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Can those organic micro-pollutants that are recalcitrant in activated
sludge treatment be removed from wastewater by biofilm reactors
(slow sand filters)?
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• A biofilm reactor (biofilter) can remove
micro-pollutants from WWTP effluent.

• Sorption could be excluded as the dom-
inant removal mechanism.

• Biodegradation was responsible for
removing seven compounds.

• The removal efficiency was usually pro-
portional to the hydraulic residence-
time.

• Single first-order removal rates apply
for most compounds
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The degradation of seven compounds which are usually recalcitrant in classical activated sludge treatment
(e.g., diclofenac, propranolol, iopromide, iohexol, iomeprol tebuconazole and propiconazole) was studied in a
biofilm reactor (slow sand filtration). This reactor was used to treat real effluent-wastewater at different flow
rates (hydraulic loadings) under aerobic conditions so removal and degradation kinetics of these recalcitrant
compounds were calculated. With the hydraulic loading rate of 0.012 m3 m 2 h−1 the reactor removed 41, 94,
58, 57 and 85% of diclofenac, propranolol, iopromide, iohexol and iomeprol respectively. For these compounds
the removal efficiency was dependent on hydraulic residence-times. Only 59 and 21% of the incoming
tebuconazole and propiconazole respectively were removed but their removal did not depend on hydraulic
residence time. Biofilm reactors are thus efficient in removing micro-pollutants and could be considered as an
option for advanced treatment in small wastewater treatment plants.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Amultitude of xenobiotics (pharmaceuticals, biocides etc.) are pres-
ent in current Wastewater Treatment Plant (WWTPs) effluents (Joss
et al., 2006; Kormos et al., 2011; Ternes et al., 2007). Some exceed the
environmental target concentrations (European Parliament, 2000,
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2013). To improve effluent quality, different processes such as activated
carbon treatment, reverse osmosis and Advanced Oxidation Processes
(AOPs) can be added to the conventional activated sludge treatment.
Activated carbon and reverse osmosis are techniques that reach satis-
factory removal rates but they are phase-transfer processes so they do
not destroy the compounds in question (Choubert et al., 2011). On the
other hand, AOPs can efficiently oxidize micro-pollutants, but they
require intensive process control, have high operating costs and can
produce by-products (Choubert et al., 2011; Lee et al., 2013;
Prieto-Rodríguez et al., 2013; Reungoat et al., 2011, 2012; Stalter et al.,
2010). Alternatively, biological processes such as biofilm reactors can
also remove micro-pollutants (Bester and Schafer, 2009; Falås et al.,
2012; Joss et al., 2008) and do not require as much process control as
AOPs. Ideally, the microorganisms use the organic micro-pollutants to
build up biomass or for gaining energy. Biofilm reactors can be imple-
mented in biofilter systems (Banzhaf et al., 2012; Bester and Schafer,
2009; Bester et al., 2011; Janzen et al., 2009). Multiple studies focused
on biofilm reactors for removing organic micro-pollutants from raw
drinking water by using underground passage, bank filtration etc.
which are somewhat similar, but usually not designed but grown in nat-
ural conditions (Andresen and Bester, 2006; Benner et al., 2013; Gray
and Sedlak, 2005; Heberer et al., 2004; Laws et al., 2011; Scheytt et al.,
2004, 2006; Ternes et al., 2007; Zearley and Summers, 2012).

Only a very limited amount of studies use porousmedia biofilm pro-
cesses to remove organic micro-pollutants from wastewater (Bester
and Schafer, 2009; Bester et al., 2011; Janzen et al., 2009; Matamoros
et al., 2007, 2009; Reungoat et al., 2011).

It is known that the effectiveness of biofilm reactors depends on the
hydraulic residence-time (HRT), the compound residence time and the
biofilm surface area. Aerobic processes appeared to be themost efficient
for the removal of many organic micro-pollutants, albeit a few com-
pounds degrade better under anoxic conditions (Hijosa-Valsero et al.,
2011; Matamoros et al., 2009; Rittmann, 1985). Apart from that, the
most efficient configuration for the biodegradation of organic micro-
pollutants is unknown and the mechanisms involved are unclear.

Usually there are twomechanisms relevant for porousmedia biofilm
systems: biodegradation and sorption. Scheytt et al., 2004 demonstrat-
ed the influence of sorption even for a hydrophilic compound like
diclofenac in awater-saturated sandy-sediment column in the laborato-
ry. In that study, diclofenac was not biodegraded but sorbed to/retained
by the soil. Thus it is important to discriminate the two processes: sorp-
tion and degradation.

