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Abstract:

The removal efficiency of 6 micro-grain ACLGAC) was examined for 23 selected
pharmaceutical compounds, usually found at traeel i municipal wastewater treatment plant
(WWTP) effluents. Two different sets of experimewesre carried out using distilled water and
a real WWTP secondary effluent in order to undexstdahe adsorption mechanisms of
pharmaceuticals, including the role of the presarfdeackground organic matter. Physical and
chemical properties gIGACs and target pollutants were checked for thetemtial to predict
the pharmaceutical removal. Textural propertiesu@ACs, and especially the mesopore
volume, seemed to play the most important role nduthe adsorption without background
organic matter whereas the chemistry of ti@®ACs, such as the presence of surface oxygen
groups and the point of zero charge, could haveerimdluence in the experiments with WWTP
effluent water. Positively charged molecules ardebeadsorbed due to the influence of the
background organic matter and the presence of matgd groups in the surface of {i@ACs.
The UV.,s, removal correlated well with the pharmaceuticahogal and it is confirmed as an
indicator to control the performance of pharmaalsi adsorption withhGACs in tertiary

treatment.
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1. INTRODUCTION

Organic micropollutants (OMP) comprise a wide grofigontaminants present in water at
low concentration. They are an expanding classwtifrapogenic substances, consisting mainly
of active pharmaceutical compounds, personal cesdugts, pesticides, endocrine disruptors
and industrial products such as flame retardantd plasticizers (Petriest al., 2014).
Pharmaceuticals, which are systematically discltargeough wastewater, are attracting
scientist’s attention due to their ubiquitous presein the environment, are constantly detected
in the water bodies at trace and ultra-trace leaal$d mixed with high diversity of substances
(Groset al., 2012). Some associated risks for the aquaticnisges exposed to pharmaceuticals
are already known, such as cancer, infertilityh fi'eminization and bacterial resistance
(Caliman and Gavrilescu, 2009).

Current conventional wastewater treatment plant3N{W) are designed to remove
macropollutants (chemical and biochemical oxygemaled and total suspended solids) and
nutrients (phosphorous and nitrogen) through a gmynand a secondary treatment, but are not
efficient in the removal of pharmaceuticals (Meirglal., 2016). Tertiary treatments are
employed when high quality effluents are requiral e&can increase removal rates of
micropollutants, but are associated with highetflsuoet al., 2014).

State of the art of tertiary treatments includeaambed oxidation processes (AOP) (Knopp
et al., 2016; Shuet al., 2016) and adsorption on activated carbon (AQ)roligh AOP,
hazardous substances can be generated as oxitgpooducts (Fatta-Kassinas al., 2011;
Garcia-Galaret al., 2016). In this sense, adsorption using powdeaated carbon (PAC)
(Mailler et al., 2014; Meinelet al., 2016) or granular activated carbon (GAC) (Altmanal.,
2016; Benstoenet al., 2017; Kennedt al., 2015) is pointed out as a promising technique,

since it can be adapted to any type of WWTP, less expensive than AOPs and competes with
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ozonation in terms of treatment costs and it dagsnvolve the formation of degradation by-
products (Mailleret al., 2016).

Micro-grain AC WGAC), characterized by having a particle size d-BD0um (between
PAC (<100 um) and GAC (>800um))(Mailler et al., 2016) has recently appeared as an
interesting form of AC to be used in WWTP due toimas operational advantages: HGAC is
used in a fluidized bed reducing the solid wastéandle, non-necessity to inject a coagulant
such as FeGlto prevent AC leakages and overall higher opeamasinplicity for similar costs
(Mailler et al., 2016).

Yet, the mechanisms and properties ruling the pheewticals adsorption in AC are still
not well-known, thus an accurate knowledge on thiesees is required to optimizeéGAC
adsorption processes towards a better removal afnpceuticals. Porosity development and
high surface area are generally sought to ads@snar compounds from water (Falleual.,
2016). However, these features are not necessamlgortant when it concerns to
pharmaceuticals adsorption from WWTP effluents doetheir low occurrence levels in
competition with the background organic mattertad tvater. Due to the large variety of AC
produced from different materials and activatechwdifferent techniques, there is a wide range
of properties conferred on the adsorbent, so itgortant to determine which are the most
relevant for each purpose.

In the literature few works have attempted to dithb relationships between
pharmaceuticals removal and AC properties. Zietmseinet al. (2014) studied the influence of
three physical PAC properties (BET surface aredin® number and aniline number) on the
removal of seven pharmaceuticals, concluding thede properties were too poor to predict the
removal achieved. Accordingly, Benstoem and Pinmgkg2017) concluded that BET surface
and methylene blue titre were not suitable mark@rghoosing an appropriate GAC product to
eliminate pharmaceuticals from WWTP effluents. Carilty, Mailler et al., (2016) studied the
influence of two physical properties (BET surfaceaaand bulk density) of four PACs on the
adsorption of 15 pharmaceuticals and they conclubdatiremoval efficiencies correlated well

with BET surface area. Furthermore, Mailler al. (2014) studied six physical-chemical

3
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properties of 26 pharmaceuticals in a large sc&€ Bilot plant using real wastewater, and
pointed out that the molecular charge of the phaeutcals was the most important property
influencing the adsorption. On the other hand, Mait al., (2016) found that the presence of
background organic matter was an important factmisiering the competition for adsorption
with pharmaceuticals using PAC, but it was insiidifit to explain the adsorption performance.

