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Abstract: This study aimed to investigate the effects of sludge retention time (SRT), hydraulic retention
time (HRT), and biomass concentration (Ctsg) in activated sludge systems on removal of various
micropollutants (MPs), covering a wide spectrum of biodegradability. The influence of biomass
concentration on the classical pseudo-first-order rate constant was verified. Results showed that
the removal rate constants were affected by both the HRT and SRT. The enhancement of the SRT
increased the removal of all the MPs except for two macrolide antibiotics. Application of a higher
HRT also improved MP removal, as was expected from the measured removal rate constants. More
interesting, our results indicated that, logically, the increase of biomass concentration (expressed as
total suspended solids Crgs) from 3 to 5 gsg L1 significantly enhanced the removal rate of the highly
and moderately degradable compounds. Conversely, a further increase to 8 grss L™! produced only
an unexpected moderate effect, showing that the rate was not proportional to biomass concentration,
contrary to what is generally postulated. Therefore, the use of classical kinetic models is questionable,
since they do not cover the entire range of boundary conditions in activated sludge systems. This
work opens new research paths and suggests potential improvements to processes.

Keywords: micropollutants; activated sludge; biomass concentration; sludge retention time; hydraulic
retention time; sequencing batch reactor; wastewater; emerging contaminants

1. Introduction

It is now widely acknowledged that the complete removal of all the micropollutants (MPs) cannot
be achieved by wastewater treatment plants (WWTPs). This is due to the design of the wastewater
treatment plants, their current operation modes, and the nature of the anthropological contaminants
present in wastewater [1]. Among these micropollutants (MPs), pharmaceuticals and personal care
products (PPCPs), food additives, industrial chemicals, and pesticides are of increasing concern.
They are discharged with the wastewater effluents to aquatic environments and they may exhibit
various adverse effects despite low concentrations. As an example, Bonnefille et al. [2] reviewed
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the deformation of the dorsal margin line in mussel shells after exposure at 0.01 to 100 pg L~! of
diclofenac for 48 h. Moreover, the presence of antibiotics (ABs) in aquatic environments is often
discussed in the context of the spread of antibiotic resistance, which was already recognized 20 years
ago as a major threat to human health [3]. Therefore, an improvement of the existing wastewater
treatment methods has become essential in order to maintain the natural balance and minimize the
potential risk to ecosystems. In recent years, the application of advanced treatment as a support
to biological treatment with activated sludge (CAS system) has received a lot of attention. Among
these technological solutions, adsorption on activated carbon [4] and ozonation [5] seem to be the
most common approaches. However, despite their high efficiency, these methods require additional
investments and generate regular costs for the maintenance of the systems. Furthermore, as reported
in numerous studies, oxidation methods such as ozonation, lead to the formation of byproducts of
unknown ecotoxicological effects [6]. To remove them, additional post-treatment steps are required [7].

A cost-efficient alternative would be to modify the existing biological treatments and identify the
critical parameters affecting the removal of problematic substances. In theory, their removal during the
biological treatment can occur via three pathways: biological degradation, sorption, and volatilization.
Due to the physicochemical properties of MPs, volatilization of these substances is usually neglected
as a removal pathway [8], but it contributes to releasing volatile MPs in the atmosphere. Sorption on
sludge is considered insignificant for compounds with solid—water distribution coefficients (K4) below
500 L kgSS™! [9], which is the case for some MPs. Biological degradation thus appears as the main
removal pathway. To estimate MPs’ removal kinetics in activated sludge, pseudo-first order removal
rate constants (k) were typically determined in lab-scale tests in which biomass and MP concentrations
are the key parameters. In recent decades, many studies have reported on the MP removal efficiency of
WWTPs during biological treatment [10,11]. The results pointed out that operating parameters, such as
hydraulic retention time (HRT) and sludge retention time (SRT), are important for MPs removal [12-15].
It has been observed that the biomass composition, i.e., the ratio between autotrophic and heterotrophic
microbes, is controlled by the SRT [16]. In this context, two important hypotheses are often discussed:
(i) sludge with high SRTs possesses higher microbial diversity than those with low SRTs, and (ii) SRTs
longer than 10 days, operated at a temperature of 10 °C to allow the growth of nitrifying bacteria [17],
could enhance the removal of some micropollutants either by direct metabolism or by co-metabolic
degradation via enzymatic reactions [18,19]. In contrast, the results of Saikaly et al. [20] showed a
higher microbial diversity in activated sludge bioreactors operated with an SRT of 2 days than those
operated with an SRT of 8 days. Thus, there are still no clear data indicating the optimal parameters
and the key microorganisms involved in the biological removal of MPs [21]. Regarding the effects of
SRT and HRT on MP removal, differences in the removal efficiencies for some PPCPs have also been
reported [11]. Other recently published studies have discussed different removal efficiencies depending
on SRT, HRT, feed concentrations, and total biomass concentration (Supplementary Information (SI)
Table S1). For example, Santos et al. [22] indicated that some compounds were removed to the same
degree in four WWTPs operated at different low SRTs (1.5-5.1 days), such as caffeine (44-75%) and
carbamazepine (8-15%). However, Majewsky et al. [14] showed the same results for carbamazepine
(<10%) by applying higher SRTs up to 54 d and an HRT of 58.4 h. Although SRT has been reported to
be a critical factor for pharmaceutical biodegradation, the effect of SRT has not been clear for some
authors, since no systematic relation between SRT and removal rates of organic micropollutants could
be found [21]. A statistical analysis performed by Zhang et al. [23] showed the existence of a significant
linear correlation between diclofenac (DCF) and caffeine (CAF) removal efficiency and HRT. However,
the relationship was not valid for CBZ.

