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Abstract

Many organic micropollutants present in wastewatech as pharmaceuticals and pesticides,
are poorly removed in conventional wastewater mneat plants (WWTPSs). To reduce the
release of these substances into the aquatic emvaot, advanced wastewater treatments are
necessary. In this context, two large-scale pitivaaced treatments were tested in parallel
over more than one year at the municipal WWTP afdaane, Switzerland. The treatments
were: i) oxidation by ozone followed by sand fittoa (SF) and ii) powdered activated

carbon (PAC) adsorption followed by either ultraéition (UF) or sand filtration. More than
70 potentially problematic substances (pharmacalstipesticides, endocrine disruptors,
drugs metabolites and other common chemicals) vegr@larly measured at different stages
of treatment. Additionally, several ecotoxicoloditests such as the yeast estrogen screen, a
combined algae bioassay and a fish early life stestevere performed to evaluate effluent
toxicity. Both treatments significantly improveceteffluent quality. Micropollutants were
removed on average over 80% compared with raw wasee, with an average ozone dose of
5.7 mg Q1™ or a PAC dose between 10 and 20 thgdepending on the chemical properties
of the substances (presence of electron-rich nesietharge and hydrophobicity), either
ozone or PAC performed better. Both advanced trestisried to a clear reduction in toxicity
of the effluents, with PAC-UF performing slightletber overall. As both treatments had, on
average, relatively similar efficiency, furtherteria relevant to their implementation were
considered, includintpcal constraints (e.g., safety, sludge dispossinféction), operational
feasibility and cost. For sensitive receiving wat@rinking water resources or recreational
waters), the PAC-UF treatment, despite its curhégtter cost, was considered to be the most
suitable option, enabling good removal of most ppallutants and macropollutants without
forming problematic by-products, the strongest dase in toxicity and a total disinfection of

the effluent.

Keywords: Organic Micropollutant, Pharmaceutical, Wastewate@eatment, Ozone,
Powdered Activated Carbon, Effluent Toxicity



1. Introduction

About 3000 pharmaceutical compounds and more tB@rp8sticides and biocides are
commercially available in Switzerland (OPBio, 20@Ph, 2010; Swissmedic, 2012). They
can enter urban sewer systems via human excretionne and faeces, by improper disposal,
or through leaching of pesticides and biocides froban areas during rain events. In
conventional wastewater treatment plants (WWTPapyof these hydrophilic organic
compounds are poorly removed (Choubert et al., 2D&blonde et al., 2011), and are thus
characterized by a relatively constant input at émmcentrations (ng'lto pg I*) into the
aguatic environment. As most of these substan@desmigned to be biologically active, they
can affect sensitive aquatic organisms even at legryconcentrations (Santos et al., 2010),
hence the name “micropollutant”. For instance, enide effects on fish and mussel
populations such as intersex, reproductive disompdir feminization of males have been
observed in rivers downstream of municipal WWTHallg (Alan et al., 2008; Gagné et al.,
2011; Tetreault et al., 2011; Tyler and Joblind)&0Vethaak et al., 2005; Woodling et al.,
2006). These effects were attributed to the reledsadocrine-active chemicals such as the
synthetic estrogen &ifethinylestradiol (found in contraceptive pillsgtaral estrogens

estrone and Pfestradiol or nonylphenol. Furthermore, as lakakrarers are used in many
places for drinking water supply, pharmaceuticals pesticides can therefore be found in tap
water at very low concentrations, even after drigkivater treatment (Huerta-Fontela et al.,
2011; Mompelat et al., 2009; Stackelberg et al0720Acute human health effects are not
expected (Webb et al., 2003), but effects of l@rgitexposure are unknown and, therefore,

the release of these compounds into the environsfenild be avoided.

Effluents of WWTPs are the main source of pharmicals in the aquatic environment
(Bartelt-Hunt et al., 2009; da Silva et al., 201Since it is unrealistic to limit the

consumption of pharmaceuticals, additional stepgidwastewater treatment are one of the



best options to reduce the release of these condganto surface waters. Currently, two
main technologies with a potential for large-saglication in terms of efficiency, costs and
energy requirements have been identified (AbeggtehSiegrist, 2012; Joss et al., 2008):

oxidation of micropollutants with ozone or adsaoptionto activated carbon.

Through the strong oxidative properties of ozong afithe hydroxyl radicals produced
spontaneously in its decomposition, ozonation wasd to degrade efficiently most
micropollutants present in treated wastewater witlose of 3-8 mg 3™ (Hollender et al.,
2009; Lee et al., 2012; Nakada et al., 2007; Reangoal., 2012; Reungoat et al., 2010;
Rosal et al., 2010). A potential disadvantage f pihocess is the formation of unknown
reactive by-products due to partial oxidation & tompounds and reaction with matrix
components (von Gunten, 2003a). For example, uradésitoxic oxidation by-products such
as nitrosamines N-Nitrosodimethylamine (NDMA), biatenor formaldehyde can be formed
(Hollender et al., 2009; Richardson, 2003; We#let2007), potentially increasing the
toxicity compared to non-ozonated wastewater (Regbhl., 2006; Petala et al., 2008; Stalter
et al., 2010a; Stalter et al., 2010b). These okdairoducts are usually more easily
biodegradable and can be partially removed durialpgical post-filtration (Hollender et al.,

2009; Richardson et al., 1999; Stalter et al., 20Bdalter et al., 2010Db).

Activated carbon allows removal of a broad spectafimicropollutants via adsorption to its
high specific surface area and is thus widely usettinking water treatment (Snyder et al.,
2007; Westerhoff et al., 2005). As organic mattesspnt in wastewater effluent can compete
for adsorption sites, larger amounts of activattban are required. The efficiency of
granular activated carbon (GAC) filtration to rereawicropollutants has been studied in
some WWTPs, showing a mitigated efficiency depegain the compound and the
frequency of GAC regeneration/replacement (Grovat.e2011; Nguyen et al., 2012;

Reungoat et al., 2012; Reungoat et al., 2010; Srstoa., 2007). Powdered activated carbon



(PAC) adsorption, with a dosage of 10-20 MgHas been proposed as a more efficient

alternative compared to GAC treatment (Boehlet.e2812; Metzger et al., 2005; Nowotny
et al., 2007; Serrano et al., 2011). However, te,daery few large scale studies evaluating
the efficiency of micropollutants removal via PA@atment in municipal wastewater have

been reported.

In order to find a feasible and efficient solutimn the removal of pharmaceuticals and
pesticides in wastewater, a global pilot study e@sducted at the municipal WWTP of
Lausanne, Switzerland. The goals were to evaluatecampare the efficiency of ozonation
and PAC adsorption (i) to remove a broad rangeiofapollutants in WWTP effluents, and
(i) to reduce ecological impacts of the effludfihally, we aimed to determine the feasibility
of these advanced treatments at the WWTP scaénmstof operation, energy consumption

and costs.
2. Materials and methods
2.1 Lausanne wastewater treatment plant

The municipal WWTP of Lausanne, Switzerland, islérgest in the Lake Geneva watershed
and treats on average 95,000dit of wastewater representing a population equivglRR)

of 220,000 individuals. The sewer system is onlyiglly separated, collecting a significant
amount of urban runoff during rain events. The wsted includes a major hospital and
several clinics, which are a potential source efc§fr pharmaceuticals. The wastewater
treatment consists of pre-treatments (grit remawal screening at 1 cm), primary clarifiers,
biological activated sludge treatment (AS, sludge af 2 d) without nitrification, or, for 5%

of the flow, a moving bed bioreactor (MBBR) withrpal to complete nitrification (< 1 mg
N-NH,4 1. In both treatments, phosphorus is removed bgipitation with iron chloride.

Treated wastewater (WWTP effluent) is then dischdiig Lake Geneva, which is the main



drinking water reservoir for more than 600,000 imtents (www.cipel.org last accessed 7

May 2013).
Table 1 near here
2.1.1 Ozonation pilot plant

The pilot plant for ozonation was designed to teeataximum flow rate of 100 I'(13,000
PE) and consisted of a plug flow reactor (volumé28 n?) separated into four chambers
(nine compartments) in series (Figure 1a) to assptienal hydraulic conditions and a
minimal reaction time of 20 min. Characteristicdtué feed water (effluent of the
conventional WWTP) are presented in Table 1. Ozom#aining gas (2-14% w/w) was
continuously produced by an ozone generator (BEff@MO 600 from ITT Wedeco,
Wallisellen, Switzerland) fed with pure oxygen. 60%ihe gas was injected counter
currently into the ¥ or 2" chamber depending of the water flow rate and 40%e 3’
chamber. The reaction time in the reactor rangéaden 20 and 60 min. The ozone dosage
was automatically adjusted to the water qualitydative demand) by varying the gas flow to
maintain a constant residual concentration of dlissbozone (around 0.1 mg; 0",

measured with an online sensor (AMI codes I, fidwan, Hinwill, Switzerland), and
confirmed with a second probe (AquaTector from Mge®interthur, Switzerland) at the
outlet of the &' chamber. Corresponding initial ozone doses vadredieen 2 and 13 mg;O

I, with on average 5.7 mgs®"'. Ozone concentrations in the feed and off gas were
continuously measured with BMT 964 probes (Bei@Beymany). The transfer efficiency of
ozone into the dissolved phase was between 70a098%6 depending on the gas flow. In
this paper, the ozone dose refers to the amougas#ous ozone injected and not to the ozone
dissolved into the water. The remaining gaseous®xs catalytically converted to oxygen

before its release into the atmosphere. The efflakthe ozone reactor was then filtered



through a rapid sand filter (flux of 8 m-hcharacteristics described in the next sectiot) wi

biological activity to remove reactive oxidatioroducts.
Figure 1 near here
2.1.2 Powdered activated carbon treatment pilonpla

The pilot plant for PAC treatment was designedeatt WWTP effluent, in parallel to the
ozonation, at a maximum flow of 10-15% gca. 1700 PE). Based on bench-scale batch
adsorption tests on five different PACs (Omlin &ttksaux, 2010), two PACs were selected
for the pilot studyto assess if the treatment efficiency was infludnmgthe type of PAC:
Norit SAE SUPERM (Norit Activated Carbon, The Netherlands), witkigrsize g of 15

um, specific surface area of 1156 git, pH of point of zero charge pkt > 7.3, and ash
content of 12%; and SORBOP®RMV-125 (Enviro Link SA, Switzerland) with grainzs

dso < 45 pm, specific surface area of 1100gh, pHezc of 9-11, and ash content < 6%. Norit
SAE SUPER and SORBOPOR MV-125 were used duringitsteand the second half of the
study respectively with ultrafiltration separatidrne installation was composed of a well-
mixed contact reactor of 30°rwhere PAC slurry (3-5 g') was added continuously in
proportion to the wastewater flow to reach a fiti@sage of 10 to 20 mg PAC.IA coagulant
(FeCk at 4-15 mgt) was added to improve the subsequent separatitire 3JAC. Treated
water was then filtrated in low transmembrane-pres$0.1-0.3 bar) cross-flow hollow fibres
ultrafiltration (UF) membranes (Norit AirLift!, in PVDF, molecular weight cut-off of 100-
300 kDa, total filtration surface of 660°to remove the PAC (Figure 1b). The tangential
filtration process allowed increasing the conceitra(up to 1-2 g PACH) and the residence
time of the PAC in the system. Every four hours, glgstem was patrtially drained (volume
removed proportional to the PAC dose) to maintatorstant PAC concentration in the

reactor and to remove excess old PAC, which wasiti@nerated with the sewage sludge



from the conventional treatment. The hydraulicdesce time in the contact reactor varied
between 40 and 170 min, depending on the flow fidte.corresponding solid (PAC)
residence time was between 2 and 17 d in ordezachradsorption equilibrium. UF
membranes were backwashed every 10 min for 10dsgla@mical cleaning with citric acid
and sodium hypochlorite was performed every momiéwvbid fast clogging of the
membranes. The PAC separation was also studiedadv@nonth period with a pilot sand
filter (SF) without concentration and recirculatiofithe PAC (with the PAC SORBOPOR
MV-125). The filter, also used after ozonation, sisted of 1.2 m of expanded shale (grain
size 1.6-2.4 mm), and 60 cm of quartz sand (gram®&.7-1.2 mm), with a filtration flux of
8-16 m K' and one backwash per day. Supplementary informatacerning the operation

of the ozonation and PAC-UF pilot plants can bentbin Margot et al. (2011).
2.2 Sampling campaigns

The pilot systems were operated continuously forentikan one year. To monitor long term
efficiency and to optimize the treatments, 25 samgptampaigns of one day (2-3 per month)
and four seasonal campaigns of one week were psgtbbetween June 2009 and October
2010. During the campaigns, 24-h to 72-h compasitaples (taken time proportional every
15 min) were collected with refrigerated automaamplers (ISCO 6712 FR, Teledyne,
USA, and WS 316, Watersam, Germany) at 5 locatibniifluent of the WWTP after grit
removal and screening (Influent), 2. Effluent of thiological activated sludge treatment
(only the first seasonal campaign) or effluenthaf biological MBBR with nitrification

(BIO), 3. Effluent of the ozone reactor (0Z), 4fl&gnt of the sand filter following the
ozonation (SF), and 5. Effluent of the PAC withrafittration (PAC-UF) or with sand filter
(PAC-SF) treatment (the last seven one-day campri@omposite samples were stored at
4°C and transferred in less than 12 h (or 24 hHerioassays) to the laboratories performing

analyses.



