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The adsorption of organic micropollutants onto powdered activated carbon (PAC) was investigated in laboratory scale
based on samples from four wastewater process streams (matrices); three from a pilot-scale plant with different de-
grees of physicochemical treatment of municipal wastewater and one from a full-scale activated sludge plant with
post-precipitation. The pilot-scale treatment consisted of chemically enhanced primary treatment with microsieving
followed by direct membrane filtration as microfiltration or ultrafiltration. The results showed highest adsorption of
micropollutants in the tertiary (biologically and chemically) treated wastewater and lowest adsorption in the
microsievefiltrate. Adsorption of micropollutants in the directmembranemicrofiltration (200 nm) permeate was gen-
erally similar to that in the direct membrane ultrafiltration (3 nm) permeate. The higher adsorption ofmicropollutants
in the tertiary treated wastewater could be related to a lower concentration of dissolved organic carbon (DOC) and
lower affinity of DOC for PAC at low dosage (<15 mg PAC/L) in this matrix. At a PAC dose of 10 mg/L, sulfamethox-
azole was removed by 33% in the tertiary treated wastewater and 7% in the direct membrane microfiltration perme-
ate. In addition to the PAC experiments, a pilot scale sand filter and a proceeding GAC filter was operated on tertiary
treated wastewater from the full-scale treatment plant. Similar removal trends in the PAC and GAC experiments were
observed when studying a weighted average micropollutant removal in the GAC filter and a similar dose of activated
carbon for both PAC and GAC. Positively charged micropollutants were removed to a higher extent than negatively
charged ones by both PAC and GAC.
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1. Introduction

Conventional wastewater treatment, such as the activated sludge pro-
cess, is not designed to remove organicmicropollutants like pharmaceutical
residues, and only contributes to partial removal of these substances (Joss
et al., 2008). Adsorption onto activated carbon is one option to reduce
the discharge of micropollutants viamunicipal wastewater without produc-
ing any by- or transformation products (Margot et al., 2013).

The adsorption onto activated carbon is affected by numerous factors,
such as the activated carbon surface chemistry and pore structure (Alves
et al., 2018; Moreno-Castilla, 2004). Its porous structure has been classified
into micropores (<2 nm), mesopores (2–50 nm) and macropores (>50 nm)
(Sing et al., 1985). Microporesmake up at least 90–95% of the surface area,
and are the most important pores for the adsorption of micropollutants
(Radovic, 2001), whereas macropores and mesopores function mainly as
passages for micropollutants. Powdered activated carbon (PAC) has a
higher fraction of mesopores than granular activated carbon (GAC), and
thus allows for more rapid intraparticle diffusion (Real et al., 2017;
Suzuki, 1991).

Dissolved organic matter (DOC) in wastewater has a negative influence
on micropollutant adsorption due to competition for micropore adsorption
sites and macro- and mesopore blocking (Jarvie et al., 2005; Yu et al.,
2009). The molecular weight of DOC can vary from a few hundred Da to
over 100 kDa, and low-molecular weight DOC influence the adsorption of
micropollutants more than high-molecular weight DOC (Zietzschmann
et al., 2014). Aromatic DOC, as indicated by UVA254, has further been
seen to correlate with micropollutant removal by activated carbon
(Altmann et al., 2014; Zietzschmann et al., 2016). Since the DOC composi-
tion of the effluent varies in different types of wastewater treatment pro-
cesses (Krasner et al., 2009; Wang and Chen, 2018), the degree of
adsorption will also vary. Adsorbate (micropollutants) properties, such as
functional groups, polarity, aromaticity, hydrophobicity, charge andmolec-
ular weight, are also important factors determining adsorption (Yu et al.,
2009; de Ridder et al., 2011; Knappe et al., 2003; Quinlivan et al., 2005).
Anyhow, for a high adsorption of micropollutants it is advantageous to
have a low concentration of DOC, which depends on the treatment pro-
cesses preceding the adsorption step (Boehler et al., 2012).

Treatment with activated carbon can be applied after or integrated with
an existing process at awastewater treatment plant. PAC or GAC adsorption
after biological treatment and subsequent separation have been examined
in several studies (Altmann et al., 2015; Kårelid et al., 2017; Löwenberg
et al., 2014; Margot et al., 2013). Integrated processes where PAC is
added into a biological reactor would require less space and exhibit poten-
tial synergistic effects (Boehler et al., 2012; Cimbritz et al., 2019; Gutiérrez
et al., 2021; Meinel et al., 2016; Serrano et al., 2011; Streicher et al., 2016).

