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a b s t r a c t

Adsorption onto granular activated carbon (GAC) is an established technology in water and advanced
wastewater treatment for the removal of organic substances from the liquid phase. Besides adsorption,
the removal of particulate matter by filtration and biodegradation of organic substances in GAC con-
tactors has frequently been reported. The application of GAC as both adsorbent for organic micro-
pollutant (OMP) removal and filter medium for solids retention in tertiary wastewater filtration
represents an energy- and space saving option, but has rarely been considered because high dissolved
organic carbon (DOC) and suspended solids concentrations in the influent of the GAC adsorber put a
significant burden on this integrated treatment step and might result in frequent backwashing and
unsatisfactory filtration efficiency. This pilot-scale study investigates the combination of GAC adsorption
and deep-bed filtration with coagulation as a single advanced treatment step for simultaneous removal
of OMPs and phosphorus from secondary effluent. GAC was assessed as upper filter layer in dual-media
downflow filtration and as mono-media upflow filter with regard to filtration performance and OMP
removal. Both filtration concepts effectively removed suspended solids and phosphorus, achieving
effluent concentrations of 0.1 mg/L TP and 1 mg/L TSS, respectively. Analysis of grain size distribution and
head loss within the filter bed showed that considerable head loss occurred in the topmost filter layer in
downflow filtration, indicating that most particles do not penetrate deeply into the filter bed. Upflow
filtration exhibited substantially lower head loss and effective utilization of the whole filter bed. Well-
adsorbing OMPs (e.g. benzotriazole, carbamazepine) were removed by >80% up to throughputs of
8000e10,000 bed volumes (BV), whereas weakly to medium adsorbing OMPs (e.g. primidone, sulfa-
methoxazole) showed removals <80% at <5,000 BV. In addition, breakthrough behavior was also
determined for gabapentin, an anticonvulsant drug recently detected in drinking water resources for
which suitable removal technologies are still largely unknown. Gabapentin showed poor adsorptive
removal, resulting in rapid concentration increases. Whereas previous studies classified gabapentin as
not readily biodegradable, sustained removal was observed after prolonged operation and points at
biological elimination of gabapentin within the GAC filter. The application of GAC as filter medium was
compared to direct addition of powdered activated carbon (PAC) to deep-bed filtration as a direct process
alternative. Both options yielded comparable OMP removals for most compounds at similar carbon usage
rates, but GAC achieved considerably higher removals for biodegradable OMPs. Based on the results, the
application of GAC in combination with coagulation/filtration represents a promising alternative to
powdered activated carbon and ozone for advanced wastewater treatment.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The occurrence of personal care products, pharmaceuticals and
industrial chemicals in freshwater sources is closely monitored
worldwide (Luo et al., 2014; Nam et al., 2014; Putschew et al.,
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Table 1
Characteristics of the secondary effluent used as influent to the GAC pilot filters.

Parameter Median (25the75th percentile),
n ¼ number of measurements

DOC [mg/L] 11.4 (10.6e12.5), n ¼ 80
UVA254 [1/m] 24.8 (23.6e25.6), n ¼ 80
Total phosphorus [mg/L] 0.54 (0.49e0.62), n ¼ 47
Ammonium [mg N/L] 0.07 (0.05e0.22), n ¼ 54
Nitrate [mg N/L] 11.9 (10.9e12.8), n ¼ 54
Total suspended solids [mg/L] 2.6 (2.3e2.9), n ¼ 45
Dissolved oxygen [mg/L] 6.8 (5.5e8.9), n ¼ 78
Temperature [�C] 15.0 (13.6e15.8), n ¼ 78
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2000). While the impacts of these organic micropollutants (OMPs)
on the environment and humans are still not clear to date (Pomati
et al., 2006; Vasquez et al., 2014), precautionary measures to avoid
potential negative ecological effects by OMPs are currently being
discussed (Eggen et al., 2014). As regulating the admission of
relevant substances to the market appears unrealistic in the near
future, an end-of-pipe approach utilizing technical measures is
seen as a possible solution. Upgrading conventional wastewater
treatment plants (WWTPs), which currently do not represent an
effective barrier for many OMPs (Loos et al., 2013; Michael et al.,
2013), can reduce OMP discharges into the aquatic environment.
Alternatively, advanced drinking water treatment can be used as a
final barrier to prevent OMP occurrence in finished drinking
waters.

Oxidation with ozone and adsorption onto activated carbon are
the most commonly used treatment options for OMP mitigation
(Kovalova et al., 2013; Margot et al., 2013). Powdered activated
carbon (PAC) is often seen as a viable alternative in advanced
wastewater treatment (B€ohler et al., 2012; L€owenberg et al., 2014),
whereas granular activated carbon (GAC) has long been applied as
adsorbent for treatment of drinking water with low to moderate
content of organic matter (dissolved organic carbon (DOC) con-
centrations of 1e5 mg/L) and very low particle concentrations
(Kennedy et al., 2015; Paune et al., 1998) or as biological activated
carbon for advanced wastewater treatment (Reungoat et al., 2011).
However, the dual use of GAC as both adsorbent and filter medium
for solids retention in advanced wastewater treatment is a novel
concept and has not been investigated sufficiently to date. While
GAC has previously been applied for adsorptive removal of OMPs
from wastewater (Ho et al., 2011), high DOC concentrations are
usually seen as unfavorable for adsorption onto GAC because of
long-term carbon fouling reducing the adsorption capacity and
leading to accelerated breakthrough (Wang and Alben, 1998).

The integration of GAC adsorption into coagulation/filtration
represents an energy- and space saving alternative to more com-
plex treatment options, but it is generally assumed that high sus-
pended solids concentrations result in unsatisfactory filtration
efficiency and negatively impact OMP adsorption. Furthermore,
OMP removal and effective solids retention combine partially
conflicting requirements with regard to GAC grain size. On the one
hand, adsorption kinetics improve with decreasing GAC grain size
(Corwin and Summers, 2010). However, utilizing fine GAC fractions
as filter medium may increase head losses and lead to short back-
wash intervals or blocking of the filter. In a study employing
comparably coarse-grained GAC as top layer in dual-media filtra-
tion, Meinel et al. (2015) observed good particle retention but poor
OMP adsorption. Similarly, Benst€om et al. (2014) tested different
GAC grain sizes at large-scale and experienced either rapid OMP
breakthrough (coarse-grained GAC) or short backwash intervals
due to increasing head loss (fine-grained GAC). Therefore, those
studies call the applicability of GAC for advanced wastewater
treatment into question because high OMP removals and effective
particle retention might not be met simultaneously.

