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Abstract: Granulated active carbon (GAC) is commonly used as a chemical barrier for the removal
of organic micropollutants (OMPs) in drinking water treatment plants (DWTPs). However, little is
known about the impact of dissolved organic carbon (DOC) and its long-term performance with regard
to OMP removal efficiency. This study examined the performance of two GAC types (Norit 830W
and Filtrasorb 400) in the removal of OMPs and DOC from natural lake water, in pilot-scale and
full-scale tests run for almost one year. Potential early warning indicators of the exhaustion of GAC
sorption capacity were also evaluated. The seven OMPs investigated (carbamazepine, lamotrigine,
cetirizine, fexofenadine, oxazepam, fluconazole and N,N-diethyl-meta-toluamide (DEET)) all showed
decreasing removal efficiencies after ~20,000 bed volumes (BV) in the pilot-scale Norit 830W and
Filtrasorb 400 columns. However, columns with an 18-min empty bed contact time (EBCT) showed
better performances than columns with 6-min EBCT. DEET was the OMP adsorbed most weakly.
We found that DOC concentrations, methylene blue sorption kinetics, UV and fluorescence did not
sufficiently explain the OMP breakthrough in the GAC columns. We concluded that carbamazepine,
lamotrigine and fexofenadine can be used as indicators of decreasing GAC adsorption performance,
due to their later breakthrough. Based on the results, UV and fluorescence removal could be used
for the early detection of declining DOC removal, and online solid-phase extraction (SPE)–liquid
chromatography–tandem mass spectrometry (SPE-LC-MS/MS) could be used for the early detection
of OMPs in drinking water.
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1. Introduction

Climate change and water scarcity, in combination with urbanization, will increase the need
for water re-use in many regions of the world [1]. Scientific studies have reported the ongoing
contamination of aquatic environments with organic micropollutants (OMPs), such as pharmaceuticals,
personal care products, illicit drugs and pesticides [2,3]. Pharmaceuticals are continuously excreted
or discarded into sewer systems, in the form of unaltered parent compounds or their metabolites [4].
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These often end up in environmental waters, as a consequence of incomplete removal by wastewater
treatment plants (WWTPs) [5]. The continuous introduction of persistent OMPs into the aqueous
environment may cause toxic effects on aquatic organisms, and result in a loss of biodiversity and
ecosystem functioning in the water bodies. The increased detection of a wide range of OMPs in
the aquatic environment demonstrates the limitations of conventional WWTPs in removing these
compounds [3–5]. The presence of OMPs in drinking water is related to their presence in the aqueous
environment. Conventional drinking water plants (DWTPs) feature multistage treatments, including
coagulation/flocculation, clarification and filtration. These are followed by disinfection, which may be
further augmented by advanced treatments such as activated carbon, membrane filtrations, ozone
oxidation, or advanced oxidation processes [6–10].

Granulated activated carbon (GAC) is currently the most economical and widely used material for
the removal of OMPs during drinking and wastewater water treatment [6–9]. GAC has the advantage
of a high surface area, an affinity to a broad spectrum of organic molecules, and cost-effectiveness.
Additionally, GAC adsorption is easier to scale up, operate and control than other separation methods.
Adsorption using GAC is frequently applied in removing natural or synthetic organic compounds in
DWTPs [7,10]. Many laboratory-based studies have investigated the removal of OMPs using GAC,
typically at high spiked concentrations [6,7], but few studies in the literature have examined the
removal of OMPs in full-scale DWTPs for natural raw water [6,9,11].

Previous studies have investigated the sorption characteristics of OMPs into GAC, in order
to better predict the breakthrough of OMPs in GAC filtration [6,7]. Brunauer–Emmett–Teller (BET)
(i.e., surface area, iodine number and aniline number) and the methylene blue number have been
used to predict breakthroughs of OMPs [9,11], but they are not suitable markers for predicting
the sorption of pharmaceuticals to GAC [9,12]. Mailler [13] studied six of the physical-chemical
properties of 26 pharmaceuticals in a large-scale powdered activated carbon (PAC) pilot plant, using
real wastewater, and found that the molecular charge of the pharmaceuticals was the most important
property influencing adsorption. Mailler et al. [13] also found that the presence of organic matter was
an important factor, due to its competition with pharmaceuticals for adsorption onto PAC, but it was
insufficient to explain the adsorption performance. Other studies have shown the negative effect of
organic matter on OMP removal efficiency [14,15]. This is alarming, since many Nordic countries
derive their drinking water from surface waters with relatively high organic matter concentrations
(dissolved organic carbon (DOC) >10 mg L−1) [14,15].

