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Abstract Due to concerns about ecotoxicological effects of
pharmaceuticals and other micropollutants released from
wastewater treatment plants, activated carbon adsorption is
one of the few processes to effectively reduce the concen-
trations of micropollutants in wastewater. Although aimed
mainly at apolar compounds, polar compounds are also
simultaneously removed to a certain extent, which has rarely
been studied before. In this study, adsorption isotherm and
batch kinetic data were collected with two powdered acti-
vated carbons (PACs) to assess the removal of the polar
pharmaceuticals 5-fluorouracil (5-Fu) and cytarabine (CytR)
from ultrapure water and wastewater treatment plant efflu-
ent. At pH7.8, single-solute adsorption isotherm data for the
weak acid 5-Fu and the weak base CytR showed that their
adsorption capacities were about 1 order of magnitude lower

than those of the less polar endocrine disrupting chemicals
bisphenol A (BPA) and 17-α-ethinylestradiol (EE2). To
remove 90 % of the adsorbate from a single-solute solution
14, 18, 70, and 87 mgL−1 of HOK Super is required for
EE2, BPA, CytR, and 5-Fu, respectively. Effects of solution
pH, ionic strength, temperature, and effluent organic matter
(EfOM) on 5-Fu and CytR adsorption were evaluated for
one PAC. Among the studied factors, the presence of EfOM
had the highest effect, due to a strong competition on 5-Fu
and CytR adsorption. Adsorption isotherm and kinetic data
and their modeling with a homogeneous surface diffusion
model showed that removal percentage in the presence of
EfOM was independent on the initial concentration of the
ionizable compounds 5-Fu and CytR. These results are
similar to neutral organic compounds in the presence of
natural organic matter. Overall, results showed that PAC
doses sufficient to remove >90 % of apolar adsorbates were
able to remove no more than 50 % of the polar adsorbates
5-Fu and CytR and that the contact time is a critical
parameter.
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Introduction

The development and application of advanced wastewater
treatment processes for the removal of micropollutants is an
intensively discussed issue (Jones et al. 2007; Joss et al.
2008). Additional treatment processes such as activated
carbon adsorption or ozonation may soon become common
in wastewater treatment, especially if micropollutant remov-
al is required (Kovalova et al. 2012; Lipp et al. 2012;
Serrano et al. 2011). Switzerland, for example, is the first
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country that has promulgated a new regulation that requires
in the future 80 % removal of micropollutants for the largest
wastewater treatment plants (WWTPs; www.bafu.admin.ch).
Some Swiss wastewater treatment plants are already in the
process of being upgraded to achieve the targeted micropollu-
tant removal requirements.

Adsorption is widely used for drinking water purifica-
tion and has been studied for decades. Interactions
between the adsorbent and adsorbate are primarily con-
trolled by nonspecific dispersive interactions (e.g., van
der Waals interactions), but electrostatic interactions be-
tween ionic adsorbates and charged adsorbent surfaces
are also important (Newcombe and Dixon 2006; Yu et
al. 2009). Typically, apolar or moderately polar adsor-
bates are evaluated in adsorption studies because activat-
ed carbon adsorption is in many instances the best
available technology for the removal of such compounds.
Compounds with a low octanol/water partition coefficient
are considered hydrophilic or polar, and activated carbon
typically exhibits lower adsorption capacities for such
compounds. Nonetheless, the adsorption of polar micro-
pollutants will take place when activated carbon is applied in
wastewater treatment for the purpose of removing less polar
micropollutants.

Two highly polar contaminants of emerging concern were
selected for this study: cytarabine (CytR) and 5-fluorouracil
(5-Fu). They are both commonly used cytostatic pharmaceut-
icals from the group of pyrimidine analog cytostatics (ATC
L01BC). For both micropollutants, only limited removal
(Kiffmeyer et al. 1998; Rey et al. 1999) and occurrence
data are available (Johnson et al. 2008; Mahnik et al. 2004;
Weissbrodt et al. 2009). Cytostatics are among the most toxic
pharmaceuticals in common use with a potential risk to aquat-
ic organisms (Johnson et al. 2008; Zounkova et al. 2010).
Though they have been overlooked, they are of great impor-
tance (Kosjek and Heath 2011).