As an alternative to common dual-media filtration, upflow
filtration utilizing GAC as mono-media has been tested in tertiary
wastewater without coagulation (Nahrstedt et al., 2014). It is
assumed that this process scheme leads to better depth utilization
of the filter bed with regard to particle retention.

This study investigates the integration of GAC adsorption into
deep-bed filtration for the combined removal of phosphorus and
OMPs. Pilot-scale testing included GAC as upper filter layer in dual-
media filtration and as mono-media upflow filter. The objectives
were to 1) assess the feasibility of utilizing GAC in deep-bed
filtration and its impacts on particle retention, head loss and
phosphorus removal, 2) determine the breakthrough behavior of 15
relevant OMPs in wastewater with a high organic matter content
and 3) evaluate the OMP removal efficiency using GAC for advanced
wastewater treatment in comparisonwith direct PAC addition as an
alternative treatment option.
2. Materials and methods

2.1. Pilot GAC filter

The GAC pilot study was conducted at the municipal wastewater
treatment plant Muenchehofe (Berlin, Germany) over a consecutive
period of ten months. The WWTP treats up to 42,500 m3/d by
primary sedimentation, biological activated sludge treatment with
chemical precipitation and secondary clarification. Characteristics
of the secondary effluent during the experimental period are given
in Table 1. The pilot plant consists of two identical filter columns,
each with a diameter of 0.15 m and a height of 4 m. One filter is
operated as dual-media downflow filter, whereas the other filter
uses only GAC as filter material and is fed in upflow direction. GAC
Epibon A 8 � 30 mesh was supplied by Donau Carbon, Germany.
Upon filling the filter columns, the GAC was wetted for two days
and backwashed several times to remove undersized particles. The
dual-media filter uses 1.4 m GAC and 0.6 m quartz sand
(0.7e1.1 mm) as filter material. The GAC bed in the upflow filter
initially had a height of 2.0 m, but decreased to 1.9 m during
operation, possibly due to slight material discharges during
improper backwash. The filter bottom of the upflow filter is
designed as a perforated plate with openings of 2.6 mm in diameter
for uniform distribution of the influent water. Gravel (3.0e5.6 mm)
is used as supporting material to prevent the GAC particles from
entering the perforated plate. The downflow filter is equipped with
a filter nozzle as underdrain system to collect the filtrate and
distribute backwash water.

The flow scheme of both filters is given in Fig. 1. The filters are
fed with secondary effluent at a constant filtration rate of 6 m/h,
corresponding to a flow rate of 105 L/h. The resulting GAC empty
bed contact time (EBCT) is 19min in themono-media and 14min in
the dual-media filter, respectively. The downflow filter operates by
gravity after initial lifting of the influent, whereas a peristaltic
pump is used to operate the upflow filter. Ferric chloride is added to
the influents of both filters by inline dosing into a static mixer at
doses of 4e5 mg/L Fe. The coagulant dose was chosen to achieve a
ratio of 4e5 mol Fe/mol reactive phosphorus, which has shown to
effectively remove phosphorus by inline-coagulation (Altmann
et al., 2015, Sperlich et al., 2012). Following coagulant addition, a
flocculation tank (downflow filter) and a tube flocculator (upflow
filter) with a hydraulic retention time (HRT) of 6 min each serve to
promote floc growth. The filters are backwashed manually after
23 h of operation by air scouring and water flushing with tap water.
The backwash procedures were optimized separately for each filter
to achieve optimum bed fluidization and are listed in Table S1 in the



Fig. 1. Flow scheme of the pilot plant with dual-media downflow and mono-media
upflow GAC filtration.
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supporting information. The backwash intervals were chosen based
on previous results, which indicated that solids breakthrough
might be expected with longer filtration intervals and also for
practical reasons. Influent and effluent samples were collected as
22 h composite samples for chemical analysis. The first 1 h of
filtration was not sampled to exclude residual backwash water. In
large-scale operation, backwashing is typically performed with
filtrate, which was not feasible in the pilot testing and tap water
was used instead. Additionally, corresponding grab samples of the
influent and both effluents were taken at the end of each filter run
for suspended solids determination.

Sampling points along the filter bed are connected to vertical
transparent pipes, which are open to the atmosphere at the top. As
the fluid level in each pipe corresponds to the pressure in the
respective filter layer, this method can be used to determine the
head loss in the filter bed. The sampling points are equipped with
three-way valves to disconnect and empty out the pipes after each
measurement.

At the end of the experimental period, the bed material of both
pilot filters was completely removed in layers of 0.2e0.4 m thick-
ness in order to determine the GAC grain size distribution. The GAC
was dried at 105 �C and sieved manually using mesh seizes from
0.63 to 2.5 mm.
Fig. 2. GAC grain size distribution of (A) the downflow dual-media filter and (B) the
upflow filter after 10 months of operation. Bed height ¼ 0 refers to the bottom of the
GAC bed, corresponding to the top of the lower sand layer in the dual-media filter and
the bottom of the filter column in the mono-media filter.
2.2. Analytical methods

The samples were analyzed for total phosphorus (TP) using
Hach Lange cuvette tests and a Hach Lange photometer (DR 3800).
Concentrations of total suspended solids (TSS) were determined
gravimetrically after filtration of 2.5 L influent sample and up to
10 L effluent sample through glass fiber filters (0.3e1.0 mm,
MachereyeNagel, Germany). Quantification of dissolved parame-
ters was preceded by sample filtration using 0.45 mm membrane
filters (regenerated cellulose, MachereyeNagel, Germany). Dis-
solved organic carbon (DOC) concentrations were measured with a
Vario TOC cube (Elementar Analysensysteme, Germany). UV
absorbance at 254 nm (UVA254) was determined on a Lambda 12
UVeVIS photometer (Perkin Elmer, Germany).