Therefore, the interactions between the propedighe AC and the pharmaceuticals are
still unclear, especially withhGAC, and further research is required to understtrel
adsorption mechanisms for the removal of such comge from WWTP effluents. In this
context, the present work studied the adsorptioB3spharmaceuticals on six differaaGAC
which were characterized in terms of textural ahdndgical properties. The pharmaceuticals
used were chosen to cover a wide range of theradeutilies with different physical-chemical
properties within the compounds usually found in WRVeffluents. The influence of the
presence of background organic matter was alssss$eerforming adsorption tests in both
spiked water and real WWTP effluent water.

Another issue of particular interest is the apiility of the UV.s, absorbance to estimate
the pharmaceuticals removal (Mailleral., 2016; Anumol et al., 2015; Zietzschmaeinal .,
2014) during adsorption processes. In order tods#d this technique in real cases, the
correlation of pharmaceuticals removal with therdase in the UM, was studied both for

spiked water and real WWTP effluent.

2. MATERIAL AND METHODS
2.1 Pharmaceuticals as contaminant models

23 pharmaceuticals typically found in the WWTP wgfits (Colladoet al., 2014) were
selected as target compounds based on their phgbiemical properties, shown in Table 1,
aiming to comprehend the broadest range of molemdaght (MW), log K, log D at working
pH (pH=8), and the dominant charge at this pH.i®artcoefficients, log k, and log D, can

indicate whether the compounds are likely to adhersolids, incorporate oils and organic
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matter, or be soluble in water. The molecular weigththe target compounds ranged between
236.3 and 791.1 g mdl log K,y ranged between -0.72 and 5.74; log D ranged betwe87
and 4.48. 30% of the selected compounds were masalsged positively, 39% negatively, 22%
neutral, and 9% zwitterionic. The chemical struesuof the pharmaceuticals considered are
shown in Table S1 of the Supporting Informationl thle target compounds were purchased

from Sigma-Aldriclf with a purity higher than 99%.

2.2 Activated carbons

To perform pharmaceutical adsorption tests, a sixocommercial ACs generated with
different precursors and activation processes vgetected (see Table 2): Two chemically
activated samples were supplied by MeadWestvaco MWIS.A.), and four steam activated
ACs were supplied by Desotec (DST; Belgium), CheowviCarbon (CMV; Belgium), Calgon
(CLG; U.S.A)), and Norit (NRT; U.S.A.). All the AGssted were exhaustively characterized in
our previous works (Cabrera-codomy al., 2015; Cabrera-Codongt al., 2014) in order to
determine the BET surface areads, the total pore volume () the volume of mesopores
with diameter between 2-50 nm {¥), the volume of micropores with diameter <2 nm
(VDRy2) and the volume of micropores narrower than 0.7 (MDRco) by N, and CQ
adsorption/desorption isotherms. The chemistryhef dutermost layers (spectra of the O (1s)
and C (1s) was determined by X-ray photoelectratspscopy (XPS), and the quantification
of the oxygen-containing groups by thermal progrdmesorption (TPD) of CO and GOrhe
different contributions of oxygen containing growpsre obtained by the deconvolution of the
XPS and TPD curves in previous work (Cabrera-Codairgl., 2014). The pH-point of zero
charge (phi.c) measurements were carried out following the “plft"dorocedure (Yancgt al.,
2004). The ACs samples were grounded and sieveltion uGAC with a similar particle size
range between 200 and 40f. Previously to their use, th&sAC samples were washed with

DI water in order to remove fines, dried at 1050%@rnight and stored in desiccators until their
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use. The main physical and chemical surface priggesf the six selected AC are summarized

in Table 2.

2.3 Experimental adsor ption set up

Adsorption experiments were performed in two sefserperiments following the
methodology described by Zietzschmaenal. (2014). The first set was carried out with
distilled water spiked with pharmaceuticals (sp)kehd the second set was with a real
secondary effluent (effluent) from a conventiona\WWP with the objective of understanding

the role of the background organic matter in réialisonditions.

The spiked water was prepared to obtain a finacentration of ca. 2Qug L™ of each
contaminant of Table 1 from an initial stock sadatiof 500ug L™. uGAC suspensions of 2 g L
! were prepared in a buffered ammoniun acetate/arimasolution (pH 8) to keep the pH
constant and stored overnight for full wetting lné tGAC. Experiments were buffered in order
to rule out any variation of some pharmaceuticaratteristics such as molecule charge and
partition coefficients because of pH changes. pMa8 selected according to the mobile phase
pH of the analytical methodology (see section 24) the pH of the wastewater effluent

(pH=7.4).

The experiments with spiked water were performesparing 6 different suspensions of
eachuGAC (5, 20, 50, 100, 200 and 300 mg)LThe suspensions were mixed at 25 °C during
48 hours following the methodology of Zietzschmastral., 2014. After that, thggGAC was
removed using 0.45um membrane filters (PTFE, Macherey-Nagel, Germaagy the
concentration of pharmaceuticals was analyzed. rEtieal AC doses for 80% of

pharmaceutical removal (D80) were calculated ireptd obtain comparable data points for the
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tested carbons. This was accomplished by lineargotation using the two data points, which

were closest to the theoretical value of D80 (&eftunanret al., 2014).

