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ABSTRACT: Granular activated carbon (GAC) filtration is an
important technology for micropollutant removal from water. In
GAC filters, micropollutants adsorb onto the activated carbon and
can also be biodegraded, prolonging the filter lifetime.
Biodegradation can be enhanced by introducing micropollutants
degrading microorganisms to the filters, that is, through
bioaugmentation. We assessed pyrazole adsorption to activated
carbon and biodegradation in GAC filters inoculated with pyrazole
degrading biomass originating from a drinking water plant.
Pyrazole was chosen as a model micropollutant because it was
detected at high levels in 2015 in Dutch surface water, and little is
known about its removal mechanism in water treatment. GAC
filters without inoculation and inoculated at different moments
were operated, and breakthrough curves were fit to an adsorption and biodegradation model based on surface diffusion and Monod
kinetics. Pyrazole biodegradation was successfully transferred from a sand filter to GAC filters and contributed to decreasing pyrazole
concentrations below 10 μg/L in the GAC filter effluent. Pyrazole degradation was a stable process that could be maintained despite
the lack of pyrazole in the filter influent for up to 30 days. Achieving a combination of adsorption and biodegradation in GAC filters
is essential to sustain high micropollutant removals in the long term.
KEYWORDS: pyrazole, GAC, adsorption, biodegradation, breakthrough model

1. INTRODUCTION
Organic micropollutants largely contribute to depreciation of
the quality of surface water1 and are one of the main barriers
for closing water cycles.2,3 An important technology for
micropollutant removal in water treatment is filtration with
granular activated carbon (GAC). In GAC filters, micropollutants adsorb onto the activated carbon and, potentially,
can also be biodegraded. Biodegradation is a complementary
removal mechanism that prolongs the lifetime of GAC filters
and prevents the presence of micropollutants in the effluent in
the case of desorption.4
Micropollutants are present in GAC filters at trace
concentrations in the water phase; hence, their degradation
provides little to no energy for microorganisms.5 Therefore,
there is limited selective pressure for metabolic biodegradation
of micropollutants by the indigenous microbial community in
these filters, especially if the micropollutants are only
intermittently present in the influent. The introduction of
micropollutant degrading microorganisms to the filters, that is,
bioaugmentation, is an option when the ability of degrading a
target micropollutant is not expressed by the indigenous
biomass.6 If the introduced microorganisms find suitable
conditions, including additional carbon sources, they can grow
in the new environment. This strategy has resulted in increased
© XXXX The Authors. Published by
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micropollutant removal in biological treatment after bioaugmentation with pure and/or mixed cultures or with
acclimatized activated sludge,7−10 although loss of degradation
efficiency a few weeks after bioaugmentation has also been
reported.9 Strategies to overcome this challenge are in
development, including the improvement of immobilization
techniques, and bioaugmentation is still seen as a promising
technique to stimulate biological removal of contaminants in
water treatment.10,11
We selected pyrazole as a model micropollutant to assess the
contribution of biodegradation to micropollutant removal in
bioaugmented filters. Pyrazole is an industrial chemical used as
a precursor for biologically active compounds with several
applications, such as pesticides and pharmaceuticals.12,13 Due
to its high solubility in water (19 g/L14 ) and poor
biodegradability, pyrazole is considered a persistent and
mobile contaminant.15 Pyrazole was detected for the first
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Table 1. Experimental Conditions of Laboratory-Scale Filter Experimentsa
filter

inoculated (when)

average pyrazole influent
concentration (mg/L)

flow rate
(L/h)

EBCT
(min)

GAC 1
BAC 1

no
yes (0 BV)

3.4
1.6

0.19
0.10

18
30

BAC 2

yes (4500 BV)

1.3

0.21

15

BAC 3

yes (2200 BV before pyrazole
feed)

1.3

0.19

18

influent matrix
tap water
medium with ammonium
(0.63 mg-N/L)
medium without additional N
sources
medium without additional N
sources

redox
conditions
oxic
anoxic
oxic
oxic

a

Media composition of BAC experiments is given in Table S1.