OMP concentrations were quantified by direct injection of 25 mL
sample into a HPLC-MS/MS system. For separation, a XSelect HSS T3
column (2.5 mm, 50 � 2.1 mm, Waters, USA) was used and a linear
gradient was applied with (A) water with 5% methanol (HPLC
gradient grade, J.T. Baker) and 0.5% formic acid (HPLC grade, Fluka)
and (B) methanol as eluents. MS analysis was performedwith a TSQ
Vantage (Thermo Scientific, USA). Mass fragments were chosen
according to the DAIOS database and deuterated internal standards
were used for quantification (DAIOS, 2014). A group of 15 OMPswas
selected for analysis because of their permanent occurrence in
Berlin wastewater effluents, their relevance as priority or indicator
substances and due to their varying adsorbabilities onto activated
carbon. An overview of the OMPs that were quantified, their typical
areas of application, method reporting limits, molecular mass, log D
values and pilot influent concentrations are given in SI2.
3. Results and discussion

3.1. GAC as filter material in deep-bed filtration

3.1.1. Grain size distribution
Deep-bed filters are backwashed periodically to remove

retained particles. As a result, the filter grains are stratified ac-
cording to their density and size. Assuming a constant material
density within a filter layer (e.g. the GAC layer), the smallest grains
accumulate near the top of the bed whereas larger grains collect
mostly near the bottom. Fig. 2 presents the grain size distributions
of the GACmaterial in six layers of the (A) downflow and (B) upflow
filter, respectively, and the calculated overall distribution in each
filter column. Additionally, the size distribution of the fresh GAC
material is also given. The fine-grained GAC fraction (dp < 1 mm)



J. Altmann et al. / Water Research 92 (2016) 131e139134
constitutes approx. 21 mass-% of the overall raw material, but ac-
counts for ~40% in the top GAC layer of the dual-media filter and
~65% in the upflow filter. At the same time, the top filter layers
contain only 1% of coarse-grained GAC (2e2.5 mm), respectively,
compared to 8% in the raw material. Accordingly, the share of
coarse material is highest in the lowest GAC layer of each filter,
whereas GAC grains <1 mm account for only 5%. Even though the
raw GAC contains about 3 mass-% of very fine material
(dp < 0.63 mm), the fraction could only be quantified to a
comparatively small degree in each top filter layer. Thus, the very
fine-grained GAC particles are probably flushed out during frequent
backwashing. This could be more relevant in the dual-media filter,
as the overall share of grains with dp ¼ 0.63e1.0 mm in the used
material is smaller than in the raw GAC. Apart from that, abrasion of
coarse grains does not appear to be of major relevance, as the fresh
raw material shows a similar overall composition as the GAC in
both filter columns after 10 months of operation.

3.1.2. Head loss
Determination of the head loss at multiple sections within the

filter bed provides information about the local distribution of
retained particles. Fig. 3 shows head loss profiles for (A) the dual-
media downflow filter and (B) the upflow filter at filter runtimes
of 0, 4 and 22 h after backwash. The profiles were taken after
~22,000 bed volumes (BV) treated in the downflow filter and
~18,000 BV in the upflow filter. At the beginning of filtration, the
clean bed head loss increases steadily with increasing filter depth
for both filters. Increasing filter runtime leads to increased head
loss due to particle attachment. In dual-media filtration utilizing
GAC as upper filter medium, the head loss occurs mainly in the
topmost filter layer, indicating that most particles are retained by
the comparably fine GAC grains and do not penetrate deeply into
the bed. The considerable head loss in a thin layer can lead to filter
blocking, which occurred towards the end of some filter runs. The
lower filter medium in a dual-media filter typically serves the
purpose of retaining finer particles that are not removed in the
coarse filter medium. As shown above, the GAC grains at the top of
the filter bed have a similar or smaller diameter as the quartz sand
(dp ¼ 0.7e1.1 mm). As a result, the head loss increases only
marginally at the interface of the GAC and sand layers, suggesting
that the sand layer is not used effectively. Coarser GAC material
could be suitable to improve depth filtration in dual-media GAC
filtration.

The key benefit of upflow filtration with regard to optimum
filter depth utilization is based on the fact that the flow direction
matches the stratification of the filter material from coarse to fine
grains. Therefore, particles penetrate deeper into the filter bed, as
evidenced by a steady increase in head loss with increasing bed
Fig. 3. Head loss profiles in the filter bed of (A) the d
depth (Fig. 3B). While the head loss still increases the most in the
lowest filter layer, the results indicate that particle retention also
occurs in deeper filter layers. The first 30 cm of the filter bed cause
about 75% of the total head loss in downflow filtration, whereas the
first layer induces only ~30% of the overall head loss in the upflow
filter. A comparison of relative head loss in both filter columns is
given in SI3.

Upflow filtration caused significantly lower head loss, resulting
in a median total head loss of 90 mbar after filtration intervals of
23 h, compared to 200 mbar in the dual-media filter. The improved
operation can be attributed to better depth utilization and the
absence of a sand layer in upflow filtration, which leads to
increased head loss due to decreasing void space. Additionally, the
operating mode of an upflow filter limits the maximum head loss.
Particle attachment leads to a decrease in bed porosity, increasing
the actual flow velocity in the filter bed (and thus the head loss). If
the flow velocity is sufficiently high, the filter medium gets fluid-
ized and attached particles are released to a certain extent, leading
to a decrease in flow velocity (and head loss) and settling of the
filter medium. In contrast, head loss in downflow gravity filtration
is limited by the height of the filter supernatant. As a result,
excessive head loss leads to filter blocking rather than particle
breakthrough.

3.1.3. TSS and phosphorus removal
Initial operation of the upflow filter yielded poor particle

retention, possibly due to insufficient floc formation or because of
floc destruction in the filter inlet. Therefore, the hydraulic condi-
tions in the feed piping were improved by increasing the cross-
sectional openings of the perforated plate used as filter bottom
and extending the HRT in the tube flocculator. As a result, both the
dual-media downflow filter and the GAC upflow filter achieve
effluent concentrations of 0.1e0.2 mg/L TSS in the filtrate, which is
distinctly below the treatment goal of 1 mg/L (Fig. 4A). While the
influent TSS concentrations of on average 2.6 mg/L are comparably
low, coagulation with 4e5 mg/L Fe leads to total solid concentra-
tions of 12e15 mg/L that need to be retained by the filters.

