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ABSTRACT

Sorption of 75 active pharmaceutical ingredient$l§) to three different types of sludge
(primary sludge, secondary sludge with short amg kludge age respectively) was investigated.
To obtain the sorption isotherms batch studies whith APIs mixture were performed in four
nominal concentrations to water containing 1 glofige. The range of APIs concentrations was
between ng L to pg L* which is found in the wastewater effluent. Isothemwere obtained for
approximately 45 of the APIs, providing distributiooefficients for linear (), Freundlich (K

and Langmuir (K) isotherms. K, K; and K ranging between 71-3.8x401.1x10°- 61 and
9.2x10°% 1.1x10°L g, respectively. The obtained coefficients wereliagpto estimate the
fraction of API in the water phase (see Abstracaghic). For 37 of the 75 the APIs predicted
presence in the liquid phase was estimated to > 82%APIs were estimated to be present in
the liquid phase between 20 - 80 %, and 14 APIevieand to have < 20% presence in the
liquid phase, i.e. high affinity towards sludgerthermore, the effect of pH at values 6, 7 and 8
was evaluated using one way ANOVA-test. A signfficdifference in s due to pH changes

was found for 6 of the APIs (variation 10-20%).
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NOMENCLATURE See Table S1, supplementary data.

1. Introduction

The presence of human and veterinary pharmacesiiitahe environment has been recognized
as a potential environmental threat (Ternes et28l02). After their use, pharmaceutical are
either excreted unchanged or as metabolites viaeuand faeces or are washed off and
subsequently reach a wastewater treatment plant TR)Wia the sewage system. The active
pharmaceutical ingredients (APIs) are designed &wehpharmacological effects at low
concentrations, which have lead to concerns regauitiieir distribution in aquatic environments
and potential non-wanted biological effects ineliéint organisms.

APIs have been found in several environmental comm@nts such as waste, surface and ground
waters (Calisto and Esteves, 2009; Fick et al. 92@xabet-Giraud et al., 2010; Lindberg et al.,
2010), as well as in sludge and sediments (Ternals, 2002; Andersen et al., 2003). Sorption of
APIs to sludge, during wastewater treatment praseds which sludge is separated from the
wastewater stream may be an important factor fae temoval of non-biodegradable
pharmaceuticals from WWTPs.

Solid matter is separated from wastewater duriegtinent. After the separation of incoming
particles, the remaining organic material is gelhefaologically removed in an activated sludge
system. After treatment, sludge is separated froentteated water by a second sedimentation
step. If extended nitrogen removal is required]dgical nitrogen removal is implemented. In
colder regions, nitrogen removal is not needed @mlgl biological oxygen demand (BOD) is
removed. Thus the sludge age can be shorter. Thaf pldstewater during the treatment process
is typically close to 7, within the range of 6.@8vhich likely results in minor property changes.

Surveys in which pK(acid- ionization constant) have been determingpiorted pK values of



5.3 and 9.5 for dissolved organic matter (DOM) he sludge (Wang et al., 1998) and 6.1 for
sludge particles (Wang et al., 2000). For the ARdsever, the pH may change the effect of
sorption, especially for APIs with pkor pK, (base-ionization constant) within pH range of 6-8.
The effect of pH on the sorption of APIs has bescuksed by other studies (Ternes et al., 2004;
Jones et al., 2006; Carballa et al., 2008) bubhaut firm conclusions. However, studies have
shown that for acidic compounds, such as Ibuprafed Diclofenac the distribution between
water and solid phase is affected by pH changepHM, which is below the pH values found in
WWTP, the distribution coefficient (i increased compared to the Kbtained at the pH 7
(Urase and Kikuta, 2005).4nay be experimentally determined or calculated ftbenoctanol-
water distribution coefficient (k). Stuer-Lauridsen et al., (2000) provides thordyglescribed
estimations of I§ based on K, where pKa and the fraction of organic carbon amesiered.
Also Radjenou et al., (2009) calculatedgalues for APIs ranging between 0.4-16 859 [} kg
Experimental determination of jKmay be conducted in continuous or batch experisadnt
order to obtain K values during continuous experiments several rdiffeparameters need to be
known, such as the order of biodegradation, rateopption and rate of desorption. In batch
experiments, biodegradation is eliminated by addimgdjum azide or some other toxic substance,
however the ion strength changes which may affdasAPIs sorption. A third option is to
freeze dry the sludge gently, this will preserve tibrtiary structure of the sludge. Thereafter heat
the sludge to 108 in order to sterilize the sludge. This procedure was used by Andersen et al,
(2005). In a continuous experimeng Kalues were determined for antiepileptic, antigigoc,
antibiotic, estrogens, contrast medium. (Carballale 2008) However, these studies cover a
rather low number of the APIs available on the mar&nd the experimentally obtainedy K

values ranges from negligibly to log;K.43 (Carballa et al., 2008).



The objective of this study was to experimentaliyedmine K values for 75 selected APIs. The
Kg4 values were obtained from sorption isotherms medahdifferent types of sludge, primary
sludge, and secondary sludge with long and shadgsl age, respectively. The obtaineg K
values were used to estimate the removal of APIsopgtion to sludge in WWPTSs. Furthermore,
the influence on sorption caused by normal pH vana (pH 6-8) found in WWTPs was
investigated. This study was based on a straigh#iat approach using fixed nominal
concentrations of each API in water mixed with @akn amount of sterilized sludge in order to

determine the sorption distribution coefficients.

2. Materials and methods

2.1. Sludge

Sludge was collected from three WWTPs which weprasentative of WWTPs in Sweden and
other industrialised countries for treatment of mipal wastewater.

Primary sludge was collected from Avedgre WWTP,chhreats wastewater corresponding to
275 000 person equivalents (PE) from 10 municiaslitin the southern part of Greater
Copenhagen, Denmark. It was chosen since it wasilpesto collect primary sludge without
contamination from internal recirculation of secand sludge. Suspended solids (SS) and
volatile suspended solid (VSS) were 43 and 35'grespectively. Secondary sludge with a long
sludge age and nitrification was collected fromdslaamn WWTP. This plant treats municipal
wastewater corresponding to about 60 000 PE fraemstuthern part of Malmé City, Sweden
and a nearby municipality. The plant uses primamgcipitation and nitrification in activated
sludge (sludge content 3 g'L. SS and VSS were 4 and 3 ¢,Lrespectively. Denitrification

took place in a post-denitrifying, moving bed bliwfireactor. Biological sludge with short sludge



age was collected from Sj6lunda WWTP. This is tgpior plants in the north and in many
inland cities in Sweden. The plant treats wastem@igesponding to approximately 315 000 PE
from Malmd city, Sweden and surrounding municipaedit The plant was operated with
combined primary and simultaneous precipitationsmBval of organic matter took place in a
highly loaded activated sludge plant where sludgs wollected (sludge content 6 g)LSS and
VSS were 8 and 6 g1, respectively. Nitrification took place in a fkded trickling filter and
denitrification in a moving bed biofilm reactor.

Each portion of sludge was washed twice with tapewalecanted in order to remove water
soluble constituents and frozen at -18°C after $armopllection. The sludge was gently freeze

dried in order to preserve the structure and stedlby heating at 103 °C for minimum 3 h.