Pharmaceuticals are generally more polar than other
micropollutants such as pesticides, biocides, material pro-
tection substances, personal care products, or hormones. To
put the polarity of the target micropollutants into a context,
Fig. 1 shows the comparison of octanol–water partition
coefficients (log Kow) for the neutral forms of 5-Fu and
CytR with those of other environmentally relevant micro-
pollutants. In addition, trends for pH-dependent octanol–
water partition coefficients (log Dow) are indicated for 5-
Fu and CytR as well as other ionizable micropollutants
(arrows in Fig. 1).

The objectives of this research were to (1) compare
the adsorption of 5-Fu and CytR on powdered activated
carbon (PAC) with adsorption of less polar micropollu-
tants in single-solute systems; (2) evaluate effects of
pH, ionic strength, and temperature on CytR and 5-Fu
adsorption; (3) describe the adsorption behavior of CytR

and 5-Fu in a WWTP effluent matrix; and (4) determine
CytR and 5-Fu adsorption kinetics with respect to con-
tact time in the WWTP.

Materials and methods

Adsorbents

Two commercially available PACs were tested: Norit SAE
Super (Norit, Amersfoort, the Netherlands) and Activated
Lignite HOK Super (RWE Power—Rheinbraun Brennstoff,
Frechen, Germany). Adsorbents were dried in an oven for
3 h at 150 °C (ASTM 2003) prior to storage in glass bottles
with PTFE-lined screw caps. The point of zero charge
(pHPZC) was determined in this study using a mass titration
method (Li et al. 2002). Table 1 summarizes the properties
of the studied adsorbents.

Adsorbates

The adsorbates 5-Fu and CytR were purchased from Sigma-
Aldrich (Seelze, Germany). Individual stock solutions
(200 mgL−1) were prepared in Millipore water and stored
in the dark at 4 °C for up to 3 weeks. Labeled internal
standards, [15N2] 5-Fu and [13C3] CytR, were used for

Fig. 1 Micropollutants and their octanol–water partition coefficients.
Solid symbols indicate log Kow for the neutral form of each compound.
Arrows qualitatively indicate that the pH-dependent octanol/water par-
tition coefficient log Dow decreases as a compound becomes ionized.
The indicated pH values correspond to pKa+2 for weak bases and to
pKa−2 for weak acids. At these pH values, ~1 % of the solute is
charged and the ionized form begins to be important
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analytical quality assurance. Adsorbate concentrations were
measured by high-performance liquid chromatography
(HPLC) and tandem mass spectrometry (MS/MS; HP1100,
Agilent, Waldbronn, Germany, coupled with an API 3000
mass spectrometer, Applied Biosystems, Foster City, CA,
USA). Samples from experiments with an initial adsorbate
concentration of 200 μgL−1 were diluted to 50 % with
acetonitrile, and a 2-μL aliquot was analyzed. Compound
separation was accomplished with a ZIC-HILIC column
(SeQuant, Umea, Sweden). Limits of quantification
(LOQs) were 0.5 and 1 μgL−1 for 5-Fu and CytR, respec-
tively. Samples from experiments with an initial adsorbate
concentration of 0.8 μgL−1 were preconcentrated by solid
phase extraction (SPE) on 1,000 mg Isolute ENV+ (Separtis,
Grenzach-Wyhlen, Germany). LOQs for preconcentrated
samples were 15 and 3 ngL−1 for 5-Fu and CytR, respec-
tively. Analytical procedures have been described in a prior
publication (Kovalova et al. 2009).

For reference, the less polar adsorbates bisphenol A
(BPA, Sigma-Aldrich, Steinheim, Germany) and 17-α-
ethinylestradiol (EE2, Sigma-Aldrich, Steinheim, Germany)
were also studied. Details of the employed analytical meth-
od (HPLC with fluorescent detection) are described else-
where (Lehnberg et al. 2009).

Water matrices

Single-solute adsorption isotherm experiments were per-
formed in 5 and 100 mM phosphate buffers at pH6.2, 7.8,
and 9.6. The 5 mM phosphate buffer with pH7.8 was
selected to match the conductivity and pH of the WWTP
effluent described below.

