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ABSTRACT

This study investigated the powdered activated carbon (PAC) adsorption of 13 pharmaceu-
ticals from the primary (and secondary) effluents of a wastewater treatment plant. In addi-
tion to fresh PAC, PAC that was previously used for pharmaceutical elimination from the
secondary effluent was also examined for its reuse potential in the primary effluent. The
results showed a comparably negligible pharmaceutical uptake by fresh and used PACs in
the primary effluent, in contrast to a substantial uptake by both PACs in the secondary
effluent. This result indicated a severe adsorption competition induced from the primary
effluent organic matter, i.e. the considerably higher constituents of low molecular and
hydrophobic components. Furthermore, the competition effect even resulted in a desorption
of the negatively charged pharmaceuticals from the used PAC into the primary effluent. It
was concluded that adding fresh PAC to the secondary effluent is preferred and that
recycling the used PAC into the activated sludge tank could not offer an additional
pharmaceutical adsorption.

Keywords: Pharmaceuticals; Powdered activated carbon; Primary effluent; Secondary
effluent; Adsorption competition

1. Introduction

Conventional wastewater treatment plants are typi-
cally not designed to remove trace-level organic
micropollutants. Consequently, most of these contami-
nants are present in the wastewater secondary effluent
and subsequently enter the receiving aquatic ecosys-
tem if no proper tertiary treatment is implemented [1].
There are several approaches that have been proposed
to update the conventional wastewater treatment for

effective micropollutant removal: ozonation, powdered
activated carbon (PAC) adsorption and “dense
membrane” filtration [2]. Among these possible
technologies, PAC was highlighted based on its easy
implementation, e.g. easy to integrate into the existing
tertiary filter without significant constructional change
[3,4]. In addition, with its diverse and abundant pores,
PAC is able to adsorb a broad spectrum of micropol-
lutants with a high efficiency. It was reported that
when PAC was combined with ultrafiltration as
an advanced tertiary treatment, an average
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micropollutant removal of more than 80% (of the 70
potentially problematic substances) can be achieved at
a PAC dose between 10 and 20 mg/L [5].

Different PAC application schemes were attempted
in wastewater treatment plants considering a maxi-
mum usage of the PAC adsorption capacity and a
simultaneous separation of the PAC particles; for
example, directly adding PAC into the activated
sludge tank, dosing PAC in the secondary effluent
before the tertiary filtration or circulating the back-
washed used PAC from the tertiary filter into the acti-
vated sludge tank [6]. In addition to being capable of
disposing the used PAC, the recycling strategy
enhanced the overall micropollutant removal effi-
ciency by 10–50% compared with the single PAC
application in the secondary effluent [6]. This
enhanced micropollutant removal might be ascribed to
the effects of biodegradation and biomass attachment
in the activated sludge system [7] and to a higher
adsorption potential due to the higher micropollutant
concentration in the primary effluent.

However, a crucial factor impacting micropollutant
adsorption by PAC from background water is the
adsorption competition with the co-present organic
matter [8]. Because the adsorption competition
between micropollutants and the organic matter in the
primary effluent was rarely investigated, the extent to
which this adsorption competition could affect the
final micropollutant uptake remains unknown. More-
over, previous studies demonstrated that the relevant
competing organic matter only constitutes a small por-
tion of the bulk organic matter [9]. Therefore, identify-
ing the major competing components in the primary
effluent is necessary for a better evaluation of the
micropollutant adsorption efficiency both on fresh
PAC and on the recycled used PAC.

In this study, we examined the adsorption of a
subset of pharmaceutically active compounds (PhACs)
from the wastewater primary effluent by the PAC that
was previously used for the tertiary treatment. This
used PAC was received from the backwash water of a
tertiary filter that was pre-immobilized with fresh
PAC for PhAC elimination in the secondary effluent.
In addition, this study elucidated the adsorption com-
petition between micropollutants (i.e. PhACs) and the
organic matter that originated from the primary and
secondary effluents. The objectives were to (1) deter-
mine the characteristics of the used PAC (in relation
to the fresh PAC) and its potential for reuse in terms
of the available pore surface area; (2) identify the dif-
ference between the primary and secondary effluents
with respect to the molecular weight distribution of
their organic matter, which can be linked to PAC
adsorption; and (3) evaluate the selected PhAC

adsorption efficiency on the used and fresh PAC, with
the primary effluent as the background matrix.

