
Journal of Hazardous Materials 414 (2021) 125535

Available online 25 February 2021
0304-3894/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Promoting the degradation of organic micropollutants in tertiary moving 
bed biofilm reactors by controlling growth and redox conditions 

Ellen Edefell a,b,*, Per Falås b, Elena Torresi c, Marinette Hagman b, Michael Cimbritz b, 
Kai Bester d, Magnus Christensson c 

a Sweden Water Research AB, Ideon Science Park, Scheelevägen 15, SE-223 70 Lund, Sweden 
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A B S T R A C T   

A novel process configuration was designed to increase biofilm growth in tertiary moving bed biofilm reactors 
(MBBRs) by providing additional substrate from primary treated wastewater in a sidestream reactor under 
different redox conditions in order to improve micropollutant removal in MBBRs with low substrate availability. 
This novel recirculating MBBR was operated on pilot scale for 13 months, and a systematic increase was seen in 
the biomass concentration and the micropollutant degradation rates, compared to a tertiary MBBR without 
additional substrate. The degradation rates per unit carrier surface area increased in the order of ten times, and 
for certain micropollutants, such as atenolol, metoprolol, trimethoprim and roxithromycin, the degradation rates 
increased 20–60 times. Aerobic conditions were critical for maintaining high micropollutant degradation rates. 
With innovative MBBR configurations it may be possible to improve the biological degradation of organic 
micropollutants in wastewater. It is suggested that degradation rates be normalized to the carrier surface area, in 
favor of the biomass concentration, as this reflects the diffusion limitations of oxygen, and will facilitate the 
comparison of different biofilm systems.   

1. Introduction 

The removal of many organic micropollutants, such as pharmaceu-
ticals, iodinated contrast media and biocides, at wastewater treatment 
plants (WWTPs) is mainly attributed to the biological treatment pro-
cesses (Joss et al., 2006; Miège et al., 2008; Verlicchi et al., 2012; Luo 
et al., 2014; Park et al., 2017). Some organic micropollutants appear to 
be more readily degradable in biofilm processes, such as moving bed 
biofilm reactors (MBBRs) and integrated fixed film activated sludge 
(IFAS) systems, than in activated sludge processes (Jewell et al., 2016a; 
Shreve and Brennan, 2019; Nguyen et al., 2021). The organic micro-
pollutant degradation rates per unit of biomass has been found to in-
crease with decreasing substrate availabilities in staged MBBRs (Escolà 
Casas et al., 2015a), but simultaneously the biomass concentration was 
reduced (Escolà Casas et al., 2015a; Mazioti et al., 2015). Novel process 
configurations that combine enhanced degradation capacity at low 
substrate availabilities with high biomass concentrations may be needed 
to improve biological micropollutant removal. 

The introduction of additional substrate for biofilm growth by 
feeding with primary treated wastewater in tertiary MBBRs has been 
proposed to alleviate biomass limitations and increase the degradation 
of micropollutants (Tang et al., 2017; 2021). Feeding tertiary MBBRs 
with primary treated wastewater may increase the concentrations of 
nutrients and organic matter in the effluent water, while supplying 
primary treated water in a sidestream configuration (Tang et al., 2017) 
could reduce the risk of affecting the effluent quality. The two streams 
could be kept separate, eliminating the risk of reducing the effluent 
water quality, by moving the biofilm carriers between a tertiary MBBR 
and a sidestream reactor with primary treated wastewater. The potential 
of increasing micropollutant degradation rates by increasing biomass 
concentrations in such a system has not been demonstrated previously. 

It has been observed that the degradation rates of organic micro-
pollutants are affected by the redox conditions (Neilson & Allard, 2008; 
Achermann et al., 2018a; Torresi et al., 2019), and a combination of 
conditions has been proposed in wastewater treatment to enable both 
reductive and oxidative degradation pathways (Falås et al., 2016, 
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Alvarino et al., 2018a; Wolff et al., 2018). In biofilm systems, redox 
stratification can occur within the biofilm due to oxygen depletion in the 
outer layer. 