Efficient removal of phosphorus is not affected by employing
GAC as filter medium in dual-media filtration, achieving effluent TP
concentrations <0.1 mg/L TP (Fig. 4B). Similar removals are also
reached in upflow filtration, indicating effective floc formation in
the filter inlet and subsequent retention in the filter bed. Compa-
rable effluent concentrations of TSS and phosphorus have been
reported for conventional tertiary wastewater filtration utilizing
anthracite and sand as filter media (Sperlich et al., 2012) and for
dual-media filtration with GAC as top filter medium (Meinel et al.,
2015).

Median TSS and TP concentrations are slightly lower in dual-
ual-media downflow filter, (B) the upflow filter.



Fig. 4. Concentrations of (A) TSS and (B) TP in the influent and effluents of the tertiary GAC filters, composite samples of 22 h filter runs.

J. Altmann et al. / Water Research 92 (2016) 131e139 135
media filtration compared to mono-media upflow filtration. While
the differences are within the margin of error of both analytical
methods, filter breakthrough has been observed in some cases in
upflow filtration, leading to considerably higher effluent concen-
trations. As described above, excessive head loss in upflow filtration
may lead to filter bed expansion and detachment of particles,
whereas filter overloading in the downflow filter typically caused
filter blocking instead of particle breakthrough. Additionally, hy-
draulic conditions for floc formation are more favorable in down-
flow filtration because the gentle mixing conditions in the filter
supernatant assist floc growth. Meanwhile, flocs in the upflow filter
may be partially destroyed when passing the filter bottom due to
increased shear stress.
3.2. DOC and micropollutant removal

DOC breakthrough curves related to throughput in bed volumes
for both pilot filters are shown in Fig. 5. Immediate DOC break-
through is caused by partly non-adsorbable dissolved organic
matter (DOM) fractions and generally poor adsorption of DOM. The
DOC concentrations increase steadily and reach a relative break-
through of 50% at around 3,000 BV. Relative DOC concentrations
assume almost constant values at approx.10,000 BV, indicating that
the adsorption capacity for compounds determined as DOC is
largely exhausted. The sustained removal of about 20% DOC can be
attributed in part to precipitation due to coagulant addition. Pre-
vious trials at the same pilot plant under similar conditions ach-
ieved at maximum 10% DOC removal with coagulation/filtration
(Altmann et al., 2014). Therefore, it can be assumed that the GAC
filter layer also operates as an biological activated carbon (BAC)
system and supports additional 10% biological DOC degradation,
Fig. 5. Normalized DOC breakthrough in the pilot GAC filters.
which has also been reported in water purification and advanced
wastewater treatment applications (Reungoat et al., 2011; Simpson,
2008).

The breakthrough curves of benzotriazole, carbamazepine and
primidone as exemplary non-biodegradable OMPs are given in
Fig. 6. The breakthrough curves for all 15 OMPs related to
throughput and operating time in days, as well as influent and
effluent concentrations are shown in SI4. All OMPs are completely
retained at the beginning of GAC filtration. The normalized con-
centrations subsequently increase depending on the adsorbability
of each compound. Medium adsorbing primidone exhibits
Fig. 6. Breakthrough curves of OMPs benzotriazole, carbamazepine and primidone
related to normalized throughput.



Fig. 7. Breakthrough curves of degradable OMPs 4-formylaminoantipyrine, gabapentin
and iopromide related to operating time.
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complete breakthrough (c/c0 ¼ 1) after approx. 16,000 BV. Well-
adsorbing compounds, such as carbamazepine, are still removed
by around 40% after 25,000 BV, corresponding to 250 days of
operation. Very weakly adsorbing OMPs, such as acesulfame and
diatrizoic acid, experience complete breakthrough after <5,000 BV
(Figures S2, S4). Moreover, effluent concentrations of diatrizoic acid
and acesulfame increase to almost 1.5 times the influent concen-
tration, pointing at desorption of previously adsorbed substances.
This might be caused by competition with well-adsorbing com-
pounds leading to desorption after complete breakthrough or by
changes of the influent concentrations. Influent concentrations of
acesulfame decrease after around 50 days of operation, which
might result in the establishment of a lower adsorption equilibrium
loading on the GAC surface and may lead to desorption of adsorbed
acesulfame. However, influent and effluent concentrations of ace-
sulfame return to being similar during further operation despite
significant changes of the influent concentrations. This shows that
competition with other OMPs is a major factor in determining a
compounds breakthrough behavior instead of only the influent
concentration of the target OMP. Similarly, Corwin and Summers
(2011) showed that desorption after intermittent loading only oc-
curs at low levels and over a long period of time. Therefore, it is
assumed that displacement bywell-adsorbing OMPs after complete
breakthrough is the main cause for acesulfame desorption.
Conversely, relevant concentration increases of diatrizoic acid and
gabapentin in the influent result in higher equilibrium capacity,
allowing for increased OMP loadings onto the GAC surface and a
temporary decrease of relative effluent concentrations.

The effluent concentration of medium adsorbing sulfamethox-
azole (Figure S8) also exceeds the influent concentration after
complete breakthrough at approx. 8,000 BV, but subsequently re-
mains at c/c0 ¼ 1.5e2 during the entire experimental period. This
may be explained by the formation of sulfamethoxazole in the GAC
filter due to backtransformation of metabolites (Bonvin et al., 2012).
As influent concentrations of sulfamethoxazole decreased from
0.4 mg/L to 0.15 mg/L at the same time, desorption might also be
possible. In general, the breakthrough behavior of each OMP de-
pends on its chemical properties, such as hydrophobicity
(expressed by the octanolewater distribution coefficient log D),
aromaticity, molecular size, and on the competition with other
OMPs and organic matter. Substances with high log D values (high
hydrophobicity) and aromatic structures (e.g. carbamazepine and
diclofenac) typically adsorb better onto the activated carbon sur-
face than more hydrophilic compounds (e.g. sulfamethoxazole)
(Kovalova et al., 2013). Of the substances investigated, acesulfame
(log D ¼ �2.77), Iomeprol (�2.61) and diatrizoic acid (�2.53) have
the lowest log D values and also show poor adsorptive removal (log
D values are given in SI2). Conversely, carbamazepine (2.28),
methylbenzotriazole (1.74) and benzotriazole (1.50) have the
highest log D values and are well adsorbed.