Raw water from lakes and streams may occasionally face accidental inputs of, for example,
wastewater, due to the malfunctioning of storage dams or stormwater runoff [16]. In such situations,
there is a need for fast detection of OMPs and estimates of their breakthrough during full-scale treatment
in DWTPs. On-line solid-phase extraction (SPE)–liquid chromatography–tandem mass spectrometry
(SPE-LC-MS/MS) could be a good option for the fast and sensitive analysis of OMPs in water [17,18],
avoiding the time-consuming pre-concentration and clean-up steps of sample preparation [19,20].

The main aim of the present study was to investigate the sorption characteristics and removal
efficiency of OMPs and DOC from organic matter-rich lake water, using two types of GAC, in pilot-scale
and full-scale drinking water treatment processes. The GAC breakthrough behavior of seven OMPs
was studied over almost a year, using the online SPE-LC-MS/MS method.

2. Material and Methods

2.1. Chemicals and Reagents

Seven OMPs were analyzed: two antiepileptic drugs (carbamazepine and lamotrigine),
two antihistamines (cetirizine and fexofenadine), one antidepressant (oxazepam), one antifungal
drug (fluconazole) and one pesticide (N,N-diethyl-meta-toluamide (DEET)) (Table 1, Table S1 in
Supplementary Information (SI)). These OMPs were selected for analysis as they are frequently
detected in raw water. All analytical standards were of high purity grade (>95%). Native analytical
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standards were purchased from Sigma-Aldrich (Stockholm, Sweden). Isotopically labeled internal
standards (ISs) were purchased from Teknolab AB (Kungsbacka, Sweden) and Toronto Research
Chemicals (Toronto, ON, Canada). Detailed information (CAS number, molecular formula, molecular
weight and log Kow value) of the OMP reagents used is provided elsewhere [19].

Table 1. Compound name, molecular formula, molar mass, acid dissociation constant (pKa),
log octanol/water partition coefficient (Kow) and T1/2 (half-life time, min) of concentration in the aqueous
phase, and Freundlich adsorption coefficient (Kf) for the seven selected organic micropollutants (OMPs)
onto two different granulated active carbon (GAC) types (Norit 830W and Filtrasorb 400).

Compound Molecular
Formula

Molar
Mass

(g mol−1)
pKa

Log
KOW

Norit 830W Filtrasorb 400

Kf
(ng g−1)

n R2 T1/2,
min

Kf
(ng g−1)

n R2 T1/2,
min

Carbamazepine C15H12N2O 236 4.2 2.3 4.3 0.95 0.997 6.7 9.3 0.97 0.924 5.7
Cetirizine C21H25ClN2O3 388.9 2.7 1.7 16 1.3 0.985 7.2 22 1.2 0.959 5.8

DEET C12H17NO 191.1 0.67 2.3 3.7 1.2 0.989 8.9 4.6 1.2 0.979 6.5
Fexofenadine C32H39NO4 501.7 9.0 2.8 9.3 0.97 0.978 6.2 26 0.51 0.807 6.6
Fluconazole C13H12F2N6O 306.1 2.0 0.25 5.2 1.1 0.987 7.0 11 1.2 0.972 5.0
Lamotrigine C9H7Cl2N5 255.0 5.7 0.99 11 0.78 0.976 7.4 10 0.82 0.979 6.3
Oxazepam C15H11ClN2O2 286.0 1.7 3.3 6 1.1 0.998 6.9 11 1.1 0.977 5.4

Ultrapure water was produced by a Milli-Q Advantage Ultrapure Water purification system and
filtered through a 0.22-µm Millipak Express membrane and an LC-Pak® polishing unit (Merck Millipore,
Billercia, MA, USA). Methanol, acetonitrile and ammonium acetate were all of high-performance liquid
chromatography (HPLC)-grade and purchased from Sigma-Aldrich (Stockholm, Sweden).

2.2. Full-Scale GAC Treatment at a DWTP

The GAC treatment technique was investigated at Görväln DWTP, which takes its raw water from
part of Lake Mälaren, Sweden. The treatment steps at this DWTP comprise a microsieve filter (pore size
200 µm), followed by coagulation using aluminum sulfate (Al2(SO4)3; dose 35–80 mg L−1 depending
on raw water quality), sedimentation, and then rapid sand filtration (4–7 m h−1), whereby residual
flocs are removed. After rapid sand filtration, the water passes through 10 GAC filters (Norit 830W) for
empty bed contact times (EBCTs) of 5–6 min (20–25 m h−1). The GAC filters are currently operated as
biologically active carbon filters with a running time of 13 years, with the main function of removing
taste and odor compounds, as OMP concentrations in the incoming raw water are considered too low
to be a human health concern. In this study, we sampled the filtrate of the oldest GAC filter at Görväln
DWTP (Ref-N6, Norit 830W, installed 2004) between June 2017 and March 2018. Data on total organic
carbon (TOC), water temperature and flow of the incoming raw water during the whole study period
are provided in Figure S1. For OMP analysis, water samples were collected after microsieve filtration
(n = 11), after rapid sand filtration (n = 11), and after the GAC treatment (n = 11) (Figure 1, Table S1).
All samples for OMP analysis were collected in high-density polyethylene (HDPE) bottles and frozen
(−20 ◦C) until analysis.

