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Combining Thermophilic Aerobic Reactor (TAR) with Mesophilic Anaerobic Digestion
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Abstract:

The removal efficiency of nine pharmaceutical compounds from primary sludge was
evaluated in two different operating conditions: (i) in conventional Mesophilic Anaerobic
Digestion (MAD) alone and (ii) in a co-treatment process combining Mesophilic Anaerobic
Digestion and a Thermophilic Aerobic Reactor (MAD-TAR). The pilot scale reactors were
fed with primary sludge obtained after decantation of urban wastewater. Concerning the
biodegradation of organic matter, thermophilic aeration increased solubilization and
hydrolysis yields of digestion, resulting in a further 26% supplementary removal of chemical
oxygen demand (COD) in MAD-TAR process compared to the conventional mesophilic
anaerobic digestion. The highest removal rate of target micropollutants were observed for
caffeine (CAF) and sulfamethoxazole (SMX) (>89%) with no substantial differences between
both processes. Furthermore, MAD-TAR process showed a significant increase of removal
efficiency for oxazepam (OXA) (73%), propranolol (PRO) (61%) and ofloxacine (OFL)

(41%) and a slight increase for diclofenac (DIC) (4%) and 2 hydroxy-ibuprofen (20H-IBP)
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(5%). However, ibuprofen (IBP) and carbamazepine (CBZ) were not degraded during both
processes. Anaerobic digestion affected the liquid-solid partition of most target compounds.
Sorbed fraction of pharmaceutical compounds on the sludge tend to decrease after digestion,
this tendency being more pronounced in the case of the MAD-TAR process due to much
lower concentration of solids.
Keywords: pharmaceutical compounds; Thermophilic Aerobic Reactor; Mesophilic
Anaerobic Digestion; reduction of sludge production
Nomenclature

COD Chemical Oxygen Demand

CODp Particulate COD

CODs Soluble COD

CODr Total COD

DS Digested Sludge

Ka Solid-liquid partition coefficient

OLR Organic Loading Rate

PS Primary Sludge

SRT Sludge Retention Time

TSS Total Suspended Solids

VSS Volatile Suspended Solids

WWTPs Wastewater Treatment Plants



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

1. Introduction

Over the last twenty years, various studies have quantified concentrations and occurrences of
pharmaceutical compounds in wastewater treatment plants (WWTPs). Data reported generally
refers to the removal from aqueous phase without distinguishing between sorption of
compounds onto sludge and/or biodegradation processes (Verlicchi et al. 2012). However, a
significant fraction of pollutants can be sorbed onto the sludge, depending on the respective
physicochemical properties of molecules and sludge as well as on operating conditions. The
main mechanisms for the removal of organic compounds from wastewater are sorption and
biodegradation. Volatilization mechanism could be neglected due to small Henry’s law

constants of most pharmaceutical compounds (Joss et al. 2006).

Sorption onto sludge follows two mechanisms: absorption and adsorption. On the one hand,
hydrophobic interactions (absorption) occurs between the aliphatic and aromatic groups of a
compound with the lipophilic cell membrane of the microorganisms or the lipid fractions of
the suspended solids. On the other hand, the electrostatic interactions (adsorption) take place
because of interactions of positively charged groups of chemicals with the negatively charged

surfaces of the microorganisms (Verlicchi et al. 2012).

In this study, we considered nine molecules based on their variety of physicochemical
properties, their prevalence in WWTP effluents, their uses for different pathologies and as a
marker of human activity. These criteria led us to choose carbamazepine CBZ
(anticonvulsant); diclofenac DIC, ibuprofen IBP and 2-hydroxyibuprofen 20OH-IBP
(analgesics); sulfamethoxazole SMX and ofloxacin OFL (antibiotics); propranolol PRO (beta
bloquer); oxazepam OXA (psycholeptic) and caffeine CAF (stimulant). Table S1 shows their

therapeutic class, chemical structure, Henry’s Law constant, pKa and LogKow values. It can be
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noticed that Besse et al. (2008) included ofloxacin, propranolol, carbamazepine,
sulfamethoxazole and diclofenac in their preliminary risk assessment of pharmaceuticals

showing high Risk Quotient ratios.

One extended approach to evaluate the sorption of hydrophobic substances is the octanol-
water partition coefficient Kow that indicates the lipophilicity of the sorbed compound.
However, some studies revealed that sorption behavior present significant deviations from
log Kow for pharmaceuticals (Golet et al. 2003; Urase et al. 2005; Carballa et al. 2008;
Kiimmerer 2009) indicating that polar and ionic interactions contribute to sorption behavior.
Overall, phase distribution of a pollutant depends on the physicochemical properties of the
molecule such as stereo chemical structure, pKa, solubility, polarity or log Kow and the
external conditions, including pH, redox potential and temperature (Kiimmerer 2009). Finally,
solid-liquid partition coefficient Kq provides distribution behavior of the compounds between

liquid and solid phases.

Few authors have studied solid-liquid coefficient during anaerobic digestion. Table 1
summarizes Kq coefficients found in literature for primary sludge. Ofloxacin and propranolol
have the highest expected sorption potential while ibuprofen and caffeine have the lowest one.
The rest of the molecules would be distributed in relatively same percentages in liquid and
solid phases. As we will discuss in 3.3 section, Kq is not enough to evaluate the distribution of
the molecules, Total Suspended Solids (TSS) concentration should be added for a complete
characterization. However, Kq can help to compare qualitatively the sorption of target

molecules in sludge when determined in the same conditions.
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Anaerobic digestion process involves hydrolysis, acidogenesis, acetogenesis and
methanogenesis phases. Generally, the hydrolysis of organic matter is considered as the

limiting step in anaerobic digestion (Nguyen et al. 2018; Chen et al. 2020).

Various thermal, chemical and enzymatic processes are known to improve the removal of
recalcitrant organic matter (Paul et al. 2012). Among all these processes, micro-aeration has
drawn attention in recent years because of its positive impacts as enhancing hydrolysis,
dealing with overloads (Ramos and Fdz-Polanco, 2013) or enhancing biogas quality by
reducing the concentrations of H>S (Diaz et al., 2010; Giordano et al., 2019). Aeration could
be implemented intermittently or continuously in different stages of anaerobic digestion, as

pre-treatment, co-treatment or post-treatment (Nguyen and Khanal, 2018).

As pre-treatment, Johansen and Bakke, (2006) found a positive effect on the hydrolysis of
proteins and carbohydrates during anaerobic digestion of primary sludge. Montalvo et al.,
(2016) found an increase of protein and total sugars solubilization, CODs and methane
production associated to a 27% COD removal increase. Charles et al., (2009) observed
cellulase and protease activities after aeration pre-treatment of organic fraction of municipal
solids waste, confirming the hydrolytic capacities of exo-enzymes excreted by aerobic
bacteria. Three full-scale systems have implemented microaeration in anaerobic digestion
with positive effects in H>S removal (Kobayashi et al. 2012; Jenicek et al. 2017; Giordano et

al. 2019).

As post-treatment, 47 % of COD removal in MAD and 28% in TAR was obtained in a system
formed by two stages MAD/TAR (MAD followed of TAR, without recirculation) (Park et al.

2014).
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As co-treatment, micro-aeration has also shown positive effects, Xu et al., (2014) studied the
effect of intermittent micro-aeration rates of anaerobic digestion of food waste. They
concluded that adequate micro-aeration rate can enhanced the hydrolysis of solid organic

waste and methane yield by 16.9% and 18%, respectively.

