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Abstract

Solid-liquid partitioning is one of the main fateropesses determining the removal of
micropollutants in wastewater. Little is known dretsorption of micropollutants in biofilms,
where molecular diffusion may significantly influeas partitioning kinetics. In this study, the
diffusion and the sorption of 23 micropollutantsrevénvestigated in novel moving bed biofilm
reactor (MBBR) carriers with controlled biofilm ttkiness (50, 200 and 500 um) using targeted
batch experiments (initial concentration=1 pd, lfor X-ray contrast media 15 pg?) and
mathematical modelling. We assessed the influerickiafilm thickness and density on the
dimensionless effective diffusivity coefficieft(-, equal to the biofilm-to-aqueous diffusivity
ratio) and the distribution coefficienKyq (L g?). Sorption was significant only for eight
positively charged micropollutants (atenolol, metadpl, propranolol, citalopram, venlafaxine,
erythromycin, clarithromycin and roxithromycin), vealing the importance of electrostatic
interactions with solids. Sorption equilibria weligely not reached within the duration of
batch experiments (4 h), particularly for the tl@sk biofilm, requiring the calculation of the
distribution coefficientKqeq based on the approximation of the asymptotic déopniim
concentration (t > 4 hXqeqVvalues increased with increasing biofilm thicknéssall sorptive
micropollutants (except atenolol), possibly duehtgher porosity and accessible surface area
in the thickest biofilm. Positive correlations be®n Kqeq and micropollutant properties
(polarity and molecular size descriptors) were tdead but not for all biofilm thicknesses,
thus confirming the challenge of improving predietisorption models for positively charged
compounds. A diffusion-sorption model was develo@ed calibrated against experimental
data, and estimatefdvalues also increased with increasing biofilm timie&s. This indicates
that diffusion in thinner biofilms may be strongliynited (f << 0.1) by the higher biomass

density (lower porosity) compared to thicker biofd.
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1. Introduction

In wastewater treatment systems, partitioning gaaic micropollutants to solid matrices is one of
the mechanisms leading to their removal from theeaqs phase. The extent of partitioning is
typically compound-dependent, and is governed $wffinity for organic phase (i.e., hydrophobic
partitioning) and/or by electrostatic and otherikminteractions between ionized molecules and
charged solid surfaces (i.e., non-hydrophobic faning) (Franco and Trapp, 2008; Hyland et
al., 2012; Ternes et al., 2004; Mackay and Vasude2812; Polesel et al., 2015).

Partitioning describes the distribution of moleauleetween the agueous and the solid phase.
At equilibrium, sorption and desorption rates ageiad, and the ratio of sorbed and dissolved
concentrations—normalized to the concentration alfds—is defined as the (linear) solid-
liquid partition coefficientKy (expressed in units of L Kgor, alternatively, L §) (Joss et al.,
2006; Ternes et al., 2004). Non-linear expressi#itsundlich and Langmuir isotherms) have
been also used to describe partitioning equiliboizaccount for saturation of solid surfaces or
synergistic effects (Delle Site, 2001).

Solid-liquid partitioning has been characterizeddotivated sludge biomass for a high number
of pharmaceuticals Considerably less evidence @&labie for wastewater treatment biofilms,
being limited to antibiotics (sulfamethoxazole, tanpmycin, ciprofloxacin, tetracycline) and
psycho-active drugs (fluoxetine) in biofilters (Wier et al., 2011) and granules (Alvarino et
al., 2015; Shi et al., 2011). Additionally, pamiting kinetics of other organic contaminants
(polycyclic aromatic hydrocarbons, estrogens, nphghols, biocides) have been assessed for
pure culture biofilms (Wicke et al., 2008, 2007)danver biofiims (Headley et al., 1998;
Writer et al., 2011).

Although considered a fast process, partitioninginBuenced by mass transfer limitation

through diffusive boundary layers and inside th&dsmatrices, which likely determines the
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time needed to achieve equilibrium between aquends sorbed concentrations (Joss et al.,
2004, 2006) While for activated sludge the equilibrium timessfficiently fast to prevent an
empirical evaluation of mass transfer limitatiolwgd et al., 2004; Plész et al., 2010; Barret et
al., 2011), molecular diffusion may have a majolerm determining partitioning kinetics in
biofilms. Biofilm characteristics such as biomassnsity and porosity have been found to
influence intra-biofilm diffusion of a number of ganic and inorganic chemical compounds.
This effect has been described by introducing dfmient f, defined as the ratio of effective
diffusivity in biofilms and in free aqueous medithus defining diffusivity reduction in
biofilms (Fan et al., 1990; Guimera et al.,, 20169ri and Morgenroth, 2006; Trapp and
Matthies, 1998; Zhang and Bishop, 1994a). Whiteas determined for a number of organic and
inorganic chemical compounds, no conclusive evidenorently exists for organic micropollutant
diffusion in biofilms, which was therefore investigd in this study.

In our previous work (Torresi et al., 2016), we estigated the biological transformation of
pharmaceuticals in nitrifying moving bed biofilm agtors (MBBRs) using novel MBBR
carriers (AnoxKaldnes Z-carriers), allowing the troh of the biofilm thickness.

In this study, the main objective set was to asdesg the diffusion and partitioning of 23
selected pharmaceuticals vary at different bioftimcknesses (50, 200 and 500 pum) and to
guantify corresponding single poiKt values at environmentally relevant concentratevels.

By developing and calibrating a model that desaibéfusive transport and partitioning in
biofilms, we aimed at elucidating the influence libfilm thickness on (i) the molecular
diffusion of micropollutants within biofilm matrixdescribed by the dimensionless effective
diffusivity coefficient f; (ii) the extent of partitioning, described by ¢oagent Kg.
Additionally, using experimental and modelling rsuthe influence of biofilm characteristics

(porosity, density) and molecular properties (elgydrophobicity, ionization) on the mass
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2. Model development

2.1 Conceptual approach for diffusion and sorption in biofilms and model implementation
Considering molecular diffusion of dissolved micotiptants from the bulk aqueous phase into
biofilms as the dominant mechanism (Zhang and BisH®94a), the partitioning of organic
micropollutants consists of three consecutive stépsss et al., 2004): (1) diffusion of
dissolved micropollutant from bulk aqueous phabkepugh a boundary layer, into the biofilm
matrix; (2) diffusion of dissolved micropollutartirbugh the biofilm matrix via its pores; (3)
sorption to the solid phase of the biofilm matrbid. 1a). The diffusivity of organic chemicals
in a free aqueous mediurdy;, m* d*) can be predicted from properties of the chem(ea.,
molar volume) and of the medium. In this stuByy; values for each chemical were calculated
according to Hayduk and Laudie (1974), althougleralitive approaches were also tested
(Table S1 in Supplementary Information).

Transport from the bulk liquid to the biofilm is mwolled by the diffusion through a boundary
layer, for which the diffusivity was assumed equalDw; (Assumption |, Fig 1b). The
thickness of the boundary laydr, (um), was assumed to be equal to 10 um for allzhe
carriers (Brockmann et al., 2008, see section Bln In biofilms, molecular diffusivity is
reduced compared to free agueous media (Wanner Raidhert, 1996). This has been
attributed to the “tortuosity” of the transport pan biofilms, i.e. the increased (non-linear)
path length needed for diffusive transport as camghato free aqueous media (Zhang and
Bishop, 1994b). Molecular diffusivity reduction éescribed by the dimensionless coefficient

f, resulting in Eq. 1:

Dyr; = f Dy, (Eq. 1)
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where Dpr,; (m? dY) is the effective diffusivity of micropollutantsithin biofilms andf (-) is
always lower than 1. Whilévalues of 0.5-0.8 have been assigned for micrapail diffusion
(Ort and Gujer, 2008; Vasiliadou et al., 2014),stiparameter is likely to vary significantly
depending on the biofilm structure and propertib®of(Im thickness, density, porosity and
tortuosity).

It has previously been shown that biofilm porosityd density can vary over the biofilm depth
(Zhang and Bishop, 1994a). In the model, we assthmebiofilm as a homogenous porous
medium @Assumption I1), although we accept that biofilms with differed¢épth can have
different average porosities and densities. As asequence, only onkvalue was used to
describe diffusion reduction into a biofilm withcartain thickness.

Sorption/desorption kinetics were described usingt-brder rate equations (see matrix in Fig.
1c). Sorption was considered as an equilibrium @sscAssumption I11), by attributing an
arbitrarily high value to the desorption rakg.s thereby making diffusion from the bulk
agqueous phase and within the biofilm the rate-lmgitsteps for solid-liquid partitioning. At
micropollutant concentration levels targeted instktudy (ng [* to pg '), sorption can be
considered linear and better described by theiligipn coefficientKy (Assumption 1V).

Based on the presented conceptual approach, asiifftsorption model was implemented as
one-dimensional biofilm model in Aquasim 2.1 (Reddh 1994). Design and measured biofilm
properties (biofilm thickness, surface area, biosndensity, porosity) were used as input to the
model (see Table 1). Each biofilm was spatiallyctesized in 20 completely mixed layers.
This allowed solving the generic mass balance egoafor dissolved micropollutant
concentratiorC, (ng L'Y) in biofilm (Eq. 2):

0°C,

oC
?L:Dbf,i?_kdeJ(dCLX-'_kdesCS (Eq. 2)
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(where X is the biomass concentration in biofilm, g;LCs is the sorbed micropollutant
concentration, ng t; C_ varies with time t and depth z) as a set of ondindifferential
equations by using the method of lines (Wanner &wichert, 1996). According to the
diffusion-sorption model, micropollutants undergguéibrium microscale partitioning as they
diffuse through biofilm, in analogy to the approagtoposed by Wu and Gschwend (1986).
Further details on the conceptual biofilm model, mitroscopic mass balances and on the
initial conditions are given in the Supplementamjormation (section S1 and Figure S1).