2.3 Chemicals and reagents

High purity micropollutants, deuterated standamis @eagents used for micropollutant

analysis have been listed previously (Morasch.eal0).

2.4 Analyses of micropollutants

Upon arrival in the laboratory, samples were imratady acidified to pH 2.5 with 5 N HCI
and filtered at 0.7 um through glass fibre filtéggpe GF/F, Whatman). Analysis of 58
hydrophilic micropollutants (36 pharmaceuticals,bl@cides and pesticides, 2 corrosion
inhibitors and 7 endocrine compounds, Table S1p8uing information (SI)), identified in
Switzerland as priority micropollutants (Moraschakt 2010; Perazzolo et al., 2010), were
conducted on the filtrate by solid phase extrac{liRE) followed by ultra-performance
liquid chromatography coupled to tandem quadrupwdss spectrometer (UPLC-MS/MS).
The analytical method, described in Morasch ef28l10), was developed and validated for
wastewater matrix (further details can be founthanSI). Uncertainties of the micropollutant
analyses, including recovery and repeatability vao&ies, were compound- and
concentration-dependent with a decreased reproditycitbose to the limit of detection
(LOD). For the large majority of the compounds, tekative standard deviation was < 30%
(Bonvin et al., 2011). Compounds detected with théthod are presented in Table 2

(analytical method A) with their respective LODs.

Chemical properties of these 58 micropollutantsreperted in Table S1, SI. Hydrophobicity
was expressed by the log/at pH 7, a corrected form of the octanol-watetipan
coefficient (log Kw) determined for non-ionic substances, to accaunthfe molecule
dissociation or protonation at pH 7 (de Ridderlet2910). The log Ry, values were
calculated from the corresponding kalues following Schwarzenbach et al. (2003). For

neutral molecules, logdd = log Ko, for ionic compounds, log §a < log Kow.



During two seasonal campaigns, a broader rang8®hiicropollutants, including human
pharmaceutical metabolites, were analysed ondilt&-d composite samples (glass fibre
filter APFD09050, Millipore) following Hollender etl. (2009) and Kern et al. (2009). The
method consists of SPE, with the same cartridgésrasethod A, followed by LC-MS/MS
with an XBridge C-18 column (Waters) and Linearpl @@uadrupole orbitrap mass
spectrometer with electrospray ionization (Thernshé&r Scientific Corporation, USA).
Compounds detected with this method are present&dble 2 (analytical method B) with

their respective LODs.

Analyses of the endocrine disrupting compoundsdstradiol (E2) and Jethinylestradiol
(EE2) (analytical method C in Table 2) were dondilbered 7-d composite samples during
two seasonal campaigns by solid phase extracti@h¢blut® EN-RP18 cartridge, Merck,
Germany) followed by LC-MS/MS detection (AP1 400CGIMS/MS, Applied Biosystems,

USA). The method used is described in Table S258)&6l1.

In case when the effluent concentration was bel@OD of the compound, the removal
rate was calculated as a minimum value using thb B® effluent concentration. These
minimum removal rates were not integrated intoglodal removal average unless they were

above 80%, in order not to bias the results.

2.5 Bioassays

In this pilot study, a broad range of bioassays peformed, showing that most acute
toxicity bioassays were not sensitive enough teatehe effects of low micropollutant
concentrations in wastewater. An overview on thesassays can be found in Kienle et al.
(2011). Two kinds of assays were therefore seldaésed on their sensitivity: i) bioassays on
enriched samples and ii) chronic toxicity testthie whole effluent. These two approaches

can be seen as complementary for evaluating teetsfof the effluents: the first mentioned

10



assays are very sensitive and focus on the efpecthiced by specific pollutants, while the
second assays evaluate the long-term toxicity@effluent, including the effect of very
polar compounds not well extracted during the damient process, such as ozonation by-
products (Stalter et al., 2011). For the first aagh, two bioassays were performed on
enriched samples: théeast Estrogen Scre€éviES) to evaluate the estrogenicity (Routledge
and Sumpter, 1996) and tB®mbined Algae Assdy evaluate the global toxicity and the
presence of photosynthesis inhibitors (Escher.e2@08b). For the second approach, a fish
early life stage test (FELST, OECD, 1992b) witmbkaw trout was performed by exposing

the fish for 67 d to the effluent from the diffeteéreatments under flow-through conditions.

2.5.1 Sample enrichment (YES and combined algagass

The sample enrichment was done by solid phaseatixinag(SPE), which allows for increased
pollutant concentrations in the extracts and therebables a better detection in the
bioassays. It also limits the impact of the mat@mnponents and metals, which are partially
separated during the extraction (Macova et al.020%d composite samples were enriched
using SPE as described in Escher et al. (2008b)aangresented in Table S2, Sl. Briefly,
200 ml (influent samples) or 500 ml (all others) raveenriched 200 and 500 times
respectively using LiChrolut® EN-RP18 cartridgeseflek, Germany), and then stored in 1

ml of a solvent mixture (~50% ethanol, ~50% acetam& methanol) at -20°C until analysis.

2.5.2 Yeast Estrogen Screen (YES)

The yeast estrogen screen with the recombinant $easharomyces cerevisiaas

performed according to Routledge and Sumpter (1898%-well microtitre plates as

described in the SI. The estrogenic activity inwestewater samples was assessed relative to
a reference substance ft&stradiol, a potent estrogen) and expressed [aediradiol

equivalent concentrations (EEQ). Both, the refeeesubstance and the wastewater samples,

11



were tested in triplicates in a 1:2 dilution seriBise highest tested concentration of-17
estradiol was 1.25 x 1M (340 ng I*, in ethanol) and the maximum enrichment factors of
the wastewater samples were 5 for the WWTP inflaaat50 for all additional treatment

steps. Ethanol served as solvent control (50 pll/&etells/plate).
2.5.3 Combined Algae Assay

The combined algae assay on the green &gaedokirchneriella subcapitataas conducted
as described by Escher et al. (2008a) and in thel®itosynthesis inhibition was measured
by means of effective quantum yield (after 2 hxjfasure) and algae growth by means of
absorbance at 685 nm (after 24 h of exposure) hEhgicide diuron served as the reference
substance and ethanol as the solvent control (&@[LI 8 wells/plate). Both, the reference
substance and the wastewater samples, were tesi@alicates in a 1:2 dilution series, with
the highest concentration of diuron being 3 ¥ M) (69.9 ug 1, in ethanol) and maximum
enrichment factors of the wastewater samples ¢/A20/TP influent) and 83.3 (all additional
treatment steps). The toxicity of the wastewatenas was expressed as diuron-equivalent
concentrations (DEQSs) for the endpoint “inhibitiohPhotosystem II” and toxic equivalent

concentrations (TEQs, virtual baseline toxicant)gmwth inhibition (Escher et al., 2008a).

Comparison of the measured photosynthesis inhibitith the concentration of
photosynthesis inhibitors was based on the corafepincentration addition for substances
with similar mode of action according to Chevrelet{2006). The concentrations of the four
most abundant photosynthesis inhibitors includetthénanalytical list, the herbicides
atrazine, diuron and isoproturon, and the algitalbutryn were converted to diuron-
equivalents based on their relative potency (HCEB®E hazardous concentration affecting

50% of the species with 50% effect, Chévre e28l06) and then summed up. One fi@f

12



atrazine, diuron, isoproturon and terbutryn coroesfs to 0.084, 1, 0.559 and 0.881 {ig |

DEQs respectively.
2.5.4 Fish early life stage test with rainbow trg@ncorhynchus mykiss)

This test was performed according to OECD guidetihe (OECD, 1992b). Details of the
methodology are described by Stalter et al. (20{fojher information can be found in the
SI). In brief, freshly fertilized eggs (< 1 h, 4§gs per replicate) of rainbow trout were
exposed to the test waters in 8-l stainless stesdels in a flow-through system.
Reconstituted water (OECD guideline 203, OECD, B9%2rved as the control medium. In
total, four controls and three replicate treatmémt®ach wastewater were assessed. During
the test period several endpoints were determiaéy, chamely: hatching, mortality, swim
up, malformations and abnormal behaviour. Aftereghd of the test fish were humanely
killed with an overdose of MS222 (tricaine methartfemate, Sigma—Aldrich, St. Louis,
USA). Afterwards, individual fish were blotted dand fresh weight and length were
measured. Plasma vitellogenin concentration waeriahted in whole body homogenates of
20 fish per control and wastewater as describeddigech et al. (2006) using a vitellogenin

ELISA test kit for rainbow trout (Biosense, Berg@&mrway) in a 1:20 dilution.

The significance of the difference in the respdmstsveen the treatments was assessed with
the Tukey’s test for single-step multiple compamis8ignificant differences are reported for
p values < 0.05. All calculations were performeshg®R (R Foundation for Statistical

Computing, Vienna, Austria).
2.6 Laboratory-scale batch adsorption experiment

The influence of wastewater dissolved organic caf@@OC) concentration on PAC removal

efficiency was assessed in laboratory-scale batidoration experiments. Adsorption tests

13



were conducted in triplicates on 24-h composite tevagter samples collected at the
Lausanne WWTP after either simple coagulation-pitation treatment (DOC of 17 mg)l
activated sludge treatment without nitrificationD of 11 mg 1), or moving-bed bioreactor
treatment with full nitrification (three composigamples with DOC of 5, 7 and 8 mid).l
PAC (10 mg of SORBOPO® MV-125, Enviro Link SA, Switzerland) was addeddne
litre of the different types of wastewater and aigitl at 140 rpm during 24 h in the dark at
20°C. Analyses of initial and final sample concatitms, after filtration at 0.45 pm, of
carbamazepine, diclofenac, benzotriazole, meco@og iopamidol were done by SPE
followed by UPLC-MS/MS as described above. DOC waslysed by catalytic combustion

oxidation method (Shimadzu TNM1 device).
2.7 Other analyses

Standard wastewater quality parameters (TSS, D@ID),BOD;, NH;, NOs, NO,, Pota, and
Psolubid Were regularly analysed on 24 h-composite saniplegandard methods
recommended in Switzerland (DFI, 1983). Temperafpireand conductivity were
continuously analysed on-line with E+H measurensgatems (Endress+Hauser,
Switzerland). Indicator bacteri&gcherichia coliintestinal enterococci and total viable
bacteria) and coliphages (F-specific (RNA) and samhages) were analysed by standard
plate count methods. Bromide and bromate were aedlipy High Performance lon
Chromatography (HPIC) with a post column-reactisith UV-detection for bromate and

suppressed conductivity detection for bromide.
3. Results and discussion
3.1 Micropollutant concentrations in WWTP influent and effluent

3.1.1 Raw wastewater

14



Most of the micropollutants analysed were detettdtle raw wastewater, with 70
compounds quantified in at least one sample (T2bl€he highest average concentrations of
pharmaceuticals were observed for the analgesiesg@mol (51 pg) and ibuprofen (4.1

ng ), the iodinated contrast media family (3.3 to 2L/, the antidiabetic metformin (> 10
ng ) and the antihypertensive irbesartan (4.7 PgHiigh concentrations (> 5 pud)lwere

also detected in raw wastewater for food compon@sgartame and caffeine), corrosion
inhibitors (benzotriazole and methylbenzotriaz@led an industrial additive (benzothiazole).
On average, 25 compounds reached an influent coatien > 1 ugt. A similar range of
concentrations was observed in other Swiss murieipatewater (Hollender et al., 2009),
with the exception of the contrast media. In thespnt study, these showed higher

concentrations probably due to the presence of rhaggitals and clinics in the watershed.

