their
hydrophobicity, ageflected bya significant positive correlatio(rspearman= 0587, p-value< 0.06 . ) found
between log Bw and removalsof PhPHs (Westerhoff et al. 20Q50bserveda similar trend In addition to the
hydrophobicity specific interactions between PhPHSs functional groups and PAC should be invotexd (de Ridder
et al. 2010 have reported thatHinding and S Sinteractions become very important at low hydrophobjditgucing

possiblesubstantiatlifferencesn thefate of compounds with similar hydrophobicity

No significant or specific relations were found for negativeompounds between removal and properties
Hydrophobicity was not identified as enhancing their adsorptiocontrary to wha{Margot et al. 201Bobserved.
Absence of direct relatiahip between adsorption and hydrophobicity was alsserved for some antibiotics i et
al. 2010. These compounds are more likely influenced by their strigctuma their fate should be driven by a balance
between electrostatic repulsion aspkcific interactionsvith PAC surface(MorenoCastilla et al. 200B8concluded that
aromatic compounds are mainly physisorbedactivated carbon, confirming the prevalencéheseweak interactions.
Some functional groupsmay enhance adsorptiosuch asaromaticity andN-heterocycles(Delgado et al. 2012
explaining the high removal of ofloxacin although this compound is negatitarged For instancepfloxacin and
diclofenac havehree heterocycleknown to enhance adsorptiam activated carbofDelgado et al. 2012 while

sulfamethoxazolandsulfadiazinehave only one heterocycle

CONCLUSIONS

Among the solutions to reduce the emerging contaminant discharges into the environment, the implementation of a

tertiary treatment in actual WWTR more and more considereBesides, emerging micropollutants, particularly
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pharmaceuticals, may be included in modifications of existing regulatiamsinstance, diclofenac, 17 and 17 -
estradios are now on the fgt watch list of thdEC 2013, andthe Swiss Centre for applied ecotoxicology has proposed

environmental quality criteria for several emerging micropollutants

In this contextthe fate ofl13 micropollutantswithin alargescale PA adsorption pilot (CarboPIfishas been studied.

54 pharmaceuticals and hormones (PhPHs)S8hdther micropollutants, such as pesticides, personal care products,
phthalates, PAHs or artificial sweetengrgere then monitoredrhe 14 campaigs performed allowed assessthe
overall performances of the process for these compouwmsthe influence ahe WWTP configuration, theperation

parameters antthe physicachemical properties of the micropollutants on the process efficacy.

26 PhPHswere quantified irinfluentsfrom noninal WWTP configurationincluding 8 substancesvith concentrations
higher than 100 ng/LSulfamethoxazole ipredominantwith the highest average concentration, accounting for about
30% in average of the sum of the P&PHs.In contrary, theemaining moleculesrere measured whether at low (<10
ng/L), like estrone or lorazepam, or at interméeel@ncentratioa (10-100 ng/L), like naproxen or trimethopriré.of

them arepoorly ormoderately removed by the proces6(%), i.e. paracetamol, ibuprofen or sulfamethoxazoid, 1L

are rather well removed (680%), especially diclofenac, naproxen or oxazepam.9t@maining substances are very
well eliminated (>80%), i.e. beta blockers, carbamazepinemethoprim

The changeof the WWTP configurationhas asubstantialimpact on the influestquality (DOC, UV-254, BOD:s,
nitrogen species, TS$hd most of thePhPHshave higher concentratioms this configuration highlighting both the
seasonal variations artle removal performedue to denitrification stepn nominal configuration Paracetamol and
ibuprofen concentrations are multiplied by 180PHs are overall slightly less removed in percentage in this WWTP
configuration buta higher flux iseliminated. This is consistent considering the higher concentrations and the
degradation of the influents quality which probably enhances the competition effects.