<Figurel>

2.2 Calculation of sorption coefficients

At equilibrium, the micropollutant concentration reed onto biomassCgeq HQ LY is
proportional to the dissolved concentratid® £q 1O L'Y), and their ratio, normalized by the
concentration of solidSXgiomass g L™), is used to calculate the sorption coeffici&akq(L gl.
With negligible transformation, it is commonly assed (e.g., in activated sludge) that the
sorbed concentration is equivalent to the decreaseissolved concentrationC(o — Ci eq
between the beginning and the end of batch sorghqeriments.

When considering biofilm systems, transport in Bbofpores, along with sorption, can also
determine a decrease of micropollutant concentnatia the bulk phase. Hence, the coefficient
Kaeq (L g?l) was defined to describe sorption in Z-carrierfiies based on mass balance

considerations (Eq. 3):

CL,O\/bulk _ CL,eq(Vbulk +VPW)
_ Vbulk +be,wet Vbulk +be,wet

deq C,.X

Leqg” *biomass

K

(Eq. 3)

where Vpuk (L) denotes the volume of the bulk liquidyswet(L) the volume of wet biofilm

(equal to the total surface area of Z-carriers firttee defined biofilm thickness) angw (L)
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the volume of the pore water in the biofilm matrpgt accounting for cellular water content
(see 3.4). The procedure used to derive Eq. 3 esemted in detail in the Supplementary
Information (section S3).

The ‘asymptotic’ concentratiol€_ e defining true sorption equilibrium, was estimatey
fitting measured concentration profiles in batchpson experiments with a first-order decay
equation (Eg. 4)

CLt) =(CLo—Cre)e ™ +Cyyq (Eq. 4)

In activated sludge, it has been widely accepteat Horption equilibrium can be reached
within 0.5-1 h (Ternes et al., 2004; Andersen et2005; Yi and Harper, 2007, Horsing et al.,
2011). To verify whether sorption equilibrium wash&ved relatively fast (i.e., within the 4-
hour duration of sorption experiments) also in Zriga biofilms, the sorption coefficien{yn

(L g}) was calculated (Eq. 5):

CL,OVbqu _ CL,4h (Vbulk +VPW)
_ Vbulk +be,wet Vbulk +be,wet

K =
o CL,Ah X

(Eq. 5)

biomass

where C_ 4, is the measured dissolved concentration in bullkeags phase at t=4 h (the last
measurement in sorption experiments), replacthgq in Eq. 3. Specifically, the 4-hour
equilibrium assumption was verified by comparikgsn and Kqeq and assessing the relative
deviation between the two coefficients.

As mentioned above, the decrease of bulk micropatiu concentration during sorption
experiments with biofilms results from transport biofilm pores (besides sorption in
biofilms). To verify the impact of neglecting massnsfer to biofilm pores on sorption
coefficient determination, the sorption coefficiéfts.sp was calculated (Eq. 6):

Co-C q
=———= Eq. 6
dsusp ™~y (Eq. 6)

Leq” “biomass

K

10
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whereCy_ .q Was calculated using Eq. 4. Notably, Eq. 6 is camiy used to describe sorption
onto suspended activated sludge, where the effegiomosity is neglected. The comparison
betweenKqeq and Ky susp(together with relative deviation the two coefficie) was used to
guantify the contribution oftransport to biofilm pores, hence the impact ofogsdy, on the

estimated sorption coefficient.

2.3 Parameter estimation approach

The assessment of diffusion and sorption of michopants in biofilms consisted of two main
consecutive steps performed for each micropollutard at different biofilm thicknesses: (i)
calculation of the coefficier{q¢q (section 2.2); (ii) calibration of the diffusiomgption model
(section 2.1) against experimental data and esiimatf the coefficienf, which was the only
parameters fitted in the model. Estimation fofwas performed using the secant model

calibration algorithm embedded in Aquasim 2.1.

11
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3. Materials and methods

3.1. System description and operation

Nitrifying MBBRs used in this study have been désed elsewhere (Torresi et al., 2016).
Briefly, two laboratory-scale nitrifying MBBRs wereperated in parallel under continuous-
flow conditions for approximately 300 days. Z-cars (AnoxKaldnes AB, Lund, Sweden)
were used to obtain biofilm of different thicknesse&-carriers have a saddle shaped grid
covered surface allowing for biofilm growth only ap the height of the grid wall (Torresi et
al., 2016). Three different Z-carriers (named Z3@00, and Z500) were used in this study,
with the numbers indicating the grid wall heightym (hence the maximum controlled biofilm
thickness). Biofilms were enriched by feeding th&BRs with effluent wastewater from a
local municipal treatment plant (Kallby, Lund, Sveex), spiked with ammonium (50 mg'lof
NH,-N as NHCI) and phosphate (0.5 mg'lof PQi-P as KHPQ,). The MBBRs were operated
under similar conditions, i.e. hydraulic residertee of 2 h, dissolved oxygen concentration

of 4.5+ 0.5 mg [}, pH of 7.5 £ 0.5 and temperature of’@)achieved using a thermostat).

3.2. Sorption batch experiments

Sorption batch experiments were performed aftechizgy stable nitrogen removal (Torresi et
al., 2016), roughly, around day 300. Prior to bawkperiments, the two MBBRs were

disconnected and three types of Z-carriers (Z5000£2Z500) were manually separated.
Subsequently, Z-carriers were left overnight 8€ 4n a beaker with tap water to allow for
desorption of micropollutants possibly sorbed dgroontinuous-flow operation.

Sorption batch experiments were carried out ingli280-mL glass beakers using filtered (0.2
um Munktell MG/A glass fiber filters) effluent wastater from Kallby treatment plant.

Ammonium and nitrate in the feed were at conceitrabf <0.5 mgN [* and 6 mgN [,

12
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respectively, while organic carbon concentrationsewer than 35 mgCOD t, mostly in
inert form.

The biomass concentration in the three glass beakers adjusted to 0.8 g*'lbased on
attached biomass concentration measurements fordiffierent carriers and adjusting the
number of carriers accordingly (56 carriers for Z8@ for Z200 and 16 for Z500), resulting in
a total biofilm surface area of 0.06, 0.04, 0.02for the batch containing Z50, Z200 and Z500
carriers, respectively. Other abiotic removal pssms, such as volatilization, sorption of
micropollutants on plastic carriers and glass whHd been previously assessed and found
negligible in MBBRs (Torresi et al., 2016).

Twenty-three micropollutants were spiked in all theakers with an initial concentration of 1
ng L' except for X-ray contrast media (15 pg')L as they are usually found at higher
concentrations in effluent wastewater (Margot et &015). A stock solution, containing
micropollutants dissolved in methanol (40 md)Lwas first spiked into empty glass beakers
and the methanol was allowed to evaporate in theefwood for approximately 1 hour.
Subsequently, the solution was resuspended inrdifteeffluent for approximately 30 min to
dissolve the spiked micropollutants. Biomass inadion was achieved by: (i) addition of
allylthiourea (ATU, 10 mg [}, Tran et al., 2009; Khunjar and Love, 2011) anttogien
sparging (Hamon et al., 2014) to inhibit nitrfyngdberia; and (ii) addition of sodium azide
(0.5 g L Rattier et al., 2014) to inhibit the activity béterotrophic bacteria.

The experiment duration was set to 4 hours. Homogsragueous samples were collected at
regular intervals from the bulk phase in each beak®, 5, 10, 30, 90 and 240 min. The batch
experiments were performed at ambient temperatoceimitial pH was measured to be 7.5 £
0.5. Since only one spiking concentration was tistesults from sorption experiments were

used to determine single poilk§ values.

13
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3.3. Chemicals

Twenty-three environmentally relevant micropollusanvere selected for this study. The
targeted pharmaceuticals were grouped in six categ@ccording to their use: (i) four beta-
blocker pharmaceuticals (atenolol, metoprolol, pamwlol and sotalol); (ii) five X-ray contrast
media (diatrizoic acid, iohexol, iopamidol, iopradei iomeprol); (iii) three sulfonamide

antibiotics (sulfadiazine, sulfamethizole and sol&hoxazole), one metabolite (acetyl-
sulfadiazine) and one combination product (trimetirm); (iv) three non-steroidal anti-

inflammatory pharmaceuticals (phenazone, diclofenacaprofen); (v) three psycho-active
drugs (carbamazepine, venlafaxine and citaloprafyi) three macrolide antibiotics

(erythromycin, clarithromycin and roxithromycin).ukher information regarding chemical
structure and properties, CAS numbers and chensigcppliers can be found in Table S2-S3

and in Escola Casas et al. (2015).