2.2. Experimental design

Nominal concentrations of the 75 APIs (see Tablendluded in the experiments were chosen
based on the solubility, limit of quantification@Q) and linear range of the analytical method
(Grabic et al., unpublished data; Fick et al., 2008latilisation was considered and Henry’'s
Law constant (I§; Table S2 supplementary data) was calculated ER& Software HenryWin
v3.10. All APIs had a K <9x10" Atm-nPmol™, therefore volatilisation would be insignificant,
since only compounds with k>3x10° are considered to be volatile (Ternes and Jo€38)20
The aim was to get four API equilibriums with watencentration (¢, g L) in the range of 90
% of the starting concentration {@ L) and the LOQ. The water solubility should be large
than the starting concentrationy, €< C; LOQ< G,. Sludge concentration in the experiments
was 1 g/L, with exception for one sludge where it wasréased to 10 and 50 ¢' [(Table 1).
The 1 g [* sludge density was about 5- to 10-fold more thenrealistic sludge production that

can occur in a WWTP which ensures that APIs thabsdd significantly to sludge in a real



WWTP also would be removed significantly from thater phase in the batch experiment which
was the basis for determining a-#alue, while low sorbing APIs ¢ will not be determined

A stock solution including the 75 API of 0.1g*lwas prepared in MeOH from which the four
MeOH stock solutions of 0.4, 2.0, 10.0 and 50.@hg were prepared, respectively. These stock
solutions suited the design (Table 1) and wererdimally determined to fit the criteria for the
present study. Bohm and During (2010) showed theretwas no significant difference between
determination of the distribution coefficienp#c for single compounds or mixtures.

Artificial media was used in the study for the wgtbase (Berg and Nyholm, 1996), modified as
described by Andersen et al. (2005). Fundament#ily, artificial sewage was a phosphate-
buffered mineral media containing €aK*, Mg?*, N&', CI' and SG*.

Sludge was added to 1 L borosilicate glass botttesrder to inhibit microbial growth oxygen
was removed by purging withopy for 1 min and Ng5O; was added to a final concentration of
50 mg L* to each bottle. The bottles were left on stiringhe dark at + 4 °C in order for the
sludge to rehydrate. After 12 h, 200 pL of the Afick solutions of 0.4, 2.0, 10.0 or 50.0 ng puL
! were added to the bottles using a Hamilton syrigiging the final concentrations presented in
Table 1. The bottles were left on stirring in tharldat + 4 °C for 12 h. Experiments were
performed at three pH values (Table 1). The pH Wwa3 chosen based on a typical pH in
WWTPs and pH 6.0 and 8.0 were based on low andvagles from WWTPs. Control batches

without APIs in the sludge and standard APIs sohgiwere prepared (Table 1).



Table 1. The experimental set up, including API concentragi pH sludge concentration and the number ofdsott
per blank/zero sludge/sludge. From each bottléidafe solid phase extractions (SPE) were made.

API conc. (ugxLY) | pH | Sludge conc. (gx[%) | No. of bottles
Blank for each sludge 0 7 1 3
No sludge 0.08| 0.4 2| 10 7 0 4
Primary sludge Avedgre 0.08| 0.4 2| 100 7 1 4
Secondary sludge short sludge age Sjélunda| 0.08 | 0.4| 2| 10 7 1 4
10 10 1
10 50 1
Secondary sludge long sludge age Klagshamn 10 6 1 1
0.08] 04| 2| 10 7 4
10 8 1

Table 2. Sorption isotherms obtained during sorption tonay sludge. P is the significance that the lineadel
has a better fit than another model tested, theshtedted was Freundlich and Langmuir

Linear model Freundlich model Langmuir model
Kq R K n R P TMAX K. R P

Lkgt % Lg! % % Lg % %
Afluzosin 1.8x16 99 2.7 1.1 99 42 55x10 3.7x10° 99 31
Amitryptiline 4.1x16 98 3.1 0.96 98 70 no fit
Atenolol 46x16 88 4.0 1.3 91 17 57xi0 1.4x10* 90 18
Atracurium 35x1® 100 024 096 100 40  nofit
Azelastine 6.4x10 82 46 1.4 86 11 2.0xi0 5.8x10° 89 35
Biperiden 8.2x1H 88 1.3 11 88 83 24xi0 46x10° 89 46
Bupropion 85 98 4.8xId 0.76 99 0.99 no fit
Chloprothixene ~ 3.8x10 98 8.3 0.77 99 0.98 nofit
Citalopram 5.4x10 76 0.97 1.1 76 83 1.0x10 6.7x10° 7.7 59
Clomipramine 1.7x1b 99 7.6 0.88 99 85 nofit
Clonazepam 5.7xf0 96 0.10 0.84 96 33 no fit
Clotrimazol 32x16 91 190 092 92 59  nofit
Cyproheptadine  1.1xf0 98 2.2 081 91 30 nofit
Desloratidine 3.7x10 99 1.9 0.92 100 17 no fit
Dicycloverin 1.4x16 92 1.2 098 94 90 6.2x10 2.7x10° 94 66
Donepezil 3.6x1D 96 10.4 1.2 96 21 1.9xi0 2.6x10* 97 7.3
Duloxetine 1.3x1H 77 30.8 1.2 78 53 16xi01.1x10° 79 37
Etonogestrel no fit no fit
Ezetimibe 23x1d 97 49x1¢ 068 99 1.1  nofit
Fexofenadine 2.7xf0 82 1.1x1F 038 94 0.15 nofit
Fluoxetine 1.0x1H 99 2.7 0.83 99 36 nofi
Flutamide 1.5x1d 88 013 077 90 27 nofi
Glibenclamide 3.6x10 77 no fit no fit
Glimepiride 2.1x1® 92 1.9x1¢ 053 97 0.8 nofit
Haloperidol 1.0x1H 76 60.9 1.4 80 21 15x101.2x10° 81 12
Hydroxyzine 1.2x19 98 3.2 1.1 99 14 19xi0 8.3x10° 99 16
Irbesartan 70xf0 92 15x1¢ 070 93 19 no fit
Ketoconazole 9.7xf0 88 1.6 079 90 30 no fit
Loperamide 1.4x10 98 0.60 069 99 0.04 nofit
Maprotiline 6.7x16 99 1.7 0.83 100 0.05 no fit
Megesterol no fit no fit
Mianserin 3.0x1» 81 125 1.2 83 36 1.6x102.9x10° 85 17



Nefazodone 1.4xf0 98 2.7 0.79 99 4.0 no fit

Oxazepam 7.9xf0 90 0.80 1.0 90 99 2.1x104.3x10° 90 71
Paroxetine 1.4x10 96 5.6 087 97 28 no fit
Pizotifen 4.7x1® 100  nofit no fit
Progesterone 7.5x10 98 0.18 0.86 99 14 no fit
Repaglinide 1.7x10 94 1.4 1.3 95 19 7.6xi0 2.8x10° 94 53
Risperidone 1.9x10 99 3.1 1.1 99 36 3.2xi0 7.0x10° 99 17
Sertraline 3.5x1b 97 4.1 072 99 04 nofi
Sulfamethoxazol 3.2x%0 77 0.91 1.1 77 79 8.6x10 5.4x10° 78 58
Telmisartan 1.3x10 100 0.86 0.95 100 51 no fit
Tramadol 1.1x1d 94 49x1d 0.63 96 3.3 nofi
Trimethoprim 3.9x16 98 0.43 1.0 98 91 3.7x101.1x10° 98 73
Verapamil 1.8x19 99 11 094 99 26 no fit

Table 3. Sorption isotherms obtained during sorption tmséary sludge long sludge age P is the significdinae
the linear model has a better fit than another miedt¢ed, the model tested was Freundlich and Laigm