WWTP effluent used for the experiments originated
from the municipal wastewater treatment plant in Aachen
Soers, Germany. Approximately 100 L of treatment plant
effluent was collected, thoroughly mixed and stored in 2-L
polyethylene bottles at −20 °C. Prior to experiments,
bottle contents were thawed at room temperature and
filtered (GF/F filter, Whatman, Dassel, Germany). The
pH of the WWTP effluent was 7.8, the total organic
carbon (TOC) concentration was 5 mgL−1, and the
conductivity 1.2 mScm−1.

Concentrated WWTP effluent was obtained by nanofil-
tration using a membrane with a molecular weight cutoff of
200 Da. The concentrated effluent originated from the same
WWTP as the effluent described above, but from a sample

collected at a different time. The pH of the concentrated
effluent was 7.8, the TOC concentration was 20 mgL−1, and
the conductivity 3.3 mScm−1.

Adsorption isotherm and kinetic experiments

Separate adsorption isotherm experiments were performed
for each adsorbate in 250-mL Erlenmeyer flasks containing
different amounts of PAC. Two blanks with no added carbon
were included with each isotherm experiment. Subsequent-
ly, 100 mL of WWTP effluent or buffer spiked with 200 or
0.8 μgL−1 of a single adsorbate was transferred into the
flasks. The content of the flasks was shaken in isothermal
incubators at 100 rpm at 4 or 20 °C for 16 h. Samples were
thereafter filtered (IC Acrodisc syringe filter, 45 μm, Pall)
and analyzed as described above. The chosen adsorbate–
adsorbent contact time was sufficient to reach near-
equilibrium conditions, as assessed via kinetic tests and
mathematical modeling of the kinetic data. Adsorption iso-
therm data were used to evaluate the effects of adsorbate
polarity, solution pH, ionic strength, temperature, and efflu-
ent organic matter (EfOM) on 5-Fu and CytR adsorption
capacities.

Kinetic experiments were performed in 1-L Erlenmeyer
flasks that contained a given amount of PAC. Subsequently,
400 mL of WWTP effluent spiked with 200 μgL−1 of a
single adsorbate was transferred into the flasks. Experiments
were conducted in duplicate. The contents of the flasks were
shaken in isothermal incubators (Multitron 2, Infors HT) at
100 rpm and 20 °C for up to 21 h. Samples of 1 mL were
taken by syringe and were immediately filtered. The sum of
all of the withdrawn samples decreased the total volume by
no more than 2.5 %. An aliquot of 0.5 mL filtrate was
transferred into HPLC vials, diluted with 0.5 mL acetoni-
trile, spiked with labeled internal standard to 100 μgL−1,
and analyzed by HPLC-MS/MS.

Kinetic experiments with an initial adsorbate concentra-
tion of 0.8 μgL−1 were performed in ten 250-mL Erlen-
meyer flasks, eight of which contained 500 mgL−1 of PAC.
Subsequently, 100 mL of WWTP effluent spiked with
0.8 μgL−1 of each adsorbate was transferred into the flasks.
The contents of the flasks were shaken as described above
and at each sampling time point the entire content of one
flask was immediately filtered (50 mm cellulose acetate
filter, 0.45 μm, Sartorius) and preconcentrated by SPE.

Table 1 Adsorbent
characteristics

aInformation provided by
manufacturers in 2009
(average values)

pHPZC Surface area
(m2g−1)a

Particle size D50

(μm)a
Raw
materiala

Activation
methoda

Price (€/t)a

SAE Super 9.8 1,300 15 Peat/wood Steam 1,200

HOK Super 10 300 24 Lignite Steam 380
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The extracts were spiked with labeled internal standard and
analyzed by HPLC/MS-MS.

Results and discussion

Adsorbent properties

For ionic adsorbates, adsorbent surface charge also plays a
role in adsorption (Newcombe and Dixon 2006). The surface
of activated carbon is always charged due to the presence of
acidic and basic functional groups on pore surfaces. The
pHPZC identifies the pH at which the net surface charge of
the carbon is zero; i.e., at this pH there are as many positively
as negatively charged surface functional groups. When the
solution pH is lower (higher) than the pHPZC, the net charge of
the carbon surface is positive (negative). Figure 2 shows the
ionization state of the two adsorbates and HOK Super PAC as
a function of solution pH. Because of the similarity in pHPZC

values of the two tested PACs (Table 1), the pH dependence of
the surface charge of SAE Super would be similar to that of
HOK Super. As illustrated in Fig. 2, both PACs exhibited a net
positive surface charge at the solution pH values, at which
experiments were conducted (pH6.2, 7.8, and 9.6). CytR was
predominantly present in neutral form while the ionization
state of 5-Fu changed from predominantly neutral at pH6.2 to
predominantly anionic at pH9.6.

