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Abstract: The reduction of organic micropollutants (OMP) in rivers, lakes and groundwater is an
essential legal obligation of the European Water Framework Directive. Since OMP treatment in
full-scale wastewater treatment plants (WWTPs) is not state of the art yet, there is little knowledge
regarding removal performances, in particular during wet weather. We aimed to contribute to filling
this knowledge gap by providing insights from a German case study. On-site measurements were
conducted to investigate the impact of rain events on OMP removal with activated carbon processes
using powdered activated carbon (PAC) and granular activated carbon (GAC). The study focused
on 26 OMPs with different entry paths in the combined sewer system (CSS) and various physico-
chemical properties. The monitored OMPs showed higher mass loads during wet weather at all
sampling points: effluent of the secondary clarifier, effluent of the PAC treatment stage, and effluent
of the GAC filter. As a result of shortened hydraulic retention time (HRT) due to rain events, the
overall OMP removal was significantly lower (42% PAC and 46% GAC) than during dry weather
(68% PAC and 62% GAC). In order to achieve constant removal rates during all weather conditions,
the critical process control parameters are currently being investigated in ongoing studies.

Keywords: micropollutant removal; powdered activated carbon (PAC); granulated activated carbon
(GAC); wet-weather conditions; wastewater treatment; combined sewer systems (CSS)

1. Introduction
1.1. Background and Political Relevance

In urban areas, wastewater treatment plant (WWTP) discharges are one of the main
emission sources of specific organic micropollutants (OMPs) into surface water bodies [1–3].
The targeted removal of OMPs from wastewater with full-scale treatment is not yet a
common implemented feature.

The sustainable and environmentally compatible use of water is the content of both the
European Water Framework Directive (WFD) and the Sustainable Development Goals 6 and
14 (SDG) of the United Nations (UN) [4,5]. The WFD aims to raise all water bodies of the
EU states to a good chemical and good ecological status. Currently, none of the 16 federal
states in Germany have achieved the objectives of the Water Framework Directive [6].
One important requirement to reach these targets is, for example, the equipment and
operation of WWTPs with the best available technology (BAT). For instance, technical
upgrades of WWTPs with advanced treatment stages for micropollutant removal can
significantly improve water quality, and thus, reduce the release of micropollutants into
water bodies [2,7]. In Germany, about 35 out of 10,000 wastewater treatment plants have so
far been upgraded with an additional treatment stage for the removal of micropollutants.
Most of the WWTPs (26 out of 35) with advanced treatment stages are located in the Federal
State of Baden-Württemberg [8,9]. About 65% of these WWTPs use a powdered activated
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carbon (PAC) process, 23% use granulated activated carbon (GAC) filters, and about 12%
use ozonation to remove OMP [9]. The process shall be operated in such a way that WWTPs
have an average OMP removal performance of at least 80% for selected substances. This
requirement only applies to WWTPs with advanced treatment stages in the federal state of
Baden-Württemberg (BW), Germany, and is comparable to the standards in Switzerland.
In BW, OMP removal of at least 80% must be fulfilled by the mean elimination rates of
the last six samplings. The OMP removal of each sampling is calculated as the average of
the elimination rates of the following individual substances: carbamazepine, diclofenac,
hydrochlorothiazide, irbesartan, metoprolol, benzotriazole, ∑4- and 5 methylbenzotriazole.
The removal rate of the individual substances is determined by considering the influent
and final effluent concentration of the WWTP (48 h composite samples) [10]. Aside from the
upgraded plants in Germany, 18 WWTPs in Switzerland have already been enhanced with
an additional treatment stage, including seven plants with PAC processes, seven plants
with ozonation, three plants with GAC filters, and one plant with the combined processes of
ozonation and GAC filtration [11]. However, to date, there are no international guidelines
for the regulation of the entry of micropollutants from WWTPs to the aquatic environment
or specific targets for micropollutant removal in advanced WWTPs. Hence, the target to
achieve a removal performance of at least 80% in Switzerland and Baden-Württemberg
can currently be considered best practice and provide important insights for the future
upgrading of wastewater treatment plants in European member states.

1.2. State of the Art: OMP Removal under Wet-Weather Conditions

Micropollutants can be removed from wastewater with the use of processes such as
activated carbon or ozone [12]. Processes using activated carbon have been investigated at
various pilot and industrial scale WWTPs, demonstrating the suitability of PAC and GAC
for the intended removal of OMPs [13–16]. Given the monitoring difficulties of carrying
out investigations at WWTPs during rain events, most of the studies dealing with activated
carbon processes for OMP removal were conducted under dry-weather conditions.

For instance, Mailler et al. (2015 and 2016) performed large-scale investigations with
activated carbon in a fluidized bed at the Seine Centre WWTP in France using PAC and
µGAC (GAC particle size between 200 and 800 µm) [16,17]. During the investigations with
PAC, they carried out five samplings where the WWTP received additional wastewater
from another WWTP that was under maintenance. The additional wastewater input caused
higher inflow concentrations of organic matter and OMPs, which resulted in a reduction
in OMP removal efficiency, except for paracetamol and ibuprofen. Since rain events also
increase the WWTP inflow streams, the findings of Mailler et al. (2015) may provide a
first indication of the expected behaviour of PAC removal efficiency during wet-weather
conditions. However, it must be considered that higher influent concentrations do not
necessarily lead to a reduction in OMP removal efficiency [18].

Further investigations on a large-scale activated carbon treatment plant were carried
out in 2017 [19]. Guillossou et al. (2019) sampled one rain event that had no impact on
the biological treatment but an effect on the OMP removal in the pilot plant; the removal
efficiency decreased despite identical hydraulic conditions and activated carbon dosages.

Margot et al. (2013) investigated the OMP removal efficiency of two pilot plants at
the municipal WWTP Lausanne in Switzerland [14]. One pilot plant was operated with
ozone and the other one with PAC. Having sampled both pilot plants for OMPs several
times over one year, they could not detect any impact of rain events at the inflow concen-
trations compared with the background variability, except for the pesticides isoproturon,
carbendazim, and terbutryn.

Another case study from Switzerland with a large-scale ozonation treatment confirmed
at least an 80% OMP removal efficiency for all weather conditions with the aid of a suitable
control system (BEAR algorithm), an optimized ozone input process (LOD process), and
an active load management [20]. However, the OMP removal performance in advanced
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treatment stages under wet-weather conditions remains almost unknown for PAC processes
and GAC filters.

1.3. Impact of Rain Events and Research Gap

The literature showed that rain events might have a significant impact on advanced
treatment processes with activated carbon, especially in combined sewer systems (CSS)
where urban runoff is collected together with wastewater during rainfall. For instance,
OMPs such as mecoprop or polycyclic aromatic hydrocarbons (PAHs) are washed off by
the rain from roofs or streets, resulting in higher inflow volumes and higher concentrations
of stormwater-related micropollutants entering the WWTP [21,22]. Dittmer et al. (2020)
showed with measurement campaigns and simulations that urban runoffs affect the water
quality of urban streams. The concentrations and loads of the OMPs depend on the
substance properties and the source [23]. Consequently, several effects of rain events on the
wastewater treatment can be expected, for example:

(i) Hydraulic retention times (HRT) in the different treatment stages are shortened due
to a higher inflow, which can cause a decrease in biological degradation and lower
contact time in additional treatment steps as well, affecting sorption processes.