Linear model Freundlich model Langmuir model
Kq R? Ks n R P TMAX K. R P

(Lkgh) (%) (LghH %) (%) (LgdH (%) (%)
Afluzosin 1.2x16 100 2.2 1.1 100 4.0 3.7<10 4.0x10° 100 1.3
Alprazolam 7.4x19 94 1.6x1¢  0.69 96 4.6  nofit
Amitryptiline 2.8x10 99 1.9 0.95 100 40 no fit
Atenolol 1.6x18 94 22 15 99 0.0 7.8xi0 4.9x10° 99 0.0
Atracurium 4.7x18 100 0.37 0.97 100 40 no fit
Azelastine 2.0x10 99 3.2 1.1 99 31 5.8xi0 3.9x10° 99 22
Biperiden 7.5x1H 98 0.13 084 98 7.7 nofit
Bisoprolol 1.1x18 -4.4 46 3.0 68 0.14 9.9x10 1.3x10° 86 0.0
Bupropion 1.4x1H 99 0.35 1.1 100 4.2 5.3x310 3.5x10° 100 1.4
Chloprothixene 2.0x10 98 9.4  0.89 99 14 no fit
Citalopram 2.1x10 94 0.90 1.2 95 25 3.8x10 8.1x10° 95 20
Clomipramine 6.7x1D 100 34 0.91 100 14 no fit
Clotrimazol 3.4x16 96 4.5 0.73 98 2.2 no fit
Cyproheptadine 3.6x%0 100 3.7 1.0 100 93 no fit
Desloratidine 2.9x10 100 21 096 100 40 no fit
Dicycloverin 1.7x16 99 050 0.88 99 13 no fit
Donepezil 9.7x19 99 4.6 1.2 100 0.0 1.0x10 1.5x10* 100 0.0
Duloxetine 2.9x1d 98 2.8 1.0 98 98 no fit
Eprosartan 71 93 0.43 1.2 94 38 1.8x103 6.6x1094 32
Estradiol no fit 0.0
Etonogestrel no fit 0.0
Ezetimibe 3.0x1d 96 3.0x10-2 0.63 99 0.0 nofi
Fexofenadine 3.6x%0 95 0.2 0.93 96 74 no fit
Fluoxetine 6.0x1D 99 1.3 0.83 100 0.80 no fit
Flutamide 75x1® 90 1.5x1d  0.50 96 0.13 nofit
Glibenclamide 1.3x10 93 0.2 0.82 99 8.2 no fit
Glimepiride 9.6x1% 99 0.2 0.83 99 11 no fit
Haloperidol 2.9x1H 98 35 1.0 98 78 1.1x10 2.8x10° 98 76
Hydroxyzine 7.2x10 98 0.54 0.97 98 68 no fit
Irbesartan 9.4x¥0 94 5.3x100 0.54 97 12  nofit
Ibuprofen 36x10 91 1.6x1¢ 0.73 94 38 no fit
Ketoconazole 8.5xf0 91 070 0.73 95 0.8 nofit



Levonorgestrel 2.6xf0 61 18 1.9x1® 81 1.4 1.9x1d 6.6x10° 87 0.23

Loperamide 55x10 97 0.53 0.77 98 0.83 no fit

Maprotiline 4.5x16 99 065 0.79 100 0.05 no fit
Medroxyprogesterone  1.7x410 42 15 2.1 56 11 1.3x%0 6.4x10° 60 6.1
Megesterol 5.9x10 82 6.7 1.4 85 16 5.3xi0 2.4x10° 87 7.1
Mianserin 9.1x10 99 1.4 1.1 99 45 2.6xi0 4.0x10° 99 29
Nefazodone 8.3xf0 96 0.96 0.76 98 1.6 no fit

Orphenadrine 6.4x%0 99 0.12 0.84 98 2.6 no fit

Oxazepam 1.1xfo 87 11 1.4 91 9.2 6.5xi0 3.6x10° 92 5.2
Paroxetine 8.3xf0 97 0.63 0.73 98 0.07 no fit

Pizotifen 3.1x18 100 1.9 094 100 26 no fit

Progesterone 1.1x10 87 8.6 1.3 90 17 7.4x10 2.9x10° 92 54
Repaglinide 2.1x10 17 10 1.8 98 0.0 2.7xi0 2.8x10° 99 0.0
Risperidone 6.5x70 98 2.8 1.2 99 1.1 8.9xi0 1.2x10° 99 0.15
Sertraline 1.7x10 92 1.3 0.71 97 1.3 no fit

Sotalol 3.6x180 99 0.56 11 99 35 1.3xi033x10° 99 14
Sulfamethoxazol 3.7xf0 96 5.2x1¢ 0.68 98 5.6 nofit

Telmisartan no fit

Tramadol 1.9x10 99  9.0x1¢  0.92 99 39 no fit

Trimethoprim 4.2x10 99 0.18 0.91 99 16 no fit

Venlafaxine 1.0x1 85 0.77 1.3 86 32 21xi0 7.9x10° 0.0 25
Verapamil 4.0x10 84 20 1.8 96 0.0 3.3xi0 4.3x10° 98 0.0

Table 4. Sorption isotherms obtained during sorption taséary sludge short sludge age. P is the signifiedhat
the linear model has a better fit than another miedt¢ed, the model tested was Freundlich and Laigm

Linear model Freundlich model Langmuir model
Kq R? K n 23 P TuAX K. R P

(Lkgh) ) (LgH %) @) (Lg) (%) (%)
Alprazolam 4.3x16 80 no fit
Amitryptiline 2.8x10 96 4.2x1¢ 066 98 0.27 nofit
Atenolol 1.9x18 100 no fit
Atracurium 6.1x1® 98 2.9x1¢ 0.73 99 0.1
Azelastine 14x1H 96 1.7x1¢ 0.65 99 0.0 no fit
Biperiden 8.4x10 96 0.13 0.82 96 26 no fit
Bisoprolol 94 64 75 20 796 20 1.1%103.4x10* 81 1.2
Bupropion 2.0x1» 97 19x1¢ 079 98 6.2  nofit
Chloprothixene no fit
Clomipramine 7.3x1D 88 6.0x1¢ 049 97 0.0 nofit
Clotrimazol no fit
Cyproheptadine 5.3xf0 97 0.23 0.70 99 0.0 no fit
Desloratidine 3.2x10 96 0.10 0.69 99 0.22 no fit
Dicycloverin 1.7x186 97 0.11 0.75 98 3.1 no fit
Diltiazem 4.4x16 100 065 1.0 100 35 52x109.2x10° 100 27
Duloxetine 32x1% 80 1.7x1¢F 0.37 99 0.0 nofi
Estradiol 2.3x10 72 0.16 0.97 72 93 1.6x40 1.6x10° 72 85
Etonogestrel 2.4xf0 73 011 092 73 87 no fit
Ezetimibe 8.5x1d 87 0.72 0.98 87 91 9.4x40 1.0x10* 87 65
Fexofenadine 6.7xf0 94 25x1¢ 060 98 054 nofit
Fluoxetine 57x1d 91  14x1¢ 047 99 0.0 no fit
Flutamide 12x1® 93 1.6x1d 049 99 0.0 no fit

10



Glibenclamide 2.3x10 97 0.16 0.75 98 1.2 no fit

Glimepiride 26x1® 94 91x1¢ 070 94 2.0 nofi

Haloperidol 1.7x1b 98 090 1.0 96 75 no fit

Hydroxyzine 6.0x10 95 027 091 95 56 no fit

Irbesartan no fit

Ibuprofen 2.0x1 80 11 13 81 62 24xi0 1.3x10° 82 56
Ketoconazole no fit

Levonorgestrel no fit

Loperamide 1.1x10 91 0.16 0.62 96 0.88 no fit

Maprotiline 39x18 91 9.3x10-2 066 95 3.1 no fit
Medroxyprogesterone 2.5x40 96 046 11 96 65 9.7x10 3.0x10° 96 59
Megesterol 8.3x10 86 0.30 0.89 86 66 no fit

Mianserin 52x1® 94 6.6x1¢ 0.80 95 22 no fit

Nefazodone 8.9xf0 92 3.0x1¢ 054 99 0.0  nofit

Orphenadrine 5.4xf0 98 0.17 0.88 98 25 no fit

Oxazepam 1.6xfo 97 31 11 97 40 2.3xi0 8.7x10° 98 33
Paroxetine 8.6x 82 56x1F 0.37 98 0.0 nofi

Pizotifen 3.1x1®% 98 0.20 0.74 1005 0.0 no fit

Progesterone 1.1x30 96 0.21 0.83 96 20 no fit

Repaglinide 5.1x10 98 1.3 1.1 98 28 25xi0 2.4x10° 98 44
Risperidone 3.3xf0 98 0.15 0.92 98 45 no fit