time in surface water used as drinking water source in the
Netherlands in 2015,16 in concentrations occasionally exceeding 1 μg/L, reaching peaks up to 25 μg/L during that year. The
presence of pyrazole in Dutch surface water caused problems
for drinking water production as the drinking water intake in
two of the main water sources, rivers Rhine and Meuse, had to
be interrupted for 138 days.16 The consistent presence of
micropollutants in Dutch surface water contributes to the
deterioration of surface water quality.1
This study assesses pyrazole adsorption to activated carbon
and biodegradation by microbial communities originating from
a drinking water plant. Given that this micropollutant became
relevant for drinking water production in the Netherlands only
recently, little is known about its removal mechanism in water
treatment. We enriched biomass capable of degrading pyrazole
using an anthracite sample originated from a double-layer filter
consisting of anthracite and sand in a drinking water
production. Furthermore, we assessed pyrazole adsorption to
activated carbon in batch experiments and laboratory-scale
filters. Finally, pyrazole degrading biomass was inoculated into
activated carbon filters, resulting in a stable removal process.

(235 mg-N/L); (2) medium with nitrate as an additional
nitrogen source (10 mg-N/L); and (3) medium with no
additional nitrogen sources other than pyrazole (3 mg-N/L).
The biofilm carriers used to inoculate these batches originated
from various batches enriched with pyrazole degrading
biomass, all cultivated in medium containing ammonium
(232 mg-N/L). The concentrations of pyrazole, ammonium,
nitrate, and nitrite were measured at regular intervals for 37
days. On day 37, the total nitrogen concentration was also
measured, and the batches were stored at 4 °C. After 120 days
of storage, the batches were brought again to 20 °C and spiked
again with pyrazole to confirm that they were still active after
this storage period.
2.3. Pyrazole Adsorption and Biodegradation in
Activated Carbon Filters. 2.3.1. Pyrazole Adsorption to
Activated Carbon. Adsorption experiments in batch were
performed to calculate isotherm and kinetic coefficients that
could be used as input for modeling breakthrough curves of
activated carbon filters. The activated carbon used was
AcquaSorbTM K-CS (Jacobi), sieved to obtain particle sizes
between 0.5 and 0.85 mm.
A series of three isotherm experiments were performed,
applying two different temperatures (15 °C or 25 °C) and
different matrix compositions (buffered and non-buffered
demineralized or tap water). A phosphate buffer was used to
maintain the pH at values of 7.5. The pH in the non-buffered
batches increased from 8.3 to 9.0 from the start to the end of
the experiment. The buffer composition and concentration
were the same as in the medium used in the enrichments.
Details of each individual experiment are given in Table S2.
Each batch contained 50 mg of GAC, 50 mL of liquid and
pyrazole at concentrations ranging from 0.3 to 41.8 mg/L,
mixed at 120 rpm. The pyrazole concentration was measured
on days 0 and 7, and the results were fit to the Freundlich
equation. Stability of pyrazole in a control without GAC was
verified, with less than 5% reduction in the concentration
during the experimental period.
The isotherm experiments were performed in concentrations
higher than those in which micropollutants occur in surface
water. This was carried out for two reasons: (1) the
concentration range tested in the isotherm needs to be in a
similar range to the concentration of the filter influent so that
the affinity coefficients can be used to predict pyrazole
breakthrough in the column; (2) lower initial pyrazole
concentrations would result in non-measurable values after
adsorption to virgin-activated carbon. Since the main purpose
of performing isotherm experiments was to obtain affinity
coefficients to be used as an input in the adsorption model,
concentrations comparable to those applied in the filter
influent were chosen.