2. Methods and materials

2.1. The adsorbents

Fresh PAC (Norit SAE SUPER) was obtained from
Norit. B.V. (Amersfoort, The Netherlands). Due to its
abundant mesopore and micropore volume, this PAC
is expected to adsorb both low- and high-molecular-
weight pollutants. According to the supplier, PAC has
a grain size d50 of 15 μm, a specific surface area of
1,150 m2/g and a density of 425 kg/m3. The used
PAC (with the same fresh origin) was collected from
the backwash water of a rapid dual media filter that
was initially immobilized with ~20 mg/L fresh PAC
and was operated continuously for ~10 h. The flow
diagram of the used PAC recycling system is illus-
trated in Fig. 1. Prior to use, the fresh PAC was con-
stantly soaked in demineralized water to discard any
bubbles inside the PAC pores. The PAC concentration
was defined by measuring the dry PAC mass from
2 ml of the fresh (and the used) PAC suspension in
triplicate.

2.2. The PhACs and water matrices

A mixture of PhACs with various physicochemical
properties was chosen for this study (supplementary
information Table S1). A stock solution of 1.5 g/L
PhACs was prepared by adding the PhAC powders
(>99%, Sigma Aldrich, The Netherlands) into a certain
amount of methanol (analytical grade, Sigma Aldrich,
The Netherlands). Afterwards, this stock solution was
spiked into the primary effluent and secondary
effluent for an additional concentration of 5 μg/L per
compound (i.e. in addition to the background concen-
tration). This spiked concentration was intended to
offset the difference in the background PhAC concen-
trations and highlight only the difference in the
organic matter between the secondary and primary
effluents. Moreover, it was noted that the spiked
methanol did not obviously increase the dissolved
organic carbon (DOC) concentration of either sec-
ondary or primary effluent (relative standard devia-
tion of DOC before and after methanol addition was
<5%).

The primary and secondary effluent water were
collected from a domestic wastewater treatment plant
in Rotterdam (HHSK, Rotterdam City, The Nether-
lands). This plant adopts a traditional treatment pro-
cess consisting of screening, primary clarifier,
activated sludge tank and secondary clarifier. The
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primary effluent and secondary effluent were then
sampled after the primary clarifier and the secondary
clarifier, respectively. Upon the water samples’ arrival
in the laboratory, 1.2-μm glass fibre membrane discs
(Whatman, The Netherlands) were used to separate
the solids, and the supernatants were stored in the
refrigerator at a temperature of 4˚C, which were then
used within 24 h to avoid biological degradation.

2.3. The adsorption tests

PhAC adsorption experiments were conducted for
both used and fresh PAC in primary effluent and sec-
ondary effluent, respectively. PhAC adsorption in the
secondary effluent by the used PAC was conducted to
determine the remaining adsorption capacity of the
used PAC, which served then as a reference for the
used PAC uptake of PhACs in the primary effluent.
Specifically, 20 mg/L fresh and used PAC was dosed
separately as a suspension into 250-ml Erlenmeyer
flasks, each containing 200 ml of primary or secondary
effluent with spiked PhACs. The stirring speed was
maintained at approximately 180 rpm, and the temper-
ature was 20 ± 2˚C. Thereafter, samples were with-
drawn after contact times of 0.5 and 48 h, respectively.
It has been suggested that 0.5 h is a typical contact
time that is encountered in a PAC single-stage adsorp-
tion reactor and 48 h represents the adsorption equi-
librium and the maximum capacity [10]. The 0.45-μm
glass fibre membrane discs (Whatman, UK) were used
to extract the samples for PhAC quantification.