Sertraline no fit

Sotalol 7.4x18 99 0.22 0.87 99 6.3 no fit

Sulfamethoxazol 2.8xf0 95 nofit no fit

Telmisartan no fit

Trimethoprim 2.8x1® 98 1.3x1¢ 0.75 100 0.15 nofit

Verapamil 6.3x10 96 090 10 96 75 3.3x104 2.1%10 96 63

2.3. Extraction and chromatography

Triplicate extractions were made from each 1 L biieate glass bottle. After 12 h of stirring,
the samples were allowed to stand for 30 minutegrder to let the sludge settle. In order to
remove particles, the liquid phase was decantedfiieced through a glass microfiber filters
(GC/F; VWR Denmark). In the filtered samples (1QGagsurrogate standard mixture was added
followed by solid phase extraction using OASIS HI(Bcc, Waters, Sweden). A detailed
description of sample preparation and analyses@ymg the LC-MS/MS methodology reported
in Grabic et al., (unpublished data) and Fick et (@009) may be found as supplementary data

S1.
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2.4. Data analysis

The measured concentrations of APIs in the wates@l{G) where no sludge was added and
when sludge was added {GandSS were used to calculate & follows in each experimental
replicate:

Ce= (G- GW)/SS (Ea. 1)
The sorption isotherms define the equilibrium betwdhe concentration of a chemical in
agueous and solid phases (Schwarzenbach et al3).2Wlth batch sorption experiments
including multiple concentrations, sorption isothermay be constructed, from which the solid-
water distribution coefficients can be determin€dree equations are used here to describe the
sorption isotherms; linear (Eq. 2), Freundlich (R). and Langmuir (Eq. 4). Cis the
concentration sorbed to the sludge (gk@nd K is the linear sorption constants I the
Freundlich coefficient and n is the Freundlich exgat.t represents the total number of surface

sites per mass of sorbent andiKthe Langmuir coefficient.

Linear C, =K, *C, (Eq. 2)
1
FreundlichC, = Kf *Cp (Eq. 3)
... K *C
LangmuirC_ =™ L W Eqg. 4
gmuir C, =~ (Eq. 4)

The linear isotherm is the simplest case whereatfieity of the API remains constant over the
concentration interval. The Langmuir isotherm mayéithe best fit in cases where the sorbent
becomes saturated at higher concentrations of ARdundlich, is commonly employed to

describe experimentally obtained sorption data\{@&chenbach et al., 2003).
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The software GraphPad Prism 5 for Windows (GraphBafiware, Inc.) was used for data
evaluation, using a 95 % confidence interval foe thest fit sorption isotherms. The two
hypotheses tested were whether the linear isothexsna better fit than the Freundlich isotherm,
and whether the linear was a better fit comparddattgmuir isotherm. Furthermore, in order to

qualify as the best fit the’Rvalue for the curve should be >0.7, otherwiseinwds made.

2.5. Estimation of the sorbed fraction

The estimation of the sorbed fraction of each ARkwnade by employing the obtained- K
values (Table 2 to 4). In those cases where bathrfeilich and Langmuir isotherms were found
to have a better fit than the linear, the one whih best significance was chosen as the best fit.
For the APIs where the Freundlich or Langmuir isoth gave the best fit (see Table 2 to 4), K
values were calculated for a water concentratiorl gig L. The fraction of the APIs at
equilibrium for a given sludge concentration (S§;Lk") was calculated using the;Kalues (L
kg?) according to equation 5.

C.  _ SSxK,

Sorbed fraction (§) = 1-Fw= =
Cy +S5xCgy 1+SSxK,

(Eq. 5)

Furthermore, if the mass of the sludge removed ftloenWWTP per volume of treated sewage
(RESS: kg [Y) is known, the fraction of the total APIs loaddrthe activate sludge tank which

would not be lost either by degradation or strigpibut that will be removed at equilibrium can

be calculated as shown in equation 6.

RESSx K,

Removed fraction (& =——————
1+ RESSx K

(Eq. 6)

The sludge production from treatment of municipalvage can be considered reasonably

constant irrespective of the methods of treatmBased on Henze et al. (2002) the typical
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amounts of sludge removed from a WWTP can be ctledlIfor primary and secondary sludge.
For a WWPT with 2 h of settling time, the removépdmary sludge was estimated to 210 § m
of treated wastewater. In order to estimate theox@iof secondary sludge, the yield coefficient
for a low load treatment plant was employed givingemoval of 110 g mfor the secondary

sludge. The corresponding value for a high loaatinent plant would be 165 gin

3. Results and discussion

3.1 Sludge properties

An ocular inspection of the freeze dried sludgensdtbthat the primary sludge may be described
as wadding, whereas the two types of secondargslbdd an appearance as instant coffee. The
ocular differences between the different typeslofige may be due to their origin. Primary
sludge settable particles of wastewater includecefae toilet paper particles of food, and
secondary sludge consist of bacteria biomass amgblymers created by bacteria. It is likely
that the mainly plant/wood derived primary sludges llifferent densities of functional groups

and aromatic rings compared to the bacteria degeedndary sludge.

3.2 Sorption isotherms

Due to analytical limitations and the experimentahditions it was possible to determine
sorption isotherms for 44-52 APIs (Table 2 to 4) oftithe 75 APIs (Table S2). The linearly
obtained K values ranged from 85 to 38 400, 199 to 11 34074ntb 34 050 L kg for primary
sludge, secondary sludge with short sludge agesawsdndary sludge with long sludge age,
respectively.

The sorption isotherm with the best fit was predwantly linear followed by the Freundlich
isotherm (Table 2 to 4) within the studied concation range (0.08-10 pg*). Examples of the
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obtained isotherms are shown in Figure 1. Table 2 presents for 1 g'Lsludge the obtained
distribution coefficients, Freundlich coefficienEreundlich exponentrna.x and Langmuir

coefficient in the cases where the isotherms fitteese isotherm descriptions. Table 2 to 4

exhibit the order of significance for each hypothéssted.

100009

2000

T T T 1
o o0 1000 150 2000

1800

1000

500

Figure 1. Example of the obtained sorption isotherms. Ftioentop Pizotifen linear isotherm, second Mapnogili

Freundlich isotherm and at the bottom Bisoprolatdauir isotherm.
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The isotherms coefficients did not change signifigaeven at the higher sludge densities (Table
S3). The average difference between thts Kbtained from 1 gt sludge compared to theyK

obtained, when 10 and 50 @ sludge was 4%.

3.3 Sorption results and literature comparison

As mentioned before for some of the APIs the sorptsotherms were not obtained under our
experimental conditions, possibly because of stremgtion to the glass surface of the bottle
and/or the water surface. These APIs were Amiod@raBromocriptine, Chlorpromazine,
Clemastine, Dihydroergotamin, Fluphenazine, Levameazine, Meclozine, Miconazole,
Perphenazine, Prometazine, Roxithromycine and Tédearox

The experimental design of the present study aedLtDQ in the present matrixes for the
individual APIs measured, provides the limits of. Khe highest K that could be obtained
within the concentration range 0.08 — 10 iydnd given the median LOQ, 8 ng lwas 1.2
x10° L kg*. However, if the LOQ was low (1 ng*) or high (170 ng L), the highest K could

be expected within the range from 5%16 1x10 L kg™. Furthermore, assuming that at least
10% was required to be sorbed in order to deterraitkg value the lowest Kvalue obtained
within the present study was 100 Lkg

Thirteen of the APIs exhibited so low sorption dre tsludge that a sorption isotherm was
impossible to determine. The low sorbing APIs weuprenorphine, Cilazapril, Carbamazepine,
Codeine, Diclofenac, Estrone, Flecainide, FlucolgzoMetoprolol, Naloxone and
Rosuvastatine, Tramadol and Venlafaxine in all éghstudge. For the following APIs their
sorption vary between each type of sludge. APIscivisipecifically exhibited low sorption for

the primary sludge were Bisoprolol, Diltiazem, Egadan, Estradiol, Ibuprofen, Levonorgestrel,
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Medroxyprogesterone, Orphenadrine and Sotalol. dittained K values for the APIs above
ranged in the two secondary sludge between 71 4AdL7kg* (Table 3 and 4). APIs which
specifically exhibited low sorption for the sludgeith short sludge age were Alfuzosin,
Citalopram, Clonazepam, Donepezil and Eprosartaralllf for the secondary sludge with long
sludge age the low sorbing APIs were the APIs Cdepam and Diltiazem, generally thg K
values obtained for these APIs were low in the ioshedge types.