The main objective of the present study was to investigate the relationship between the
biomass concentration of activated sludge, the operational parameters—SRT and HRT of biological
treatment—and the removal efficiency of selected MPs. Seven compounds were selected based on
their occurrence data and varying removal efficiency in WWTPs [24]. According to the literature and
our own experience, caffeine (CAF), sulfamethoxazole (SMX), benzotriazole (BZT), roxithromycin
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(ROX), erythromycin (ERY), diclofenac (DCF), and carbamazepine (CBZ) were used. These range
from highly biodegradable to quite persistent MPs (Table 1). The elimination experiments were
conducted with three lab-scale sequencing batch reactors (SBRs) to compare the effects of operating
conditions. For this purpose, the kinetics of MP removal was investigated and removal rate constants
were determined to estimate whether MP removal could be attributed to the manipulation of SRT and
HRT, and therefore linked to treatment process parameters. Further experiments were performed in
lab-scale SBRs varying in concentration of total suspended solids (Ctsg) to investigate the role of the
biomass concentration in MP removal and applicability of the pseudo-first-order kinetics approach for
description of removal phenomena.

Table 1. Application and physicochemical properties of the target micropollutants.

" s e Molecular Weight 1
Compound Application (g mol 1) pKa Log Kow K, (L kgSS™)
Caffeine Stimulant 194.1 14.0 ([25]) —0.07 ([14]) -
Sulfametoxazole Antibiotic 253.2 7.1 ([26]) 0.48 ([26]) 200-400 ([26])
. Corrosion
Benzotriazole inhibitor/detergent 119.1 8.2-8.8 ([27]) 1.23 ([28]) 220 (£9) ([28])
Roxithromycin Antibiotic 837.0 9.2 ([26]) 2.1-2.8 ([26]) 200-400 ([26])
Erythromycin Antibiotic 733.9 8.8 ([26]) 2.48 ([26]) 160 ([26])
. Non-steroidal
Diclofenac anti-inflammatory drug 296.1 4.5 ([26]) 4.02 ([26]) 16 ([26])
Carbamazepine Anti-epileptic drug 236.2 13.9 ([26]) 2.45 ([26]) 0.1 ([26])

SS: suspended solids; * The degree of biodegradability increases from carbamazepine to caffeine.

2. Materials and Methods

2.1. Chemicals and Reagents

Benzotriazole (pure), carbamazepine (98%), diclofenac sodium salt (pure), erythromycin (pure)
and roxithromycin (>90%) were supplied by Sigma Aldrich (Germany). Sulfamethoxazole (99.5%) was
purchased at Dr. Ehrensdorfer GmbH (Germany). Caffeine (pure) was obtained from Fluka Analytics
(Germany). Benzotriazole-d4 (pure), caffeine-13C; (pure), carbamazepine-dg (pure), diclofenac-dy
(pure), erythromycin-ds, roxithromycin-dy, and sulfamethoxazole-d4 were obtained from Toronto
Research Chemicals (Canada). All solvents, i.e., acetonitrile, methanol, HPLC water, and formic
acid were analytical grade (>99%) and purchased at VWR Chemicals International (Germany). Stock
solutions of labeled and non-labeled isotope standards of micropollutants were prepared in methanol
(1gL7!,10 mL) and then serially diluted with HPLC-grade water to required working concentrations.
All standard solutions were stored at —20 °C. Calibration standards were prepared by dilution of the
standard solution in HPLC-grade water. The physicochemical properties of the MPs are displayed in
Table 1.

2.2. Sequencing Batch Reactors

To evaluate the kinetics of the MPs in activated sludge, three SBRs with a working volume of 10 L
each were operated at different SRTs (SBR-3, -10, and -20: 3, 10, and 20 days, respectively). The reactor
setups and further procedures applied in this study are discussed in detail in Sections 2.2.1-2.2.5, and
in Table 2.
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Table 2. Sequencing batch reactor (SBR) setups operated at different sludge retention times (SRTs)
during kinetics experiments. WWTP: wastewater treatment plant, HRT: hydraulic retention time,
SBR-3, -10, and -20: 3, 10, and 20 days, respectively.

Kinetics Experiments

SBR-3 SBR-10 SBR-20

Supervisory control

SCADA system and data acquisition

Cont’toller

pH DO

o0 o

,,,,,,,, o ‘

Aeration
pump

Effluent
pump

100 L synthetic| Influent le?fﬁlsa;gular
wastewater — Pump
storage tank -
Air mixer Effluent sink
S

Experimental set-up

Activated sludge source  After secondary treatment from WWTP 1, Germany Trickling filters from WWTP 2,

Germany
Synthetic wastewater 1.2 gcop gTSS_l 41 0.5 gcop gTSS_l d! 0.1 gcop gTSS_l d1
feed 0.08 gn gTSS_l d! 0.08 gn gTSS_l d! 0.08 gn gTSS_l d!
HRT 4h,8h,and 12 h 4h

2.2.1. Design of the SBRs

The experimental setup of all SBRs was identical. The SBRs differed only in the SRT and the
organic load rate of the influent (Table 2). Influents were pumped into the reactors from separate 100 L
wastewater storage tanks. The SBRs were running on a fill-and-draw basis with consecutive cycles
including the following phases: filling, reaction (aerobic phase), biomass settling, and finally, clarified
supernatant draw. Filling of synthetic wastewater stopped when 50% of the column volume was
exchanged. Air was supplied at a flow rate of 3 L min~! through a submerged air mixer which allowed
the circulation of the synthetic wastewater through the settled biomass by pumping the supernatant
from the top of the reactors to the bottom. This provided the reactors with oxygenation and guaranteed
complete mixing. Air was also introduced continuously through 3 cm long rectangular diffusers
with airflow rates of 1.5 L min~!, resulting in saturated oxygen conditions. Both devices were placed
2 cm above the bottom of the SBR. In all reactors, pH was controlled by a sensor (Orbisint CPS11D
Memosens) and was typically in the range of 8.1 + 0.2, at the temperature of 20 + 2 °C. Dissolved
oxygen (DO) concentration, measured by an oxygen sensor (Oxymax H COS22D), was maintained
between 2 and 6 mg O, L™!. A programmable logic controller (PLC) automatically controlled the
duration of each cycle phase, performance of the mixing, air supply, peristaltic pumps, and sensors.
The PLC was connected to a supervisory control and data acquisition (SCADA) system.