Concentrationof the other micropollutantsluring degraded WWTRonfigurationare variable but phalatesand
artificial sweeteners are present at very high concentsatignto 1000-10 000 ng/L, bisphenol A and NP between 100
and 1000 ng/L, and pesticides, perfluorinated aci®#\Hs and parabens below 100 ng/Except parabens and
pesticides, whic arelargely removed (5605%), most of the other micropollutants are poorly to moderately removed.
However,similarly to PhPHSs, it can be assumed that performances would be highemimal WWTP configuration

for these compounds.

The fresh PAC doséas been iderfied as the main operation parameter which significantly influeacthe
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performances for micropollutamemovas. The total mass of PAC in the bed was not identified as influencing the
performancesn the studiedrangeof mass Overall,in nominal WWTP configuratiorthe CarboPIu% process reduces

in averagehe sum of the PhPHs about53% at a dose of PAC of 5 mg/lZ6% at 10 mg/L and more thar3® at 20

mg/L. Finally, a high dose of PAC allows to achieve very high removals (>90%)tbeaPhPHsbut at higher costs

The molecularcharge seems to be the most importanperty influencing the fate ahicropollutans. However, the

size of the molecule can be a limiting factor becéiigh molecular weightompounds are more sensitivedi@anic

matter competition. A higher dose is then needed for heavy compounds compared to others, at comparable other
molecular properties-or neutral or negative compoundhydrophobicity angtructure of the molecule, pantlarly the

presence o$pecificfunctional groupsbecome very important in their fate

This pilotis still operating in 2014, and a new type of activated caibdested.This micregrain activated carbon
(LGAC) has an intermediary size between PAC (<50 pum) and grain (>1 thatjacilitates the bed handling (no need
of chemical addition}ogether with good performances for micropollutants eliminatidoreover, PGAC selected is
producedrom regenerated actived carbon ands regenerated several times, ensuring a reduction of cost and a higher

sustainability of the process.
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832 Table 1 - Operation parameters for the 14 campaigns performed

Date WWTP configuration| PAC dose | Hydraulic velocity | Total PAC mass (kg)
C1* 02/07/13 70
C2 09/07/13 20 8
C3 16/07/13 5
C4 23/07/13 10
C5 30/07/13 Nominal 20 )
C6 06/08/13 10 6
C7 20/08/13
C8 27/08/13 5 8
C9 04/11/13 10 7 62
C10 19/11/13 46
Ci11 27/11/13 52
C12 03/12/13 Degraded 10 7 53
C13 10/12/13 45
Cl4 17/12/13 58
833 *C for campaign
834
835
836
837

27




838

Table 2 - Pollutants studied andtheir analytical methods

Groups Na n° Reference Extraction® Analysis? LQ®
Antibiotics 31 14 0.2-110
Analgesic 5 14 SPE 0.04-1.0

Betablockers 2 14 . Autotrace® 0.02
Anxiolytics 4 14  (Vulietetal 201} o iax@or Oasis HLB® ~ “CMSMS 1905
Hypolipemiants 2 14 cartridges 0.7-2.4
Hormones 10 14 1.0
Chlorinated solvents 3 5 (Barrek et al. 2009 GC-MS 0.2-23
Perfluorinated acids 2 5 (Vulliet et al. 201) SPE LC-MSMS 1.0
Pesticided herbicides Autotrace® GC-MS 6-177
/ insecticides 23 5 (Barrek et al. 2009 StrataX®cartridges LC-MSMS 0.2
BisphenolA 1 5 (Vulliet et al. 201) LC-MSMS 10
PAHs' 13 3 (Bressy et al. 2092 SPE 0.2
Alkylphenols 2 5 (Bergé et al. 2014 Manual GC-MS 0.6- 100
Phthalates 4 5 (Bergé etl. 2019 Oasis HLB®cartridaes 100
PCPS 7 3 (Gasperi et al. 2034 9 LC-MSMS __ 2.8- 10
SPE
Sweeteners 4 4 (Scheurer et al. 2009 Autotrace® LC-MSMS 50- 250
Bakerbond SDB1 cartridge:
Total micropollutants 113

aN = number of substances.
bn = number of campaigns performed.
¢ SPE = solid phase extraction.

d Analytical methods: LC = liquid chromatography, GC = gas chromatographyy&€ GC with mass spectrometry, {SMS
= LC with tandem mass spectrometry.
€LQ = limit of quantification.
fPAHs = polycyclic aromatic hydrocarbons; PCPs = personal care products.