(ii) Wet-weather conditions may change the concentration of OMPs at the inflow of
advanced treatment stages, which has an impact on sorption capacity.

(iii) The wastewater matrix changes, for example, due to fluctuations in DOC concentration
or the occurrence of rainwater-related high OMP concentrations.

(iv) The boundary conditions for sorption processes change, including variation in tem-
perature, electrical conductivity, and buffer capacity.

Considering these possible impacts, rain events might have some direct consequences
on the performance and efficiency of micropollutant removal in WWTPs. The removal
efficiency of OMPs is expected to decrease during both conventional without activated
carbon and advanced treatment stages with activated carbon.

However, previous studies on the removal of micropollutants with activated carbon
were conducted mainly during dry-weather conditions, while the literature rarely ad-
dressed influences during wet-weather conditions. Hence, there is a significant knowledge
and research gap regarding the removal of micropollutants in advanced treatment stages
during wet-weather conditions.

1.4. Objectives and Hypotheses

We aim to contribute to filling the described knowledge gap by presenting insights
from a first case study that investigates the impact of rain events on the OMP removal
performance. The specific objectives of our investigation are to:

(1) Describe the temporal variations of OMP concentrations and loads at the inflow and
outflow of advanced treatment stages with PAC and GAC during wet weather.

(2) Determine the daily OMP release into the receiving water body during wet-weather
conditions compared with dry-weather conditions.

(3) Assess variations in OMP removal performance by advanced treatment with PAC and
GAC due to wet-weather flows.

(4) Improve the understanding of wet-weather flow dynamics on OMP removal by
activated carbon processes.

With our study, we also seek to provide information that can be used to ensure constant
OMP removal efficiencies during all weather conditions, for example, through improved
process control by adding the required quantities of PAC or prolonging the contact time in
the GAC filter.
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2. Materials and Methods
2.1. Framework and Study Design

Our case study was conducted at the WWTP in Mannheim, which has a full-scale
additional treatment stage with PAC in partial flow operation and a GAC filter for further
investigation on OMP removal (see Figure 1). Within the scope of our investigations, both
treatment stages were sampled once during dry-weather (DW) and twice during wet-
weather (WW) conditions. We analysed a total of 26 OMPs with different physico-chemical
properties that enter the CSS via different pathways.
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Figure 1. Flow chart of WWTP Mannheim and sampling points (S1, S2 and S3).

The WWTP Mannheim is located in southwest Germany. It has a size of 725,000 popu-
lation equivalents and an inflow volume of around 78,000 m3 per day. Approximately 50%
of the wastewater volume is from industries such as the chemical industry, metal processing
industry, and food industry [24]. The combined sewer system (CSS) in Mannheim has a
network length of 832 km and drains a catchment of 7,100,000 m2.

During the investigations, two processes were implemented for OMP removal in full-
scale. Both processes for OMP removal at the Mannheim WWTP remove OMPs by activated
carbon adsorption. Although the same raw material is used, both processes function very
differently. In addition to the mechanical treatment stage, the biological activated sludge
treatment, and the sand filtration, the WWTP Mannheim has a treatment stage for the
removal of micropollutants using PAC and GAC filters in a partial flow operation.

In the process with PAC, an amount of 7 mg/L PAC was dosed continuously in
the contact reactor under volume conditions proportional to the treatment stage inflow.
The PAC used was pharmA-Clean from Carbon Service Consulting GmbH Co. KG. In
2019, 90% of the annual wastewater volume was treated with PAC. PAC is continuously
stirred into the biologically treated wastewater and settled in a sedimentation tank with
the help of polymers and flocculants. The partially loaded PAC is recirculated back from
the sedimentation tank to the contact reactor and enriches there. Part of the recirculated
PAC is removed and fed into the biological treatment stage, where it is removed with the
excess sludge. The OMP removal takes place not only through the dosing of the fresh PAC,
but also through the partially loaded PAC sludge in the contact reactor. The HRT of the
wastewater is between 130 min and 320 min, depending on the influent volume. In order
to achieve a higher removal of OMPs, the PAC dosing can be increased. A detailed setup of
the treatment stage is reported by Rößler and Metzger [24]. Flow volumes during dry and
wet weather are shown in Figure 1.
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The GAC is used as a filter medium in a fixed-bed filter. The filter is flowed through
from top to bottom and must be backwashed at regular intervals due to clogging. The empty
bed contact time (EBCT) corresponds to the theoretical contact time of the wastewater
flowing through the empty filter volume. It ranges from 11 to 24 min. To achieve the
sufficient removal of OMP, an EBCT of about 20 min is recommended [25]. An increase in
OMP removal is possible with an increase in EBCT. This can be achieved by reducing the
inflow volume or adding more filter cells if they are available. The results shown are from
a filter cell that had lower contact times in some cases during the investigations.

In contrast to GAC filters, the PAC process allows a flexible OMP removal by dosing
fresh PAC. On the other hand, GAC filters require less constructional efforts and are easy
to operate.

Figure 1 shows a flow scheme of the Mannheim WWTP with the three sampling points
of our study, namely S1 (effluent secondary clarifier), S2 (effluent PAC), and S3 (effluent
GAC filter).

2.2. Monitoring and Sampling Procedure

Since the removal of OMPs in full-scale WWTPs is not state of the art, there are also
no binding technical guidelines or legal frameworks for the corresponding monitoring and
sampling procedures. In the absence of European and international standards, we designed
our sampling procedure according to German guidelines for the operational monitoring
and controlling of OMP removal performance in advanced treatment stages, published by
the Micropollutants Competence Centre Baden-Württemberg [26]. It should be noted that
these guidelines are non-binding regulations for the Federal State of Baden-Württemberg
(Germany) but represent the best guidance currently available in the literature. A critical
factor for sample taking was the number of rainy days in Mannheim. For the definitional
framework of this paper, we use the terminus “rainy day” with reference to the flow rate of
wastewater that exceeds the average flow rates for the region of Mannheim in dry weather
(<1000 L/s). In 2019, there were a total of 32 rainy days that resulted in wastewater flow
rates of more than 1000 L/s.

In addition, the conduction of experiments was related to substantial temporal ex-
penditures of each sample (24 h samples), analytical costs, and personnel efforts, which
resulted in a considerable financial expenditure within our case study. To keep the financial
effort for conducting the experiments within feasible boundaries, we decided to compare
three samplings during dry and wet weather.

The samples for dry-weather and the first wet-weather monitoring were taken volume-
proportional using permanently installed automatic 24 h composite samplers at the WWTP
(MAXX Mess und Probenahmetechnik GmbH, Maxx SP5 S) at the three sampling points S1,
S2, and S3.

