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• Analytical methodology for PhACS in
fungal biomass was developed.

• Pharmaceuticals sorbed in the biomass in
degradation experiments was measured.

• Between 3 and 13% of PhACs elimination
can be attributed to sorption processes.

• Accumulation of PhACs in fungi is similar
to that in sludge of conventional
treatments.
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The contribution of the sorption processes in the elimination of pharmaceuticals (PhACs) during the fungal treat-
ment of wastewater has been evaluated in this work. The sorption of four PhACs (carbamazepine, diclofenac,
iopromide and venlafaxine) by 6 different fungi was first evaluated in batch experiments. Concentrations of
PhACs in both liquid and solid (biomass) matrices from the fungal treatment were measured. Contribution of
the sorption to the total removal of pollutants ranged between 3% and 13% in relation to the initial amount.
The sorption of 47 PhACs in fungi was also evaluated in a fungal treatment performed in 26 days in a continuous
bioreactor treating wastewater from a veterinary hospital. PhACs levels measured in the fungal biomass were
similar to those detected in conventional wastewater treatment (WWTP) sludge. This may suggest the necessity
of manage fungal biomass as waste in the same manner that the WWTP sludge is managed.
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1. Introduction

The concern about pharmaceutical contamination of the environ-
ment has increased over the last years. Several studies have shown
that conventional technologies used in wastewater treatment plants
(WWTPs) are not effective enough to degrade pharmaceutically active
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compounds (PhACs) because they are not designed to remove such
compounds particularly (Verlicchi et al., 2012; Frédéric and Yves,
2014). As a consequence, new wastewater treatment technologies
have been investigated and tested in order to provide higher removal
efficiency of these compounds. Among them, fungal treatment ofwaste-
waters has been pointed out as a promising technology due to the un-
specific enzymatic system (in the case of lignolytic fungi), which is
able to degrade a wide range of xenobiotics even at very low concentra-
tions (Pointing, 2001; Guillén et al., 2005; Asgher et al., 2008). Many
studies have been performed focusing on the fungal treatment of
PhACs (Tran et al., 2010; Feijoo et al., 2011; Rodríguez-Rodríguez
et al., 2012b; Yang et al., 2013; Cruz-Morató et al., 2014; Gros et al.,
2014; Badia-Fabregat et al., 2015a, 2015b) showing quite good PhACs
removal values specially when using the white rot fungi Trametes
versicolor. However, there are still many questions to be answered re-
garding the fungal treatment, e.g., the role of the sorption processes in
contrast to biodegradation processes in the elimination of the pollut-
ants. Sorption in this article gathers both absorption (entry of pollutants
inside the biomass) and adsorption (adhesion of pollutants to the bio-
mass surface). Sorption processes in fungal treatment have been studied
for contaminants such as textile dyes (Wang and Yu, 1998; Blanquez
et al., 2004; Bayramoğlu and Arıca, 2007), personal care products
(Badia-Fabregat et al., 2012) and some specific PhACs (Marco-Urrea
et al., 2009; Marco-Urrea et al., 2010; Tran et al., 2010). However, in
these studies, sorption evaluation was done indirectly, i.e., setting up a
controlflaskwith thermal inactivated fungus, andmeasuring the pollut-
ants concentration in the water at the beginning and at the end of the
experiment; the difference in concentration is then attributed to sorp-
tion processes assuming that biodegradation processes are not taking
place. In contrast, no study in the literature so far has investigated the
sorption of organic micropollutants in fungal biomass by means of di-
rect measurement of these compounds in the solid phase.

The main objective of the present work was to evaluate the role of
the sorption processes in the removal of PhACs during fungal treatment.
Direct measurement of contaminants in fungal biomass were per-
formed considering two different types of experiments; namely batch
experiments with different fungi performed with spiked synthetic
water and experiments in a continuous bioreactor with the fungus
T.versicolor for the treatment of veterinary hospital wastewater (VHW).
2. Materials and methods

2.1. Chemicals and reagents

All PhACs standards and isotopically labelled compounds, used as in-
ternal standards, were of high purity grade (N90%). Compounds were
purchased from Sigma–Aldrich (Steinheim, Germany), US Pharmacope-
ia USP (MD, USA), European Pharmacopeia EP (Strasbourg, France), To-
ronto Research Chemicals TRC (Ontario, Canada) and CDN isotopes
(Quebec, Canada). Quantification parameters and internal standards
used can be found in table S1.