This study focuses on the biodegradation of seven representative
micro-pollutants that are commonly recalcitrant after activated sludge
treatment: diclofenac, propranolol, iopromide, iohexol, iomeprol,
propiconazole and tebuconazole (S1). Diclofenac and propranolol
have been detected in WWTPs in the range 0.1–1 μg L−1 (Scheurer
et al., 2010; Thomas et al., 2007). Iopromide, iohexol and iomeprol are
Table 1
Average concentration of the compounds in the reactor feed during the experimental period, elu
and percentage removal of the target compounds at minimum, intermediate and maximum fl

Target compound Feed concentration
(mean ± SD)
(n = 18)

Elution volume Rea
con

Flow [μL min−1]

[μg L−1] [mL] [h−

Propranolol 0.055 ± 0.015 78.4 0.14
Diclofenac 0.24 ± 0.047 54 0.04
Propiconazole 0.11 ± 0.059 62.4 –

Tebuconazole 0.022 ± 0.006 65.6 –

Iohexol 3.28 ± 1.3 53.2 0.10
Iomeprol 20.8 ± 11 53.2 0.09
Iopromide 2.9 ± 0.83 53.2 0.04
Tracer (NaBr) 54.8
found in wastewater with concentrations of 1–100 μg L−1 (Hirsch
et al., 2000; Ternes andHirsch, 2000). Propiconazole and tebuconazole
are used as biocides present in wood and coatings, and therefore can
be detected in WWTP in the range of 0.01–0.1 μg L−1 (Bollmann et al.,
2014; Kahle et al., 2008). All the selected compounds were present in
the wastewater effluent used for the study, thus no additional spiking
was conducted (Table 1).

This study aims to answer whether built porous media biofilm
reactors can be considered as a solution to remove and degrade
micro-pollutants in wastewater effluents from small WWTPs.
2. Materials and methods

2.1. Biofilm reactor set-up

The biofilm reactor was built using a glass column (500 mm length
and 25 mm ID) from LCTech (Dorfen, Germany). The column was filled
with quartz sand (50–70 mesh (i.e. 0.210–0.297 mm particle size))
from Sigma-Aldrich up to 29 cm (142 mL volume).

To achieve a faster establishment of biofilms, 3 mL of activated
sludge (performing BOD removal aswell as nitrification and denitrifica-
tion) from Bjergmarken WWTP (Roskilde, Denmark) was placed at the
start of the column. Fig. 1 shows the column set-up. Effluentwastewater
saturated with oxygen from the sameWWTP was pumped through the
column using a Reglo-CPF digital pump from Ismatec (Wertheim,
Germany). The water was pumped against gravity to facilitate the
removal of air-bubbles and thus achieve a water-saturated flow,
which allowed an easy control of hydraulics. To protect the pump
from clogging, a glass-fiber filter (Grade GF/C: 1.2 μm) was installed at
the inlet tube, to reject particles. The feed water tank was refrigerated
to 4 °C. Considering a maximum flow rate of 0.2 mL min−1, it is
assumed that the feed warms up to room temperature (20 °C) in the
feedline and in the pump, thus the reactor itself is at room temperature
aswell. This assumption has been verified in later experiments. The tub-
ing and the biofilm reactor were covered with aluminum foil to prevent
algae growth. The system was acclimatized and thus adapted to the
respective water for three months and showed stable removal rates
after that conditioning time.
2.2. Materials

Analytical standards of diclofenac, propranolol, iopromide, iohexol,
iomeprol tebuconazole and propiconazole were obtained from
Dr. Ehrensdorfer GmbH (Augsburg, Germany). Formic acid and gradient
grade methanol were obtained from Merck (Darmstadt, Germany);
water was from an in-house Millipore apparatus.
tion volumes of the target compounds from the biofilm reactor, reaction rate constants (k)
ows.

ction rate
stant (k)

Removal 1
(mean ± SD)
(n = 4)

Removal 2
(mean ± SD)
(n = 5)

Removal 3
(mean ± SD)
(n = 5)

17 98 196

1] [%] [%] [%]