2.2.2. Operation of the SBRs

The settings of the SBRs are presented in Table S2. SBR-3 and -10 were tested with three different
durations of HRT (4, 8 and 12 h), whereas SBR-20 was tested only with an HRT of 4 h (Table 2). It
has to be emphasized that here the HRT corresponds to the hydraulic retention time applied for the
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kinetics experiments performed in a batch mode. Typical operational HRT for SBRs between kinetics
experiments was set to 4 h.

The setups of SRT-3, HRT: 4 h; SRT-3, HRT: 8 h, and SRT-3, HRT: 12 h were set at the low-end SRT
of a conventional biological wastewater treatment. The operating conditions of the setups of SRT-10,
HRT: 4 h and SRT-10, HRT: 8 h were consistent with a conventional activated sludge process (HRT:
4-8 h and SRT: 5-15 days). The conditions of SRT-10, HRT: 8 h and SRT-20, HRT: 4 h are similar to
those typically applied in the activated sludge approach with long sludge retention times to remove
biodegradable organics (SRT: 10-30 days) [29].

SBR-10 was also used for experiments with various biomass concentrations. The following
TSS concentrations were tested: 3, 5, and 8 grsg L1, and were also repeated three times per
experimental condition.

2.2.3. Sludge Inoculum

Activated sludge inoculated in each column of SBRs was withdrawn from two local wastewater
treatment plants, WWTP1 and WWTP 2, located in the south of Germany. WWTP 1 treats the municipal
wastewater received from 57,750 population equivalents (PE). At the time of sampling, the SRT and
HRT were 6 days and 4 h, respectively. WWTP 2 covers 875,000 PE and it is highly impacted by
industry (50% (v/v)). The treatment at this plant is performed by a combination of activated sludge and
trickling filter operated with a SRT of 10-20 days. Activated sludge is used in both plants for chemical
oxygen demand (COD), nitrogen, and phosphorus removal. In order to remove potential residues
of micropollutants from the withdrawn sludge, the following washing procedure was applied. The
biomass was separated from the water phase by centrifugation at 4000 rpm for 10 min, the supernatant
was discarded, and the biomass was resuspended with tap water. The procedure was performed
twice. After the second resuspension, the biomass was used as inoculum for the SBRs. During the
kinetics experiments, the initial biomass concentration in the SBRs was ~3 grsg L~L. For the kinetic
experiments, the biomass concentrations (g L), the volatile suspended solids (VSS5%), the dissolved
oxygen (mg L), the pH and T (°C) were measured and are compiled in Table S3.

2.2.4. Synthetic Wastewater

Synthetic wastewater (SWW) containing sodium acetate as a carbon and energy source and
ammonium bicarbonate as a nitrogen source was used. A detailed composition of the synthetic
wastewater used is presented in Table S4.

2.2.5. Adjustment of SRT

The target SRTs were maintained manually by adjustment of biomass concentration in SBRs at
the end of the aeration period. The volume of the withdrawn sludge was calculated according to
Henze et al. [30] (Text S1).

2.3. Kinetics of MP Removal in SBR

The selected compounds are frequently detected in wastewater influents in concentrations from
<0.1-10 pg L1 [11,22,31-34]. In order to unify the used approach, we used the concentration of
1 ug L! for all the compounds, which is in the middle of this range.

As mentioned in Sections 2.2.2 and 2.2.3, the kinetics experiments were performed in a batch
mode with the fixed values of SRT, HRT, and Crgs depicted in Table 2.

Before each kinetics experiment, the activated sludge microorganisms were fed with synthetic
wastewater spiked with the MP mix (1 ug L' each) for 7 days, to facilitate their adaptation to the
anthropogenic contaminants. The complete cycle time between the SBR acclimatization and the
beginning of the first kinetic experiment spanned 35 days. Afterwards, to ensure identical initial
concentrations of the MPs at the beginning of the kinetics experiment, a 5 L/cycle of bulk water
was replaced by fresh SWW (without MPs) 24 h before the study. At the beginning of the kinetics
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experiment, reactors were spiked directly with a fresh MP mix solution of concentration 1 pg L1, and
samples were collected at fixed time points during the aeration phase of all tested setups. Kinetics
experiments for each SRT and HRT combination were performed three times.

2.4. Apparent-First-Order Kinetics Estimation

The rate of micropollutant removal is usually considered to be directly proportional to both
micropollutant and biomass concentrations. As a consequence, the reaction should follow a
second-order kinetics (Equation (1)). However, this kinetic law has been called a pseudo-first-order
approach in recent studies, since the biomass is not considered as a limiting factor. Generally, kpc}, also
called k (L grss™! h™!), is defined as an experimental removal rate constant normalized to Ctsg. In the
literature, relatively small fluctuations of Ctgs and therefore negligible effects on the treatment process
are often assumed, which leads to apparent-first-order kinetics (Equation (2)). This approach was
applied in this present study. The apparent-first-order removal rate constant expressed as k’ (h~!) was
derived from the fitting of the analytical solution of Equation (2) to the measured data of each of the
seven experimental setups, and no normalization to biomass concentration was applied. The analytical
solution describing apparent-first-order MP removal evolution with time is given in Equation (3). The
actual effect of biomass concentration on kinetics of MPs removal is discussed in Section 3.3.