Thermophilic aerobic treatment coupled to conventional mesophilic digestion, as a co-
treatment, has not been yet extendedly studied. Compare to a single mesophilic digestion,
coupled process can get an additional solid removals and COD solubilisation (Dumas et al.,
2010; Park et al., 2014; Fu et al., 2015). Fu et al., (2015) improved the methane yield and
enhanced the hydrolysis step in the digestion of corn straw by microaeration pre-treatment at
thermophilic temperature (55° C). With TAR as a co-treatment, Dumas et al., (2010) obtained
a 30% supplementary increase of COD removal in lab-scale Mesophilic Anaerobic combined

with a Thermophilic Aerobic Reactor (MAD-TAR) treating secondary sludge.

Anaerobic digestion is the most widely used method for treating (with valorisation) sludge
produced in WWTPs (Gherghel et al., 2019) and the evaluation of the degradability of
pharmaceutical molecules during digestion may be a key point to evaluate the
ecotoxicological risks of digestate disposal. Table S2 summarizes the concentration of target
micropollutants found in the literature during mesophilic anaerobic digestion and
thermophilic anaerobic digestion (TAD). Some of molecules as IBP and OFL still had a high

concentration in sludge after MAD.

The additional reduction of organic matter expected during coupled MAD-TAR digestion
could be critically important as treatment of sludge represents approximately 50% of the total
running cost of WWTPs (Gherghel et al., 2019). Although various studies have investigated

the fate of pharmaceutical compounds in the anaerobic digestion (Carballa et al. 2007;
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Narumiya et al. 2013; Samaras et al. 2013; Malmborg et al. 2015; Martin et al. 2015;
Gonzalez-Gil et al. 2016; Gonzalez-Gil et al. 2017), removal of some persistent
micropollutants remains contradictory, i.e. removal of CBZ was reported from 85%
(Malmborg et al. 2015) to <0 % (M. Narumiya et al. 2013). In addition, their behaviour under
thermophilic digestion has been little studied and never for a co-treatment such as MAD-TAR

though it gives very promising results.

In this work, the degradation of nine selected compounds (caffeine, ofloxacin,
sulfamethoxazole, propranolol, carbamazepine, oxazepam, diclofenac, ibuprofen and 2
hydroxy-ibuprofen) and their sorption behavior was evaluated in a pilot-scale system. A
QuEChERS-based method was modified to analyse targeted molecules in aqueous and total
daily-composite samples attempting a mass balance of the compounds in the system.
Conventional mesophilic anaerobic digestion (MAD) was compared to a system coupling a

thermophilic aerobic reactor with MAD (MAD-TAR).

2. Material and Methods

2.1. Analytical standards and reagents

Analytical standards of >98% purity of nine selected molecules were purchased from Sigma—
Aldrich (Saint Quentin Fallavier, France), with the exception of oxazepam and IS for
ofloxacin, propranolol, sulfamethoxazole, oxazepam and 20H-ibuprofen that were furnished
by Alsachim (Illkirch Graffenstaden, France). All compounds were supplied in powder except
IS for caffeine and carbamazepine were obtained as methanolic solution at a concentration of

I mg/mL and 100 pg/mL, respectively.



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Tri-sodium citrate dihydrate (Na3Cit, 2H>0) and disodium sulfate (Na>SO4) were obtained
from Sigma-Aldrich. The LC-MS-grade solutions used, including methanol (MeOH),
acetonitrile (ACN), formic acid and acetic acid (AA) were obtained from VWR Prolabo
(Fontenay-sous-Bois, France) as well as the products ethylenediaminetetraacetic acid
disodium salt dihydrate (Na,EDTA, 2H>O), citric acid monohydrate (Cit, 1H>O), primary

secondary amine (PSA) and C18 adsorbents (SUPELCO).

2.2. Anaerobic digesters

Biodegradation of the nine molecules was evaluated in two different configurations: (i) a
conventional mesophilic anaerobic digestion (MAD) and (i) Mesophilic Anaerobic Digestion
combined with a thermophilic aerobic reactor as a co-treatment process (MAD-TAR). The
MAD was a stirred tank reactor with an effective volume of 260 L equipped with an agitator
and a double jacket. The TAR, with a liquid volume of 40 L, was also equipped with an
agitator and a double jacket. The aeration was operated discontinuously in the TAR
compartment to provide a dissolved oxygen concentration, measured by VisiFerm™ DO
optical sensor (Hamilton) between 0.2 and 0.5 mg L' with an air flowrate of 300 L h'!. MAD
was connected to the TAR by means of an ALBIN peristaltic recirculation pump (type
ALH15). Its flow rate was fixed at 100 L h' and 15 L were recirculated from one
compartment to the other three times per day corresponding to a retention time of 0.9 days in
the TAR. The two compartments were heated by two independent cryostats in order to
maintain the temperatures suitable for aerobic thermophilic (60 °C) and anaerobic mesophilic
(35 °C) processes. For the MAD campaign, the 40 L compartment was maintained at 35°C
without aeration to be in fully MAD conditions while maintaining all other operating
conditions similar. Biogas composition (CH4, CO2 and O2) in MAD outlet was measured

online (X-Stream X2GP continuous gas analyzer).
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After inoculation by the secondary sludge from Cugnaux WWTP, the digester was fed with
primary sludge from our pilot-scale settling tanks. Digester was operated semi-continuously
by feeding the primary sludge automatically once a day. The duration of feeding, withdrawal
and recirculation from MAD to TAR were adjusted to maintain a total sludge retention time
(SRT) of around 20 days and a residence time in the TAR of 0.9 day. MAD and MAD-TAR
campaigns were carried out in two consecutive years, between February and April, in order to
have the same type of seasonality in medication intake. The Organic Loading Rate (OLR) was

1.2 kgcop m= day! during MAD and 0.9 kgcop m>day! during MAD-TAR campaign.

2.3. Sampling and analytical techniques

To evaluate the performances of the two studied processes, daily-composite samples of
primary and digested sludge were collected regularly during steady-state periods. Sludge
samples were stored at 4 °C and analyzed on the same day. In addition, aliquots of the total
and dissolved fractions (obtained after 4500 g centrifugation for 15 minutes) were stored at -
20 °C for micropollutants analysis. The sludge and the supernatants were characterized by
Total Suspended solids (TSS), Volatile Suspended Solids (VSS) and Chemical Oxygen

Demand (COD).

For quantification of targeted micropollutants, a QuEChERS-based modified method
followed by UHPLC-MS-MS was performed both on total and aqueous samples. The protocol
consisted in introducing 2.5 mL of real matrices in a 50 mL polypropylene (PP) Falcon tube
(Falcon tubes from VWR Scientific Products). Quantification of the target analytes was
performed by the internal standard approach, thus a volume of 0.2 mL of IS solution at 300 ng
L' was spiked to samples. The PP tubes was left for 2 h on a shaking table to ensure the

homogeneity of the sample, and more importantly the adsorption of the IS on the sludge.
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Under slow stirring, 1.25 mL of EDTA, 1.25 mL of citrate buffer (232 g L' NasCit, 2H,O and
1152 ¢ L' Cit, IH.0), 5 mL of acidified ACN and 4 g of NaxSOs are added in tubes that are
immediately vortexed (Heidolph™ Multi Reax Vortex Mixer from Fisher Scientific) at
maximum speed for 1 min and then centrifuged at 7,100 g for 5 min. The entire organic phase
was transferred to a 15 mL Falcon tube containing 0.075 g of sorbents (PSA and C18 in ratio
1/1) and immediately vortexed at maximum speed for 1 min and then centrifuged at 7,100 g
for 5 min. The purified organic phase was then recovered in Pyrex tubes and evaporated under
reduced pressure for 7 h at 45°C using the Low BP program of the EZ-2 Envi evaporator
system (Genevac). A volume of 1 mL of a solution of ACN/water 95/5 (v/v) was added and
pyrex tubes were vortexed at maximum speed for 1 min. The liquid was filtered through a 0.2

um membrane (Minisart RC 15, Sartorius, France) and transferred in vials before analysis.