An alternative option to conventional wastewater treatment is chemical
precipitation and microsieving followed by direct membrane filtration.
Chemical precipitation and microsieving can be used to increase treatment
efficiency and reduce foot-print (Ljunggren et al., 2007; Väänänen et al.,
2016). Direct membrane filtration, by micro- or ultrafiltration, is an abiotic
process where wastewater is filtered directly using a porous membrane
(Ravazzini et al., 2005) and has the potential of treating wastewater with
small footprint and low energy consumption (Hey et al., 2017, 2018;
Nieuwenhuijzen et al., 2000). A combination of the two treatment pro-
cesses has previously shown the potential to produce permeates with or-
ganic contents of ~40 mg/L COD (Hey et al., 2017), which is in the same
range as for biologically treated wastewater, 20–50 mg/L COD (Ekblad
et al., 2019). However, micro- or ultrafiltration is not efficient for the re-
moval of micropollutants and thus an additional process would be needed,
such as activated carbon adsorption. Whether micropollutant adsorption
onto PAC or GAC after direct membrane filtration can be combined has
however not been fully investigated.

The main objective of this study was to investigate micropollutant ad-
sorption onto PAC using real wastewater at actual micropollutants concen-
trations (no spiking) after pilot scale treatment of influent municipal
wastewater by (1) physicochemical treatment (coagulation, flocculation
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and microsieving (100 μm pore size)), (2) physicochemical treatment and
subsequent microfiltration (200 nm pore size), (3) physicochemical treat-
ment and subsequent ultrafiltration (3 nm pore size), and (4) full-scale ac-
tivated sludge treatment with post-precipitation (tertiary treatment). The
micropollutant adsorption in the PAC experiments for the tertiary treated
wastewater (4) was further compared with the micropollutant removal in
a pilot-scale plant based on sand- and GAC filtration.

2. Materials and methods

A pilot-scale plant with microsieving, microfiltration (MF), ultrafiltra-
tion (UF) and a GAC filter was operated at Svedala wastewater treatment
plant (Sweden), as shown in Fig. 1, and described in detail in Sections 2.1
and 2.3. Svedala treatment plant has a treatment capacity for 18,500 popu-
lation equivalents and is treating municipal wastewater with the majority
being domestic wastewater, and small contributions of industrial wastewa-
ter and stormwater run-off. During the pilot-scale plant operation period,
the incoming wastewater was of the character medium-to-strong with aver-
age concentrations around 350 mg/L suspended solids, 650 mg/L COD,
180 mg/L total organic carbon (TOC), 70 mg/L notal nitrogen and
9 mg/L total phosphorus (n = 8–19). The adsorption of 12 organic
micropollutants onto PACwas investigated in laboratory-scale experiments
in wastewater from each treatment step, and onto GAC in pilot scale, as de-
scribed in Sections 2.2 and 2.3.

2.1. The direct membrane filtration pilot-scale plant

The microsieving and direct membrane filtration pilot-scale treatment
plant received 3m3/h of wastewater from the sand trap. Treatment was ini-
tiated by pre-precipitation with 12 mg Al3+/L poly aluminium chloride
(Kemira, Sweden) and 3 mg/L anionic polymer (Veolia, France) and
microsieving in a drum filter (100 μm pore size, Hydrotech, Sweden).
Subsequent membrane filtration was performed in two parallel lines: one
with MF (0.2 μm pore size, MFP2, Alfa Laval, Denmark) and one with UF
(10 kDa molecular weight cut-off, ~3 nm pore size, UFXpHt10, Alfa
Laval, Denmark).

2.2. Lab-scale PAC experiments

Wastewater for the PAC experimentswas collected as grab samples after
microsieving, MF, UF and after biological and chemical treatment at the
full-scale treatment plant (tertiary effluent). Suspended solids, TOC and
COD were analysed prior to the adsorption experiments, which were initi-
ated within 24 h. PAC (SAE Super, Norit, Netherlands; BET surface area
1150 m2/g, particle size ~20 μm) was prepared as a suspended stock solu-
tion in deionized water. Wastewater (40 mL) with pH 7.7 was transferred
into Falcon tubes (50 mL) and PAC was added at 12 concentrations (0, 5,
10, 15, 20, 25, 30, 40, 50, 60, 80, 100 mg/L). After 24 h of agitation on a
horizontal shaker at 20 °C, PAC was separated from the water by centrifu-
gation (4000 rpm for 10 min) and subsequent filtration (0.45 μm, Minisart
RC, Sartorius, Germany). DOC and ultraviolet absorbance at 254 nm
(UVA254) were determinedwithin 24 h. Filtered samples for micropollutant
analysis were stored at−20 °C in 100 mL HDPE bottles.

2.3. Pilot-scale GAC filtration

A 19-l filter containing GAC (AquaSorb™ carbon 5000, Jacobi Carbons,
Germany; BET surface area 1200 m2/g, particle size ~1mm) was operated
downstream of 19-l sand filter fed with tertiary treated wastewater. An
empty bed contact time (EBCT) of 10 min was maintained by controlling
the flow (114 L/h). Backwashing of the sand filter was usually performed
weekly and the maximum pressure was 5 bar. The GAC filter was
backwashed twice per month and the maximum pressure was 3 bar. Flow
proportional 24-h composite samples were collected after approximately
3000, 8000, 18,000 and 23,000 bed volumes. DOC and UVA254 were deter-
mined within 24 h after each sampling. Removal efficiencies at different
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EBCTs (5, 10, 20 and 30 min) were evaluated at 8000 bed volumes by
changing the flow through the GAC filter and by grab sampling. Samples
for micropollutant analysis were stored at−20 °C in 100 mL HDPE bottles.