Individual stock standard, isotopically labelled internal standard and
surrogate solutions were prepared on a weight basis in methanol (at a
concentration of 1000 mg L−1), except ofloxacin and ciprofloxacin,
which were dissolved in methanol adding 100 μL of NaOH1 M, and
cefalexin, whichwas solved in HPLC gradewater, as described in the lit-
erature (Ibáñez et al., 2009; Kantiani et al., 2009), since these substances
are barely soluble or insoluble in pure methanol. After preparation,
standards were stored at −20 °C.

Working standard solutions, containing all compounds, were
also prepared in methanol/water (10:90, v/v). Separate mixtures of
isotopically labelled internal standards, used for internal standard cali-
bration, and surrogates, were prepared in methanol and further dilu-
tions were also prepared in a methanol/water (10:90, v/v) mixture
(Gros et al., 2012).
Fiberglass GF/A filters (1 μm) and nylon membrane filters (0.45 μm)
were purchased from Whatman (London, UK) and Millex Millipore
(Barcelona, Spain) respectively. Glucose, ammonium tartrate dibasic
and malt extract were purchased from Sigma Aldrich (Barcelona,
Spain).

2.2. Experimental design

The monitoring of sorption processes was performed in two differ-
ent fungal treatment experiments: i) Batch experimentswith 6 different
fungi performed with synthetic medium spiked with selected PhACs ii)
Fungal bioreactor experiment performed with VHW.

2.2.1. Batch experiments with fungi and spiked synthetic medium
Six different species of fungi were used in this study, three white-rot

fungi (WRF): Trametes versicolor (ATCC #42530 strain), Irpex lacteus
(AX1 strain) and Ganoderma lucidum (FP-58537-Sp strain); and three
litter decomposing fungi (LDF): Stropharia rugosoannulata (FBCC 475
strain), Gymnopilus luteofolius (FBCC 466 strain) and Agrocybe erebia
(FBCC 476 strain). Experimental details are summarized below and fur-
ther information can be found in the work by Castellet-Rovira et al.
(2017).

All these fungi were subcultured on 2%malt extract agar petri plates
(pH 4.5) at 25 °C. Pellet production was achieved for all the fungi, and it
was done following the same procedure as previously described Font
et al. (2003).

The experiments were performed in 250 mL Erlenmeyer flasks, an
amount of mycelial pellets (a mean of 0.5 ± 0.1 g in dry weight) was
added in 100 mL of defined medium, consisting of 8 g L−1 of glucose,
3.3 g L−1 of ammonium tartrate, 1.168 g L−1 of 2,2-dimethylsuccinate
buffer and 1 and 10 mL of a micro and macronutrient solution from
Kirk medium (Kirk et al., 1978). The inoculums were always the same
mass of pellets but measured as wet weight and later translate to dry
weight by the ratio wet weight/dry weight measured in each set of ex-
periments and each fungi. The medium was prepared in ultrapure
water, so initial COD was related to the glucose concentration, this is
about 8500 mg O2 L−1, but this is mainly reduced up to the end of the
experiment because the glucose is uptake by fungi and no glucose is de-
tected at day 6. Four selected PhACswere added to the definedmedium
reaching a final individual concentration between 47 and 184 μg L−1.
The water was spiked at slightly higher concentrations than those com-
monly found in wastewater treatment plants. However, concentrations
were low enough to avoid any possible toxic effect of the PhACs on the
fungi (Castellet-Rovira et al., 2017). The pollutants present in the stock
solution included diclofenac (anti-inflammatory), carbamazepine (anti-
convulsant), venlafaxine (antidepressant) and iopromide (media con-
trast agent). PhAcs were selected based on its ubiquity in hospital
wastewater effluents and low biodegradability exhibited in
previous fungal treatments performed with T. versicolor (Cruz-Morató
et al., 2014; Ferrando-Climent et al., 2015). After fungus inoculation
and PhACs addition, flasks were incubated under orbital shaking
(135 rpm) at 25 °C for six days in dark conditions to prevent a possible
photodegradation on compounds.