839
840
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842

Table 3 - Micropollutant and conventional wastewater parameterconcentrations in influents and effluents

during nominal and degradedWWTP configuration
Nominal WWTP configuration Degraded WWTRonfiguration
(n=9) (n=5)
L Influent Effluent Influent Effluent
(ng/L) Concentration Concentration Concentration Concentration
N (ng/L) N (ng/L) N (ng/L) N (ng/L)
Av. + SD Av. + SD Av. + SD Av. + SD
(min - max) (min - max) (min - max) (min - max)
Conventional wastewater parameters
0.110+0.013 0.075+ 0.020 0.139+0.011 0.109+ 0.008
1
UV 254 nm €nt) 0.01 | 919 | g0g7-0129 | ¥° | (0.047-0.108 | °° | (0.126-0.153 | *® | (0.099-0.120
5.6+0.9 3.5+1.2 7.5+0.5 5.8+0.4
DOC (mgCIL) 0.5 9/9 (4.4-7.0) 9/9 (12-5.2) 5/5 (7.1-83) 5/5 (5.4- 6.4)
26+ 11 34+ 22 26+2 21+2
COD (mgQJ/L) 4 9/9 (17-47) 9/9 (13- 74) 5/5 (23-28) 5/5 (19- 25)
48+3.3 3.5+1.9 5.8+0.9 3.0+£05
BODs (mgQ2/L) 0.5 9/9 (2.8-11.0 9/9 (1.3-7.0 5/5 (4.9-7.0 5/5 (2.4-37)
NHa* (mgN/L) 03 | o <LQ 0/9 <LQ 55 | 4407 g 35205
(3.2-5.0 (2.9-40
. 0.21+0.17 0.15+£0.16 0.7+0.02 0.29+£0.16
NOz (mg/L) 002 | 99 | (n06-023 | 8| <l0-0309 | ¥ | (0.05-009 | *®| (003-049
. 9.1+2.9 8.5+2.8 23.7+2.1 244+25
NOs (mgN/L) 04 | 99 | w611y | 29| @oi13n | ¥ | (oe-2549 || (07-269
15+0.2 1.2+0.1 49+0.5 3.9+04
TKN (mgN/L) 0.5 9/9 (11-18) 9/9 (0.9-1.3) 5/5 (4.1-55) 5/5 (3.4-4.4)
PO (mgP/L) 0.1 0/5 <LQ 0/5 <LQ 0/5 <LQ 0/5 <LQ
TP (mdP/L) 0.3 0/5 <LQ 0/5 <LQ 0/5 <LQ 0/5 <LQ
TSS (mglL) 20 | 9i9 é * 51) 9/9 (3 _’—'271) 515 (‘ff g) 5/5 (52 * é)