High variations of the influent daily average comication of the same compound were
observed between the different campaigns. A faeibiin the 10-90 percentile range of the
concentrations was observed for half of the comdsutue, inter alia, to variations of the
consumption of these compounds (Coutu et al., 20I8)se variations highlight the
importance of long term sampling campaigns, lastinigast one year, to cover the different
consumption habits of the respective substancesn@tain events, no noticeable different
variations of the influent concentration could letedted compared to the background
variability despite dilution by runoff water. Onilge pesticides isoproturon, carbendazim and
terbutryn showed a significant concentration inseeduring wet weather (p-value < 0.05 for
the correlation with the dilution factor, Figure,Sll), presumably due to the leaching of
facades and runoff of pesticides used in gardetiseimrban area (Burkhardt et al., 2007;

Coutu et al., 2012).

3.1.2 Biological treatment

15



As presented in Table 2, most of the micropolligamére not well removed in the
conventional biological wastewater treatment. Agereemovals of less than 50 % were
found for 50 (i.e., 71 %) of the 70 compounds detgcwith 16 having an average
concentration in the effluent above 1 [fgand 52 a concentration above 100 hgdnly the
analgesic paracetamol was completely eliminatedl ithe campaigns. The most persistent
micropollutants (less than 10% removal on averagag the pharmaceuticals
carbamazepine, clindamyecin, diclofenac, gabapemdhmetoprolol, the pesticides
carbendazim and diuron, and most of the pharmardutietabolites. All these compounds
have been reported as persistent in many studigsp@ et al., 2006; Oulton et al., 2010;
Singer et al., 2010; Verlicchi et al., 2012). Saroenpounds such as the antibiotic
clindamycin, the beta blocker metoprolol and mdshe pharmaceutical metabolites were
found at higher concentrations (in the dissolveasgh in the effluent of the biological
treatment than in the influent. Similar observagiamother studies were attributed to (i)
release during the treatment of compounds trappéakces particles (Gobel et al., 2007), (ii)
biological cleavage in the treatment of pharmacaltonjugates (human metabolites)
producing again the parent compound (Onesios,e2@09), (iii) formation of bacterial

metabolites during the biological treatment or @mplytical uncertainties.

Large variations of the removal rate in the biotaditreatment were observed among the
different campaigns (Table 2 and Figure S2a, 2l).28 of the 42 regularly studied
micropollutants, these removal efficiency variai@ould be explained in part by the
different levels of nitrification reached in theolmgical treatment. Indeed, significant positive
correlations were observed between the removédlaset compounds and the degree of
nitrification of ammonium (Table S4, Sl), with espdly strong correlations (r > 0.8) for 11
substances and medium correlations (0.6 < r <for8) others (Figure S3, Sl). Less than

30% removal in a non-nitrifying sludge comparedwitore than 60% elimination in a
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treatment with complete nitrification was observedinstance for atenolol, bezafibrate,
bisphenol A, gemfibrozil, methylbenzotriazole ortmaidazole (Figure S3, SI and Margot
and Magnet, 2011). Similar observations were regoior some of these substances by Clara
et al. (2005). The higher micropollutant removasetved at high nitrification levels is
presumably due to the longer hydraulic residenoe in the reactor, leading to a higher time
available for biodegradation processes, as welh #dse presence of a more diverse microbial
population with different metabolisms and a highetivity of nitrifying bacteria. These
bacteria have the ability to degrade many micrapatits, probably by cometabolic oxidation
by the ammonium monooxygenase enzyme (FernanddzaiRaret al., 2012). But, even for
the most efficient biological treatment with contplaitrification (< 1 mg N-NH1™), less

than 50% removal was observed for 21 out of 43 @amgs, with an average removal of

only 50%. These results confirm the need for adedneatments.
Table 2 near here
3.2 Removal of micropollutants with advanced treatrants

Both advanced treatments were able to reduce tb@pdllutant concentrations in the
effluent significantly (Table 2). The number of mupollutants with an average concentration
above 1 pgtin the effluent of the advanced treatments wasaed from 16 in the
biologically treated wastewater to nine after ozmmaand to seven after PAC-UF.
Substances with concentrations > 1 Jigfter both treatments were the contrast media
iohexol, iomeprol, iopamidol and iopromide, the phaceuticals gabapentin and metformin
and the sweetener aspartame, and after ozonatittoadlly the chemicals benzotriazole
and benzothiazole. The number of micropollutantf &n average concentration above 100
ng I'* was reduced from 52 (out of 70) in the biologigaibated wastewater to 30 after both

advanced treatments.
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3.2.1 Ozonation

The removal percentages during the ozonation ofihmaicropollutants routinely analysed

are presented in Table 2 (method A) and Figure SRb,
Substances with high ozone reactivity

Twelve substances were eliminated to over 90% &wdmthe lowest ozone dose (2.3 mg O
1", eq. 0.3 g @g* DOC), including 4 antibiotics (trimethoprim, cliachycin,
sulfamethoxazole and clarithromycin), 2 beta-blesKsotalol and propranolol), 2 anti-
inflammatory drugs (mefenamic acid and diclofenaajpamazepine, gemfibrozil, estrone
and bisphenol A. All these compounds contain ebectich moieties such as phenols,
anilines, olefins or amines (except gemfibrozillwat benzene derivate), which are known to
have high ozone reactivity (second-order rate @msés > 10" M™ s%) (Lee and von

Gunten, 2012). The removal of substances with loeactivity was more dependent on the
operational conditions, such as the ozone dos(&@ to 9.1 mg @) and the wastewater
guality (presence of ozone and hydroxyl radicalengers or competitors, pH, etc.), leading

to higher variations in the transformation ratensstn the different sampling campaigns.

The macrolide azithromycin showed lower removal&(age of 74%) than expected based
on its reported high ozone reactivity,gé x 1 M™* s%) (Lee and von Gunten, 2012). One
potential explanation is the possible sorptiontup5% in WWTP effluent) of this substance
to colloid particles (1 nm to 1 propnsidered as being part of the aqueous phasekédais

et al., 2007; Worms et al., 2010), which could pobit against ozone attack (Zimmermann et
al., 2011). Potential short-circuiting of a smaéter fraction through the reactor, which could
reduce the exposure to ozone, may also explaimtioenplete removal of very reactive

substances such as azithromycin, diclofenac oacaakepine.
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Substances with low ozone but high OH radical redgt

Ibuprofen, ketoprofen, metronidazole, primidonecopop and benzotriazole, which have
low reactivity with ozone (& < 350 M* s*, Beltran et al., 1994; Real et al., 2009; Rosal et
al., 2010; Zimmermann et al., 2011) showed moderateage removals (around 60%),
mainly due to reaction with the strong and unsealeatxidant OH hydroxyl radical

originating from reaction of ozone with the orgamastewater matrix (Huber et al., 2003,
Rosal et al., 2010). As the OH radical formationvestewater is mainly due to the reaction
of ozone with specific moieties of the effluent angc matter (EfOM), variation in the
composition of EfOM, for instance by addition ofagulant, can lead to different amounts of
OH radical formed per unit of ozone (Gonzales gt2fl12; Wert et al., 2011). Moreover, OH
radical exposure varies with the concentration Of stavengers (such as carbonate) and pH
(Buffle et al., 2006). Reactions of micropollutamtish OH radicals are thus more affected by
the quality of the wastewater than direct ozoneation (Wert et al., 2011), which could

explain the high removal variation observed for poomds with low ozone reactivity.
Substances with low ozone and low OH radical re#gti

Under the applied ozone doses (average 5.7 gid 6 0.8 g Q g* DOC), only low
removals (average of 34 to 43%) of the iodinateutrest media iohexol, iopromide,
iomeprol, and iopamidol were obtained, with patacly low elimination (16%) of diatrizoic
and iothalamic acids. Diatrizoate, the anionic fahdliatrizoic acid, is one of the most
ozone-resistant pharmaceuticals, having, as otherast media, very low ozone reactivity,
but also a low OH radical reactivity (Huber et @D05; Real et al., 2009). Low removals of
atrazine (34%), gabapentin (38%), irgarol (32%) prapiconazole (32%) were also
observed. Atrazine is reported to have low reagtiwith ozone and OH radicals (Acero et

al., 2000). Poor oxidation of gabapentin was als@aioed in other studies (Reungoat et al.,

19



2010). Low removals of the pesticides irgarol amapponazole during ozonation were also
observed by Bundschuh et al. (2011), but for irgdmigher removals were reported by
Hollender et al. (2009). Irgarol is expected todév 0zone reactivity due to its triazine
ring, which is very resistant to oxidation (Cherakt 2008). The very low concentration of
this substance in WWTP effluent (2 to 17 H} klose to the limit of quantification, leads
however to high analytical uncertainties and cdaddhe cause of the divergences observed.
Resistance to ozonation is particularly of conderrthe contrast media and gabapentin due
to their high concentration in wastewater (aboyegd™) and their persistence even for

efficient biological treatment.
Removal efficiency with higher ozone doses

A higher ozone dose, 17.6 mg I3, equivalent to 2.6 g £y* DOC, was tested during one
campaign (data not illustrated). At this dosagecimibetter removal of the recalcitrant
micropollutants was found, with 88% gabapentin &lation, 66% atrazine, and 84, 82 and
81%, respectively, of iopamidol, iohexol and ion@pHigher doses lead however to higher
costs and a higher risk of forming bromate, a tdwigroduct (see belowFbrmation of toxic

oxidation by-product$, and therefore were not further tested.