2.3. Pilot-Scale GAC Column Tests at a DWTP

Four GAC column filters (approximately 2.5 m high, 9 cm diameter; Figure 1) were filled with a
1-m layer of GAC (2.5 kg, V = 5200 cm3) of one of two types (Norit 830W (N-) and Filtrasorb 400 (F-))
and subjected to a hydraulic load of 8.0 m h−1 (6 min EBCT) or 2.7 m h−1 (18 min EBCT) as described
previously [14]. All GAC columns (C1–C4) were fed from the top with water from the full-scale
rapid sand filtration unit at the DWTP (see Section 2.2). Two EBCTs were tested: ~6 min (column
C2 with Norit 830W, contact time 6 min (treatment C2–N6) and column C4 filled with Filtrasorb
400, contact time 6 min (treatment C4-F6)) and 18 min (treatments C1-N18 and C3-F18), at flow rates
of 0.29 and 0.85 L min−1, respectively. The DOC concentration was monitored from April 2017 to
March 2018. For OMP analysis, samples were collected monthly between June 2017 and March 2018
(total n = 11 per column) in HDPE bottles and frozen (−20 ◦C) until analysis. The C2-N6 column was
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only used between June and September 2017, due to difficulties with maintenance, and therefore only
methylene blue results are shown for this column. All columns were backwashed bi-weekly using a
20–30% bed expansion.Water 2020, 12, x FOR PEER REVIEW 4 of 15 

 
Figure 1. Schematic diagram of treatment in the full-scale granulated activated carbon (GAC) filter 
(type Norit 830W) and pilot-scale GAC columns (Norit 830W and Filtrasorb 400), and parameters 
used in treatment. EBCT = empty bed contact time; hGAC = height of the GAC in the filter and columns 
(cm); red dots represent sampling locations for OMPs. 

2.4. Organic Matter Quantification and Characterization 

Water samples were filtered (pre-combusted glass microfiber filters (GF/F) with 0.7-μm nominal 
pore size) and analyzed for DOC using a TOC-VCPH carbon analyzer (Shimadzu) with a measurement 
error of ±0.3 mg C L−1 and a resulting coefficient of variation (CV) below 2% (for details see [21]).  

Ultraviolet (UV) absorbance by filtered samples was measured using an AvaSpec-ULS3648 high-
resolution spectrometer (Avantes) and a quartz cuvette (5 cm, wavelength range: 200–1100 nm; 
resolution: 0.34 nm). The spectra of potassium phthalate standard (KHP) at 10 mg C L−1 were analyzed 
every three samples, to monitor instrument drift.  

Fluorescence excitation emission matrices (EEMs) by filtered samples were analyzed using an 
Aqualog spectrofluorometer (Horiba Jobin Yvon) with a flow-through quartz cuvette (1 cm, 
excitation and emission wavelength range 240–450 nm and 212–620 nm, respectively; resolution 3 
nm) and corrected as described by Lavonen et al. [15]. 

The percentage decrease in the fluorescence signal of the rapid sand filtration effluent and of the 
pilot-scale column effluents (C1-N18, C3-F18, C4-F6) was calculated as explained elsewhere [14].  
  

Figure 1. Schematic diagram of treatment in the full-scale granulated activated carbon (GAC) filter
(type Norit 830W) and pilot-scale GAC columns (Norit 830W and Filtrasorb 400), and parameters used
in treatment. EBCT = empty bed contact time; hGAC = height of the GAC in the filter and columns
(cm); red dots represent sampling locations for OMPs.

2.4. Organic Matter Quantification and Characterization

Water samples were filtered (pre-combusted glass microfiber filters (GF/F) with 0.7-µm nominal
pore size) and analyzed for DOC using a TOC-VCPH carbon analyzer (Shimadzu) with a measurement
error of ±0.3 mg C L−1 and a resulting coefficient of variation (CV) below 2% (for details see [21]).

Ultraviolet (UV) absorbance by filtered samples was measured using an AvaSpec-ULS3648
high-resolution spectrometer (Avantes) and a quartz cuvette (5 cm, wavelength range: 200–1100 nm;
resolution: 0.34 nm). The spectra of potassium phthalate standard (KHP) at 10 mg C L−1 were analyzed
every three samples, to monitor instrument drift.