The biological degradation rates of micropollutants are generally 
normalized to the biomass concentration (Joss et al., 2006; Falås et al., 
2013), whereas the design of MBBRs is based on loading rates normal-
ized to carrier surface area (Ødegaard et al., 2000), since the diffusion of 
oxygen and substrates in the biofilm can limit oxidation rates, as 
described for nitrification (Hem et al., 1992). It may also be advanta-
geous to normalize micropollutant degradation rates to carrier surface 
area, rather than biomass concentration, as proposed in our previous 
study (Edefell et al., 2021). Normalization to surface area may be 
particularly beneficial in the case of compounds only degraded under 
aerobic conditions. One example of this is diclofenac, for which an in-
crease in biofilm thickness showed no increase in degradation rate, 
possibly due to stratification of the biofilm, whereas the degradation 
rates of compounds not sensitive to changes in redox conditions, such as 
atenolol, increased with increasing biofilm thickness (Torresi et al., 
2016). 

The aim of this study was to investigate the effects of growth and 
redox conditions on the degradation rates of a selection of organic 
micropollutants, pharmaceuticals and iodinated contrast media, in ter-
tiary MBBRs. A novel MBBR process configuration was developed to 
increase micropollutant degradation by facilitating biofilm growth 
through feeding primary treated wastewater to the biofilm carriers in a 
sidestream reactor under different redox conditions. Micropollutant 
degradation in MBBRs with and without additional substrate feeding 
was compared by evaluating degradation rates as a function of carrier 
surface area and biomass concentration. The study involved monitoring 
the degradation rates of biofilms obtained after long-term adaptation in 
pilot-scale MBBRs. 

2. Materials and methods 

Two MBBR units were operated in different process configurations 
downstream of, or parallel to, the biological treatment stage at a full- 
scale WWTP. Lab-scale experiments were performed to determine 
micropollutant degradation rates and nitrification capacities under 

different operating conditions of the MBBRs. 

2.1. Pilot-scale operation 

Pilot-scale operation was carried out for 13 months at Lundåkra 
WWTP in Landskrona, southern Sweden. This WWTP employs an acti-
vated sludge process for nitrogen and enhanced biological phosphorus 
removal, as described previously (Edefell et al., 2021). The MBBR 
pilot-scale units were operated after the biological treatment stage in 
four different process configurations, and parallel to the biological 
treatment in one configuration, as shown in Fig. 1. An ozonation 
pilot-scale unit, described previously (Edefell et al., 2021), was operated 
with a hydraulic retention time (HRT) of 10 min and an ozone dose of 5 
mg O3 L–1, corresponding to approximately 0.5 g O3 g–1 DOC, in com-
bination with one MBBR process configuration. 

Two MBBR units were operated in parallel: a conventional unit, i.e., 
an aerated and completely mixed reactor (1 m3), and a recirculating 
reactor system (total volume 3 m3) in which aeration and mechanical 
mixers were optional. Anox K™ Z-400 carriers (Veolia Water Technol-
ogies, AnoxKaldnes, Sweden) were used in the conventional MBBR, with 
a filling ratio of approximately 30%, corresponding to a surface area of 
166 m2 m–3, and an HRT of 2 h. This MBBR unit was operated with 
wastewater from the primary settler as a high-loaded MBBR, and later 
received secondary treated wastewater from the biological treatment as 
a tertiary MBBR. The biofilm in the conventional MBBR was established 
on virgin carriers with primary treated wastewater for 5 months, and 
later adapted to secondary treated water for two months. Lab-scale ex-
periments were performed to assess the degradation rates of several 
micropollutants, mainly pharmaceuticals, at the end of each feed 
regime. 

The Anox K™ Z-400 carriers were also used in the recirculating 
MBBR system, but with a filling ratio of approximately 25%, corre-
sponding to a surface area of 140 m2 m–3. This system was designed 
according to one of the eXeno™ concepts (Veolia Water Technologies, 
AnoxKaldnes, Sweden), in which the substrate availability in tertiary 
MBBRs is increased by providing additional feeding from mainstream 
and sidestream treatment trains (Fig. 1). The mainstream treatment 
train (2.4 m3) was operated at 2 h HRT with secondary treated or 