2. MATERIALS AND METHODS
2.1. Pyrazole Degrading Biomass. Pyrazole degrading
biomass was enriched from anthracite samples taken from the
anthracite and sand filters of a drinking water treatment plant
operated by Evides Water Company (location Ouddorp, the
Netherlands). This location was chosen because a high rate of
pyrazole removal was observed in these filters, likely due to
biodegradation, in comparison to similar filters in other
drinking water plants. The first-generation batches contained
10 g of anthracite and 100 mL of medium spiked with 6.8 mg/
L pyrazole (medium composition given in Table S1). No
additional organic carbon sources were added to them. A total
of four batches were created, two of them containing plastic
biofilm carriers and two without carriers. Abiotic and negative
controls were also created, containing 500 mg/L sodium azide
and no inoculum, respectively. The batches were kept at 20 °C
and mixed at 120 rpm for 27 days. The pyrazole concentration
in the medium was measured regularly using liquid
chromatography coupled to mass spectrometry (LCMS).
After 27 days, an aliquot of the liquid (5−10 mL) and biofilm
carriers (15 units) were transferred to new batches containing
medium and pyrazole (6.8 mg/L). These were kept in the
same conditions as the first-generation batches and are referred
to as the second-generation batches.
2.2. Nitrogen Sources for Pyrazole Degradation. We
tested whether additional nitrogen sources are needed for
pyrazole biodegradation. Biofilm carriers containing pyrazole
degrading biomass were inoculated to batches containing: (1)
medium with ammonium as an additional nitrogen source
B
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For the kinetic test, batches contained 100 mg of GAC, 100
mL of buffered demi water (same buffer as in the isotherms),
and 3 mg/L pyrazole. Batches were kept at 27 °C and mixed at
150 rpm to minimize the mass-transfer limitation due to film
diffusion. The pyrazole concentration was measured every 5
min between the start of the experiment and the first hour and
after 2, 3, 5, and 24 h. Results were fit to a surface diffusion
model according to Worch,17 with the assumption of negligible
mass-transfer limitation in the film layer, to calculate an intraparticle diffusion coefficient. Input parameters and equations
used in the model calculation are described in detail in
Supporting Information (Section 1).
2.3.2. Pyrazole Removal in Laboratory-Scale Filters. A
series of filter experiments were performed to assess the
pyrazole removal in laboratory-scale-activated carbon filters
through (1) adsorption alone (GAC) and (2) adsorption
combined with biodegradation (biological activated carbon,
BAC). Besides the inoculation of biomass, the filters differed
slightly in the influent composition and empty bed contact
time (EBCT), as indicated in Table 1. GAC1 was operated
with tap water, a matrix more representative of GAC filters
placed in drinking water plants. The other experiments were
performed with growth medium to provide suitable conditions
for the inoculated biomass. Both of these matrices were
represented in the set of adsorption isotherms, as described in
Section 2.3.1.
Filter experiments were performed in the setup described in
a study by Piai et al.4 In short, the filters consisted of glass
cylinders with 2.6 cm internal diameter and 20 cm length,
containing two sampling points located at 6.0−8.0 cm (A) and
2.5−4.5 cm (B) from the bed bottom. The activated carbon
used was AcquaSorbTM K-CS (Jacobi), sieved to obtain
particle sizes between 0.5 and 0.85 mm diameter.
The filters were operated in a downflow mode. GAC 1 was
not inoculated with pyrazole degrading biomass, whereas
BACs 1−3 were inoculated. BAC 1 was inoculated
immediately at the start of the filter operation with 70 mL of
a pyrazole degrading enrichment culture. BAC 2 was
inoculated after full pyrazole breakthrough. Inoculation of
BAC 2 was carried out three times (3 mL at a time) at intervals
of 1 week. BAC 3 was inoculated (8 mL) and operated with
influent without pyrazole for 2200 BVs (30 days), after which
the filter was operated with influent containing pyrazole in
similar concentrations to BAC 1 and 2. Although the biomass
concentration in the enrichments used for inoculation was not
measured, all enrichment cultures had comparable biomass
concentrations according to visual inspection.
To indirectly assess pyrazole biodegradation in the filter,
backwash liquid was collected from BAC 3 after 5500 BVs of
operation and used to inoculate batches spiked with pyrazole.
Two different types of batches were prepared in duplicates.
One pair of batches contained 50 mL of backwash liquid
spiked with 1.6 mg/L pyrazole. For the other pair, 50 mL of
backwash liquid was centrifuged and resuspended in 5 mL of
the same medium as used in the enrichments. This inoculum
was added to bottles containing 45 mL of medium spiked with
1.4 mg/L pyrazole.
A starvation experiment was performed to assess whether
the BAC filter could maintain the biodegradation capacity after
a period without pyrazole. After approximately 8000 BVs, the
flow in BAC 2 and BAC 3 was stopped. The material from
both filters was mixed, divided in two equal parts and split
between the two filters to ensure that the starting conditions of
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both filters were the same. One filter was run with influent
without pyrazole for 30 days, after which pyrazole was added
again to the influent. The other filter was used as a positive
control and was operated under the same conditions as before,
that is, pyrazole supply was not interrupted.
2.4. Adsorption and Biodegradation Models. Pyrazole
adsorption in the filters was described by the homogeneous
surface diffusion model in a study by Worch17 (details
described in Supporting Information, Section 1) using the
Freundlich isotherm for the equilibrium condition. The surface
diffusion coefficient was estimated by fitting the experimental
data of pyrazole adsorption kinetics (2.3.1) to a surface
diffusion model. The film diffusion coefficient was obtained by
fitting data from GAC 1 to the homogeneous surface diffusion
model. We then adapted the model to include removal due to
biodegradation following the approach described in a study by
Worch.17 Model equations are described in Supporting
Information (Section 1). Pyrazole biodegradation was
described based on Monod kinetics, and the biodegradationrelated parameters were estimated by fitting the experimental
data to the model curves. The model was implemented in
MATLAB, and the input values used for each parameter are
presented in Tables S4 and S5.
2.5. Analytical Methods. Pyrazole was measured using
liquid chromatography and mass spectrometry. For the
experiment described in Section 2.1, pyrazole was measured
using liquid chromatography coupled to high-resolution
accurate-mass mass spectrometry, following the method
described in Piai et al.18 For the remainder experiments,
pyrazole was measured using liquid chromatography coupled
to mass spectrometry, using a ultra-high performance liquid
chromatograph (ExionLC AD-30 System) equipped with a
tandem mass spectrometer (Triple QuadTM 5500 + System),
both from SCIEX. Sample volumes of 25 μL were injected to a
phenyl-hexyl-based analytical column as the stationary phase
and a combination of water and methanol-based eluents, both
buffered with 2 mM ammonium formate and 0.016% (v/v)
formic acid as the mobile phase.
Ammonium and total nitrogen concentrations were
measured using Hach Lange colorimetric kits (LCK 303,
305, 338 and 138) and a spectrophotometer (Hach Lange DR
3900). Nitrate was measured using ion chromatography,
following the method described in a study by Saha et al.19
Dissolved oxygen concentrations were measured by placing
oxygen sensors (Spot SP-PSt3, PreSens) inside the filters and
reading the concentrations with an oxygen meter (Fibox 4).