Pharmaceuticals and hormones
34+18 11+10 367 £ 90 145 + 28
Ketoprofen 0.3 9/9 (13- 61) 6/9 (<LQ - 30) 5/5 (273- 501) 5/5 (109- 182)
33128 12 +13 154 + 39 52+9
Naproxen 0.7 8/8 (8- 83) 5/8 (<LQ - 34) 5/5 (122- 220) 5/5 (43- 64)
33+22 32+18 5870 + 2597 1030 £ 923
Paracetamol 0.04 | 6/9 (<LQ - 70) 6/9 (<LQ - 56) 5/5 (3610- 10350) 5/5 (349- 2 650)
9 9+5 951 + 360 432 + 200
Ibuprofen 1.0 2/9 (<LQ - 13) 5/9 (<LQ - 14) 5/5 (590- 1439 5/5 (220- 699
. 184 + 91 52 +51 384+ 76 171+ 19
Diclofenac 0.3 9/9 (95- 309) 9/9 (3- 166) 5/5 (301- 508) 5/5 (147- 196)
993 + 817 419 + 318 233+ 179 130
Sulfamethoxazole 1.0 9/9 (175- 3010) 9/9 (37- 798) 5/5 (70- 470) 3/5 (<LQ - 235
. 412 + 314 70+74 39+7 18
Ofloxacin 10 9/9 (14- 911) 8/9 (<LQ - 218) 5/5 (34- 51) 3/5 (<LQ - 24)
. . 175+ 93 22 +17 13+3 5
Ciprofloxacin 1.0 8/9 (64-312) 6/9 (<LQ - 51) 5/5 (11-17) 3/5 (<LQ - 8)
Trimethoprim 03 | 99 (g‘f ;2729) 819 (<E<§ _28) 515 ?5-17421;3 415 (<ES _39)
Metronidazole 0.2 9/9 (113 _122) 8/9 ( <I_8Qi-3:)LZ) 5/5 (Sg -igg) 5/5 (1285 _tzg)
. . 99 + 53 35+33 175+ 59 99 + 42
Roxithromycin 1.0 4/4 (57-173) 4/4 (5- 76) 5/5 (126- 271) 4/5 (<LQ - 155)
. 80 + 36 17
Norfloxacin 1.0 5/9 (<LQ - 118) 3/9 (<LQ - 29) 0/5 <LQ 0/5 <LQ
. 124 + 32 50 + 38
Erythromycin 1.0 4/4 (97- 170) 4/4 (23- 106) 0/5 <LQ 0/5 <LQ
Sulfadimerazine 1.0 2/9 ((LS -7) 1/9 (<LQ - 9) 0/5 <LQ 0/5 <LQ
A 10+6 4+3 4+1 1+1
Sulfadiazine 1.0 9/9 (1-21) 7/9 (<LQ - 8) 5/5 2-5) 4/5 (<LQ-2)
Sulfameter 1.0 1/9 (<LQ - 49 0/9 <LQ 0/5 <LQ 0/5 <LQ
Sulfathiazole 1.0 3/9 1 0/9 <LQ 0/5 <LQ 0/5 <LQ