rvps = —k Crss Cwmps (1)
I'vMps =— — k, CMPS Wlth k/ = k CTSS (2)
Cwmps (1) =Cpe ! 3)

where r)ps is the removal rate (ug L~ h™1), k is the removal rate constant (L g 1 h1), Cypps is the
dissolved micropollutant concentration at time t (ug L), tis the time (h), Crsg is the total biomass
concentration (g L™1), k’ is the apparent-first order removal rate constant (h~!) without normalization
to Ctss, and Cg is the initial concentration of MPs ~1 pg L1,

2.5. Analytical Methods

2.5.1. Quantification of MPs by LC-MS/MS

All samples were filtered through 0.45 um polyethersulfone syringe filters (PES, Macherrey-Nagel,
Germany). Subsequently, 100 pL of each sample was transferred into an amber vial containing 900 nL
of MilliQ water and preserved at 4 °C until analysis (not longer than 12 h). This applied dilution
decreased the effect of the wastewater matrix so it could not interfere with the MP measurements.
Analytes were quantified using an Agilent 1290 Infinity Il UHPLC system coupled to an Agilent 6470
Triple Quadrupole MS system via an Agilent Jet Stream electrospray ionization source. Separation was
performed on an Agilent ZORBAX Eclipse Plus C-18 column (50 x 2.1 mm, 1.8 pm particle size) with a
gradient flow of two eluents—ultra pure water (A) and acetonitrile (B)—both acidified with 0.05%
formic acid and set at a flow rate of 0.3 mL min~!. The following gradient program was applied (Time
(min)/B (%): 0/5, 4.2/95, 5.6/95, 5.8/5, 8.5/5). To minimize the variation of the compound ionization
during individual runs, samples were spiked with labeled internal standards (listed in Section 2.1)
before injection for the calculation of the normalized area (i.e., the ratio between the peak area of the
analytes of interest and the peak area of the internal standard of the corresponding parent compound).
Detection of positive and negative ions was performed in dynamic multi-reaction monitoring (MRM)
mode. To maintain high quality of the measurement, the series of measured samples also contained
blank samples comprising ultra-pure water to track possible carry-over. Quality assurance samples
containing 500 ng L™! of individual analytes were also utilized to verify the accurate performance of
the device. External calibration was applied in the range of 1-1000 ng L~!. Measured concentrations of
micropollutants were plotted against the sampling time points including the applied dilution. The
settings used for the mass spectrometer are collected in SI Tables S5 and Sé.
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2.5.2. Measurement of Basic Chemical Parameters of Wastewater

During the kinetics studies, a volume of 30 mL of sludge mixed with synthetic wastewater was
collected hourly for analyses of ammonium (N-NH4*), nitrate (N-NO3 ), and phosphate (P-PO,4*)
concentrations, as well as for the determination of COD. Ammonium concentration was determined
using an 881 Compact IC pro—Anion (Metrohm, Switzerland; the detection limit of this instrument
was 0.3 mg L~! N-NHy4*). The nitrate and phosphate were quantified using ion chromatography
(790 Personal IC, Metrohm, Switzerland; the detection limit for nitrate was 0.5 mg L~! and for phosphate
1 mg L™!). Total chemical oxygen demand was measured using the cuvette Hach test No. 514 (Hach
Lange, Germany). These parameters were measured to monitor performance of the systems, the results
are presented in SI Figure S1, but they are not further discussed in the main body of the manuscript.
Concentrations of TSS, effluent suspended solids (ETSS), and VSS were measured according to standard
methods for the analysis of water and wastewater [35].

3. Results and Discussion

3.1. Effect of SRT on MP Elimination in Activated Sludge

Figure 1 displays the elimination profiles of four out of the seven investigated micropollutants,
belonging to three different categories defined by the biodegradability of MPs. Caffeine is a highly
biodegradable compound; sulfamethoxazole is a moderately biodegradable compound while diclofenac
is a quite persistent compound. The estimated k’ (h™!) values were obtained. They are reported in
the Figure 1 and are also collected in Table 3. Other investigated micropollutant removal plots are
presented in Figure S2. For all kinetics experiments, k” values and changes of k” are collected in Table 3.

14 TI(a) CAF @ 3d SRT 1.4 |(b) SMX # 3d SRT
12 | B 10d SRT 12 LN B 10d SRT
® 20d SRT @ 20d SRT
—1.0 —10 | S
5 B 8 MRS
%038 wos | *
! = 9
£os | k';g= 1.271 £o6 | u i
© K'10q=1.356 hd ®
04 | @ Jod” 04 | k'sy= 0.148 ®
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Figure 1. Removal of (a) caffeine (CAF), (b) sulfamethoxazole (SMX), (c) roxithromycin (ROX), and
(d) diclofenac (DCF) at three different sludge ages of 3 days, 10 days, and 20 days at the HRT of 4 h; k’:
apparent-first-order removal rate constant (h~!); number of replicates n = 3; error bars indicate one
standard error.
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Table 3. Apparent removal rate constant k’ (+standard error) of investigated compounds at different sludge ages *, and changes of k’ from: SRT-3 to SRT-20, SRT-10 to
SRT—20, and SRT-3 to SRT-20. CTSS ~3 8TSS L_l.

Effect of SRT on Apparent Removal Rate Constant k’ (h~1)

HRT:4h
. Degree of Change of k’ from Change of k’ from Change of k’ from
Micropollutants g, 4o oradability SRT-3 SRT-10 SRT-20 SRT-3to SRT-10  SRT-10to SRT-20  SRT-3 to SRT-20
CAF High 1.271 £ 0.105 1.356 + 0.101 1.882 + 0.032 Increase by 1.07 Increase by 1.39 Increase by 1.48
SMX Moderate 0.148 + 0.025 0.252 + 0.042 0.393 + 0.079 Increase by 1.70 Increase by 1.56 Increase by 2.66
BZT Moderate 0.169 + 0.036 0.239 + 0.043 0.260 + 0.039 Increase by 1.41 Increase by 1.09 Increase by 1.54
ROX Moderate 0.232 + 0.156 0.172 + 0.036 0.156 + 0.024 Decrease by 1.35 Decrease by 1.10 Decrease by 1.35
ERY Moderate 0.185 + 0.020 0.165 + 0.090 0.132 + 0.123 Decrease by 1.12 Decrease by 1.25 Decrease by 1.48
DCF Low 0.044 + 0.121 0.059 + 0.148 0.064 + 0.138 Increase by 1.34 Increase by 1.08 Increase by 1.45
CBZ Low 0.041 + 0.047 0.052 + 0.093 0.057 + 0.094 Increase by 1.27 Increase by 1.09 Increase by 1.39