Several of the Kvalues obtained in other studies would in comparisith the present study be
below or around the lowestyKvalues that could be obtained. Examples of sucls AsdPe
Codeine (Wick et al., 2009) and Estrone, (Andemsteal., 2005; Carballa et al., 2008). Further
low K4 values were reported by Ternes et al. (2004) Wddrbamazepine in primary and
secondary sludge <20 and 1.2 L*kgnd Ibuprofen <20 and 7.1 L Kkgrespectively. Results
from Carballa et al. (2008) and Joss et al., (208fported these findings. Abegglen et al.,
(2009) reports K values from experiments with secondary sludge froembrane bioreactors
for Carbamazepine and Ibuprofen which both werendoto have low sorption (<75 L Ki
Calculated K values for primary and secondary sludge wereenstime range for lbuprofen 9.5
and 0 L kg, respectively, whereas for Carbamazepine they W@r® 100 times higher (314
and 135 L ki; Radjenov et al., 2009). Urase and Kikuta (2005) evaluated gorption and
degradation of APIs. Two of the APIs included whreprofen and Carbamazepine, which were
found to have Kvalues of 80 and 66 L Kgrespectively at pH 6.7 (Urase and Kikuta; 2005). |
the present study Ibuprofen had a weak sorptichentwo secondary sludge, which resulted in
low Kq values, 200 and 360 L Rgobtained from the short and long sludge age ewgely, the
reason may be due to the differently performed empmnts. Contrary to the present study

Ternes et al. (2004) report for Diclofenac the wlue 459 L kg for primary sludge which is
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within the limits of the present study but no samptisotherm could be obtained, whereas for
secondary sludge the authors report 16 L Wipich was outside the limits for the present study
Also Joss et al., (2005) report values for Dicl@aem the same range for both sludges. Carballa
et al. (2008) reported values ranging between ¥+16g* which would be out of the limits for
the present study. Radjenéwet al. (2009) calculated theyKalue for Diclofenac for primary
and secondary sludge at 194 and 118, respectiBalsed on this, Diclofenac appears to have
higher affinity for the primary sludge. One explaoa could be the difference in pH values
(Ternes et al., (2004)). However, in the presamtysDiclofenac was not among those APIs for
which pH was affecting its sorption (see below ieecB.4 and Table 5). TheygKralues obtained

in this study for Sulfamethoxazole (Table 2 to Lrevin the same order as those reported in
Gobel et al. (2005) for activated sludge. Abeggieal., (2009) and Carballa et al., (2009) found
the Ky of Sulfamethoxazole to be one order of magnitwdeel compared to the present study,
and Radjenovi et al. (2009) reported two order of magnitude lowg values. Another
contradictory study of Sulfamethoxazole come froma ¥¢ al. (2009) whom claimed sorption to
be too weak, but also reported; Kor other antibiotics in the same level as fouratehfor
Sulfamethoxazole. Sulfamethoxazole has been mghdd be photosensitive (e.g. Zhou and
Moore, 1994; Trové et al., 2009; Ryan et al., 2010the present study precautions were taken
against photo-degradation. Depending on how diffeserption studies have been carried out
and precautions taken against photo-degradatiaudgmout the whole experiment, including the
extracts, photo-degradation might be an explanatothe diverging I results. The Kvalues
obtained in this study for Trimetoprim (Table 24ipwere in the same order as those reported in
Gobel et al. (2005) for activated sludge. Also Radyi et al. (2009), and Abegglen et al.,

(2009) found K for Trimetoprim to be in the same order of magiétu The Ik obtained by
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Radjenovt et al. (2009) for Atenolol and Glibenclamide waseoorder of magnitude lower
compared to those presented in this study (Tabte 2). In addition, Maurer et al (2007)
obtained even lower K values below 40 L K§ for Atenolol, Sotalol, Metoprolol.
Roxythromycin was included in the study conductgd Abegglen et al., (2009) where the
authors determined 4o be 570 L kg which is almost 6 times higher than the one regobtge
Ternes at al., (2004). In the present study Roxyitycin was among those APIs for which no
sorption isotherm could be obtained. Howevee, thain differences were found between
primary and secondary sludge and not between tloe sicondary types of sludge. It may
therefore be assumed that the explanation can beedefrom the origin of the sludge type.
Primary sludge originate from particles found insteavater e.g. much of it is derived from toilet
paper and other plant matter found in food waste ssecondary sludge mainly contains settled
bacteria and biopolymers created by the bacte@se8 on the origin of the sludge it is likely
that the sorption of different APIs structures garny between the sludge types.

Influence of temperature on sorption is not walldgtéd and the temperature may not always be
reported in sorption studies. The effect of tempeeawas studied by Zeng et al., (2009) who
found the difference in Kbetween 10, 20 and 30 °C was 20-25%. Thedues obtained in the
present study may thus have somewhat highgwvatues in comparison with other studies

conducted at 10 or ZC.

3.4 Effect of pH on sorption

In the present study, 20 out of 50 APIs were fotmtave a significant difference in their mean
Kg values obtained in the secondary sludge with klngge age between pH values 6, 7 and 8
(Table 5). By employing one way ANOVA-test, withTukeys post-test at 95 % confidence

level, the significant difference within the pH genof WWTPs was determined and identified.
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All structures of the APIs, where the ANOVA-testlicated a significant difference betweegsK
included a nitrogen atom and in many case an aiffunetional group and hence had basic
properties. Even though the Kalues were significantly different in the pH rang to 8, it will
not have any significant effect on the removal seaption to sludge (in a subsequent appendix
Table Al). However, Chlorpramine, Chloprothixene)dxetine, Fluoxetine, Levomepromazine,
Loperamide, Nefazedone and Sertraline were exaeptieor these APIs the pH variation from 6
to 8 affected the fraction in the liquid phase ®2D% (in a subsequent appendix Table Al).
These APIs can be assumed to be weak bases. @agball., (2008) point out that it has to be
considered whether the pH value will affect sonptias an example for Diclofenac (p&.15).

In the current study the variation of pH did narsficantly affected the K for Diclofenac even
though pH was 2 to 4 pH units higher than the. pHuoxetine (pKa 9.6) was in the current study
shown to be affected by the pH, the difference betwpKa and the investigated pH was 2 to 4
pH units. Even though the differences between piaDiclofenac and Fluoxetine was in the
same range the two APIs showed different infludmgehanges of the pH. An investigation of
the effect of pH on Naproxen and Carbamazepinenddhe highest sorption was at pH 4, and
no significant difference occur between pH valuean@ 8 (Maoz and Chefetz, 2010). Further
investigation of the particulate fraction of theddje found the overall pKa to be 6.1 (Wang et
al., 2000). The present study was conducted at aghlt¢ above the pKor sludge. It cannot be
excluded that the Kwas affected by changes caused by pH both in fes&ucture and the
structure of the sludge since among the studiedooomds were APIs containing N-groups. The
APIs which did not show a significant differencetlie Kg-values within the pH range 6 to 8 can

be expected to be stable in their ionized and akfdrm, respectively.
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Table 5. Evaluating the effect of pH within the pH rang ®WWTP, pH 6-8. Average one point Kalues with
standard deviation (n=3) obtained in sludge fromosdary sludge long sludge age at pH 6, 7 and 8fer
concentration 10 pg L By employing one way ANOVA with a 95 % confidenigerval was the following
guestion asked; are the means significantly diffé&re