3.4. Analytical methods

Samples for micropollutant analysis were collec(édmL) and analysed via direct injection
using internal standards (injected volume of 100.pRetails regarding sample preparation,
internal standards, HPLC and mass spectrometry itond, limits of detection and
quantification are shown in Escola Casas et all%20Biomass concentration on Z-carriers was
measured in two ways: (i) as attached biomass curetgon (expressed as total attached
solids, TAS), calculated from the difference in ghi of three dried carriers (195 for > 24 h)
before and after biofilm removal (using 2M$0D, with subsequent brushing) (see also Escola
Casas et al., 2015; Falas et al., 2013; Torreal.e2016); and (ii) by scraping and suspending

the biofilm in tap water and measuring total sugfaehsolids (TSS) and volatile suspended

14
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solids (VSS) according to APHA standard methodseéCéri, 1989). Biofilm properties such
as biofilm dry densitygy (g cni®), biomass density in wet biofilm (kg m®) and porosity (%)
were calculated according to Tchobanoglous et24108) and Hu et al. (2013) using measured
biofilm properties (e.g., solids content), as detiiin the Supplementary Information (section
S2). Porosity is defined as the fraction of thefibio volume occupied only by water outside
the cells and not inside the cells (Hu et al., 20 Rurthermorepy denotes the dry mass of
biofilm per volume of dry biofilm (i.e., definestaue density) whilep denotes the dry mass of
biomass per volume of wet biofilm (i.e., definescancentration of biomass within the
biofilm). Further discussion on the calculation hmtology used and on the biofilm properties

can be found in section S2.

3.5. Statistical analysis and influence of chemical properties

Pearson’s and Spearman’s correlations betwegg, and chemical properties (expressed in
logarithmic base) were assessed at different Imotiicknesses. A significance level of 0.05
was used for all statistical tests in this studyeTinvestigated physico-chemical properties
include: the molecular volumielVvV (cm3 mol™); the dissociation constant(sKa; the number of
rotable bonds RB); the van der Waals areardWA m? kmol?) (Sathyamoorthy and
Ramsburg, 2013); McGowan’s approximation of the esalar volume Vx, cn® mol™) (Droge
and Goss, 2013a); and the topological polar surfae TPSA, &) (Ertl et al., 2000).
Chemical properties andy qWere log transformed (Vasudevan et al., 2009) witbeption of
nRB (Sathyamoorthy and Ramsburg, 2013) and molecuize gescriptorsMV and Vy.
Chemical properties for each compound were retdewsing ACD/Labs predictions and the
database Mol-inisticts (for laglWA or calculated based on previously defined equati@or

Vx. Abraham and McGowan, 1987; Droge and Goss, 201Baprson’s and Spearman’s

15



300 correlations and their significance were assessadguGraphPad Prism 5.0. Furthermore,
301 possible correlations betweeh and the abovementioned properties were also iigetst.
302 Significant differences between estimafedhlues for each chemical at different biofilm #ness
303 were determined by examining the overlap betweendstrd deviations of the estimate (Cumming

304 etal., 2007)
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4. Results and discussion

4.1. Biofilm properties

Measured and calculated values for a number ofllbigiroperties are reported in Table 1. Dry
biofilm mass per surface area of carrier (TAS, Mable 1) increased with biofilm thickness,
being approximately four times higher in Z500 comgohto Z50. Biofilm thickness in Z-
carriers was recently measured using optical caoteerdéomography (OCT), revealing good
agreement between measured and nominal thicknesesdban carrier design (Piculell et al.,
2016). Conversely, biofilm density in wet biofiln(section 1 in SlI) in Z50 was up to 3-fold higher
as compared to Z200 and Z500. This suggests a ehamdiofilm porosity as a function of
biofilm thickness. Biofilm porosity (Eq. S12), ranged from 75% (Z50) to 93% (Z500)k[€a
1). An approximate porosity of 80% is commonly assd in one-dimensional biofilm models
(Wanner and Reichert, 1996; Brockmann et al., 2@08) similar values have been previously
determined using modelling approximations (Zacaetal., 2005; Zhang and Bishop, 1994b).
The observed increasirgwith biofilm thickness is in agreement with prewsfindings for Z-
carrier biofilms (Piculell et al., 2016), althoutdwer porosities (approximately of 10 and 30%
for Z50 and Z400) were estimated using OCT. Valokbiofilm dry densitypq (Table 1) for
the three biofilms were comparable to that showtitarature (Hu et al., 2013), indicating a
higher content of fixed solids in Z500.

<Tablel>

4.2. Sorption coefficientsin biofilms

Sorption was considered significant when a relatbamcentration dropQpo — Cian)/Cio

higher than 10% was observed (HOrsing et al.,, 20%hus accounting for analytical

17
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uncertainty. Profiles of aqueous concentrationhef $orptive micropollutants measured during
batch experiments are shown in Fig. 3 (duplicatasneement) and in Fig. S2.

Out of the 23 targeted compounds, sorption wasifsigmt only for eight micropollutants,
namely atenolol, metoprolol, propranolol, citalomra venlafaxine, erythromycin,
clarithromycin and roxithromycin. The presence dfemicals not exhibiting sorption (e.g.,
diclofenac and the targeted sulfonamides) suggésts biomass was successfully inhibited
during batch experiments, as most targeted commowate significantly biodegraded in the
same MBBRs without biomass inhibition (Torresi &t 2016). Interestingly, micropollutants
that were positively charged (>90% cationic fran)i@t the experimental pH of 7.5 presented
significant sorption, with exception of sotalol atrdmethoprim. Higher sorption potential of
positively charged compounds compared to negatiwélgrged or neutral compounds was
previously observed for activated sludge bioso(Bevens-Garmon et al., 2011; Polesel et al.,

2015) and soil (Franco and Trapp, 2008).

4.2.1. Sorption coefficients &qand comparison with activated sludge
Sorption coefficientq,eqin 250, Z200 and Z500 biofilms were calculated floe above listed
cationic micropollutants (Table 24 eqVvalues were compared with previously found sorptio
coefficients in activated sludge, for which thegarmajority of micropollutant sorption data
are available.

<Table2>
Values ofKy.eq for atenolol at all the three biofilm thickness reeip to 2-fold higher than
literature values for activated sludge (Radjetosi al., 2009; Stevens-Garmon et al., 2011),
while values in Z50 and Z200 were comparable witllihgs for secondary sludge (Horsing et

al., 2011). As atenolol presents similar molecupmoperties to other beta-blockers (e.qg.,
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molecular weight,pK,), the reasons behind this high sorption potentisd unclear. As to
metoprolol, Ky eq Values in Z50, Z200 and Z500 were comparable ®vipusly measured
coefficients in activated sludge biomass (Maurerakt 2007; Sathyamoorthy et al., 2013).
Similarly to studies on sludge, propranolol exhabitthe highest sorption potential of all
selected beta-blockers (Maurer et al., 2007; Ranljénet al., 2009). Notably, a fourth targeted
beta blocker sotalol did not show any significamtygion, in agreement with previous findings
in activated sludge (Maurer et al., 2007; Sathyartigyoet al., 2013).

Values ofKgeqfor Z50 and Z200 were comparable with previous igsidon conventional
activated sludge and membrane bioreactor (MBR)g&ufdr clarithromycin (Abegglen et al.,
2009; Gobel et al., 2005), erythromycin (Radjeioet al., 2009; Xue et al., 2010) and
roxithromycin (Abegglen et al., 2009; Horsing et, &@011). On the contraryq.eqfor 2500
differed by one order of magnitude from previoustyported values. Nevertheless, 50-80% of
dissolved clarithromycin and roxithromycin sorbed BIBR sludge (Abegglen et al., 2009),
similarly to clarithromycin and erythromycin in thistudy (~80%). Furthermore, highly
variable macrolide sorption was shown in soil amdoohumic acids (Sibley and Pedersen,
2008; Uhrich et al., 2014), with estimatéd e, values also higher than 8 L'¢or 20 L ¢,
respectively. Macrolides exhibited the high&gte, of all sorptive compounds in Z500 but not
at lower biofilm thickness (Table 2). This might kedated to the low porosity of the biofilms
Z50 and Z200. According to Lipinksi’'s rule of fivilipinski et al., 1997), macrolides are
expected to poorly permeate across cell membranéghais to move only in the intracellular
space (depending on the porosity) due to their higblecular weight (>500 g md).
Furthermore, macrolides are mainly excreted in $e¢&bdbel et al., 2005) and due to
protonation of the tertiary amino group, strong innteraction of macrolides with the

negatively charged surface of the biomass couldxXpected.
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Few studies investigated the sorption of the amptidesant venlafaxine and the antiepileptic
citalopram. While sorption coefficients for Z50 aAd00 for both compounds are in agreement
with existing literature on activated sludge (Haggiet al., 2011), higher values were found in
Z500 for citalopram.

In general, sorption coefficients of all the compds at the three biofilm thicknesses were
comparable or higher than values observed withvatdd sludge biomass. Studies comparing
sorption onto MBR sludge and conventional activasdddge biomass (Joss et al., 2006;
Abegglen et al., 2009; Reif et al., 2011; Yi andpt, 2007) revealed a sorption enhancement
in the former case. Increased sorption was assati@t the smaller size of MBR sludge flocs
(assumed to be around 80-300 um in diameter),résudting in higher accessible surface area
(Tchobanoglous et al., 2003). In analogy with MBIRdge, it can be postulated that the high
accessible surface area in Z-carrier biofiims ¢edato the biofilm porous structure) may
explain the increased sorption capacity of mosth&f compounds compared to conventional

activated sludge biomass.