Dry-weather sampling (DW) was conducted from 00:00 on 5 September 2019 to 23:59
on 6 September 2019 (48 h). The average flow rate at S1 was 827 L/s. The first wet-weather
sampling (WW1) was carried out from 00:00 to 23:59 on 11 June 2019 (24 h) with an average
flow rate of 2999 L/s at the effluent of the secondary clarifier S1.

The procedure for the second wet-weather sampling (WW2) included 1 h composite
samples for 24 h. After the rain event, the samples were mixed in the laboratory to generate
4 h composite samples. The sampling took place from 20:00 on 7 September 2019 to 19:59
on 8 September 2019 and the average flow rate at S1 was 3549 L/s. The average flow rates
of the two wet-weather samples are between three and four times higher compared to
average dry-weather flows in Mannheim, representing the typical effects of rainy days
in Mannheim. However, due to the small sample size, the wet-weather samples cannot
be considered representative for all rainy days in 2019. The hydraulic retention time was
not considered during sampling because of its variation during the rainfall event and the
difficulty of correctly allocating the corresponding samples.

The samples were stored at 4 ◦C for a maximum of 24 h until they were analysed in
the laboratory. All non-filtered samples were homogenized prior to chemical analytics.
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Additionally, the first wet-weather sample (WW1) at S1 was filtered with a pore size of
0.45 µm and analysed to obtain a phase distribution of selected OMPs in the effluent of the
secondary clarifier.

The selection of investigated OMPs followed criteria such as different origins and
entry paths in the CSS and different physico-chemical properties (log D at pH = 7.4 between
−1.31 and 6.19). Log D is pH-dependent octanol/water partition and indicates the partition
or distribution of a substance between the solid and aqueous phase, therefore, giving
information about the hydrophobicity of a compound [27]. We selected 26 substances for
the chemical analysis (compare Table A1): twelve pharmaceuticals, two corrosion inhibitors,
four industrial chemicals, three flame retardants, two herbicides, two insect repellents,
and caffeine.

2.3. Analytical Methods

We followed the methods of the German Institute for Standardization (DIN) to analyse
the standard wastewater quality parameters. In the wet-weather samples, the parameters
pH (DIN 38404); electrical conductivity (DIN EN 27888); turbidity (DIN EN ISO 7027-1);
and spectral absorption coefficient at 254 nm (SAC254, DIN 38404-3) were measured in
the laboratory of our institute at the University of Stuttgart. DOC (DIN EN 1484) was
analysed on-site at the laboratory of the WWTP Mannheim. To determine the impact
of rain events, we compared the sum parameters, namely SAC254 and DOC, with the
dry-weather samples.

After the addition of the isotope-labelled standards, the non-filtered samples were
enriched by solid-phase extraction (TELOS ENV, 200 mg). For the determination of the
substances, two settings were available in our lab: gas chromatography coupled to mass
spectroscopy GC/MS (Agilent Technologies GC 7890B, MSD 5977B) and high-performance
liquid chromatography coupled to a tandem mass spectroscopy HPLC/MSMS (Waters
HPLC 2695, TQ MS). The isotope dilution method was used for substance quantification.
The limits of quantification were below 5 ng/L for all of the examined substances.

2.4. Calculations of Phase Distribution, Mass Load, and Removal

The phase distribution of the first wet-weather sampling (WW1) was calculated with
the concentration of the homogenised ch and membrane-filtered cmf sample. The particulate
phase was calculated by the difference in the individual substance concentration of the
homogenised sample ch and the corresponding concentration of the membrane-filtered
sample cmf divided by the concentration of the homogenised sample ch.

particulate phase =
ch − cmf

ch
·100% (1)

The dissolved phase is calculated by subtracting the particulate phase from 100%.

dissolved phase = 100% − particulate phase (2)

For the interpretation of the results, the mass load was used, because it considers the
substance concentration and the corresponding water quantity and is more suitable for
comparing a dry- and wet-weather sample. The mass loads of the micropollutants are
calculated from the individual substance concentrations ci,t and the corresponding water
quantity Vi,t at a time t.

mass loadi,t = Vi,t·ci,t (3)

The removal of the additional treatment step is the difference between the concentra-
tion at the inflow cin and the concentration at the outflow cout referred to the concentration
at the inflow.

removal in% =
cin − cout

cin
·100% (4)
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3. Results
3.1. Flow and Treatment Conditions

Figure 2 displays the flow and treatment conditions during the three sampling periods.
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Figure 2a shows the ratio of the flow rate Q to the design parameter, the maximum flow
rate of the biological treatment Qmax = 4000 L/s over time, and the effluent of the secondary
clarifier. Q/Qmax is an indicator for the dilution of wastewater. During dry-weather (DW)
conditions the diurnal cycle is visible, and the factor is low and varies between 0.15 and
0.25. When the inflow increases, the factor reaches values close to 1, which indicates that
the capacity of the treatment plant has been reached.

Figure 2b shows the hydraulic capacity of the two additional treatment stages with the
ratio of the minimum HRT (HRTmin) and the HRT. Both treatment stages operate during
DW at a ratio of around 0.4. The diurnal cycle is more pronounced for the treatment with
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PAC. During wet weather (WW), the HRT is at its minimum, which results in a factor of
1 for both treatment stages. At this point, both treatment stages are at their maximum
hydraulic capacity. Flushing the GAC filter for approximately one hour causes a decrease
in the filter ratio.

The removal of SAC254 (c/c0) is shown in Figure 2c for both treatment stages. The
removal decreases during WW samplings due to shorter HRTs and the dilution of effluent.
The sudden increase during DW sampling is caused by a correction of the calibration of the
SAC probe at the effluent of the secondary clarifier. The turbidity at the effluent of PAC
and GAC in Figure 2d is doubled during WW. The turbidity in the PAC treatment is higher
because of the process. For the particle retention of this process a sand filter is installed
downstream (see Figure 1).

Figure 2e displays the dry matter content of the PAC treatment. During DW, approxi-
mately 6–7 g/L of activated carbon sludge was in the contact reactors and an additional
7 mg/L was continuously dosed. Hence, there was sufficient activated carbon in the system.
During WW, the activated carbon sludge is diluted and decreases to 4.0–4.5 g/L, resulting
in a lower adsorption capacity for OMP removal.

The impact of higher inflow during WW is visible in all parameters presented.
The results of the standard wastewater parameters pH, electrical conductivity, tur-

bidity, DOC, and SAC254 of the samples can be found in Table 1. With the high-resolution
sampling during WW2, the impact of wet-weather conditions can be investigated for the
standard wastewater parameters. It can be observed that pH and turbidity are not affected
by the rain event. The increase in turbidity at the effluent of the GAC filter in the second
sample of WW2 (WW2_2) is related to filter blockage. During WW2, the electrical conduc-
tivity decreases over time due to the dilution of wastewater in rainwater. The electrical
conductivity of rainwater is lower. DOC and SAC254 are organic sum parameters that
are also affected by wastewater dilution. There is an increase in the SAC254 in the labo-
ratory values during WW2 that corresponds with the results of the online measurement.
The online and the laboratory data implicate that there is an effect on the two additional
treatment stages during wet weather. Since the HRT is shortened and the SAC254 shows
variations during WW, there could be an impact on OMP inflow concentration and the
removal efficiency.