3. RESULTS AND DISCUSSION
3.1. Pyrazole Degrading Biomass. We enriched pyrazole
degrading biomass using anthracite and sand from filters of a
drinking water plant. Pyrazole degradation in these batches was
observed approximately 10 days after inoculation, both with
and without biofilm carriers (attached growth and suspended
growth, respectively, Figure 1a). The first-generation batches
were used to inoculate new ones (second-generation batches),
which started degrading pyrazole after approximately 16 days
(Figure 1b). This lag phase is likely due to a low amount of
biomass transferred. No pyrazole removal was observed in the
batches without inoculum, and less than 5% removal was
observed in the inhibited batches (containing sodium azide).
The first-generation batches were prepared with fresh
anthracite samples collected at two different moments 6
months apart and a third time with the later sample after
C
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batches with nitrate and without additional nitrogen sources.
Our data suggest that addition of nitrogen sources does not
increase pyrazole biodegradation rates at the pyrazole
concentrations tested. The different nitrogen concentrations
available in the medium with ammonium and in the medium
with nitrate do not allow to conclude whether nitrate is a
preferred nitrogen source to ammonium.
We assessed whether pyrazole was mineralized, by
quantifying pyrazole removal and a nitrogen mass balance.
We observed an increase in ammonium concentration while
pyrazole was removed in the batches with nitrate or no
additional nitrogen source (Figure 3). However, the amount of

Figure 1. Pyrazole concentration in batches containing anthracite
from anthracite and sand filters. (a) First generation and (b) second
generation. Inhibited batches contained 500 mg/L sodium azide.
Duplicates are plotted individually, and lines connect the mean value
of the duplicates in each time point.