Average K P<0,05?
pH 6-8 pH 6 pH 7 pH 8 pH 6-8

Alfuzosin 1.0+ 0.2x1® 12#0.4x16 7.3+0.3x10 11x05x16 no
Amitryptiline 28+1.0x18 2.8+02x18 1.8+0.3x10 4.0+0.7x16 yes
Atenolol 1.6+0.2x10 1.6£02x18 1.6+0.2x10 16x0.9x16 no
Atracurium 41+06x10 4.7+02x16 413+20x18 3.4+02x16 yes
Azelastine 1.7+0.7xf0 2.0+0.1x18 8.7+05x18 2.3+0.1x16 yes
Biperiden 0.8+02x10 7.6+09%x10 06+0.1x18® 1.0+0.2x18 no
Bisoprolol 1.2+09x10 0.6+06x16 2.1+09x18 0.8+0.4x18 no
Bupropion 1.4+0.1x10 1.4+0.1x18 1.4+02x16 15+0.2x16 no
Chloprothixene 1.9+0.8xf0 2.0+0.1x16 10+0.7x18 2.8+4.6x10 yes
Clomipramine 6.6+24xF0 6.7+02x1® 3.9+0.2x16 9.3+1.1x16 vyes
Clotrimazol 3.6 +£05x10 3.6+05x16 3.3+04x16 4.0+0.4x16 no
Cyproheptadine 3.4+1.0x10 3.6+02x186 21+01x1® 4.4+03x18 yes
Desloratidine 29+05x%0 2.9+02x18 23+02x186 3.4+0.3x18 no
Diclofenac 0.8+0.4x10 8.0+0.6x10 48+81x18 1.2+0.6x18 no
Dicycloverin 1.8+06x1D 1.7+02x18 1.2+03x18 24+05x18 no
Donepezil 0.8+03xf0 9.6+0.1x16 4.8+0.3x16 10+0.4x16 no
Duloxetine 3.0+12x10 2.9+0.1x106 1.8+0.3x10 4.4+0.7x16 vyes
Eprosartan 06+0.7x10 05+0.4x16 06+09x16 0.8+1.0x18 no
Estradiol 0.3+£02x10 0.4x0.3x16 02+09x18 4.2 £0.7x1®6 no
Ezetimibe 3.3+0.6xf0 3.2 +0.3x1® 3.0+0.6x186 3.9+0.7x18 no
Fexofenadine 2.7+1.4x10 3.6+0.8x16 35+05x18 1.0+09x18 vyes
Fluoxetine 6.2+23xf0 6.1+04x18 3.7+07x180 87+1.6x18 vyes
Flutamide 0.8+0.1x0 0.8+0.1x18 0.8+0.1x18 0.6+0.1x1® no
Glibenclamide 1.2+02xf0 1.4+01x186 1.1+01x18® 1.1+0.1x18 vyes
Glimepiride 9.4+08x1 9.6+08x18 09+0.1x18 964 +12 no
Haloperidol 2.340.8x10 2.9+0.2x18 1.2+0.1x18 28+0.3x16 no
Hydroxyzine 0.5 +0.2x10 7.1+0.9x16 53+1.0x16 0.3+0.1x18 yes
Irbesartan 0.3+05x#0 09+0.2x16 10 14 +2 yes
Levomepromazine 25+15x0 24+70.x180 1.0+0.3x18 4.2+0.1x18 vyes
Levonorgestrel 0.1+02xi0 25+06x18 7+193 0.2+0.1x1 no
Loperamide 54+20xf0 57+06x18& 3.0+03x186 7.3+1.2x18 no
Maprotiline 45+1.7x10 4.6+04x16 27+04x186 6.2+1.2x18 no
Medroxyprogesterone 0.1 +0.1¥10 0.2+0.1x1® -0.2+0.8x16 0.2+0.1x16 no
Megestrol 0.5+0.3xT0 0.6+0.2x18 03+0.2x18 0.7+0.2x18 no
Mianserin 0.6+0.2xT0 9.1+0.9x16 404+0.3x16 6.2+0.3x186 yes
Nefazodone 6.4+2.2x30 88+1.1x18 6.3+09x18 4.2+09x16 yes
Orphenadrine 0.7+0.2x10 65+05%x186 5.0+05x18 8.2+09x18 vyes
Oxazepam 1.5+04xI0 1.1+02x16 1.9+02x186 1.6+0.3x18 no
Paroxetine 82+30xf0 85+1.2x16 49+08x18 11+2.0x186 no
Pizotifen 3.1+1.0x10 3.1+02x18 2.0+02x10 4.3+0.6x16 yes
Progesterone 1.0+0.4x10 1.1+0.3x10 0.6+0.1x16 1.3+0.2x18® no
Repaglinide 0.1+0.1x%0 0.1+0.1x18 0.2+0.1x18 0.7+1.2x18 no
Risperidone 0.6+0.1xf0 6.5+0.6x16 4.2+0.4x16 6.2+0.3x18 no
Sertraline 1.8+0.7xf0 1.8+0.2x16 9.8+0.7x18 2.6+0.4x10 yes
Sotalol 3.0+06x1D 4.0+03x1® 24+ 05x1& 3.0+0.2x18 no
Sulfamethoxazol 0.3+0.1x10 0.3+0.2x16 03+0.1x18 2.7+0.8x18 no
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Telmisartan 0.8+0.4xf0 1.0+0.1x1® 09+0.4x1® 0.4+02x18 no

Trimetoprim 35+0.7x10 4.3+03x18 348+9 2.8+0.2x10 yes
Venlafaxine 05+06xF0 1.0+04x16 -6+21 0.6 £0.4x10 no
Verapamil 40+08x10 3.8+0.7x16 3.6+0.8x18 04+0.1x18 yes

3.5 Correlation of sorption with Kg,,

An illustration of the absence of correlation betwdog 0, (calculated) and log Kvalues is
shown in Figure 2. The calculation of log,PDwvas based on calculated values of lag Ksing
KOWIN and calculated pKvalues presented by Manallack (2009). Log, Was for acidic
compounds calculated according t0uBKow+1/(1+16°"P*¥) and for basic compounds
Dow=Kow+(1/(1+10P¥¢PH)  To estimate the sorption behavior based onlylognD,, gives an
incorrect sequence when compared and put in ralatiather compounds. A few examples to
illustrate the difficulties include Atenolol log4k3.6 and log [, -2.6 and Bisoprolol log K3.1
and log DRy -0.7, with the calculated pKa 9.6 and 9.5, respelst However, using log B to
predict the tendency of sorption for Glimpiride almliprofen with the log B, 2.7 and 2.0,
respectively, using pKa 5.0 and 4.3, respectivebuld give the impression that Glimperide
could be expected to have higher affinity to sludhan Ibuprofen. The experimentally
determined log K(3.0 and 2.6, respectively) values obtained inpitesent study confirm such a
hypothesis. However, applying the same hypothesi€stradiol and Ezetimibe with the same
log Kow 3.94 but with respect to pK9.72 and 10.3) the log l? would be 0.67 and 1.22,
respectively, the tendency would be that Ezetimvbeld have higher affinity to sludge. But the
results from the present study imply the oppoddg, Kq 2.47 and log K-1.98, respectively.
Even though efforts have been made to calculat&jliased on K, with respect to pKvalues,
the inherent properties of the APIs and the sludidleneed multiple descriptors to get close to

experimentally derived kvalues.
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Figure 2. The plot illustrates that for majoring of the AR this study it was not possible estimate therption

behavior based on log,f

3.7 Consequence of sorption for the fate of APIs

In order to estimate the removal (see Materialsrapthods 2.5) of APIs that were not lost from
degradation or stripping but due to sorption in W&/TP process, the obtained Kalues were
employed to estimate the fraction of API in theevathase (see Fig. 3; Table S4). ThevKlues
obtained from the primary sludge and secondaryggusith long sludge age were used for the
estimation. However, the difference from the otsecondary sludge was not larger than 6
percentage points with the median at 4 percentagets) Therefore, the results can be
considered to be similar. Figure 3 presents thelipied distribution between the water and
sludge of APIs based on the determined Knd selected typical primary and secondary sludge
outputs from the WWTP. All APIs detected, and hetleeAPIs for which no sorption isotherms

were determined are included (both those with @ borption and those with too strong
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sorption for the experimental design useFigure 3 include87 APIs which mainly are prese
in the water phase at >80%. For 15 of the ,, the sorption was so strong that the fractiorh&
water phase was 20% or less. For 13 of those,isorptas too strong that isotherms were

obtained. The estimated water fraction for the Adtlswed that they could be distributed fr
100 % in thewater phase to 13% in the water phase Fig. 3).