Apart from the experimental treatment (Exp) above described, heat-
killed (KC) control, and abiotic controlwere performed. Heat-killed con-
trols consisted on autoclaved cultures, which were set-up under identi-
cal conditions to those of the Exp cultures. These experiments allowed
us to evaluate sorption differences between Exp andKC samples. Abiotic
control cultures were performed in the samemanner as the Exp culture
but without fungus. These experiments were intended to account the
degradation of the contaminants due to physico-chemical processes.
Each treatment was done in triplicate for each fungus.

Water samples and fungal biomass sampleswere taken, after 15min
and 6 days of PhACs addition in the cultures. Fungal biodegradation is a
quite slow process, so 15min are considered enough time to ensure ho-
mogeneity in the concentration of the flask and too short to detect a
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significant adsorption process. On the contrary, according our experi-
ence, 5 days is the time that takes to uptake the added glucose and to
decrease the degradation rate. So we decided to take the sample after
6 days of treatment to ensure the accomplishment of both objectives:
to uptake glucose and to measure degradation yield. Biomass samples
were taken at the end of the experiment since in the original experi-
ment (Castellet-Rovira et al., 2017) the analysis of the sorption kinetics
was not considered. In both cases, the whole content of the flasks was
sacrificed at each sampling time. All samples were filtered through 1
μm fiberglass in order to separate the fungal biomass from water frac-
tion. Liquid samples were kept frozen whereas solid samples were
first freeze dried and then kept frozen until their analysis.

2.2.2. Continuous bioreactor with T.versicolor and VHW
Two air-pulsed glass bioreactors (1.5 L) (Blánquez et al., 2006) were

set up in parallel, one inoculated with pellets of T.versicolor and the
other non-inoculated as a control, for 26 days (Badia-Fabregat et al.,
2015b). T.versicolor was chosen among the other fungi considered in
this article because of its great yield in terms of PhACs removal
(Castellet-Rovira et al., 2017) and to take advantage of the expertise of
the group in performing experiments with this fungus. The applicability
of fungal treatment technology has already been studied for T.versicolor,
for treating wastewater containing pharmaceuticals in non-sterile con-
ditions (Cruz-Morató et al., 2013; Cruz-Morató et al., 2014;
Badia-Fabregat et al., 2012; Badia-Fabregat et al., 2015a, 2015b). In the
inoculated bioreactor, fungal pellets weremaintained fluidized through
the air pulses. Wastewater was obtained from a veterinary hospital lo-
cated in the Universitat Autònoma de Barcelona campus (Bellatera, Bar-
celona, Spain) (Table S2) the same day that each bioreactor was set up
and also once aweek during continuous bioreactors operation; this vet-
erinary hospital receives 15,455 visitors per year: 12,435 dogs, 859 cats,
300 horses and 1861 exotic animals. The bioreactors were filled with
1.5 L of VHW, temperature was set up at 25 °C, and pH kept constant
at 4.5 ± 0.5 by adding HCl 1 M or NaOH 1 M. Fungal pellets were kept
inside the bioreactor by means of a mesh. T. versicolor was initially
added at 3.7 g dry cell weight (DCW) L−1. However, every 2–5 days, ap-
proximately 1/3 of the biomass was replaced by fresh one as deter-
mined by Blánquez et al. (2006). Hydraulic retention time (HRT) was
3.3 days. Glucose and ammonia tartrate were added at rates of 343–
1040 and 0.77–433 mg g DCW−1 day−1, respectively, according to the
nutritional requirements (Badia-Fabregat et al., 2015b), and in pulses
of 0.6 min h−1 from a concentrated stock. VHW in the feed storage
tankwas replaced every 2–3 days by fresh one stored at 4 °C. Amore de-
tailed description of the experimental set-up can be found elsewhere
Badia-Fabregat et al. (2015b).

