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A B S T R A C T   

The ecotoxicological safety of the water bodies relies on the reduction of micropollutant emis-
sions from wastewater treatment plants (WWTP). The ecotoxicological safety of the water bodies 
relies on the reduction of micropollutant emissions from wastewater treatment plants (WWTP). 
Quantification of micropollutant removal at full-scale WWTP is scarce. To our knowledge, the 
anaerobic conversion rates determined at conventional activated sludge processes are, so far, 
scarcely available in the literature for most of the micropollutants. In this research, we quantified 
the biotransformation rate constants and the removal efficiencies of 16 micropollutants (4,5- 
methylbenzotriazole, azithromycin, benzotriazole, candesartan, carbamazepine, clarithromycin, 
diclofenac, gabapentin, hydrochlorothiazide, irbesartan, metoprolol, propranolol, sotalol, sulfa-
methoxazole, trimethoprim, and venlafaxine), under aerobic, anoxic, and anaerobic redox con-
ditions; using as inoculum wastewater and biomass from a full-scale conventional activated 
sludge (CAS) system in the Netherlands. Clarithromycin was the compound that exhibited the 
highest aerobic (76%) and anaerobic (78%) removal efficiencies, while gabapentin showed the 
highest removal under anoxic conditions (91%). A preference for cometabolic biotransformation 
of the targeted micropollutants was observed. The highest biotransformation rate constants ob-
tained were: at aerobic conditions clarithromycin with 1.46 L.gSS

− 1.d− 1; at anoxic conditions, 
gabapentin with 2.36 L.gSS

− 1.d− 1; and at anaerobic redox conditions clarithromycin with 1.87 L. 
gSS
− 1.d− 1. The obtained results of biotransformation rates will allow further modelling of micro-

pollutant removal in CAS systems, under various redox conditions. These biotransformation rates 
can be added to extended ASM models to predict effluent concentration and optimize targeted 
advanced oxidation processes allowing savings in the operational costs and increasing the process 
viability.   

1. Introduction 

Many chemical compounds are used daily in households and industries, entering, therefore, the municipal sewage (e.g., through 
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Table 1 
Characterization of the sixteen targeted micropollutants: 11 (Dutch Ministry of Infrastructure and Water Management), and 5 (azithromycin, candesartan, gabapentin, irbesartan, and venlafaxine) also 
included in the 19 list by STOWA). Adapted from Lousada-Ferreira, 2022  

Micropollutant CAS Number Molecular Formulac, 

d 
Chemical groupc Use Molar 

weight 
[g.mol− 1]c,d 

pKa
c, 

d 
Log Kow 

d 
Solubility 
[mg/mL]c,d, 

a 

Hydrophobicityc,d, 

b 
Polarityc, 

d 

4-, 5- 
Methylbenzotriazole 

29385–43–1 C7H7N3 Benzotriazoles Copper and copper alloy corrosion 
inhibitor  

133.1 8.74  1.71 0.366 Hydrophilic Polar 

Azithromycin 83905–01–5 C38H72N2O12 Aminoglycosides/ 
Macrolide 

Antibiotic/Macrolide  749.0 9.57  4.02 < 1.000 Hydrophobic Non- 
polar 

Benzotriazole 95–14–7 C6H5N3 Benzotriazole Copper and copper alloy corrosion 
inhibitor  

119.1 8.37  1.44 1.000 Hydrophilic Polar 

Candesartan 139481–59–7 C24H20N6O3 Biphenyls and derivatives Antihypertensive  440.5 2.45 
6.70  

4.79 0.008 Hydrophobic Polar 

Carbamazepine 298–46–4 C15H12N2O2 Dibenzazepines Anticonvulsant/Antiepileptic  254.3 13.90  2.45 0.152 Hydrophilic Non- 
polar 

Clarithromycin 81103–11–9 C38H69NO13 Aminoglycosides/ 
Macrolide 

Antibiotic/Macrolide  747.9 8.99  3.16 0.001 Hydrophilic Non- 
polar 

Diclofenac 15307–86–5 C14H11Cl2NO2 Dichlorobenzenes Antiphlogistic  296.2 4.15  4.50 0.002 Hydrophobic Non- 
polar 

Gabapentin 60142–96–3 C9H17NO2 Gamma amino acid Anticonvulsants/Antiepileptic  171.2 3.68 
10.70  

1.10 4.340 Hydrophilic Polar 

Hydrochlorothiazide 58–93–5 C7H8ClN3O4S2 Benzothiadiazines Antihypertensive/Diuretic  297.7 7.90 
9.20  

0.07 0.722 Hydrophilic Non- 
polar 

Irbesartan 138402–11–6 C25H28N6O Biphenyls and derivatives Antihypertensive  428.5 4.29  5.31 0.009 Hydrophobic Non- 
polar 

Metoprolol 37350–58–6 C15H25NO3 Tyrosols and derivatives Antihypertensive/Beta-blocker  267.4 9.70  1.88 0.402 Hydrophilic Polar 
Propranolol 525–66–6 C16H21NO2 Naphthalenes Antihypertensive/Beta-blocker  259.3 9.42  3.48 0.062 Hydrophobic Polar 
Sotalol 3930–20–9 C12H20N2O3S Sulfananilide Antihypertensive/Beta-blocker  272.4 8.20 

9.80  
0.24 0.782 Hydrophilic Polar 

Sulfamethoxazole 723–46–6 C10H11N3O3S Aminobenzenesulfonamides Antibiotic  253.3 1.60 
5.70  

0.89 0.459 Hydrophilic Polar 

Trimethoprim 738–70–5 C14H18N4O3 Anisole Antibiotic  290.3 7.12  0.91 0.615 Hydrophilic Polar 
Venlafaxine 93413–69–5 C17H27NO2 Anisole Antidepressant/SSRI  277.4 9.50 

10.09  
3.20 0.230 Hydrophobic Polar  

a Das et al. (2017); 
b Grandclement et al. (2017); 
c Wishart et al. (2018); 
d Kim et al. (2021) 
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body excretions), and ending up in the wastewater treatment plants (WWTP) (Kennes-Veiga et al., 2022). The existent wastewater 
treatment plants are mainly based on biological treatments that were not designed to remove micropollutants, leading to their 
presence in the effluent (Kennes-Veiga et al., 2021). Nevertheless, activated sludge-based wastewater treatments have shown some 
extent of micropollutant removal (Bourgin et al., 2018). 