Single-solute isotherms

Effect of adsorbate polarity

To put the adsorbability of 5-Fu and CytR into context, single-
solute adsorption isotherm results for 5-Fu and CytR were
compared to those obtained for the less polar BPA and EE2
(Fig. 3). The adsorption behavior of the three adsorbates that

are neutral at pH7.8 (EE2, BPA, CytR) corresponds to what is
expected from octanol/water partition coefficients (Fig. 1). EE2
is the most hydrophobic, log Kow=4.2, (Robinson et al. 2009)
and adsorbs most strongly, followed by BPA, log Kow=3.4,
(Robinson et al. 2009), and CytR, log Kow=−2.1, (Romanova
and Novotny 1996). Kow can be used to estimate the adsorb-
ability of neutral adsorbates, for which dispersive interactions
dominate. Nonspecific interactions between neutral micropol-
lutants and the activated carbon surface are expected to domi-
nate in aqueous systems, as surface sites suitable for specific
interactions (e.g., hydrogen bonding) are expected to interact
primarily with water (e.g., Li et al. 2002). Negatively charged
5-Fu exhibited the lowest adsorption capacity of the four tested
micropollutants even though attractive Coulombic interactions
between the positively charged PAC surface and anionic 5-Fu
may have contributed to 5-Fu adsorption. The most likely
reason for the low adsorbability of 5-Fu at pH7.8 is its high
aqueous solubility, which is predicted to be 604 gL−1 at pH
8 (SciFinder Scholar 2011).

The Freundlich adsorption constants (KF) listed in Fig. 3
reveal that the adsorption capacity of HOK Super for the
polar adsorbates was approximately 1 order of magnitude
lower than for the less polar ones. The Freundlich exponent
is higher for the polar adsorbates. The steeper slope for polar
adsorbates indicates a stronger dependence of adsorption
uptake on PAC concentration.

Fig. 2 Changes in ionization state of 5-fluorouracil, cytarabine and
PAC (HOK Super) as a function of solution pH. Arrows indicate the pH
at which adsorption experiments were performed

Fig. 3 Comparison of single-solute adsorption isotherms for polar (5-
Fu and CytR) and less polar (EE2 and BPA) adsorbates. Adsorbent:
Activated Lignite HOK Super. Units of Freundlich KF values are (μg
mg−1)(μgL−1)−(1/n). Gray lines represent 95 % confidence bands. Ex-
perimental conditions: 5 mM phosphate buffer pH7.8 spiked with
200 μgL−1 adsorbate, 20 °C, 100 rpm, 16 h contact time
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To remove 90 % of the adsorbate from 5 mM phosphate
buffer in a single-solute solution, 14, 18, 70, and 87 mgL−1 of
HOK Super is required for EE2, BPA, CytR, and 5-Fu, re-
spectively. At doses of carbon to remove this percentage of the
less polar micropollutants, over 50 % of the polar micropollu-
tants remain solved. This was observed for single-solute
experiments as well as for experiments in the presence of
EfOM from WWTP effluent (Electronic supplementary ma-
terial (ESM) Fig. S1).

Influence of solution pH

Solution pH is an important factor controlling the adsorption
of ionizable compounds (Newcombe and Dixon 2006).
Single-solute adsorption isotherm data were collected for
5-Fu and CytR on HOK Super at three pH values. As
illustrated in Fig. 4a, 5-Fu adsorption was lower at pH9.6
than at pH7.8 and 6.2. Raising the pH in the vicinity of 5-Fu
pKa of 8.0 increases the fraction of negatively charged
species (Fig. 2). At the same time, increasing the pH
decreases the concentration of positively charged functional
groups on activated carbon pore surfaces and thus the pos-
sibility of electrostatic attraction. Nonetheless, the net sur-
face charge of HOK Super stays on average positive until
the solution pH reaches the pHPZC of 10.0. Therefore, the
lower 5-Fu adsorption capacity at pH 9.6 is attributed to the
higher aqueous solubility of 5-Fu at pH9.6, at which the
more soluble anionic form dominates. Varying the solution
pH from 6.2 to 9.6 had no measurable influence on the
adsorption characteristics of CytR as the adsorbate was
predominantly in its neutral form over the tested pH range.