Finally, both fungal biomass from the inoculated bioreactor (inocu-
lated biomass) and biomass from the non-inoculated control bioreactor
(control biomass), were collected through a filtration system at the end
of the experiment (26 days) and then were frozen and kept at −20 °C
until analysis. Sampleswere taken at the end of the experiment because
no stationary state was achieved because different nutrient additions
were being tested during the process to determine optimal conditions
for fungal survival. It was at the end of the experiment when the condi-
tions were fixed and no removal of biomass was done; therefore it was
the period that can be considered as stationary (Badia-Fabregat et al.,
2015b)

2.3. Sample pre-treatment

For the analysis ofmicropollutants in the fungal biomass samples, an
extraction methodology was previously adapted and implemented.
Three extraction methodologies, initially developed for the analysis of
several pollutants (biocides and pharmaceuticals) in solid samples,
were selected from the literature to be tested (Capone et al., 1996;
Jelić et al., 2009; Rubilar et al., 2011). A fourth methodology was also
tested following the schemeof Capone et al. (1996) but using a different
extraction solvent (MeOH-Na2EDTA). Methods description is summa-
rized in table S3. The latest extraction methodology exhibited the best
recovery values for the selected PhACs (Fig. S1) and was thus used in
the presentwork for the analysis of micropollutants in biomass samples
from both experiments, batch experiment with different fungi and con-
tinuous bioreactor with T.versicolor and VHW.

In Capone et al. (1996) adapted methodology, the biomass was
freeze dried and then homogenized using a Robot Coupe Blixer food
processor (Robot Coupe USA, Jackson, MS) and a mortar. For each sam-
ple, 1 g of biomass was used; then 4mL of MeOH-Na2EDTA (50:1.5 v/v)
was added and vortexed for 30 s. Later on, samples were sonicated for
3 min and centrifuged at 1500 rpm for 5 min at 5 °C. The supernatant
was kept together with the pellet, and the procedure was repeated
twicemore using 3mL ofMeOH-Na2EDTA each time. The total resulting
supernatant was centrifuged at 3200 rpm for 20 min, decanted, filtered
with nylonmembrane filters, evaporated under nitrogen streamusing a
Reacti-Therm18,824 system (ThermoScientific) and reconstitutedwith
1 mL of methanol-water (10:90 v/v). Lastly, 10 μL of internal standard
mix at 10 ng μL−1 were added in the extracts for internal standard cal-
ibration. Na2EDTAwere added since it has been observed that it consid-
erably improves extraction efficiency of antibiotics as well as other
pharmaceuticals (Yang et al., 2005; Hernández et al., 2007). This is at-
tributed to the fact that these compounds can potentially bind residual
metals present in the sample matrix and glassware, resulting in low ex-
traction recoveries. By addingNa2EDTA, solublemetals are bound to the
chelating agent, increasing the extraction efficiency of PhACs (Gros
et al., 2012).

2.4. PhACs quantification

Quantification of the PhACs in both experiments was performed ac-
cording Gros et al. (2012) procedure, with an ultraperformance liquid
chromatography system (Waters Corp. Mildford, MA, USA), using an
Acquity HSS T3 column (50 × 2.1 mm i.d. 1.7 μm particle size) for the
compounds analyzed under positive electrospray ionization (PI) and
an Acquity BEH C18 column (50 × 2.1 mm i.d., 1.7 μm particle size) for
the ones analyzed under negative electrospray ionization (NI), both
from Waters Corporation. The UPLC instrument was coupled to 5500
QqLit, triple quadrupole linear ion trap mass spectrometer (5500
QTRAP, Applied Biosystems, Foster City, CA, USA) with a Turbo V ion
spray source. Two MRM transitions per compound were recorded by
using the Scheduled MRM™ algorithm, and the data were acquired
and processed using the Analyst 2.1 software.

Analytical quality parameters of the analytical methodologies ap-
plied can be found in table S1 but briefly: the limit of detection (LOD)
achieved range from 0.001 to 0.08 μg L−1 for the water samples and
from0.001 to 0.1 ng g−1 for the biomass samples. The recoveries ranged
from 26 to 117% in the water samples and from 25 to 132% for the bio-
mass samples.