3.2. Phase Distribution at the Effluent of the Secondary Clarifier

The aim of the first sampling WW1 was to obtain a phase distribution at the effluent
of the secondary clarifier during wet weather. The results in Figure 3 illustrate that the
majority of organic micropollutants are present in the dissolved phase.
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Figure 3. Phase distribution of wet-weather sampling WW1 for S1 for 23 OMPs.
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Table 1. Standard wastewater parameters of the samples during dry weather (DW) and wet weather
WW1 and WW2.

Sample
Number Unit DW WW1 WW2_1 WW2_2 WW2_3 WW2_4 WW2_5 WW2_6

date in 2019 5/6
September 11 June 7

September
8

September
8

September
8

September
8

September
8

September
time 0:00–23:59 0:00–23:59 20:00–23:59 0:00–3:59 4:00–7:59 8:00–11:59 12:00–15:59 16:00–19:59

effluent secondary clarifier S1

pH - - 7.7 8.0 7.9 7.8 7.7 7.6 7.8
el. conductivity µS/cm - 1150 1580 1440 733 516 518 419
turbidity NTU - - 2 1 2 2 2 3
DOC mg/L 8.33 8.80 9.13 8.98 7.73 6.16 5.20 4.92
SAC254 1/m 21.9 18.9 24.2 26.5 23.0 18.7 14.8 13.6

effluent PAC S2

pH - - 7.9 8.3 8.2 8.1 8.0 7.9 8.1
el. conductivity µS/cm - 1220 1510 1490 1270 888 645 469
turbidity NTU - - 2 1 2 2 2 1
DOC mg/L 6.36 7.15 7.43 7.36 6.89 5.80 4.43 4.21
SAC254 1/m 14.5 14.9 16.7 18.0 17.6 14.3 11.2 9.10

effluent GAC S3

pH - - 8.1 8.4 8.4 8.3 8.2 8.1 8.0
el. conductivity µS/cm - 1150 1580 1540 - 800 576 437
turbidity NTU - - 1 7 - 1 <1 <1
DOC mg/L 7.17 6.96 7.87 8.18 5.27 6.64 5.32 4.42
SAC254 1/m 17.5 15.8 19.3 21.3 18.3 17.0 14.1 12.4

All OMPs have over 60% of the concentration in the dissolved phase. The largest
particulate fractions were found for MTBT, CST, and TDCPP with 21–35%. MTBT has a
high logD value (3.7) that confirms the lipophilicity of this compound and the tendency
of sorption on particles. The substances with particulate fractions >10% (TBY, TMDD,
LCN, VLX, TDCPP) have logD values > 1.43, except CST (0.9). CST has the highest
molecular weight of the investigated OMPs, which negatively affects its solubility in water.
This can partly explain the higher partition in the particulate phase compared to the
other pharmaceuticals.

MCP, SMX, and HYC are completely dissolved. Their logD values are all negative,
which indicates their hydrophobicity.

The lower percentage in the particulate phase at the effluent of the secondary clarifier
(S1) is also a result of the two sedimentation steps before the treatment process (primary
and secondary clarifier). Most of the particles are already separated from the wastewater at
this sampling point, which shows a TSS of 6.2 mg/L.

3.3. Concentrations of Micropollutants

Figure 4 shows the concentrations of the 23 selected OMPs of both dry- and wet-
weather samplings at the effluent of the secondary clarifier in 2019. The concentra-
tions of the same compounds for the other two sampling points (S2 and S3) are dis-
played in Figures A1 and A2 in Appendix A. The highest concentrations for dry and wet
weather have corrosion inhibitors (BTR, MBTR). The concentrations during dry weather are
15.8 µg/L and 16.8 µg/L, two times higher than in both wet-weather samples. Compared
to micropollutants such as IBU or TBY, the concentrations of BTR and MBTR are up to a
hundred times higher.

Several OMPs are mainly introduced from domestic wastewater (e.g., TBY, DEET,
IBS, NPX, GAB, MET, HYC, DCF) and show only marginal differences within dry- and
wet-weather samples, indicating their independence from wet-weather flow. However,
MTBT that is present in industrial wastewater and urban runoff showed a clear difference
in WW2. The substances IBU, MCP, and TCEP have significantly higher concentrations
in wet-weather samples, indicating a correlation between the higher concentrations and
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the wet-weather flow. IBU had a very low concentration in the dry-weather sample of
7 ng/L, which increased up to 84 ng/L and 106 ng/L during wet-weather sampling. The
concentrations of TCEP and DEET, however, were 1.2 to 1.6 times higher in the wet-weather
samples. MCP showed a relatively high increase in concentration during wet weather with
3.5 to 5.8 times higher values, which can be explained by the discharge of these substances
in sewer systems due to surface runoff.
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Figure 4. Concentrations of 23 organic micropollutants of dry- (n = 1) and wet-weather sampling
(n = 2) at the effluent of the secondary clarifier (S1).

3.4. Concentration Dynamics

Figure 5 shows the concentration over time for selected micropollutants during the
rain event WW2 for the three sampling points with different concentration patterns. After
one hour, the inflow reached the maximum value for the biological treatment of 4000 L/s
and remained approximately constant during the rest of the sampling period. All microp-
ollutants shown, except MCP, have their maximum concentration in the effluent of the
secondary clarifier (S1) between 12 and 4 a.m. (second sample), suggesting the decou-
pling of the concentration peak from the hydraulic peak. The maximum inflow during
the sampling was reached after one hour (see Figure 2), and the concentration peak was
4–8 h later.

DCF, BTR, and TBY have a similar concentration pattern for the three sampling
points. After the increase in the concentration in the effluent of the secondary clarifier,
the concentration decreases further during the sampling due to dilution effects. In the
effluent of the two treatment stages with activated carbon, the concentration follows the
same pattern with strong peak flattening. DCF and TBY were more efficiently removed
with PAC, and BTR with GAC. The difference in the removal with activated carbon for the
same micropollutant can be explained by the different processes and the different activated
carbon products [28,29]. IBU concentration shows the steepest increase. As mentioned
before, IBU is well biodegradable, and its biological degradation decreases during higher
inflows. Whether the reduction in the concentration between 4 and 8 a.m. is due to lower
influent loads or an adaptation of the biological treatment stage to the shorter hydraulic
retention time cannot be clarified because influent measurements to the biological treatment
stage were not carried out. The concentration patterns of IBU after the advanced treatment
stages (S2 and S3) follow the course of S1 with a smaller amplitude. After the second
sample, the concentration in the effluent of the treatment with PAC (S2) is slightly higher
than the concentration at the inflow (S1). The treatment with PAC has a high hydraulic
retention time (see Figure 1) and the samples were collected without an offset time, which
could explain the higher concentrations at the outflow of the PAC treatment. This effect
could not be observed for the GAC filter because of the shorter hydraulic retention time
compared to the PAC treatment.