Earlier investigations of APIs removal in activatsldidge (Gdbel et al., 2005) distinguist
between different treatments steps in the WWTP. $dfamethoxazole and Trimetoprim 1
API removed by sorpin can be compared with the present study. Goébal.2005) founc
1.5% and 4% as total removal of these compoundgrimary and secondary slud¢
respectively. The removal of those compounds wadkigstudy approximately 10'(see Fig. 3)
for both ARs. Ra et al. (2008) presents the removal for BsaitaDiclofenac and Ibuprofe

which were in the same range as in the preseny steé Figure
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Figure 3. Estimated fraction, i.¢he fraction of the total APIs load into the actadsludge tan

which isn't lost either by degradation or strippi of the API in the water phas&ased on
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experimentally determined sorption isotherms ola@iby using primary and secondary sludge.

For further information see supplementary data regid.

4. Conclusion

In this study experimentally derived sorption isoths are presented along with the
corresponding obtainedqKalues. The obtained Kvalues were used in order to estimate the
removal of the APIs in the WWTPs due to sorptiosltalge.
The major findings from this study are:
» Experimentally derived Kvalues and sorption isotherms for 52 APIs.
« For 13 APIs sorption to sludge was stronger thar<1@ L kg*
« For 10 APIs sorption to sludge was less than 1861
* The estimation of removal due to sorption (in theemce of degradation and stripping)
demonstrated that for 31 APIs were fractioned >83%be initial concentration would be
recovered in the liquid phase.
* 15 APIs have high affinity towards the sludge, K€0% of the initial concentration
would be found in the liquid phase. These APIs wi#refore mainly be removed from
the wastewater with the sludge, unless they araldgmded significantly during

treatment.
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Supplementary information

S1. Supplementary information regarding sample extction and analyses using LC-
MS/MS.

The filters used in order to remove particles frhra water phase were rinsed once in MeOH
followed by deionized water before use. The filtlesamples were adjusted to pH 3 with a strong
phosphate buffer. As surrogate standards, a mixofird3 **C and °D labelled APIs was
employed, containing Amytriptyline, Carbamazepi@grofloxacin, 1B-Ethinylestradiol (EE2),
Fluoxetinee, lIbuprofen, Oxazepam, PromethazinespdRidone, Sulfamethoxazole, Tamoxifen,
Tramadol and Trimetoprim. The samples were extdaetaploying solid phase extraction (SPE),
Oasis HLB 6c¢c/200 mg, 30um (Waters, Sweden). Beloading the samples, the cartridges
were solvated and conditioned as follows; 5 mL EfAbowed by 5 mL MeOH and 5 mL
acified water pH 3. The cartridges were freezeddoeer night and thereafter stored in a freezer
at -20°C until analysis was performed. The caraggdgere eluted with 5 mL MeOH followed by
2 mL EtAc, extracts were evaporated to drynessthadsolvent was changed to 30 % MeOH
with 0.1 % formic acid before analysis by LC-MS/MBie same methodology as that reported
in Grabic et al. (unpublished data), Fick et &QQ9) was used for this analysis. Hence, detailed
information on chromatographic settings, mass ttians, collision energies, scan times, mass
spectrometric settings, etc. can be found thershbrt, a triple stage quadrupole MS/MS TSQ
Quantum Ultra EMR (Thermo Fisher Scientific, Sase]dCA, USA) coupled with an Accela LC
pump (Thermo Fisher Scientific, San Jose, CA, USA)Jl a PAL HTC autosampler (CTC
Analytics AG, Zwingen, Switzerland) were used aalyiical system. 20 puL of the sample was
loaded onto a Hypersil GOLD aQ TM column (50 mm.% &hm ID x 5 um patrticles, Thermo

Fisher Scientific, San Jose, CA, USA) preceded lyuard column. A gradient of flow and

32



MeOH and ACN in water (all solvents buffered by%.formic acid) was used for elution of
analytes. Both heated electrospray (HESI) and gihwygc pressure photoionizatioARPI) in
positive and negative ion modes were used for @&iwos of target compounds. Both first and
third quadrupoles were operated at resolution OJFMH, and two or three selected reaction
monitoring (SRM) transitions were monitored for leanalyte. SRM is an analogue to the more
common monitoring method, single ion monitoringM$lin standard mass spectrometry. With
SRM, the ion monitored in the first step is reqdite form a given fragment through a selected
reaction in order to be positively identified. Sdegpwere quantified using the SRM method.
Several calibration standards covering all conegioin ranges were measured before, in the
middle and at the end of sample sequences. Thenmaxidifference between results at
guantification and qualification mass transition swaet to 30% as criterion for positive

identification.
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Table S1 NOMENCLATURE

AP
APPI

Co

Cs

Cu

DOM
GCIF
HESI

Kq

KDOC
LC-MS/MS
LOQ

n

PE

SIM

SPE

SRM

Ss

RESS

Tmax

VSS

active pharmaceutical ingredient

atmospheric pressure photoionization

measured concentrations of API in the water phageut sludge
calculate concentration of APIs sorbed to the studg
measured concentrations of APl in the water phase
dissolved organic matter

glass microfiber filter

heated electro spray ionisation

distribution coefficient

distribution coefficient dissolved organic carbon

liquid chromatography coupled with tandem masscsieke detector
limit of quantification

Freundlich exponent

person equivalents

single ion monitoring

solid phase extraction

selected reaction monitoring

suspended solids

mass of the sludge removed

the total number of surface sites per mass of sbrbe

volatile suspended solid
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Table S2.Presenting the APIs included in the present stumlythe calculated Henry’s Law constant,(Kitm m®
mol™)

Alfuzosin 9.5x1°  Dihydroergotamine 1.1x1  Medroxyprogesterone 1.3x10
Amiodarone 1.8x1&  Diltiazem 8.6x10°  Metoprolol 1.4x10°
Amitriptyline 6.8x108 Donepezil 1.2x1®%  Mianserin 8.1x108¢
Atenolol 1.4x10%  Duloxetine 5.4x18°  Miconazole 2.4x18

Atracurium 2.0x16°  Eprosartan 5.6x18¥  Naloxone 5.4x18°
Azelastine 2.6x1%  Estradiol 3.6x10'  Nefazodone 1.5x18
Biperiden 2.5x18°  Estrone 3.8x108°  Orphenadrine 4.1x10
Bisoprolol 2.9x10°  Ezetimibe 4.4x18¢  Oxazepam 5.5x18
Bromocriptine 1.1x18°  Fexofenadine 1.2x1§  Paroxetine 1.1x18
Buprenorphine 7.8x18§  Fecainide 5.8xI¥  Perphenazine 5.2x1H
Bupropion 1.0x10 Fluconazole 1.0x16¢  Pizotifen 2.6x108

Carbamazepine 1.1xtH  Fluoxetine 8.9x18 Progesterone 6.5xF0
Chlorpromazine 3.7x1¥  Fluphenazine 6.1x18  Promethazine 5.0x16
Chlorprothixene 2.5x1®  Flutamide 3.7x18°  Repaglinide 1.3x18
Cilazapril 1.8x10¢  Glibenclamide 7.6xI¥  Risperidone 2.2x1H
Citalopram 2.7x10'  Glimepiride 1.4x18'  Rosuvastatin 1.5x16
Clemastine 3.8x1®  Haloperidol 2.3x18*  Roxithromycin 5.0x18*
Clomipramine 7.5x1® Hydroxyzine 3.9x10’  Sertraline 5.1x18

Clonazepam 7.0x185  Ibuprofen 1.5x10 Sotalol 2.5x106*
Clotrimazole 3.1x18 Irbesartan 7.0xI¥  Sulfamethoxazole 9.6x10
Codeine 7.6x1®%  Levomepromazine 3.9x¥  Tamoxifen 4.5x18¢
Cyproheptadine 9.2x10  Levonorgestrel 7.7x1%  Tramadol 1.5x18!
Desloratadine 2.1x18  Loperamide 6.9xI&¥  Trimethoprim 2.4x18°
Diclofenac 4.7x18°  Maprotiline 8.0x108  Venlafaxine 2.0x18"
Dicycloverine 8.9x10 Meclozine 4.6x18°  Verapamil 8.8x18°
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Table S3 Sorption isotherms obtained during sorption tooselary sludge short sludge age, including 1, I05h
g sludge. P is the significance that the linear ehdws a better fit than another model testedntbdel tested was
Freundlich and Langmuir.