2.5. Sorption and biodegradation calculation

In order to determine the role of biodegradation and sorption pro-
cesses in the elimination of PhACs in the batch experiments with
fungi, the following calculations were performed: Total elimination for
each PhAC was first calculated as Eq. (1):

E ¼ Cwi−Cwfð Þ � V ð1Þ

where E is total elimination (ng), Cwi and Cwf the concentration (ng
mL−1) of each PhAC measured in the water samples (Table S4) at the
beginning and at the end of the experiment respectively, and V is the
volume of the water in each flask (mL). PhACs sorbed for each com-
pound can be expressed as Eq. (2)

A ¼ Cbf � Bf ð2Þ
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where A is the amount of PhAC sorbed (ng), Cbf is the concentration
(ng g−1) of each PhACmeasured in the biomass at the end of the exper-
iment, and Bf the amount of biomass (g) at the end of the experiment.
Finally, the biodegradation for each PhAC were calculated as it can be
seen in Eq. (3):

Bd ¼ E−A ð3Þ

where Bd is the quantity of PhAC (ng) eliminated by biodegradation, E is
the total amount of PhAC eliminated (ng), and A is the quantity of PhAC
(ng) eliminated by sorption processes.

Solid–water partition coefficients (Kd), (Ternes et al., 2004) which
defines the distribution of a compound between water and solid
phase, were calculated from PhACs concentrations in water and bio-
mass samples obtained at the end of the experiment in the continuous
bioreactor. Kd takes into account both absorption and adsorption and
is used to evaluate the overall sorption in solids exposed to different
concentration of pollutants in the liquid phase. This coefficient takes
into account both absorption and adsorption and is used when evaluat-
ing the sorption in solids exposed to different concentration of pollut-
ants in the liquid phase. It was used with the biomass of the
continuous bioreactor at the end of the experiment in order to have a
picture of the sorption of contaminants at the end of the experiment;

Kd ¼ Csorbed

Csoluble

where Csorbed is the sorbed PhACs concentration onto biomass
(μg Kg−1) and Csoluble the dissolved concentration of the compound
(μg L−1).

2.6. Statistical analysis

Values were compared using Student's t-test, in which p b 0.05 was
considered significant (IBM SPSS Statistics 21.0 software; IBM, Chicago,
IL, USA).

3. Results and discussion

3.1. Batch experiments with fungi and spiked synthetic medium

In general terms, results obtained from the abiotic cultures reveal no
PhACs degradation attributed to physico-chemical processes such as
volatilization, thermal degradation and sorption in the bioreactor
(Castellet-Rovira et al., 2017). Therefore, PhACs elimination observed
in Exp cultures can only be associated to biodegradation and/or sorption
processes. The role of sorption was thus calculated (as explained in sec-
tion 2.5) based on the results obtained from themeasurements of PhACs
both, in liquid and fungal phase after 6 days of treatment (Table S4). The
sorption contribution in the PhACs elimination ranged from 3% to 13%
(Fig. S2). The contribution of the sorption processes to overall removal
was different depending on the fungus considered; many factors are ac-
tually involved in the sorption process and specific interactions be-
tween PhACs and the surface components of each fungus can occur.
The fungi can be ordered from most to least efficient as follows:
S.rugosoannulata G.luteofolius, T.versicolor, G.lucidum, A.erebia and
I.lacteus; S.rugosoannulata was the most effective fungus in terms
of elimination of the 4 selected PhACs (75%), but also in terms of biodeg-
radation; 72% biodegradation +3% sorption (Fig. S2). On the contrary,
I.lacteus exhibited the lowest elimination value, 44% (37%
biodegradation +7% sorption) (Fig. S2). Comparing biodegradation
and sorption values it can be highlighted that, in the experiments with
S.rugosoannulata the sorption processes has less relevance to the total
elimination observed; only 4% of total elimination can be attributed to
sorption processes while 96% of the elimination is due to biodegrada-
tion. In contrast; the relevance of the sorption processes achieves the
highest values in the case ofG.lucidum. For this fungus, 26% of total elim-
ination can be attributed to sorption processes and 74% can be attribut-
ed to biodegradation.