Fig. 1. Setup and operational characteristics of the wastewater treatment plant and pilot-scale units. The recirculating MBBR consists of a main treatment train and 
sidestream treatment to provide additional substrate for the biofilm carriers, and the carriers are moved between the main and sidestream treatment trains on 
conveyor belts. Effluent water from the sidestream is directed to the biological treatment stage in the full-scale plant. An ozonation pilot-scale unit was operated prior 
to the recirculating MBBR with aerobic sidestream (oz). 
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ozonated secondary treated wastewater. The sidestream MBBR treat-
ment unit (0.7 m3) was operated at 2 h HRT with primary treated 
wastewater to provide additional substrate for biofilm growth and the 
effluent water from the sidestream was recirculated back to the bio-
logical treatment stage at the full-scale WWTP. Biofilm carriers were 
moved between the main and sidestream treatments trains by conveyer 
belts, and transported by the water flow in the main treatment train. 
Thus, the quality of the effluent wastewater from the main treatment 
train was not affected by the primary treated wastewater in the side-
stream treatment. The recirculating MBBR system was evaluated under 
three operating conditions: (i) anaerobic sidestream and secondary 
treated wastewater in the main treatment train, (ii) aerobic sidestream 
and secondary treated wastewater in the main treatment train, and (iii) 
aerobic sidestream and ozonated effluent water in the main treatment 
train, as illustrated in Fig. 1. 

The biofilm in the recirculating MBBR system was established on 
virgin carriers for 10 months during operation with secondary treated 
wastewater and aerobic sidestream treatment. The operating conditions 
were subsequently changed to anaerobic conditions in the sidestream for 
2 months. The process configuration was later changed to ozonated 
wastewater in the main treatment train and aerobic conditions in the 
sidestream for one month. Experiments were conducted to determine 
the biodegradation rates of micropollutants at the end of each opera-
tional period. 

2.2. Sampling procedures 

Samples were collected as triplicate 24 h composite or grab samples 
from the influent and effluent of the MBBR units. Temperature, dis-
solved oxygen concentration (DO) and pH were recorded, and chemical 
oxygen demand (COD), dissolved COD (CODs), dissolved organic carbon 
(DOC), PO4‾-P, nitrogen species (NH4⁺-N, NO3‾-N, NO2‾-N) and sus-
pended solids (SS) were determined. 

2.3. Kinetic experiments 

Kinetic experiments were performed to determine the nitrification 
capacity and micropollutant degradation rates at the end of each oper-
ational period. 

2.3.1. Micropollutant degradation rates 
Batch experiments were performed to determine the degradation 

rates of 21 micropollutants (Supporting Information, SI, Table S1), as 
described previously (Edefell et al., 2021), in 1 L reactors with effluent 
wastewater and Anox K™ Z-400 carriers (166 m2 m–3) from the pilot 
plants at pH 7.9 ± 0.8 and ambient temperature (21.3 ± 1.9 ◦C). Trip-
licate reactors were used for biofilm carriers from the recirculating 
MBBR, while single reactors were used for carriers from the high-loaded 
and tertiary MBBRs. Aerobic reactors were aerated continuously (DO 
7.9 ± 0.4 mg O2 L–1), while reactors operated in the absence of oxygen 
were sealed and sparged with nitrogen gas at the start of the experiments 
and in connection with sampling to determine anoxic or anaerobic 
degradation rates. Nitrate (50 mg NO3-N L–1, KNO3) was added to the 
anoxic reactors at the start of the experiment, and again after 48 h. 
Anaerobic experiments were performed in the absence of nitrate and 
molecular oxygen. Batch experiments were conducted under anaerobic 
and anoxic conditions at the end of the operation period of the recir-
culating MBBR with anaerobic sidestream. 

Secondary treated wastewater, with suspended solids concentrations 
below 5 mg/L, was spiked with micropollutants without organic solvent 
at the start of the experiments to concentrations of 5 µg L–1 for phar-
maceuticals and 20 µg L–1 for iodinated contrast media (Table S2). Four 
micropollutants were analyzed at background concentrations (SI 
Table S2). Samples were withdrawn over the course of 3–6 days (at 
10 min, and 1, 2, 4, 6, 8, 10, 12, 24, 48, 72, and 144 h). Concentrations 
of nitrogen species, COD, CODs, DOC, and PO4‾-P were recorded daily, 

together with the pH, DO and temperature. Water and carriers were 
removed during sampling to maintain the biomass-to-water ratio. 