2.4. The analytical methods

The PhAC concentrations were quantified by an
ultra-high-performance liquid chromatography with
tandem mass spectrometry (HPLC/MS-MS) in Het
Waterlaboratorium (Haarlem, The Netherlands). With
the aid of a validated multicomponent analysis
method, the minimum reporting limit of all of the
compounds was 5 ng/L or lower [11]. In such cases,
the samples in this study were diluted five times with

ultrapure water before injection into the instrument.
Moreover, the matching labelled internal standards
were added to each diluted sample to check the recov-
ery during measurement. Additionally, DOC was
determined by a TOC analyser (TOC-VCPH, Shi-
madzu, Japan), and UV254 was measured with UV–vis
spectrophotometer (Thermo Scientific, Germany).
Other wastewater-related parameters, e.g. chemical
oxygen demand (COD), NHþ

4 -N, NO�
2 -N, NO�

3 -N,
total nitrogen (TN) and total phosphate (TP), were
measured with the corresponding Merck kits (Merck,
Germany), and the pH was detected using a pH meter
(Mettler Toledo, USA).

The molecular weight distribution of the organic
matter in the primary and secondary effluents was
analysed by the liquid size exclusion chromatography
with organic carbon detection (LC-OCD) in the institu-
tion of Wetsus (Leeuwarden, The Netherlands).
According to LC-OCD, the total DOC was divided
into hydrophobic organic carbon (HOC) and hydro-
philic organic carbon, i.e. chromatographic organic
carbon (CDOC), which can be further fractionated into
biopolymers, humic acids, low-molecular-weight neu-
trals (LMW neutrals) and low-molecular-weight acids
(LMW acids). Each fraction has its specific molecular
weight and charge characteristics [12,13].

The morphology and elemental composition of the
fresh and used PAC were executed using a scanning
electron microscope that was coupled to an energy-
dispersive X-ray (SEM-EDX) instrument (Ametek,
EDAXTSL). Prior to the analysis, PAC samples were
introduced under a fume hood for dryness. The sam-
ples were then scanned at various resolutions for SEM
and at a 10-kV accelerating voltage at 1,000× magnifi-
cation for EDX. The scanning area for EDX detection
was approximately 0.3 × 0.3 mm, and at least three
random areas were selected for this scanning.

Methylene blue and iodine numbers were deter-
mined as indicators of the specific pore surface area of
the PAC samples. Compared with the pore size
distribution analysis based on nitrogen gas adsorp-
tion/desorption isotherms, wet PAC samples were

Fig. 1. The flow diagram of recycling the backwashed PAC from the tertiary filter into the prior activated sludge tank.
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allowed in this method and were deemed more suit-
able in our case, as any dryness technique would
destruct the loaded organic matter on the used PAC
and thereby alter the pore structure. The iodine num-
ber was measured referring to the Norit Standard Test
Methods (ASTM D4607–94), and the methylene blue
number was determined following a previously
established protocol [14].

3. Results and discussion

3.1. The characteristics of the used and fresh PAC

3.1.1. Surface morphology and elemental composition

The surface morphology of the used and fresh
PAC is given in three different resolutions in Fig. 2. It
shows that a large number of “white lumps” were
present on the used PAC surface compared with the
fresh PAC surface, which were likely formed by the
developed biomass [15] and the deposited suspended
solids during the filtration of the secondary effluent.
The EDX results reveal no obvious difference between
the used and fresh PAC in terms of the elemental
compositions (supporting information Fig. S1). With
the exception of C, the proportion of organic elements
(O, S) increased slightly, whereas the inorganic ele-
ments (Al and Si) decreased slightly in the used PAC.
This result reflects the introduction of oxygen com-
plexes on the PAC surface as a result of adsorption
[16] and the deposition of the organic substances as
revealed in Fig. 2.