The second set of experiments were carried ouhgddGAC to real effluent water samples
to obtain a pGAC concentration of 20 mg, laccording to the typical doses gBAC (Mailler
et al., 2016) or PAC used in pilot plants (Altmaenal., 2014; De Riddeet al., 2011; Karelid
et al., 2017; Mailleret al., 2014; Margogt al., 2013; Ruhlt al., 2014; Streicheet al., 2016;
Zietzschmanret al., 2014). Like in spiked water tests, the susperssivere buffered (pH=8)
mixed at 25 °C during 48 hours, filtered and anadyto compare to the initial concentration of

each pharmaceutical in the effluent sample.

2.4 Analytical methodology

Chemical analysis was performed following the mdtiogy developed by Groet al.
(2012), using a Waters Acquity Ultra-Performaiftéiquid chromatography (UPLC) system,
equipped with two binary pumps system (Milford, MASA). An Acquity HSS T3 column (50
mm x 2.1 mm i.d., 1.8 um particle) was used fordbmpounds analyzed in positive mode of
electrospray ionization (PI) and an Acquity BEH Gd8umn (50 mm x 2.1 mm i.d., 1.7 um)
for the compounds analyzed in negative mode (Nte $olvents used in Pl mode were: (A)
Methanol and (B) formic acid/ammonium formiate 1MnfpH 3.2) at flow of 0.5 mL min
whereas for the compounds analyzed in NI solveAis gcetonitrile and (B) ammonium
acetate/ammonium (pH 8) were used as solventséaml. min® of flow. Sample volume
injected was 5uL. The UPLC instrument was coupled to a 5500 QTRAWrid triple
qguadrupole-linear ion trap mass spectrometer (&ddiosystems, Foster City, CA, USA) with
a turbo lon Spray source.

Water samples from experiments with spiked wateerewinjected without further
pretreatment in the UPLC-QTRAP, whereas wastewatgnples from the second set of
experiments with effluent water were pre-conceanttdiefore their analysis. The extraction and

clean-up of the WWTP effluent samples was perforfoldwing the methodology described in
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Groset al., (2012) based on solid phase extraction (SPEguSasis HLB cartridges (Waters,
Milford, MA, USA). Briefly, an appropriate volume& a NgEDTA solution was added to water
samples to achieve a final concentration of 0.1%sdyite g solutiot) without pH sample
adjustment. The SPE cartridges were conditioned SitnL methanol followed by 5 mL HPLC
grade water at a flow rate of 2 mL ilirb0 mL of wastewater were loaded onto the carésdg
at a flow rate of 1 mL mih Analytes were eluted at a flow rate of 2 mL thinsing 6 mL of
pure methanol. Extracts were evaporated to drynggker a gentle nitrogen stream and
reconstituted with 1 mL of methanol/water (10:98;)vFinally, 10 uL of a 1 ng it standard
mixture containing all isotopically labeled stardimrwere added in the extract as internal
standard. Further analysis of the extracts wasopedd using the above-mentioned
methodology based on UPLC-QTRAP. All the samplesevanalyzed by triplicate. The limits
of detection (LOD) and quantification (LOQ) for thaalysis of spiked and wastewater samples
are gathered together in Tables S2 and S3 resphctivn those analysis that were below the
LOQ the concentration was considered 50% of the LOQ

UV s, absorbance of filtered aqueous samples was mehbisuthe two set of experiments
with spiked water and with WWTP effluent using aW Wis Thermo Scientific Evolution 60
spectrophotometer at a wavelength of 254 nm. Thesarements were carried out by triplicate.

Total organic carbon (TOC) of effluent sample wasedmined with a TOC-V CSH/CSN

analyzer from SHIMADZU.

3. RESULTS
3.1 Adsorption of pharmaceuticals from spiked water

3.1.1 Determination of D80

The competitive adsorption of 23 selected pharmtéads into 6uGACs was studied at 6
different adsorbent doses ranging from 5 to 300LgAs it can be observed in Figure S1, the
removal of pharmaceuticals depends on the typeG#HC and the concentration of adsorbent

used. Therefore, in order to compare the removaliefcy of differentuGACs, the parameter
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D80 (theoretical AC doses for 80% of pharmaceutimahoval) was calculated for each
compound following the approach described by Zatesannet al., (2014) (see section 2.3).
Figure 1 shows the D80 values calculated for al gharmaceuticals with eaplGAC, which
range from 5 mg £ of MWV-2 for fluoxetine, to 287 mg L of NRT-2 for iopromide. The
uGACs with the lowest average D80 (solid lines igufe 1), and consequently with the highest
adsorption capacity, were MWV-2 and MWV-1 with areeage D80 (taking into account all
the studied pharmaceuticals) of 17+11 mbaind 27+23 mg L respectively. Th@GACs with
the highest D80, i.e. with the lowest adsorptiopacity, were NRT-2 and DST-2 that presented
an average D80 of 14452 m¢ land 134+66 mg T respectively. MWV-2 and MWV-1 were
uGACs produced from wood and activated chemicallleyNRT-2 and DST-2 are non-coal

UGACs activated with steam.