Fluorescence excitation emission matrices (EEMs) by filtered samples were analyzed using an
Aqualog spectrofluorometer (Horiba Jobin Yvon) with a flow-through quartz cuvette (1 cm, excitation
and emission wavelength range 240–450 nm and 212–620 nm, respectively; resolution 3 nm) and
corrected as described by Lavonen et al. [15].

The percentage decrease in the fluorescence signal of the rapid sand filtration effluent and of the
pilot-scale column effluents (C1-N18, C3-F18, C4-F6) was calculated as explained elsewhere [14].

2.5. Methylene Blue Kinetic Experiments

Methylene blue kinetic adsorption experiments were performed on GAC collected from all four
test columns (i.e., C1-N18, C2-N6, C3-F18 and C4-F6) at different numbers of bed volumes (BV, from 250
to 12700, 3–4 replicates) in order to investigate possible correlations between GAC saturation state,
with respect to both DOC and OMPs (at full- and pilot-scale), and laboratory-based methylene blue
uptake rates. Instead of using batch methylene blue equilibrium experiments, we examined the
kinetically controlled methylene blue sorption to GAC under fixed conditions during an experimental
period of 30 min. After a thorough pre-study of optimal experimental conditions, we chose an initial
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methylene blue concentration of 10 mg L−1 at a fixed pH (7.0 ± 0.3, maintained using sodium carbonate
(Na2CO3), 5 mmol L−1) and at room temperature, using a solid/liquid ratio of 3.33 (mg methylene
blue/g GAC). A flow-through photometer system was connected via a peristaltic pump to a titration
vessel, which was continuously mixed using a Teflon-coated floating stirring bar to avoid grinding of
GAC particles.

Methylene blue concentration was calculated from measured absorbance at 665 nm (74021 M cm−1),
molar mass (MM = 319.85 g mol−1) and linear calibration curves (5–6 calibration points with R2 > 0.99).
The experimental data on methylene blue concentration over time were then fitted to the following
exponential curve (R2 values > 0.97 for all experiments):

A(t) = B*e-MBkin*t (1)

where the derived parameter for methylene blue (MBkin) is the slope of the regression curve of
absorbance over time A(t) at that wavelength (665 nm), with B being the known starting concentration
of methylene blue (10 mg L−1). The experimental set-up reflected adsorption controlled by diffusion at
the boundary layer as a first-order kinetic process.

For the experiments, 3–4 GAC samples were collected from each column (from the top of the
column for the first sampling and from the bottom for the other three samplings) at 250, 2400, 4500
and 7100 BV for C1-N18 and C3-F18; at 660, 6600 and 12,700 BV for C2-N6; and at 660, 6600, 12700
and 20,400 BV for C4-F6. All GAC samples were washed with ultrapure water to remove dissolved
contaminants and fine particles, and then ‘dried’ and stored in a desiccator until use.

2.6. OMP Kinetic and Isotherm Experiments

Kinetic and isotherm experiments were conducted for carbamazepine, oxazepam, DEET,
fexofenadine, fluconazole, cetirizine and lamotrigine, using the same experimental conditions as in the
methylene blue kinetic experiments (see Section 2.5). None of the target compounds were detected in
control samples.

Two isotherm experiments were conducted using fresh GAC (Norit 830W and Filtrasorb 400),
and mixtures of the seven OMPs at concentrations of 20, 50, 100, 200, 500 and 1000 ng L−1 in 1 L of
distilled water were used. To reach the adsorption equilibrium rapidly, 4 g of fresh GAC (Norit 830W
and Filtrasorb 400) was added to the test solution. The adsorption was performed for 1 h (chosen based
on kinetic experiment results, see Section 3). All bottles were tightly sealed and shaken at 120 rpm in
darkness at 20 ◦C (room temperature).

Two kinetic experiments were conducted using fresh GAC (Norit 830W and Filtrasorb 400),
with the initial concentration of the seven OMPs set to 1000 ng L−1 in ultrapure water and with a GAC
concentration of 4 g L−1. During this kinetic experiment, aliquots were sampled at 0, 5, 10, 15, 20 and
30 min, and each sample set was analyzed in duplicate.

2.7. Sample Preparation and OMP Analysis

Triplicate thawed water samples (10 mL) were filtered through a syringe filter (0.22µm, regenerated
cellulose) and spiked with a mixture of ISs to achieve a concentration of 50 ng/L (for details see [18]).

In SPE-LC-MS/MS analysis, an LC/LC system from Thermo Fisher Scientific (San Jose, CA, USA)
was used for liquid chromatography. An Acquity UPLC BEH-C18 column (Waters, 100 mm × 2.1 inner
diameter (i.d.), 1.7 µm particle size from Waters Corporation, Manchester, UK) was used as the
analytical column. A Hypersil GOLD aQ column (20 mm × 2.1 mm i.d, 12 µm particles, from Thermo
Fisher Scientific (San Jose, CA, USA)) was used as the extraction column for on-line solid phase
extraction. The injection volume was 1.0 mL for all samples. A triple-stage quadrupole MS/MS TSQ
Quantiva (Thermo Fisher Scientific) was used for the detection of compounds (for details see [18]).