3.1.2. Porosity

The iodine number was expressed as the amount
of iodine that was adsorbed per gram of PAC at the
equilibrium iodine concentration of 0.02 N based on
the approximation that 1 mg of adsorbed iodine mole-
cules corresponds to 1 m2 of the true micropore (pore
diameter ≤ 0.6–0.7 nm) surface area [14]. In contrast,
the methylene blue number can represent the level of
development of sub-micropores with a pore diameter
between 0.6 and 1.6 nm [16], assuming a complete
monolayer coverage of the sub-micropores by the
methylene blue molecules [14]. The calculated true
micropore and sub-micropore surface areas are pre-
sented in Fig. 3. It is clear that the sub-micropore sur-
face area of the used PAC decreased to a greater
extent than did the true micropore surface area. This
decrease can be ascribed to the pore occupancy by
organic matter in the secondary effluent, mostly the
prevalent humic acids with intermediate molecular
size, which tend to fit into the sub-micropores [17,18].

Nevertheless, the residual true micropore surface area
of the used PAC indicates its adsorption potential for
the small-molecular-weight substances, e.g. the
PhACs.

3.2. The characteristics of the primary and secondary
effluents

3.2.1. Water quality parameters and the background
PhAC concentrations

The water quality parameters of the primary and
secondary effluents are summarized in Table 1. These
parameters show that after the biology tank, the
UV254-represented organic matter was moderately
reduced, and the bulk organic matter indicators DOC
and COD were well reduced. The nutrients (TN and
TP) were removed at percentages of up to 90%.
NHþ

4 -N had almost 100% removal and was mostly
transformed to NO�

3 -N. These results demonstrate a
complete nitrification/denitrification process in the
existing biological treatment.

Table 1 also provides an overview of the back-
ground concentrations of target PhACs in the primary
and secondary effluents. Theophylline, ibuprofen and
paracetamol were only detected in the primary efflu-
ent rather than in the secondary effluent. Still, these
compounds exhibited higher occurrence concentra-
tions than did the others in primary effluent; in partic-
ular, paracetamol had a remarkably high level of
64 μg/L, and this value appeared to be in good agree-
ment with several previous studies [5,19]. PhAC
removals during the existing biological process varied
significantly depending on the specific compound.
Theophylline, ibuprofen, paracetamol and naproxen
turned out to be highly biodegradable, whereas
hydrochlorothiazide, carbamazepine and lincomycin
showed even higher concentrations in the secondary
effluent than in the primary effluent, which could be
attributed to the possible release from the faeces parti-
cles or the conversion of a PhAC conjugation form
[20], e.g. carbamazepine glucuronide can be changed
into carbamazepine during biological treatment [21].
According to the literature, a high nitrification level
was usually associated with a high micropollutant
removal percentage due to the high activity of the
nitrifying bacteria, which are capable of degrading
many micropollutants [5,22]. In this study, the
detected PhAC concentrations in the secondary efflu-
ent can meet the environmental quality criteria that
were proposed in Switzerland [23]. However, there
were still six of the 13 compounds that had concentra-
tions greater than 100 ng/L, which confirmed the
demand for an advanced treatment because these
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PhACs might have a potentially detrimental impact
on the aquatic organisms and the human body during
chronic exposure.

3.2.2. Molecular weight distribution of the organic
matter

The molecular weight distributions of the organic
matter in the primary and secondary effluents are
illustrated in Fig. 4. These results show a predominant
constituent of the CDOC in both waters, in which the
intermediate molecules “humic acids” and the “LMW

neutrals” were the two major fractions. Overall, HOC
was completely eliminated during the biological pro-
cess. Among the four CDOC fractions, “humic acids”
were reduced to the least extent (30%), whereas the
“LMW neutrals and LMW acids” and the macro-
molecules “biopolymers” were considerably reduced
up to 65 and 80%, respectively. It is hypothesized that
the high concentration of small molecules in the pri-
mary effluent could contribute to a high potential of
adsorption competition with the target PhACs
[8,12,24]. Furthermore, the HOC that is present
exclusively in the primary effluent might also be

Fig. 2. Surface morphology of the fresh PAC (left) and the used PAC (right).
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responsible for the adsorption competition [12,25],
given its higher affinity towards the carbon hydropho-
bic surface via, e.g. hydrophobic interactions.