Liquid chromatography was carried out using an Ultimate 3000 UHPLC System from Dionex
(France). Sample aliquots (10uL) were injected onto an ACQUITY UPLC HSS (High
Strength Silica) T3 (100 mm x 2.1 mm, 1.8um) column from Waters. Column oven
temperature was maintained at 35°C and flow rate was 0.6 mL min'!'. For the positive
ionization, the mobile phase was composed of solvent 1 (HCOOH 0.1% in pure water) and
solvent 2 (HCOOH 0.1% in ACN) with the gradient as follows: 0—-0.5 min 95/5, 0.5-7 min
95/5 to 0/100, 7-8 min 0/100, 8-8.2 min 0/100 to 95/5 and 8.2-9.5 min 95/5 (ratios expressed
as 1/2 ratios). For the negative ionization, the solvents 1 and 2 are pure water and ACN,
respectively. Detection was achieved with an Applied Biosystems Sciex QTRAP® hybrid
linear ion-trap triple quadrupole mass spectrometer (Foster City, USA) equipped with a
Turbolon-Spray Interface. The instrument was operated in ElectroSpray (ESI) positive (+) or
negative (-) in Multiple Reaction Monitoring (MRM) mode (dwell time, 80 ms). Details of

analytical conditions are presented in supplementary information (Table S3). Performance

10
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characteristics of the method were evaluated by accuracy and precision on total fraction of
primary sludge and digestate. Method accuracy (estimated by means of relative recovery (RR)
experiments) and precision (expressed as intra-day repeatability in terms of relative standard
deviation (RSD)) were studied by spiking samples at different concentrations according to the
concentration levels found in real samples. RR of the analytes ranged within 90%—120% and
the intra-day RSD values were found to be lower than 20% indicating a satisfactory accuracy
and precision. For all matrixes (primary sludge and digestate, total and liquid fractions), limit
of detection (LD) was calculated according to the EPA’s method by considering 3 times the
standard deviation determined by analyzing 8 blank samples or spiked samples at low levels
when it is necessary. Therefore, it is a robust and reliable method for complex and simple
matrices which makes it possible to study the performances of the MAD and MAD-TAR
processes. For each campaign, 13 samples were taken and analyzed in duplicate by adding
internal standards for each targeted molecule targeted prior to extraction. For each samples

and analytes, standard deviations of less than 10% were obtained.

2.4. Calculations

Mass balances and pharmaceuticals removal

Because of the discontinuous feed and withdrawal (one per day) and the variation of
concentrations in primary sludge, all the data were cumulated for calculations. When a
stationary state is reached, a straight line must be obtained when representing 2moutet = f
(Zminer). The obtained slope allowed to calculate the removal efficiency of the compound

(Nremoval = (1-slope) x100). This method was applied for VSS, COD and micropollutants.
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Statistical analysis was carried out following (Sperling et al., 2020) recommendations.
Linearity of the regression was confirmed for all parameters by ensuring that the linear model
was satisfying the assumptions of linearity, independence, normality of residuals and
homogeneity of variances. Furthermore, calculations of the 95% confidence interval of the
slope of linear model obtained for MAD and MAD-TAR campaign allowed evaluating if
performances were significantly different (not overlap of the confidence interval). This

analysis was performed with R software.
Distribution of target molecules between solid and liquid phases of sludge

Solid-liquid partition coefficient Kq (L kgrss™!) of target molecules in sludge and supernatants

of each sample was calculated as:

Vsupernatant

) / TSS

(Ci,total _Ci,supernatant'

K = Ci,sorbed _ Vtotal e 1
di Clliauld Vsupernatant q.
Litqui Cisupernatant™
total

Where Cisorbed and Cijiquia are the solid (ug kgrss') and liquid (ug L) concentrations of
molecule i, respectively. Ciioral is the total concentration of molecule i in the sludge (ug-L™")
and Cj supematant is the supernatant concentration of molecule i (ug-L!) in the liquid phase after
centrifugation of the sludge. Visupernatant / Viotal 1S the ratio of the supernatant and total volumes

after centrifugation.

The amount of compound i in the liquid phase in function of log K4 value for the range of

TSS sludge concentrations was assessed as:

Cisorbed _ _Kai'TSS
Ci,total 1+Kd,i ‘TSS

100 —

Oxygen consumption in TAR reactor.
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In order to evaluate the fate of organic matter (i.e. removal in aerobic or anaerobic
conditions), the oxygen uptake rate (OUR) in the TAR was calculated from the decrease of

the dissolved oxygen concentration (Coz) during non-aerated periods.

dc,
OUR = — d—(t)z eq. 3

3. Results
3.1. Start-up and operation

Although the feeding showed fluctuations, as can be expected when working with real
influent, the VSS and CODx concentrations after digestion remained constant with standard
deviation below 4%. Considering comparable operating conditions (see Table 2), higher
elimination of solid organic matter was achieved in the hybrid MAD-TAR system (around
76% for VSS) compared to the mesophilic one (around 47%) confirming lab results obtained

a few years ago (Dumas et al. 2010).

During MAD-TAR campaign, COD balances were performed to estimate the fate of
transformed COD. Collected grab samples at the inlet and outlet of the TAR compartment
allowed estimating that 26.6% of the total removed COD was eliminated in this thermophilic
compartment. The additional COD removal compared to MAD campaign being eliminated in
the aerated compartment, no additional methane recovery in the MAD compartment was
allowed. Furthermore, the average OUR in the TAR was 7.5 + 0.8 mgO, L' h! that
corresponds only to 3.9% of the total removed COD that was degraded in aerobic conditions.
Even if volatilization of certain substances such as volatile fatty acids could occur, this
observation tends to show that the thermophilic condition could have more effect than the

aeration. Two main mechanisms could be associated with this temperature effect. On the one

13
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hand, the microbial activity could be directly positively affected. Indeed, several authors
reported a significant increase in hydrolysis rate in thermophilic compared to mesophilic
conditions (Siegrist et al. 2002; Lynd et al. 2002). Ge et al. (2011) even demonstrated that this
rate strongly follow the Arrhenius relationship, with nearly a doubled value when increasing
the temperature by 20°C. On the other hand, temperature may play a role in physical
phenomena, in particular on mass transfer and solubility even if their effect on the rate of

microbial utilization remains to confirm (Lynd et al. 2002).

3.2. Fate of pharmaceutical compounds during anaerobic digestion

The total concentration (ug L) of the nine selected compounds is illustrated in Figure 1 for
both primary sludge and digestate from MAD (Figure la) and MAD-TAR (Figure 1b)
processes. All the target molecules were detected and quantified in the primary sludge (see
Table S4 for limit of detection). Even if some variations in the concentrations have been
observed between the two experimental campaigns (-23% in average during the MAD-TAR
experiment) the order of magnitude were the same, allowing for a relevant comparison of
performances between the two operating conditions. The highest concentrations of targeted
compounds were observed for OFL and CAF (more than 40 pug L) while medium to low
concentrations were reported for SMX, CBZ, PRO, DIC, OXA, IBP and 20H-IBP, around

1.0-10.0 pg L.

The comparison of removal efficiencies in MAD and MAD-TAR are reported in Figure 2.
Compounds placed above the dotted line show better removal efficiency by the innovative

process (MAD-TAR) compared to conventional process (MAD).