Water 2022, 14, 3281 11 of 24

Water 2022, 14, x FOR PEER REVIEW 11 of 25 
 

 

with 3.5 to 5.8 times higher values, which can be explained by the discharge of these sub-
stances in sewer systems due to surface runoff. 

3.4. Concentration Dynamics 
Figure 5 shows the concentration over time for selected micropollutants during the 

rain event WW2 for the three sampling points with different concentration patterns. After 
one hour, the inflow reached the maximum value for the biological treatment of 4000 L/s 
and remained approximately constant during the rest of the sampling period. All mi-
cropollutants shown, except MCP, have their maximum concentration in the effluent of 
the secondary clarifier (S1) between 12 and 4 a.m. (second sample), suggesting the decou-
pling of the concentration peak from the hydraulic peak. The maximum inflow during the 
sampling was reached after one hour (see Figure 2), and the concentration peak was 4–8 
h later. 

 
Figure 5. Q/Qmax and concentrations over time for the three sampling points during the rain event 
WW2 for several OMPs. 

DCF, BTR, and TBY have a similar concentration pattern for the three sampling 
points. After the increase in the concentration in the effluent of the secondary clarifier, the 
concentration decreases further during the sampling due to dilution effects. In the effluent 
of the two treatment stages with activated carbon, the concentration follows the same pat-
tern with strong peak flattening. DCF and TBY were more efficiently removed with PAC, 
and BTR with GAC. The difference in the removal with activated carbon for the same 
micropollutant can be explained by the different processes and the different activated car-
bon products [28,29]. IBU concentration shows the steepest increase. As mentioned before, 
IBU is well biodegradable, and its biological degradation decreases during higher inflows. 
Whether the reduction in the concentration between 4 and 8 a.m. is due to lower influent 
loads or an adaptation of the biological treatment stage to the shorter hydraulic retention 
time cannot be clarified because influent measurements to the biological treatment stage 
were not carried out. The concentration patterns of IBU after the advanced treatment 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

8 PM 8 AM 8 PM

IBU

0.0

0.5

1.0

1.5

2.0

2.5

8 PM 8 AM 8 PM

DCF

0.0

0.1

0.2

0.3

0.4

0.5

0.6

8 PM 8 AM 8 PM

SMX

0

2

4

6

8

10

12

14

16

8 PM 8 AM 8 PM

BTR

0.00

0.01

0.02

0.03

0.04

0.05

0.06

8 PM 8 AM 8 PM

TBY

0.0

0.1

0.2

0.3

0.4

0.5

0.6

8 PM 8 AM 8 PM

MCP

effluent secondary clarifier effluent PAC treatment stage effluent GAC filter

co
nc

en
tra

tio
n

[µ
g/

L]

0.0

0.5

1.0

8 PM 8 AM 8 PM
0.0

0.5

1.0

8 PM 8 AM 8 PM
0.0

0.5

1.0

8 PM 8 AM 8 PM

Q
 / 

Q
m

ax
[-]

Figure 5. Q/Qmax and concentrations over time for the three sampling points during the rain event
WW2 for several OMPs.

SMX shows a poor reduction in the concentration with activated carbon treatment.
SMX adsorbs only poorly on activated carbon during wet weather, which results in almost
identical concentrations at all three sampling points.

MCP shows a completely different concentration pattern compared to the other microp-
ollutants. The concentration reaches a maximum between 8 and 12 a.m., which indicates
that MCP may enter the WWTP several hours after the beginning of the rain event. The
concentration of the other OMPs is lower due to dilution effects caused by the higher inflow,
showing that MCP is a rainwater-born micropollutant. The course of the concentration is
the same in all three sampling points.

3.5. Mass Loads of Micropollutants

Figure 6 shows the daily mass load on a logarithmic scale during dry weather com-
pared to the mass load during wet weather (WW2) for the three sampling points: effluent
of the secondary clarifier, effluent of the PAC treatment stage, and effluent of the GAC filter.

For all selected OMPs, the daily mass load of the WW sampling was higher compared
to the DW sampling at all sampling points. The mass loads after additional treatment with
activated carbon are reduced to a different degree depending on the process, the inflow
loads, the activated carbon product, and the physico-chemical properties of the substances,
which leads to a greater scattering of the diagram values.

The ratio between dry- and wet-weather mass loads shift to greater values in the
additional treatment stages, which indicates a better removal with activated carbon of
OMPs during dry weather.
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Figure 6. Comparison of the daily mass load related to the population equivalent (PE) per day of
OMPs at dry-weather conditions with the mass load at wet-weather conditions WW2 for (a) effluent
of the secondary clarifier, (b) effluent of powdered activated carbon treatment stage and (c) effluent
of granular activated carbon filter, calculated with the flow rate at S1.

The mass load of most of the OMPs was in a range of 1.4 to 7 times higher; exceptions
were IBUs with 70 times higher mass loads and MCPs with 25 times higher loads at the
effluent of the secondary clarifier. Most of the measured OMPs such as pharmaceuti-
cals, corrosion inhibitors, industrial chemicals, and caffeine are largely introduced from
wastewater. Accordingly, dry- and wet-weather loads showed 3–5 times higher loads of
pharmaceuticals, which are mostly discharged from households. Only IBU had a 70 times
higher mass load during wet weather related to its superior biodegradability during dry
weather. The same effect could be seen for CAF, which is also easily biodegradable and
had a five times higher mass load in the wet-weather sample.

The mass load of BTR is doubled in the wet-weather sample, which can be explained
by a load overlap in the CSS like for the pharmaceuticals. The high mass load results from
the widespread use of BTR in households and industry. Fifty percent of the wastewater
volume at the WWTP Mannheim is from industry, which is, as domestic wastewater,
independent of the weather conditions. The mass loads of the other industrial chemicals
follow a similar trend.

The two herbicides TBY and MCP show different ratios. The mass load of TBY is
four times higher during wet weather compared to dry weather, and the mass load of
MCP is 25 times higher. Organophosphorus compounds such as TCEP, TCPP, and TDCPP
demonstrated wet-dry-weather ratios between 2 and 7. The mass loads of the insect
repellents ICN and DEET are 3 to 5 times higher during wet weather.
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3.6. Removal of Micropollutants

The OMP removal performance is listed for PAC and GAC during DW and WW in
Table 2. The OMPs are sorted by the DW inflow concentration in ascending order. OMP
removal during DW is generally higher than in the WW samples, except for IBU, MET, and
MCP. These micropollutants showed a higher inflow concentration during wet weather,
which resulted in a better or similar removal performance compared to dry weather. During
wet weather, the HRTs in the two treatment stages are reduced due to the higher inflow.
HRTs reduced in the PAC treatment from 320 min to 130 min, and in the GAC filter from
24 min to 11–12 min. However, higher OMP concentrations at the effluent of the advanced
treatment stages compared to OMP concentrations at the inflow resulted in negative OMP
removals for IBU, SMX, and BT. Negative OMP removals of the two treatment stages
occurred more frequently during WW conditions.