3.3. PhAC adsorption in the primary and secondary
effluents

The relative PhAC concentrations (C/C0) in the
primary effluent after selected periods of contact time

(0.5 and 48 h) with 20 mg/L used PAC and 20 mg/L
fresh PAC are presented in Fig. 5(a) and (b), respec-
tively. As references, the correspondingly relative
PhAC concentrations in the secondary effluent by
20 mg/L used PAC and 20 mg/L fresh PAC are pre-
sented in Fig. 5(c) and (d). In these Figures, the PhACs
were classified into three groups according to their
dissociated species at the investigated pH of approx.
7.2: the negatively charged group, the neutral group
and the positively charged group (from left to right).

3.3.1. PhAC adsorption in the primary effluent by fresh
and used PAC

The PhAC adsorption was negligible in the pri-
mary effluent after 0.5 h: low removals of less than
20% occurred for a majority of the compounds by
either fresh PAC or used PAC, with only one excep-
tion (i.e. metoprolol), which had approximately 30%
removal by both PACs. After 48 h, six (gemfibrozil,
diclofenac, carbamazepine, theophylline, metoprolol
and paracetamol) of the 13 compounds showed dis-
cernible removal improvements compared with the
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Table 1
The water quality parameters and the background PhAC concentrations of the primary and secondary effluents

Parameters

Concentration
in the primary
effluent

Concentration
in the secondary
effluent

Average removal
during biological
treatment (%)

DOC (mg/L) 32.02 10.78 66.3
UV254 (cm

−1) 0.495 0.274 44.6
COD (mg/L) 154 35 77.3
NHþ

4 -N (mg/L) 49.3 1.4 97.2
NO�

2 -N (mg/L) <1.0 <1.0 –
NO�

3 -N (mg/L) 0.25 (<0.5) 4.6 –
TN (mg/L) 61 7.1 88.4
TP (mg/L) 20.65 0.68 96.7
pH 7.16 7.21 –
Theophylline (ng/L) 3,405 ± 132 ND ~100
Naproxen (ng/L) 2,314 ± 43 210 ± 2 90.9
Sulfamethoxazole (ng/L) 313 ± 12 156 ± 9 50.2
Ketoprofen (ng/L) ND ND –
Ibuprofen (ng/L) 5,065 ± 329 ND ~100
Clofibric acid (ng/L) ND ND –
Gemfibrozil (ng/L) 613 ± 30 322 ± 9 47.5
Diclofenac (ng/L) ND ND –
Hydrochlorothiazide (ng/L) 1,745 ± 111 1,755 ± 163 −0.6
Paracetamol (ng/L) 63,905 ± 807 ND ~100
Carbamazepine (ng/L) 339 ± 10 387 ± 20 −14.2
Metoprolol (ng/L) 568 ± 11 451 ± 13 20.6
Lincomycin (ng/L) 14 ± 0.5 15 ± 0.2 −7.1

Notes: Average ± standard deviation from triplicate measurements.

ND: Not detected.
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0.5-h contact time with fresh PAC, and four com-
pounds (carbamazepine, theophylline, metoprolol and
paracetamol) also had a removal improvement in the
case of used PAC. Surprisingly, the negatively charged

PhACs (e.g. ketoprofen and clofibric acid) underwent
even lower removals as the contact time progressed
from 0.5 to 48 h; diclofenac, in particular, exhibited a
constantly negative removal throughout the entire
adsorption period on the used PAC (Fig. 5(a)).