* determined in the SBRs operated atan HRT of 4 h. CAF: caffeine, SMX: sulfamethoxazole, BZT: benzotriazole, ROX: roxithromycin, ERY: erythromycin, DCF: diclofenac, CBZ: carbamazepine.
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Highly biodegradable compound. As depicted in Figure 1la and Table 3, caffeine (CAF) was
degraded efficiently in all three reactors. The high k’ values of 1.271 (+ 0.105), 1.356 (+ 0.101), and
1.882 (+ 0.032) h™! obtained in SBR-3, SBR-10, and SBR-20, respectively, indicated that the removal
of CAF increased moderately with the SRT (an increase of 48%). As a consequence, the removal by
expanding sludge age from 3 to 20 days was improved by a factor of 1.48.

Moderately biodegradable compounds. Based on our experimental values of reaction rate
constants, sulfamethoxazole (SMX) can be classified as a moderately biodegradable compound. In
SBR-20 with k’50q = 0.393 + 0.079 h™!, an increase of 165% was observed compared to the removal in
SBR-3 (k’34 = 0.148 + 0.025 h™!). Therefore, the removal rates of SMX were significantly enhanced by
the increase of SRT from 3 to 20 days.

The benzotriazole (BZT) removal (Table 3 and SI Figure S2a) was also affected by the SRT. The
calculated k’ values were equal to 0.239 + 0.043 h~1 and 0.169 + 0.036 h~! for SRT-10 and SRT-3,
respectively. This corresponded to an increase of 41%. A slight improvement of 8.8% was observed
between reactors operated from 10 days to 20 days. Thus, these results confirmed the existence of a
critical SRT around 10 days below which BZT biodegradation might be low. The partial removal of
BZT has also been reported in studies of full-scale WWTPs [27,36].

The removal of both antibiotics, roxithromycin (ROX) and erythromycin (ERY) (Figure 1c and
Figure S2b), exhibited a different behavior. The removal rate constants decreased for the higher
SRTs of 10 days and 20 days. In other words, the performance of SBR-3 with respect to ROX
(k’3g = 0.232 + 0.156 h™!) and ERY (k’3q = 0.185 + 0.020 h™!) was found to be larger than in SBRs
operated at a high SRT, i.e., 20 days (k’0q = 0.156 + 0.024; 0.132 + 0.123 h~1). Li and Zhang [37] recorded
maximum removals for both ROX and ERY of 40-46% and 15-26% for SRT < 10 days, respectively.
Louvet et al. [38] showed that erythromycin toxicity was observed at a lower concentration of 4 pg L1,
which inhibited the growth of fragile biomass and the removal of N-NH,4 ™", and hence disrupted the
WWTP efficiency.

Hardly biodegradable compounds. The removal of DCF and CBZ was low in both tested types
of activated sludge. In general, the SRT had a minor influence on the removal rate of persistent
compounds, which did not exceed the standard error in SBR-3 and -10 for either compounds (Figure 1d
and Figure S2c¢). Moreover, an increase of k’ (1.45 and 1.39) was recorded with the increase of the
SRT from 3 days to 20 days for DCF and CBZ, respectively. In the case of CBZ, Zhang et al. [39] did
not observe any CBZ removal by CAS even at an SRT of 100 days. For DCF, the data provided in the
literature are not so consistent. Vieno and Sillanpad [15] reported that DCF removal was 8-38% when
SRT was 2048 days, 59% at SRT of 62 days, and 53% at SRT of 322 days. The low removal efficiency
was also in agreement with the work of Joss et al. [40], in which they reported no enhancement of DCF
removal even when extreme durations of SRT (>60 days) were applied. The authors suggested that
DCEF persistence in the effluent of the WWTP could be due to a chlorine atom in the structure. Also,
the formation of nitro diclofenac (NO,—-DCEF) in activated sludge could give false positive results [15].
Regarding CBZ, its persistence can be attributed to its physicochemical properties such as molecular
structure and hydrophilicity [41,42]. In general, simple-structured compounds, especially those
without branched/multi-chain groups, are readily degradable [43]. Moreover, compounds containing
electron-withdrawing functional groups (EWG), such as carboxyl, halogens, and amides, are resistant
to biological treatment. Indeed, CBZ contains an amide group that makes it resistant to biodegradation.
Therefore, the persistence of DCF and CBZ seemed to be independent from the sludge age, and this
was likely due to the individual properties of these compounds.

In general, as suggested by Joss et al. [44], the enhancement of the micropollutant removal could
be explained by slight changes in biomass physiology and/or biomass quantity between different types
of sludge (setups of SRT-3, HRT: 4 h; SRT-10, HRT: 4 h; and SRT-20, HRT: 4 h, Table S2). Tiwari et al. [45]
reported that a population balance of filamentous and floc-framing microorganisms upholds the
growth of steady and solid flocs at high SRTs. In our study, for SMX, BZT, DCF, and CBZ, the increase
in k” was more pronounced from SRT-3 to SRT-10 d than from SRT-10 to SRT-20 (Table 3).
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3.2. Influence of HRT on MP Elimination in Activated Sludge