4.2.2. Comparison betweengqand Ky an

Sorption coefficientsKyeq Were compared withiq 4n values for each chemical and relative
deviations A (%) between these two coefficients were calculatdd different biofilm
thicknesses (Table 2) to verify the equilibrium wagtion within the experiment duration (4
hours). For most compounds, relative deviations4260 and Z200 were on average around
10%, with the exception of atenolol (>50%). Conedys A values in Z500 were for five
compounds higher than 30% (up to 80% for atenolol).

Overall, while the assumption of equilibrium readheithin 4 h seems justified for Z50 and

Z200, diffusive mass transfer can significantly lighce observations at higher biofilm
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thickness. Atenolol was the main exception, for etththe 4-h equilibrium assumption seems
not valid at any biofilm thickness. On the contrapyopranolol appeared to reach partitioning
equilibrium within 4-h in Z50, Z200 and Z500, anidngar considerations could be made for
citalopram and venlafaxine. Therefore, to reduceeutainties in sorption experiments,
parameter estimation can benefit from calculatimg asymptotic aqueous concentration value

using e.g., simplified first-order decay equatidgs. 4).

4.2.3. Comparison betweengqand Ky supsand trends with biofilm thickness

To assess the impact of biofilm porosity and maasdfer in pores on sorption coefficient
estimation, the sorption coefficienks eq andKq suspwere compared (Table S4). In Fig. 2, this
comparison is presented for two key chemicals (atoprolol, b: roxithromycin). For all
micropollutants, neglecting the transport from balkueous phase to biofilm pores resulted in
an overestimation of sorption coefficientKqgusp always greater thamyeqg. The relative
deviation betweeiy suspandKq eqwas on averagel0% for most compounds and 30% for less
sorptive compound@netoprolol and venlafaxine).

We further observed that botyeq and Kqsusp generally increased with increasing biofilm
thickness (Fig. 2). Specificall)Kq eqvaluesin Z500 were from 4-fold (most of the compounds)
up to 30-fold higher (macrolides antibiotics) thenzZ50 (Table 2). It should be highlighted
that batch experiments were carried out at the Saiomass concentration in the reactors (0.8
g L™"). Consequently, the observéd ¢q increase with biofilm thickness likely derives fino
differences in biofilm composition and/or in itsysical properties. Two possible explanations
of this observation were proposed:

(i) Biomass composition, such as the relative fractbautotrophic and heterotrophic bacteria

and/or the content of extracellular polymeric sabses (EPS), can influence sorption
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properties. EPS protein content was previously tpady correlated withKy for aromatic
chemicals in untreated and treated sewage sludgealinids (Barret et al., 2010) and for the
estrogen EE2 and trimethoprim in nitrifying and dretrophic biomass (Khunjar and Love,
2011). Bassin et al.,, (2012) further observed higlemncentration of proteins and
polysaccharides (that mainly compose EPS) in h&tmphic MBBRs than in nitrifying
MBBRs. Higher fractions of heterotrophic bactenigetermined using quantitative PCR of 16S
rRNA) were measured in Z200 and Z500 compared t0 gZEorresi et al., 2016), possibly
justifying the increased sorption capacity in tlackbiofilms (Z200, Z500). Further
investigation on the EPS content in the differemfibns is thus required to support this
hypothesis, given the key role of EPS in the sorptof neutral and ionizable organic
chemicals (Spath et al., 1998; Barret et al., 2&tynjar and Love, 2011).

(i) Porosity can influence the available surface aresade the biofilm. Sorption has been
previously positively impacted by reduced partisiee, i.e., greater surface area, in suspended
biomass (Khunjar and Love, 2011) and biomass flegpension derived from MBRs (Yi and
Harper, 2007). Thicker biofilms, having lower biossadensity and substantially higher
porosity than thin biofilms, could accordingly pide for higher available surface (and thus
more accessible sites) for solid-liquid partitiogun

Finally, Kq.eqvalues were normalized to the highest valu&gfq(i.e., for Z500,Kg eqzs09. The
obtained profiles followed two distinct trends afuaction of biofilm thickness (Fig. 2c—d): (i)
beta-blockers and venlafaxine, exhibiting a lodamic-like increase between Z50 and Z500;
and (ii) macrolides and citalopram, presenting sigantly higher values for Z500, thus an
exponential-like increase &y eqwith thickness. The question arises as to theauarfte of the
specific chemical properties of micropollutants martitioning in biofilms, which was further

assessed using correlation analysis (see 4.5.2).
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<Figure2>

4.3. Modelling diffusion and sorption in biofilm

Based on the considerations above, calculégd, were used to calibrate the diffusion-
sorption model against experimental data for thiémedion of the dimensionless effective
diffusivity coefficient f (the only parameter estimated with the model). $atmd aqueous
concentrations (continuous lines, Fig. 3) predictedasonably well the measured
concentrations in bulk liquid (circles, Fig. 3) famost of the targeted compounds (i.e., for
propranolol, clarithromycin, erythromycin, roxithmycin, citalopram, venlafaxine R> 0.9;
Table S5). For atenolol, measured concentration® Wess well predicted for Z50 and Z500
(R*equal to 0.8).

The simulated micropollutant concentrations in bk liquid and in the biofilm pores liquid
(dashed lines, Fig. 3) should converge when partitig equilibrium is reached. This
equilibrium condition was satisfied for most compds in Z50 and Z200 within 4 h
experimental time, with an average 10% relativeia®wn between simulated concentrations in
bulk and in biofilm pores. For the thickest biofil(@500), however, model predictions for
most of targeted chemicals suggested that equilbrivas not reached within 4 h (60%
average discrepancy with the last measurementi3. likely that, due to the greater thickness,
increased time to diffuse in deeper biofilm andstho achieve sorption equilibrium is required
in Z500. The exception was propranolol, for whictuidibrium seemed to be reached in all the
three biofilms, thus supporting results (relativevidtion betweerKysn andKgqeq presented in
Table 2. For macrolide antibiotics, this discrepamneas significant and simulation results
suggested a time for partitioning equilibrium ofpapximately 10 days—in good agreement

with equilibrium times (days, months and years)pther environmental matrices (Delle Site,
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2001). Furthermore, the large molecular volume aetght of macrolides (2- to 3-fold higher
than the other targeted compounds, Table S2), disaweheir high sorption potential in Z500,
suggest slower diffusive transport inside the Wmofias previously observed for hydrophobic
organic molecules in sediments and soil (Wu andh@end, 1986).

There is a large variability concerning the timeréach partitioning equilibrium for organic
chemicals in biofilms (Alvarino et al., 2015; Headlet al., 1998; Shi et al., 2011; Wicke et
al., 2008; Writer et al., 2011), with values rargiinom, e.g., 4 to 80 h for biofilm of 0.1 mm
thickness (Wicke et al., 2008). In conclusion, olservations conflict with the widely held
assumption of significantly shorter period of tifiee. minutes to 1-2 hours) necessary to
reach equilibrium in activated sludge (e.g., Hogsét al., 2011; Pomiés et al., 2013). This may
be explained by differences in pore-scale (hydrogdgic conditions in MBBRs and activated
sludge reactors, resulting in more pronounced rrassfer limitation in MBBRS.

<Figure 3>

4.4. Influence of biofilm and chemical properties on diffusion (f) and partitioning (Kq,eq

4.4.1. Estimation of f and proposed empirical correlation

Values of the dimensionless effective diffusivitgedficientf estimated for the three biofilm
thicknesses and the eight sorptive compounds aperted in Fig. 4. For most of the
compounds, with the exception of roxithromycindecreased with biofilm density and thus
increased with biofilm thickness and porosity (witim Z500 significantly higher than in Z200
and Z50 for all the compounds, arfdin Z200 significantly higher than Z50 for six
compounds). In thinner biofilms<(50 um), the transport of micropollutants could shae
limited by the high biomass density and the redupedosity. A number of regressions to

estimatef of solutes in biofilms as a function of biofilm mEty or porosity have been
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previously developed (Fan et al., 1990; Guimeralet 2016; Horn and Morgenroth, 2006;
Zhang and Bishop, 1994a), suggesting a negativeelation betweer and density. Selected
regression profiles (i.e., Guimera et al., 2016riHand Morgenroth, 2006; Zhang and Bishop,
1994a; see Table S6) are reported in Fig. S3 fonparison with ourf estimations. In
particular, Guimerd et al. (2016) observed stroragsntransfer limitationf (< 0.1) for oxygen
in biofilm with density greater than 50 gVSS'Lin close agreement with findings (specifically
for Z50) presented in this study.