Two pharmaceuticals, venlafaxine and metoprolold aheir two main respective
metabolites, o-desmethylvenlafaxine and metopmtal, were selected to assess the adsorption
of pharmaceutical metabolites compared to theiemacompounds because the metabolites are
found sometimes at concentrations even higherdnW¥WTP effluents (Aymerich et al., 2016).
The D80 average value of venlafaxine for all f@ACs was 87+70 mg 'L while for o-
desmethylvenlafaxine was 115+103 mg. Iin the case of metoprolol, it presented an awerag

D80 of 52+36 mg [* while metoprolol acid presented an average D8#6aB89 mg L.
3.1.2 Influence of the physical-chemical properties of the compounds on their adsorption

The influence of the molecular weight (Fig. 2A),dngphobicity (Fig. 2B), and charge of
the pharmaceuticals (Fig. 2C) on the average DB8@dohuGAC was evaluated. There was not
a strong influence of molecular weight and log paately, denoted by the lack of linear
correlations, however, pharmaceuticals with bottv Imolecular weight and high log D
presented lower D80 values. The compounds witthibleest average D80 (D80>140 mg)L
were iopromide (D80 = 155 + 123 mg'Land valsartan (D80 = 150 + 72 mg)L These
compounds have high molecular weight (MW>430 gthaind they are relatively hydrophilic

(log D<1.5). On the contrary, the compounds thatraore adsorbable, namely those with the
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lowest average D80 (D80<30 md').. were loratidine (D80 = 27 + 15 mg*Land fluoxetine
(D80 = 29 + 21 mg 1), both less hydrophilic (log D>1.5). In terms betcompound charge,
for the chemically activatedGACs , MWV-2 and MWV-1, the compounds with lower @8
were the cationic ones. This is due to the fact these twouGACs have a negative surface
charge since the pH of the adsorption (pH = 8) higher than their pH. (4.8 and 6.2 for

MWV-2 and MWV-1 respectively). In the rest pGACs the differences were not so relevant.

3.1.3 Influence of the physical-chemical properties of the uGAC on the pharmaceuticals

adsorption

The relationship between the different texturalpemies of eacmnGAC and the average
D80 for the removal of the 23 studied pharmacelg#tieaas also analyzed. In general terms,
these physical properties correlated quite welhviiie average D80. The? Ror the linear
correlation of D80 with Y VDRy, and $et were 0.82, 0.76 and 0.74 respectively (see Figure
S2). In all cases the correlation was negativeth&o D80 was lower with higher porous
development and surface area. As expected, thesenataany correlation with the narrower
micropores volume (Figure S2) since the pharmacaiststudied are too large (> 1 nm (Nielsen
et al., 2014)) to fit in pores < 0.7 nm. On the contrahe best linear correlation 10.82) was
found with the mesopore volume, shown in Figure 3&e mesoporosity development,
represented as % of mesoporous£¥V,), seems to play a key role on the adsorption ef th
pharmaceuticals (Figure 3B), denoted by a cormiatiefficient of B=0.95 between D80 and
the mesoporosity development. In this sense, thelteepointed out to that mesopores were
more relevant than micropores in order to betteoamnodate these organic molecules in the
adsorbent. Accordingly, the microporous steam at#duGACs (DST-2, NRT-2, CLG-1 and
CMV-1) were the adsorbents which presented thedsigb80 in this set of experiments with

spiked water.

The relationship between D80 and the oxygen coimgigroups of thauGACs surface
(determined by both XPS and TPD analysis) and tg.$was also studied. No clear lineal

tendencies were found (Figures S3 — S5): Correiatigere below &0.65 in all cases, much

10



273 lower than those found with textural propertiemfeming that the most important parameter
274  for pharmaceuticals adsorption was the mesoporasitghe pnGACs in the spiked water

275 experiments.

276
277
278
279

280 3.2 Adsorption of pharmaceuticals from WWTP effluent

281 3.2.1 Concentration of pharmaceuticals in the WWTP effluent

282 In order to validate the results obtained fromdkperiments with spiked water and to study
283 the influence of the background organic matter lmm ddsorption of pharmaceuticals, similar
284  experiments were performed using real secondatyesif from a conventional WWTP with
285 activated sludge. The concentration of pharmacaistidetermined in the effluent sample is
286 shown in Figure 4A (depicted as grey bars) anddhld S3: 2 compounds were not detected
287 (atorvastatin and salbutamol) while 16 pharmacelgievere found at concentrations ranging
288 from ng L* to pg L. Compounds of the class of anti-inflammatoriescl@denac and
289  ketoprofen), antibiotics (azithromycin) and diucsti(furosemide) were the ones with the
290 highest concentrations (>lg L™). The background organic matter, characterizedT®C

291 analysis, was 13 +1 mg'L
292 3.2.2 Determination of adsor ption removal of pharmaceuticalsin WWTP effluent