An overview of the apparent-first-order constants (k’) obtained for each MP for various HRTs are
compiled in Table 4. The discussion is based on comparison of the variation of k’ for HRT from 4 h to
8 h, from 8 h to 12 h, and from 4 h to 12 h, with sludge ages of 3 days and 10 days. For all studied
compounds, the apparent constants increased with increasing HRT. The highest increase, by 2.17 of k’,
was observed for SMX, with the improvement of HRT from 4 h to 12 h in SBR-3. In comparison, in
SBR-10, the increase of the constant was equal to 1.57. It is important to note that the enhancement of
k’ between HRT of 4 h and 8 h was not similar to that estimated between 8 h and 12 h. Therefore, the
increase of k’ was not proportional to the increase of HRT for the same sludge age. The k’ changes
between HRTs of 8 h and 12 h for the removal of SMX and BZT were multiplied by 1.42 and 1.11,
respectively, at the corresponding SRT of 3 days. The changes of k" was multiplied by 1.31 and 1.35 by
increasing HRT up to 12 h in the SBR operated at 10 days, respectively. In contrast, Li and Zhang [37]
reported a lower k’ value of 0.0052 h~! for SMX, recorded at a SRT of 7 days and an HRT of 17 h, than
that reported in the present study. For both macrolides (ROX and ERY), increasing the HRT from
4 h to 12 h resulted in an increase of k’ values by 1.39 (k’ at HRT of 4 h = 0.232 h™! and k’ at HRT of
12h =0.322 h™!) and by 1.42 (k’ at HRT of 4 h = 0.185 h™! and k’ at HRT of 12 h = 0.262 h~!) in SBR-3
for ROX and ERY, respectively. The same trend was observed in the SBR operated at 10 days, but with
a higher increase of 1.46 for ROX than 1.34 for ERY. The low removal of diclofenac and carbamazepine
was not significant for the studied HRTs, regardless of the type of sludge.

3.3. Overall Synthesis of the Impact of SRT and HRT

3.3.1. MP Removal Efficiency

The removal efficiency of the micropollutants achieved in SBR-3, -10, and -20, operated with
HRTs of 4, 8, and 12 h, are presented in Figure 2. In both SBR-3 and SBR-10, the removal of CAF
increased by 5% between HRTs of 4 and 8 h, while a slight increase of 2-3% occurred between 8 and
12 h. Furthermore, the removal of SMX was enhanced from 30% up to 65% and from 45% up to 70% in
SBR-3 and SBR-10, respectively, with an increase of HRT. Similar data have been reported previously,
with the removal of 73% in the reactors operated at an SRT of 10 days and an HRT of 12 h [46]. For
BZT, an increase of HRT up to 12 h resulted in enhanced removal by 15% and 10% in SBR-3 and -10,
respectively. Moreover, an effect of HRT on ROX or ERY was noticed in SBR-10, since their removal
efficiency increased by 23% and 10% with an HRT increase up to 12 h, respectively. Finally, the lowest
removals were observed for DCF and CBZ regardless of the operational parameters of the reactors
(SRT and HRT). Clara et al. [47] reported on the relationship between DCF removal and HRT in a
WWTP; a DCF removal of 70% at a high HRT (13 days) was observed, whereas operating the system
with a low HRT (<1.2 days) gave negligible elimination. This could explain the low removal achieved
in this study, in which the reactors are operated at a maximum HRT of 12 h. For different HRTs, no
significant removal of DCF and CBZ was noticed (<15%) in SBRs operated at SRTs of 3 days and
10 days. Their removal seems to be enhanced with very high hydraulic retention times that are not
applied in wastewater treatment plants.
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Table 4. An overview of calculated apparent-first-order rate constants of all investigated MPs at all tested HRTs: 4 h, 8 h, and 12 h for sludge ages of 3 days and
10 days, as well as change of k’ from4 hto8h,8hto 12h,and 4 h to 12 h.

Effect on HRT on Apparent Removal Rate Constant k’ (h~1)

SRT-3 SRT-10
MPs Change Change Global Change Change Change  Global Change
HRT:4 h HRT:8h HRT:12h ofk’ from ofk’from ofk’from4h HRT:4 h HRT:8h HRT:12h ofk’ from ofk’from ofk’ from4h

4hto8h 8htol12h to12h 4hto8h 8htol12h to12h
Increase Increase Increase Increase

CAF 1.271 1.381 1.692 by 1.08 by 1.22 Increase by 1.33 1.356 1.735 1.909 by 1.27 by 1.10 Increase by 1.41
Increase Increase Increase Increase

SMX 0.148 0.225 0.321 by 1.52 by 1.42 Increase by 2.17 0.252 0.302 0.396 by 1.20 by 1.31 Increase by 1.57
Increase Increase Increase Increase

BZT 0.169 0.238 0.265 by 1.41 by L1 Increase by 1.57 0.239 0.257 0.348 by 1.08 by 1.35 Increase by 1.45
Increase Increase Increase Increase

ROX 0.232 0.257 0.322 by 1.1 by 1.25 Increase by 1.39 0.172 0.205 0.252 by 1.19 by 1.23 Increase by 1.46
Increase Increase Increase Increase

ERY 0.185 0.227 0.262 by 1.23 by 1.15 Increase by 1.42 0.165 0.182 0.221 by 1.10 by 1.21 Increase by 1.34
Increase Increase Increase Increase

DCF 0.044 0.055 0.061 by 125 by 1.1 Increase by 1.11 0.059 0.068 0.075 by 115 by 1.08 Increase by 1.27

CBZ 0.041 0.044 0.049 Increase  Increase  y o ceby119  0.052 0.057 0.058 Increase  Increase oo py 112

by 1.07 by 1.11 by 1.09 by 1.02
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Figure 2. Removal (%) of selected MPs in SBR-3, -10, and -20 over three different HRTs, 4, 8, and 12 h.
Crss ~ 3 grss L™" and Cyps ~ 1 ug L1

3.3.2. Global Effect of SRT and HRT

Overall, increasing the SRT increased the removal efficiency of all micropollutants except for ROX
and ERY. Similarly, increasing the HRT improved the removal efficiency of all studied compounds.
On one hand, increasing of HRT and SRT slightly modified the CAF and CBZ removal. Therefore,
highly and non-biodegradable compounds were not sensitive to increases of HRT or SRT. On the other
hand, the moderately biodegradable compounds could be better removed with an increase of HRT and
(except for ROX and ERY) by an increase of SRT.