The micropollutants may be removed from wastewater by biotransformation, sorption, or stripping (Joss et al., 2006). Biotrans-
formation is the process by which microorganisms transform, degrade, or remove chemicals and according to the literature is usually 
the major removal mechanism, together with sorption (Kennes-Veiga et al., 2022). This mechanism is mainly affected by the WWTP 
parameters - hydraulic retention time (HRT) (Ruas et al., 2022), sludge concentration (Gusmaroli et al., 2020), sludge retention time 
(SRT) (Suarez et al., 2012), and redox condition (Falas et al., 2016). The redox condition is defined by the main electron acceptor 
available, which can oxidize other substances. The electron acceptors’ nature and availability affect the biotransformation, as well as 
the microbial community, meaning that the redox condition will favour the enzymatic activity to biotransform the compounds 
(Kennes-Veiga et al., 2022). Three redox conditions are mainly present in conventional activated sludge (CAS) systems: aerobic, 
anoxic, and anaerobic. Falas et al. (2016) observed that coupling the aerobic and anaerobic conditions in the wastewater treatment 
processes could allow the removal of persistent micropollutants like venlafaxine and its metabolites. 

Besides the WWTP design parameters, the micropollutant physicochemical characteristics also influence their biotransformation. 
Compounds with Log Kow values lower than 3.2 are considered hydrophilic and it’s expected for them to have a low sorption potential, 
on the other side, Log Kow values greater than 4.0 indicate hydrophobic behaviour and that sorption may be the main removal 
mechanism (Gusmaroli et al., 2020). Nevertheless, compounds that are positively charged and with a refractory nature (e.g., atenolol) 
will mostly be removed by sludge sorption (Wirenfeldt Jensen et al., 2022). Similarly, compounds with a solid-water distribution 
coefficient (Kd) lower than 2.5 are more likely to stay in the aqueous phase while compounds with a Kd greater than 3.2 are more likely 
to sorb to solids (Golovko et al., 2021). The removal of micropollutants is expected to be higher at greater sludge concentrations, due to 
higher sorption potential and biomass to biotransform the compounds (Gobel et al., 2005). 

To improve micropollutant biotransformation, the kinetic data is of the foremost importance, mainly to develop design and 
removal prediction models. Nevertheless, this information is still scarce. Some studies have been carried out to analyze the 
biotransformation of micropollutants in CAS systems, and which parameters affect that (Falas et al., 2016). However, most of them 
only determine micropollutant removal efficiencies without looking at the kinetics. Due to the increasing list of micropollutants 
present in wastewater, many have not been studied or identified yet. To get better insights, the EU created a Watch list with 297 key 
micropollutants aimed to be monitored and better studied (Mutzner et al., 2022). In the Netherlands, the Dutch Ministry of Infra-
structure and Water Management proposed a selection of 11 from the 19 micropollutants proposed by the Dutch Foundation for 
Applied Water Management Research – STOWA (Moermond et al., 2019), to be monitored in the WWTP. 

To the best of our knowledge, based on a performed literature review (see Table 5), no biotransformation rate constants of these 16 
key micropollutants were found under anaerobic conditions nor determined in CAS systems. Few studies (Mazioti et al., 2015; Plosz 
et al., 2010; Suarez et al., 2010; Xue et al., 2010) have determined the biotransformation rates of some of these targeted micro-
pollutants under anoxic conditions, while several studies focused only on determining them under aerobic conditions. Moreover, there 
was not any biotransformation rate constant found for the targeted compounds 4-,5-methylbenzotriazole, candesartan, hydrochlo-
rothiazide, and venlafaxine. Nevertheless, many other studies have reported the removal efficiencies of these micropollutants under 
different redox conditions in CAS systems, as summarized in Table S1. 

This study aims to determine the biotransformation rates of 16 targeted micropollutants (14 pharmaceuticals and 2 industrial 
chemicals – see Table 1) under aerobic, anoxic, and anaerobic conditions present in a PhoRedox activated sludge system. The obtained 
values were compared and looked over according to the metabolic/cometabolic pathway and correlation with physicochemical 
properties. Furthermore, the removal efficiencies of each compound under the different redox conditions were assessed. 

2. Materials and methods 

2.1. Sampling 

To determine the biotransformation kinetics, batch experiments were conducted with wastewater from a Dutch WWTP, with a 
PhoRedox CAS configuration (Figure S1). The WWTP was designed for a maximum flow of 8 015 m3/h, with an HRT of 6.2 h and an 
SRT of 25 days. 

A sample campaign was conducted weekly to this WWTP, to minimize as much as possible the storage time, and guarantee new 
samples to feed the bioreactors. This campaign was made for five consecutive weeks in March and April. During the sampling 
campaign, the maximum temperature was 11 (±2) ◦C, the minimum temperature 5 (±1) ◦C and the precipitation 1.7 (±0,6) mm. The 
samples were taken from the influent, the activated sludge (taken from the tanks under the different redox conditions), and the 
effluent. Both influent and effluent were collected with 24 h samples with WWTP OMY Efcon® autosamplers (Efcon B.V, Utrecht, The 
Netherlands) to obtain representative samples. After collection, samples were transported and stored at 4 ◦C in a cold room before the 
experiments were conducted, never for more than 48 h. 

2.2. Bioreactor set-up 

The set-up consisted of two bioreactors of 2.5 L each, operated in batch mode in parallel. A total of 15 batch tests were carried out 
for 48 h. The reactors were equipped with a stirrer (200 rpm), a sampling system, online sensors (dissolved oxygen, pH, redox, 
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conductivity, and temperature), and an aeration/pH/stirring control system (Applikon EZ-Control) (Fig. 1). The bioreactors were placed 
against direct exposure to sunlight to minimize any photodegradation. 