3 98 ± 1 94 ± 2 45 ± 14
0 82 ± 1 41 ± 2 0

21 ± 22 17 ± 3 0
59 ± 20 58 ± 4 0

1 91 ± 8 57 ± 3 25 ± 18
0 93 ± 10 85 ± 0.2 17 ± 12
6 91 ± 6 58 ± 0.3 0



Feed 
Tank 

(WWTP 
effluent)

29 cm

On-Line 
measurements

Ø = 5 cm2

Off-line
measurements

Pump

Aerated
Refrigerated

(4°C)

Injection
Valve

Fig. 1. Set-up of the reactor.
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2.3. Instruments

High Performance Liquid Chromatography (HPLC)was used tomon-
itor the target compounds. For this purpose, two different HPLC systems
were used:

A) The process control HPLC-UV operated on-line in respect to
the reactor column for the sorption/elution experiments. The
apparatus consisted of a Dionex (DGP 3600SD pump, WPS-
3000TSL auto-sampler, TCC-3000SD solvent rackwith a degasser
and two six-port Valco-valves). The UV system was a DAD-
3000RS from Dionex.

B) The HPLC-MS/MS was used for quantifying the removal rates of
organic micro-pollutants at environmental concentrations and
operated independently (off-line) to the biofilm reactor column.
The HPLC consisted of a Dionex DGP-3600M pump, a WPS 3000
TSL autosampler and a column oven and degasser also from the
Dionex 3000 series. The HPLC was operated with two ten-port
Valco valves. The mass spectrometer was an API 4000 (ABSciex,
Framingham, MA, USA). The API 4000 was operated in ESI in
positive mode at 400 °C with a capillary voltage of 5500 V.
The instrumental details are given in the supplementarymaterial
(S2).

The samples for removal rates were taken in HPLC vials centrifuged
for 5 min at 6000 rpm (Z206A, Hemle, Wehingen, Germany) to remove
particles. The supernatant was transferred to a new HPLC vial. 100 μL of
the aqueous samples were injected directly into the HPLC-MS/MS for
quantification. In the HPLC-MS/MS a gradient elution consisting of
methanol and Millipore water, both containing 0.2% formic acid (v/v),
on a Synergi-Polar column (Phenomenex, Torrance, California, USA)
was used. More details are given in (S2–S3). A six point multilevel
calibration was performed with two repeats each. As the samples
were analyzed using 100 μL injection of aqueous samples, the calibra-
tion ranges of the water samples corresponded to 0.01–0.5 μg L−1

(diclofenac, propranolol and tebuconazole), 0.1–0.6 μg L−1

(propiconazole) and 0.5–25 μg L−1 (X-ray contrast media). The Limits
of Quantification (LOQs) for each compound are documented in S2.
Typically LOQs ranged from 0.01 μg L−1 (e.g. propranolol) to
0.64 μg L−1 (iohexol).
2.4. Oxygen and total organic carbon (TOC) in the reactor column

The oxygen was measured by a fiber optic oxygen sensor utilizing a
Microx3 detector (PreSens, Regensburg, Germany). For the highest and
lowest tested flow rates (200 and 25 μLmin−1) the oxygen in thewater
was measured with the oxygen micro-sensor in the inlet and outlet of
the reactor column at room temperature.

The TOC samples were analyzed by a TOC 5000 analyzer (Shimazdu
Kyoto, Japan). The measurements were calibrated using five potassium
phthalate standard solutions with concentrations ranging from 2.5 to
50 mgC L−1. Samples and standard solutions were acidified to reach
0.05 M HCl (pH b 2). All the samples were analyzed within 24 h in
respect to TOC.
2.5. Feed water

The feed water for the reactor was taken from Bjergmarken WWTP
effluent. Over the experimental period the WWTP maintained a stable
pH value of 8. The median values for Chemical Oxygen Demand (COD)
and Biological Oxygen Demand (BOD) in the feed water were 29 and
2.8 mg O2 L−1 respectively. The full data can be seen in the supplemen-
tary material (S4). It was intended to work under as close as natural
conditions, thus this water was not spiked but used as was. Besides
BOD and particle removal, Bjergmarken operates nitrification, denitrifi-
cation as well as phosphorus removal, thus the feed water for the
biofilm reactor is not only poor on BOD/TOC but also on NH4

+, NO2
−,

NO3
− and phosphate.
2.6. Characterization of the reactor column: hydraulic retention times and
compound specific retention times

To determine the porosity of the biofilm reactor and its hydraulic
retention, a solution of sodium bromide (conservative tracer) was
injected at a flow rate of 180 μLmin−1 (21 Lm−2 h−1). This experiment
was conductedwith degassed tapwater (pH7) to allowdirect detection
by UV. 300 μL of sodium bromide solution (10 g L−1) were injected into
the flow with a syringe and an L-valve located directly after the pump
(Fig. 1). The elution of the sodium bromide was monitored by
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transferring 100 μL portions of the eluent of the biofilm reactor directly
to the UV detector (set to 220 nm) every 30 min.