The addition of different carbon doses into the unbuf-
fered solution results in a gradual change in the pH of the
system. When a 5-Fu adsorption isotherm experiment was
conducted with HOK Super in unbuffered ultrapure water
(data not shown), a curve overlapping the pH6.2 data in
Fig. 4a was obtained at the pH range of 5.6–6.5 (low carbon
doses) and a curve overlapping the pH9.6 data at the pH
range of 9.1–10.0 (high carbon doses). The part of the curve
in between the two ranges had a steep slope and represented
carbon doses of 60–100 mgL−1. This result implies that iso-
therm data collected in unbuffered systems without any pH
control can be misleading because the change in solution pH
associated with the addition of high PAC doses can influence
both the ionization state of the adsorbate and the net surface
charge of the carbon. On the other hand, buffered systems are
not truly single-solute systems and a competition between
buffer components and a micropollutant can occur.

Influence of ionic strength

To determine the effect of solution ionic strength on 5-Fu and
CytR adsorption, adsorption isotherm experiments were

Fig. 4 Effects of pH (a), ionic strength (b), and temperature (c) on
single-solute adsorption isotherms of 5-fluorouracil and cytarabine on
Activated Lignite HOK Super. Freundlich isotherm parameters and
standard errors are indicated for each experimental condition (KF units
are (μgmg−1)(μgL−1)−(1/n)). Gray lines represent 95 % confidence
bands. Experimental conditions: a–c initial adsorbate concentration
200 μgL−1; 100 rpm; contact time 16 h. a 100 mM phosphate buffers;
pH6.2, 7.8, or 9.6; 20 °C. b 5 or 100 mM phosphate buffers; pH7.8;
20 °C. c 100 mM phosphate buffer; pH7.8; 4° or 20 °C

Environ Sci Pollut Res (2013) 20:3607–3615 3611



conducted in 5 and 100 mM phosphate buffers at pH7.8
(Fig. 4b). For 5-Fu, the increase in ionic strength decreased
adsorbability as evidenced by a statistically significant in-
crease in the Freundlich adsorption constant KF (p=0.05). At
the tested pH of 7.8, the net surface charge of HOK Super is
positive, while 5-Fu is partially ionized (less than 50 % an-
ionic). It is believed that competition with buffer components
or screening of the attractive electrostatic interactions between
HOK Super and 5-Fu was more pronounced at the higher
ionic strength, resulting in a lower adsorption capacity.

At pH7.8, CytR is predominantly present in its neutral
form. Although the results in Fig. 4b suggest that an in-
crease in ionic strength lowered the adsorptive uptake of
CytR, the difference is not statistically significant at 95 %
confidence level. For neutral hydrophobic compounds, it
was previously demonstrated that an increase in ionic
strength can lead to a considerable increase in adsorption
capacity (Toledo et al. 2005). This result was associated
with the salting-out effect (decreasing aqueous solubility
with increasing ionic strength, which leads to enhanced
adsorbate uptake by PAC). However, this trend was not
observed with the more hydrophilic adsorbate CytR at the
ionic strengths evaluated here.

Influence of temperature

As shown in Fig. 4c, the major effect of temperature was a
change in isotherm slope (Freundlich exponent 1/n). As tem-
perature increased, 1/n increased. Similar trends were ob-
served for both 5-Fu and CytR, although confidence bands
for the CytR isotherms partially overlap. For atrazine, steeper
single-solute isotherm slopes with increasing temperatures
were previously reported (Schreiber et al. 2007). As a result
of the change in 1/n value, a lower temperature resulted in
higher adsorptive uptake of 5-Fu and CytR over a wide range
of adsorbate concentrations. The effect of temperature on
adsorption can be explained by the exothermic nature of
adsorption processes (Moreno-Castilla 2004).