Removal of other micropollutants and human drugtbwdites measured in a screening

campaign

Table 2 presents also the removal of 23 other mpahatants (analytical method B), which
were analysed only once on a 7-d composite samyifle § mg Q ). Half of them were
removed at a rate of over 70%. One can notice hemte lower efficiency (< 51%
removal) of ozone for the antihypertensive irbesgrthe anticonvulsant levetiracetam, the
anxiolytic oxazepam and the insect repellent DEHIese substances contain amide

functions that exhibit low reactivity with ozoneg& and von Gunten, 2012). The human
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pharmaceutical metabolites, which are mainly hygliated, hydrolysed or conjugated forms
of the parent compound (lkehata et al., 2006), wesstly not as well removed as the parent
compound. This is especially the case for the Hdjfhgdro-10,11-dihydroxy carbamazepine
and N-acetyl sulfamethoxazole, with an eliminatdonly 50% compared to > 90% for
carbamazepine and sulfamethoxazole. The lower ozawtivity of the metabolites can be
explained by the protective effect of the hydroalhcetyl group on the reactive moiety,

which changes the electron density and thus slemmsdhe reaction (Huber et al., 2005).
Influence of the pH on the oxidation process

Reactivity of a substrate with ozone is strongRui@nced (up to 4 orders of magnitude) by
the protonation of the reactive amine or phenok(aed von Gunten, 2012). Dissociated
moieties have a higher electron density and theisreare reactive towards ozone (Lee and
von Gunten, 2012). Due to their two pKa values elmsthe pH of wastewater (Table S1, Sl),
the reactivity of fluoroquinolone antibiotics isrpaularly susceptible to pH variations. The
variations of pH measured in the wastewater, froBnt® 8, can thus increase the reactivity of
ciprofloxacin, norfloxacin and ofloxacin by 1 owo2ders of magnitude (Dodd et al., 2006),
explaining partially the high variation in the remabrates of these compounds during the
different campaigns. This assumption is supportethé significant positive correlations

observed between the pH and the removal rate eéttieee compounds (Figure S4, Sl).
Relation between ozone dose and micropollutant vaimate

Effluent organic matter containing electron-ricigamic moieties and nitrite react rapidly
with ozone, contributing to the ozone demand with@6 mg @ mg* C and 3.4 mg ©mg*
N-NO; respectively (Wert et al., 2011; Wert et al., 200%us, in order to have enough
residual ozone for the oxidation of micropollutaatsl to assure a sufficient and relatively

constant ozone exposure, the ozone dosage wastegjth maintain a constant ozone
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residual concentration near the end of the reabiarng the campaigns, the dosage varied
from 2.3 to 9.1 mg @I depending mainly on the DOC (0.38 g C) and NQ (3.4 g Q

g™ N) concentrations (Figure S5, Sl), but also duthéoresidence time of the water in the
reactor and the choice of the chamber in which ezeas injected. No clear relation between
ozone dose (in mg4?) and micropollutant transformation rate was evidetowever,

when the ozone dose was normalized by the conc¢emtiaf scavenger equivalent, a
weighted sum of DOC and N@oncentrations (3.4 [N-N{+ 0.38 [DOC]), higher doses (in
g Os; g* scavenger equivalent) tended to lead to higheovahrates for most micropollutants
(Figure S6, SlI). An average ozone dose of 5.7 mij-CGcorresponding to 1.6 g:@*
scavenger equivalent or around 0.85g®DOC in case of 0.3 mg N-NO*, was sufficient
to achieve an average reduction of 80% of the 6éiatl micropollutants in the WWTP

(compared with raw wastewater).
Effect of the sand filter on micropollutant removal

The sand filter following the ozonation had onliraited effect on micropollutant removal,
with a slight improvement in the average remova@®tompounds from 73.2% for ozone
alone to 75.8% for ozone combined with the sandrfiHigher removals (> 10%) were
observed mainly for compounds that were well elatea in an efficient biological
treatment, such as ibuprofen, metronidazole anaftgxacin, and for two pesticides

carbendazim and propiconazole, possibly due taisorpn the biofilm (Figure S7, SI).
Formation of toxic oxidation by-products

Formation of toxic oxidation by-products can ocduring ozonation of wastewater, such as
carcinogenic bromate, nitrosamines or formaldehl{ydert et al., 2007; Zimmermann et al.,
2011). High concentrations of bromide (350 ffgrheasured in a 7-d composite sample in

the wastewater suggested that excessive bromatation could occur during ozonation
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(von Gunten, 2003b). The concentration of bromais below the detection limit (1 ug)lin
the effluents of the biological treatment and PAE-Wfter ozonation (6 mg £, equal to
0.8 g Q g' DOC) and sand filtration, the bromate concentraiiwreased to 3.7 and 5.1 pg
It respectively. These concentrations remained howmlew the Swiss drinking water
standard of 10 pg'l(OSEC, 1995) and far below the proposed ecotosdgcdlly relevant
concentration of 3 mg'l(Hutchinson et al., 1997). The formation of broenais dependent
on the ozone dose applied, exceeding the drinkistgmstandard for an ozone dose above
1.4 mg Q mg* DOC (7 mg QI with 70 pg T bromide), as shown in a laboratory scale
experiment (Figure S8, Sl). Unlike nitrosamined ttam be partially removed in a sand filter
(Hollender et al., 2009), the bromate concentrati@s not reduced during the sand filtration,
and therefore a high ozone dose should be avoaledsure low bromate concentrations in

the effluent.
3.2.2 Powdered activated carbon treatment

The removal percentage during the PAC-UF treatroktite 40 micropollutants routinely
analysed is presented in Table 2 (method A) andréi§2c, Sl. High variations in the
removal rate, especially for compounds with lowACPaffinity, were observed among the
different campaigns. Indeed, to optimize the treatimhe PAC dose was increased from 10
to 20 mg T during the study. Moreover, the DOC concentraiipthe feed water was not
constant, leading to variable competition for tdeaption sites between EfOM and
micropollutants. As the type of PAC (Norit SAE SUREBnd SORBOPOR MV-125) did not
significantly influence the removal rate compareather variables, results are presented for

both PAC types together.

Substances with high PAC affinity
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Seven substances were removed at a rate of mor®@3a in almost all the campaigns,
including the beta-blockers propranolol and mettmpras well as methylbenzotriazole,
trimethoprim, mefenamic acid, estrone and carbanddn 50% of the campaigns, over 90%
of the following compounds were removed as wedrithromycin, carbamazepine,
benzotriazole, ofloxacin, norfloxacin and atenoldiese 13 micropollutants have a very
good affinity for PAC, with high elimination ratesen with 10 mg PAC! Apart from the
hydrophobic mefenamic acid, all those compound®\eéher positively charged (five
substances) or neutral (seven substances) at tioé thid wastewater, covering a broad range

of hydrophobicity (log By from -1.3 to 3.7).
Substances with medium PAC affinity

A second group of 15 substances (from metronidamadeithromycin on Figure S2c, Sl)
had, on average, between 70 and 90% removal, ingjgik neutral and six negatively
charged compounds. The medium PAC affinity forafehac and gemfibrozil was reported
elsewhere (Snyder et al., 2007; Westerhoff eRDS5), but better removal of ibuprofen was
observed in our case, either due to different PA&racteristics or to biodegradation

phenomena in the reactor.
Substances with variable or low PAC affinity

The 12 remaining substances (from sulfamethoxapaiatrizoic acid on Figure S2c, Sl),
composed of neutral or negatively charged compo(indkiding all the hydrophilic contrast
media), showed poor or very variable affinity fak® with an average removal between 11
and 66%. The high removal variation observed ftlasmethoxazole, ciprofloxacin,
mecoprop, primidone and the contrast media werttypdue to the different PAC doses
applied, with increasing removal when the dosedased from 10 to 20 md.IHigh

variations (< 20% to > 60% removal) occurred alsthiiw the same PAC dose (mainly at 10
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mg ), which could not be explained by the differentgmaeters monitored (water quality
and operational parameters such as residenceRiA@ concentration, PAC type, etc.).
These high variations may be due to different Ef@Mtent and composition, as discussed

below.

The anionic contrast media diatrizoic and iothataatids and the anticonvulsant gabapentin
showed less than 20% removal by PAC-UF. The low RAiity of these hydrophilic (log
Dow Of -1.2 to -0.4) and charged substances were teghby Reungoat et al. (2010) and
Boehler et al. (2012). Low adsorption of gabapeatinld be caused by the absence of an
aromatic ring (de Ridder et al., 2010). The vaeaddimination of irgarol (0% to > 60%),
despite its hydrophobicity (logdr of 4), is probably due to its very low concentratin the

feed water, leading to high uncertainties in estanaf the removal rate.
Removal efficiency with higher PAC dose

A higher PAC dose of 60 mg Wwas tested during one campaign, leading to mane #9%
removal of substances with a low PAC affinity (esmiifamethoxazole, mecoprop, primidone
and the contrast media iohexol, iomeprol and iopde Even this high dose was unable to
remove gabapentin satisfactorily (56% removal, datallustrated). Higher doses of PAC

lead however to higher costs and larger amourgtudfye produced.

Removal of other micropollutants and human drugal@lites measured in a screening

campaign

Table 2 shows the removal of 24 other micropolltgganalytical method B), which were
analysed once on a 7-d composite sample (12 mglPA®bout half of them were removed
at a rate of over 70%. We observe, however, a l@ffenency (< 60% removal) for most of

the human pharmaceutical metabolites. Indeed, pd@atical compounds are usually
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transformed in the liver or kidney to more polad daxydrophilic metabolites in order to be
readily excreted in the urine or bile (Ikehatalet2006). For instance, the metabolite 10,11-
dihydro-10,11-dihydroxycarbamazepine has a lgg & 0.13 compared to 2.45 for the
parent compound carbamazepine (Miao et al., 200®tefore, due to the low
hydrophobicity of human metabolites, a lower PA@nély is expected. The low removal of
the UV filter oxybenzone and the antidepressantafaxine is not explained, however, given
the good PAC affinity for those substances repartidte literature (Reungoat et al., 2012;

Snyder et al., 2007).
Possible influence of effluent organic matter omogal efficiency

The adsorption process in complex matrix is nofyly understood and can be influenced
by many parameters, the main one being the conyeegiffect of the EfOM, either by direct
competition for the adsorption sites or by poreckémge/constriction (Delgado et al., 2012).
EfOM characteristics, mainly the concentrationaf Imolecular weight and hydrophobic
molecules, determine the competitiveness of tharoegmatter (de Ridder et al., 2011,
Newcombe et al., 1997). Variation in the concermaradnd composition of the EfOM, due to
different treatments of the wastewater (biodegiadathemical coagulation, etc.) can thus
lead to different micropollutant removal rateshas same PAC dose. This issue was
investigated with laboratory batch adsorption expents. Five micropollutants in Lausanne
wastewater treated to different levels (coaguldpetipitation, biological treatment without
nitrification or with full nitrification) were examed. A strong influence of the feed water
DOC (from 5 to 17 mg?) on the substance removal with PAC was observedifthe
compounds (Figure S9, Sl), confirming the high cefitjve effect of EfOM for the
adsorption sites. The highest PAC efficiency waseoled in the effluent of the biological
treatment with full nitrification (DOC of 5 m@'), significantly higher than in wastewater

coming from a treatment without nitrification (D@ 11 mg 1*). Wastewater treated only
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with coagulation/precipitation (DOC of 17 mi§ lled to a strong reduction of the PAC
adsorption capacity, probably due to the persigt@icmaller biodegradable molecules.
Thus, different degrees of secondary treatmentezahto variable adsorption rates.
Consequently, the PAC dose necessary to achieseaxage overall micropollutant removal
above 80% (whole treatment) in wastewater with 800605 to 10 mgt, was variable: 10
mg I'* was sometimes sufficient but in most cases 20 hwggls required. These minimum

doses were noted in other studies as well (Boetlal., 2012; Nowotny et al., 2007).
Role of electrostatic and hydrophobic interactiarthe adsorption process

Electrostatic and hydrophobic interactions seeppldyg an important role in the adsorption
process. As presented in Figure 2, on average thane80% (most more than 90%) of all the
positively charged molecules were removed, indegetiyl of their hydrophobicity. Only the
large molecule azithromycin, diprotonated at pkvds eliminated to a lower extent despite
its higher hydrophobicity, possibly by size exctusin the micropores of the PAC (Ji et al.,
2010). The removal of the negatively charged andraksubstances was more dependent of
their hydrophobicity, the most hydrophilic compoarzking eliminated to a lesser extent. For
the same log R}, neutral and especially negatively charged comgsuvere on average less

adsorbed than those that were positively charged.
Figure 2 near here

The two PACs studied have a point of zero chargeo# 7.3, thus the fresh PAC is
expected to be neutral or slightly positively clet@t the pH tested. However, in
wastewater, the adsorption of EfFOM, negatively gkdrat neutral pH, leads to a decrease in
the PAC phHzc due to the EfOM coverage, resulting from a netatieg surface charge on

the loaded PAC (Newcombe, 1994; Yu et al., 2018)bsth EfOM and micropollutant

adsorption occurred simultaneously, electrostdtiaetion between the cationic compounds
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and the negatively charged surface of the loaded B expected, even for hydrophilic
substances. Conversely, charge repulsion shouldt éacthe anionic substances. These
electrostatic repulsions can be offset by hydrophphrtitioning (expulsion in the solute-
water system) at high logo.R Thus, in wastewater, hydrophobic interactionxigexted to be
more significant for negatively charged and neutoathpounds than for positively charged
substances, as observed in our results. This assumyas tested in batch tests by de Ridder
et al. (2011) where very similar behaviour was o=@ confirming that both log ) and
charge interaction have a significant influencenaaropollutant adsorption in wastewater.
But, for neutral or negatively charged substanioesD,, was not by itself sufficient to
explain the observed removals. Although hydrophglaiditioning has been reported as the
dominant mechanism leading to PAC adsorption fonmounds with log Ry > 3.7, other
adsorption mechanisms such as hydrogen bond famatid pi-pi interaction between
micropollutants and the PAC surface have been tegpdo be more prominent as log,D
decreases (de Ridder et al., 2010). Thus, for Ipfdlic compounds with the same log)
very different PAC affinities can be expected depeg of the characteristics of the

molecules.