Overall, both GAC filter columns show a similar throughput-
related breakthrough behavior with regard to most OMPs and the
DOC, indicating that the increase of EBCT from 14 min (dual-media
filter) to 19min (upflow filter) does not have a relevant influence on
adsorptive removal.

As indicated by DOC breakthrough behavior, an intensified
biological activity within the GAC filter bed can be assumed and is
supported by a dissolved oxygen depletion of ~6mg/L in both filters
(see SI5). As a result, biodegradable OMPs experienced significantly
delayed breakthrough. Fig. 7 shows the normalized concentrations
of 4-formylaminoantipyrine, gabapentin and iopromide related to
operating time. For those OMPs, the concentrations initially in-
creasewith operating time, with a faster increase in the dual-media
filter due to a higher normalized throughput (bed volumes per day)
compared to the upflow filter. Especially the weakly adsorbing
compound gabapentin shows a rapid concentration increasewithin
the first 100 days of operation, corresponding to almost complete
breakthrough at around 5,000 BV (see also Figure S5). The effluent
concentrations subsequently decrease simultaneously in both GAC
filter columns and achieve sustained gabapentin removals of at
least 40% (c/c0 ¼ 0.6). Similarly, the concentrations of medium
adsorbing compounds 4-formylaminoantipyrine and iopromide
increase only slowly over the entire experimental period, indicating
relevant concentration reductions due to biological transformation
in addition to adsorptive removal. Therefore, a significant and
sustainable removal of those OMPs can be expected even after
prolonged operation. Because operating time is the critical factor
for initiation of biological degradation, both GAC columns show
similar concentration profiles when related to operating time,
whereas OMPs that are primarily removed by adsorption are better
comparable at similar normalized throughputs (see Figures S2eS9).
Interestingly, the onset of gabapentin reduction coincides with a
comparably rapid increase of influent concentrations from 4 mg/L to
approx. 16 mg/L, indicating that a certain concentration might be
necessary for biological gabapentin degradation. Gabapentin has
recently been found in waste-, surface and drinking waters
(Kasprzyk-Hordern et al., 2009; Reungoat et al., 2010), but only few
data are available on its fate during advanced wastewater treat-
ment, indicating poor removal by ozonation and activated carbon
adsorption (Kovalova et al., 2013; Margot et al., 2013). Hermann
et al. (2015) assessed the biodegradability of gabapentin in a
closed bottle test and classified the substance as not readily
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biodegradable, whereas the results of this study clearly indicate
biotransformation of gabapentin, although factors affecting bio-
logical gabapentin removal still need to be investigated. Low tem-
peratures led to seasonally varying nitrification in the conventional
activated sludge treatment stage, resulting in occasional ammo-
nium peaks of up to 4 mg NH4eN/L in the filter influent beginning
after 150 days of operation. Influent nitrate concentrations varied
between 9 and 15 mg/L but showed no seasonal trend. Overall,
median influent ammonium concentrations were <0.1 mg NH4eN/
L during the experimental period (also shown in SI5). Recent
research suggests that nitrifying bacteria are relevant for the
biodegradation of certain OMPs (Rattier et al., 2014). However, the
data show no clear correlation with dissolved nitrogen concentra-
tions, although GAC breakthrough curves of gabapentin, 4-
fromylaminoantipyrine and iopromide indicate biodegradation of
these substances.

Fig. 8 shows the respective throughputs in the dual-media filter
at which each OMP reaches relative effluent concentrations of 20%
and 50%. Carbon usage rate is also given for comparison. Biological
degradation that resulted in meeting the removal goals at longer
operating times is not considered. Weakly to medium adsorbing
OMPs experience relative breakthrough of 20% after <5,000 BV,
which corresponds to operating times of <50 days. For weakly
adsorbing and non-biodegradable OMPs, the throughput until 50%
breakthrough does not increase significantly. Meanwhile, biodeg-
radation leads to relevant removal of valsartan, 4-
formylaminoantipyrine (4-FAA), iomeprol and iopromide before
reaching 50% breakthrough, resulting in considerable extensions of
operating times. As a result, the generally medium adsorbing X-ray
contrast media iomeprol and iopromide are removed by >50% even
after 25,000 BV (250 days of operation). Degradation of gabapentin
does not become relevant until after 50% breakthrough, leading to
very low throughput until breakthrough because of poor adsorptive
removal. Well-adsorbing OMPs bezafibrate, benzotriazole and car-
bamazepine reach 20% breakthrough at 8,000e10,000 BV and 50%
breakthrough at 12,000e15,000 BV, the latter corresponding to a
carbon usage rate of approx. 20 mg/L. The results can largely be
transferred to the mono-media upflow filter due to similar break-
through behavior for most OMPs.
Fig. 8. Throughput at 20% and 50% OMP breakthrough in the dual-media GAC filter.
Note that possible biological degradation resulting in meeting the removal goals at
longer operating times is not considered.
3.3. Comparison with direct PAC addition

Besides the option of utilizing GAC as filter medium in tertiary
filtration, direct addition of PAC to deep-bed filtration represents
another alternative for the combined removal of micropollutants
and phosphorus in a single advanced treatment stage. This process
has been recently evaluated at the same WWTP (Altmann et al.,
2015). Both studies were conducted during the same time period,
resulting in similar secondary effluent DOC and UVA254 values of
11.2 mg/L and 25.8 1/m in the PAC study compared to 11.4 mg/L and
24.8 1/m, respectively, in this study. Furthermore, the same acti-
vated carbon type was used in both cases. Therefore, the data allow
for a direct comparison of both treatment options with regard to
OMP removal efficiency. Fig. 9 compares the OMP removal in GAC
filtrationwith direct PAC addition at similar activated carbon usage
rates of 20 mg/L and 35 mg/L, corresponding to throughputs of
14,250 BV and 8,140 BV, respectively, in the GAC filter. In the
following section, carbon usage rate is used mutually for both ap-
plications and is synonymous to the activated carbon dose for PAC.