Behaviour of each compound in the six different fungal experiments
was also evaluated (Figs. 1 and 2). Diclofenac was the compound with
the highest sorption in the fungal biomass. Up to 9153.2 ng g−1 (33%
of initial amount) of this compound were retained in A.erebia biomass,
being the average retained concentration of diclofenac, considering all
fungi, 5213.2 ng g−1 (25% of initial amount). These high diclofenac sorp-
tion values are in agreement with those exhibited in previous fungal
80% (Marco-Urrea et al., 2010) and conventional activated sludge
(CAS) treatments (Radjenović et al., 2009). The great sorption of
diclofenac in the present experiment might be due to its high partition
coefficient (log Pat pH 4.5 = 3.6) indicating its hydrophobic character
(Mannhold et al., 2009). In contrast, iopromide and venlafaxine present
the lowest concentrations in the fungal biomass (212.5 and
202.5 ng g−1), c.a. 1% of the initial amount for each compound
(Fig. 2), which is in agreement with the low sorption shown by these
compounds in sludge, reported in studies performed with CAS (Batt
et al., 2006; Joss et al., 2008). The high hydrophilicity of iopromide
(log P at pH 4.5 = −0.44) and venlafaxine (log P at pH 4.5 = −0.69)
may explain the low concentrations found for these compounds in the
fungal biomass.

Sorption values obtained in the Exp treatments were compared with
those sorption values of KC treatments, and the feasibility of launching
KC experiments to calculate indirectly the sorption contribution in the
total removal of PhACs was also evaluated. KC treatments are very com-
mon as control treatment in biodegradation experiments; they are fre-
quently used to evaluate the contribution of the sorption processes in
the elimination of the pollutants. Sorption of the active biomass is
thus considered to be the same as the sorption of the inactive (killed
control) biomass. Therefore, the difference in elimination in both treat-
ments is attributed indirectly to biodegradation processes. However this
approach might sometimes lead to some inaccuracies, since the struc-
ture of biomass, and therefore their sorption capacities, may change ac-
cording to the inactivation mechanism. It is indeed well known that,
e.g., some fungal cells exposed to heat treatments alter the physico-
chemical properties of their surfaces leading to a greater, equivalent or
less bioadsorptive capacities than that of living cells depending on the
pollutant (Arıca et al., 2003; Bayramoğlu and Arıca, 2007). In addition,
active transport in living cellsmay play an important role in the sorption
processes, which is inactive in the killed control culture. The biodegra-
dation values obtained measuring both types of matrices (liquid and
solid) from the Exp culture (direct method), were compared (Table 1)
with the biodegradation values calculated using theKC culture to distin-
guish between biodegradation and sorption (indirect method)
(Castellet-Rovira et al., 2017). For most of the compounds, degradation
percentages calculated using both strategies were similar (Table 1).
However, for some compounds the differences were quite remarkable,
like in the case of the degradation of diclofenac by I.lacteus (42% degra-
dation calculated through the direct method and 71% with the indirect
method), or the degradation of venlafaxine by G.luteofolius (15% of deg-
radation calculated with the direct method and no degradation mea-
sured with the indirect method). These differences detected can be
attributed, on one hand, to the different sorption values between the ac-
tive and the inactive biomass. On the other hand, biodegradation pro-
cesses of absorbed compounds can occur in the active biomass due to
intracellular enzymes, whereas no degradation occurs in inactivated
biomass, thus affecting the distribution of the contaminants in the two
compartments.