Using the same flow rate and water, the retention times of each of
the compounds in the biofilm reactor were tested. Similar to the tracer
experiment, 300 μL multi-standard solution containing micro-
pollutants with a concentration of 33 μg mL−1 (i.e. 11 μg on column of
each compound) was injected into the biofilm reactor column using
the L-valve. The elution of the compounds from the biofilm reactor
was monitored by transferring parts of the reactor effluent into the
injection loop of the process control HPLC. This way, every 30 min,
100 μL of the flowpassing the reactorwere sent to the respective analyt-
ical column, using the Valco-valve of the HPLC-instrument. The
compounds contained in this water sample were eluted from the
analytical column using a gradient elution program and UV-detection.
The gradient elution and the analytical columns are specified in the sup-
plementarymaterial (S5). Once the elution from the biofilm reactorwas
finished, a chromatogram for the reactor columnwas constructed from
the single analytical runs, to identify the retention times of each com-
pound in the reactor column.
2.7. Removal of target compounds

Inlet and outlet samples from the biofilm reactor were tested for ten
different flow rates between 0.025 and 0.200 mL min−1 which
corresponded toHRTs ranging from4 to 35h respectively. The sampling
period lasted onemonth and started sixmonths after the column set-up
was built. Every time the flow was changed, the reactor was given at
least one residence time to stabilize before the samples were taken.
For each tested flow a minimum of four replicates of 1 mL were taken
(within the same sampling day).

The removal (%R) was calculated comparing the outlet (Coutlet) to
the inlet (Cinlet) concentrations of the reactor under continuous flow
(Eq. (1)). Using the different HRTs as established by the different
flow rates, kinetic data could be determined. From these, single
Fig. 2. Elution of conservative tracer (Sodium bromide) and organic micro-pollutants from the
bromide (tracer) indicates the void-volume of the column.
first-order (SFO) kinetics reaction rate constants k were calculated
using Eq. (2)

%R ¼ 1−Coutlet

Cinlet

� �
� 100 ð1Þ

ln
Coutlet

Cinlet

� �
¼ k � HRT: ð2Þ

Coutlet and Cinlet denote parent compound concentrations in the
outlet and inlet of the biofilm reactor respectively and k describes the
parent compound removal rate constant (reaction rate constant). Ideal-
ly, a plot of ln (Coutlet / Cinlet) over HRT (determined at different flow
rates) would give a linear correlation with a slope corresponding to k.

3. Results

3.1. Hydraulic characterization of the reactor column

The retention time of the sodium bromide (300 min) corresponded
to a void volume (inner volume) of 53.9 mL (Fig. 2) and resulted in a
porosity of 0.36, which is typical for such materials (Schwarzenbach
et al., 2003).

3.2. Compound specific retention time (control experiment for degradation)

The potential retention (sorption) to the reactor, was studied with
typical concentrations of 550 μg L−1 of the respective micro-pollutants
at the column effluent during the model experiment. The final results
were achieved by comparing the reconstructed chromatograms obtain-
ed by the online HPLC-UV detection (Fig. 2, Table 1). As the peaks for
sodium bromide, diclofenac, iohexol, iomeprol and iopromide coincide,
these compounds are not sorbed at all (peakmaximum for diclofenac is
reactor column. The flowwas 0.200 mL min−1. The highest response point of the Sodium
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54while the X-ray contrastmedia are eluted at 53.2mL). Tebuconazole,
propiconazole and propranolol show slightly longer retention in the
reactor (62–78 mL i.e., 1.38, 1.34 and 1.70 times the void volume).
This finding agrees well with the known physico-chemical properties
of the compounds (S1): diclofenac, iohexol, iomeprol and iopromide
are hydrophilic compounds, while tebuconazole, propiconazole and
propranolol have slightly elevated Kow's. As the matrix of the reactor is
quartz sand, the retention probably occurs to the biofilm in the system.