Table 2. OMP removal in % calculated from concentrations at SC and after activated carbon
treatment (PAC and GAC) under DW (n = 1) and WW (n = 2) conditions; WW is the average
removal calculated from WW1 and WW2; removal ≤ 30% = orange, 30% < removal ≤ 70% = yellow;
removal > 70% = green.

PAC 1,3 GAC 2,3

DW WW DW WW
IBU −18 40 −28 44
TBY 90 83 67 62
MCP 44 57 44 54
DEET 79 27 67 44

TDCPP 89 57 88 69
LCN 89 77 90 76
IBS 90 74 62 51

TCEP 46 13 69 50
SMX 13 −52 −6 −52
NPX 87 74 93 76
VLX 87 73 86 68

MTBT 49 43 85 62
CBZ 88 75 68 54
GAB 56 34 43 28
BT 87 −35 77 32

MET 64 70 25 67
HYC 84 69 83 72
DCF 83 56 80 36
CST 59 32 25 14

TCPP 85 36 78 21
TMDD 59 2 63 16

BTR 72 42 78 65
MBTR 83 63 80 58

pharmaceuticals (12) 65 52 52 44
corrosion inhibitors (2) 78 52 79 61
industrial chemicals (3) 65 3 75 36

flame retardants (3) 73 35 78 47
herbicides (2) 67 70 56 58

insect repellent (1) 79 27 67 44
Notes: 1 PAC: dose = 0.8–0.9 mg PAC/mg DOC; 2 GAC: CUR = 2.9–3.8 mg GAC/mg DOC; 1 HRTPAC = 130 min
(contact reactor + sedimentation tank); 2 EBCT = 11–12 min (GAC filter). 3 The negative removal of IBU results
from the low concentrations of 7 ng/L (S1) and 8 ng/L (S2 and S3). The deviation of 1 ng/L leads to a negative
removal but is negligible due to measurement uncertainty. SMX adsorbs only poorly on activated carbon which
can result in desorption. This can lead to higher outflow concentrations, and thus, to negative removal. The
negative removal of BT can be a result of the time offset not being taken into account during the sampling.

Taking all measured substances into account, the results during DW showed on
average a higher removal (68% PAC and 62% GAC) than during WW (42% PAC and 46%
GAC). The OMP removal of industrial chemicals, flame retardants, and DEET significantly
decreased during WW in the PAC treatment. The corrosion inhibitors showed a decline of
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26 percentage points. The OMP removal of the pharmaceuticals and the herbicides stayed
nearly constant.

To better classify each removal performance and make a statement about the uncer-
tainty of the measurements, the mean value and standard deviation of the OMP removal
from the regular micropollutant analyses of the WWTP (48 h composite sample, DW, mf)
from 2018 to 2020 are plotted in Figure 7 for some pharmaceuticals and the corrosion
inhibitors. IBU was detected above the limit of quantification only three (GAC) and five
times (PAC), respectively, in the effluent of the secondary clarifier. The comparison with
the previous measurements illustrates that the removal in both treatment stages fluctuates
during dry weather. The removal of the treatment stage with the PAC and GAC of the DW
sampling performed is within the scatter range around the mean value. The exceptions
are MET and IBU, which show a significantly lower removal in both additional treatment
stages. IBS and CBZ show slightly higher removal when treated with PAC. Compared
to the DW sampling, the removal of the WW sampling is worse for almost all shown
substances in both purification stages. Nevertheless, in the PAC treatment the removals
of four substances (IBU, BTR, MBTR, IBS) are within the scatter around the mean value
during WW and for GAC with six substances (IBU, CST, BTR, MBTR, IBS, CBZ) even more.
The removal of these substances is not influenced by the WW.
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Figure 7. Mean OMP removal and standard deviation of nine regularly measured (n = 26) micropol-
lutants at the WWTP compared to the removal of the measurement campaigns (DW, WW) for PAC
treatment (a) and GAC filter (b). (SMX is not plotted in the figure because removal values were
mostly negative. Considering the determination limit of 5 ng/L, negative removal values for IBU
can be explained by measurement uncertainties. It is likely that measurement sensitivity reaches
detection limits in the very low nanogram range.)
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With the high-resolution WW sampling (WW2) we were able to investigate the in-
fluence of the inflow concentration on the removal of selected OMPs in both advanced
treatment stages. The monitoring results are shown in Figure 8 for selected OMPs. Dia-
grams for the other OMPs can be found in Figure A3 in Appendix A. Figure 8 shows the
dependency of OMP removal on the inflow concentration. Considering the concentrations
shown in Figure 5, all OMPs except MCP have the lowest concentration at S1 in the last
sample because of dilution effects. The lowest concentration of MCP is in the first sample
because of its entry path. MCP is a rainwater-borne OMP that leaches out from surfaces,
e.g., from roof felts, causing a delay effect during sampling. Since surface leaching depends
on the intensity and duration of the rain, it may take up to several hours until higher
amounts of MCP enter the CSS and the WWTP. However, lower inflow concentrations
result in lower OMP removal for all shown OMPs, except TCPP, MCP, and TBY. These
substances are in their adsorption equilibrium and the removal is not affected by the inflow
concentration and is nearly constant.
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Figure 8. OMP removal of selected OMPs in dependence of the inflow concentration (S1) for the
treatment stages with PAC and GAC for WW2, QPAC = 1402–1988 L/s, QGAC = 141–181 L/s.

The OMPs showed different removal behaviour for both processes. BTR, IBU, and ICN
showed a better removal with GAC, whereas DCF, MCP, and TBY were better removed
with PAC. SMX and TCPP showed similar removal behaviour for GAC and PAC. This
behaviour is due to the different properties of the two activated carbon products and the
two different processes.

4. Discussion
4.1. Main Findings
4.1.1. OMP Concentrations

The concentrations of 26 OMPs in the effluent of the secondary clarifier of the WWTP
Mannheim differed at WW from the wastewater composition at DW. However, OMP
concentrations at DW were in a similar range compared to the DW concentrations found
in the literature [14,16,19,30]. Concentrations of fifteen micropollutants were higher in the
dry-weather sample than in both wet-weather samples. The lower concentrations during
wet weather can be explained by the dilution of the wastewater volume caused by higher
inflows through the rain. The higher concentration of OMPs in the wet-weather samples
are caused by effects such as leaching from surfaces and poorer biodegradation in the
biological treatment stage due to shorter hydraulic retention. Interestingly, the ratio of
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wastewater volume dilution in our samples did not correspond to the ratio of concentration
dilution, indicating the decoupling of concentration and hydraulic flow.