Generally, OMP removal is comparable in both activated carbon
applications at similar carbon usage rates. Well-adsorbing OMPs,
such as benzotriazole, diclofenac and carbamazepine are removed
to a high degree in both applications, whereas the removal of
weakly adsorbing compounds diatrizoic acid and acesulfame is
very limited in either case. Meanwhile, degradable OMPs, such as
valsartan, 4-formylaminoantipyrine and iopromide, show signifi-
cantly higher removals in GAC filtration compared to application of
PAC at carbon usage rates of 20 mg/L. This highlights the relevance
of biological degradation, which is more pronounced in the GAC
filter compared to dual-media filtration utilizing anthracite as top
filter layer. The effect is stronger at 20 mg/L compared to 35 mg/L
because the lower carbon usage rate corresponds to a higher
throughput in the GAC filter, enabling improved biological activity
with longer operating time. In the case of gabapentin, this results in
higher removal in GAC filtration at the lower carbon usage rate
because improved biodegradation outweighs the decline in
adsorptive removal.

As discussed above, removal of sulfamethoxazole was poor in
the GAC filter, which also stands out in comparison to the removal
with PAC. Again, this might be attributed to backtransformation or
desorption effects.

While the OMP removal is approx. constant with a certain PAC
dose, GAC filtration leads to gradual breakthrough of OMPs.
Therefore, the OMP removal is usually higher than the presented
values up until the considered carbon usage rate (throughput) in
the GAC filter. Still, comparing the data in this way seems reason-
able if certain removal goals need to be met. Exceeding those limits
will require replacing the GAC material in spite of better removals
during previous operating time. Typically, exhausted GAC is re-
generated instead of a complete renewal, with a makeup of ~10%
due to losses during thermal regeneration. Therefore, the actual
carbon consumption in a GAC application might be even lower. In
terms of PAC efficiency, it has to be noted that more complex PAC
applications, such as addition to a contact stage with PAC recycling,
typically achieve higher OMP removals than single stage PAC
application (Meinel et al., 2016). Further relevant aspects regarding
the application of PAC or GAC in advanced wastewater treatment
are the effects on the existing WWTP process, such as sludge
treatment. Whereas GAC is replaced after exhaustion and does not
affect the original treatment process, backwash water containing
loaded PAC is typically recirculated into the treatment process, ul-
timately leading to PAC particles in the excess sludge that needs to
be treated accordingly.

An additional advantage of GAC filtration is the possibility of
combining multiple filter units to achieve higher throughputs until



Fig. 9. Comparison of OMP removal in GAC filtration with direct PAC addition to deep-bed filtration at similar GAC carbon usage rates and PAC doses, respectively: (A) 20 mg/L PAC
related to 14,250 BV, (B) 35 mg/L PAC related to 8,140 BV, PAC results taken from Altmann et al. (2015). The experiments were conducted at the same wastewater treatment site.
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the GAC needs to be replaced. Because the OMP concentrations are
generally lower than the desired treatment objective up until the
time of breakthrough, it is possible to blend filter effluents
exceeding the concentration limits with effluents of filters with
lower concentrations, if the start of operation of the filters in par-
allel is adjusted accordingly. Additionally, it is also possible to
operate two or more filter columns in series, allowing for higher
exhaustion of the GAC in the first filter and thus increasing overall
GAC utilization. Based on the pilot test results, throughputs of up to
20 filters in parallel and two filters in series have been calculated
(methods and basic assumptions are described in SI6). Combination
of two filters in parallel increases filter runtime until 20% break-
through by around 30% for primidone and around 50% for carba-
mazepine compared to a single GAC filter (Table S3). The GAC
replacement intervals further increase with a higher number of
filter units operated in parallel and almost double with the use of
up to 20 filter units (see Figure S12). Operation of two beds in series
is suitable to prolong the runtime until replacement of GAC by
50e70%, depending on the OMP considered. Because large WWTPs
typically already require several filter units for treatment of large
water flows, the operation of multiple GAC filters in parallel does
not necessarily require more expenses. Meanwhile, operating two
or more filters in series necessitates additional filter units.

4. Conclusions

� Micropollutant removal by GAC adsorption can be integrated
into deep-bed filtration for advanced phosphorus removal.
Dual-media downflow filtration and mono-media GAC upflow
filtration in combination with inline coagulation are capable of
meeting treatment goals of 0.1 mg/L TP and 1 mg/L TSS.

� Frequent backwashing leads to stratification of GAC material
according to its grain size and density with small grains near the
top and large grains near the bottom of the filter column.
Therefore, retention of particles in the topmost filter layer may
lead to excessive head loss in downflow filtration and can cause
filter blocking. Meanwhile, upflow filtration leads to signifi-
cantly lower overall head loss and better depth utilization but is
more prone to particle breakthrough at longer backwash
intervals.

� OMP breakthrough behavior varies strongly depending on the
substance considered. Very weakly adsorbing OMPs acesulfame
and diatrizoic acid experience complete breakthrough after
<5,000 BV treated, whereas the influent concentrations of well-
adsorbing compounds, such as carbamazepine and benzo-
triazole, are still reduced by almost 40% at 25,000 BV. Biological
activity in the GAC filter bed leads to degradation of 4-
formylaminoantipyrine and iopromide, among others, result-
ing in lasting concentration decreases of those OMPs even after
prolonged operation. An increase in EBCT from 14 min to 19 min
did not show a relevant influence on breakthrough behavior of
most OMPs.

� Gabapentin, an anticonvulsant drug recently detected in
drinking water resources, shows poor adsorptive removal but
concentration decreases within the GAC filter indicate biological
degradation after prolonged operation. Previously, gabapentin
has been thought to be not biodegradable.