<Figure4>
In general, estimatefiwere lower than values calculated from proposepeassions (Guimera
et al., 2016; Horn and Morgenroth, 2006; Zhang &mshop, 1994a) (Fig. S3). While these
regressions were identified for solutes with loweolecular weight (< 100 g md) and high
solubility (e.g., Q, sodium chloride, sodium nitrate), lower valued ¢£0.2) were reported for
most organic solutes with larger molecular weighg(, sugars and fatty acids; Stewart, 2003,
1998).
Given the possible influence of chemical propertasnicropollutant diffusivity, we evaluated
the relationship betweehand several physico-chemical descriptors (secti®). No specific
correlation was observed betwekeand molecular volume and other descriptors (F&). 8Ve
observed a positive correlation only betweeand lodKow of the targeted compounds (Fig.
S5), while negative dependence was reported inalitee for organic compounds (Headley et
al., 1998; Wicke et al., 2007; Wu and Gschwend,6)98lotably, in this study the correlation
was found for less hydrophobic (0.1 < Ky < 3.7) and positively charged compounds
(differently from previous studies), for which etsxstatic interactions may also have
influenced transport and partitioning. Thus, an &gl correlation betweef biofilm density

p (as function of biofilm thickness) and l&gw is proposed (Eq. 7):
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~ 1 =127 -10gK o\ max
f= — 00074, | _ (Eq. 7)
488e logK,,, ~ 100K 5y max

where Lg is the biofilm thickness (um) and lo¢kow max iS the asymptotic logKow
approximating the highest value for the compourglsected. Profiles of deriving from Eq. 7
were then depicted in Fig. 5, along with the estedd values for the three biofilm thickness
(symbols, see also Fig. 4). Further details on fovenulation of Eq. 7 are given in the Sl
(section S4). We note that the size of the avadlatdta set may not be sufficiently large to
validate the correlation, and additional experina¢etvidence (higher biofilm thickness, wider
range of logkow) may be required for further confirmation.

<Figure5>

4.4.2. Predictors of micropollutant eqin biofilms

Correlation analyses were performed betwd&ne and a number of physico-chemical
micropollutant descriptors.

First, the octanol-water partitioning coefficierfttbe neutral species (I6gw) and the species-
dependent octanol-water distribution coefficiemtgD) were assessed, exhibiting insignificant
correlation withKg eq (-0.27 < Pearson’s r < 0.15 for the three biof)nBhis finding confirms
the limited reliability of logkow and logD as sorption predictors for organic cations, as
previously shown in soil (Tolls, 2001; Franco arp, 2008; Droge and Gross, 2013a).
Following this preliminary assessment, correlatiomgh physico-chemical descriptors for
ionizable compounds (i.e., lp#a,, nrB, MV, logTPSA logvdWA, ) were investigated (Fig. 6
and S6). Correlations for biofilm Z50 was performamuy considering six compound&deq=

0 for venlafaxine and roxithromycin).
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No significant correlations were found with the rsechemistry parameterRB and logpK,
(Fig.S6). While previous studies positively corteldthe sorption of cationic compounds with
pKa (’=0.5) (Franco and Trapp, 2008), the narrow rangekafvalues covered in this study
prevented us from concluding on the significanceéhig indicator.

Interestingly, our analysis revealed a significaositive correlation only for Z500 between
logKg,eq and log PSA logvdWA, McGowan’s Vx (Fig. 6) andMV (Fig. S6a). The parameter
TPSAwas previously identified as sorption predictotyofor neutral and negatively charged
compounds, although with a negative correlatiortl{fgmoorthy and Ramsburg, 2013PSA
reflects the polarity of the organic chemical baenting for the oxygen and nitrogen atoms
as well as attached hydrogen atoms, and increagkd purface area has been associated to
reduced absorption and cell permeability of phamodicals in humans (Palm et al., 1997; Ertl
et al., 2000). Hence, the significant correlatiotthwogKg eq may suggest (at least for thicker
biofilm) a positive influence of polarity on the temtion of cations in biofilm, possibly
resulting from the improved accessibility to deepeiofiim through transport in the

intracellular space.

On the other hand, the positive correlation ofkdgg, with logvdWA MV andVy still suggests
a contribution of hydrophobicity in sorption of ptgely charged compounds in Z500 biofilm.
This finding is in line with previously establisheegressions for the prediction of distribution
coefficients based on van der Waals volume (Kameketl., 1998) orVx (Abraham, 1993;
Abraham and Acree, 2010; Droge and Goss, 2013afbrcheutral and ionized molecules.
Notably, McGowan’s volume positively correlates kvitan der Waals volume (Zhao et al.,
2003), which is itself correlated saadWA Hence, bothvdWAand Vx provide an indication of

the influence of the molecular size in the cavityniation mechanism, through which solute
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molecules can distribute to an organic phase atetkgenses of (i.e., by replacing) water
molecules (Mackay and Vasudevan, 2012).

Considering the relevance of the correlation betwkgKyeqand Vx for Z500, an empirical
regression model (Eq. 8) was tested based on thatieq previously proposed by Droge and
Goss (2013a,c) for sorption prediction of orgamati@ns to soil organic matter:

logK,.,=alV, /100+b[NA+c (Eq. 8)

deq
whereKgy eqis expressed in L kgandNA indicates the number of hydrogen atoms bound to the
charged nitrogen moiety. The coefficierds b and ¢ were estimated by fitting Eq. 8 to
measured sorption coefficients. The comparison betwpredicted and measured Kagq for
Z500 is shown in Fig. 6dat0.35; b=0.45; c=1.48). The regression?(= 0.58) could only
partly describe sorption of cationic micropollutaum Z500 biofilms, yielding rather god¢ eq
predictions (within factor 1.5 from measurementsyr fpropranolol, clarithromycin,
erythromycin and roxythromycin. Potential improvarheof sorption predictions may be
expected from the identification of correction facst for polar functional groups—an area
beyond the scope of this study due to the limitecthber of substances.

Overall, results from this assessment confirm thallenges in the identification of unique and
reliable sorption predictors for positively chargedcropollutants in biofilm, as previously
recognized for other matrices (Kah and Brown, 20Bfgnco and Trapp, 2008; Franco et al.,
2009; Sathyamoorthy and Ramsburg, 2013; Droge ayss(&X013a,c; Bittermann et al., 2016).
Nevertheless, it should be highlighted that in teiady sorption was consistently observed
only for positively charged compounds, indicatihgt electrostatic interaction with negatively
charged biomass surfaces play a major role fortgmrpn biofilms.

<Figure6 >
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This study investigated the sorption and the ditinsof selected micropollutants in nitrifying

MBBR biofilms (thickness=50, 200, 500 um) by mearigargeted experiments and process

modelling, leading to the following conclusions:

Sorption in biofilm occurred only for eight posiély charged micropollutants (i.e.,
three macrolides, three beta-blockers and two psyaadtive pharmaceuticals) out of 23
targeted substances. Electrostatic interaction wifte negatively charged biomass
surfaces appears to play a major role in the somgi biofilms.

Values of the partitioning coefficiedy ¢q increased with increasing biofilm thickness
for most of the sorbed compounds, being relatethéoincreasing biofilm porosity and
thus the higher surface area accessible for sarptsmrption equilibria were reached
within the duration of sorption experiments (4 by & number of compounds in 50 and
200 pm thick biofilms, but not in the thickest blof. Slower equilibrium in thick
biofilms (>500 pm) is likely determined by the longer timeuigd to diffuse in deeper
biofilm.

Dimensionless effective diffusivity coefficientdor micropollutants (estimated for the
first time in wastewater treatment biofilms) weregatively correlated with biofilm
density, while showing an increase with increasimgrosity. This indicates that
diffusive transport may be strongly limited by thégher biomass density (and the
lower porosity) of thinner biofilms.

Significant positive correlations were observedwesnlogKgeq and a limited number
of chemical properties of micropollutants (topoloaji polar surface area, van der Waals
area and McGowan’s volume) but not for all biofilimicknesses, confirming the

challenges in the prediction of sorption in biofdinand other matrices for positively
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Table 1. Biofilm characteristics and input parameters usethe sorption and diffusion model
in this study. The parametey denotes the dry mass of biofilm per volume of digfitm
(defining a true density), while denotes the dry mass of (microbial) biomass péunae of
wet biofilm (defining the concentration of biomassthin the biofilm). TAS defines total

attached solids.

Parameter Z50 2200 Z500 Reference

Dry biofilm mass per carrier (gTAS 26+0.2 4.0+0.3 8.0+£0.6 Measured
Biofilm dry densitygg (g cm?®) 1.05+£0.09 1.05+0.071.17 £ 0.05 Calculated
Biomass density in wet biofilm (kg m?) 51.9+2.6 20.0+x1.3 16.0+£0.8 Calculated

Porositye (%) 754 91+6 937 Calculated

Biomass concentration in batch reactor
0.80 +0.07 0.78 +£0.060.78 + 0.03 Measured
(gTAS LY




Table 2. Sorption coefficients calculated using the asyrtiptequilibrium concentrationK( e,

L g*; mean and standard deviation are given) and teerneeasured aqueous concentration
(t=4 h) during batch experiment&dsn, L g*) for eight of the 23 spiked chemical compounds.
The parameteA (%) defines the relative deviation between the ¥yovalues providing also
an indication of the deviation from partitioning wliprium. Literature K4 values comprise
measured partition coefficients in conventionaliated sludge and membrane bioreactor

(MBR) sludge.