293 Adsorption experiments were carried out with tHecteduGAC concentration of 20 mg L
294 ' In contrast to the results in the previous tesith spiked water, MWV-2, the most
295 mesoporouspuGAC, was not the best adsorbent, and only 30% @&l toemoval of
296 pharmaceuticals was obtained (solid lines in Figtitd. The highest removal (54%) was
297  obtained with MWV-1, the other chemical activafgdAC included in this study. Surprisingly,

298 in this set of experiments the second best adsbviesthe steam activateAC DST-2, with

11
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a total removal of 39%. DST-2 has a relative lowfae area (933 g?) and mesopore
volume (0.08 crhg™) comparing to the other adsorbents and showedatiserption capacity in
the experiments with the spiked water. This redeitotes that the adsorption behavior observed
in the spiked water tests cannot be extrapolatatdaeal effluent, since background organic
matter, can interfere the adsorption performancesafe of theuGAC towards target

compounds.

The adsorption of each pharmaceutical varied daépgrah theuGAC used. For example,
with MWV-1 76% of carbamazepine and 76% of venlafaxvere removed, while with CMV-1
these compounds were not adsorbed. The compouade/¢ine adsorbed in average more than
50% were the antibiotics, ciprofloxacin, azithronmycofloxacin and trimethoprim. The
compounds that were adsorbed in average less thanw8re bezafibrate, valsartan and
sulfamethoxazole. As observed in Figure 4B, théabdity in the percentage of adsorption for
eachuGAC was higher in the experiments with the efflugran in the experiments with spiked
water, probably due to the different initial conttation of each pharmaceutical and the
influence again of the background organic mattargéneral, the presence of background

organic matter resulted in lower removal of phareedicals in most of the cases.

3.2.3 Influence of the physical-chemical properties of the pharmaceuticals on their

removals

In terms of the compound charge, it can be obseme&igure S6 that the cationic
compounds were adsorbed with a higher percentag# the uGACs except in DST-2 which
adsorb more or less the same percentage of caf#izfie) than anionic (39%) compounds. This
behavior of DST-2 can be explained by itsgphithat is higher than the working pH, so it is
positively charged. However the surface chargehaf material can be compensated by the
adsorption of background organic matter which igatieely charged. The materials with a
higher adsorption of cationic compounds were agdivV-1 (65%) and MWV-2 (61%).
MWV-1 and MWV-2 are adsorbents with a gid lower than the adsorption pH what means

that they are negatively charged.
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For negatively charged compounds, a slight positielation of the adsorption with
molecular weight was observed. Comparing gemfibrazd valsartan, two negatively charged
compounds with similar hydrophobicity (Iog,dRfibrozi = 1.00 and log Risartan= 0.77) and initial
concentration in the effluent {Gibrozio = 526 Ng L' and Gasarnano= 496 ng L), it was
observed that the compound with the lowest moleauaght was better adsorbed. The average
removal of gemfibrozil (MW = 250 g md) was 29% while for valsartan (MW = 435 g fpl
was 3%. Hydrophobicity was not identified as enl@ndhe adsorption of the negatively

charged compounds, in agreement with Mailteal ., (2014).

For neutral compounds, a slight positive relatibtthe adsorption with the hydrophobicity
was observed. Comparing carbamazepine and trimethopwo neutral compounds with
similar molecular weight (MWibamazepine= 236 g Mot and MWiimetnoprim = 290 g mot) and
initial concentration in the effluent ($amazepine,>= 38 NG * and Grimethoprim,0= 28 Ng I;l), it was
observed that the compound with the lowest log B better adsorbed. The average removal of

trimethoprim (log D = 0.99) was 52% while for camezepine (log D = 3.22) was 37%.

3.2.4 Influence of the physical-chemical properties of the uGAC on the pharmaceuticals

removal

Poor linear correlations were found between theameepharmaceuticals removal achieved
by eachuGAC and their textural properties (Figure S7). thié correlations had a’R 0.18.
This can be explained by the presence of backgrouyahic matter in the water, which directly
competes for the pores and surface area with thengiteuticals, at a concentratiorf-10°
times lower than the TOC (TOC = 13+1 mg)LTypically, the TOC in secondary effluents can
contain large organic molecules such as humic agldsh can block the mesopores and even
the entrance to the micropores (Etual., 2015). It is interesting to observe that DSwhjch
has one of the lowest pore and surface area dewelup(\; = 0.38 crmi g* and $er= 933 nf
g') of the studieduGACs, was performing better than mesoporous adstgbevith
pharmaceuticals. This result denotes that whenattgorption of micropollutants must be

carried out in the presence of background orgardtten the importance of surface area and
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porosity is not as relevant as in the case of éxments with cleaner matrices. Contrarily, the
surface chemistry of thaGACs, such as the presence of oxygen functionalpggoor the
surface charge, may play some role in the adseorpE@ure 5A shows the linear correlations
for carboxylic groups (R= 0.38) obtained from XPS and lactoné €R0.59) and ether (R=
0.43) groups obtained from TPD. It can be obseivegeneral a positive trend that indicates
that a higher content of these oxygen surface groump the pnGACs can improve the
performance of thgeGACs. The correlations of the average removal @rpiaceuticals with
other oxygenated surface groups of ii®ACs (Figures S8 and S9) were worsé €/.23). On
the other hand, the influence of thegkjon the removal of pharmaceuticals, shown in Figure
5B, must be discussed in two groups of carbons. stbem activatedGACs, which showed
PHpze) higher than the pH of the solution (pH=8), inceshsheir average removal with the
PHezy Which consequently increases positively the serfaharge. On the other hand, the
chemical activate@dGACs (MWV-2 and MWV-1), were negatively charged fyHH;,c) at the
working conditions. The most acidic, MWV-2, is thile most negatively charged adsorbent,

which did not result of highest average removal.