3.2. Continuous bioreactor with T.versicolor and VHW

28 out of 47 compounds analyzed, were detected in the biomass
sampled at the end of the experiment performed in the continuous bio-
reactor (Table S5). As it can be seen in Fig. 3 the sorption of the



Fig. 1. Concentrations (ng g−1) of each pollutant in the corresponding fungi at the end of the batch experiments performedwith ultrapure spikedwater; experimental (blue) and killed control
(pink) cultures. TV: Trametes versicolor; GL: Ganoderma lucidum; IL: Irpex lacteus; SR: Stropharia rugosoannulata; GT: Gymnopilus luteofolius; AE: Agrocybe erebia. Error bars correspond to
deviation of analytic results of the concentrations measured.
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compounds is different between the biomass from the inoculated biore-
actor (obtained in the experiment performed with inoculated fungi)
and the biomass obtained in the experiment performed without any
Fig. 2.Mean concentration of each PhACs detected in the fungal biomass at the end of the
batch experiments: EXP culture and KC culture, both performed with spiked synthetic
medium. Error bars correspond to deviation of analytic results of the concentrations
measured.
fungal inoculation (control bioreactor), which can be considered as
mainly bacterial biomass with some fungal strains detected at very
low concentrations (Badia-Fabregat et al., 2015b). Most of the com-
pounds were better sorbed into the control biomass (23 out of 28 com-
pounds), whereas for only 5 of them the sorption was higher in the
inoculated biomass. However, in global terms, no big differences
can be pointed out in the total PhACs concentration measured in
both biomasses; 174.6 ± 5.0 ng g−1 in the inoculated biomass and
204.9 ± 5.2 ng g−1 in the control biomass. On the other hand, PhACs
levels in sludge from conventional WWTPs reported in other studies
(Table S5) were higher than levels encountered in the control biomass
in our experiment, with the exception of propranolol, with similar con-
centrations in all the samples analyzed; 35.2 ng g−1, 36.8 ng g−1 and
32.3 ng g−1 for inoculated biomass, control biomass and sludge from
conventional WWTPs, respectively. However, comparison between
levels of PhACs in the biomass from the different treatments without
taking into account the levels in the water phase (which can vary enor-
mously from one WWTP to the other) is not accurate since both are
closely related. Also biomass concentration in the treatments is likely
to vary between the treatments. Therefore, the sorption is compared
in terms of Kd coefficients (Ternes et al., 2004). Using this coefficient
we assumed that the bioreactor has achieved a stationary state, which
is the case in CAS, since the samples selected were taken, at the end of
the experiment where, no removal of biomass was done. For example,
Kd values (Table S6) calculated for salycilic acidwere similar in the inoc-
ulated biomass and in the biomass of the control bioreactor (33 and 14
respectively) and in the sludge of a CAS treatment (23) (Barron et al.,
2009). Also for carbamazepine, Kd values were quite similar: 48 in the
inoculated biomass, 31 in the control biomass from the control bioreac-
tor, 43 and 61,2 from CAS treatment (Barron et al., 2009; Radjenović
et al., 2009). Considering these results, it could be suggested that there
are no major differences in the sorption of pharmaceuticals in the



Table 1
Average removal, biodegradation and sorption values plusminus standard deviation calculated directly (with PhACs concentration in both liquid and biomass) and indirectly (subtracting
the degradation valuemeasured in the liquid from the killed control culture from the degradationmeasured in the liquid from the experimental culture (Castellet-Rovira et al., 2017) from
the batch experiments with fungi and spiked synthetic medium)

Total removal

T.versicolor G. lucidum I. lacteus S. rugosoannulata G. luteofolius A. erebia

Carbamazepine 58 ± 8% 36 ± 7% 62 ± 6% 86 ± 7% 55 ± 12% 45 ± 10%
Diclofenac 96 ± 24% 98 ± 15% 97 ± 14% 79 ± 7% 76 ± 13% 77 ± 20%
Iopromide 47 ± 7% 31 ± 7% 27 ± 12% 94 ± 8% 96 ± 25% 55 ± 20%
Venlafaxine 55 ± 8% 30 ± 5% 15 ± 4% 12 ± 8% 15 ± 3% 10 ± 3%