The concentrations of BTR and MBTR were up to a hundred times higher compared to
micropollutants such as IBU or TBY. This illustrates the immense use of those two corrosion
inhibitors, for example, in industry or dishwasher tabs [31]. Our observations regarding
the concentration of MTBT are in line with other studies, which already showed that MTBT
is present in wastewater from industry and in urban runoff [32,33]. The variation of the
concentration depends on the wet-weather flow because it is washed off, for example,
from the streets. Consequently, the discharge of MTBT thus depends on the duration
and intensity of the rain and the surface area on which the rain falls. Rainwater-born
substances such as MCP show up to six times higher concentrations in the WW sample
caused by its entry path such as leaching out from surfaces by rain. Other studies already
showed that MCP is an indicator of urban runoff, confirming our observations [34]. For
TBY, we observed only minor differences in our samples. TBY is used, for example,
in wall paints or coatings as a herbicide and leaches out during rain [35]. Since the
concentrations between DW and WW did not differ by much, there must also be a source
from municipal wastewater.

IBU showed a very low concentration in the dry-weather sample of 7 ng/L, which
confirms the good biodegradability of this substance [36,37]. Due to the poorer biodegrada-
tion in the biological treatment stage caused by shorter hydraulic retention times on rainy
days, concentrations of this substance were up to 12–15 times higher during wet weather.

On the other hand, concentrations of wastewater-born OMPs such as pharmaceutical
residues or industrial chemicals were lower in the wet-weather samples caused by dilution
effects. The concentrations of the investigated OMPs in the effluent of the secondary clarifier
covered a very wide range and were subject to different impacts of rainwater. Furthermore,
the high-resolution measurement of OMP concentration in wastewater effluent showed
how complex and variable a rain event is. The dynamic of the OMP concentrations depend
on the entry path of each OMP, degradation during biological treatment stages, and on the
implemented OMP treatment process (PAC, GAC). Hence, our results demonstrated the
importance of monitoring OMPs during wet weather from different substance groups, in
order to generate relevant information to further improve the OMP removal performance.

The high-resolution sampling during WW showed that OMPs behave differently in
advanced treatment stages with activated carbon, which is caused by different physical
and chemical properties and by different entry paths at various times. The concentration
pattern of some OMPs did not change after the advanced treatment, only the absolute
values decreased due to the adsorption processes. Based on the concentration patterns,
conclusions can be drawn about the input pathway and similar substance properties of
some OMPs.

4.1.2. OMP Mass Loads

During wet-weather conditions, the daily mass load of all OMPs is higher compared
to dry weather at the three sampling points. Hence, the approximately four times higher
inflow to the WWTP has a bigger impact on the mass load than the lower concentrations
during wet weather caused by dilution. For instance, the load of MCP was 25 times
higher during wet weather in the effluent of the biological treatment stage than under dry-
weather conditions. Since MCP is a herbicide, we also expect that it is mainly introduced
into the sewer system during wet-weather conditions. Our observations are in line with
a study from Roskilde (Denmark), which could detect MCP only during wet-weather
conditions [38]. However, according to Launay et al. (2016), mass loads of wastewater-
borne micropollutants are almost the same under dry- and wet-weather conditions at the
inflow of a WWTP. Differences are only caused by the specific time of the rain event [21].
Therefore, it can be assumed that the OMPs originate from wastewater if the ratio of wet-
weather and dry-weather mass loads in the inflow of the WWTP is about 1, because the
wastewater load does not change in response to weather conditions. In the effluent of



Water 2022, 14, 3281 17 of 24

the WWTP, this ratio shifts to a larger value due to poorer biodegradation performance in
the biological treatment and poorer solids retention resulting from the shorter residence
time during wet weather [32]. In other words, higher inflow volumes lead to shorter HRT,
which results in poorer biodegradation rates during wet-weather flows. Another source
for the higher loads during wet weather in our results could be the length of the sewer
system. During rain events, the retention times of wastewater-born micropollutants are
shortened in the CSS, which can lead to an overlap of loads with the previous dry-weather
hours. This results in higher wastewater-borne OMP loads at the WWTP influent during
the first hours of a flow rate increase.

Furthermore, we observed different impacts of the rain events on some OMPs within
the same group of substances. For example, dry-weather mass loads for the herbicides TBY
and MCP were in a similar range, while wet-weather mass loads were four times higher for
TBY and even 25 times higher for MCP. Although both herbicides are used in wall paints
and leached from facades during WW [35,39], MCP mass loads have been significantly
higher. This might be an indicator that leaching from facades during WW is not the main
source for TBY, which is similar to results found at WWTP Regensdorf [40].

However, the higher mass load discharge during WW shows that the OMP emission
into receiving water is rarely underestimated if only DW sampling is taken into account.

4.1.3. Removal Efficiency

In our case study, the OMP removal performance was generally higher for the DW
samples than for the WW samples, except for IBU, MET, and MCP, due to their higher
inflow concentration during wet weather. To achieve a constant removal efficiency of at
least 80%, process control faces a few challenges related to impact factors, which we would
like to briefly discuss in this section.

Thus, it must be considered that the higher inflow during wet weather reduced the
HRTs in the two treatment stages from 320 min to 130 min in the PAC treatment and from
24 min to 11 min in the GAC filter. This might influence the adsorption equilibrium and
result in poorer removals for some OMPs.

Further to the physio-chemical properties of the OMPs, their removal also depends on
the activated carbon product used and the dosed PAC quantity or the already enforced bed
volumes of the GAC filter. In the treatment with PAC, a higher OMP concentration in the
effluent can occur due to worse particle retention because of the shorter HRT. An increase
in the turbidity values in the samples in both the inlet and outlet of the treatment stage with
PAC supports this assumption. In addition, the samples were taken without time offset. In
our study, the long HRT (130 min) might have led to an offset of the corresponding samples,
which means that the inlet and outlet samples do not match exactly. The sampling time
was four hours, so the overlap of the inflow and outflow samples was 110 min.

In both process stages (PAC and GAC), the change of the inlet matrix can also lead to
shifts in the adsorption equilibrium on the activated carbon, resulting in the desorption of
substances that bind weakly to activated carbon. Reif et al. (2020) could show GAC filters
in pilot-scale desorption effects due to changes in the inflow concentration [41].

The removal in both treatment stages was higher during DW than WW for almost all
OMPs. The high-resolution sampling during WW permitted us to evaluate the impact of
inflow concentrations on OMP removal dynamics. For most of the selected pharmaceuticals,
corrosion inhibitors, TBY, and ICN, higher inflow concentrations led to higher removal
rates in both activated carbon processes. The dilution of the inflow concentration during
WW leads to a decrease in the OMP removal.

The investigated OMPs demonstrated different removal performances for both pro-
cesses (GAC and PAC) related to impact factors such as HRT, feed concentration, pH,
temperature, and different properties of the two activated carbon products. Hence, to
increase the removal efficiency, different parameters must be considered, for example,
the OMP properties, the activated carbon used, the process itself, and the inflow con-
centration. However, our results provided a first insight into the removal performance
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of micropollutants during wet-weather conditions in an advanced treatment stage on a
full-scale WWTP.