3.3 Correlation of UV,s, removal with phar maceuticalsremoval

All the pharmaceuticals considered in this workeénane or more aromatic rings on their
structures. Aromatic rings are known to absorbtlah254 nm (UVs,), therefore the decrease
of the pharmaceuticals concentration may causeactien in the UVs, which is especially
relevant in the spiked water experiments. In tl@sse, Zietzschmanet al. (2014), working
with WWTP effluents, found a correlation betweea thduction of the UM, and the reduction

of some OMP such as diclofenac.

In this work, the U¥s, of the aqueous samples was measured at the begjiand after
each adsorption test in order to calculate itsctdu in both spiked water and WWTP effluent
samples. The results for eagBAC with the spiked water are shown in Figure SdGhie

supplementary information. All the points are deguctogether in Figure 6 and, as also
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observed by Zietzschmamb al. (2014), the higher the pharmaceutical removal hilgger the
UV s, removal. After the adsorption, the remaining coomuts were different for eagtGAC,
and moreover, each remaining compound contribufésrehtly to the U\, For this reason,
with spiked water, the intersection of the lineadrelation was far from the origin and the slope

was far from the bisector.

In the case of effluent water, the removal of phareuticals was translated into a lower
reduction of the U¥s, compared to what it was observed in spiked watehably due to the
presence of background organic matter that alsmrbbst this wavelength, at higher
concentrations than pharmaceuticals. Despite @f V.54 removal correlated slightly well

with the total removal of pharmaceuticals.

4. DISCUSSION

Figure 7 shows the total removal of the 23 selepte@rmaceuticals with differepilGAC
concentrations in spiked water. At these experialeobnditions, the chemical activated
uGACs, were the best performing adsorbents, obigif6 - 88.5% global removal with a 20
mg L* dose. The steam activate@GACs reached in general lower global removals (0.5
51.4% with 20 mg L of uGAC). Almost alluGACs achieved a global removal over 88% using
a dose higher than 200 mg*L Therefore, the dose of AC required to remove the
pharmaceuticals is clearly dependent on the adsbiigpe. The chemical activateadsACs
present two characteristics that, according to rimsults previously shown, are the most
important in the adsorption of pharmaceuticalshie &bsence of background organic matter: a
high pore volume and a higher distribution of thpsre volume as mesopores. The
pharmaceutical molecules studied in this work améeglarge to be accommodated in the
narrower micropores. As an example, the maximum emdar sizes of diclofenac,
carbamazepine, sulfamethoxazole and metoprololjratee range 1.2-1.6 nm (Figadt al.,

2017; Mitranet al., 2016; Nielseret al., 2014). Another factor to be considered to selleet
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appropriateuGAC is the price that in the case of chemical at&duGACs is the double than

the steam activatqdGACs.

Results obtained in the experiment with spiked waganot be extrapolated to the results
obtained with the secondary effluent wastewategufé 8) since the presence of background
organic matter plays an important role in the golson mechanisms of the pharmaceuticals into
uGAC. Previous authors (Maliller et al., 2016) haveved that the presence and nature of the
background organic matter, specially protein-likeolecules, affects the adsorption of
micropollutants in AC. So, it is important to useak water matrices in order to assess the
efficiency of adsorbents in the removal of OMP: skown in Figure 8 the presence of
background organic matter negatively affected ttogption in most cases (MWV-2, MWV-1,
CLG-1 and CMV-1); however, some5AC (DST-2 and NRT-2) presented higher adsorption

efficiencies in the experiments with the effluerater.

In the case of the experiments with secondaryefii wastewater, the textural properties
do not seem to play the most important role dutimg adsorption of pharmaceuticals. Best
performinguGAC in experiments with wastewater was MWV-1, whalso showed a good
efficiency removal in spiked water experiments. iQusly, the second best adsorbent with
effluent water was DST-2, aGAC that has a relatively low surface area and pesws
volume. So, this good adsorption performance cbal@éxplained by the chemical properties of
the uGAC. As it has been previously shown, there waghskorrelations between the removal
of pharmaceuticals and some specific oxygen surémoeps, such as carboxylic, ether and
lactones. Nielsemrt al., (2014) proved that oxygen groups incorporatethéocarbon matrix,
besides attracting polar molecules, also react fwitlational groups of the pollutants, especially
with amines, resulting in very strong adsorptiororbbver, the ability of a carbon surface to
activate oxygen can result in the partial oxidatdrthe adsorbed species (Nielstml., 2014).
Also the surface charge seems to be an importaatrgder. In this study, it was also observed
that in the adsorbents with similar pore developmenhigh ph.e which implies a higher