Z50 Z200 Z500
Ka,eq Kd.an A Ka,eq Kd.an A K eq Kd,4n A Literature Ky
Lgh (Lg) @) (Lg) (Lgh) %) (Lg?h Lgh) (%) (Lg?h
Atenolol 1.12+2.21 0.26 77| 1.12+0.34 0.68 38 4.84+0.73 0.9580 (0.006¥-1.9

Metoprolol 0.08+0.01  0.08 3| 0.19+0.06 0.16 15  0.284#0.02  0.15 4 |4 <0.0£-0.23
Propranolol | 0.50+0.04 0.54  -9| 1.71x0.03 1.67 1 1.95+0.06 1.921 |- 0.2-0.32
Clarithromycin | 0.42+0.11  0.34 20| 0.41+0.02 0.39 2 11.1940.20  5.6348 0.26-1.2
Erythromycin | 0.33+0.07 0.34  -3| 0.20£0.01 0.20 -4 11.2842.10 6.1343 0.31-1.0
Roxithromycin 0.00 0.00 /| 0.86+0.13 1.05 -24 11.10+0.30 3.92 B4 0.1%0.5

Citalopram | 0.47+0.08  0.46 1| 0.67x0.08 0.61 8 2.52+¢0.15 2.06 |16 0.54

Venlafaxine 0.00 0.00 / 0.12#0.05 0.09 25 0.14+0.06 0.12 16 1%0.

! (Radjenout et al., 2009) for atenolol the lowest value waMiBR sludge;? (Hérsing et al., 2011) for atenolol in
activated sludge® (Maurer et al., 2007):(Sathyamoorthy et al., 2013)(Gébel et al., 2005f: (Abegglen et al., 2009)

in MBR; ” (Xue et al., 2010) in conventional activated skidgd MBR sludgé®(Fernandez-Fontaina et al., 2012).



| Transfer through boundary layer

(iv) Sorption is assumed linear (K)

Bulk o
aqueous ! —’z Transfer in biofilm pores
phase l *= Sorption/desorption
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layer
A
Biofilm
Biofilm layer i
v
b Assumptions c .
omponen
(i) Same diffusivity in bulk liquid and boundary layer Process P P":’;tiss
(ii) Biofilm is a homogeneous porous medium Cw Cs
(iii) Sorption to biofilm solid matrix is instantaneous, Desorption 1 -1 KyesCs
i.e. sorption kinetics limited by diffusion though
boundary layer and biofilm pores Sorption 1 1 KaesKaCwX

Figure 1. Conceptual model for diffusion and sorption of micropollutants into biofilms,

including (a) a graphical description of the biofilm as porous medium, with discretization in 20

finite completely mixed layers, and of the consecutive steps required for partitioning onto

biofilm solids (processes 1-3, see text); (b) the assumptions considered in the model; and (c)

the process matrix describing sorption and desorption Kinetics.
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Figure 2. Values of the sorption coefficient calculated by accounting for and by neglecting biofilm
porosity, Kgsusp and Kqeq, respectively for metoprolol (a) and roxithromycin (b). Different profiles of

Kdeq Normalized to Kgeq,zs00 (i.€., for biofilm Z500) as a function of biofilm thickness are also shown

for the sorptive micropollutants (c and d).
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Figure 3. Measured (technical replicates, in circles) and simulated (continuous line) aqueous
concentrations C_ in bulk aqueous phase (normalized over initial aqueous concentration C o)
and simulated concentrations in biofilm pores liquid (dashed lines) of six selected chemicals
compounds during batch experiments with Z50 (red), Z200 (blue) and Z500 (green) biofilms.

Simulated C_ in biofilm denotes the aqueous concentration in the deepest layer of the

discretized biofilm (section 2.1).
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Figure 4. Estimated values of dimensionless effective diffusivity f for the three biofilm thicknesses and

the eight chemicals — showing significant sorption — by calibrating the diffusion-sorption model.
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Figure 5. Plots of the empirical equation describing f — for atenolol, erythromycin, metoprolol,
propranolol, clarithromycin, roxithromycin, citalopram, venlafaxine — as a function of biofilm

thickness and log Koy, together with estimated f values (red symbols) in Z50, Z200 and Z500.
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Figure 6. Correlation analysis between logKgeq Of the targeted micropollutants for the three biofilms
(Z50, Z200, Z500) and physico-chemical descriptors: (a) logTPSA; (b) log vdWA; (c) McGowan’s
volume Vx (divided by a factor of 100). Linear regression lines were reported only for significant
correlations. Based on the correlation with Vx/100, an empirical regression (Eg. 8) was tested according
to Droge and Goss (2013a,c). The comparison between measurements and predictions using Eq. 8 (in

both cases, with Ky eqin L kg™) is presented in (d).



Highlights

Diffusion-sorption of pharmaceuticals assessed in biofilms of different thicknesses
Sorption significant only for eight positively ionized compounds

Sorption coefficients increased with increasing biofilm thickness

Several days necessary to reach partitioning equilibrium in thicker biofilms

Effective diffusivity in biofilm negatively influenced by biofilm density
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Supplementary Tables

Table S1. Diffusivity coefficients in water (Dw) of the substances exhibiting sorption, estimated

according to different methods from literature (See equations below).

Dw,i (m?d™)
_ Schwarzenbach et al. Trapp and _

Haytjuk and Wilke and (2003) Matthies Sitaraman et

Laudie (1974)  Chang (1955) | I (1998) al. (1963)
Atenolol 457-10° 4.82-10° 439-10°  4.10-10° 7.63-10° 2.72-10°
Erythromycin 2.62-10° 2.74-10° 2.52.10°  2.10-10° 4.59-10° 1.75-10°
Metoprolol 4.33-10° 457-10° 4.16-10°  3.85.10° 7.61-10° 2.61-10°
Propranolol 456-10° 4.81-10° 4.38-10°  4.09-10° 7.73-10° 2.72:10°
Clarithromycin 2.56-10° 2.67-10° 2.46-10°  2.04-10° 455-10° 1.72-10°
Citalopram 4.20-10° 4.43-10° 4.04-10°  3.71-10° 6.91-10° 2.55-10°
Venlafaxine 4.31-10° 4.54.10° 413-10°  3.82.10° 7.47-10° 2.59-10°
Roxithromycin 2.48-10° 2.59-10° 2.38-10°  1.97-10° 4.30-10° 1.68-10°
Equations
Hayduk and Laudie (1974): Dy i =13.26-10° /(5" 1MV,,,>**°)
Wilke and Chang (1955): Dy e = 7-4-10° XMW °°T /(17MV,,,*°)
Schwarzenbach et al. (2003) — I Dy v = D rer (MVref I MV, f°%°
Schwarzenbach et al. (2003) — II: Dy we = 2.3:10*/MV,,.>"*
Trapp and Matthies (1998): Dy e = D rer (MW, / MW, °
Sitaraman et al. (1963): Dy e =5.4-10° MW *°TLY® /(77L§'3MVMF,°'6)

where Dy, wp = diffusivity of micropollutant (=Dy;), # = viscosity of solvent/solution, MV, = molecular volume of the
micropollutant, MWyp = molecular weight of the micropollutant, T = temperature, Dy, s = diffusivity coefficient of
reference substance, MV, = molecular volume of the reference substance, MW, = molecular weight of the reference
substance, Ls = latent heat of vaporization of solvent at boiling point. Where required, oxygen was considered as
reference substance (Dy o, = 2.2-10™ m® d*; Torresi et al., 2016). For measurement units of the different parameters,
the reader is referred to the original publications.



Table S2. Physico-chemical properties of the micropollutants investigated in this study and for which sorption to MBBR
biofilms was observed. Properties were estimated with ACD/Labs except for Vx (calculated according to Abraham and
McGowan, 1987).

McGowan’s Molecular  Molecular

Compound Formula Structure 3\/x . VOI\I/llj\T € WIS/;SS ! logKow logD pPKa Ref
(cm®mol™) cm®mol®) (g mol?)

Atenolol C14H»N,03 217.6 236.6 266.34 0.1 -1.87 (bga{?e) ACD
Metoprolol  CasHasNOs 226.0 258.7 267.36 1.79 0.08 (bgéfe) ACD
Propranolol C16H21NO;, 214.8 237.1 259.34 3.1 0.96 (b9a.35e) ACD

Clarithromycin  C3gHggNO13 591.4 631.9 747.9 3.16 2.12 (bga{?e) ACD




8.6

Erythromycin ~ C37Hg7NO13 577.3 607.1 733.9 2.83 1.42 (ba{se) ACD
Roxithromycin  CaiHzeN;O1s 655.4 666.3 837.05 3.73 2.24 (b8£e) ACD
\ o
| @ 9.4
Citalopram  CpoHziFN,O o 255.3 272.6 324.39 251 206 (e ACD
;
Venlafaxine  CyHpNO, 2375 261.6 277.4 2.91 2.59 84 AcD

(base)




Table S3. lonization properties and prevailing ionization state at experimental pH (=7.5) of all the
micropollutants investigated in this study. Reported pK, values are the ones relevant to typical

wastewater pH. The chemicals, for which sorption to biofilms was observed, are presented in italics.