2.3. Operation 

To mimic the WWTP environment, the dissolved oxygen was kept at 3.5 (±0.4) mg O2/L (aerobic conditions); 0.2 mg O2/L (anoxic 
conditions); 0.0 mg O2/L (anaerobic conditions). Under anaerobic conditions, the concentration was kept by sparging nitrogen at a 
flow rate of 1 L N2/h. The temperature during the experiment was regulated through room temperature control at 18.7 (±0.5)º C. pH 
was not corrected due to potential interferences of the reagents in the biotransformation rate (Table 2). Sludge solids concentration 
was set to about 0.50 (±0.05) gSS/L to increase the experimental resolution, mainly of compounds with high biotransformation rates. 

Batch experiments were carried out in duplicates per redox condition: I) the control batch, only with effluent; II) a batch with 
sludge diluted in the effluent; III) a batch with sludge diluted in the effluent and fed with primary influent (substrate) following the 
methodology proposed by Joss et al. (2006). The control tests were only performed once since no major changes were observed. The 
difference between batches II and III allows us to infer the influence of metabolic and cometabolic processes in the compound 
biotransformation (Edefell et al., 2021). Table 3 presents the wastewater characterization as well as the volume used per batch. 

The batches were spiked with 5 mL of the stock solution to ensure a minimum analysis concentration of each compound. A stock 
solution prepared with Mili-Q® ultrapure water (MilliporeSigma, Massachusetts, USA), that contains all the targeted compounds was 
used. Table S2 shows the concentration of each compound in the stock solution as well as the theoretical oxygen demand of each. 

Samples of 20 mL were taken from each batch at the times 0 min, 15 min, 40 min, 2 h, 6 h, 12 h, 24 h, and 48 h. Controls were only 
sampled at the beginning and end of the experiment (0 min and 48 h). 

2.4. Analysis 

After collection, the samples were filtered through an NC45 nitrocellulose membrane (Whatman, Maidstone, UK), stored in glass 
vials, and then preserved at − 20 ◦C until analysis. All wastewater samples (influent, activated sludge, and effluent) were characterized. 
The suspended solids were analysed following the Standard Methods N◦ 2540, while the chemical oxygen demand (COD), total organic 
carbon (TOC), ammonium, nitrate, nitrite, and phosphate were determined using Cuvette Hach Test Kits. 

To quantify the micropollutants, it was used direct injection of the sample on a C18 column in combination with mass spectrometry. 
Internal standards were first added to the wastewater sample, after which it was filtered through a 0.20 µm filter. After this, 100 µL of 
the sample was applied to the C18 analytical column. The analysis was performed using a Shimadzu Nexera X2 HPLC system coupled to 
a triple quadrupole SCIEX 6500+ mass spectrometer. The mass spectrometer was equipped with a heated electrospray ionization 
interface (H-ESI) and measured according to the selected reaction monitoring (SRM) principle. The analysis was performed in positive 
ionization mode. For the chromatographic separation, a Phenomenex Luna Omega Polar C18 column (100 mm × 2.1 mm I.D., particle 
size 1.6 m) was used in combination with a Phenomenex SecurityGuard Ultra precolumn. The concentration was calculated based on an 
external calibration curve, whereby correction is made for the internal standards. The method’s detection limit depends on the matrix 
and can vary between 0.0 and 0.1 µg/L. 

2.5. Biotransformation rate constants determination 

To determine the biotransformation rate constant a pseudo-first-order kinetics was used as shown in Eq. 1 and proposed by Joss 

N2 Air Oxygen
Aera�on
Controller

S�rrer

Applikon Online 
Sensors:

• Conduc�vity
• Dissolved Oxygen
• pH
• Redox
• Temperature

N2

Air

Compressed 
Gas for 
Sparging

Control System
(Applikon ez-Control)

Fig. 1. Bioreactor set-up scheme for biotransformation batch tests.  
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et al. (2006) and Mazioti et al. (2015). This determination was carried out using Kd values from the literature (see Table S5), similar to 
what has been performed by Falas et al. (2016). 

dC
dt

=
Ct+dt − Ct

dt
=

− kbio × XSS × C
1 + Kd × XSS

(1) 

To simplify the determination, the equation was linearized using the natural logarithmic. First, the equation was organized in order 
of dC/C and reduced to a constant (k). Eq. 2 shows the process. 

dC
dt

=
− kbio × XSS × C

1 + Kd × XSS
⇔

dC
C

=
− kbio × XSS

1 + Kd × XSS
dt ⇔

dC
C

= k dt (2) 

Once simplified, Eq. 3 indicates the final linearized form. 

lnC = kt dt ⇔ lnC =
− kbio × XSS

1 + Kd × XSS
t (3) 

After linearization of the equation, it was possible to obtain the biotransformation rate constant from the slope of Eq. 3, according 
to Eq. 4. 

kbio = −
slope
XSS

× (1+Kd × XSS) (4) 

If in the batch test, for a compound, Kd × XSS is lower than 0,1 this term was neglected meaning that less than 10% of the compound 
was sorped. Therefore, the constant can be determined by Eq. 5. 

kbio = −
slope
XSS

(5) 

From the 16 micropollutants analysed, seven showed Kd x Xss ≤ 0,1: azithromycin, clarithromycin, metoprolol, propranolol, 
irbesartan, trimethoprim, and venlafaxine. For both candesartan and gabapentin, the distribution coefficient values in activated sludge 
were not found. However, this value was found for other matrixes, observing distribution coefficients lower than the one observed for 
clarithromycin (Berthod et al., 2017). Therefore, it was considered that the sorped fraction is lower than 10% for both candesartan and 
gabapentin and therefore negligible for the kbio determination. 

Table 2 
Operational conditions of the batch experiments under different redox conditions.  

Parameter Unit Anaerobic Anoxic Aerobic Average 

Conductivity mS/cm 1.26 ± 0.47 1.87 ± 0.10 2.05 ± 0.22 1.7 ± 0.5 
Dissolved Oxygen g O2/L 0.0 ± 0.0 0.2 ± 0.1 3.5 ± 0.4 - 
pH - 9.1 ± 0.2 7.9 ± 0.5 7.9 ± 0.2 8.3 ± 0.7 
Solids g SS/L 0.46 ± 0.01 0.48 ± 0.01 0.49 ± 0.03 0.48 ± 0.02 
Temperature ◦C 18.5 ± 0.7 18.7 ± 0.3 19.1 ± 0.2 18.7 ± 0.5 
Redox mV -161.3 ± 84.1 N.D 118.6 ± 23.2 - 

N.D: Non Determined 

Table 3 
Composition of the batch experiments.  