� At similar carbon usage rates, the application of GAC as filter
medium achieves similar OMP removals as direct addition of
PAC to deep-bed filtration. However, degradable OMPs show
significantly higher removals in GAC filtration compared to
application of PAC, emphasizing the relevance of GAC as filter
material to promote biological OMP reduction. Furthermore,
operation of multiple GAC filter units in parallel or in series can
extend the intervals for GAC replacement substantially without
worsening effluent quality.

Acknowledgment

The investigation was supported by the European Regional
Development Fund (EFRE, project number 11325UEPII/2) and by
the Berlin Senate Department for Urban Development and the
Environment. We thank Frederik Zietzschmann for developing the
HPLC-MS method and valuable discussions. We also thank Lukas
Massa and Fabian K€onig for their experimental work and Sigrid
Neideck and staff (Berliner Wasserbetriebe) for analytical work and
general support.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2016.01.051.

References

Altmann, J., Bruebach, H., Sperlich, A., Jekel, M., 2014. Removal of micropollutants

http://dx.doi.org/10.1016/j.watres.2016.01.051
http://dx.doi.org/10.1016/j.watres.2016.01.051
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref1


J. Altmann et al. / Water Research 92 (2016) 131e139 139
from treated domestic wastewater by addition of powdered activated carbon to
rapid filtration. Water Pract. Technol. 9 (3), 344e352.

Altmann, J., Sperlich, A., Jekel, M., 2015. Integrating organic micropollutant removal
into tertiary filtration: combining PAC adsorption with advanced phosphorus
removal. Water Res. 84, 58e65.

Benst€om, F., Stepkes, H., Rolfs, T., Montag, D., Pinnekamp, J., 2014. Untersuchung
einer bestehenden Filterstufe mit dem Einsatz von Aktivkohle zur Entfernung
organischer Restverschmutzung auf der Kl€aranlage Düren-Merken -
Abschlussbericht ((Application of activated carbon to an existing filtration stage
for organic pollutant removal at the WWTP Dueren-Merken - Final Report)).
http://www.lanuv.nrw.de/wasser/abwasser/forschung/pdf/20140131-
Abschlussbericht-WVER-GAK_end.pdf. accessed 27 May 2015.

B€ohler, M., Zwickenpflug, B., Hollender, J., Ternes, T., Joss, A., Siegrist, H., 2012.
Removal of micropollutants in municipal wastewater treatment plants by
powder-activated carbon. Water Sci. Technol. 66 (10), 2115e2121.

Bonvin, F., Omlin, J., Rutler, R., Schweizer, W.B., Alaimo, P.J., Strathmann, T.J.,
McNeill, K., Kohn, T., 2012. Direct photolysis of human metabolites of the
Antibiotic sulfamethoxazole: evidence for Abiotic back-transformation. Envi-
ron. Sci. Technol. 47 (13), 6746e6755.

Corwin, C.J., Summers, R.S., 2010. Scaling trace organic contaminant adsorption
capacity by granular activated carbon. Environ. Sci. Technol. 44 (14),
5403e5408.

Corwin, C.J., Summers, R.S., 2011. Adsorption and desorption of trace organic con-
taminants from granular activated carbon adsorbers after intermittent loading
and throughout backwash cycles. Water Res. 45 (2), 417e426.

DAIOS, 2014. Database Assisted Identification of Substances. www.DAIOS-online.de.
accessed 30.09.2014.

Eggen, R.I.L., Hollender, J., Joss, A., Sch€arer, M., Stamm, C., 2014. Reducing the
discharge of micropollutants in the aquatic environment: the benefits of
upgrading wastewater treatment plants. Environ. Sci. Technol. 48 (14),
7683e7689.

Herrmann, M., Menz, J., Olsson, O., Kümmerer, K., 2015. Identification of photo-
transformation products of the antiepileptic drug gabapentin: biodegradability
and initial assessment of toxicity. Water Res. 85, 11e21.

Ho, L., Grasset, C., Hoefel, D., Dixon, M.B., Leusch, F.D.L., Newcombe, G., Saint, C.P.,
Brookes, J.D., 2011. Assessing granular media filtration for the removal of
chemical contaminants from wastewater. Water Res. 45 (11), 3461e3472.

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of pharma-
ceuticals, personal care products, endocrine disruptors and illicit drugs during
wastewater treatment and its impact on the quality of receiving waters. Water
Res. 43 (2), 363e380.

Kennedy, A.M., Reinert, A.M., Knappe, D.R.U., Ferrer, I., Summers, R.S., 2015. Full-
and pilot-scale GAC adsorption of organic micropollutants. Water Res. 68 (0),
238e248.

Kovalova, L., Siegrist, H., von Gunten, U., Eugster, J., Hagenbuch, M., Wittmer, A.,
Moser, R., McArdell, C.S., 2013. Elimination of micropollutants during Post-
Treatment of hospital wastewater with powdered activated carbon, ozone,
and UV. Environ. Sci. Technol. 47 (14), 7899e7908.

Loos, R., Carvalho, R., Ant�onio, D.C., Comero, S., Locoro, G., Tavazzi, S., Paracchini, B.,
Ghiani, M., Lettieri, T., Blaha, L., Jarosova, B., Voorspoels, S., Servaes, K.,
Haglund, P., Fick, J., Lindberg, R.H., Schwesig, D., Gawlik, B.M., 2013. EU-wide
monitoring survey on emerging polar organic contaminants in wastewater
treatment plant effluents. Water Res. 47 (17), 6475e6487.

L€owenberg, J., Zenker, A., Baggenstos, M., Koch, G., Kazner, C., Wintgens, T., 2014.
Comparison of two PAC/UF processes for the removal of micropollutants from
wastewater treatment plant effluent: process performance and removal effi-
ciency. Water Res. 56 (0), 26e36.

Luo, Y., Guo, W., Ngo, H.H., Nghiem, L.D., Hai, F.I., Zhang, J., Liang, S., Wang, X.C.,
2014. A review on the occurrence of micropollutants in the aquatic environ-
ment and their fate and removal during wastewater treatment. Sci. Total En-
viron. 473e474 (0), 619e641.

Margot, J., Kienle, C., Magnet, A., Weil, M., Rossi, L., de Alencastro, L.F., Abegglen, C.,
Thonney, D., Ch�evre, N., Sch€arer, M., Barry, D.A., 2013. Treatment of micro-
pollutants in municipal wastewater: ozone or powdered activated carbon? Sci.
Total Environ. 461e462 (0), 480e498.