3.4. Effect of Biomass Concentration on MP Elimination in Activated Sludge

As mentioned before, the pseudo-first-order kinetic approach is the most commonly used for
describing MP removal in activated sludge. The critical aspect of this approach is the assumption that
the relatively small fluctuations of biomass concentration do not have an effect on the treatment process.
To verify whether apparent-first-order approach was valid, an additional kinetic study was carried out
to compare k’ values in the reactors operated at an SRT and HRT of 10 days and 4 h, respectively, with
different biomass concentrations. These kinetics experiments were always performed with the same
type of sludge (withdrawn from WWTP 1).

Figure 3 shows the change of concentration of the selected MPs during biological treatment in
reactors inoculated with biomass at concentrations of 3, 5, and 8 grss L™!. The results concerning the
other MPs are presented in SI Figure S3.

In general, CAF degraded very fast, with a significant difference in removal rate constant between
3 and 5 grss L1 (k'1ss 3 = 1.356 + 0.020 and k’1ss 5= 3.107 + 0.016 h™!), but with weak change
between 5 and 8 grgs L' (k’1sg g = 3.380 + 0.046 h™1). Similarly, in the case of SMX, an increase of
biomass concentration from 3 to 5 grsg L~! resulted in substantial improvement of the k’ value from
0.252 + 0.042 h~! to 0.484 + 0.091 h~!. Conversely, a low change in SMX apparent removal constants
was observed in reactors with biomass concentration of 5 and 8 grsg L™} (k’1sg 5 = 0.484 + 0.098 h~!
and k’'tgs g = 0.516 + 0.043 h™1). A comparable trend, showing that a biomass concentration
below 5 grss L1 affected the kinetics, was also observed for ROX (Figure 3c), BZT (Figure S3a,
k,TSS_3 = 0.239 + 0.043, k’T55_5 = 0.422 + 0.041, k’TSS_S = 0.449 + 0.037 h_l), and ERY (Figure S3b,
k'Tss 3 = 0.165 % 0.030, K'ss 5 = 0.295 + 0.041, k15 g = 0.303 + 0.115 h™!). However, DCF exhibited
a different behavior (Figure 3d). An increase of removal rate constant was recorded only in the SBR
operated with high biomass concentration, i.e., 8 gtsg L1 (K'1ss g = 0.121 + 0.021 h™). k" at3and 5
(k’tss 3 = 0.059, k' g5 5 = 0.078) remained very low. We can suppose that the rate of removal of DCF
was too low to able to exhibit the same trend as the other MPs.
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Figure 3. Change of concentration of (a) CAF, (b) SMX, (c) ROX, and (d) DCF during biological treatment
in reactors inoculated with biomass at concentrations of 3, 5, and 8 grsg L™!; k’: apparent-first-order
removal rate constant (h™') operated at SRT: 10 days and HRT: 4 h.

To summarize and analyze the results, Figure 4 shows the relationship between the constant k’,
determined in the reactors, and the biomass concentration. For all presented compounds, i.e., CAF,
SMX, BZT, ROX, and ERY, an evident increase of k’ value was observed with a change of biomass
concentration from 3 to 5 grss L™!. This trend is logical and suggests that the amount of biomass
significantly affected the removal kinetics. With classical kinetics modeling, the expected apparent
removal rate constant (k’) is directly proportional to Ctsg (Equation (2)). However, apart from DCF
(very low k), further increase of biomass concentration changed (from 5 to 8 grss L™!) the removal
rate only slightly. Following the assumption of linear kinetics, the evolution of k” versus Ctsg should
have given a straight line through the origin with a slope corresponding to k. However, our results
highlighted that the increase was not linear and, hence, k was not constant. The apparent constant k’
increased with Crsg, but with evolution lower than would be expected if it were directly proportional
to Crss (Equation (1)) or implicitly proportional to Ctsg (Equation (2)). In other words, an increase of
Crss improved the removal, but the kinetics were not proportional to Crss. Henkel et al. [48] did show
that mass-transfer gas/liquid in activated sludge systems is hampered by increasing Crss. It can be
assumed that the increase of the floc volume at 8 grsg L1 reduced the free water and thereby slowed
down the local mixing and transport of the MPs around the flocs before entering inside them. In the
case of MP removal, the direct dependency of ryps on biomass concentration (Ctsg) will be thereby
affected as can be seen from Figure 4.

In order to emphasize the difference between the expected kinetic constants of the studied MPs
and the experimental k’ recorded at a high biomass concentration, an extrapolated constant was
estimated, as shown in Figure 4, at Ctsg = 8 g1sg L. The K’ ratio, designated by 9§, is defined as:

’
k extrapolated

5 = 4)

7
k experimental
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However, it appears logical to reason in terms of removal efficiency of each MP at the end of
the reaction phase operated at a HRT of 4 h (t = 2.83 h) for high Ctsg. Thus, Cyps were calculated
according to Equation (3) for the experimental and the expected k’ (extrapolated). The results
are depicted in Table 5. The ratio of the Cypsexpected t0 the Cpips experimental, designated by £, is
presented in Equation (5). It represents the ratio between the real remaining MP concentration
(CMPs experimental) and the concentration that would be expected by extrapolation using the usual
kinetics (pseudo-first-order approach).