Parameters Units Effluent Aerobic Activated 
Sludge 

Anoxic Activated 
Sludge 

Anaerobic Activated 
Sludge 

Primary Influent 
(substrate) 

Suspended Solids g/L 0.03 
±0.02 

4.50 ± 0.08 4.37 ± 0.08 4.93 ± 0.51 0.38 ± 0.39 

Total Chemical Oxygen 
Demand 

mg O2/L 70 ± 34 5825 ± 460 5220 5885 ± 870 562 ± 216 

Total Organic Carbon mg C/L 70 ± 22 86 ± 4 61 65 ± 23 135 ± 26 
Ammonia mg NH4/ 

L 
5 ± 3 7 ± 5 14 26 ± 19 41 ± 15 

Nitrite mg NO2/ 
L 

0.17 ±
0.04 

0.10 ± 0.04 0.02 0.02 ± 0.01 0.11 ± 0.06 

Nitrate mg NO3/ 
L 

17 ± 5 3 ± 1 2 2 ± 0 3 ± 1 

Phosphorous mg PO4/ 
L 

0.2 ± 0.1 2.9 ± 5.2 0.6 19.0 ± 11.2 9.4 ± 6.7 

Batch I – Control: Volume L 2.50 0.00 0.00 
Batch II – AS: Volume L 2.25 0.25 0.00 
Batch III – AS+Substrate: 

Volume 
L 2.00 0.25 0.25  

T.A.E. Martins et al.                                                                                                                                                                                                  
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2.6. Correlation between biotransformation rate constants and micropollutant physicochemical properties 

An attempt to correlate the biotransformation rate constants and the physicochemical properties was carried out. For that, the 
compounds were first grouped by their physicochemical properties (hydrophobicity, polarity, and solubility). Then, the average 
biotransformation constant per group was used to analyse hydrophobicity and polarity correlation. The solubility’s linear correlation 
was analysed through the square-R of the obtained line after plotting the solubility and removal efficiency of each micropollutant. 

3. Results and discussion 

3.1. Control batch tests 

The control experiments showed no substantial removal for the most of micropollutants However, gabapentin and irbesartan 
appeared to have some consistent degradation above the analytical error margin. Under anoxic conditions, both gabapentin and 
irbesartan showed to suffer some type of degradation, of about 20%. These degradations may be due to the chemical instability of the 
compounds (Jansook et al., 2022). 

3.2. Biotransformation rate constants under different redox conditions 

The obtained results of biotransformation rate constants for the targeted micropollutants were presented in Table S3 and Table S4 
and synthesized in Table 4. These values were determined using the average distribution coefficients (Kd) obtained from previous 
studies (Table S5). The coefficient of determination for first-pseudo-kinetics linear correlation can be observed in Table S6. Average 
values of 0.91, 0.93 and 0.93 were obtained for aerobic, anoxic, and anaerobic conditions, respectively. 

The substrate addition impact was not as substantial as expected since the effluent used had not undergone advanced treatment 
processes presenting still a high COD [70 (±34) mgO2/L] (Table 3). Kennes-Veiga et al. (2022) inferred that COD highly influences 
micropollutant biotransformation mainly due to the general cometabolic removal pathway. 

Following Joss et al. (2006) categorization, it can be concluded that candesartan, carbamazepine, diclofenac, and hydrochloro-
thiazide have low biotransformation constant rates (Kbio<0.1 L.gSS

− 1.d− 1; <20% of removal) under all the redox conditions. On the 
contrary, 4-,5-methylbenzotriazole, azithromycin, benzotriazole, clarithromycin, gabapentin, irbesartan, metoprolol, propranolol, 
trimethoprim, and sulfamethoxazole exhibited moderate values under all the redox conditions (0.1<Kbio<10 L.gSS

− 1.d− 1; removal 
between 20% and 90%). Sotalol and venlafaxine showed moderate biotransformation under all the redox conditions besides anaerobic 
conditions, in which negative values were obtained. Moreover, none of the compounds exhibited high biotransformation since they are 
all below 10 L.gSS

− 1.d− 1. 
Table 5 points out our contribution under anoxic and anaerobic conditions. Besides, for aerobic conditions, it also fulfilled the Kbio 

gap for 4-,5-methylbenzotriazole, candesartan, hydrochlorothiazide, and venlafaxine. Additionally, under aerobic conditions, azi-
thromycin, clarithromycin, gabapentin, and propranolol exhibited Kbio with a substantial difference when compared to the literature. 
Under anoxic conditions, a substantial difference has been shown in metoprolol, sulfamethoxazole, and trimethoprim. These differ-
ences may be attributed to the operation parameters (e.g., HRT, SRT), sludge concentrations and matrix used among the different 
studies. 

Table 4 
Biotransformation rates for the sixteen targeted compounds in the three main redox conditions, with and without the addition of influent.  

Micropollutants Aerobic (L.gSS
¡1.d¡1) Anoxic (L.gSS

¡1.d¡1) Anaerobic (L.gSS
¡1.d¡1) 

Without Influent With Influent Without Influent With Influent Without Influent With Influent 