surface positive charge, can enhance the adsompitipimarmaceuticals.
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The presence of positive charges on the pharmaatsiseems to improve the adsorption of
the compound intpGACSs, in agreement with results obtained with PAGother authors (De
Ridderet al., 2011; Mailleret al., 2014; Margott al., 2013). This is particularly relevant in the
presence of background organic matter in the wathe adsorption of background organic
matter, generally negatively charged in wastewatgractivated carbon surface can switch (if
initially neutral or positive) or increase (if aftdy negative) the charge, resulting overall in a
surface negatively charged (Mailler al., 2014; Margotet al., 2013). In this case theGAC
surface has negative charges inducing strong eltatic attraction of positive compounds.
This also corroborates the importance of oxygengtedps on th@GAC for the adsorption of
pharmaceuticals. Positive molecules, that haveeloglectrons, can receive electrons from
oxygenated groups present in the surface of therlelst materials. Also, some functional
groups may enhance adsorption of pharmaceuticals as aromaticity and N-heterocycles
(Delgadoet al., 2012), explaining the high removal of ofloxaeilthough this compound was
negatively charged (Figure 4). For instance, oftarxaand diclofenac (both anionic at working
pH) have three heterocycles, known to enhance ptilsoron activated carbon (Delgadbal .,
2012), while sulfamethoxazole (also anionic) hag one heterocycle. As it can be observed in
Figure 4, sulfamethoxazole exhibited a lower adsampthan ofloxacin and diclofenac in both

sets of experiments.

Removal efficiencies obtained in this work were paned in Table S4 with those achieved
by other authors working with differepGAC, PAC and GAC (De Ridder et al., 2011; Karelid
et al.,, 2017; Mailler et al., 2016, 2014; Shenglet2016; Streicher et al., 2016; Westerhoff et
al., 2005; Zietzschmann et al., 2014). Mailtral., (2016) explored the use of a different
UGAC in a pilot plant for the removal of 39 pharmatieals (some different to those studied in
this work) obtaining high removals (> 70 %) for riffoxacin, erythromycin, ofloxacine,
trimethoprim, carbamazepine, bezafibrate, diclofenmpromide and ketoprofen. Similar
efficiencies with the optimahGAC (MWV-1) were achieved in the present studytha lab

scale batch experiments with WWTP effluent, obtajnthe highest removals (> 65 %) for
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ciprofloxacin, azithromycin, trimethoprim, ofloxa&, carbamazepine and venlafaxine.
According to Table S4 it seems that the compouhdsdre less prone to get adsorbed into AC
are sulfamethoxazole, valsartan, iopromide and dpea#il (De Ridderet al., 2011, Mailler et

al., 2014 Mailler et al., 2016 Shenget al., 2016; Zietzschmane al., 2014). Also this study
reports the first adsorption efficiencies in AC arél for the following pharmaceuticals:

azithromycin, valsartan and furosemide.

The UV,s4 removal correlated well with the average pharmtcaluremoval in for all the
studied compounds both in the presence and inktbenae of background organic matter in the
water. The monitoring of the Uy¥, can be used as an indicator to control the ¢g@3A&C in

tertiary treatments.

5. CONCLUSIONS

Physical properties of the adsorbents are very itapb in the adsorption of
pharmaceuticals in clean water matrices. Mesopiytokigh in materials like MWV-2 and
MWV-1, is the most important parameter, since plza@uotical molecules can be allocated in
mesopores better than in narrower micropores. Heweshemical properties, such as the
presence of oxygenated functional groups omuBAC surface and the gkt seems to be also
important on the adsorption of pharmaceuticalsrasgnce of background organic matter, i.e
effluent WWTP. Concerning physical-chemical projsrt of pharmaceuticals, positively
charged pharmaceuticals seems to be better adsortmethe uGAC when treating WWTP
effluents. Finally, UVs4 can be used as an indicator of pharmaceutical valrefficiency in

order to control the dose pGAC in tertiary treatments.
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Table 1. Physical-chemical properties of pharmaceuticatdun this study

Table 2. Textural properties, oxygen-containing functidties obtained from XPS and TPD analysis and
PHpzc) Of thepGAC. Adapted from (Cabrera-Codostyal., 2014).



Table 1. Physical-chemical properties of pharmaceuticaédun this study

Characteristics

Compound Tvoe MW Log Log D Prevalent

yp [gmol"] Ko  (pH=8) Charge
Azithromycin antibiotic 749.0 0.80 -1.73  Cation
Ciprofloxacin antibiotic 3314 1.57 -1.16  CatioArion
Erythromycin antibiotic 733.9 1.22 0.69 Cation
Ofloxacine antibiotic 361.4 1.51 -0.89  Anion
Sulfamethoxazole antibiotic 253.3 1.04 -0.03  Anion
Trimethoprim antibiotic 290.3 1.05 0.99 Neutral
Carbamazepine antidepressant 236.3 3.22 3.22 Neutra
Fluoxetine antidepressant 309.3 4.19 2.39 Cation
Venlafaxine antidepressant 277.3 2.25 1.30 Cation
o-desmehtylvenlafaxine antidepressant * 263.4 2.22.26 Cation
Bezafibrate lipid-lowering 361.8 3.52 -0.04  Anion
Atorvastatin lipid-lowering 558.7 5.00 1.61 Anion
Gemfibrozil lipid-lowering 250.3 4.22 1.00 Anion
Diclofenac anti-inflammatory  296.2 3.97 0.45 Anion
Ketoprofen anti-inflammatory  254.3 3.46 -0.08  Anion
Irbesartan antihypertensive 428.5 574 4.23 Neutral
Valsartan antihypertensive 435.5 5.63 0.77 Anion
Metoprolol B-blocker 267.3 1.49 -0.18 Cation
Metoprolol Acid B-blocker * 267.3 1.13 -1.87  Cation / Anion
Furosemide diuretic 330.7 1.66 -1.76  Anion
lopromide X-ray contrast 791.1 -0.72 -0.72  Neutral
Loratadine antihistamine 382.9 448 448 Neutral
Salbutamol bronchodilator 239.2 0.61 -1.06  Cation