An abiotic control experiment was carried out with clean carriers 
(washed and autoclaved at 121 ◦C for 20 min, twice) and filtered ozo-
nated water (0.45 µm, cellulose nitrate membrane filters, Whatman GE 
Healthcare, UK), using the same procedure as that described above. 

2.3.2. Nitrification rates 
Nitrification rate experiments were performed similarly to those 

described by Kristensen et al. (1992). The reactors were mixed, aerated 
(8.7 ± 1.2 mg O2 L–1), maintained at 20 ◦C, and nutrients and buffer 
(23.6 g L–1, (NH4)2SO4; 67.2 g L–1, NaHCO3; 4.4 g L–1, KH2PO4) were 
added. Samples were taken at 30 min intervals for 2–5 h, and filtered 
prior to the analysis of nitrogen species. 

2.4. Analytical methods 

2.4.1. Analysis of organic micropollutants 
Samples were centrifuged (4500 rpm for 10 min), decanted and 

stored at − 20 ◦C until micropollutant analysis. High-performance 
liquid chromatography/tandem mass spectrometry (HPLC/MS-MS) 
was used with an Ultimate 3000 dual-gradient low-pressure mixing 
HPLC-system (Dionex, Sunnyvale, CA, USA), coupled to an API 4000 
triple-quadrupole-mass spectrometer (AB Sciex, Farmingham, MA, 
USA). Chromatographic separation was obtained using a Synergi polar- 
RP column (150 ×2 mm I.D., particle size 4 µm, Phenomenex, Torrance, 
CA, USA) with acidic elution (0.2% formic acid) in both mobile phases 
(water and methanol). Multiple reaction monitoring (MRM) was applied 
to quantify the analytes, and data processing was performed with Ana-
lyst 1.6.3 (AB Sciex, Farmingham, MA, USA). Details of the analytical 
methods are provided in the SI (Table S3-S7). 

2.4.2. Analysis of wastewater fractions and biomass 
Analysis of nitrogen species (NH4⁺-N, NO3‾-N, NO2‾-N) DOC, CODs 

and PO4‾-P was performed on filtered samples (0.45 µm, Minisart RC, 
Sartorious, Germany). Hach Lange cuvettes were used to determine 
NH4⁺-N (LCK 303 and LCK 304), NO3‾-N (LCK 339), NO2‾-N (LCK 341), 
PO4‾-P (LCK 349), DOC (LCK 385), CODs, and COD (LCK 314 and LCK 
714). Suspended solids were measured according to the European 
standard (EN 872). The biomass on the carriers was determined by 
calculating the weight difference of triplicate sets of 5 dried carriers 
(105 ◦C, 24 h) before and after removal of the biofilm. 

2.5. Degradation rate constants 

Micropollutant degradation rates were calculated using single first- 
order kinetics, as proposed by Joss et al. (2006), according to Eqs. 
(1)–(2), and Edefell et al. (2021), Eq. (3): 

C = C0∙e− k∙t (1)  

kbio =
k
X

(2)  

ksurf =
k
A

(3)  

where C denotes the dissolved concentration of the compound (ng L–1), 
k the degradation rate constant (d–1), t the time (d), X the biomass 
concentration on the carriers (g L–1), kbio the degradation rate constant 
normalized to biomass concentration (L gbiomass

–1 d–1), A the specific sur-
face area of the carriers (m2 L–1), and ksurf the degradation rate constant 
normalized to the carrier surface area (L m–2 d–1). 

Estimates of the degradation rate constants were computed from the 
batch experiments and statistical analysis was performed using RStudio 
(RStudio, Inc., Boston, MA, USA) and the nonlinear least-squares (nls) 
function. 
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3. Results and discussion 

3.1. Pilot-scale MBBR performance 

The MBBR pilot-scale units were operated continuously for 13 
months with primary treated, secondary treated, and ozonated waste-
water (Table 1), and seasonal variations in the water temperature 
(11–20 ◦C). Biomass concentrations and nitrification capacities in the 
MBBRs under the different operational conditions are summarized in 
Table 2, while the effluent concentrations are provided in Table S8. 