The limit of quantification (LOQ) of OMPs was determined by measuring aqueous standard
solution at concentrations ranging from 0.1 ng L−1 to 100 ng L−1, as 30% of the lowest calibration
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point in the linear range (relative standard deviation of the average response factor by 30%) if the
signal to noise ratio was higher than 10. For the OMPs studied, the LOQ was within the range
0.09–1.5 ng L−1. The average recovery rate was 86 ± 18% for carbamazepine, 92 ± 5% for cetirizine,
87 ± 2% for oxazepam, 78 ± 3% for DEET, 122 ± 7% for fexofenadine, 101 ± 23% for lamotrigine and
85 ± 19% for fluconazole.

2.8. Calculation of Removal Efficiency

Removal efficiency (RE) was calculated as:

RE =
SF−GAC

SF
(2)

where SF is the average mass transport of the compound in rapid sand filtration effluent (ng) and GAC
is the average mass transport through the GAC column, calculated as mean outgoing mass transport
of the compound (ng) for three sampling events multiplied by pilot column operating time (days).
The OMP concentration was set to zero if the compound was not detected in any sample, and to LOQ/2
if the concentration was below its LOQ but detected in some samples.

3. Results and Discussion

3.1. Kinetic and Isotherm Experiments for OMPs

The isotherm experiments demonstrated the sorption affinity of the seven selected OMPs to
the two fresh GAC types (Table 1). Of the two GAC types tested, Filtrasorb 400 generally showed
a higher sorption for most OMPs than Norit 830W. The highest sorption capacity was observed
for cetirizine (16 and 22 ng g−1, for Norit 830W and Filtrasorb 400, respectively), while the lowest
capacity was observed for DEET (3.7 and 4.6 ng g−1, respectively). It should be noted that fexofenadine
showed a high sorption capacity for Filtrasorb 400 (26 ng g−1) and a moderate sorption capacity
(9.3 ng g−1) for Norit 830W. The different sorption behaviors of the OMPs can be explained by their
different physical-chemical properties, and the GAC material [10]. For example, it has been shown
that sorption of OMPs to GAC increases with increases in the octanol–water partition coefficient
values (log KOW) [10,22]. OMPs with high log KOW (>2) are easily adsorbed to particles (such as soils,
sediments, etc.) and removed from the aqueous phases. On the other hand, those with low KOW (<2)
tend to remain in aqueous phases.

It was shown that the sorption capacity correlates with the molecular weight of studied
compounds [10]. In the present study, the highest sorption capacity was mainly shown for compounds
a with high molecular mass, such as cetirizine (388.9) and fexofenadine (501.7) (Table 1). DEET and
carbamazepine have low molecular mases (191.1 and 236, respectively) among the studied compounds,
and showed low sorption capacities.

It is important to note that the isotherm data reported in many studies (for review,
see Delgado et al., [10]) were mainly measured at mg L−1 or even higher concentrations [23]. These are
greater than the OMP concentrations found in real source waters (usually 10–100 ng L−1) [3,5,20].
Because isotherm models (e.g., the Freundlich model) are dependent on the concentration range,
the isotherm tests in the present study were performed at concentrations similar to those expected in
the aquatic environment.

The kinetic experiments were performed to investigate the effect of EBCT on OMP adsorption
(Table 1), with increasing contact time expected to allow higher OMP removal rates [6]. The differences in
half-time (T1/2, min) OMP concentrations in the aqueous phases were small, with EBCTs of ~6 (±1) min,
and did not explain the observed pilot-scale removal efficiency of the OMPs.

In order to assess the removal efficiency of the seven OMPs under real conditions, the old GAC
(after 104,000 BV, over 13 years) from the full-scale filter (Ref-N6) at Görväln DWTP was used for the
kinetic experiments. None of the seven OMPs investigated were removed by the old GAC after 30 min
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(as shown for carbamazepine and fexofenadine in Figure 2). In fact, the concentrations (C/C0) of the
tested OMPs decreased during the first 5 min of exposure, and increased at the end of the experiment.
This systematic pattern of decreases followed by increases in the concentrations of the OMPs could
reflect the dynamic interaction between the liquid phase and solid phase of old GAC. This can be
explained by saturation of the GAC material, resulting in the adsorption and desorption of OMPs,
and competition with DOC and other OMPs. These results are in agreement with the full-scale results
(see Section 3.3).
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3.2. Removal of OMPs Using GAC in Pilot-Scale Experiments