Separation of PAC with ultra- or sand filtrationirfluence on micropollutant removal

As observed in other studies (Snyder et al., 20@0n et al., 2007), the influence of
ultrafiltration on the removal of hydrophilic migrollutants (log K. < 2.8) is expected to be
negligible due to the relatively high molecular gl cut-off of the membrane (100-300
kDa) compared to the molecular mass of micropatiisté< 1 kDa). For more hydrophobic
compounds, significant adsorption on the membraaasoccur (Yoon et al., 2007), but at a
much lower level than on PAC. Therefore, PAC adsongs considered to be by far the
main removal process in the PAC-UF system. To cli@iskassumption and to evaluate

another (cheaper) separation system, a sandviéisrused instead of the UF membrane
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during seven campaigns. Good PAC retention (> 99&s) observed with less than 1-3 mg
TSS It in the effluent. Similar micropollutant removatea were measured with both
separation systems (UF and sand filter), on avesamend 80%, indicating that the PAC, and

not the ultrafiltration, was responsible for micoiptant removal.
3.3 Ecotoxicological evaluation

In addition to chemical analysis, the results afalssays provided information on potential
effects of the mixture of compounds. Both advartceatments were able to reduce
significantly the toxicity of the biological treagmt effluent, both in bioassays with algae on

enriched samples and in a chronic test on fish wotfitinuous exposure to the raw effluent.
Figure 3 near here

3.3.1 Combined algae assay on enriched samples

3.3.1.1 Photosynthesis inhibition

As presented in Figure 3a, raw wastewater indutetogynthesis inhibition equivalent to
253 + 92 ngt of diuron. This specific effect of substances artin the photosystem II
(Escher et al., 2008a) was not strongly reducethduhne biological treatment (14 = 37%,
228 + 155 ng DEQ1), suggesting low biodegradability of these compisutHowever, both
advanced treatments led to a clear decrease iefthig with 82 + 8% removal (32 + 9 ng
DEQ ') during ozonation and 87 + 11% removal (18 + 1D ') during PAC-UF
treatment. The residual toxicity was significaritiwer (p < 0.05) after PAC-UF compared to
OZ in campaigns 1 and 3 (no significant differemceampaign 2). Photosynthesis inhibition
was not significantly reduced after the sand fitalowing ozonation (27 + 5 ng DEQ,
presumably due to the low biodegradability of thogmpounds. The overall removal in the

WWTP was 87 + 4% with ozonation followed by sarttdtion and 92 + 9% with PAC-UF
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treatment, showing the ability of these two treattad¢o improve the quality of the WWTP

effluent.

The herbicides atrazine, diuron and isoproturod,tae algicide terbutryn act as
photosystem Il inhibitors in plants and algae aawl lsave a cumulative effect when present
in a mixture (Brust et al., 2001; Knauert et a1@; Nystrom et al., 2002). A clear relation
(correlation r = 0.909, p < 0.001) between inhditof the photosystem Il and the
concentration of relevant pesticides measureddars#imples was observed (Figure 4). The
sum of the relative potency of these four compouaggressed as diuron equivalents, could
explain, on average, 56% of the total inhibitiosetved. The other (unmeasured)
compounds participating in the remaining photosgsithinhibition are expected to be
eliminated to the same extent as these four irdriindeed, a reduction of the
concentrations of these inhibitors in advancedineats led to a similar reduction of the
photosynthesis inhibition. Similar effects were @lygd for ozonation in a previous study at

the Regensdorf WWTP, Switzerland (Escher et aD920
Figure 4 near here
3.3.1.2 Algae growth inhibition

A relatively high algae growth inhibition was obged in the raw wastewater (Figure 3b),
with a non-specific toxicity of 26 + 7.3 mg [baseline toxic equivalent concentration,
Escher et al., 2008a). This was clearly reduced:(8%, 6.9 + 1 mg?) during the biological
treatment. This non-specific toxicity, contrarythe@ photosynthesis inhibition, can thus be
partially attributed to biodegradable or adsorbaolepounds that were removed in this
treatment. The advanced treatments were able tweetie residual toxicity (attributed to
non-readily biodegradable micropollutants) by 78% during ozonation (1.67 + 0.45 m} |

and 84 + 5% during PAC-UF treatment (1.07 + 0.17IMgThis toxicity was significantly
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lower after PAC-UF compared to OZ in campaigns @ &iino significant difference in
campaign 1). The sand filtration following ozonatiwas also able to reduce the growth
inhibition from 10 to 46% (mean: 1.28 + 0.16 MY, Ithe highest improvement being
observed when the biological treatment was notg¥e, meaning that biodegradable toxic
compounds remained in the ozone effluent. Thislt@s$in a mean overall elimination
(compared to WWTP influent) of 96 £ 1% with ozowatifollowed by sand filtration and 97

+ 0.1% with PAC-UF treatment. In a comparable stugkcher et al. (2009) detected a higher
maximum reduction of non-specific toxicity duringplogical treatment (70 - 99.5%) at the

Regensdorf WWTP and a subsequently lower remofialeicy during ozonation.
3.3.2 Estrogenic activity on enriched samples

High estrogenic activity was detected with the IE$aw wastewater (37-100 ng éstradiol
equivalents, EEQ), which was then strongly redy&8dt 10%) during the biological
treatment (Figure 3c). The removal of estrogeniwigg was dependent on the level of
nitrification, from 75% without nitrification to 9 with full nitrification (< 1 mg N-NH I
(Figure S10, Sl). The low estrogenicity level meadun the effluent of the biological
treatment (0.7-8.3 ng'lEEQ) could, however, be sufficient to affect thetifity of sensitive
fish species (Lahnsteiner et al., 2006), as shdsmwith the fish test (cf. 83.3.3). Estrogenic
activity was further significantly diminished by 8%% during ozonation and 77 + 17% with
PAC-UF, which is similar to results obtained byltetaet al. (2011) and Escher et al. (2009).
This resulted in a mean overall elimination (congplato WWTP influent) of 99 + 1% with
both advanced treatments. The residual estroggmbgerved in the effluents, significantly
lower after OZ (0.1-0.65 ng'l[EEQ) than after PAC-UF (0.29-1.32 "iEEQ) in campaigns
1 and 2 (no significant difference in campaignvi&@s in most cases below the environmental
quality standard of 0.4 ng lproposed for 1 B-estradiol (Kase et al., 2011). Therefore,

advanced treatments or biological treatment withniitrification are efficient means to
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reduce the release of endocrine compounds, anddheaduce the risk of feminization of fish
and mussel populations. As the estrogenic actwéy already very low after the ozonation,
there was no improvement due to the sand filteririguone campaign an increase in
estrogenicity was observed, presumably due to aangtion of the new sand by estrogenic
compounds. Indeed, an unexplained increase in &EPA concentration was measured

after the sand filter for this case.

3.3.3 Fish early life stage toxicity

Both advanced treatments significantly decreasedakicity of the WWTP effluent on the
development of rainbow trout embryos for all endp®imeasured: the overall survival of the
fish, the hatching success, the swim up, the idd&i development (weight and size) and the

induction of estrogenic effects.

Overall survival

The overall survival of the rainbow trout after @®f continuous exposure in the effluent of
the biological treatment (BIO) was relatively lowith only 58 + 6.6% survival (Figure 5a).
The survival was significantly improved after theoaation (OZ) (85 + 6.6% survival) and
the PAC-UF treatment (93 £ 3.8%), reaching a lstatistically similar to the control (95 +
2% survival). The subsequent sand filtration (SEp slid not improve the survival of the fish

compared to the ozonation alone.

Hatching success

The hatching success of the fish reached 80 + 5BéGneffluent, which was significantly
lower than in the control (100% success). Both aded treatments improved the hatching
success to a level statistically similar to thetoaipwith 97 + 3.8% for OZ, 98 + 2.9% for SF

and 100 = 0% for PAC-UF. However, the hatching pesg was on average delayed for 2 d
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in OZ and SF effluents compared to PAC-UF or thetrod, and delayed for one week in the
BIO effluent (Figure 6a). Delay in hatching afteooation was also observed by Stalter et al.

(2010b), and not notable in the sand filter effly@s discussed below.

Swim-up

The swim-up, which is the developmental transifrem larval stage to juvenile fish stage,
appeared after 60 d in BIO effluent, delayed byduhpared to the control (Figure 6b). Both
advanced treatments reduced the delay in the swirihe beginning of the swim-up
appeared simultaneously in PAC-UF effluent andhandontrol, but was delayed by 3 d
compared to the control in OZ and SF effluents.afable delay in the swim-up was also
observed after ozonation by Stalter et al. (201p03sibly due, in their case, to the presence
of toxic oxidation by-products. 28% of the fish dli@uring the larvae stage in BIO effluent,
with only 45 £ 9% of the larvae reaching the juverstage at the end of the test. This was
much improved after the advanced treatments, WitB @ 3.8% of the larvae in PAC-UF
effluent, 88.2 £ 10% in OZ, and 85.5 £ 10.4% intB& swam up, showing no significant

difference with the control (93.1 = 3.1%).