The high-loaded MBBR with a biofilm concentration of 1.5 g L–1 

removed mainly organic matter from the primary treated wastewater, 
whereas the tertiary MBBR with a biofilm concentration of 0.1 g L–1 

removed minor amounts of organic matter and nutrients from the sec-
ondary treated wastewater (Table S8). The lack of easily available 
substrates and phosphorus in the secondary treated wastewater prob-
ably caused the low biofilm growth in the tertiary MBBR. Circulating the 
biomass carriers between the secondary treated and primary treated 
wastewater increased the biomass concentration to 0.9–2.3 g L–1, 

depending on the specific operating conditions (Table 2). Remaining 
fractions of ammonium in the secondary effluent was nitrified in the in 
the main treatment train in the recirculating MBBRs, while the COD 
concentrations were rather stable (Table S8). With the negligible or 
minor decreases in COD in the main treatment train it appears as the 
biomass growth (Table 2) was primarily caused by the bioavailable 
organic matter in the sidestream treatment (S8). The elevated concen-
trations of particulate organic matter and nutrients in the ozonated 
wastewater (Table 1), were the result of high water flows during 
sampling. 

3.2. Impact of growth conditions 

As no significant removal of micropollutants was observed in the 
abiotic control experiments (Table S9), abiotic transformation seems to 
be of minor importance for the observed removal. The low sorption af-
finity to biomass of the investigated micropollutants indicate that 
removal through sorption is limited as estimates from literature data 
(typically < 15%, Table S10). These estimations are further supported 

Fig. 2. Biological degradation rate constants normalized to carrier surface area, ksurf, in biofilms from a high-loaded MBBR operated with primary treated waste-
water, and a tertiary MBBR operated with secondary treated wastewater. Error bars represent the 95% confidence intervals. The gray bar and empty symbols 
represent degradation rates below the experimental resolution of 0.2 L m–2d–1. 

Table 1 
Wastewater characteristics with standard deviations.   

Primary treated wastewater Secondary treated wastewater Ozonated wastewater 
(n = 17) (n = 17) (n = 6) 

DOC (mg L–1) 60 ± 20 12 ± 2 12 ± 2 
CODs (mg L–1) 150 ± 60 31 ± 5 29 ± 6 
COD (mg L–1) 360 ± 80 39 ± 11 86 ± 15 
NH₄+-N (mg L–1) 32 ± 8.3 0.5 ± 0.6 6.4 ± 2.8 
NO3

–-N (mg L–1) 0.5 ± 0.2 1.1 ± 0.9 1.8 ± 0.3 
NO2

––N (mg L–1) 0.08 ± 0.11a 0.17 ± 0.11b < 0.015 
PO4

–-P (mg L–1) 3.3 ± 1.1 0.09 ± 0.07c 0.8 ± 0.3 
pH 7.3 ± 0.1 7.2 ± 0.2 7.3 ± 0.1  

a Seven samples below the limit of quantification (LOQ, 0.015 mg L–1). LOQ was used in the calculations. 
b Nine samples <LOQ (0.015 mg L–1). LOQ was used in the calculations. 
c Seven samples <LOQ (0.05 mg L–1). LOQ was used in the calculations. 

Table 2  
Operational parameters and biomass characteristics under different operating conditions in the conventional MBBR and the recirculating MBBR system with addi-

tional substrate from sidestream treatment (standard deviations, n = 3).   

Conventional MBBR Recirculating MBBR 

High-loaded MBBR Tertiary MBBR Aerobic sidestream (eff) Anaerobic sidestream Aerobic sidestream (oz) 

Wastewater feed Primary treated Secondary treated Secondary treated Secondary treated Ozonated treated 
Sidestream feed None None Primary treated Primary treated Primary treated 
Biomass (g L–1) 1.5 ± 0.1 0.1 ± 0.0 0.9 ± 0.1 1.8 ± 0.3 2.3 ± 0.6 
Nitrification rate (g NH4

+-N m–2d–1) 0.7 0.04 0.8 0.8 1.1  
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by the negligible removal in the anaerobic experiments for the majority 
of the micropollutants (Table S9), as further discussed in Section 3.3. 
The main removal mechanism of most micropollutants can therefore 
probably be attributed to biological degradation. Degradation rate 
constants based on carrier surface area, ksurf, are presented graphically 
in the main article, and together with the rate constants based on 
biomass concentration, kbio, in the SI (Table S9 and S11). 