Meinel, F., Ruhl, A.S., Sperlich, A., Zietzschmann, F., Jekel, M., 2015. Pilot-scale
investigation of micropollutant removal with granular and powdered activated
carbon. Water Air Soil Pollut. 226 (1).

Meinel, F., Zietzschmann, F., Ruhl, A.S., Sperlich, A., Jekel, M., 2016. The benefits of
powdered activated carbon recirculation for micropollutant removal in
advanced wastewater treatment. Water Res. 91, 97e103.

Michael, I., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C.,
Fatta-Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the
release of antibiotics in the environment: a review. Water Res. 47 (3), 957e995.

Nahrstedt, A., Burbaum, H., Mauer, C., Alt, K., Sürder, T., Fritzsche, J., 2014. Einsatz
granulierter Aktivkohle auf dem Verbandskl€arwerk Obere Lutter (Application of
granular achtivated carbon at municipal WWTP Obere Lutter). Korresp.
Abwasser 61 (5), 408e426.

Nam, S.-W., Jo, B.-I., Yoon, Y., Zoh, K.-D., 2014. Occurrence and removal of selected
micropollutants in a water treatment plant. Chemosphere 95, 156e165.

Paune, F., Caixach, J., Espadaler, I., Om, J., Rivera, J., 1998. Assessment on the removal
of organic chemicals from raw and drinking water at a Llobregat river water
works plant using GAC. Water Res. 32 (11), 3313e3324.

Pomati, F., Castiglioni, S., Zuccato, E., Fanelli, R., Vigetti, D., Rossetti, C., Calamari, D.,
2006. Effects of a complex mixture of therapeutic drugs at environmental levels
on human embryonic cells. Environ. Sci. Technol. 40 (7), 2442e2447.

Putschew, A., Wischnack, S., Jekel, M., 2000. Occurrence of triiodinated X-ray
contrast agents in the aquatic environment. Sci. Total Environ. 255 (1e3),
129e134.

Rattier, M., Reungoat, J., Keller, J., Gernjak, W., 2014. Removal of micropollutants
during tertiary wastewater treatment by biofiltration: role of nitrifiers and
removal mechanisms. Water Res. 54, 89e99.

Reungoat, J., Escher, B.I., Macova, M., Keller, J., 2011. Biofiltration of wastewater
treatment plant effluent: effective removal of pharmaceuticals and personal
care products and reduction of toxicity. Water Res. 45 (9), 2751e2762.

Reungoat, J., Macova, M., Escher, B.I., Carswell, S., Mueller, J.F., Keller, J., 2010.
Removal of micropollutants and reduction of biological activity in a full scale
reclamation plant using ozonation and activated carbon filtration. Water Res. 44
(2), 625e637.

Simpson, D.R., 2008. Biofilm processes in biologically active carbon water purifi-
cation. Water Res. 42 (12), 2839e2848.

Sperlich, A., Geyer, P., Gnirss, R., Barjenbruch, M., 2012. In: Jekel, M. (Ed.), Pilot-scale
Coagulation/filtration of WWTP Effluent to Remove Phosphorus, Suspended
Solids and COD. IWA, Berlin, Germany.

Vasquez, M.I., Lambrianides, A., Schneider, M., Kümmerer, K., Fatta-Kassinos, D.,
2014. Environmental side effects of pharmaceutical cocktails: what we know
and what we should know. J. Hazard. Mater. 279 (0), 169e189.

Wang, G.-S., Alben, K.T., 1998. Effect of preadsorbed background organic matter on
granular activated carbon adsorption of atrazine. Sci. Total Environ. 224 (1e3),
221e226.

http://refhub.elsevier.com/S0043-1354(16)30050-1/sref1
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref1
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref1
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref2
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref2
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref2
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref2
http://www.lanuv.nrw.de/wasser/abwasser/forschung/pdf/20140131-Abschlussbericht-WVER-GAK_end.pdf
http://www.lanuv.nrw.de/wasser/abwasser/forschung/pdf/20140131-Abschlussbericht-WVER-GAK_end.pdf
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref4
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref4
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref4
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref4
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref4
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref5
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref5
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref5
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref5
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref5
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref6
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref6
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref6
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref6
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref7
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref7
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref7
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref7
http://www.DAIOS-online.de
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref9
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref10
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref10
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref10
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref10
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref11
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref11
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref11
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref11
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref12
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref12
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref12
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref12
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref12
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref13
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref13
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref13
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref13
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref14
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref14
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref14
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref14
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref14
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref15
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref16
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref17
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref18
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref19
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref19
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref19
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref20
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref20
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref20
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref20
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref21
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref21
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref21
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref21
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref22
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref23
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref23
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref23
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref24
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref24
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref24
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref24
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref25
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref25
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref25
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref25
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref26
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref26
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref26
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref26
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref26
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref27
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref27
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref27
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref27
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref28
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref28
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref28
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref28
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref29
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref29
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref29
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref29
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref29
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref30
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref30
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref30
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref31
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref31
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref31
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref32
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref32
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref32
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref32
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref33
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref33
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref33
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref33
http://refhub.elsevier.com/S0043-1354(16)30050-1/sref33

	Combination of granular activated carbon adsorption and deep-bed filtration as a single advanced wastewater treatment step  ...
	1. Introduction
	2. Materials and methods
	2.1. Pilot GAC filter
	2.2. Analytical methods

	3. Results and discussion
	3.1. GAC as filter material in deep-bed filtration
	3.1.1. Grain size distribution
	3.1.2. Head loss
	3.1.3. TSS and phosphorus removal

	3.2. DOC and micropollutant removal
	3.3. Comparison with direct PAC addition

	4. Conclusions
	Acknowledgment
	Appendix A. Supplementary data
	References