The low retention of these compounds combined with continu-
ous load makes it very plausible that removal rates are due to
biodegradation.

3.3. Oxygen consumption and TOC

The inletwater contained about 8mgO2 L−1 (S6) andwas thus prac-
tically oxygen saturated (Metcalf and Eddy, 2003). As oxygen was also
present in the outlet of the reactor, the reactor was working fully
under aerobic conditions. Oxygen decrease between inlet and outlet
verified the presence of active microorganisms. For a flow rate of
25 μL min−1 (35 h residence time) the oxygen concentration was
decreased by 4.8 mg L−1. This compares to a measured decrease of
1.3 mg TOC L−1. Theoretically this amount of oxygen should mineralize
1.8mgTOCL−1 but, as expected, the TOC in this experiment is onlymin-
eralized partially.

At a flow rate of 200 μLmin−1 the concentration of oxygenwas only
decreased by 2.3 mg O2 L−1 (S6). This indicates that the activity of
microorganisms was not limited by the oxygen but controlled by the
carbon delivered by the hydraulic flow. For this flow the TOC in the
inlet and outlet of the biofilter was not significantly different (S6).

3.4. Concentrations, removal and reaction rate constants concerning organic
micro-pollutants

The concentrations of the organic micro-pollutants in the effluent
wastewater whichwas used as feedwater for the reactor varied slightly
from batch to batch, depending on the respective collection week at
the WWTP. In general, the two pharmaceuticals, propranolol and
diclofenac, and the two fungicides, propiconazole and tebuconazole
were present in concentrations in the order of ng L−1 whereas the X-
ray contrast compounds occurred in the order of μg L−1 (Table 1).
Each batch was tested before starting an experiment. The reaction ki-
netics and removal rates were calculatedwith the actual concentrations
during that experiment.

The removals were generally speaking high. Table 1 is showing the
removals in percentage at three different flows tested in the reactor.
As expected, the removal was dependent on the HRT, with the lowest
removal at the lowest HRT.

For diclofenac proved to be difficult to remove. A quantitative
removal of 82% was determined only at a flow rate of 17 μL min−1

(Table 1). The same holds true for iopromide and iomeprol with
removals up to 91 and 93%. Diclofenac showed a good correlation be-
tween HRT and ln of outlet/inlet concentrations (R2 = 0.93) (Fig. 3).
Iohexol was also removed quantitatively at high contact times (91%)
(Table 1). The removal was so high, that only data-points up to
22.09 h HRT (86% removal) were thus used for calculating the reaction
rate constant. Propranolol, was the easiest compound to degrade,
reaching quantitative removal (94%) already at a flow rate of
98 μL min−1 (Table 1), it thus appears to be the most reactive com-
pound in this test. Finally, propiconazole and tebuconazole could only
be removed to some extent (21 and 59%).

For the degradation kinetics, experiments with different hydraulic
retention times (different flow rates) were conducted. To assess the re-
action kinetics the natural logarithm of (Coutlet / Cinlet) was plotted in
Fig. 3 in dependence of the hydraulic residence time (Eq. (2)). The hy-
draulic residence time is used as reaction time to calculate the reaction
kinetics. The natural logarithmof (Coutlet / Cinlet) was proportional to the
reaction time for all compounds except for propiconazole and
tebuconazole. Thus, it was possible to calculate reaction single first
order rate constants (k in Eq. (2)). The effluents of experiments with
the longest HRT resulted in very high removals and thus gave values
close to LOQ's in some cases. Besides, for propranolol and iohexol the
removal is almost complete, thus higher HRT points would not fit the
regression. Such values were thus removed from the mathematical
assessment (Fig. 3). The reaction rate constants ranged between
0.04 h−1 (diclofenac) and 0.143 h−1 (propranolol), mirroring thus the
results from the removals. An overview on the reaction constants (k)
is given in Table 1.

4. Discussion

As diclofenac, iopromide, iohexol and iomeprol did not sorb to the
material of the biofilter due to their high hydrophilicity (Fig. 2) the re-
moval of these compounds was clearly attributed to biodegradation.
This fact could actually be confirmed by clear reaction kinetics. Out of
seven compounds, only propranolol, propiconazole and tebuconazole
were slightly sorbed to the material with probably no consequences
(no exchange ofmaterial necessary due to exhausted sorption capacity)
for the operation of such a system in constant flow through mode, thus
the removal of these compounds must also be attributed to
biodegradation.