(MarvinSketch, 2017)
* metabolite



Table 2. Textural properties, oxygen-containing functionagitobtained from XPS and TPD analysis
and pHy,q of thepGAC. Adapted from (Cabrera-Codostlyal., 2014).

DST-2 NRT-2 CLG-1 CMV-1 MWV-1 MWV-2
Origin Anthracite Peat Coal Coal Wood Wood
Activation Steam Steam Steam Steam Chemical Chemical
Textural properties

Sser [MP g7 933 1183 1276 850 1757 2142
Vi[em® g} 0.46 0.53 0.75 0.52 1.19 1.52
VDRy, [cm® g 0.38 0.45 0.48 0.38 0.67 0.76
VDRco; [cm® g 0.09 0.24 0.13 0.22 0.15 0.16
Vimes [cm® §7] 0.08 0.08 0.27 0.14 0.52 0.76
XPS[%]

Cc=0 23.7 20.3 17.0 31.1 17.1 29.8
COH CcOoC 24.1 39.3 17.6 24.6 32.2 8.2
COO0CO 16.3 9.2 20.6 14.3 6.5 28.6
COOH 24.8 23.4 26.1 14.5 37.7 8.6
XPS O/C 0.148 0.193 0.109 0.16 0.172 0.201

TPD [umol ¢']

Carboxylic 61.1 120 44.4 109.4  208.3 180
Lactone 26.0 16.7 9.0 19.8 33.1 15.9
Anhydride 64.5 129.9 778 2439 1925 242.6
Phenolic 296.1 536.5 163.9 8314  1386.5 1866.1
Carbonyl 543.8 671.8 1485 362.7 4435 221.9
Ether 10.3 18.1 1189 98.1 374.8 117.8
TPD O/C 0.026 0.034 0.013 0.045 0.069 0.076
pH
PH(pzc 10.4 8.9 8.5 7.8 6.2 4.8
Surface charge (atpH=8) ++ + 0/+ 0/- - --




Figure 1. D80 values in mg T of adsorbent for the removal of 2@ L™ of pharmaceutical. Solid lines
corresponds to the average D80 for eaGiAC.

Figure 2. Influence of the A) molecular weight and the 8y D and C) charge of the pharmaceuticals on
the average D80 of the studied pharmaceuticals W@&ACs. Error bars on C correspond to the standard
deviation for all the pharmaceuticals studied @@t n=7, neutral n=5 anionic n=9).

Figure 3. Influence of the A) mesopore volume and the BEpetage of mesopore (VJVt) on the D80
for the average removal of the studied pharmacalstizith uGACs. Error bars correspond to the
standard deviation for all the pharmaceuticalsistlih=23).

Figure 4. A) Removal percentage of pharmaceuticals for gg8AC in the experiments with effluent
water. TheuGAC concentration was 20 mg'Lin all experiment. Solid lines corresponds to tbial
pharmaceutical removal percentage for eaAC. Initial concentration of the effluent water is
represented as grey bars referred to secondarystais and standard deviation as error bars (ri8)3).
Average removal of each pharmaceutical withGAC using an adsorbent concentration of 20 rig L
with effluent and spiked water. Error bars correspto standard deviation (n=6).

Figure 5. Influence of A) oxygenated groups and B) ki of uGAC on the % of removal of
pharmaceuticals with the effluent water experiment.

Figure 6. Linear relationship between pharmaceutical remaval U\bs, removal in the experiments
with spiked and effluent experiments.

Figure 7. Total pharmaceutical removal with differefAC concentrations in spiked water (2§ L™ of
each pharmaceutical). Dashed line for chemicalartd AC and solid line for steam activated AC were
drawn as guides to the eye.

Figure 8. Total removal of pharmaceuticals obtained withhe®#AC using an adsorbent concentration
of 20 mg L* with effluent and spiked water. Error bars cormespto the standard deviation (n=16).
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Figure 1. D80 values in mg t of adsorbent for the removal of 2§ L™ of pharmaceutical. Solid lines

corresponds to the average D80 for eaGAC.
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Highlights:

* Results in spiked water cannot be extrapolatedfliceat water.

» Mesopores are important in the adsorption with@akiground organic matter.

* LGAC chemical properties are relevant in adsorptrith background organic matter.
« Positive charges in pharmaceuticals improve theratisn.

* UV,54is a promising parameter to control pharmacediadborption.