Linear Freundlich Langmuir
Kq R2 Ky n R2 P TMAX K. R? P

(%) (%) (%) (%) (%)
Alfuzosin 35x16 73 1.2x1¢ 04 98 0.23 no fit
Alprazolam 3.1x1® 55 16x1¢ 03 77 0.25 no fit
Amitryptiline 27x1d 91 33x1¢¢ 0.6 98 0.01 no fit
Atracurium 55x1& 89 15x1¢ 0.6 98 0.01 no fit
Azelastine 1.4x10 96 9.4x1¢ 0.8 97 0.72 no fit
Biperiden 8.0x1® 91 29x1¢ 07 95 0.52 no fit
Bromocriptine 7.7x1d 75  54x1¢ 03 92 0.01 no fit
Buprenorphine 9.6E+01 71 no fit no fit
Bupropion 19x16 96 26x1¢ 0.8 97 0.60 no fit
Chlorpromazine 88xfo 72 3.9x1¢ 02 94 0.01 no fit
Clemastine 76xf0 91 32xa¢ 06 97 0.02 no fit
Clomipramine 71x1® 86 1.4x1a¢ 05 97 0.01 no fit
Clonazepam 2.9xf0 66 no fit no fit
Cyproheptadine 53xf0 97 0.4 0.7 99 0.01 no fit
Desloratidine 3.0x1 90 29x1¢ 06 97 0.01 no fit
Dicycloverin 1.7x18 95 9.0x1¢ 0.7 98 0.05 no fit
Diltiazem 42x16 96 3.4x1¢ 08 98 0.15 no fit
Duloxetine 32x1® 84 26x1¢ 04 97 0.01 no fit
Estradiol 2.3x1d 70 0.3 1.0 70 87 1.4xi0 1.8x10° 71 75
Etonogestrel 2.4xf0 72 0.4 1.1 72 80 1.2xi0 2.3x10° 72 78
Ezetimibe 8.5x103 87 7.2 1.0 87 89 no fit
Fexofenadine 6.6xf0 93 27x1¢ 06 98 0.03 no fit
Finasteride 8.1x¥0 77 no fit no fit
Fluoxetine 53x1® 86 38x1¢ 0.5 99 0.01 no fit
Flutamide 1.2x1d 94 1.7x1¢ 07 97 0.21 no fit
Glibenclamide 22x10 93 32x1¢ 07 97 0.03 no fit
Haloperidol 1.7x1® 98 no fit no fit
Hydroxyzine 59x1® 93 0.1 0.8 94 6.9 no fit
Levomepromazine 3.8xi0 96 0.3 0.7 99  0.02 no fit
Loperamid 1.1x16 91 0.3 0.7 95 0.58 no fit
Maprotiline 3.7x18 89 79x1¢ 0.7 95 0.06 no fit
Medroxyprogesterone  2.5x40 92 0.6 1.1 92 41 1.3x10 2.1x10° 92 64
Megestrol 8.2x10 86 0.2 09 86 39 no fit
Mianserin 5.3x19 91 0.6 1.0 91 88 no fit
Nefazodone 8.8xf0 92 7.4x1¢ 0.6 98 0.01 no fit
Orphenadrine 48xf0 87 2ax1¢@ 06 93 0.09 no fit
Oxazepam 1.6xf0 95 no fit no fit
Paroxetine 81xfo 79 19x1d 04 97 0.01 no fit
Pizotifen 3.0x16 97 0.2 07 99 0.01 no fit
Progesterone 1.0xi0 95 0.2 0.8 96 3.3 no fit
Promethazine 28xf0 89 32x1¢ 0.6 96 0.03 no fit
Sotalol 74x1% 95 6.3x1¢ 0.8 98 0.09 no fit
Telmisartan 58x1 70 no fit no fit
Trihexyphenidyl 6.8x1® 83 58x1d 06 92 0.04 no fit
Trimetoprim 26x1® 91  34x1¢ 0.7 97 0.01 no fit
Zolpidem 1.4x16 91 no fit no fit
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Table S4 Based on the best fitted sorption isotherms &mheAPI and the removal of sludge in a Swedishagesr
WWTP the fraction of the APIs passing through th&/WWP was calculated. In the case were the linedhésm
were not the best fitted ayKalue was calculated assuming an water concemtrafi1ug L*. F,» = Primary sludge

water fraction, s= Secondary sludge water fraction ang=otal fraction in water.

Primary Secondary Fyp Fus Fot
sludge sludge (%) (%) (%)
long
sludge age

Afluzosin Linear Langmuir 73 86 63
Amitryptiline Linear Linear 54 77 41
Atenolol Linear Langmuir 91 70 64
Atracurium Linear Linear 93 95 89
Azelastine Langmuir Linear 29 82 24
Biperiden Linear Linear 85 92 79
Bupropion Freundlich Linear 100 98 98
Chloprothixene Linear Linear 97 32 31
Citalopram Linear Linear 90 98 88
Clomipramine Linear Freundlich 22 91 20
Clotrimazol Linear Freundlich 13 100 13
Cyproheptadine Linear Linear 31 72 22
Desloratidine Linear Linear 56 76 42
Dicycloverin Linear Linear 77 84 65
Donepezil Linear La 57 86 49
Duloxetine Linear Linear 28 76 21
Ezetimibe Freundlich  Freundlich 100 100 100
Fexofenadine Linear Linear 100 96 96
Fluoxetine Freundlich  Freundlich 96 99 95
Flutamide Linear Freundlich 77 100 77
Glibenclamide Linear Linear 57 87 50
Glimepiride Freundlich Linear 100 90 90
Haloperidol Linear Linear 31 76 24
Hydroxyzine Linear Linear 80 93 74
Irbesartan Linear Freundlich 87 100 87
Loperamide Freundlich  Freundlich 100 100 100
Maprotiline Freundlich  Freundlich 98 100 97
Mianserin Linear Linear 61 91 56
Nefazodone Freundlich Linear 98 52 51
Oxazepam Linear Linear 86 89 76
Paroxetine Linear Freundlich 25 100 25
Pizotifen Linear Linear 51 75 38
Progesterone Linear Linear 86 89 77
Repaglinide Linear Langmuir 97 92 89
Risperidone Linear Langmuir 72 90 65
Sertraline Freundlich  Freundlich 100 100 100
Sulfamethoxazol Linear Linear 94 96 90
Trimethoprim Linear Linear 92 96 88
Verapamil Linear Langmuir 72 86 63
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Figure S1.
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Figure S1.Estimated fractioni.e. the fraction of the total APIs load into thetigated sludge tank

which isn’t lost either by degradation or strippintthe API in the water phase basedesgerimentally

determined sorption isotherms.

) experimentallyedained Ks for primary and secondary sludge; )

experimentally determined K for the primary sludge and assuming no sorpticheé secondary sludge as sorption

were too low to be obtained in the present expartme) experimentally determineds&for the secondary sludge

and assuming no sorption to the primary sludgegstisn were too low to be obtained in the pressperiment;e

) assuming no sorption to neither one of the sladgethe sorption were too low to be obtained énpitesent

experiment;* ) assuming high sorption due to tod sigrption in the present study.
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