approx. 1 year of storage at 4 °C. Similar removal rates were
obtained for all first-generation batches. These results indicate
that biomass in drinking water treatment plants harbors
enzymes capable of degrading pyrazole. In our experiments, no
additional carbon sources other than pyrazole were used in the
batches, and the pyrazole degradation capacity was maintained
with subsequent transfers for 3 years. Therefore, we conclude
that pyrazole can be the sole carbon source for biomass growth
when dosed at mg/L levels. At realistic concentrations in
which micropollutants occur, micropollutants might not
function as the carbon source. However, dissolved organic
matter present in surface water might be suitable to sustain
growth of micropollutant degrading biomass.
3.2. Nitrogen Sources for Pyrazole Degradation. We
tested whether additional nitrogen sources are required for
pyrazole biodegradation. Pyrazole was degraded in all batches
without an additional nitrogen source, as well as in batches
containing ammonium or nitrate (Figure 2). This confirms that

Figure 3. Total nitrogen (TN) concentration and nitrogen content in
pyrazole, ammonium and nitrate during pyrazole biodegradation.
Pyrazole degrading biomass was grown with different nitrogen
sources. (a) Ammonium, (b) nitrate, and (c) no additional nitrogen
sources.

ammonium-N produced was less than the amount of pyrazoleN consumed. Overall, we observed a decreasing trend in the
total nitrogen concentration during pyrazole removal.
Total nitrogen was measured on day 37. The total nitrogen
concentration was higher than the sum of the nitrogen content
in ammonium, nitrate, and pyrazole on the same day (Figure
3), indicating that pyrazole was not fully mineralized, that is,
organic nitrogenated transformation products of pyrazole
remained in the batches. However, the total nitrogen
concentration on day 37 was lower than the initial nitrogen
concentration (as the sum of pyrazole-N, ammonium-N, and
nitrate-N on day 0). We also quantified total nitrogen on the
biofilm carriers and concluded that biomass growth was not
enough to account for the missing nitrogen. These results
indicate that part of these nitrogenated products could not be
quantified with the total nitrogen method used (LCK 138).
We verified that the same method does not detect the nitrogen
present in the pyrazole ring. Therefore, we conclude that part
of the organic nitrogenated transformation products contain an
intact pyrazole ring. Identifying and quantifying pyrazole
transformation products with mass spectrometry are particularly challenging due to the small molecular size of pyrazole
and therefore not feasible for our experiments. Similarly,
previous studies investigating pyrazole removal with ozone
observed no mineralization but could not identify the
transformation products either.20
3.3. Pyrazole Adsorption and Biodegradation in
Activated Carbon Filters. Pyrazole adsorption capacity
and kinetics were assessed in batch experiments. The

Figure 2. Pyrazole removal in batches with different nitrogen sources.
(a) Fresh batch and (b) after storage at 4 °C. Duplicates are plotted
individually, and lines connect the mean value of the duplicates in
each time point.

pyrazole degradation does not require an additional nitrogen
source, at least when pyrazole is present at an initial
concentration of approx. 6.8 mg/L (2.8 mg-N/L). How the
different nitrogen sources influence pyrazole biodegradation
rates is not clear. In the first 20 days of the experiment, the
biodegradation rate was faster in the batches containing
ammonium. It is likely that this was a consequence of a shorter
lag phase in these batches, given that the inoculum was also
grown in medium containing ammonium and therefore was
adapted to this medium composition. After the second
pyrazole spike, the degradation rates were higher in the
D
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we expect that pyrazole biodegradation would not occur under
anoxic conditions.
To maintain oxic conditions in the filter, the setup and
influent composition were changed before running experiments BAC 2 and 3. Adaptations in the setup were made so
that the filter temperature could be reduced from 30 to 25 °C,
increasing oxygen solubility. Additionally, BAC 2 and 3 were
run at a shorter EBCT (15−18 min) to increase the oxygen
loading rate. Finally, ammonium was not present in the
influent in these experiments, reducing possible oxygen
consumption due to nitrification. This was possible since
batch experiments had shown that pyrazole could be degraded
without an additional nitrogen source (Figure 3c). These
modifications resulted in oxic conditions in the filter (>5 mg/L
dissolved oxygen).
BAC 2 was run as a GAC filter (without inoculation) until
full breakthrough was observed. The breakthrough curve in
each of the intermediate positions and in the effluent point
were calculated using the model considering only adsorption.
The model and experimental curves for both intermediate
positions matched well (Figure 5). The breakthrough in the