Weight and length of the fish

Weight and length of the fish at the end of thé wess relatively low in BIO effluent and
increased significantly after the advanced treatmérhose parameters were however still
significantly lower in OZ and SF effluents compatedhe control, while no difference was
observed in PAC-UF effluent (Figure 5b and c). Tikle were on average 6.7% longer and
22% heavier in PAC-UF effluent than in OZ or SHwefhts, and 32% longer and twice as
heavy as in BIO effluent. The sand filter did nojprove growth of the fish compared to the

ozonation alone.
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Vitellogenin concentration

The vitellogenin (VTG) concentration in the juvenfish was significantly higher in the BIO
effluent (63.1 + 33.2 ng rit) compared to the fish in the control (10.6 + 4g7nmi™) (Figure
5d). Similar VTG concentrations (67.3 + 26.9 ng'jniere found by Stalter et al. (2010b) in
juvenile rainbow trout exposed to secondary efftueflG, an egg yolk precursor normally
produced by mature female fish, can be used asradoker for exposure to exogenous
estrogens for juvenile and male fish (Jobling et2006; Thorpe et al., 2000). The increase
of VTG content in juvenile fish in BIO effluent inghtes the presence of environmentally-
relevant concentrations of estrogenic compoundss. dffiect was not observed after both
advanced treatments, the VTG content in the fishgoen par with the control in PAC-UF
(10.2 + 5.8 ng mt), OZ (9.9 + 7.1 ng M) and SF effluent (14.1 + 9.1 ng M These results
confirm the ability of ozonation and PAC-UF to eiimate the estrogenicity in wastewater, as
presented in Figure 3c. The minor increase of Vit@e fish exposed to SF effluent
compared to OZ effluent, also observed in the YiIEBrobably due to contamination of the

new sand by endocrine active compounds.
Figure 5 near here
Toxicity of the biologically treated effluent andggible influence of nitrite and ammonia

As presented above, the effluent of the biolodiedtment impaired the survival and the
development of rainbow trout, delaying their swimand their growth as expressed by lower
biomass and body length. Besides the mortality mese(43%), a delay in the development
can, for instance, increase the risk for predatiomatural systems since larvae are unable to
escape before the swim-up (Stalter et al., 201d@bj)eover, changes in VTG concentrations
in fish can be an indicator for an effect on thieproduction system (Miller et al., 2007,

Thorpe et al., 2007). Therefore, effluents fromvantional WWTPs can have a significant
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impact on salmonid fish in natural environmentghi@ case of low dilution of the effluent.
Besides the estrogenic substances and other mikrgmts present in the effluent,
macropollutants such as nitrite and ammonia ordoattcontamination could also affect the

fish.

Rainbow trout are sensitive to nitrite (NY) with lower growth rates observed at 0.3 mg N-
NO, It and 65% mortality at 0.91 mg N-NO* (with 10 mg C11™) (Kroupova et al., 2008).
The toxicity can, however, be strongly inhibiteddhjoride ions (Lewis and Morris, 1986).
The relatively high concentration of chloride i tinvestigated wastewater (80-170 niy |
could have therefore drastically reduced (up tachdr of 10) the toxic effect of nitrite. In the
present study, N concentrations varied between 0.04 and 0.55 mgd¥-N in BIO and

0z effluents and around 0.22 mg N-NO" in PAC-UF effluent. Those concentrations are

very unlikely to have induced significant lethatlassub-lethal effects on the fish.

Embryos and larvae of rainbow trout are additignadiry sensitive to ammonia (N} the
unionized form of ammonium NFi Sub-lethal effects such as a decrease in thadarv
weight were observed after 20 d of exposure at@to®.18 mg N-NHI™ (Vosylier: and
Kazlauskie®, 2004) and a delay in development to the swimtagesappeared at
concentrations above 0.01 mg N-NF (Brinkman et al., 2009). Lethal effects were régor
for concentrations above 0.022 to 0.13 mg NsNH(Brinkman et al., 2009; Solbé and
Shurben, 1989). In the present study, the condentsaof unionized ammonia, calculated
according to Armstrong et al. (2012), were reldyivegh in the BIO, OZ and SF effluents,
varying between 0.02 and 0.06 mg N-NH during the first 10 d, decreasing then below
0.01 mg N-NH It in all effluents until the end of the test. The Nténcentration in the
PAC-UF effluent was always < 0.01 mg N-BIH due to further nitrification in the reactor.
Ammonia concentrations in BIO, OZ and SF effluattthe beginning of the test were

therefore high enough to induce sub-lethal effaot$ even mortality. Ammonia could be
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thus partly responsible for the lower weight amgté of the fish exposed to OZ and SF
effluents, as well as for their delay in reachihg swim-up stage. The clear impact on fish
development and the high mortality observed inBl@ effluent is, however, not attributable
to ammonia toxicity alone as much smaller impaots mortality rates were observed with
the same ammonia concentration in OZ effluent. &loee, the toxicity observed in the BIO
effluent can presumably be related to compounddized during ozonation, such as
pharmaceuticals and pesticides. This demonstiaseseveral compounds influencing
rainbow trout development and survival in the Bi@uent were removed in the advanced
treatment. Ozonation and activated carbon areftirerefficient techniques to reduce effects

of micropollutants on fish.

Figure 6 near here

Ozonation influence on fish toxicity

Stalter et al. (2010b) reported that fish toxiaitgreased during the ozonation process,
probably due to the formation of labile oxidatiwefroducts such as toxic aldehydes or
metabolites. These adverse effects were reducedtaé sand filtration, probably due to
biodegradation or spontaneous degradation of @naive products. Unlike Stalter et al.
(2010b), in our case ozonation clearly reducedisietoxicity compared to the BIO effluent
to a level close to the control. Moreover, the sklitel did not affect the residual toxicity of
the OZ effluent. These contradictory results &el}i due to different ozone reactor
configurations and/or different water compositioinsleed, the reactor used in Stalter et al.
(2010b) contained 3 chambers with an HRT of onlg 35 min (Zimmermann et al., 2011),
risking release of toxic reactive products or eresidual ozone in the effluent. In our case,

the fourth large contact chamber (Figure 1a) emsooenplete reaction of ozone and reactive
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products within the reactor, with an overall hydiatesidence time (HRT) of 20 to 60 min

depending of the flow.
3.4 Costs and energy needs

The costs of the construction and the operatidhepilot plants are presented in Table 3 for
an average micropollutant removal of 80% compane@dw wastewater. An average ozone
dose around 5.7 mgs®* and a PAC dose around 15 rifgbetween 10 and 20 mg)lwas
needed to reach this level, remembering that tiseslcequired varied according to the feed
water quality. Although some substances were pagiiyinated with those doses, an average
removal of 80%, as recommended by Swiss authqrisesgood compromise to reduce the
load of micropollutants significantly while keepitige cost of the treatment in an acceptable
range. Ozone-SF and PAC-SF had a similar cost-@1&€ n?) with a similar average
removal rate. Compared to the average price andygeensumption of wastewater
treatment in Switzerland (0.54 €30.33 kWh nT) (Abegglen and Siegrist, 2012), these two
advanced treatments increased the costs and tttaa@ig consumption by about 30%, which
represents an annual increase of about 20 € pabitaint. The PAC separation by
ultrafiltration was not optimized, generating higllectricity consumption and high costs
because of the rapid clogging of the membrane. @mggests on other more efficient
ultrafiltration systems (12 months of operationpwhd, however, that these prices could be
reduced by a factor 4 to 5, reaching 0.16-0.25%with an electricity consumption of 0.1-
0.2 kWh n?®. If these costs can be maintained for long tereraiion, UF separation will
become a very competitive alternative, enablindp l@ffluent quality. The costs of these
advanced treatments (ozone-SF or PAC-SF) for |1aM&fTPs could be reduced to less than

0.12 € n? due to the scale effect (Abegglen and Siegrist220

Table 3 near here
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3.5  Comparison of the advanced technologies
3.5.1 Micropollutant removal

As presented in Table 2, ozone and activated casteoe both able to reduce of 80% or more
the concentration of the majority of the microptdits monitored. The average removal of
the 40 substances routinely studied was very sirhéawveen ozone (71% with an average
dose of 5.65 mg %) and PAC-UF treatment (73% with an average doseahg PACT).
However, for some compounds, different removalsran be observed (Figure 7). For
instance, PAC-UF gave on average better removedmipounds without specific reactive
moieties such as atrazine, propiconazole, ibuprofdrenzotriazole. On the other hand,
ozone gave better removal of hydrophilic or negdyixvharged compounds such as

gabapentin, sulfamethoxazole or diclofenac.

Some micropollutants were resistant to both treatmyalthough they could be mostly
removed with higher ozone and PAC doses. A moraauodaally feasible alternative would
be to avoid their release into the sewer systemirfstance, collection of patient urine in
separate containers within the 24 h after X-rayn@rations, and treatment of this urine in a
separate system (such as incineration) could aheidelease of persistent iodinated contrast

media in wastewater (Heinzmann et al., 2008).

For the tested operation conditions and the midhofamts studied, ozone appeared to be
more compound-specific than PAC. Many reactive commgls could be eliminated by more
than 95% with the ozone dose applied but substamitedow ozone reactivity were only
partially removed. With PAC, fewer compounds wemmoved above 95% but also fewer
substances were removed below 80%. Thus, for a aserage removal of the 40
substances, PAC removed a broader range of compdurido a lower degree than ozone.

PAC efficiency was in general less predictable ttuairozone, especially for compounds with

38



low PAC affinity where high variations in the renabvate were observed, probably due to

variation of the wastewater composition (competitior the adsorption sites).

Removal mechanisms are different in ozone and P¥4the ozone dose applied, no
mineralization to C@seemed to take place (cf. 83.5.3), meaning thatapollutants were
presumably transformed to (unknown) oxidation prtgluThe transformation products are
expected to lose their biological activity (Doddakt 2009; Larcher et al., 2012), but higher
toxicity of the metabolites has also been repoiriexsbme cases (Larcher et al., 2012; Luster-
Teasley et al., 2002; Rosal et al., 2009). Unlikene, PAC physically removes the

micropollutant from the water, which avoids thesgsde of unknown transformation products.
Figure 7 near here
3.5.2 Toxicity removal

Ozone, with an average of 5.38 mgl® (eqg. 0.86 g @g™* DOC), and activated carbon, with
an average of 14 mg,were both able to reduce the toxicity of WWTRuft significantly
and with a relatively similar efficacy. PAC-UF wslgghtly more effective than ozone in
reducing toxicity to algae (PAC: 84 % [79-88%], O&% [67-81%]), photosynthesis
inhibition (PAC: 87% [77-99%)], OZ: 82% [77-92%)]) éfish development impact (PAC:
similar to control, OZ: delay in the developme@ the other hand, ozone was slightly

better in reducing estrogenic activity (PAC: 779%-f0%], OZ: 89% [85-92%)]).

In other studies, increases in toxicity after ozmmacompared to the feed water were
observed, leading to mortality and delays in dgwelent of juvenile rainbow trout (Stalter et
al., 2010Db), reproduction inhibition of lumbriculu®rms (Stalter et al., 2010a), mortality of
zebra mussels (Stalter et al., 2010a) and groviibition of duckweed (Magdeburg et al.,

2012). Increases of genotoxic and mutagenic patieatier ozonation were also reported
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(Petala et al., 2008; Stalter et al., 2010a). Tledfeets were attributed to the formation of
toxic oxidation by-products during ozonation, sashaldehydes, which could then be
removed after sand filtration. Our study gave défe results, with a clear decrease of the
toxicity after ozonation in all bioassays. No gemitity or mutagenicity (Micronucleus,
UmuC and Ames test) was detected in OZ effluenisr(lé et al., 2011) despite the
formation of bromate. This could be attributedhe tonger reaction time in our OZ reactor,
promoting the degradation of labile intermediatedoicts (Petala et al., 2006). Reduction of
toxicity during ozonation was also observed by Kletial. (2011), Reungoat et al. (2010)
and Takanashi et al.(2002), confirming that ozamatif carefully designed, is comparable to

PAC-UF treatment to improve the effluent quality.
3.5.3 General improvement of water quality

Advanced treatments had a positive impact on matkgpnts and bacterial contamination,
as presented in Figures S11 and S12, SI. The PA@dakment, working as a bioreactor
with addition of coagulant, enabled a significaaduction of the residual DOC (54 = 10%),
phosphorus (> 90%), NH85 = 20%) and BOBD(72 = 18%), and complete removal of TSS,
intestinal bacteria and coliphages (< 5 UFP,nndicator of human viruses). The PAC-SF
treatment had similar removal efficiencies for CA@C, DOC and Nkl but was less
effective in removing TSS and phosphorus, and déidronly very limited disinfection with
no elimination of total viable bacteria, only 11&moval ofE. coliand 79% removal of
enterococci (data not illustrated). Effluent colmtensity was greatly reduced after PAC-SF
and disappeared after PAC-UF. PAC alone had anandle only on DOC (20-35% removal)
and colour removal. The biologically active filiat steps (UF or sand filter) were the main

cause for improvement of general water quality,déihg more efficient than the sand filter.
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Ozonation was able to disinfect the effluent péytiavith removal of coliphage virus below
the detection limit (5 UFP i) (> 95% removal) and a reduction over 97% in the
concentration of fecal bacteria; this level beiegply the European standard for good bathing
water quality (European Commission, 2006) (Figutg,1). Ozonation alone was able to
reduce the colour of the effluent but not to rediln@econcentration of macropollutants
(Figure S11, Sl), with little effect only on solelgbhosphorus probably due to residual
precipitation with FeGl The absence of DOC removal and the significazre@se in BOD

(49 £ 54%) suggest that organic pollutants weremmiotralized but transformed to more
biodegradable compounds, which were then partialtyoved in the sand filter. The sand
filter was responsible for most of the macropolhiteemovals, with 80 = 13% of TSS, 79 +

10% of Rota, 59 + 21% of BOI, 44 + 34% NH and 20 + 8% of DOC.