The highest removal yields were obtained for CAF and SMX (>89%) with slight increase in

MAD-TAR campaign for CAF, but with no significant differences between both processes for
14
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SMX. The removal of several other target compounds was significantly improved by MAD-
TAR process. Moderate removal ranging between 54% and 75% were observed for OFL and
OXA respectively in MAD-TAR compared to only 9% and 49% in MAD. Moreover, while
PRO was not removed at all during MAD process, a rate of 69% was achieved in MAD-TAR.
DIC and 20H-IBP presented low removal during MAD-TAR (6-10%) while they were
accumulated in MAD. Finally, a negative removal rate was observed for IBP and CBZ in both
processes, MAD (-30% and -71%, respectively) and MAD-TAR (-35% and -91%),

underlining that concentrations were higher in the digestate than in primary sludge.

In MAD conditions, similar removal efficiencies were reported in the literature for OFL, PRO
(Narumiya et al. 2013), CAF (Narumiya et al. 2013) and SMX (Carballa et al. 2007,
Narumiya et al. 2013; Alvarino et al. 2014; Falas et al. 2016; Lakshminarasimman et al.

2018).

Ibuprofen is generally well removed under aerobic conditions (Alvarino et al. 2018) but the
removal under anaerobic conditions remained controversial. Carballa et al. (2007); Martin et
al. (2012); Samaras et al. (2013) showed a moderately-high removal, but recent studies found
a recalcitrant behaviour after anaerobic processes (Alvarino et al. 2014; Phan et al. 2018) as

underlined in our results.

DIC is generally persistent with low removal efficiencies (Alvarino et al. 2014; Ghattas et al.
2017; Phan et al. 2018; L. Gonzalez-Gil et al. 2019) whereas, moderate removal was showed
in some lab-scale data (Carballa et al. 2007; Malmborg et al. 2015). CBZ is also recalcitrant in
wastewater treatments, low or negligible removal was reported in the studies of (Ghattas et
al. 2017; Alvarino et al. 2018; Lakshminarasimman et al. 2018; Phan et al. 2018; Kent et al.

2019).
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Redox conditions played an important role conditioning the development of microbial
populations and thus on biodegradation pathways thanks to the complementary hydrolytic
capacities of external enzymes excreted by thermophilic aerobic bacteria. Some molecules are
only degraded under specific aerobic, anaerobic or both conditions. Stadler et al. (2015) and
Alvarino et al. (2018) studied the influence of redox potential in the removal of organic
compounds, showing that in the case of SMX the microaerobic conditions increased their

removal.

Phan et al. (2018) reported that molecules containing only electron donating functional groups
(-NHz, -OH, -CH3s, -OCHs...) in their structure are more susceptible to biodegradation, as is
the case of SMX. In anaerobic digestion. Ghattas et al. (2017) proposed a degradation
pathway via reduction of the electron withdrawing sulfonyl group. In the case of IBP, this
molecule contains three electron donating functional groups and it should be biotransformed
but it remains recalcitrant after anaerobic digestion, maybe because their substitutions in their
aromatic ring. In the case of DIC, a possible pathway could be the reductive dichlorination
(Phan et al. 2018) or a biodegradation catalysed by decarboxylases or acetate kinases
(Gonzalez-Gil et al. 2019). Concerning SMX, they reported that most probably pathway was
the abiotic reduction of the Ne-O bond mediated by microbial reaction. About DIC, they
proposed that their biodegradation may be catalysed by decarboxylases or acetate kinases

(Gonzalez-Gil et al. 2019).

Microaeration on anaerobic digestion affects microbial communities by increasing the
diversity and activity of hydrolytic and fermentative microorganisms (Nguyen et al. 2018;
Chen et al. 2020). Comparing microaeration to strict anaerobic condition, an increase of
phylum Firmicutes (class Clostridia), which is related to hydrolysis step was found. In

addition, microaeration also affects the methane-producing archaea presented in anaerobic
16
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digestion: Methanosarcina, slightly aerotolerant, and Methanobacterium both doubled (Fu et
al., 2016). Cometabolism is considered the main mechanism of pharmaceutical degradation
during biological wastewater treatments (Gonzalez-Gil et al., 2017). Further research is
necessary to understand the degradation pathway attributed to co-metabolism during hybrid
digestion process and the additional degradation of some targeted micropollutants during

MAD-TAR.

Therefore, MAD-TAR process allows the exposure of compounds to different redox and
temperature conditions improving significantly the removal efficiency of OXA, PRO and
OFL and slightly DIC and 20H-IBP concomitantly with the improvement of overall organic
matter degradation. These are very positive results considering the ecotoxicological risks of
OXA, PRO and OFL as underlined by Besse et al. (2008). However, IBP and CBZ even show
more negative efficiencies and the mechanisms involved need further investigations. The
negative removal or apparent production of some molecules have already been reported in the
literature, explained by the transformation back of their metabolites to their parent
compounds. Indeed, parent chemicals are often excreted from the human body with a number
of associated metabolites. In the case of IBP, it is excreted as the unchanged drug in 1% and
76% as metabolites (Petrie et al. 2015). There is a general lack of data about metabolite
concentrations and biotransformation during wastewater treatments but some authors reported
higher metabolites concentrations than parent compound in urban wastewater for IBP
(Brezinova et al. 2018). In the case of CBZ, the negative removal or apparent production was
also reported (Narumiya et al. 2013; Falas et al. 2016). He et al. (2019) reported the
quantification of some phase I and phase II metabolites of CBZ showing that CBZ N-
glucuronide (CBZ-Glu) concentration (59.4 ng L) was higher than CBZ (53.8 ng L) in

wastewater influent from Kyoto WWTP (Japan). In their effluent, CBZ concentration
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increased by 15% and CBZ-Glu decreased by 19%. They attributed the increase of CBZ to the
deconjugation of CBZ-Glu. Further research is needed to confirm this hypothesis in IBP and
CBZ as some metabolites may be biologically active and have similar pharmacological

activity than parent compound (Besse et al. 2008).

3.3. Partitioning pharmaceutical compounds

Considering the possible relation between sorption on solids and inaccessibility for
biodegradation, distribution of compounds was studied based on measured concentration in
total and soluble phases, as described in section 2.4. From eq. 1, it is obvious that a single
value of log Kg is not enough to evaluate the partition of the compounds between solid and
liquid phases and that this partitioning constant should be always given together with the TSS
concentration. Indeed, in the case of primary sludge of MAD campaign, which presented the
highest TSS concentration, a log Kq value below 1.73 and 0.78 indicates that the percentage
of compound in the liquid phase is above 50% and 90%, respectively (Figure 3a). At the
opposite, when considering the lowest concentrated sludge, i.e. the digestate during MAD-
TAR campaign log Kd values below 2.31 and 1.36 indicate a percentage above 50% and 90%

respectively (Figure 3b).

Thus, even if the partition coefficients were not greatly modified during digestion, the
significant decrease in TSS in the MAD-TAR campaign leads to higher fractions in the liquid

(Figure 3a) compared to the MAD campaign (Figure 3b).

The distribution of targeted compounds between the particulate and liquid phases are
presented in Figure 4. Primary sludge presented similar sorption behavior for the two
campaigns, OFL and PRO showed the highest sorption (>90%) followed by OXA (71%).

IBP, SMX, DIC and CBZ range of 35-63%. Finally, a low sorption is found for 20H-IBP
18
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(20% and 24 %, MAD and MAD-TAR respectively %) and CAF (21 and 34 %, MAD and

MAD-TAR respectively).

The liquid fraction of SMX, 20H-IBP and PRO increased slightly after digestion in MAD (3-
5%) and moderately in MAD-TAR (11-19%); CBZ and OXA increased moderately in MAD
(7%-13%) and significantly in MAD-TAR (27-39%); IBP and DIC increased significantly in
MAD (23%-34%) and in MAD-TAR (22-28%). Only CAF presented a contradictory
behaviour, liquid fraction increased in MAD-TAR (16%) and decreased in MAD (-8%). Only
OFL showed no significant change in sorption after digestion, 0 and 2% in MAD and MAD-

TAR, respectively.