Charge and ionic

Compound PKa fraction at pH=7.5 Reference
Acetyl-sulfadiazine (25851; Egglscé)) gg;/opgz?[?\t/ieve’ ChemAxon
N
Sulfamethizole > Ez‘;'s‘i)) g(s?/(;/"pg;gt?\t/g’e ACD
Sulfamethoxazole i; EEZ'S?) (9)5;%;223;:1\521&, ACD
Trimethoprim 7.0 (base) 24% positive ACD
Atenolol 9.5 (base) 99% positive ACD
Metoprolol 9.5 (base) 99% positive ACD
Propranolol 9.5 (base) 99% positive ACD
Sotalol 104 (acid) 13% buteronic ACD
Clarithromycin 8.5 (base) 92% positive ACD
Erythromycin 8.6 (base) 92% positive ACD
Roxithromycin 8.6 (base) 92% positive ACD
Diclofenac 4.0 (acid) 100% negative ACD
Phenazone 1.8 (base) 0% positive ACD
Carbamazepine Neutral ACD
Citalopram 9.4 (base) 99% positive ACD
Venlafaxine 8.4 (base) 90% positive ACD
Diatrizoic acid 1.4 (acid) 100% negative ACD
lohexol 11.8 (acid) 0% negative ACD
lomeprol 11.8 (acid) 0% negative ACD
lopamidol 10.8 (acid) 0% negative ACD
lopromide 10.6 (acid) 0% negative ACD




Table S4. Comparison between Kgssp (EQ. 6) and Kgeq (EQ. 3), calculated using the estimated asymptotic equilibrium

concentration Cpeq. The relative deviation A (%) between Kgsusp and Kgeq is used to assess the impact of porosity on sorption

coefficient estimation, i.e. the overestimation of the sorption coefficient by neglecting transport of micropollutants from bulk

aqueous phase to biofilm pores.

Z50 Z200 Z500
Kasusp Kaeq A Kasusp Kieq A Kgsusp Kieq A
(Lgh)  (Lg) )  (Lg)  (Lg) %W (Lg)  (Lg) (%)
Atenolol 1.15 1.12 3 1.21 1.12 8 5.15 4.84 6
Metoprolol 0.10 0.08 16 0.25 0.19 22 0.35 0.28 21
Propranolol 0.52 0.50 4 1.83 1.71 6 2.11 1.95 8
Clarithromycin 0.44 0.42 5 0.48 0.41 13 11.82 11.19 5
Erythromycin 0.35 0.33 6 0.25 0.20 22 11.91 11.28 5
Roxithromycin 0.00 0.00 / 0.95 0.86 9 11.73 11.10 5
Citalopram 0.49 0.47 5 0.74 0.67 10 2.71 2.52 7
Venlafaxine 0.03 0.00 100 0.17 0.12 30 0.21 0.14 33




Table S5. Goodness of fit (R®) for the sorption-diffusion biofilm model, calculated by comparing

measured and simulated data

RZ
Z50 Z200 Z500
Atenolol 0.85 0.94 0.85
Metoprolol 0.96 0.83 0.93
Propranolol 0.99 0.97 0.98
Clarithromycin  0.93 0.97 0.94
Erythromycin ~ 0.95 0.99 0.88
Citalopram 0.99 0.94 0.97
Venlafaxine / 0.89 0.98
Roxithromycin / 0.94 0.88




Table S6. Proposed models for biofilm diffusivities used in estimates validation

Diffusion model Relation Additional info Range
Zhang and Bishop ¢ Y X, 58% < £ < 92%
=& =1—
(1994) PceLL
. 2 (1_ & ) Ew
Hinson and Kocher ~ f = . «
2+¢&,) | g, + " b= & Po T Ep Py
(1996) (2+s,) [ w DDJ
Beyenal et al. ¢ _ 1000072367,
(1997)
Horn and 10 < Xp< 20

f =1.112-0.019- X,
Morgenroth (2006)

Where fis the dimensionless diffusivity within biofilms, X, (kg m?) is the biofilm density, ¢ is the
biofilm porosity, pcec. is the cells density (250 kg-m™ (Zhang and Bishop, 1994a)), &, is cells volume
fraction, p, is the cells density, g, is the extra polymeric substances (EPS) volume fraction, p, is the
EPS density (considered equal to p, (Hinson and Kocher, 1996)), &, is the water volume fraction, and
Dy is the relative diffusivity within EPS (0.022 (Hinson and Kocher, 1996).



Supplementary Figures

Mass balances

dC, /dt = dCg/dt =
-
Bulk
aqueous [A DW / (Vbulk LL)] (CL,:L - CL,bulk)
phase
Boundary
layer .
F TT T T T T $ 777777777777777777777777777777777 A [A Dy / (Vpui L] (CL,bulk - CL,1) -
1 <+ Az = H/20 _j1,2 [ Az + kdes Kd CL,l Xbiomass - kdes CS,l
’@_ """"""" i """""""""""""" + kdes CS,l_ kdes Kd CL,l Xbiomass
8
g
N ) )
o Jiail AZ =jijq 1 Az +
o o : :
Biofilm < z i H *+ Kges Csi— Kaes Ka CLi Xbiomass Kaes Ka CLi Xpiomass — Kdes Cs;
3
£
e ! Al / .
= j120/ Az + K
) K, Cy o9 Xy —Kges C
\ 20 —P- I Az = H/20 ! + kdes CS,ZO_ kdes Kd CL,ZO Xbiomass des "™ “L,20 “*biomass des “~S,20
Substratum
Initial conditions
C_puk = C_ measured at t=0
= Aqueous phase = Solid phase C.i(i=1:20)=0
Cg,;(i=1:200=0
l = Diffusive transport <> = Sorption / desorption

Figure S1. Conceptual representation of the biofilm model implemented in Aquasim, with mass balances for bulk aqueous phase and selected

biofilm layers and initial conditions for the state variables C, and Cs in the different compartments.
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Figure S2. Model fit (continuous lines) of experimental data (circles) using first-order kinetics asymptotic function (Eq. 4) for

the calculation of K q.
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Figure S3. Estimated values of effective diffusivity cofficient f for the targeted micropollutants and
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Figure S4. Estimated effective diffusivity factor (f) plotted as a function of molecular volume (MV)

and dissociation constant (pKj,) of the compounds, exhibiting sorption to biofilm.
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Figure S5. Summary of the regression, describing the diffusivity reduction factor f as a function of

logKow (logP) of the chemical and biofilm thickness. Error bars indicate standard errors of the

estimated regression coefficients.
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Figure S6. Partitioning coefficients (logKgqeq) plotted as a function of the molecular volume (MV),

basic dissociation constants (logpK,) and the number of rotable bonds (nRB).

Figure S7. Drawing of Z-carriers used in this study.
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Supplementary Sections

S1. Biofilm model description

The model implemented in Aquasim and used in this study is a one-dimensional biofilm model
including (i) bulk aqueous phase, (ii) unstirred boundary layer and (iii) biofilm of defined maximum
thickness (H), growing on an impermeable solid substratum of surface area A. The biofilm
compartment consists of pore water and solid biomass, where the fraction of these two phases over the
total wet biofilm volume is defined by the porosity ¢ and by 1-¢, respectively. One-dimensional spatial
resolution of the biofilm results in concentrations and density (hence porosity) gradients along one
direction only, i.e. over the biofilm depth. The following assumptions were made as to the physical
structure of the biofilm, namely (i) the biofilm is at its maximum thickness H during sorption
experiments, which is equal to the 50, 200 or 500 um depending on the type of Z-carrier; and (ii) the
biofilm has constant porosity over its depth, determining constant effective diffusivity of the
pharmaceutical in the biofilm. During sorption experiments (from spiking of pharmaceuticals in bulk
phase until sorption equilibrium), dynamic conditions are established in the biofilm. Overall, these
conditions/assumptions define a one-dimensional dynamic biofilm model. Considering diffusive
transport and reaction (sorption/desorption) processes as predominant in the biofilm, the generic
microscopic mass balance in the biofilm compartment for the dissolved chemical C, is defined by the

following equation (Wanner et al., 2006):

oc °C
atL =Dy az2L

where the term r denotes the rates of reaction processes. The specific form of this equation, where

+r (Eq. S1)

reaction processes included sorption to and desorption from biofilm, had already been included in the
manuscript (Eq. 2).

As to the bulk aqueous phase, a mass balance can also be established considering that (i) no reaction
occurs; and (ii) transfer of spiked pharmaceuticals from bulk aqueous phase to biofilms occurs via
diffusive transport through the unstirred boundary layer. Under the assumptions of constant bulk
aqueous phase volume (Vpuk) and no reaction occurring in bulk phase, the mass balance for the

dissolved concentration is defined as (Wanner et al., 2006):
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dC, AD
bulk d_tL = L—LW (CL,bf - CL,bqu) (Eq. S2)

where Cppuk and Cppe are the dissolved concentrations in bulk phase and at biofilm surface,
respectively, A is the bulk-biofilm exchange area and (equivalent to the area covered by biofilm), Dy
the diffusivity in free water and L, the boundary layer thickness. Given that Cp s < C_puk at t=0, an
outward flux of dissolved pharmaceutical from bulk phase to the biofilm is established.

In this form, the model is a combination of ordinary and partial differential equations. The latter can be
solved using the method lines, with discretization of the biofilm compartment into n layers (in this
study n=20), each having the same thickness 4z = H / n. Layer 1 denotes the top biofilm, while layer 20
denotes the deepest part of the biofilm. This allows for a numerical approximation of the spatial
derivate, thus for a simplification of the mathematical model from one-dimensional (with one set of
partial differential equations) to zero-dimensional (with n sets of ordinary differential equations, one set
for each layer). The mass balance is established in each layer for the two state variables C, and Cs,
where the latter is assumed to undergo negligible diffusive transport within the solid matrix (i.e., cannot
be transported upwards or downwards in the biofilm). As described above, the mass balance for C.
included sorption, desorption and downward diffusion in each of the biofilm layers, not only in the
deepest layer. Given the conditions established in the experiment and its short duration, advective
transport of solubles and biofilm detachment were neglected.