Due to its nonspecific removal mechanism, PAC Is &beliminate other kinds of
micropollutants not analysed here, such as disddieavy metals (Cr, Fe, Zn or Pb), which
is not the case for ozone even with a sand fik&ar{in Ruel et al., 2011; Renman et al.,

2009).
3.5.4 Feasibility and implications for WWTP

Both advanced treatments proved to be technicedigible at large scale in the municipal
WWTP, with reasonable and relatively similar cqt46-0.18 € i) in case of PAC

separation by sand filtration.

PAC with ultrafiltration separation was not econoatily competitive although this could
change for this rapidly improving technology, esakég considering the other beneficial
effects of membranes on water quality (disinfectiotal PAC and suspended solid

retention). PAC separation by sand filtration shdwegood retention of the suspended
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solids, but release of low amounts of loaded PAG tihe effluent cannot be excluded, thus

membrane systems represent a safer alternative.

The spent PAC has to be eliminated. Incineratidh thie sewage sludge is a good solution
assuring complete mineralization of organic poltigaRecirculation of the spent PAC to the
biological treatment before its elimination can iiddally improve the global micropollutant
removal efficiency without impacting the qualitytbie biological treatment (Boehler et al.,
2012; Zwickenpflug et al., 2010), improving by thay sludge dewaterability (Satyawali and
Balakrishnan, 2009). Addition of 10 to 20 migdf PAC increased the WWTP sewage sludge
production (dry matter) by 5 to 10% respectivelgr plants that dispose sewage sludge on
agricultural land (stopped in Switzerland in 20G®parate treatment of the PAC is

necessary, increasing the costs.

Unlike ozonation where the dose was regulated by#idative demand of the water, PAC
addition was only regulated by the flow to maintainonstant dose. Short pollution
variations (< 1 d) are expected to be bufferedieyldong residence time and the high
concentration of PAC in the system. But, in casloder pollution peaks, the treatment
efficiency would likely be reduced. Regulation b&tPAC dose by the amount of DOC in the

feed water should be studied as DOC was showrflteite PAC efficiency.

Operation of the ozone reactor required staff ingras well as specific safety measures due
to the toxicity of ozone gas. As such, ozonationassuitable for small WWTPs with non-

permanent staff.

Optimization of these treatments in terms of enengyy resource consumption remains.
Although they were able to reduce aquatic toxiditgir energy and resource consumption is
still significant and should for example be balathbg energy efficiency measures on the

WWTP and in the sewer system. In all cases, thécagpipn of the treatment should be
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proportional to its benefit. Additional studies thie environmental impact of these advanced
treatments taking into account their life cycle #mes necessary, with a special focus on the

PAC due to its energy-intensive production (Larseal., 2010).

Given that the performance of these advanced tegdsms relatively similar, selection of an
optimal solution is nuanced. For a given WWTP theice thus depends mainly on local

conditions, involving consideration of multiple facs in a cost-benefit analysis.

4. Conclusions

Of the 70 dissolved organic micropollutants detgateuntreated wastewater, 50 were
removed on average less than 50% in conventiogainrent. Addition of a nitrification

step significantly improved the removal of 24 sabses.

Both advanced treatments, ozonation and PAC-Ukicextithe concentration of the
remaining compounds on average by more than 70%,ami average ozone dose of 5.65

mg O; It or an average PAC dose of 13 riig |

For the studied operation conditions, o0zone appearbe more compound-specific than
PAC. Ozone was more effective in removing almostgletely certain compounds and
PAC acted better on a broad spectrum of micropmiiist Removal rates of
micropollutants with low ozone reactivity or PAQiaity were depending more directly
on variations in the feed water quality.

* Ozone efficiency was strongly dependent on thegmes of micropollutants with
electron-rich moieties. PAC efficiency was improyedhydrophobic or positively
charged compounds.

» Both advanced treatments significantly reduceddkeity of WWTP effluent, with PAC-

UF performing slightly better overall.
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» Both treatments proved to be feasible at largeesaadl for long term operation in real
WWTP conditions, with similar costs if sand filteaxgre used for the PAC retention.

» For sensitive receiving waters, such as recredtivagers or drinking water resources, the
PAC-UF treatment seemed to be the most suitablmtdagy, despite its current higher
costs and energy consumption. Indeed, PAC-UF tratthed to a good removal of most
micropollutants and macropollutants without formprgblematic by-products, the

strongest decrease in toxicity and a total disimdecof the effluent.

Supplementary data

Supporting information associated with this articé& be found in the online version.
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Table 1. Characteristics of the effluent of theldiyical treatments (feed water for the
advanced treatments). Average and standard deviatti83 24-h composite samples taken

after the biological treatment with low to compleigification depending on the campaigns.

Conventional parameters

Total suspended solids (TSS) [Mg| 14.8 (+5.3)
Dissolved organic carbon (DOC) [mgl 7.3 (x1.9)
Chemical oxygen demand (COD) MYl 24.4(+12)
Biochemical oxygen demand (B@D[mg I'']  11.2 (+ 10.2)

N-NH, [mgl] 7.7&7.7)
N-NO; [mgl'] 9.9 (+5.6)
N-NO, [mgl] 0.4 (x0.3)
Pota [mgl'] 0.7 (x0.6)
Psoluble [mg ] 0.09 (+0.08)
pH [ 7.2 (x0.4)
Temperature [°C] 17.1 (£ 3.5)
Conductivity [uS crif] 914 (+ 96)
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Table 2. Concentrations of 70 micropollutants i mastewater and after biological treatment (WWTfRient), and removal rate obtained
with the conventional (with low to complete nitaéition) or the advanced treatments (in referentleet@oncentration in the effluent of the
biological treatment) (0zone doses between 2.39amg I* (median 5.9 mg¥) and PAC doses between 10 and 20 ™iedian 12 mg)).
Average with standard deviation of n analyses (2&hposite samples) conducted between June 200Q@nber 2010. Compounds with
analytical method A were regularly analysed to rmrthe efficiency of the treatments. Data for couonpds with analytical methods B and C
correspond to one or two analyses of a 7-d compsainple taken for a larger screening campaigm (attial nitrification, 6 mg @I, or 12

mg PAC I'). Comparison with removal rates obtained in otftedies in similar conditions is presented fortthe advanced treatments.
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Number  Influent Effuent WWTP Ozone PAC-UF

LOD  Analytical of analysis concentration concentration removal removal removal
Compound Compound class (ng I") method (n) (ng I (n) (ng ") (n) (%) (n) (%) (n) (%)
Pharmace uticals
Atenolol Beta blocker 1.2 A 37 1274 (+436) 37 682 (+267) 3742 (27) 28 85 (+14° 21 88 (+9°
Azithromycin Antibiotic 75.6 A 19 2272 (¥1472) 19 935 (£§3 19 44 (+26) 12 74 #10° 8 76 (+8°
Bezafibrate Lipid regulator 15 A 37 953 (+262) 37 595148 37 38 (%26) 27 81 (+8) 21 79 (12§
Carbamazepine Anticonvulsant 0.1 A 37 482 (+586) 37 4@92r 37 7.6 (x18) 28 97 (+47 21 90 (+9°
Ciprofloxacin Antibiotic 36.5 A 19 2291 (+600) 19 779 (&7 19 63 (x18) 12 53 (x290™ 8 63 (+32'
Clarithromycin Antibiotic 0.4 A 37 709 (+418) 37 440 (£302 37 37 (¥26) 28 93 (+4) 21 92 (5§
Clindamycin Antibiotic 0.2 A 19 65 (+33) 19 115 (+69) 19 0 12 99 (17 8 82 (13°
Diatrizoic and iothalamic acid lodinated contrastiam 32.8 A 17 597 (+628) 19 370 (+366) 17 28 (x25) 12 16 (ilGjb2 8 15 (+13°
Diclofenac Analgesic / Anti-inflammatory 1.2 A 37 119707) 37 1187 (+389) 37 9 (¥14) 28 94 (£3) 21 69 (19§
Eprosartan Antihypertensive 20 B 2 1055 (+488) 1 880 1 37 98 1 65
Fluconazole Antifungal 20 B 2 120 (+14) 1 110 1 15 1 27 1 > 64
Gabapentin Anticonvulsant 1.8 A 37 3867 (+1339) 37  36924E6) 37 9.2 (+12) 28 38 (+195) 21 11.8 (+11)
Gemfibrozil Lipid regulator 2.9 A 19 411 (+128) 19 265 68 19 36 (x32) 12 04 (+5)* 8 76 (+16§
Ibuprofen Analgesic / Anti-inflammatory  13.4 A 19 41G42465) 19 952 (£759) 19 57 (x46) 11 63 (J_rlzjhll 6 83 (+7°
lohexol lodinated contrast medium 2177.3 A 35 21275789 34 15191 (x7294) 32 31 (x27) 26 38 (+16° 1¢ 57 (£25°
lomeprol lodinated contrast medium 306.9 A 35 14467 %¥)6 35 10534 (+6338) 35 25 (+24) 28 43 (J_rTZ) 20 54 (21§
lopamidol lodinated contrast medium 145.4 A 30 33605 30 2535 (+1587) 30 21 (+20) 24 42 (+13° 1€ 49 (+21°
lopromide lodinated contrast medium 2044.6 A 22 64086682 23 4141 (£2086) 21 29 (x27) 15 34 (197 11 47 (+30°
Irbesartan Antihypertensive 20 B 2 4700 (+4808) 1 1700 1 79 51 1 o
Ketoprofen Analgesic / Anti-inflammatory 6.0 A 19 1119828) 19 669 (£757) 19 32 (x21) 12 63 (+16° 8 81 (+9°
Levetiracetam Anticonvulsant 10 B 2100 (+566) 1 330 1 87 18 1 > 97
Losartan Antihypertensive 20 B 2 2405 (+2256) 1 510 1 87 629 1 8¢
Mefenamic acid Analgesic / Anti-inflammatory 2.6 A 19 694-455) 19 581 (+299) 19 33 (x29) 12 98 (32) 8 93 (+2f
Metformin Antidiabetic <1000 B 2 > 10000 1 > 4000 1 - 0 - > 5E°
Metoprolol Beta blocker 4.4 A 19 561 (+299) 19 653 (+400) 9 1 4.6 (+13) 12 88 (+8) 8 95 (+4]
Metronidazole Antibiotic 21.0 A 19 1168 (+866) 19 567 (F49 19  45(¥34) 12 64 (+15 5 79 (+175
Morphine Analgesic / Anti-inflammatory 20 B 1 270 1 190 1 30 1 >oC 1 >oC
Naproxen Analgesic / Antiinflammatory 9.4 A 37 697 (224 37 380 (+110) 37 41 (£23) 28 90 (+8° 21 81 (+12°
Norfloxacin Antibiotic 1.9 A 19 334 (+167) 19 59 (+35) 19  {6l9) 12 75 (x2f° 8 82 (21§
Ofloxacin Antibiotic 0.4 A 19 234 (+60) 19 84 (+36) 19 61@ 12 85 (+20° 8 83 (+24°
Oxazepam Anxiolytic 20 B 2 305 (+134) 1 350 1 13 1 o 1 6¢°
Paracetamol Analgesic / Ant-infammatory 7.9 A 18 514881884) 18 <79 19 100 (x0) 1 >4 0 -
Primidone Anticonvulsant 0.7 A 37 114 (+39) 37 97 (+21) 37 6 (115) 28 57 (¥11° 21 51 (x19
Propranolol Beta blocker 0.3 A 19 127 (£37) 19 114 (£17) 1913 (x17) 12 99 (17 8 99 (+1°
Ritonavir Antiretroviral 20 B 2 110 (+14) 1 90 1 25 1 >°78 1 >56
Simvastatin Lipid regulator 29.7 A 14 736 (+503) 14 98qr9 14 77 (¥23) 8 > 70 4 > 65
Sotalol Beta blocker 0.5 A 37 337 (+175) 37 247 (+63) 37 (&) 28 99 (x17 21 81 (+15°