As indicated in Table S5, for a same affinity constant, the fraction in liquid after digestion is
significantly different in MAD and MAD-TAR due to drastic changes in TSS. Indeed, the
suspended solid concentration dropped from 18.5+3.4 to 11.740.5 g L' during the MAD

experiment and from 15.4 + 2.1 to 4.8 + 0.7 g L'! during the MAD-TAR campaign.

The difference in phase distribution after digestion can partly be attributed to the different pH
value of primary and digested sludge because of the presence of compounds containing
functional groups which can be protonated and deprotonated (Ternes et al. 2004). In function
of pH, the compound can be neutral, cationic, anionic or zwitterionic, consequently its
physical, chemical and biological properties may be affected (Verlicchi et al. 2012) by
inducing positively charged compounds, that are likely to interact with the negatively charged
surface of sludge, or at the contrary anions inducing hydrophilic behaviour (Alvarino et al.

2018).

Among the compounds mostly present in liquid phase after digestion (pH 7.5 in MAD - 7.4 in

MAD-TAR), IBP, 20H-IBP and DIC have a carboxylic acid group (pKa = 4.15 - 4.63). For a
19
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pH higher than pKa value, the fraction of anionic species increased. Initial pH of the primary
sludge was 6.1— 6.2, after digestion of the organic matter, the pH increased resulting in an
increase of hydrophilicity of the compounds, in line with our results. For instance, in the case
of IBP, the liquid fraction in primary sludge was 65% (MAD) and 59% (MAD-TAR) and it
increased to 87% (MAD) and 92% (MAD-TAR) after digestion. Similar increase of liquid
partition was found in DIC and 20H-IBP. The same partitioning behaviour was also expected
in SMX (pKa 1.8 and 5.6). At the range of pH in anaerobic digestion, the fraction of anionic
species should also increase due to the dissociation pathway of sulfonamides and
consequently an increase of hydrophilicity is likely to occur. Ma et al. (2015) confirmed in
their study of oxidation of SMX that the dissociation of SMX increases with increasing pH.
Consequently, deprotonated compounds were more readily to oxidation. In our study,
partition behaviour of SMX remained almost constant before and after digestion (liquid

fraction slightly increased 5-11%).

Among the compounds present mostly in solid phase, OFL has a zwitterion structure with a
basic amino group (pKa 9.28) and an acid carboxylic group (pKa 5.97). Between pH 6.0 and
9.3, cationic (protonated amino group), anionic (deprotonated carboxyl group) and zwitterion
species would be present. At pH of digestion (7.4-7.5), zwitterions should be dominant. In
accordance with Narumiya et al. 2013, due to the increase of zwitterionic species, the
hydrophobicity of OFL would also increase; this fact may explain the tendency to sorb. In our
study, sorption behaviour of OFL did not significantly change and remained at high level with
more than 99% of the molecule located in the particulate compartment. OXA is uncharged
under normal pH conditions (Svahn et al. 2015), it has also a zwitterion structure (pKa 1.55,
10.9). Between pH 6 and 11 zwitterion and anionic species would be predominant. With

increasing pH during digestion, anionic species would also increase, resulting in higher
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hydrophilicity, in agreement with our results: the liquid fraction of OXA in primary sludge
was 28-29% (MAD and MAD-TAR) and it increased to 65-67% (MAD and MAD-TAR) after

digestion.

CAF (pKa 10.40) and PRO (pKa 9.42) are cationic species when pH is lower than pKa value
due to their protonated amino group. During the digestion, pH increased and the fraction of
cationic species would decrease in favour to their neutral conjugates. The increase in the
neutral fraction would decrease the hydrophilicity of the molecules and hence liquid fraction
would decrease (Narumiya et al. 2013). We found this behaviour for CAF during MAD
campaign, where the liquid fraction decreased from 79% in primary sludge to 70% after
digestion. However, liquid fraction of CAF increased after digestion in MAD-TAR campaign.
In the case of PRO, there were not a significant increase of hydrophilicity in MAD campaign
(liquid fraction only increased 3% after digestion) but the liquid fraction increased from 10%
in primary sludge to 22% after digestion during MAD-TAR experiment. Consequently, a

parameter other than pH influenced their solid-liquid partition during MAD-TAR campaign.

CBZ (pKa -3.8, 13.9) is a neutral compound and hence sorption should be governed by
hydrophobic interactions (Hai et al. 2018) without influence of pH (Urase et al. 2005; M.
Carballa et al. 2008). Svahn et al. (2015) also suggested that hydrophobic adsorption would
predominate because of the high apolar to polar surface ratio of the CBZ. According to our
results, liquid fraction of CBZ increased after digestion in MAD and MAD-TAR process and
hence a parameter other than pH should influence CBZ partitioning behaviour during

anaerobic digestion

When considering the compounds that suffered a biodegradation during digestion, results tend

to show an improvement of biodegradation in MAD-TAR that may be associated with the
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increase of the fraction in the liquid phase in the case of DIC, OXA and 2-OH IBP (Figure 5).
The increase of the removal of OFL and PRO may be linked to the increase of solid reduction
in MAD-TAR because of the fact that these molecules are largely sorbed in solids. Indeed, the
concentration of solids in MAD-TAR decrease down to 4.9 mg L' compared to 11.7 mg L!
in MAD campaign resulting in an increased availability of compounds in the liquid phase.
SMX and CAF are widely removed in MAD and MAD-TAR campaigns, so a clear link
between liquid fraction and removal cannot be established. Furthermore, liquid fraction of
IBP decreased and CBZ increased during MAD-TAR campaign and both components showed
more negative efficiencies during this campaign. Thus, bioavailability cannot be the only
mechanism driving the biodegradation and reversibility of the biological reactions has to be

considered.

Conclusions

The removal efficiency of nine pharmaceutical compounds in conventional Mesophilic
Anaerobic Digestion (MAD) was compared with Mesophilic Anaerobic Digestion combined
with a Thermophilic Aerobic Reactor (MAD-TAR). In addition to a significant improvement
in the degradation of solid organic matter (76% vs 47% for MAD-TAR and MAD
respectively), interesting results were also obtained on the targeted compounds. Moderate
(DIC, 20H-IBP) to high (OXA, PRO, OFL) improvement of removal was observed in MAD-
TAR while removal higher than 90% was found for CAF and SMX whatever the process.
Even if the mechanisms implied in the fate of IBP and CBZ need further investigation, hybrid
process MAD-TAR that combines two redox conditions (anaerobic and micro aeration)
presents a feasible alternative to improve not only the removal a wide number of pollutants,

but also overall organic matter degradation.

22



486

487

488

489

490

491

492
493
494
495

496
497
498
499

500
501
502
503

504
505
506
507

508
509
510
511

512
513
514

515
516
517

Acknowledgement

This work is part of the SMS project "Micropollutant Source Separation for health risks
control and preservation of the environment" funded by the Adour-Garonne Water Agency
and the French Agency for Biodiversity and of the project ANR Design (ANR- 17-CE22-

0017). We acknowledge C. Claparols from ICT for the UHPLC-MS-MS analysis.

References

Alvarino, T., S. Suarez, J. M. Lema, and F. Omil. 2014. ‘Understanding the Removal
Mechanisms of PPCPs and the Influence of Main Technological Parameters in
Anaerobic UASB and Aerobic CAS Reactors’. Journal of Hazardous Materials 278
(August): 506—13. https://doi.org/10.1016/j.jhazmat.2014.06.031.