4.2. Limitations and Critical Remarks

The findings of our case study are subject to some limitations concerning the study
design (full-scale WWTP) and data quality. We acknowledge that external influences on
the sample taking could not be controlled or predicted, such as the number and intensity of
rain events. For example, Mannheim had a total of 675 h of rain in 2019, which is the main
limiting factor of our study. In addition, our investigation was related to the substantial
temporal expenditures of each sample (24 h samples), analytical costs, and personnel
efforts, which made it even more challenging to conduct experiments. To keep the effort
for examining within a feasible and, in particular, proportionate financial effort with the
desired knowledge gain, we decided to compare three samplings during dry and wet
weather. Consequently, our results do not provide information regarding seasonal influ-
ences and cannot be generalised to all rain events at the investigated wastewater treatment
plant in Mannheim. Nevertheless, we met the objectives of our case study by presenting
important insights regarding the impact of rain events on the OMP removal performance
with activated carbon, which led to possible consequences not only for the monitoring,
but also for the process control. Hence, due to reduced OMP removal and higher mass
loads, our findings clearly indicate the relevance and need to monitor the micropollutant
removal during wet-weather conditions. Guillossou et al. (2019) also sampled one rain
event, which showed no impact on the biological treatment, but OMP removal decreased
despite identical hydraulic conditions and activated carbon dosages. Schachtler et al. (2020)
come to similar conclusions but point out that it must be discussed whether the elimination
performance of 80% must always be met in the case of heavy rainfall, which occurs in
Switzerland on 3 to 6% of days per year. Although this can be realised by increasing the
ozone dose, it must be questioned whether this is always appropriate.

However, since influences on the removal of micropollutants during wet-weather
conditions have rarely been studied, it is difficult to verify our findings and data quality for
GAC and PAC against other literature. The collected data thus represent a starting point to
improve monitoring approaches and removal efficiency in the future.

4.3. Future Research

Considering the described limitations of our study, future research is needed to over-
come existing knowledge gaps and weaknesses related to our study design. For instance,
we used a relatively small number of samplings to keep the financial expenditures for the
conduction of experiments, and in particular, for the analytical costs within feasible limits.
Hence, additional measurements are needed to describe seasonal influences and provide
evidence regarding the removal behaviour of activated carbon processes during different
types of wet weather and rain events.

The operation of a WWTP, and in particular, process control, are confronted with the
practical problem of how to achieve a constant removal efficiency of at least 80% under
all weather conditions. To address this issue, a precondition is to identify appropriate
monitoring approaches to control operational processes. In this regard, monitoring of
the removal efficiency should be carried out on a daily basis, e.g., by using robust online
detectors or easy-to-operate test systems. Wunderlin et al. (2017) identified several methods
with high potential for the daily monitoring of the OMP removal performance of advanced
treatment processes [42]. These include UV absorbance at 254 nm for both ozonation and
activated carbon systems, as well as COD and DOC removal at an activated carbon stage.
However, treatments with PAC and GAC have not been investigated by other literature
in this regard. To improve the process control of OMP removal, some measures can be
derived from the observations made in our case study. We observed, for example, that
the removal efficiency decreases at some point during rain events. Hence, it would be
suitable to mitigate this effect by increasing the PAC dose or by prolonging the EBCT
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from the GAC filter with additional filter cells. However, to ensure a constant removal
efficiency it is necessary to control the implemented measures during the process or to
identify the setting options for an optimal modus operandi. Considering that the sample
taking and OMP analytics might be very expensive for continuous monitoring, the efforts
and expenditures might not correlate with the desired result of a significantly improved
removal performance. One feasible approach could be the identification of correlations
between relevant parameters, e.g., rain intensity, SAC254, and PAC dosage. For instance,
future research could investigate the correlation between wastewater inflow rates (rain
intensity), the flexible dosage of PAC, and its effects on the removal efficiency. Such an
approach could result in recommendations for different modus operandi and the process
control of OMP removal without the need for real-time monitoring.

However, on the road to equipping a larger number of WWTPs in Europe with an
advanced treatment stage, individual influences and conditions must be considered. Finally,
it can be stated that there is still a substantial need for research concerning the behaviour of
micropollutants in wastewater streams.

5. Conclusions

The results of our case study have shown that wet-weather conditions might have
significant influences on the removal of micropollutants. The monitored OMPs showed
higher mass loads during wet weather at all sampling points. As a result of shortened
hydraulic retention time (HRT) due to rain events, the mean removal of the investigated
OMPs was reduced significantly during wet-weather conditions (42% PAC and 46% GAC)
compared to dry-weather conditions (68% PAC and 62% GAC). This illustrates the need to
further investigate wet-weather influences, especially concerning process control aimed at
achieving constant removal performances during all weather conditions. The findings of
our study provide a first depiction of the removal of micropollutants at an advanced stage of
a WWTP for GAC and PAC. To gain a better understanding of OMP removal performances
and to implement improved process control, we aim to overcome the limitations and small
sample sizes in future studies by extending the approach to a higher number of WWTPs.
For this purpose, we are currently conducting additional monitoring studies during dry
and wet weather.
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Appendix A

Table A1. Analysed substances.

No. Group Substance Abbreviation CAS

1

Pharmaceutical

Candesartan CST 139481-59-7

2 Carbamazepine CBZ 298-46-4

3 Diclofenac DCF 15307-86-5

4 Gabapentin GBN 60142-96-3

5 Hydrochlorothiazide HYC 58-93-5

6 Ibuprofen IBF 15687-27-1

7 Irbesartan IBS 138402-11-6

8 Lidocaine LCN 137-58-6

9 Metoprolol MET 51384-51-1

10 Naproxen NPX 22204-53-1

11 Sulfamethoxazole SMX 723-46-6

12 Venlafaxine VLX 93413-69-5

13 Food Caffeine CAF 58-08-2

14
Corrosion inhibitor

1H-benzotriazole BTR 95-14-7

15 Tolyltriazole MBTR 29385-43-1

16

Industrial chemical

4-nonylphenol 4NP 104-40-5

17 Benzothiazole BT 95-16-9

18 2-Methylthiobenzothiazole MTBT 615-22-5

19 2,4,7,9-Tetramethyl-5-decyn-4,7-diol TMDD 126-86-3

20
Flame retardant

Tris(2-chlorethyl)phosphate TCEP 115-96-8

21 Tris(2-chlorisopropyl)phosphate TCPP 13674-84-5

22 Tris(1,3-dichlorisopropyl)phosphate TDCPP 13674-87-8

23 Insect repellent Icaridin ICN 119515-38-7

24 Diethyltoluamide DEET 134-62-3

25
Herbicide

Mecoprop MCP 93-65-2

26 Terbutryn TBY 886-50-0
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Figure A1. Concentrations of 23 organic micropollutants of dry- (n = 1) and wet-weather sampling
(n = 2) at the effluent of PAC (S2).
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Figure A2. Concentrations of 23 organic micropollutants of dry- (n = 1) and wet-weather sampling
(n = 2) at the effluent of the GAC filter (S3).
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Figure A3. OMP removal in dependence of the inflow concentration (S1) for the treatment stages
with PAC and GAC for WW2, QPAC = 1402−1988 L/s, QGAC = 141−181 L/s.
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