% Similar removal (<10% difference) obtained wittoab 0.6 g @ g'lDOC by Hollender et al. (200§).Similar range of removal obtained in other stucﬁé’emes etal 200§Huber etal. 200§,Ormad etal 200§Wen etal 20095,Reungoat et al. 2010,

®Rosal et al. 2016Huerta-FonteIa etal 2015¥ang etal ZOlf,Senta etal 2011?Bundschuh etal 20111,Sudhakaran et al. 2012)Not reported in other studieds00ntradictory to other studies (>10% lower remp@tdbllender et al. 2009,
Reungoat et al. 2010 and 20£2pimilar removal (<10% difference) obtained withta®0 mg pact by Zwickenpflug et al. 2010 (in Abegglen et allZI)f Similar range of removal obtained with granulaiveeted carbon (GAC) filters (Reungoat et

al. 2010 and 2012, Yang et al. 2011)
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Influent

Number Effuent WWTP Ozone PAC-UF

LOD Analytical of analysis concentration concentration removal removal removal
Compound Compound class (ng ") method (n) (ng I (n) (ng 1) (n) (%) (n) (%) (n) (%)
Pharmace uticals
Sulfamethoxazole Antibiotic 0.2 A 37 340 (+261) 37 1712#1 37 38 (30) 25 93 (+7) 20 64 (+25§
Trimethoprim Antibiotic 0.2 A 37 235 (152) 37 158 (+73) 37 5@23) 28 99 (+2° 21 94 (i4]f
Valsartan Antihypertensive 5 B 2 2250 (+354) 1 2100 1 16 b7 61 65
Venlafaxine Antidepressant 10 B 235 (+21) 1 150 1 40 4 75 1 46"
Pharmace utical metabolites
10,11-dihydro-10,11-dihydroxy carbamazepine Drugabelte 10 B 2 975 (+106) 1 1000 1 0 1 °AY 1 57
Atenolol acid Drug metabolite 10 B 2 1550 (+212) 1 1700 1 1 77 1 > 9od
Fenofibric acid Drug metabolite 20 B 2 390 (£57) 1 490 5 1 78
Formyl-4-aminoantipyrine Drug metabolite 10 B 2 445 (92 1 700 1 0 1 > o¥ 1 59
N,N-didesvenlafaxine Drug metabolite 10 B 1 250 1 330 1 0 1 >97 1 61°
N-acetyl sufamethoxazole Drug metabolite 20 B 2 5761 1 50 93 5% 1 > 20
N-acetyl-4-aminoantipyrine Drug metabolite 20 B 2 9208} 1 1200 1 0 1 > d8 1 34
Valsartan acid Drug metabolite 10 B 2 125 (+21) 1 150 1 0 1 ¢ 39 1 43
Endocrine disrupting compounds
17a-Ethinylestradiol Hormonal contraceptive 1.9 C 2 53.84 1 <19 1 >18 0 - 1 -
17B-Estradiol Hormone 0.5 C 2 14 (£1) 1 1.3 1 91 1 %1 1 > 61
Bisphenol A Plastic component 48.9 A 18 834 (+460) 18 @31 18 50 (£36) 3 > d8 3 >83
Estriol Hormone 97.5 A 12 306 (+140) 12 <975 11 >75(x12) 0 - 0 -
Estrone Hormone 15.6 A 12 134 (+87) 12 71 (183) 12 58 (#31) 3 >90” 3 > 97
Biocides - pesticides
Atrazine Herbicide 0.2 A 37 21 (x16) 37 14 (£8) 37 20(+24) 82 34(x13° 21 74 (+17°
Carbendazim Fungicide 16.1 A 19 106 (£92) 19 132 (£79) 195 (43.5) 12 79 (+17) 5 >9%
Diuron Herbicide 13.7 A 9 69 (+49) 9 70 (241) 9 10 (+16) 7 73 (x16° 3 > g2
Irgarol Algicide 1.0 A 19 16 (+14) 19 7.5 (16.2) 19 34 (#29) 10 32 (1213 5 0to>60
Isoproturon Herbicide 16.9 A 16 62 (167) 16 39 (+32) 16 272 3 68 (t2633 75 (+12§
Mecoprop Herbicide 9.6 A 37 386 (+408) 37 245 (+239) 37 %) 28 60 (27 21 48 (+27§
Propiconazole Fungicide 6.9 A 19 59 (£28) 19 40 (£17) 19 (%) 12 32 (+14) 7 66 (+15§
Terbutryn Algicide 0.1 A 37 38 (£21) 37 19 (+16) 37 49 (+25) 28 85 (+10§ 20 80 (+13j
Other common chemicals
Aspartame Sweetener <100 B > 10000 1 > 4000 1 - 0 - -
Benzothiazole Industrial additive 400 B 6500 (+566) 1 0a4 1 80 1 9 1 > 71
Benzotriazole Corrosion inhibitor 4.1 A 37 9224 (+3112) 7 3 6948 (+1846) 37 24 (x22) 28 64 (x14° 21 90 (+7°
Caffeine Food component <50 B 2 > 10000 1 820 1 > 92 1 V| 65
Galaxolidone Fragrance (HHCB) metabolite 40 B 2 33BpL7 1 220 1 52 1 o 1 77
Methylbenzotriazole Corrosion inhibitor 48.5 A 19 5722810) 19 4201 (£2488) 19 29 (+24) 12 80 (#15) 8 96 (+2f
N,N-diethyl-3-methylbenzamide (DEET) Insect repdllen <50 B 2 805 (+445) 1 290 1 74 1 pis: 1 66
Oxybenzone UV fiter 20 B 2 425 (£290) 1 60 1 90 1 £67 1 50

® Similar removal (<10% difference) obtained witfoaib 0.6 g @g’lDOC by Hollender et al. (ZOOQSimiIar range of removal obtained in other stucﬁé’sernes etal. 200§Huber etal 200§Ornad etal 200§Wert etal. 20095,Reungoat et al. 2010,
®Rosal et al. 2016Huerta-FonteIa etal 201Wang etal 201f,Senta etal ZOli?Bundschuh etal 201111,Sudhakaran et al. 2012)Not reported in other studiedsContradictory to other studies (>10% lower remptdbllender et al. 2009,
Reungoat et al. 2010 and 20f2$imilar removal (<10% difference) obtained witht@®0 mg pact by Zwickenpflug et al. 2010 (in Abegglen et aI12D' Similar range of removal obtained with granulaiested carbon (GAC) filters (Reungoat et

al. 2010 and 2012, Yang et al. 2011)
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Table 3. Costs and energy needs for constructidroparation of the pilot plants. Costs are
given excluding VAT, based on local (Swiss) prige2010 (0.17 € kWh of electricity, 0.25
€ Nm* O,, 2 € kg' PAC, 66 € H staff costs) for an average removal of 80% oféhe
studied micropollutants (compared to raw wastewabevestment costs are calculated with
an interest rate of 4.5%'ywith amortization periods of 10, 20 and 30 y fespectively,

electromechanical, mechanical and structural egeigm

Ozonation

with sand PAC with PAC with

filter sand filter ultrafiltration
Dosage 57mgQ* 15mgPACT 15mgPACT
Capacity (average flow)  [I'$ 60 15 5
Electricity consumption [kWh i 0.117 0.08 0.9
Operating costs € 0.043 0.054 0.404
Investment costs [€Th 0.133 0.107 0.399
Total costs (excluding
VAT) [€ m7J 0.176 0.161 0.803
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Figure 1.(a) Ozonation installatiob) Powdered activated carbon (PAC) installation with

ultrafiltration separation (after Margot and Magrizd11)
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Figure 2. Removal of 35 micropollutants with PAC-tW€atment as a function of

micropollutant hydrophobicity (log §) and charge at pH {a) positively charged)b)

negatively charged, ar(d) neutral. Median removal of eight 48-72 h composémples.

Correlation r between PAC removal and log, Dot significant (p-value > 0.05) for

positively charged compounds and zwitterions, aguificant for negatively charged (r =

0.743, p = 0.014) and neutral compounds (r = 0.6480.005).
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Figure 3.(a) Inhibition of photosynthetic activity (diuron-eguailent concentration) an@)
inhibition of growth (toxic-equivalent concentratjoof the green alga@seudokirchneriella
subcapitata(c) Estrogenic activity (YES, estradiol-equivalent centration). Average

results (xstandard deviation) of three campaigrenefweek in the raw wastewater (influent)
and in the effluents of the biological treatmentdRB the ozonation (OZ), the sand filter
following the ozonation (SF) and the PAC-UF treatin®zone doses of 3.5, 6.0 and 6.7 mg
0; 1™ (eg. 0.76, 0.91, 0.92 g:@* DOC), and PAC doses of 10, 12 and 20 thépt,

respectively, campaigns 1, 2 and 3.
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Figure 4. Comparison of the green algae photosgighehibition (in diuron-concentration
equivalent DEQ) with the sum of the wastewater eatr@tions of the four most abundant
photosynthesis inhibitors included in the analyticsd (atrazine, diuron, isoproturon, and
terbutryn), converted to DEQ based on their redapotency. Results of 19 analyses on 7-d

composite samples taken after the different treatsa®ashed line: linear regression.
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Figure 5. Results of the Fish Early Life Stage TE&LST) with(a) the overall survival
(average of three replicates per treatméh))the individual fresh weight (average of 69 to
152 fish per treatmentf¢) the individual length (average of 69 to 152 fig peatment) and
(d) the vitellogenin concentration (average of 20 peh treatment) of the fish larvae at the
end of the test (after 69 d). Significant differesavith the controls are represented by * (p
value < 0.05), ** (p < 0.01), *** (p < 0.001). Athe endpoints for the control, OZ, SF and
PAC-UF were significantly different from the endpts of BIO. Ozone dose: 4.7 + 1.5 mg

O; 1. PAC dose: 13.1 + 2.6 mg.|
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Figure 6. Hatching succeés) and swim-ugb) of the eggs and larvae of the rainbow trout in
the effluent of the different treatments. Averagd atandard deviation of 3 replicates. Ozone

dose: 4.7 + 1.5 mg ™. PAC dose: 13.1 + 2.6 mg.|
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Figure 7. Comparison of the average removal of #®apollutants with PAC-UF treatment
(dose of 10-20 mg PAC') median 12 mg), or ozonation (dose of 2.3-9.1 mg IO,

median 5.9 mg @™ or 0.83 g @ g* DOC) during one year of operation (3 to 28 anayse

depending of the substance).
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