The combined concentrations of the target OMPs varied from 0.40 to 26 ng L−1. The median
concentration in the incoming lake water was 3.8 ng L−1 (±0.86) for carbamazepine, 2.5 ng L−1 (±0.74)
for cetirizine, 2.4 ng L−1 (±0.66) for oxazepam, 1.8 ng L−1 (±0.28) for DEET, 0.67 ng L−1 (±0.26) for
fexofenadine, 19 ng L−1 (±4.26) for lamotrigine and 1.65 ng L−1 (±0.36) for fluconazole (Figure S2
and Table S1). These OMPs have been detected previously in surface waters, and in wastewater
treatment plant influent and effluent [3,5,24]. The measured OMP concentrations in water coming in
to the full-scale and pilot-scale GAC treatments showed relatively large variations (Figure S2), possibly
due to seasonal variations in the concentrations, analytical uncertainties for compounds with low
concentrations (<1 ng L−1), and dynamic competition reactions [25] on the GAC columns.

Comparisons of results from the three pilot-scale GAC columns for the seven OMPs revealed that
the removal efficiency was initially high for individual OMPs (on average, 80%), and it decreased
slightly over time (on average 71%) (Figure 3). This decreasing adsorption efficiency indicates that
the availability of sorption sites decreased over time due to the sorption of OMPs and DOC. The best
removal efficiencies in all three GAC columns were observed for lamotrigine (on average 99% at
the end of the experiment) and carbamazepine (on average 90% at the end of the experiment).
Thus, these compounds can be considered late indicators of breakthrough under the prevailing
operating conditions. Lamotrigine and carbamazepine are generally considered to be highly persistent
compounds, and have been detected in different environmental samples all over the world [24,26].
Lamotrigine also has high water solubility (170 mg L−1) and low Kow value (0.99) [6], indicating that
this compound can be problematic for DWTPs. The removal efficiency of fexofenadine, oxazepam,
cetirizine, DEET and fluconazole was on average 74% over the study period when using Norit 830W
(C1-N18) and Filtrasorb 400 (C3-F18) with EBCT 18 min, while it was 56% when using Filtrasorb
400 (C4-F6) with EBCT 6 min. Thus, these OMP compounds can be considered earlier indicators
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of breakthrough than lamotrigine and carbamazepine, under the operating conditions applied here.
Oxazepam, cetirizine, DEET and fluconazole showed varying removal efficiencies for GAC Filtrasorb
400 (C3-F18), at around 15,000 BV. This can be explained by the very low concentrations observed for
these compounds (the maximum measured concentration in this column was 1.6 ng L−1 for cetirizine),
and by analytical artefacts.

In general, the adsorption of compounds onto GAC is primarily due to physical adsorption
(van der Waals forces), and is strongly dependent on the solubility (hydrophobicity) and size of the
compound [27]. However, for charged molecules, electrostatic interactions can play a major role
in adsorption, and these interactions are highly dependent on the pH of the water, the pKa of the
compound, and the surface charge of the GAC [10,28]. The OMPs investigated in this study were not
charged at the prevailing pH (~6.9), indicating that physical adsorption processes dominated. Here,
the removal of OMPs was studied under real water treatment conditions for natural lake water with a
low OMP concentration (a few ng L−1), whereas previous studies reporting concentration-dependent
removal efficiencies for GAC have used high spiked concentrations [6,7]. It is important to note that
other parameters, such as DOC, pH and temperature, can also influence sorption processes [10,22].
It has been shown that the presence of dissolved organic matter inhibits the adsorption of OMPs [22].Water 2020, 12, x FOR PEER REVIEW 9 of 15 
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and with EBCT of 18 min; and (C) containing Filtrasorb 400 (C4-F6) and with EBCT of 6 min.
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3.3. Removal of OMPs Using GAC in Full-Scale

The removal efficiency for the seven OMPs in the full-scale GAC filter (Ref-N6) was relatively
low (<25%) (Figure 4). This can be explained by the age of the GAC (installed 2004), and thus the
high number of BVs treated, as has been shown in previous studies [20]. Another reason for the low
removal of OMPs by the old GAC filter may be desorption [29]. OMPs adsorb onto GAC with weak
binding forces, and thus adsorbed compounds can also desorb again. The desorption of OMPs can
generally be induced by decreased influent concentrations, and by competitive adsorption. The old
GAC filter tested may have been be affected by desorption, because it remained in the system for much
longer (13 years) than the treated water.