Freundlich equation was fit to the isotherm data to calculate
isotherm coefficients (Figure S1a). A surface diffusion model
was fit to the kinetic data to calculate an intraparticle diffusion
coefficient (Figure S1b). These coefficients were used as input
parameters to calculate the breakthrough curves of pyrazole in
laboratory-scale filters using the homogeneous surface diffusion
model.17 The breakthrough curve calculated using each of the
three sets of Freundlich coefficients from experimental
isotherms either overestimated or underestimated the experimental breakthrough curve. We then run the model using
several sets of Freundlich coefficients within the range of the
experimentally obtained ones and selected the set of
coefficients that described all filter data the best. This selected
set of coefficients were used to calculate adsorbent loadings
(mg pyrazole/g GAC) for each equilibrium concentration
measured in the isotherm experiment. This resulted in
adsorbent loadings comparable to the loadings calculated
using the average of the three sets of experimentally obtained
coefficients (less than 7% lower). Additionally, the isotherm
curve obtained with this approach still fits well with the
isotherm experimental data (Figure S1a).
Pyrazole breakthrough in the non-inoculated filter (GAC 1)
partially matched the breakthrough predicted by the model,
when adsorption was the only removal mechanism (Figure 4a).

Figure 5. Pyrazole concentrations in BAC 2. The filter was inoculated
with pyrazole degrading biomass after full breakthrough (∼4000
BVs). Data points represent experimental data, and dashed line
represents results from adsorption and biodegradation models. Model
input values are given in Tables S4 and S5. Throughput in
intermediate sampling points (A and B) was also calculated based
on the total bed volume.

Figure 4. Pyrazole breakthrough curves in (a) non-inoculated filter
(GAC 1, pyrazole influent concentration 3.4 mg/L and EBCT 18
min) and (b) inoculated filter (BAC 1, pyrazole influent
concentration 1.6 mg/L and EBCT 30 min) where no biodegradation
took place. A complete description of the model input values is given
in Tables S4 and S5. Throughput in intermediate sampling points (A
and B) was also calculated based on the total bed volume.

effluent positions did not match the model due to unexpected
high concentrations at the effluent. Nevertheless, the match
between the calculated and the measured breakthrough in the
other positions (A and B) and the high concentrations in the
effluent confirm that adsorption was the only removal process
taking place in the filter until inoculation. After full
breakthrough (∼4000 BVs), we inoculated BAC 2 with
pyrazole degrading biomass. Shortly after inoculation, pyrazole
concentrations started to decrease in all sampling points
(Figure 5), indicating that pyrazole biodegradation started
immediately, and the degradation rates were high enough to
reduce pyrazole concentrations to values below 10 μg/L within
less than 2000 BVs. The decreasing pyrazole concentrations
after inoculation could be well represented by the model when
biodegradation was also taken into account, using the input
values presented in Tables S4 and S5. The input values for
biomass yield and half-velocity constant used to fit the
experimental data were comparable to those reported in the
literature, whereas the decay rate and maximum substrate
utilization rate were lower than those reported in the
literature.21,22

Up to 50−75% breakthrough, the experimental curve is well
represented by the model in both intermediate positions in the
filters (A and B) and the effluent. After 50−75% breakthrough,
pyrazole concentrations in the experiment increase at a lower
rate than predicted by our model and stabilized at lower levels
than the average influent concentration in positions A and B.
This could be the result of lower diffusion rates due to
accumulation of organic matter and/or biomass in the filter.
Alternatively, these results could also be a consequence of
pyrazole biodegradation by biomass spontaneously grown in
the filter. Since it was not possible to distinguish adsorption
from biodegradation in our setup, the reason for the
unexpected result could not be elucidated.
Pyrazole removal in BAC 1 also matched the removal
predicted by the model when adsorption was the only removal
mechanism (Figure 4b), even though this filter had been
inoculated with pyrazole degrading biomass. The lack of
pyrazole biodegradation was likely a consequence of anoxic
conditions that prevailed in the filter. Since the pyrazole
degrading enrichments were cultivated under oxic conditions,
E
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BAC 3 was inoculated with pyrazole degrading biomass and
ran with influent without pyrazole for approximately 30 days
(2500 BVs). After this period, the filter was fed with influent
containing pyrazole at an average concentration of 1.3 mg/L.
We observed an initial period during which pyrazole
concentrations increased gradually in the intermediate
positions of the column and in the effluent, reaching the
same levels as the influent (Figure 6). During this period,