4-, 5-Methylbenzotriazole 0.09 ± 0.02 0.18 ± 0.01 0.13 ± 0.03 0.06 ± 0.02 0.20 ± 0.03 0.11 ± 0.05 
Azithromycin 0.95 ± 0.34 1.48 ± 0.31 0.32 ± 0.20 N.D. 0.99 ± 0.12 1.27 ± 0.17 
Benzotriazole 0.30 ± 0.01 0.47 ± 0.06 0.52 ± 0.01 0.58 ± 0.10 -0.09 ± 0.05 0.14 ± 0.18 
Candesartan 0.04 ± 0.03 0.05 ± 0.03 0.03 ± 0.03 0.03 ± 0.04 -0.17 ± 0.11 -0.05 ± 0.03 
Carbamazepine 0.00 ± 0.00 -0.10 ± 0.14 0.03 ± 0.03 0.07 ± 0.05 0.03 ± 0.08 -0.07 ± 0.03 
Clarithromycin 1.45 ± 0.12 1.75 ± 0.59 1.26 ± 0.02 1.08 ± 0.23 1.42 ± 0.17 1.87 ± 0.14 
Diclofenac 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.06 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 
Gabapentin 0.51 ± 0.02 0.86 ± 0.01 1.52 ± 0.14 2.36 ± 0.30 0.04 ± 0.01 0.49 ± 0.19 
Hydrochlorothiazide 0.10 ± 0.08 0.05 ± 0.01 0.08 ± 0.04 0.09 ± 0.05 0.06 ± 0.07 -0.06 ± 0.05 
Irbesartan 0.29 ± 0.00 0.33 ± 0.06 0.20 ± 0.06 0.25 ± 0.08 0.49 ± 0.02 0.45 ± 0.04 
Metoprolol 0.90 ± 0.11 0.92 ± 0.39 0.52 ± 0.02 0.42 ± 0.08 0.02 ± 0.07 0.65 ± 0.01 
Propranolol 1.79 ± 0.39 1.51 ± 0.21 1.42 ± 0.09 1.02 ± 0.09 0.83 ± 0.22 0.76 ± 0.16 
Sotalol 0.46 ± 0.02 0.46 ± 0.05 0.32 ± 0.01 0.25 ± 0.02 -0.11 ± 0.01 -0.03 ± 0.22 
Sulfamethoxazole 0.27 ± 0.04 0.42 ± 0.00 1.63 ± 0.32 2.02 ± 0.33 0.09 ± 0.02 0.42 ± 0.03 
Trimethoprim 0.40 ± 0.12 0.23 ± 1.21 0.17 ± 0.06 0.12 ± 0.05 1.75 ± 0.03 1.07 ± 0.03 
Venlafaxine 0.17 ± 0.02 0.48 ± 0.18 0.30 ± 0.06 0.13 ± 0.08 0.00 ± 0.07 -0.04 ± 0.15 

N.D.: Not Determined 
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Table 5 
Biotransformation rate constants (kbio) found for CAS in the literature and obtained results in this study for the targeted micropollutants. and average sorption (distribution) coefficients (kd) calculated 
based on the values found in the literature.  

Micropollutants kbio [L.gSS-1.d-1] Kd [L.gSS-1] 
Aerobic Anoxic Anaerobic 

4-. 5-Methylbenzotriazole 0.18* 0.06* 0.11* 0.168 (± 0.032) 
(n=6) 

Azithromycin <0.133; 0.174; 0.2413. 1.48*  1.27* 0.685 (±0.621) 
(n=3) 

Benzotriazole 0.1614; 0.21; 0.2214; 0.3014; 0.40; 0.4114; 0.47* 0.2314); 0.2414; 0.2514; 0.3214; 0.3314; 0.3414; 0.58* 0.14* 0.177 (± 0.081) 
(n=6) 

Candesartan 0.05* 0.03* <0.00*  
Carbamazepine 0.00*,13,10; <0.013,4,10; <0.105,7,9; 0.102; 0.7015; <0.037; 0.07* <0.00* 0.123 (± 0.112) 

(n=20) 
Clarithromycin 0.034; 0.204; ≤0.403; 0.4813; <0.503; 1.75* 1.08* 1.87* 0.395 (± 0.355) 

(n=7) 
Diclofenac <0.00*; <0.024; 0.0210; ≤0.103; 0.109,10; 0.3015; 0.402; 0.5015; 0.7015; 0.802; 0.9015; 1.207 <0.047; 0.07* <0.00* 0.087 (±0.173) 

(n=16) 
Gabapentin 0.0815; 0.1315; 0.1815; 0.86* 2.36* 0.49*  
Hydrochlorothiazide 0.05* 0.09* <0.00*  
Irbesartan 0.1015; 0.33*; 0.5015; 0.9015 0.25* 0.45* 0.820 (±0.170) 

(n=2) 
Metoprolol 0.1311; 0.2015; 0.3515; 0.405,15; 0.6015; 0.92* 0.038; 0.42* 0.65* 0.340 (± 0.506) 

(n=4) 
Propranolol 0.365; 0.465; 1.51* 1.02* 0.76* 0.332 (± 0.116) 

(n=7) 
Sotalol 0.405,15; 0.435; 0.46*; 0.6015; 0.8015 0.25* <0.00* 0.132 (± 0.197) 

(n=3) 
Sulfamethoxazole ≤0.103,9; 0.194; 0.204; 0.2413; 0.307,12; 0.416; 0.42*; 0.601,9 0.416; 2.02* 0.42* 0.202 (± 0.149) 

(n=17) 
Trimethoprim 0.0510; 0.0910; 0.157; 0.224; 0.23*; 0.2413; 0.659 0.12*; 0.678 1.07* 0.225 (± 0.106) 

(n=13) 
Venlafaxine 0.48* 0.13* <0.00* 0.270 (± 0.151) 

(n=10)  

1 McArdell et al. (2003): shi 
2 Clara et al. (2005) 
3 Joss et al. (2006) 
4 Abegglen et al. (2009) 
5 Wick et al. (2009) 
6 Plosz et al. (2010) 
7 Suarez et al. (2010) 
8 Xue et al. (2010); 
9 Suarez et al. (2012) 
10 Fernandez-Fontaina et al. (2013) 
11 Pomies et al. (2013) 
12 Fernandez-Fontaina et al. (2014) 
13 Blair et al. (2015) 
14 Mazioti et al. (2015) 
15 Nolte et al. (2020) 
* This study 
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3.3. Removal efficiencies under different redox conditions 

The experiments with influent addition (Batch III) represent the normal WWTP situation. Therefore, the experiment without 
influent addition (Batch II) was carried out to determine the impact of less available carbon sources on the targeted micropollutant 
biotransformation. The influent addition showed a variable impact on the removal efficiencies of the micropollutants under different 
redox conditions (See Figure S2 and Table S7). For example, gabapentin showed the highest removal efficiency increase (20%) under 
aerobic conditions when the influent was added (Fig. 2.A and Fig. 2.B). On the contrary, the influent addition allowed trimethoprim to 
exhibit the highest decrease in removal efficiency (19%) (Fig. 2.A and Fig. 2.B). Under anoxic conditions, the influent addition allowed 
gabapentin to show the highest removal efficiency increase (13%) while venlafaxine exhibited the highest decrease of 10% (Fig. 2.A 
and Fig. 2.B). The influent addition, under anaerobic conditions, led to the highest removal efficiency increase (39%) for metoprolol, 
while led to the highest decrease (21%) for trimethoprim (Fig. 2.A and Fig. 2.B). 