Isotherms in multisolute systems

The presence of EfOM inWWTP effluent greatly lowered the
adsorption uptake of both 5-Fu and CytR. Figure 5 compares
adsorption isotherms performed in 5 mM phosphate buffer
and WWTP effluent, which had the same pH and conductiv-
ity. The extent to which adsorption is hindered by EfOM is
considerably stronger than any adverse influences resulting
from pH, ionic strength, or temperature. During PAC adsorp-
tion, micropollutant uptake is adversely affected by direct
competition from background organic matter (here EfOM)
constituents for adsorption sites. The adsorption competition
is less pronounced at high than at low carbon doses, where the
availability of adsorption sites is more limited. The change in

the extent of the competitive influence is reflected in the
curvature of the isotherms in the WWTP effluent matrix. In
the presence of EfOM exhibit, isotherms on a log–log scale an
adsorption maximum and a drop in the solid-phase concen-
tration to the right of that maximum (i.e., as the carbon dose is
decreased). This loss in adsorption capacity is most clearly
illustrated with the results obtained in concentrated WWTP
effluent (Fig. 5) and can be explained by the adsorption of
strongly competing compounds on the ever more limited
number of adsorption sites as the PAC dose is decreased.
Low-molecular weight EfOM compounds, resp. EfOM com-
pounds with molecular sizes comparable to those of the target
micropollutants, are the major contributors to the reduction in
the adsorption capacity (Yu et al. 2012).

While the single-solute isotherm data of 5-Fu and CytR
could be well described by the Freundlich isotherm model
(Figs. 3 and 4), 5-Fu and CytR isotherm data (C0=200 μg
L−1) obtained with HOK Super and SAE Super in the
WWTP effluents matrix were effectively described by a
pseudo-single solute isotherm (Qi et al. 2007), as shown in
Fig. 6 and ESM Fig. S2. This was also demonstrated by the
good model prediction of 5-Fu and CytR adsorption at an
initial concentration of 0.8 μgL−1 (Fig. 6a). Details about
the procedure used to obtain pseudo-single solute isotherm
fits and predictions are provided in the ESM. Plotting iso-
therm data in a format showing the remaining aqueous
adsorbate percentage as a function of PAC dose (Knappe
et al. 1998), the data in Fig. 6b illustrate that SAE Super
provided higher adsorption capacities for both target adsor-
bates when compared to HOK Super. This result is largely
explained by the different surface areas of the two adsorb-
ents. The PAC doses required to achieve 90 % removal of

Fig. 5 Effects of matrix compounds on adsorption isotherms of 5-
fluorouracil and cytarabine on Activated Lignite HOK Super. Experi-
mental conditions: spiked 200 μgL−1 of a single adsorbate in 5 mM
phosphate buffer, WWTP effluent, or concentrated WWTP effluent;
pH 7.8; 20 °C; 100 rpm; contact time 16 h
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the target adsorbates are approximately three times higher
for HOK Super than for SAE Super (Fig. 6b and ESM
Fig. S1), which has 4.3 times larger surface area than
HOK Super (Table 1) and possibly different functional
groups on its surface. The results obtained at initial target
compound concentrations of 200 and 0.8 μgL−1 further
show that the percentage of target compound removal at a
given PAC dose is independent of the initial target com-
pound concentration (Fig. 6b). The results obtained here
with WWTP effluent are in agreement with those obtained
with both polar and apolar compounds in surface water
matrices (Knappe et al. 1998; Rossner et al. 2009).

Adsorption kinetics

Adsorption kinetic tests were conducted with both 5-Fu and
CytR in WWTP effluent. Initial target compound concentra-
tions were 200 and 0.8 μgL−1, and SAE Super and HOK
Super doses for kinetic tests ranged from 20 to 500 mgL−1.
Results from a representative kinetic test describing CytR
adsorption by HOK Super are shown in Fig. 7. The data were
mathematically described by the homogeneous surface diffu-
sion model (HSDM) using a pseudo-single solute approach
(Qi et al. 1994). The results in Fig. 7 illustrate that a single
surface diffusion coefficient (Ds) effectively described adsorp-
tion kinetic data at the two tested PAC doses and the two tested
initial adsorbate concentrations. Those data confirm results
from prior studies showing that percent target compound
removal as a function of time is independent of the initial
target compound concentration (Gillogly et al. 1998; Zoschke
et al. 2011). Ds values describing 5-Fu and CytR adsorption
were similar on a given adsorbent but were about 1 order of
magnitude smaller on SAE Super than on HOK Super (1.4–

3.5×10−11cm2s−1 on HOK Super, 2.9–4.3×10−12cm2s−1 on
SAE Super). Differences in Ds values were likely a result of
differences in pore structures between the two PACs with
HOK Super containing a higher percentage of the total pore
volume in the meso- and macropore range (Wirling 2001).