Fig. 2 shows the micropollutant degradation rates per unit carrier 
surface area for biofilms in the high-loaded and the tertiary MBBRs. The 
differences were most pronounced for the sulfonamides (sulfamethox-
azole and sulfamethizole) and the nonsteroidal anti-inflammatory drugs 
(NSAIDs; ibuprofen and phenazone). The higher removal rates by the 
biofilm in the high-loaded MBBR were the result of an increased biomass 
concentration (Table 2) as well as increased degradation rates per unit of 
biomass (Table S11). Similar increases in the biodegradability of sul-
fonamides with increasing substrate availability have been observed in 
activated sludge systems (Majewsky et al., 2011; Achermann et al., 
2018a), where the degradation of sulfonamides appears to be associated 
with bacterial growth and the synthesis of folic acid (Achermann et al., 
2018b). 

Differences in micropollutant degradation rates in the high-loaded 
and tertiary MBBRs (Fig. 2) cannot solely be explained by the differ-
ences in biomass concentrations (Table 2). The degradation capacity of 
several of the micropollutants, such as the beta blockers atenolol and 
metoprolol, the macrolide antibiotics clarithromycin and erythromycin, 
and the iodinated contrast media iohexol, iomeprol and iopromide, were 
higher when comparing degradation rates per unit biomass, kbio, by the 
biofilm in the tertiary MBBR than in the high-loaded MBBR (Table S11). 
Deceasing substrate availability therefore seems to have a positive effect 
on the degradation rate per unit of biomass of several micropollutants, 
but at the expense of decreasing biomass concentration. 

3.3. Impact of additional feeding 

A systematic increase was seen in both biomass concentration 
(Table 1) and degradation rates per unit carrier surface area (Fig. 3) 
when operating the recirculating MBBR system treating effluent 
wastewater while providing additional substrate to the biofilm carriers 
in a sidestream reactor with primary treated wastewater. 

The degradation rates of the iodinated contrast media iopromide, 
iohexol, iopamidol, and iomeprol increased significantly when 
providing additional substrate to the biofilm in the recirculating MBBR, 
compared to the rates in the tertiary MBBR (Fig. 3). The degradation of 
contrast media in the recirculating MBBR was up to 100 times higher 
than derived surface related degradation rate constants in previously 
studied tertiary MBBRs (Escolà Casas et al., 2015a; 2015b; Liang et al., 
2019), and generally corresponded to derived rates in conventional 

MBBR treatment (Escolà Casas et al., 2015a) (Table 3). This suggests 
that providing primary treated wastewater to biofilms in tertiary MBBRs 
increases the degradation rates of micropollutants per unit carrier sur-
face area. 

It can also be seen from Fig. 3 that providing the biofilm with 
additional substrate had a significant effect on the degradation rates of 
the beta blockers atenolol, metoprolol, and sotalol. The surface-related 
degradation rate constants in the recirculating MBBR were approxi-
mately ten times higher than in the tertiary MBBR (Fig. 3), and in pre-
viously studied tertiary MBBRs (Table 3). The recirculating MBBR also 
exhibited higher degradation rate constants of atenolol and metoprolol 
than those derived from conventional MBBR and IFAS treatment 
(Table 3). 

The biofilms in the tertiary and recirculating MBBRs exhibited 
similar ranges of degradation rate constants per unit of biomass, kbio, for 
the majority of the micropollutants, although some variations were seen 
between the different operating conditions (Table S11). Increased 
biomass concentration therefore appears to be the main cause of the 
increased degradation rates per unit surface area in recirculating MBBRs 
(Fig. 3). The highest removal rates were also generally observed with the 
carriers with the highest amount of biomass, during operation with 
ozonated water in the recirculating MBBR and aerobic sidestream. 

3.4. Impact of redox conditions 

Higher degradation rates were obtained under aerobic conditions 
than in the absence of molecular oxygen under anoxic conditions with 
nitrate, and under anaerobic conditions without nitrate (Fig. 4), which is 
in agreement with previous findings (Phan et al., 2014; Xue et al., 2010; 
Suárez et al., 2010, 2012; Falås et al., 2013). 

Trimethoprim, sulfamethoxazole and the macrolide antibiotics 
clarithromycin, roxithromycin, and erythromycin were degraded under 
all redox conditions (Fig. 4). Sulfamethoxazole and trimethoprim were 
the only compounds with higher degradation rates under anaerobic than 
anoxic conditions. Trimethoprim has been reported to be transformed 
via O-demethylation under both anaerobic (Ghattas et al., 2017) and 
aerobic conditions (Jewell et al., 2016b), and has previously been shown 
to be biologically degradable under various redox conditions (Xue et al., 
2010; Monsalvo et al., 2014; Falås et al., 2016). 