Of the 16 targeted compounds, only 8 (aerobic), 6 (anoxic), and 7 (anaerobic) exhibited removal efficiencies of over 30% when 
influent was added (Fig. 2. A). Yet, when influent wasn’t added only 6 (aerobic), 6 (anoxic), and 4 (anaerobic) exhibited removals of 
more than 30%. Overall, only 2 compounds (clarithromycin and propranolol) showed to be removed over 50% under all redox 
conditions. Gabapentin was the only compound that exhibited removal efficiencies higher than 80%, achieving 91% under anoxic 

Fig. 2. Removal efficiencies of targeted micropollutants after 48 h, under aerobic, anoxic, and anaerobic redox conditions: A. with influent 
addition; B. without influent addition. 
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conditions, with influent addition. 
Aerobic and anoxic conditions generally exhibited higher removals compared to anaerobic conditions (Fig. 2. A), with average 

removals of 31%, 28%, and 24%, respectively. These observations are aligned with previous research that highlighted the importance 
of oxygen availability for micropollutant biotransformation (Di Marcantonio et al., 2020). Under aerobic conditions, the presence of 
dissolved oxygen facilitates the activity of nitrifying bacteria that have a big role in micropollutant biotransformation (Kennes-Veiga 
et al., 2022). Furthermore, the high removal efficiencies observed under anoxic redox conditions might be attributed to alternated 
aerobic and anaerobic moments. This allows a more diverse microbial community, leading to enhanced micropollutant degradation 
(Di Marcantonio et al., 2020). Results confirmed that specific redox conditions offering the best removal efficiency varied depending 
on the micropollutant. 

Among the targeted micropollutants, clarithromycin, propranolol, and gabapentin were highly removed with 73%, 63%, and 62% 
average removals, respectively, inferring to be easily removed in CAS systems. On the other hand, carbamazepine, diclofenac, hy-
drochlorothiazide, and candesartan exhibited low removal efficiencies, meaning potential adsorption onto sludge, or indicating their 
recalcitrant nature. 4-,5-methylbenzotriazole, azithromycin, metoprolol, propranolol, sotalol, and venlafaxine were primarily 
degraded under aerobic conditions, with removals of 18%, 60%, 54%, 71%, 39%, and 19%, respectively. Whereas under anoxic 
conditions benzotriazole, candesartan, carbamazepine, diclofenac, gabapentin, hydrochlorothiazide, and sulfamethoxazole were 
predominantly removed, achieving removal percentages of 45%, 5%, 7%, 8%, 91%, 6% and 41%, respectively. Clarithromycin, 
irbesartan, and trimethoprim showed higher removal efficiencies under anaerobic conditions, with removals of 78%, 27%, and 56%, 
respectively. Karthikraj and Kannan (2017), and Voutsa et al. (2006) also observed CAS removals in the range of 20–90% (Table S1) for 
4-,5-methylbenzotriazole. However, Weiss et al. (2006) observed an 11% removal for 5-methylbenzotriazole and a − 6% removal for 
4-methylbenzotriazole. Previous studies showed removal efficiencies from 0% to 79% (Table S1) for the macrolide azithromycin (Blair 
et al., 2015; Pan & Yau, 2021; Yan et al., 2014), which are in line with the ones observed in this study. 

Benzotriazole exhibited its higher removal efficiency under anoxic conditions (45%) as also observed by Mazioti et al. (2015) and 
other studies (see Table S1). For this compound, the influent addition impacted positively its removal (≈15%) under aerobic and 
anaerobic conditions (Fig. 2.A). 

Due to its recalcitrancy, candesartan exhibited low removal, reaching a maximum of 5% under anoxic conditions with influent 
addition. Gurke et al. (2015) reported removal efficiencies in the range of − 10–10%. In the same way, carbamazepine recalcitrancy has 
been known and may be due to its heterocyclic N-containing aromatic ring that provides molecular stability and difficult biotrans-
formation (Kennes-Veiga et al., 2022). 

Clarithromycin is the compound that appeared to have greater removal on CAS systems, according to the obtained removals. 
Clarithromycin exhibited removal efficiencies higher than 50% under all redox conditions, which match the ones observed in the 
literature (see Table S1). 

Similarly, to carbamazepine and candesartan, diclofenac showed no substantial removal under any redox conditions, as also stated 
by Grandclement et al. (2017). Nonetheless, Suarez et al. (2010) reported small removals (≈2%) under anoxic conditions, which infer 
that denitrifying bacteria mechanisms may be responsible for its biotransformation. According to the literature, CAS removal effi-
ciencies of diclofenac varied from a range between − 143–77% (Lishman et al., 2006), suggesting that it doesn’t have a redox condition 
where it is clearly removed. 

The highest removal efficiency of 91% for gabapentin was obtained under anoxic conditions. This compound was the most 
influenced by the influent addition leading to increases of 21%, 13%, and 34% under aerobic, anoxic, and anaerobic conditions, 
respectively. Kasprzyk-Hordern et al. (2009) reported similar removal efficiencies of about 80–90% in CAS. 

Hydrochlorothiazide did not show a removal higher than 10% under any redox condition. The addition of influent led to a non- 
substantial variation (<10%) only under aerobic and anaerobic conditions, which is in line with Radjenovic et al. (2009). Likewise, 
irbesartan exhibited an average removal of 20% in each determined redox condition without substantial impact when influent was 
added. Previous research reported irbesartan removals between 10% and 40% (Bayer et al., 2014; Gurke et al., 2015). 