Article

predicts a later breakthrough than observed in the experiment,
indicating that the biodegradation rates were overestimated by
the model during the initial phase, when adsorption was the
predominant removal process. The poor fitting can be
explained both by the choice of values for input parameters
related to biodegradation, as well as by the differences in the
experimental setup between BAC 2 and BAC 3. We conducted
a sensitivity analysis to assess the influence of each
biodegradation-related parameter to the model output. We
observed that when each of these parameters are adjusted to
result in lower biodegradation rates, we obtain a better fitting
in the adsorption dominated phase but a worse fitting in the
biodegradation dominated phase (Figure S3). Since the goal of
the present study was to assess micropollutant removal in
bioaugmented-activated carbon filters, we did not investigate
further how the model could be changed to improve the fitting
to the experimental data. One possible option could be to
include mass transfer in the biofilm, similar to the approach
followed in other studies modeling BAC filters.22,23 In these
models, the biodegradation rate is a function of three variables:
time, position in the column, and depth in the biofilm. In our
approach, we modeled biodegradation as a function of time
and position in the filter only and not as function of depth in
the biofilm. We chose this approach to avoid introducing
additional unknown parameters to the model that could
neither be calculated nor determined experimentally (biofilm
thickness and density and pyrazole diffusivity in the biofilm).
Developing complete adsorption and biodegradation models of
activated carbon filters requires a better understanding of the
biofilm properties with regard to transport of micropollutants.
In our experiments, relatively high pyrazole concentrations
were used (mg/L range). These concentrations were chosen
not only due to the challenges associated to measuring mobile
polar compounds at low concentrations but also to allow the
enrichment of pyrazole degrading biomass and saturation of a
filter filled with virgin GAC in an acceptable time frame. At
environmentally relevant pyrazole concentrations (μg/L
range), additional challenges will arise related to (1) the
need of additional carbon sources to support biomass growth,
(2) the maintenance of bioaugmented biomass in the system,
and (3) lower biodegradation rates.24 Regarding the first
challenge, the role of natural organic matter present in surface
and groundwater in supporting cometabolic biodegradation of
micropollutants still needs to be elucidated.25,26 Regarding the
second and third challenges, GAC is a promising material to
support solving both of them, given it is an excellent biofilm
carrier and it creates high concentration spots that might help
overcome the mass-transfer limitations of substrate transport at
low concentrations.27 Higher degradation rates for some
micropollutants have been observed in GAC filters compared
to other filter media,28 illustrating the potential of adsorption
to compensate for the lower degradation rates that are
expected in environmentally relevant micropollutant concentrations. However, Betsholtz et al. also report that other
micropollutants (e.g., MCPP) are less biodegraded in GAC in
comparison to sand filters; hence, the role of micropollutant
adsorption on their biodegradation rates is not yet clear.28
Measuring micropollutant degradation rates in the presence of
activated carbon is challenging not only due to the difficulties
of measuring the biomass concentration on GAC but mainly
due to the limited methods to distinguish adsorption and
biodegradation when these two removal processes occur
simultaneously. Strategies involving the use of isotope-labeled

Figure 6. Pyrazole concentrations in BAC 3. The filter was inoculated
with pyrazole degrading biomass 30 days before being fed with
pyrazole. Throughput 0 stands for the moment when pyrazole was
introduced to the filter influent. Data points represent the
experimental data, dashed line represents results from adsorption
and biodegradation models. Model input values are given in Tables S4
and S5. Throughput in intermediate sampling points (A and B) was
also calculated based on the total bed volume.