No removal was observed for DEET, which can be explained by its low adsorption affinity to
GAC (see Section 3.1). Negative removal, i.e., a higher outgoing than incoming OMP concentration,
was observed for carbamazepine, lamotrigine and cetirizine. All three compounds are relatively
resistant to biodegradation [30], and thus are probably more prone to later release than compounds
degraded on the GAC biofilm. However, the removal efficiencies for carbamazepine, lamotrigine
and cetirizine increased after 155,000 BVs. This increase in removal efficiency for lamotrigine can
be explained by an increase in its concentration in the feed water, from 10 to 25 ng L−1 from June to
October 2017 (Figure S1). Previous studies have shown that OMPs and DOC can compete for pore
sites, and that DOC can block pore sites on GAC, resulting in a decrease in the adsorption capacity of
GAC for OMPs over time [10,13,31]. However, it has also been shown that DOC concentration is not
sufficient for explaining OMP breakthrough behaviors [7].
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Figure 4. Removal efficiency profile as a function of the number of bed volumes for seven organic
micropollutants in a full-scale granulated activated carbon filter (Ref-N6), filled with Norit 830W and
with an empty bed contact time of 6 min.

The removal efficiency of the seven OMPs in the full-scale GAC treatment plant (Norit 830W,
Ref-N6) was considerably different from that in the pilot-scale GAC columns (C1-N18, C3-F18, C4-F6)
(Figure 5). For the full-scale GAC treatment plant, the first sampling started at approximately 129,000 BV,
and the average treatment efficiency of

∑
OMPs was consistently low (<20%) until 155,000 BV. For the

pilot-scale GAC columns, the removal efficiency of
∑

OMPs decreased slightly, from 90–95% at 20,000 BV
(C1-N18, C3-F18, C4-F6) to ~80% at 75,000 BV (C4-F6). These differences between the full-scale and
pilot-scale results can be explained by the age of the GAC (GAC in the full-scale test was used for
>13 years; GAC from pilot-scale columns was used for <1 year).
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Figure 5. Removal efficiency profile as a function of number of bed volumes for all seven organic
micropollutants in the full-scale granulated activated carbon (GAC) filter containing GAC type Norit
830W (Ref-N6), and in the pilot-scale GAC columns containing Norit 830W (C1-N18), Filtrasorb 400
(C3-F18) and Filtrasorb 400 (C4-F6). The x-axis is truncated at 1,060,000 BV.

3.4. Early Warning Indicators of GAC Sorption Capacity

3.4.1. DOC, UV Absorbance and Fluorescence

Removal of possible indicator compounds is shown as a function of the number of BV treated
with Filtrasorb 400 (light blue, C3-F18, C4-F6) and Norit 830W (dark blue, C1-N18) in Figure 6, together
with the methylene blue kinetic sorption factors (Table S2). The removal of UV, humic-like fluorescent
dissolved organic matter (FDOM), DOC and protein-like FDOM over time consisted of two stages,
with initial high removal (probably dominated by sorption, which decreases with time) and then
stable, but lower removal (probably by biodegradation of selected DOC fractions). In accordance
with earlier work [32], it was found that DOC broke through before UV and humic substances.
Mass balance calculations, based on incoming and outgoing DOC, indicated that Filtrasorb 400 had
a higher adsorption capacity (60–70 g DOC kg−1 GAC) than Norit 830W (40–45 g DOC kg−1 GAC).
For Filtrasorb 400 (C4-F6), assuming that 0.15 mg L−1 of the incoming DOC was biodegradable and
based on the outgoing DOC, it was estimated that ~100 g of the total mass of incoming DOC (600 g)
had been removed, and that ~20 g had been biodegraded after 25,000 BV. For Norit 830W (C1-N18
and C2-N6), ~90 g and ~150 g of the total mass of incoming DOC, respectively, was removed after
20,000 BV, and ~20 g was biodegraded in both columns. This reflects the higher reactive surface area of
Filtrasorb 400 compared to Norit 830W (Table S2). The differences in removal rates between Filtrasorb
400 and Norit 830W for DOC were not observed for OMPs (Section 3.2), which indicates that OMPs
have a different sorption mechanism than DOC. However, DOC can interfere with the sorption of
OMPs [6,7,31].
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Figure 6. Change in methylene blue (MB) kinetic sorption factor as a function of the number of bed
volumes (BV) for the granulated activated carbon types Filtrasorb 400 (light blue, columns C3-F18,
C4-F6) and Norit 830W (dark blue, column C1-N18) compared with removal of (A) UV (light orange),
(B) humic-like fluorescent dissolved organic matter (FDOM) (dark brown), (C) dissolved organic carbon
(dark orange), and (D) protein-like FDOM (green). Percentage change for all columns (n = 4).
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Overall, DOC, UV absorbance and fluorescence were not sufficient to explain the differences in
the breakthroughs of OMPs in the different GAC columns. Similar conclusions were reached in recent
studies testing for OMPs in drinking water and wastewater effluents [6,7]. However, it has been shown
that GAC capacities can be predicted for different waters if initial the OMPs, and the concentrations of
low-molecular-weight acids and neutral organics, in these waters are known [7].