The beta-blocker metoprolol showed its higher removal efficiency (53%) under aerobic conditions. The influent addition led to a 
substantial increase (39%) in the removal efficiency under anaerobic conditions. The observed range of values is within the one 
observed by both Kasprzyk-Hordern et al. (2009) (38%), and Lin et al. (2009) (67%), in CAS systems (Table S1). The observed values 
for propranolol were higher than the ones observed in the literature (Table S1). Nonetheless, lower values (≈60%) may be linked to the 
scale-down of the process and matrix differences. The removal efficiency of this beta-blocker had no substantial variation with influent 
addition. Similarly, to the other beta-blockers, sotalol, also exhibited its highest removal efficiency (39%) under aerobic conditions 
with influent addition. Like metoprolol, this compound had a removal increase (11%) under anaerobic conditions after influent 
addition. Vieno et al. (2007) observed removal efficiencies of 48% at CAS systems, which are following the expected values of this 
study for a CAS. 

According to the literature, the range of values obtained for sulfamethoxazole in real and lab-scale CAS is between 65% and 96% 
(Di Marcantonio et al., 2020; Radjenovic et al., 2009). Falas et al. (2016) also observed the high biotransformation of this compound 
under anaerobic conditions. However, our study observed higher removal under anoxic conditions, like Arias et al. (2018). 

Ghosh et al. (2009) and Ruas et al. (2022) observed removal efficiencies in the range of 35% and 88%, in real WWTP and pilots, 
which followed the obtained values for trimethoprim (77% under anaerobic conditions). The influent addition decreased the removal 
by about 19% and 21% under aerobic and anaerobic conditions, respectively. Falas et al. (2016) and Arias et al. (2018) determined that 
trimethoprim is susceptible to anaerobic biotransformation which may be explained by the substitution of the pyrimidine ring 
functional group by the carboxyl group, at this redox condition. 

Lastly, venlafaxine exhibited its higher removal (22%) under anoxic conditions, without influent addition. Both Castaño-Trias et al. 
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(2020) and Tiwari et al. (2021) obtained similar removal efficiencies in real CAS WWTP (see Table S1). 
Micropollutants can undergo various transformation reactions, leading to the formation of new compounds with potentially 

different environmental behaviours and toxicities. Therefore, some micropollutants exhibited negative removals (e.g., benzotriazole, 
candesartan, carbamazepine) that may be attributed to higher congener and precursor retransformations to the parent compound 
(Kotowska et al., 2021; Wu et al., 2017), or the release of sorbed compounds during organic matter degradation. Nonetheless, the low 
solubility at time zero of some compounds can also mistakenly give the idea of compound retransformation (Jansook et al., 2022). 
Consequently, the influence of redox conditions on the formation and fate of transformation products warrants further investigation to 
ensure the comprehensive assessment of micropollutant removal in WWTP. 

Our results showed that antibiotics (azithromycin, clarithromycin, trimethoprim, and sulfamethoxazole) exhibited higher 
biotransformation under different redox conditions, with removal efficiencies varying from 7% to 78%. Differently, the anticonvul-
sants (carbamazepine and gabapentin) exhibited higher removal efficiency under anoxic conditions. However, gabapentin presented a 
substantially higher removal efficiency when compared to carbamazepine, which may be correlated to its structural similarity to the 
neurotransmitter gamma-aminobutyric acid (GABA) (Tony et al., 2023). Likewise, metoprolol, propranolol, and sotalol (anti-
hypertensives/beta-blockers) also exhibited the highest removal efficiencies under anoxic conditions. The lab batch tests showed 
higher micropollutant removal efficiencies than the Dutch WWTP from where the samples were taken (See Table S8), which may be 
attributed to the different HRT. 

Overall, the removal efficiencies of micropollutants varied depending on the redox condition and the specific compound. While 
aerobic and anoxic conditions generally showed higher average removals, the most favourable redox conditions varied for each 
targeted micropollutant. 

3.4. Potential biotransformation route 

Micropollutant biotransformation can take place via metabolism or cometabolism. Usually, cometabolism is predominant in WWTP 
processes due to the lack of enzymes and cofactor specificity (Criddle, 1993). Compounds consisting of strong electron acceptors 
functional groups are less prone to be used as a substrate being therefore cometabolically degraded (Granatto et al., 2021; Wei et al., 
2018). 

However, this is just an indication since biotransformation rates can be affected by various factors (e.g., active biomass, micro-
pollutant concentration, enzymes) (Kennes-Veiga et al., 2022). Therefore, further research is needed to prove the actual route by 
linking the biotransformation rates with concentration of specific enzymes mediating the micropollutants conversion; or by molecular 
sequencing data demonstrating growth of specific microorganisms when using the micropollutants as substrate. 

Fig. 3 summarizes the inferred preferred cometabolic or metabolic route of the targeted micropollutants based on the obtained 
biotransformation rates (Table 5). Table S9 compile the observed difference in the determined biotransformation rates due to the effect 
of substrate concentration increased (with addition of influent). Increased biotransformation rate upon influent addition indicates 
cometabolism, relying on enzymatic processes in the presence of easily degradable organics. Conversely, a decreased rate upon 
influent addition implies metabolism dominance, with the compound serving as the main energy and carbon source for microor-
ganisms (Angelidaki & Sanders, 2004). Only variations greater than 5% when influent (substrate) was added were considered relevant. 
However, this is just an indication since biotransformation rates can be affected by various factors (e.g., active biomass, micropollutant 
concentration, enzymes) (Kennes-Veiga et al., 2022). Therefore, further research is needed to prove the actual route by linking the 
biotransformation rates with concentration of specific enzymes mediating the micropollutants conversion; or by molecular sequencing 
data demonstrating growth of specific microorganisms when using the micropollutants as substrate. 

Aerobic

Anoxic

Anaerobic

Metabolic Cometabolic

Carbamazepine
Hydrochlorothiazide
Propranolol
Trimethoprim

4,5-Methylbenzotriazole
Benzotriazole
Clarithromycin
Gabapen�n
Sulfamethoxazole

Venlafaxine Benzotriazole
Gabapen�n
Sulfamethoxazole

Benzotriazole
Clarithromycin
Gabapen�n
Metoprolol
Sotalol
Sulfamethoxazole

4,5-Methylbenzotriazole
Hydrochlorothiazide
Trimethoprim

Fig. 3. Inferred metabolic or cometabolic biotransformation of the targeted micropollutants under different redox conditions.  
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According to the results, cometabolic biotransformation appears to be predominant for the majority of the targeted micro-
pollutants, as expected (Fischer & Majewsky, 2014). Three compounds i.e., benzotriazole, gabapentin, and sulfamethoxazole, are 
biotransformed by cometabolism under all redox conditions. Only 4-,5-methylbenzotriazole exhibited metabolic and cometabolic 
biotransformation depending on the redox condition. Under anoxic conditions, it was not possible to infer the potential biotrans-
formation route from different compounds. The sufficient COD present in the effluent may have also interfered with the results to be 
able to see a more substantial difference with and without the addition of influent (substrate). 