29




(1-2)

Atenolol 0.02 | 9/9 (1122_’-'2%11) 9/9 ?28_1627;‘ 5/5 (3852 _181558)6 55 | 1 g-izgg)
Propranolol 0.02 9/9 (267 %12371) 9/9 (f i155) 5/5 (ll 327 1-2;166) 5/5 (1161 _tzg)
Carbamazepine 1.0 9/9 (21%)52315) 8/9 ( <i'(1;_ ii$ 5/5 (5;) _igg) 4/5 ( <L8Qi_21 1)
Oxazepam 1.2 8/8 (123 é) 13%324;3 8/8 ?59 -i625‘)1 5/5 égi i61135)2 5/5 (11156 iz i’é)
Lorazepam 19 | 3 (<Lél_ oy | 18| (<Q-8) | 4 (i’éf §6) 5/5 (1158_122)
Bezafibrate 0.7 | 88 (316_1'133 658 | (. L8Qi_92 o | 55 (31291 _igi%g’ 5/5 (1547_1 j%g
Fenofibrate 2.4 1/8 (<LQ - 4) 0/8 <LQ 0/8 <LQ 0/8 <LQ
Estrone 10 | 48 | <L7Qi-210) 58 | <Eé _126) 5/5 éz_ i; 5/5 (i 171)
Testosterone 1.0 1/8 (<LQ -1 0/8 <LQ 2/5 (<LQ -1 0/5 <LQ
GhPHS ] [ 2729+1057 | _ 752+ 517 | 989242569 | | 26251007
(1358- 5158 (75- 1593 (6 844- 13910 (1711- 4226
Other emerging micropollutants
Atrazine 0.2 515 (‘é 151) 5/5 (21 121)
Diuron 0.2 55 (fg-isg) 5/5 é * 51)
Isoproturon 0.2 5/5 (:E i622§ 5/5 éz J;O?
PFOA 1.0 5/5 (122_*32) 5/5 (% _J—'Sl;)’
PFOS 1.0 515 éj * 516? 5/5 (ﬁ * 415
Bisphenol A 10 515 (ﬁg _1511‘58 515 (573_11%‘2‘)
NP 100 5/5 (184431_13 ggg 3/5 (<Léff6390)
t-oP 0.6 55 (115 _izg) 5/5 (1:5}33)5
DEHP 100 414 (g o ;7%‘1)2 414 (387671_ : ggg)
DEP 100 55 | 494911-11‘1;34) 5/5 (‘;39? éj;
DnBP 100 5/5 (395352_i169381b.) 5/5 (360097_i13’288%)
Acesulfame 50 4/4 (78970205_ig%0020) 4/4 (67750205_i862%5())
Cyclamate 50 2/4 ( <LQ2£E0430) 0/4 <LQ
Saccharin 50 4/4 éj’g 5 ; fgg) 4/4 ( 475003-i121%%)
Sucralose 250 ala | 67510500_i75;050) 4/ (55680705_ 16212020)
Triclosan 10 3/3 (12 EiSS) 3/3 (861-01319)
Methyl paraben 28 313 (31?5102) 3 (101_113)
Ethyl paraben 3.5 3/3 (274_057) 2/3 (<LQ5 -7)
Propyl paraben 3.3 3/3 (375_681) 2/3 ( <LQ5 -5)
Benzyl paraben 3.0 1/3 (<LQ -4 1/3 (<LQ -3)
Butyl paraben 2.8 2/3 (<Lé(f 5 | 0B <LQ
Fluorene 0.2 3/3 (0.3}_'74_2) 3/3 (2_5_'%.4)
Phenanthrene 0.2 3/3 16.7 3/3 24.2
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Anthracene 0.2
Fluoranthene 0.2
Pyrene 0.2
Benzop]anthracene 0.2
Chrysene 0.2
Benzop]fluoranthene 0.2
BenzoK]fluoranthene 0.2
Benzop]pyrene 0.2
Indeno[123]pyrene 0.2
Dibenzophlanthracene| 0.2
Benzophi]perylene 0.2

(13.0-19.1) (10.2-333
3/3 (0.50-'60.8) 3/3 (13.%)(?'179.1)
3/3 (2.2-'23.9) 3/3 (2.42-.62.8)
33| 12-'42.8) 3/3 (1.41-'61.8)
03 <[Q 173 | (<LQ-0.9
3/3 (1.21-51.6) 3/3 (0.71-'51.9)
33| > -'3;1.0) 83| 4 53-'24.2)
3/3 (0.91-'21.4) 83| o 51-'2.5)
3/3 (0.91-'41.7) 331 (o 71-'%.0)
3/3 (1.02-02.6) 3/3 (0.82-'%.3)
3| 0s0s || 0343
3/3 (1.12-'02.6) 3/3 (0.71-'72.3)

LQ = limit of quantification.
N = number of quantification / campaigns performed.
Av. + SD = average * standard deviation (calculated only whe3)N
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Figure 2 - Removalsof pharmaceuticals and hormonegN=26) by PAC treatment during nominal (left) and
degraded(right) WWTP configurations (min - Q1 - Q2 - Q3 - max or individual values) - occurrence in brackets
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Figure 3 - Removak of the other emerging micropollutants by PAC, in degradedatonfiguration of the WWTP.
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Figure 4 - Parameters influencing the efficiency of PAC to remove emerging micropollutants from treated

wastewater- influence of the water quality top) and the fresh PAC dosel{ottom)

34