The HSDM was used to predict the effect of a limited
contact time (30 min) on the PAC dose required to
achieve a desired 5-Fu and CytR removal percentage. A
PAC contact time of 30 min is fairly typical if PAC were
added to a tertiary physical–chemical treatment train that
follows biological treatment in a WWTP. Compared to

Fig. 6 Pseudo-single solute isotherm fits, predictions, and kinetics
predictions for WWTP effluent. Experimental conditions: WWTP ef-
fluent spiked with 200 μgL−1 (open or light solid symbols) or 0.8 μg

L−1 (symbols with positive sign inside) of a single adsorbate, pH 7.8,
20 °C, 100 rpm, 16 h contact time

Fig. 7 Adsorption kinetic data describing CytR adsorption from
WWTP effluent by HOK Super. Lines represent HSDM fit (500 mg
L−1 HOK Super dose) and prediction (50 mgL−1 HOK Super dose).
The surface diffusion coefficient was estimated with the data set
obtained at an initial CytR concentration of 200 μgL−1 and an HOK
Super dose of 500 mgL−1. Experimental conditions: WWTP effluent
spiked with 200 or 0.8 μgL−1 of CytR, pH7.8, 20 °C, 100 rpm
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the isotherm data, which is representative of the removal
percentages that may be achieved if PAC is added to the
aeration basin of a WWTP and incubated for several
hours, substantially larger PAC doses are required to
achieve a given 5-Fu and CytR removal percentage in
30 min (Fig. 6b). For example, to achieve 70 % 5-Fu
and CytR removal in 30 min would require HOK Super
doses of about 500 and 250 mgL−1, respectively, and
SAE Super doses of about 250 and 100 mgL−1, respec-
tively. At a pseudo-equilibrium contact time of 16 h,
70 % 5-Fu and CytR removal would be achieved with
HOK Super doses of about 200 and 140 mgL−1, respec-
tively, and SAE Super doses of about 90 and 30 mgL−1,
respectively (Fig. 6b and ESM Fig. S2).

Summary and conclusions

This study focused on the adsorption behavior of highly
polar micropollutants (log Kow below −1) onto powdered
activated carbon for their removal from wastewater. The
findings can be summarized as follows:

– Adsorption capacity of HOK Super for the polar 5-Fu
and CytR was approximately 1 order of magnitude
lower than for the less polar BPA and EE2. Doses of
carbon sufficient to remove over 90 % of apolar adsor-
bates are able to remove approximately 50 % of polar
5-Fu and CytR.

– Statistically significant influence of the solution pH and
ionic strength on the carbon adsorption capacity was
observed only for the charged 5-Fu, with higher adsorp-
tion capacities at lower pH values and weaker ionic
strengths.

– Background organic matter decreased adsorption capac-
ities to a greater extent than pH, ionic strength, and
temperature. This occurred especially at low carbon
doses where the competition for sorption sites is strong.

– The percentage of 5-Fu and CytR removal at a given
PAC dose was independent of the initial adsorbate con-
centration. This behavior, observed here for ionisable
compounds in the presence of EfOM is analogous to
that observed for non-ionizable pollutants in the pres-
ence of NOM.

– The pseudo single-solute isotherm equation proved to
be a suitable tool for prediction of the adsorption be-
havior of polar micropollutants in a wastewater matrix.

– The percentage of adsorbate removal as a function of
time was also independent of the initial adsorbate
concentration.

– Comparison of the two tested PACs showed that the
doses of HOK Super (with bigger particle size and

smaller surface area) have to be approximately three
times higher than those of SAE Super to achieve the
same 5-Fu and CytR elimination efficiency. Surface
diffusion coefficients for HOK Super are 1 order of
magnitude higher than for SAE Super.
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