The iodinated contrast media, iopromide, iohexol, iopamidol, and 
iomeprol, exhibited more redox-sensitive degradation than trimetho-
prim and the macrolide antibiotics. Their degradation proceeded at 
higher rates under aerobic than under anoxic conditions, and ceased 
almost completely under anaerobic conditions (Fig. 4). Although 
anaerobic deiodination has been observed for iodinated contrast media 
(Redeker et al., 2014; 2018) no, or only limited, anaerobic degradation 
was observed for the contrast media in this study, possibly due to low 

Fig. 3. Biological degradation rate con-
stants normalized to carrier surface area, 
ksurf, under four different operating condi-
tions and feeding strategies in MBBRs. The 
recirculating MBBR operated on secondary 
treated effluent (eff) or ozonated effluent 
(oz) wastewater, while providing additional 
feeding in a sidestream with primary 
treated wastewater under different redox 
conditions. Error bars represent the 95% 
confidence intervals. The gray bar and 
empty symbols represent degradation rates 
below the experimental resolution of 
0.2 L m–2d–1.   
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deiodination rates (Falås et al., 2016). 
The beta blockers showed varying sensitivity to redox conditions, the 

sensitivity increasing from atenolol, to metoprolol and sotalol (Fig. 4). 
Atenolol was degraded under all the redox conditions investigated, 
possibly due to hydrolysis of the primary amide (Helbling et al., 2010; 
Achermann et al., 2018a). Sotalol was aerobically degradable, but 
anoxically and anaerobically stable. In addition to sotalol, several other 
micropollutants, such as the NSAIDs ibuprofen and diclofenac, and the 
angiotensin II receptor blockers (ARBs), valsartan and losartan, were 
only degraded in the presence of molecular oxygen, similar to previous 
findings (Langenhoff et al., 2013; Suárez et al., 2010; Falås et al., 2013; 
Alvarino et al., 2014; Monsalvo et al., 2014; Achermann et al., 2018a). 

The need for molecular oxygen for the degradation of many 

micropollutants is of particular concern in biofilm systems, where the 
diffusion limitation in biofilm structures (Bishop et al., 1995) can lead to 
redox and microbial stratifications (Suarez et al., 2019; Almstrand et al., 
2014) and changes in the metabolic pathways (Alvarino et al., 2018b). 
In a redox-stratified biofilm, only the outer aerated layer is likely to 
contribute to the aerobic degradation of micropollutants. This may 
justify the normalization of degradation rates to carrier surface area, as 
it reflects the biomass exposed to oxygen. Similar reasoning applies to 
nitrification in biofilms, as nitrification rates are negatively affected by 
oxygen depletion within the biofilm caused by high organic loads. 
Although the proposed normalization of micropollutant degradation 
rates to the carrier surface area is not considering the complexity of 
biofilm structure and composition, it can provide a first step towards 

Table 3 
Degradation rate constants normalized to carrier surface area (ksurf, L m− 2 d− 1) for biofilms in the recirculating MBBR and those recalculated from the literature.   

ksurf present study (L m–2d–1) Calculated ksurf from the literature (L m–2d–1)  

Recirculating MBBR Tertiary MBBR Conventional MBBR or IFAS 

Atenolol 66 – 80 3.1a, 4.1b, 11c, 17d 4 – 5.1e, 7.1 f, 15 g, 29 h 

Benzotriazole 1.7 – 5.9  ≤ 0.8e 

Carbamazepine < 0.2 0.1i, 0.3d, 1a, 1.1b 0.3 h, ≤ 0.8e, 1.3 f, 1.4 g 

Clarithromycin 16–18 2.1a, 2.6b, 2.9i, 4.3d ≤ 1.5e, 3.3 f, 4.9 g, 27 h 

Diclofenac 0.8–3.3 0.2a, 0.4b, 0.4i, 19c 0.9 f, 4.8 g, 9.9 – 13e 

Erythromycin 1.9–3.1 1.1b, 1.3a, 2.4i 1.4 f, 1.7 g, 
Gabapentin 18–34  0.9 – 1.4e 