The observed unfavourable removals towards neg-
atively charged PhACs indicate a possible replacement
of the previously adsorbed negatively charged PhACs
on used PAC by the strongly adsorbable components
in the primary effluent. This result could be attributed
to the electrostatic repulsion between the negatively
charged PhACs and the PAC surface, which was con-
currently adsorbing or already loaded with the nega-
tively charged organic matter. In contrast, apart from
the high-molecular-weight compound (i.e. lincomycin),
which was susceptible to the size exclusion effect [26],
the positively charged compound metoprolol had sub-
stantial removal improvement with an increase in the
contact time from 0.5 to 48 h. This result agrees with
some previous findings in that the electrostatic
interaction is prevalent in the wastewater-impacted
adsorption process [27,28].
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Comparing the relative PhAC concentrations after
adsorption by fresh and used PAC in primary effluent,
a statistically significant difference (p-value < 0.05)
was found for the adsorption period of 0.5 h, whereas
a statistically insignificant difference (p-value > 0.05)
existed for the adsorption period of 48 h. These results
implied a somewhat pore blocking effect on the used
PAC that hindered the adsorption kinetics and
resulted in less PhAC uptake in the initial adsorption
stage. However, the similarity in PhAC removal after
48 h reflected a similar maximum PhAC adsorption
capacity in primary effluent between fresh and used
PAC. The comparable true micropore surface area that
was more accessible for the PhAC molecules might
be a probable explanation for this observation
(Section 3.1.2).

3.3.2. PhAC adsorption in the secondary effluent by
fresh and used PAC

As a reference, Fig. 5(c) reveals an appreciable
remaining capacity of the used PAC for PhAC adsorp-
tion in the secondary effluent. Notably, only three
compounds (sulfamethoxazole, ibuprofen and clofibric
acid) displayed removals of less than 40%, and the
remaining compounds were eliminated at approxi-
mately 80% after 48 h of contact with the used PAC.
This result is probably due to the additional spiking
of PhACs (i.e. 5 μg/L per PhAC) in the batch test,
which promoted the adsorption. Furthermore, as no
pore blocking effect was expected on the fresh PAC,
most of the PhACs, especially the neutral and posi-
tively charged PhACs, had already substantial reduc-
tion percentages (>60%) after 0.5 h of adsorption in
the secondary effluent (Fig. 5(d)). Moreover, except for
“sulfamethoxazole” and “clofibric acid”, the remaining
compounds exhibited up to 90% removal in the
secondary effluent after 48 h of contact with the fresh
PAC (Fig. 5(d)).

3.3.3. Comparison of PhAC adsorption in the primary
and secondary effluents

Comparing Fig. 5(c) and (a), a noticeably better
PhAC removal can be observed in the secondary efflu-
ent than in the primary effluent by the used PAC,
regardless of the adsorption time (p-value < 0.05 for
0.5 h and p-value < 0.05 for 48 h, respectively). This
result reveals a stronger adsorption competition
between PhACs and the primary-effluent-associated
organic matter, which also appears to be the cause for,
e.g. the negatively charged PhAC desorption from the
used PAC in the primary effluent (Fig. 5(a)).
Moreover, this adsorption competition is in agreement

with the surmise in Section 3.2.2 and confirms that the
hydrophobic organic matter “HOC” and the low-
molecular-weight organics may be the major competi-
tion contributors. On the other hand, a reduction of
these components in the background water can benefit
the adsorption of most PhACs, albeit to a lesser
degree for the poorly adsorbable compounds, such as
sulfamethoxazole [8] and clofibric acid.

In general, these results suggested that the adsorp-
tive removal of PhACs in the primary effluent was not
preferred compared with the secondary effluent,
regardless of the fresh PAC and the used PAC. There-
fore, adding fresh PAC in the secondary effluent for
an advanced treatment instead of in the primary efflu-
ent (i.e. followed by the activated sludge tank) would
be more beneficial for micropollutant removal when a
single-stage PAC application is concerned.

4. Conclusion

This study evaluated the PhAC removal efficiency
by PAC adsorption from wastewater primary and sec-
ondary effluents. Due to a serious competition
induced by the small molecular organics and
hydrophobic organics that are largely present in the
primary effluent, adding fresh PAC to the primary
effluent for PhAC adsorption seems to be not feasible.
Additionally, the competitive effects even resulted in a
desorption of the negatively charged pharmaceuticals
from the PAC that was previously used for PhAC
removal in the secondary effluent. Thus, recycling the
secondary effluent-used PAC into the activated sludge
tank might not offer an additional benefit for overall
PhAC removal.
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available online at 10.1080/19443994.2015.1123197.
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