Alvarino, T., S. Suarez, J. Lema, and F. Omil. 2018. ‘Understanding the Sorption and
Biotransformation of Organic Micropollutants in Innovative Biological Wastewater
Treatment Technologies’. Science of the Total Environment 615 (February): 297-306.
https://doi.org/10.1016/j.scitotenv.2017.09.278.

Besse, J.P., C. Kausch Barreto, and J. Garric. 2008. ‘Exposure Assessment of Pharmaceuticals
and Their Metabolites in the Aquatic Environment: Application to the French Situation and
Preliminary Prioritization’. Journal of Human and Ecological Risk Assessment 14 (4): 665—
95. https://doi.org/10.1080/10807030802235078.

Brezinova, T., J. Vymazal, M. Kozeluh, and L. Kule. 2018. ‘Occurrence and Removal of
Ibuprofen and Its Metabolites in Full-Scale Constructed Wetlands Treating Municipal
Wastewater’. Ecological Engineering 120 (September): 1-5.
https://doi.org/10.1016/j.ecoleng.2018.05.020.

Carballa, M., G. Fink, F. Omil, J. M. Lema, and T. Ternes. 2008. ‘Determination of the Solid—
Water Distribution Coefficient (Kd) for Pharmaceuticals, Estrogens and Musk Fragrances in
Digested Sludge’. Water Research 42 (1): 287-95.
https://doi.org/10.1016/j.watres.2007.07.012.

Carballa, Marta, Francisco Omil, Thomas Ternes, and Juan M. Lema. 2007. ‘Fate of
Pharmaceutical and Personal Care Products (PPCPs) during Anaerobic Digestion of Sewage
Sludge’. Water Research 41 (10): 2139-50. https://doi.org/10.1016/j.watres.2007.02.012.

Charles, W., L. Walker, and R. Cord-Ruwisch. 2009. ‘Effect of Pre-Aeration and Inoculum on

the Start-up of Batch Thermophilic Anaerobic Digestion of Municipal Solid Waste’.
Bioresource Technology 100 (8): 2329-35. https://doi.org/10.1016/j.biortech.2008.11.051.

23



518
519
520
521

522
523
524
525

526
527
528
529

530
531
532

533
534
535
536

537
538
539

540
541
542

543
544
545

546
547
548
549
550

551
552
553

554
555
556

Chen, Qing, Wanging Wu, Dacheng Qi, Yihong Ding, and Zihao Zhao. 2020. ‘Review on
Microaeration-Based Anaerobic Digestion: State of the Art, Challenges, and Prospectives’.
Science of The Total Environment 710 (March): 136388.
https://doi.org/10.1016/j.scitotenv.2019.136388.

Diaz, 1., A. C. Lopes, S. I. Pérez, and M. Fdz-Polanco. 2010. ‘Performance Evaluation of
Oxygen, Air and Nitrate for the Microaerobic Removal of Hydrogen Sulphide in Biogas from
Sludge Digestion’. Bioresource Technology 101 (20): 7724-30.
https://doi.org/10.1016/j.biortech.2010.04.062.

Dumas, C., S. Perez, E. Paul, and X. Lefebvre. 2010. ‘Combined Thermophilic Aerobic
Process and Conventional Anaerobic Digestion: Effect on Sludge Biodegradation and
Methane Production’. Bioresource Technology 101 (8): 2629-36.
https://doi.org/10.1016/j.biortech.2009.10.065.

Falas, P., A. Wick, S. Castronovo, J. Habermacher, T. A. Ternes, and A. Joss. 2016. ‘Tracing
the Limits of Organic Micropollutant Removal in Biological Wastewater Treatment’. Water
Research 95 (May): 240-49. https://doi.org/10.1016/j.watres.2016.03.009.

Fu, Shan-Fei, Fei Wang, Xian-Zheng Yuan, Zhi-Man Yang, Sheng-Jun Luo, Chuan-Shui
Wang, and Rong-Bo Guo. 2015. ‘The Thermophilic (55°C) Microaerobic Pretreatment of
Corn Straw for Anaerobic Digestion’. Bioresource Technology 175 (January): 203-8.
https://doi.org/10.1016/j.biortech.2014.10.072.

Ge, H., P. D. Jensen, and D. J. Batstone. 2011. ‘Relative Kinetics of Anaerobic Digestion

under Thermophilic and Mesophilic Conditions’. Water Science and Technology 64 (4): 848—
53. https://doi.org/10.2166/wst.2011.571.

Ghattas, A., F. Fischer, A. Wick, and T. A. Ternes. 2017. ‘Anaerobic Biodegradation of
(Emerging) Organic Contaminants in the Aquatic Environment’. Water Research 116 (June):
268-95. https://doi.org/10.1016/j.watres.2017.02.001.

Gherghel, A., C. Teodosiu, and S. De Gisi. 2019. ‘A Review on Wastewater Sludge
Valorisation and Its Challenges in the Context of Circular Economy’. Journal of Cleaner
Production 228 (August): 244—63. https://doi.org/10.1016/j.jclepro.2019.04.240.

Giordano, Andrea, Francesco Di Capua, Giovanni Esposito, and Francesco Pirozzi. 2019.
‘Long-Term Biogas Desulfurization under Different Microaerobic Conditions in Full-Scale
Thermophilic  Digesters Co-Digesting High-Solid Sewage Sludge’. International
Biodeterioration & Biodegradation 142 (August): 131-36.
https://doi.org/10.1016/j.ibiod.2019.05.017.

Golet, E. M., . Xifra, H. Siegrist, A. C. Alder, and W. Giger. 2003. ‘Environmental Exposure
Assessment of Fluoroquinolone Antibacterial Agents from Sewage to Soil’. Environmental
Science & Technology 37 (15): 3243-49. https://doi.org/10.1021/es0264448.

Gonzalez-Gil, L., M. Carballa, and J. M. Lema. 2017. ‘Cometabolic Enzymatic
Transformation of Organic Micropollutants under Methanogenic Conditions’. Environmental
Science & Technology 51 (5): 2963-71. https://doi.org/10.1021/acs.est.6b05549.

24



557
558
559
560

561
562
563
564

565
566
567
568

569
570
571
572

573
574
575
576

577
578
579

580
581
582

583
584
585
586

587
588
589
590

591
592
593
594

Gonzalez-Gil, L., D. Krah, A. Ghattas, M. Carballa, A. Wick, L. Helmholz, J. M. Lema, and
T. A. Ternes. 2019. ‘Biotransformation of Organic Micropollutants by Anaerobic Sludge
Enzymes’. Water Research 152 (April): 202-14.
https://doi.org/10.1016/j.watres.2018.12.064.

Gonzalez-Gil, L., M. Papa, D. Feretti, E. Ceretti, G. Mazzoleni, N. Steimberg, R. Pedrazzani,
G. Bertanza, J. M. Lema, and M. Carballa. 2016. ‘Is Anaerobic Digestion Effective for the
Removal of Organic Micropollutants and Biological Activities from Sewage Sludge?’ Water
Research 102 (October): 211-20. https://doi.org/10.1016/j.watres.2016.06.025.

Gonzalez-Gil, Lorena, Miguel Mauricio-Iglesias, Denisse Serrano, Juan M. Lema, and Marta
Carballa. 2017. ‘Role of Methanogenesis on the Biotransformation of Organic
Micropollutants during Anaerobic Digestion’. The Science of the Total Environment 622—623:
459—66. https://doi.org/10.1016/j.scitotenv.2017.12.004.

Hai, F., S. Yang, M. Asif, V. Sencadas, S. Shawkat, M. Sanderson-Smith, J. Gorman, Z. Xu,
and K. Yamamoto. 2018. ‘Carbamazepine as a Possible Anthropogenic Marker in Water:

Occurrences, Toxicological Effects, Regulations and Removal by Wastewater Treatment
Technologies’. Water 10 (2): 107. https://doi.org/10.3390/w10020107.