4.1. Diclofenac

The removal of diclofenac has been assessed before in other sand
filter systems, so it was interesting to compare the obtained results
with existing data. In this study, the removal rate of diclofenac
was 41% in the biofilm reactor operating with an intermediate flow
rate of 98 μL min−1 (which corresponded to a hydraulic load of
0.012 m3m−2 h−1). This value is similar to those reported from other
slow sand filtration systems (hydraulic loading rates also in order of
L m−3 h−1) of Matamoros et al., 2009 and Scheytt et al., 2006
(Table 2). Two other studies, (Reungoat et al., 2011; Zearley and
Summers, 2012) studied the removal of diclofenac in rapid sand filters
(hydraulic loading rates in the order of m3 m−2 h−1) and obtained
lower removal rates of 21 ± 2.1% and 20 ± 10% (Table 2). The reasons
for the differences are probably the quite different retention times in
the respective systems.

The reaction rate constant (k) of 0.04 h−1 found in our study is
similar to the one found byMatamoros et al., 2009, for a planted system
operating on rawwastewater (Table 2) even though that onewas oper-
ating on rawwastewater. Scheytt et al. (2006), found a diclofenac reac-
tion rate constant of 0.37 h−1 (i.e 10 times higher than ours). On the
other hand, Zearley and Summers (2012) found a diclofenac reaction
rate constant in their drinking water system 50 times higher than the
present study (Table 2). The different reaction rate constants in the
different systems might be due to enhanced biomass (in those systems
operating on raw wastewater) or more specialized biomass e.g., in the
drinkingwater system. Other relevant differences include BOD loadings
and different film surface areas per volume. At this moment it seems
difficult to compare and systemize such results.

4.2. Propranolol

In this study, the degradation of propranolol has been assessed in
a biofilm reactor for the first time. Thus the results can only be com-
pared to different systems. Lin et al. (2010) conducted a sorption-
biodegradation study using river sediments and found that propranolol
was strongly adsorbed to the soil whereas only little biodegradation
was detected. Ribeiro et al. (2013) reported biodegradation of propran-
olol in incubated samples with activated sludge. The reaction rate con-
stants (k) were 0.096 h−1 and 0.113 h−1 for the S- and R-enantiomers
of propranolol. On the other side, the present study showed that



Fig. 3. Natural logarithm of inlet/outlet concentrations versus Hydraulic Residence Time (HRT). All compounds (except propiconazole and tebuconazole) were fitted to single first-order
kinetics as expressed in Eq. (1). The reaction rate constants (k) are presented in Table 2. Each datapoint is the average of 4 samples.
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propranolol could be biodegraded with a rate constant of 0.143 h−1

(Table 1), which is a bit higher, but in the same order of magnitude as
those found by Ribeiro et al. (2013). Thiswould indicate that the remov-
al of propranolol in an activated sludge tank of a similar size could have
the same effectiveness but it would probably be more expensive to
operate.

4.3. Iopromide, iohexol and iomeprol

In the present study it was found that X-ray contrast media
iopromide, iohexol and iomeprol can be removed quantitatively by a
low-flow passage through the biofilm reactor (Table 1, Fig. 3). The fact
that biofilm reactors can degrade iodinated X-ray contrast media is
also supported by a recent study on Moving Bed Biofilm Reactors
(MBBRs) in which was shown that MBBRs can remove 79% and 73% of
iohexol and diatrizoate respectively (Hapeshi et al., 2013). On the
other hand, Zearley and Summers classified iopromide as recalcitrant
for a quick sand reactor for drinkingwater treatment at a high hydraulic
loading rate of 2.5m3m−2 h−2 (Zearley and Summers, 2012) (Table 2).
These differences in the removals are in accordance with Benner et al.
(2013) who, in their review, pointed out that longer retention times,
as the slow-sand filtration, could enhance micro-pollutant removal.

In our study iohexol followed SFO only up to 22.9 h, when it was
almost completely removed. Similar removal and reaction rates were
found for iomeprol. The reaction rate constant (k) of iopromide howev-
er, is around two times lower than those of the other two X-ray contrast
media (Table 1). This is in the same line than a previous study that
described common degradation pathways and biodegradation rates of
iohexol and iomeprol in aerobic soils (Kormos et al., 2010).