3.4.2. Methylene Blue

We tested whether kinetic sorption using methylene blue, a known organic molecule with a
molecular size comparable to both humic acids and OMP, could capture the decreasing sorption
capacity of the GAC filters over time. The sorption of methylene blue to GAC decreased over time for
all four columns, but with slightly larger variations for Filtrasorb 400 than Norit 830W, especially when
fresh (Figure S2). Saturation of the methylene blue occurred earlier for Norit 830W (~30,000 BV) than
Filtrasorb 400 (~50,000 BV) (Figure S3). The adsorption kinetics of methylene blue as a function of BV
were similar for the two Norit 830W GAC columns, with EBCTs of 6 min (C2-N6) and 18 min (C1-N18),
indicating that contact time was not a determining factor for methylene blue adsorption onto Norit
830W. This suggests that methylene blue adsorption onto Norit 830W may be mainly dependent on
the amount of DOC in the incoming water (here ~4.4 mg L−1), as an organic matter layer on the GAC
surface may have a significant impact on methylene blue uptake even if internal pores are available for
adsorption [33].

The two Filtrasorb 400 columns (C3-F18 and C4-F6) demonstrated higher adsorption capacities
than 830W, which is in agreement with the results obtained in the kinetic experiments (Section 3.1).
In addition, Filtrasorb 400 showed better adsorption performance with a contact time of 18 min (C3-F18)
compared to with 6 min (C4-F6). The observed decrease in methylene blue correlated well with
the removal of DOC over time, but not with the removal of OMPs, even though methylene blue is
positively charged and DOC is negatively charged. This indicates that methylene blue removal by
Filtrasorb 400 is controlled by similar sorption processes as DOC, whereas the removal of OMPs is
controlled by other processes that need further investigation.

3.4.3. Online SPE of OMPs

Based on our results and recent published data [10], the removals of DOC, UV absorbance,
fluorescence and methylene blue are only of limited value in predicting OMP removal using GAC.
In the present study, the analysis of seven OMPs in water samples was performed using online
SPE-LC-MS/MS, which is a simple, sensitive, reliable and rapid method for measuring a large range
of OMPs simultaneously [2,18]. Our study showed that online SPE-LC-MS/MS can be used for the
early detection of OMPs in drinking water, since the results can be obtained on the same day as sample
collection. The method is based on the target screening of selected OMPs, but unknown OMPs present
in the samples can be identified using suspect and non-target screening approaches.

4. Conclusions

The removal efficiency and adsorption of OMPs onto two GAC types (Filtrasorb 400 and Norit
830W) were investigated for drinking water treated in pilot-scale columns and in a full-scale DWTP
under real conditions. It was shown that the GAC breakthrough behaviors of the seven OMPs tested
(carbamazepine, lamotrigine, cetirizine, fexofenadine, oxazepam, fluconazole and DEET) were mainly
impacted by EBCT and GAC type. The results for the pilot-scale columns showed decreasing OMP
removal after ~20000 BV. DEET was the OMP most weakly adsorbed to GAC in the present study.
It was shown that carbamazepine, lamotrigine and fexofenadine can be used as late indicators for the
breakthrough of OMPs in GAC. The removal of UV, DOC and fluorescence could not sufficiently explain
OMP removal in the different GAC columns. However, the removal of UV and fluorescence could be
used to obtain an early warning of DOC breakthrough, and the online LC-MS/MS method could be
used to obtain an early warning of OMP breakthrough in drinking water treatment. More research is
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needed in order to develop efficient chemical barriers for DWTPs and early warning tools to detect
potential toxic OMPs, to ensure safe drinking water production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/7/2053/s1,
Figure S1: Total organic carbon content, flow and temperature of incoming raw water during the whole study
period (April 2017 to March 2018), Figure S2: Occurrence of OMPs in the raw water (R) and sand filter water
(SF) (ng L−1), Figure S3. Change in methylene blue (MB) kinetic sorption factor of Filtrasorb (light blue), Norit
(dark blue) against bed volume (BV, A) or total amount of dissolved organic carbon (DOC) retained ([g], B) for all
columns. The dashed line represents full-scale GAC filter - Ref-N6, filled with Norit 830W and with an empty bed
contact time (EBCT) of 6 min, Table S1: Occurrence of OMPs in raw water (RAW), rapid sand filtrate effluent
water (SF) and the effluent from a full-scale GAC treatment (Ref-N6, column filled with Norit 830W and with an
empty bed contact time (EBCT) of 6 min) and from pilot-scale columns (C1-N18, Norit 830W and EBCT of 18 min;
C3-F18, Filtrasorb 400 and EBCT of 18 min; C4-F6, Filtrasorb 400 and EBCT of 6 min) (ng L−1).
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