Ibuprofen 74–143 6.6i, 15b, 49d, 109c 55 f, 158 h, 244 g 

Iohexol 5.4–11 0.2i, 0.8a, 2.7b, 10d 5.6 g, 6.3 f, 14 h 

Iomeprol 4.2–9.4 0.1i, 0.7a, 2.0b, 6.8d 4.6 f, 4.7 g, 11 h 

Iopamidol 6.1–8.8 0.05i, 0.3d, 1.3a, 3.3b 1.2 h, 7.2 g, 7.3 f 

Iopromide 6.3–12 0.2i, 0.4a, 0.6b, 1.1c, 12d 0.6 f, 0.6 g, 26 h 

Losartan 2.8–4   
Metoprolol 25–41 0.6a, 0.9b, 0.9d, 1.5i, 7.2c 1.7 f, 1.9 – 2.3e, 4.3 g, 7.0 h 

Phenazone < 0.2–0.6 0.1i, 0.3d, 0.4a, 0.9c, 1.1b 0.7 f, ≤ 0.8e, 1.6 g, 15 h 

Roxithromycin 9.6–12   
Sotalol 3.2–5.2 0.6a, 0.6i, 0.9b, 1.1c, 1.1d 1.2 f, 4.2 h, 4.8 g 

Sulfamethizole 1–3 0.5a, 0.8i, 0.9b, 5.3c, 41d 0.9 f, 1.8 g, 58 h 

Sulfamethoxazole 1–5.2 < 0.1i, 0.2a, 0.3b, 1.3c, 22d 0.6 f, 1.5 g, 2.3 h, 7.6 – 25e 

Trimethoprim 5.3–6.7 0.7a, 0.9b, 1.1d, 1.2c 1.1 f, 1.4 h, 5.3 g 

Valsartan 35–38    

a Escolà Casas et al., 2015b. Reactor P (last reactor stage), K5 carriers, 50% filling ratio. 
b Escolà Casas et al., 2015a. Reactor M3 (last reactor stage), K5 carriers, 50% filling ratio. 
c Tang et al., 2017. Position C (last reactor stage), K5 carriers, 50% filling ratio. 
d Ooi et al., 2018. Reactor M5 (last reactor stage), K5 carriers, 50% filling ratio. 
e Falås et al., 2013. Carriers from an IFAS system, Bio-film Chip M carriers, 35% filling ratio. 
f Escolà Casas et al., 2015a. Reactor M2 (second reactor stage), K5 carriers, 50% filling ratio. 
g Escolà Casas et al., 2015a. Reactor M1 (first reactor stage), K5 carriers, 50% filling ratio. 
h Ooi et al., 2018. Reactor M2 (second reactor stage), K5 carriers, 50% filling ratio. 
i Liang et al., 2019. 0 mg/L acetate dosing, K5 carriers, 50% filling ratio. 

Fig. 4. Degradation rate constants normalized to carrier surface area, ksurf, of biofilms under different redox conditions (aerobic, in the presence of molecular oxygen; 
anoxic, in the presence of nitrate; and anaerobic, in the absence of nitrate and molecular oxygen). Error bars represent 95% confidence intervals. The gray bar and 
empty symbols represent degradation rates below the experimental resolution of 0.2 L m− 2d− 1. 
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including diffusion limitations in biofilm processes, not covered by the 
common normalization to the biomass concentration. 

4. Conclusions 

Evaluation of micropollutant degradation rates based on carrier 
surface area by biofilms in a high-loaded, a tertiary, and a novel MBBR, 
resulted in the following observations and recommendations.  

o Higher degradation rates were observed in the high-loaded MBBR 
than in the tertiary MBBR due to higher biomass concentration.  

o Increased biofilm growth, obtained by providing primary treated 
wastewater to tertiary MBBRs, increased the degradation rates of 
most micropollutants.  

o Aerobic conditions supported the microbial degradation of several 
micropollutants, e.g. diclofenac, metoprolol, and valsartan, with 
redox-sensitive degradation patterns.  

o It is suggested that micropollutant degradation rates be expressed 
per unit carrier surface area to facilitate comparisons of micro-
pollutant degradation rates in diffusion-limited biofilm systems, such 
as MBBRs. 
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