He, K., T. Yonetani, Y. Asada, S. Echigo, and S. Itoh. 2019. ‘Simultaneous Determination of
Carbamazepine-N-Glucuronide and Carbamazepine Phase I Metabolites in the Wastewater by
Liquid Chromatography-Tandem Mass Spectrometry’. Microchemical Journal 145 (March):
1191-98. https://doi.org/10.1016/j.microc.2018.12.014.

Jenicek, P., J. Horejs, L. Pokornd-Krayzelova, J. Bindzar, and J. Bartacek. 2017. ‘Simple
Biogas Desulfurization by Microaeration - Full Scale Experience’. Anaerobe 46 (August):
41-45. https://doi.org/10.1016/j.anaerobe.2017.01.002.

Johansen, J, and R. Bakke. 2006. ‘Enhancing Hydrolysis with Microaeration’. Water Science
and Technology : A Journal of the International Association on Water Pollution Research 53
(February): 43-50. https://doi.org/10.2166/wst.2006.234.

Joss, A., S. Zabczynski, A. Gobel, B. Hoffmann, D. Loffler, C. S. McArdell, T. A. Ternes, A.
Thomsen, and H. Siegrist. 2006. ‘Biological Degradation of Pharmaceuticals in Municipal
Wastewater Treatment: Proposing a Classification Scheme’. Water Research 40 (8): 1686-96.
https://doi.org/10.1016/j.watres.2006.02.014.

Kent, J., and J. H. Tay. 2019. ‘Treatment of 17 Alpha-Ethinylestradiol, 4-Nonylphenol, and
Carbamazepine in Wastewater Using an Aerobic Granular Sludge Sequencing Batch Reactor’.
Science of the Total Environment 652 (February): 1270-78.
https://doi.org/10.1016/j.scitotenv.2018.10.301.

Kobayashi, Takuro, Yu-You Li, Kengo Kubota, Hideki Harada, Takeki Maeda, and Han-Qing
Yu. 2012. ‘Characterization of Sulfide-Oxidizing Microbial Mats Developed inside a Full-
Scale Anaerobic Digester Employing Biological Desulfurization’. Applied Microbiology and
Biotechnology 93 (2): 847-57. https://doi.org/10.1007/s00253-011-3445-6.

25



595
596
597

598
599
600
601

602
603
604

605
606
607

608
609
610

611
612
613

614
615
616
617
618
619

620
621
622
623
624
625

626
627
628
629
630

631
632
633
634

Kimmerer, K. 2009. ‘The Presence of Pharmaceuticals in the Environment Due to Human
Use--Present Knowledge and Future Challenges’. Journal of Environmental Management 90
(8): 2354-66. https://doi.org/10.1016/j.jenvman.2009.01.023.

Lakshminarasimman, N., O. Quinones, B. J. Vanderford, P. Campo-Moreno, E. V.
Dickenson, and D. C. McAvoy. 2018. ‘Biotransformation and Sorption of Trace Organic
Compounds in Biological Nutrient Removal Treatment Systems’. Science of the Total
Environment 640 (November): 62—72. https://doi.org/10.1016/j.scitotenv.2018.05.145.

Lynd, L. R., P. J. Weimer, W. H. van Zyl, and I. S. Pretorius. 2002. ‘Microbial Cellulose
Utilization: Fundamentals and Biotechnology’. Microbiology and Molecular Biology Reviews
66 (3): 506-77. https://doi.org/10.1128/MMBR.66.3.506-577.2002.

Lynd, Lee R., Paul J. Weimer, Willem H. van Zyl, and Isak S. Pretorius. 2002. ‘Microbial
Cellulose Utilization: Fundamentals and Biotechnology’. Microbiology and Molecular
Biology Reviews 66 (3): 506—77. https://doi.org/10.1128/MMBR.66.3.506-577.2002.

Ma, Y., K. Zhang, C. Li, T. Zhang, and N. Gao. 2015. ‘Oxidation of Sulfonamides in
Aqueous Solution by UV-TiO-Fe(VI)’. BioMed Research International 2015: 1-10.
https://doi.org/10.1155/2015/973942.

Malmborg, Jonas, and Jorgen Magnér. 2015. ‘Pharmaceutical Residues in Sewage Sludge:
Effect of Sanitization and Anaerobic Digestion’. Journal of Environmental Management 153
(April): 1-10. https://doi.org/10.1016/j.jenvman.2015.01.041.

Martin, J., D. Camacho-Muiioz, J. L. Santos, 1. Aparicio, and E. Alonso. 2012. ‘Occurrence of
Pharmaceutical Compounds in Wastewater and Sludge from Wastewater Treatment Plants:
Removal and Ecotoxicological Impact of Wastewater Discharges and Sludge Disposal’.
Journal of Hazardous Materials, Occurrence and fate of emerging contaminants in municipal
wastewater treatment systems, 239-240 (November): 40-47.
https://doi.org/10.1016/j.jhazmat.2012.04.068.

Martin, Julia, Juan Luis Santos, Irene Aparicio, and Esteban Alonso. 2015. ‘Pharmaceutically
Active Compounds in Sludge Stabilization Treatments: Anaerobic and Aerobic Digestion,
Wastewater Stabilization Ponds and Composting’. Science of The Total Environment,
Towards a better understanding of the links between stressors, hazard assessment and
ecosystem  services under  water  scarcity, 503-504  (January): 97-104.
https://doi.org/10.1016/j.scitotenv.2014.05.089.

Montalvo, S., C. Huilidir, F. Ojeda, A. Castillo, L. Lillo, and L. Guerrero. 2016.
‘Microaerobic Pretreatment of Sewage Sludge: Effect of Air Flow Rate, Pretreatment Time
and Temperature on the Aerobic Process and Methane Generation’. [International
Biodeterioration & Biodegradation 110 (May): 1-7.
https://doi.org/10.1016/j.ibiod.2016.01.010.

Narumiya, M., N. Nakada, N. Yamashita, and H. Tanaka. 2013. ‘Phase Distribution and
Removal of Pharmaceuticals and Personal Care Products during Anaerobic Sludge Digestion’.
Journal of Hazardous Materials 260 (September): 305-12.
https://doi.org/10.1016/j.jhazmat.2013.05.032.

26



635
636
637
638

639
640
641

642
643
644
645

646
647
648

649
650
651
652
653

654
655
656
657

658
659
660
661

662
663
664
665

666
667
668
669

670
671
672

Narumiya, Masanori, Norihide Nakada, Naoyuki Yamashita, and Hiroaki Tanaka. 2013.
‘Phase Distribution and Removal of Pharmaceuticals and Personal Care Products during
Anaerobic Sludge Digestion’. Journal of Hazardous Materials 260 (September): 305-12.
https://doi.org/10.1016/j.jhazmat.2013.05.032.

Nguyen, Duc Binh, and Samir Kumar Khanal. 2018. ‘A Little Breath of Fresh Air into an
Anaerobic System: How Microaeration Facilitates Anaerobic Digestion Process.’
Biotechnology Advances. https://doi.org/10.1016/j.biotechadv.2018.08.007.

Park, Sang Kyu, Hyun Min Jang, Jeong Hyub Ha, and Jong Moon Park. 2014. ‘Sequential
Sludge Digestion after Diverse Pre-Treatment Conditions: Sludge Removal, Methane
Production and Microbial Community Changes’. Bioresource Technology 162 (June): 331-
40. https://doi.org/10.1016/j.biortech.2014.03.152.