4.4. Propiconazole and tebuconazole

Propiconazole and tebuconazole are compounds with very similar
chemical structures, whichmight explain, why they behave in a similar
way concerning the retention in the biofilter and kinetics (see Figs. 2
and 3). In addition, for the first time, it was shown that these fungicides

image of Fig.�3


Table 2
Comparison of operation conditions as well as removals and reaction rate constants of the current study with other similar studies.

Parameter Present study Zearley and Summers, 2012 Reungoat et al., 2011 Scheytt et al., 2006 Matamoros et al., 2007

Water type Real wastewater effluent River water impacted by
anthropogenic sources

Pre-treated wastewater
effluent

Synthetic wastewater Raw wastewater

Classification Slow sand filtration Rapid sand filtration Rapid sand filtration Slow sand filtration Slow sand filtration
Hydraulic loading rate
[m3 m−2 h−1]

0.012 2.5 6 0.00917 0.0029

Filter (particle size) [mm] Quartz sand
(0.21–0.29)

Sand (0.45) Sand (2.25) Sandy sediment
(0.063–0.630)
(foc = 0.13%)

Coarse gravel
(8–16)
Gravel
(0–4)

Initial TOC/DOC [mg C L−1] 4.86 and 7.58 3.1 ± 0.3 (TOC) 11.2 ± 0.4 (DOC) Not tested Not tested
HRT 9.01 h 7.9 min 2 h 0.108 h

(unsaturated)
342

TOC/DOC removal Not tested 7.2 ± 2.8% (TOC) 22 ± 3% (DOC) Not tested Not tested
Diclofenac initial concentration
[μg L−1]

0.242 ± 0.047 0.252 ± 0.090 Not specified 1 (spiked) 0.82 (0.48–1.28)

Diclofenac removal [%] 41.7 ± 2 21 ± 2.1 20 ± 10
(from graph)

35 39 ± 22

Diclofenac reaction rate constant (k)
[h−1]

0.040 1.92 Not tested 0.37 0.004a

Iopromide removal [%] 58.8 ± 3 13 ± 18 Not tested Not tested Not tested
Iopromide reaction rate constant (k)
[h−1]

0.046 1.26 Not tested Not tested Not tested

a Calculated from KA value.

321M. Escolà Casas, K. Bester / Science of the Total Environment 506–507 (2015) 315–322
can also be removed to some extent by biofilm reactors. No correlation
between HRT and removal (Fig. 3) was observed. Eventually this could
mean that only one of the respective stereoisomers is degraded in this
reactor. Propiconazole has two chiral centers while tebuconazole has
one, resulting in four stereoisomers for propiconazole and two for
tebuconazole.

4.5. Overall discussions

Such biofilm reactors are able to remove compounds that AOPs,
especially ozonation as performed in full-scale, cannot remove easily.
Though, most probably, the biodegradation described in this paper for
the targeted compounds does not lead to their mineralization.Whether
or not biofilm reactors are thus producing less transformation products
from the organicmicro-pollutants thanAOPswill be an interesting topic
for future studies.

It is important to remark, that the built porousmedia biofilm reactor
was operated for over 10 monthswithout signs of clogging. Besides, the
reactorwas easy to control in terms of hydraulics and sorption ofmicro-
pollutants. This is an advantage over soil systems, which are heteroge-
neous in their composition and therefore difficult to control.

The major disadvantage of biofilm reactors as slow sand filtration is
the low-operating hydraulic loading rates. Considering a flow rate of
100 μL/min in our system and a loading rate of 0.293 m3 m−2 d−1 a
treatment plant operating 120.000 m3 d−1 equaling 600.000 persons
would need an area of 0.41 km2, which is about the same size as bank
filtration systemswith underground passage. While this is a bit prohib-
itive at this size, a small plant operating for 50.000 persons would need
20.000 m2.

5. Conclusions

Porous media biofilm reactors can be constructed and used for re-
moval of organic micro-pollutants from current wastewater effluents.
Compounds that are recalcitrant to activated sludge and AOPs such as
iodinated X-ray contrast media, diclofenac and propranolol can be
removed by low-flow operation in porous media biofilm reactors.
Therefore porous media biofilm reactors (slow sand filters) could be a
cheap and easy way to polish effluents from activated sludge reactors
of small WWTP in respect of removal of organic micro-pollutants.
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