Biodegradation

T.versicolor G. lucidum I. lacteus S. rugosoannulata G. luteofolius A. erebia

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Carbamazepine 51 ± 7% 50 ± 7% 31 ± 6% 23 ± 2% 58 ± 5% 57 ± 7% 84 ± 7% 77 ± 12% 52 ± 11% 45 ± 10% 42 ± 9% 38 ± 3%
Diclofenac 64 ± 16% 54 ± 15% 58 ± 8% 64 ± 6% 65 ± 6% 71 ± 9% 68 ± 6% 25 ± 5% 59 ± 9% 20 ± 2% 43 ± 8% 3 ± 0%
Iopromide 46 ± 7% 39 ± 3% 30 ± 7% 13 ± 1% 25 ± 11% 22 ± 3% 93 ± 8% 70 ± 13% 96 ± 25% 93 ± 36% 55 ± 20% 43 ± 4%
Venlafaxine 53 ± 8% 49 ± 9% 29 ± 5% 19 ± 1% 14 ± 3% 9 ± 1% 11 ± 7% 2 ± 0% 15 ± 3% 0 ± 0% 9 ± 3% 8% ± 1%

Sorption

T.versicolor G. lucidum I. lacteus S. rugosoannulata G. luteofolius A. erebia

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Direct
method

Indirect
method

Carbamazepine 6 ± 1% 8 ± 1% 5 ± 1% 13 ± 1% 4 ± 0% 5 ± 1% 2 ± 0% 9 ± 1% 3 ± 1% 10 ± 2% 3 ± 1% 7 ± 1%
Diclofenac 32 ± 8% 42 ± 12% 40 ± 6% 34 ± 3% 31 ± 4% 26 ± 3% 10 ± 1% 54 ± 11% 17 ± 3% 56 ± 6% 33 ± 9% 74 ± 10%
Iopromide 1 ± 0% 8 ± 1% 1 ± 0% 18 ± 1% 2 ± 1% 5 ± 1% 1 ± 0% 24 ± 4% 0 ± 0% 3 ± 1% 0 ± 0% 12 ± 1%
Venlafaxine 2 ± 0% 6 ± 1% 1 ± 0% 11 ± 1% 1 ± 0% 6 ± 1% 1 ± 0% 10 ± 1% 0 ± 0% 15 ± 3% 1 ± 0% 2% ± 0%
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inoculated biomass in comparison to sludge from CAS treatments (p b

0.05). Therefore, inoculated biomass after fungal treatment might be
considered a potential waste (as it is the case of wastewater sludge in
a conventional WWTP), and thus be treated accordingly before being
released into the environment (Rodríguez Rodríguez, 2013). However,
this is a preliminary experiment and further studies would be necessary
to confirm these findings.

On the other hand, the appearance and removal of transformation
products (TP) of PhACs has been addressed by some authors
(García-Galán et al., 2011; Cruz-Morató et al. 2012; Jelić et al., 2012). Ac-
cording to studies performed in our research group (Llorca et al., 2016)
ligninolytic fungi degradation rely on mechanisms occurring inside and
outside the fungal cells, though Blanquez et al. (2004) evidenced that
most of the biological transformation occurs at intracellular level.
Fig. 3. Concentration of the PhACs detected in the biomass samples from the continuous bior
deviation of analytic results of the concentrations measured.
Therefore, the great majority of transformation products might be
found in the fungal biomass. However, the occurrence of these TP in fun-
gal biomass has not been reported so far and calls for further studies in
order to reach a better understanding on the subject.

4. Conclusions

According to the results obtained in our studies, some ideas can be
highlighted: i) It is worthwhile to measure target compounds in both,
liquid and solid (biomass) phases in order to determine the role of the
sorption and biodegradation mechanisms when the elimination of pol-
lutants is evaluated, ii) Sorption processes accounted for a 7% of the
PhACs elimination (mean value) in our batch experiments. However,
the contribution of the sorption processes to overall removal is different
eactor with T.versicolor and VHW at the end of the experiment. Error bars correspond to
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depending on the fungus considered, ranging from 4% in the case of
S.rugosoannulata to 26% for G.lucidum. Iii) Sorption of PhACs on fungal
biomass was similar to that observed into the sludge from conventional
CAS treatments. Therefore, based on this preliminary study, fungal bio-
mass should be managed in the same way as the sludge from CAS
treatments.
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