Paul, E., and Y. Liu, eds. 2012. Biological Sludge Minimization and Biomaterials/Bioenergy
Recovery Technologies: Paul/Sludge Minimization. Hoboken, NJ, USA: John Wiley & Sons,
Inc. https://doi.org/10.1002/9781118309643.

Petrie, B., R. Barden, and B. Kasprzyk-Hordern. 2015. ‘A Review on Emerging Contaminants
in Wastewaters and the Environment: Current Knowledge, Understudied Areas and
Recommendations for Future Monitoring’. Water Research, Occurrence, fate, removal and
assessment of emerging contaminants in water in the water cycle (from wastewater to
drinking water), 72 (April): 3-27. https://doi.org/10.1016/j.watres.2014.08.053.

Phan, H. V., R. Wickham, S. Xie, J. A. McDonald, S. J. Khan, H. H. Ngo, W. Guo, and L. D.
Nghiem. 2018. ‘The Fate of Trace Organic Contaminants during Anaerobic Digestion of
Primary Sludge: A Pilot Scale Study’. Bioresource Technology 256 (May): 384-90.
https://doi.org/10.1016/j.biortech.2018.02.040.

Radjenovi¢, J., M. Petrovi¢, and D. Barceld. 2009. ‘Fate and Distribution of Pharmaceuticals
in Wastewater and Sewage Sludge of the Conventional Activated Sludge (CAS) and
Advanced Membrane Bioreactor (MBR) Treatment’. Water Research 43 (3): 831-41.
https://doi.org/10.1016/j.watres.2008.11.043.

Ramos, 1., and M. Fdz-Polanco. 2013. ‘The Potential of Oxygen to Improve the Stability of
Anaerobic Reactors during Unbalanced Conditions: Results from a Pilot-Scale Digester
Treating  Sewage  Sludge’.  Bioresource  Technology 140  (July):  80-85.
https://doi.org/10.1016/j.biortech.2013.04.066.

Samaras, V. G., A. S. Stasinakis, D. Mamais, N. S. Thomaidis, and T. D. Lekkas. 2013. ‘Fate
of Selected Pharmaceuticals and Synthetic Endocrine Disrupting Compounds during

Wastewater Treatment and Sludge Anaerobic Digestion’. Journal of Hazardous Materials
244-245 (January): 259-67. https://doi.org/10.1016/j.jhazmat.2012.11.039.

Siegrist, H., D. Vogt, J. L. Garcia-Heras, and W. Gujer. 2002. ‘Mathematical Model for

Meso- and Thermophilic Anaerobic Sewage Sludge Digestion’. Environmental Science &
Technology 36 (5): 1113-23. https://doi.org/10.1021/es010139p.

27



673
674
675

676
677
678
679
680

681
682
683
684

685
686
687
688

689
690
691

692
693
694
695
696

697
698
699

700

Sperling, Marcos Von, Matthew E. Verbyla, and Silvia M. A. C. Oliveira. 2020. Assessment
of Treatment Plant Performance and Water Quality Data: A Guide for Students, Researchers
and Practitioners. IWA Publishing.

Stadler, L. B., L. Su, C. J. Moline, A. S. Ernstoff, D. S. Aga, and N. G. Love. 2015. ‘Effect of
Redox Conditions on Pharmaceutical Loss during Biological Wastewater Treatment Using
Sequencing Batch Reactors’. Journal of Hazardous Materials, Advances in Analysis,
Treatment Technologies, and Environmental Fate of Emerging Contaminants, 282 (January):
106—-15. https://doi.org/10.1016/j.jhazmat.2014.08.002.

Svahn, Ola, and Erland Bjorklund. 2015. ‘Describing Sorption of Pharmaceuticals to Lake
and River Sediments, and Sewage Sludge from UNESCO Biosphere Reserve Kristianstads
Vattenrike by Chromatographic Asymmetry Factors and Recovery Measurements’. Journal of
Chromatography A 1415 (October): 73—-82. https://doi.org/10.1016/j.chroma.2015.08.061.

Ternes, T. A., N. Herrmann, M. Bonerz, T. Knacker, H. Siegrist, and A. Joss. 2004. ‘A Rapid
Method to Measure the Solid—Water Distribution Coefficient (Kd) for Pharmaceuticals and
Musk Fragrances in Sewage Sludge’. Water Research 38 (19): 4075-84.
https://doi.org/10.1016/j.watres.2004.07.015.

Urase, T., and T. Kikuta. 2005. ‘Separate Estimation of Adsorption and Degradation of
Pharmaceutical Substances and Estrogens in the Activated Sludge Process’. Water Research
39 (7): 1289-1300. https://doi.org/10.1016/j.watres.2005.01.015.

Verlicchi, P., M. Al Aukidy, and E. Zambello. 2012. ‘Occurrence of Pharmaceutical
Compounds in Urban Wastewater: Removal, Mass Load and Environmental Risk after a
Secondary Treatment—A Review’. Science of The Total Environment, Special Section -

Arsenic in Latin America, An Unrevealed Continent: Occurence, Health Effects and
Mitigation, 429 (July): 123-55. https://doi.org/10.1016/j.scitotenv.2012.04.028.

Xu, S., A. Selvam, and J. W. C. Wong. 2014. ‘Optimization of Micro-Aeration Intensity in

Acidogenic Reactor of a Two-Phase Anaerobic Digester Treating Food Waste’. Waste
Management 34 (2): 363—69. https://doi.org/10.1016/j.wasman.2013.10.038.

28



60 a) 60

pury
B
= i
c M Primary sludge
8 40 40
© Digestate
=5
(8}
=
o 20 20
(&)
© e
o =
[ I - o
O - i - O
& N @ & N @
F L K ES F L S ES
’LO ,\/O

Figure 1. Concentration of targeted compounds in primary sludge and digestate in a) MAD (n=13); b) MAD-TAR

(n=13)
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Figure 2. Comparison of compounds removal in conventional vs innovative process for biodegradable molecule.

The error bars represent the 95% confidence interval.
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(DS) sludge of MAD (a) and MAD-TAR (b) campaigns. Lines are calculated from eq. 1.
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sludge: a) MAD b) MAD-TAR.
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Table 1: Logarithm of solid-liquid partition coefficient Ka (L.kgTSS™) of target molecules in primary sludge.

CAF OFL SMX PRO CBZ DIC IBP

249 2.7
26
1.7-2.09 23-319
LogKa 14-20% 3.0-359 1.8-2.69  221-3.059 0.8-1.19
2.04-2719 1.77-2519
0.50 - 0.899
279

a) Narumiya et al. (2013) b) Carballa et al. (2008) c) Radjenovi¢ et al. (2009) d) Ternes et al. (2004)



Table 1 Main characteristics of MAD and MADTAR digestion.

MAD MAD-TAR
Operational conditions
OLR (kgCOD m™ day™) 1.2 0.9
OLR (kgVSS m? day™) 0.8 0.6
SRT (days) 19.6 224
Temperature (°C) 35 35 (MAD), 60 (TAR)
Primary sludge
TSS (g L) 18.5+3.5 15.5£2.1
VSS (g LY 15.1+£29 12.9+ 1.7
COD: (gL 24.2+4.6 20.2+4.6
CODs (g L) 0.63+£0.12 0.45+0.15
pH 6.1£0.1 6.2+0.1
Reactor
TSS (gL 11.7+£0.5 49+0.6
VSS (g LY 83+£04 34+£04
COD: (gL 141+14 5.7+0.8
CODs (g LY 0.37 £ 0.06 0.36 £ 0.08
pH 7.5+0.1 7.4 +0.1
Removal efficiencies (%)
COD 46.7 72.9
VSS 47.0 75.7
Biogas production 151 186
(NL CH4 Kg! CODxeq)
Average methane concentration (%) 57.4 % 56.3 %
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