3.5. Physicochemical properties 

An attempt to correlate the obtained biotransformation constant rates with the physicochemical properties (hydrophobicity, po-
larity, and solubility) of the micropollutants was carried out (Table 6). Hydrophilic compounds (e.g., clarithromycin, gabapentin) were 
shown to have an average biotransformation 15% greater than hydrophobic compounds (e.g., diclofenac, candesartan). This difference 
may be explained by the fact that hydrophobic compounds are more prone to sorption which inhibits biotransformation processes 
(Phan et al., 2018). Yet, since most enzyme active sites are hydrophobic, it was expected hydrophobic substrates to easily bind because 
interactions between hydrophobes are spontaneous (Li et al., 2016). The greatest difference occurred under anoxic conditions, where 
hydrophilic compounds exhibited a biotransformation 61% greater than hydrophobic compounds. 

Overall, polar compounds exhibited an average biotransformation 36% higher than non-polar ones, which can be explained by 
their increased reactivity, being, therefore, more prone to degrade (Niaounakis, 2015). However, under anaerobic conditions, 
non-polar compounds exhibited a 55% biotransformation increase over polar compounds. Since polar compounds are more prone to 
biotransformation, the presence of extremozymes may also have been a mechanism to improve their biotransformation (Sharma & 
Debnath, 2022). It was not possible to observe any difference between polar and non-polar compounds biotransformation under 
aerobic conditions, while under anoxic conditions the greatest difference (71%) was observed for polar compounds. 

Lastly, the solubility and removal of the compound showed no linear correlation at any redox condition, being the maximum 
squared-R obtained of 0.51 (under aerobic conditions) – see Table 6. 

3.6. Future outlook 

Future research should focus on tackling the challenge of closing the mass balance by analysing the micropollutants both in the 
liquid and solid phases in similar experiments to trace the compounds and guarantee that they were biotransformed or sorped. A higher 
micropollutant spike dose must be studied in batch tests to verify if they minimize the concentration variations associated with 
analytical errors and detection limits. Although, this may lead to unrealistic kinetic values caused by high concentrations, which 
should be verified. Moreover, seasonal variations must also be studied since temperature and flow rate may change the wastewater 
characteristics and micropollutant concentrations. 

There is still a lack of knowledge about the biotransformation kinetics and removal pathways of several micropollutants in 
wastewater treatment. Most of the studies were carried out under aerobic conditions with CAS or MBR, yet there are currently other 
technologies (e.g., MBBR, AGS), that operate with different redox conditions. For example, MBBR exhibited high removals of 
micropollutants, mostly at high-loaded reactors (Edefell et al., 2021), while Margot et al. (2016) have pointed out that AGS achieved 
higher removals of 40%, 15%, 75%, and 20% for compounds like benzotriazole, diclofenac, gabapentin, and metoprolol, corre-
spondingly. However, Burzio et al. (2022) observed that AGS was less effective in biotransforming some micropollutants compared to 
CAS. Therefore, future studies should aim to explore further these technologies and how the biotransformation of micropollutants 
might be improved. 

The results indicated that the presence of co-substrates and competing electron acceptors in the wastewater influent can impact 
biodegradation. Therefore, it is recommended to use effluent that has undergone an advanced treatment to minimize the present COD 
and determine more clearly whether metabolic or cometabolic biotransformation is preferred. Furthermore, future studies could 
explore chemical properties, such as molecular structure and stability to develop a comprehensive understanding of the relationships 
between micropollutant characteristics, redox conditions, and biotransformation rates. This information will therefore allow the future 
incorporation of the biotransformation rates into ASM models or software-simulating tools, to predict the effluent concentrations and 
promote more targeted advanced oxidation processes. 

4. Conclusions 

The micropollutant biotransformation rates varied substantially under different redox conditions. On average, aerobic, and anoxic 
conditions favour higher average biotransformation rates. Nevertheless, compounds such as clarithromycin had a higher biotrans-
formation rate under anaerobic conditions (1.87 L.gSS

− 1.d− 1). Additionally, gabapentin exhibited the highest biotransformation rate 
constant of 2.36 L.gSS

− 1.d− 1 under anoxic conditions. Candesartan, carbamazepine, diclofenac, and hydrochlorothiazide were shown to 
be persistent, and under the three redox conditions, they exhibited low biotransformation rates (<0.1 L.gSS

− 1.d− 1). Under anaerobic 
conditions, candesartan, carbamazepine, hydrochlorothiazide, sotalol, and venlafaxine showed negative rates that may be associated 
with higher congeners and precursor retransformations to the parent compound. Antibiotics and beta-blockers are the micropollutant 
classes with greater biotransformation constants. The beta-blockers and anticonvulsants exhibited their higher removal efficiencies 
under anoxic conditions. 

Under aerobic conditions, the average removal efficiency was 31%, while under anoxic and anaerobic conditions, it was 28% and 
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24%, respectively. Overall, only clarithromycin and propranolol showed removal efficiencies of over 50% under all redox conditions. 
Other compounds, such as carbamazepine, diclofenac, and hydrochlorothiazide, exhibited low removal efficiencies, demonstrating 
their recalcitrant nature. Cometabolic biotransformation was inferred to be predominant for most compounds, where the presence of 
co-substrates and competing electron acceptors influenced the degradation processes. Only 4-,5-methylbenzotriazole exhibited both 
metabolic and cometabolic biotransformation at different redox conditions. Hydrophilic and polar compounds generally exhibited 
higher biotransformation rates compared to hydrophobic and non-polar compounds. 

Future research should aim to close the mass balance by analysing micropollutants in both the liquid and solid phases. The findings 
of this study provide valuable insights into the biotransformation kinetics of micropollutants in CAS. They can help the development of 
more effective wastewater treatment strategies to mitigate their environmental impact. 
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