The microscopic mass balance in a generic layer (i) for the dissolved mass of pharmaceuticals,

considering predominant downward diffusive transport, is written as:

dmy i/ dt = Diffusive mass transfer from layer (i-1) (or bulk phase) — Diffusive mass transfer to layer

(i+1) + Desorption from solids in layer i — Sorption to solids in Layer i

Diffusive mass transfer from the upper adjacent layer and to the adjacent lower layer (occurring only in
pore water phase) defines the connection between different layers of the biofilm, and the “driving
force” is given by the difference in dissolved concentration between adjacent layers. Mass balances in

different compartments and layers, relevant to the experiments presented in this study, are given below:
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e Bulk aqueous phase

dC pu _ AD,
: 2= = C,,-C
Cu: dt LLVbqu( 11~ Clou) (Eq. S3)

Cs: no sorbed pharmaceuticals are present in bulk phase in the absence of suspended solids

e Layer1 (top biofilm) — C_ and Cs in layer 1 are denoted with the subscript ‘1’
dCL,l ~ AD,,

)
C.: dt = m (CL,bulk - CL,l) - ALZZ - kdestCL,lx + kdesCS,l (Eg. S4)
dC
Cs: —dts'l = KaesKgCLiX —KeeCs 1 (Eq. S5)

e Layer i (inner biofilm) — C_ and Cs in layer i are denoted with the subscript ‘i’. Layers (i — 1) and

(i + 1) denote the layer above and below layer i.

dC ji— i ji i+

Cv.: d,:'l = A; - A’Zl - kdestCL,iX + kdesCs,i (Eqg. S6)
dC..

Cs: TSI =Kyes KgCpi X —KeiCs (Eq. S7)

e Layer 20 (deep biofilm) — C_ and Cs in layer 20 are denoted with the subscript ‘20’
dCL,zo _ j19,2o

Cv.: dt A Kaes KaCp oo X +KyesCs 20 (Eq. S8)
dcC
Cs: di,zo = Kyes K Cp oo X —KyeeCs 20 (Eq. S9)

The generic term j / Az (g m™ d™*) describes the diffusive mass transfer between adjacent layers as a
simplification of the second order derivative Dy 6°C / Az%. The two subscripts of the mass flux j (g m™
d™) indicate the layer from which and to diffusive mass transfer occurs, respectively. Based on Fick’s
first law of diffusion (j = —D 0C/0z), the flux j is a function of the effective diffusivity Dy and of the

concentration gradient between adjacent layers, i.e. the driving force for diffusive transport. Further
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details on the numerical methods used to approximate partial differential equations to ordinary
differential equations through spatial discretization can be found in Reichert (1994).

Initial conditions for C, and Cs in different compartments were established based on measurements and
assumptions, i.e.:

Bulk aqueous phase

CL = C_ measured at t=0
Cs = 0 (no solids were assumed to be present in the bulk aqueous phase, since the effluent was
pre-filtered — see Lines 225-226)

Biofilm (both pore water and solids in each layer i)

CLi = 0 (the pore water at t=0 did not contain any mass of pharmaceuticals, since spiking
occurred in the bulk aqueous phase)
Csi = 0 (the biofilm was pre-washed with tap water overnight to allow for desorption of
previously sorbed pharmaceuticals — see also Lines 223-224)

A schematic representation of the system and of the biofilm discretization, as well as of the mass

balances in the system and initial conditions for the state variables, is shown in Figure S1.

S2. Biofilm properties
Biomass dry density in biofilm (p; g cm™) was calculated based on Eq. S10 (Tchobanoglous and
Burton 1991; Hu et al., 2013):

Py ) P ’ Py (=6 510
where M;s (g) is the dry mass of biofilm solids (expressed as total attached solids, TAS), M (g) the dry
mass of fixed mineral solids in the biofilm (expressed as total fixed solids, TFS), o the density of fixed
solids (=2.5 gTFS cm™), M, (g) the dry mass of volatile solids in the biofilm (expressed as total volatile
solids, TVS), and p, the density of volatile solids (=1 gTVS cm®).

The biofilm volume not occupied by pores, i.e. including water inside the cells but excluding water

outside the cells, was calculated as (Eq. S11):
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M

N

P
V. =
! 1_WWi

(Eq. S11)

where W, is the water content inside the cells (=80% of total cell biomass) (Hu et al., 2013; Zhang and
Bishop, 1994b). Thus, biofilm porosity (%) was calculated as (Eq. S12):

V
g=1--" (Eg. S12)
bf

where Vi (m°) is the total biofilm volume (volume of wet biofilm including pore water volume,
determined from nominal surface area and biofilm thickness of each Z-carrier type). The pore water
volume Vpw (Mm®) was eventually determined as (Eq. S13):

Vow =&V =V =V (Eq. S13)
Finally, the biofilm density (gTAS m™) was calculated as (Eq. S14):

M S
f>=§a: (Eq. S14)

We note that biofilm density p (Eg. S14) denotes the mass of (microbial) biomass per volume of wet
biofilm (i.e., defines a concentration within the biofilm), while the dry biofilm density p 4 denotes the
weight of dry biofilm per volume of dry biofilm (i.e., defines a true density).

The thickness of the boundary layer, L. (um), was assumed to be equal to 10 um for all the Z-carriers.
L. can be estimated, based on fluid dynamics principles, as a function of the characteristic length of the
carrier Lc (the flow-through radius of the biofilm carrier minus the biofilm thickness) and the non-
dimensional Sherwood number (Boltz et al., 2011). When considering Z-carriers design, Lc is
minimized as most of the interstitial space is occupied by the biofilm (Torresi et al., 2016). Thus, L,
was selected by considering the lowest value reported in literature (Brockmann et al., 2008; Joss et al.,
2004). 1t is likely that the high flow rate of nitrogen sparging during batch experiments may have
further minimized L., as previously considered (Wicke et al., 2007). Furthermore, comparable L,
values have been used for fate modelling of illicit drugs (having similar Dw; with the chemicals

assessed in this study) in sewer biofilms (Ramin et al., submitted).
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S3. Derivation of the adjusted partition coefficient (Equation 5)
Based on mass conservation principles, the mass of pharmaceuticals spiked at t=0 in the bulk phase is
equivalent to the total mass at the end of sorption experiments. Hence, the following mass balance can

be written (in the absence of any biological or abiotic degradation of pharmaceuticals):

Mass spiked in bulk phase (t=0) = Remaining mass in bulk phase + Mass dissolved in pore water +

+ Mass sorbed to biofilm solids

The above mass balance can be translated in the following equation:

CL,OVbqu = CL,qubqu + CL,quPW + CS,eq M X biomass (Eq- 815)

where Cro and Cieq [ug L] are the dissolved pharmaceuticals concentrations at t=0 and at
equilibrium, respectively; Cseq* [Hg g™] is the sorbed concentration and the superscript “*’ is used to
distinguish it from Cseq [HQ L™] as defined in the main text; Vi and Vew [L] are the volumes of bulk
aqueous phase and pore water, respectively; and Mx piomass [g] 1S the mass of solids in the system.

The mass of solids can be defined as the product of the concentration of solids in the system and the

total volume of the system:

M X biomass = Xbiomass(vbulk +be ,Wet) (Eq- 816)

where Xpiomass [g L™] denotes the concentration of solids as defined in the manuscript text (0.8 g L™)
and Vpswet [L] is the volume of wet biofilm (= surface area of Z carriers - biofilm thickness, also equal
to the sum of pore water volume and volume occupied by solids in biofilm).

Hence, the last term of the sum can be rearranged as:

C;eq My piomass = C;eq XpiomassWVout Vo wet) = Cseq Viut + Vit et) (Eqg. S17)
where Cseq [HQ L] is the sorbed concentration of pharmaceuticals as defined in the main text (e.g.,
Egs. 3and 4).

By rearranging the mass balance, we can write:

Cs o Vot Vot wet) = CLoVoure = CegVour —C

Leq L,quPW (Eq. S18)

and it follows that;

Cseq = CLoVoure Moui Vit wet) = Cleg Moure +Vou ) NVouc + Vit wet) (Eg. S19)
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Eventually, the adjusted partition coefficient Ky (accounting for the pharmaceutical concentration

dissolved in pore water) can be written as:

Kd = CS,eq /(CL,eq xbiomass) = lCL,OVbqu /(Vbulk +be,wet) - CL,eq (Vbulk +VPW )/(Vbulk +be,wet)J/(CL,eq Xbiomass)
(Eq. S20)

which is also presented as Equation 5 in the main manuscript text.

S4. Proposed empirical correlation for effective diffusivity coefficient f

An exponential equation was first used to correlate f with logKow at each biofilm thickness (Fig. S3).
Secondly, the intercept (yo), the asymptotic coefficient b (corresponding to the maximum log Kow) and
the slope (K) (see Fig. S4) estimated separately for Z50, Z200 and Z500 were plotted against biofilm
thickness (Fig. S4, a—c). While no trend was observed for yo and b with biofilm thickness, a second
exponential equation was used to correlate values of slope (k) of the three biofilms with biofilm
thickness. The obtained relationship is presented in Eq. S21

. 1 n ~12.7-10g K, rex
= 483. e_0,0072|-p Iog KOW _ |Og Kow‘max (Eq 521)

where L is the biofilm thickness (um) and logKow max 1S the asymptotic logK,, which approximate the

one reported for the targeted compounds in this study.
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