4 .
CMPs, experimental Cpe t K experimental

— e(k,expected - k,experimental) t (5)

’
CMl’s, expected Co et K expected

In order to determine the relation of the Cyps ratio to the k’ ratio, Equation (5) can be rewritten, leading
to an exponential equation which takes into consideration the time of the experiment (Equation (6)):

’ (8-1)
B = e K expected( T) t (6)

Therefore, the expected k’ values of SMX and BZT, for example, were 1.71 and 1.78 times larger than the
experimentally measured k’, respectively. However, because of the time parameter in the exponential
relation in (Equation (6)), the calculated experimental Cyp ratios seemed greater by 2.8 and 2.7 after
170 min, respectively. Thus, it highlights that k’ ratio and Cysp ratio are not necessary in the same order
of magnitude.

: 8.0
14 |
| ¢ SMX o BzT B ROX 7.0
VE * ERY ~#- DCF A CAF
: 6.0
1 b ?
: 50 =
£ : _ Ak’ 5
o8 | » 3
x I
- : 3.0
0.4 ‘ 2.0
: &
0.2 F P . )
: . o A
Pl B = T O
PRI I . . : ' ) : 0.0
1 2 3 a 5 6 5 8 s 10 1
Crss (gL7)

Figure 4. Effect of the Ctgg (g L™1) on the apparent-first-order removal rate constant k’ (h™1) for CAF,
SMX, BZT, ROX, ERY, and DCFE. The apparent constants k’ of SMX, BZT, ROX, ERY, and DCF and the
k’ of CAF are shown on the left side and the right side of the graph, respectively. Continuous lines
represent the line expected from the pseudo-first-order approach (calculated from the first three Cygg
values 0of 0,3, and 5 g L_l).
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Table 5. Experimental and expected apparent-first-order rate constants estimated at Csg = 8 g 155 L ™!, as well as the experimental and expected Cyp of SMX, BZT,
ROX, ERY, and DCF at an HRT of 4 h (time of reaction = 170 min) and their removal efficiency (%).

) ) o _ K wpeced Calculated Calculated S I‘{c-fmoval0 I.{e‘movalo Ratio of Removal

MPs K expected K experimental AK/ erlfror = P o— C/MP for /CMP for Ry — Efficiency (%)  Efficiency (%) Efficiency:
CRR Kopermenal  (Equation (4))  loopedsd,  Kosorimentt - (Equation(5)) of of expesimenta

(Equation (3)) (Equaﬁon (3) Cwmps expected Cwmps experimental expected

CAF 5.20 3.38 1.82 54 1.54 0.00000043 0.000072 174 99.99 99.99 1.00

SMX 0.88 0.52 0.36 69 1.71 0.091 0.26 2.81 91.74 76.82 0.84

BZT 0.80 0.45 0.35 78 1.78 0.093 0.25 2.70 89.63 71.98 0.80

ROX 0.55 0.33 0.22 67 1.69 0.17 0.32 1.89 78.95 60.29 0.76

ERY 0.45 0.30 0.15 50 1.49 0.33 0.51 1.52 72.06 57.62 0.80

DCF 0.18 0.12 0.06 50 1.49 0.66 0.77 1.18 39.95 29.02 0.73
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4. Conclusions

The systematic study of the operational conditions of the activated sludge process explained
the potential effect of each parameter on the removal of MPs representing various degrees of
biodegradability. The results showed that operational conditions, namely SRT and HRT, can influence
MP removal efficiency to some extent, depending on the nature of the MPs. In general, highly
biodegradable compounds have a high removal efficiency, independently from applied conditions.
In the case of moderately biodegradable compounds, an increase of SRT caused an improvement
of removal efficiency. This aspect was evident at very high SRTs for all compounds except for
roxithromycin and erythromycin. Longer HRTs also led to higher removal efficiency. However, a
complete MP removal was not achieved in any of the studied set-ups. In terms of application, the
improvement of removal obtained with a higher HRT should be compared to the cost of a larger
reactor. For persistent compounds, very low removal efficiency in all tested scenarios (>~10%) was
reported; HRT showed minor impact and SRT exhibited a slight effect only if it was very long (e.g.
diclofenac SRT-20 = 25%). Due to the high energy demand, such conditions are rarely applied in
conventional WWTPs with an activated sludge process. Finally, the increase of biomass concentration
from 3 to 5 grss L7! significantly increased the removal of the highly and moderately degradable
compounds (caffeine, sulfamethoxazole, benzotriazole, roxithromycin, and erythromycin), whereas
a further increase to 8 grss L™! had a lower effect. The results highlighted that the usual kinetics,
which consider that the rate is proportional to the biomass concentration, are only valid for low and
moderate biomass concentrations. This unexpected effect of biomass concentration opens up a new
field of research, particularly in terms of the development of a new kinetic model that can be used for a
wide spectrum of biomass concentrations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2217/s1,
Table S1: Overview of the removal efficiency of some MPs in published studies according to some operational
conditions, Table S2: Operating schedule of SBRs, Table S3: Mean values of biomass concentration (+ standard
error), volatile suspended solids (VSS), dissolved oxygen (DO), pH and T (°C) in the three SBRs during seven
experimental setups, Table S4: Composition of the synthetic wastewater and supplementary solutions I and
II, Text S1: Calculation of Solid Retention Time (SRT), Table S5: Source parameters applied during sample
measurements, Table S6: Mass spectrometric parameters for detection, Figure S1: Removal efficiencies of
wastewater parameters (COD, N-NH4+ and P-PO43-) and nitrate-nitrogen production over 4 h, 8 h and
12 h HRT for SRT—3 days and SRT—10 days (error bars present standard error), Figure S2: Removal and
k’'—apparent-first-order fits (h~!) of other investigated MPs; number of replicates = 3; error bars indicate one
standard error, Figure S3: Change of concentration of (a) BZT and (b) ERY during biological treatment in reactors
inoculated with biomass at concentrations of 3, 5 and 8 g L™!; k’—apparent-first-order removal rate constant (h™')
at SRT—10 days and HRT—4 h.
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