adsorption was the predominant removal process, and removal
efficiency decreased with time. After approx. 30 days (2500
BVs), pyrazole concentrations started to decline in all points,
indicating an increase in pyrazole removal due to biodegradation.
Interestingly, pyrazole degrading biomass had been inoculated 30 days before pyrazole was added to the influent and
yet, pyrazole was degraded in this filter. The lack of significant
pyrazole biodegradation in the other experiments without or
before inoculation strongly suggests that pyrazole degradation
in BAC 3 was indeed performed by the inoculum, rather than
by the biomass spontaneously grown in the filter. We
confirmed that the pyrazole removal after 4000 BVs was due
to biodegradation, by backwashing the filter and using the
backwash liquid to inoculate batches spiked with pyrazole.
More than 90% pyrazole removal was observed in the batches
within 2−6 days after inoculation (Figure S2).
The pyrazole concentrations calculated by the adsorption
and biodegradation model matched the trend of an initial
increase, followed by a decrease in the pyrazole concentration
after approximately 2500 BVs (Figure 6). These modeled
results were calculated when using the same biodegradationrelated parameters as for BAC 2 and a lower initial biomass
concentration (determined by fitting the model to experimental data) as we assumed that part of the biomass in the
inoculum would have washed out in the 30 days without
pyrazole or any other carbon sources in the influent. The
biomass concentration that resulted in the best fitting was 20
times lower than the value used to represent BAC 2.
The match between experimental and modeled data is better
for BAC 2 than that for BAC 3. This was expected since the
biodegradation-related parameters were estimated by fitting
the experimental results from BAC 2. For BAC 3, the model
F
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substrates are promising to fill this knowledge gap.28 This will
allow assessing the potential of using activated carbon to
increase micropollutant biodegradation at trace concentrations
and extending the lifetime of GAC filters.
3.3.1. Starvation Experiment. After the onset of pyrazole
degradation, we tested whether the degradation capacity could
be maintained if the filter was temporarily not fed with
pyrazole, to simulate the fluctuation of micropollutant
concentrations in surface water. We operated two filters
loaded with pyrazole and containing pyrazole degrading
biomass with influent without pyrazole for 30 days. After this
period, the operation resumed to original pyrazole concentrations. When pyrazole was reintroduced to the influent,
concentrations in the effluent and intermediate layers remained
below 10 μg/L (Figure S4), indicating that the biodegradation
capacity was maintained despite the temporary lack of pyrazole
in the influent. These results could indicate that pyrazole
desorption from the GAC was beneficial to maintain an active
biomass despite the absence of pyrazole in the influent, as
shown in previous research.29,30 Herzberg et al.31 demonstrated that when substrate-free influent was fed to a
biologically active GAC filter, active biomass was more
concentrated in the deepest layers of the biofilm, indicating
that desorption was supplying the substrate and maintaining an
active biofilm. However, results from BAC 3 also show that
pyrazole degrading biomass was partially retained in the filter
despite the full absence of pyrazole. In that case, an initial
period of increasing pyrazole concentrations was observed,
which did not occur in the starvation experiment. This
difference might be due to the desorption of pyrazole in the
starvation experiment or to the different biomass concentrations in both experiments at the moment pyrazole was
(re)introduced with the influent.

Equations used in the adsorption and biodegradation
models, additional figures and tables cited in the text
(PDF)
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4. CONCLUSIONS
Drinking water treatment plants harbor a diverse microbial
community potentially capable of degrading micropollutants
present in drinking water sources. We enriched pyrazole
degrading biomass from samples from a drinking water
treatment plant, and this biomass could use pyrazole as the
sole carbon source, although organic transformation products
could not be identified. Pyrazole degradation was successfully
transferred to laboratory-scale GAC filters, and pyrazole
concentrations in the effluent calculated with an adsorption
and biodegradation model matched well with the experimental
data. Achieving a combination of adsorption and biodegradation in GAC filters is essential to sustain high removals in the
long term. These filters have significant advantages compared
to filters with non-adsorbing media since the desorption of
previously adsorbed micropollutants contributes to keeping
biodegradation capacity when influent concentrations reduce.
To develop complete models to represent GAC filters where
adsorption and biodegradation take place, future research
should focus on characterizing the biofilm properties in
relation to transport of micropollutants.
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