2.4. Analytical methods

2.4.1. Analysis of wastewater constituents
Analysis of DOC and UVA254 was performed on filtered samples

(0.45 μm filters, Minisart RC, Sartorius, Germany). UVA254 was measured
using a UV-VIS spectrophotometer (Hach DR 6000). COD, TOC and DOC
were analysed with Hach cuvettes (LCK314, LCK385) using spectrometry
(Hach DR2800). The suspended solids concentrations were determined ac-
cording to Swedish standard (SS-EN ISO 5667-3:2004).

2.4.2. Analysis of organic micropollutants
12micropollutants were selected for analysis based on their presence in

wastewater treatment plant effluents (Svahn and Björklund, 2017):
atenolol, carbamazepine, diclofenac, fluconazole, losartan, metoprolol,
naproxen, oxazepam, sulfamethoxazole, tramadol, trimethoprim and
venlafaxine. In brief, the frozen HDPE bottles were thawed and 40 mL of
each sample was concentrated and purified on an Oasis HLB 200 mg solid
phase extraction column. After drying, elution and evaporation, each sam-
ple was reconstituted in methanol and 1 μL was analysed by ultra-
performance liquid chromatography (UPLC) coupled to tandemmass spec-
troscopy (MS/MS) (Waters Acquity UPLC H-Class, Xevo TQS Waters
Micromass, Manchester, UK) as described by Svahn and Björklund (2016,
2019).

The analysis of micropollutants with low to moderate micropollutant
concentrations inwastewater with a high interfering backgroundmatrix re-
quires thorough sample preparation and optimized mass spectrometer pa-
rameters to achieve precision, accuracy, and low limits of quantification.
By using a low injection volume (1 μL) and three separate chromatographic
methods (acid, alkaline, neutral) (Svahn and Björklund, 2019) in the UPLC,
it is possible to achieve high precision and elevated sensitivity, which is re-
quired for the analysis of micropollutants at low concentrations. Tradition-
ally, this kind of analysis has been conducted by spiking samples with
micropollutants at relatively high concentrations (Delgado et al., 2012).
The limits of quantification and relative standard deviations for the 12
3

investigated micropollutants are given in Table S1. The molecular proper-
ties of the micropollutants (Table S2) were determined using Chemaxon
software (Swain, 2012).

2.5. Calculations based on Freundlich isotherms

Freundlich isotherms (Freundlich, 1906) were fitted to the PAC adsorp-
tion data according to Eq. (1).

qe ¼ KF ∗ C1=n
e (1)

qe is the concentration of micropollutants in the solid phase (ng/mg),KF the
Freundlich constant (ng/mg)/(ng/L)1/n, Ce the micropollutant concentra-
tion at equilibrium (ng/L), and 1/n the Freundlich intensity parameter
(dimensionless).

Freundlich parameters were determined through linear fitting of ad-
sorption data on a log-log scale, as described previously by Hamdaoui
and Naffrechoux (2007). As the initial micropollutant concentrations, C0,
were constant and the concentration of the adsorbent (PAC) was systemati-
cally increased, the maximum adsorption capacity, qm (ng/mg), for the
micropollutants could be estimated (Hamdaoui and Naffrechoux, 2007) ac-
cording to Eq. (2).

qm ¼ KF ∗ C1=n
0 (2)

3. Results and discussion

3.1. Wastewater characteristics and DOC removal in the PAC experiments

The concentrations of DOC, UVA254 and SUVA, and the relative de-
crease of DOC and UVA254 in the lab-scale experiments are given in Fig. 2
and Table S3. DOC is a measurement of the dissolved organic content,
while UVA254 can be used to estimate the aromatic content in a solution,
and SUVA is the ratio of UVA254 to DOC. The tertiary effluent showed the
lowest DOC concentration and UVA254 (without PAC), indicating that the
abundance of aromatic DOC was lower in this matrix (Fig. 2). All matrices
had similar specific UVA254 (SUVA), indicating that the proportions of DOC
with an aromatic backbone and aromatic moieties were similar in all
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matrices. The concentrations of suspended solids, COD, TOC, SUVA,
UVA254 and DOC (without PAC) are compiled in Table S4.

BothDOC andUVA254 decreased in all experimentswhen PAChad been
added. For most PAC doses, a higher removal of DOC was observed in the
membrane permeates compared to that in the other matrices, however
the differences between the matrices were relatively small (Fig. 2). The
removal of DOC by adding PAC was generally lower in the microsieving
filtrate than in both the MF and UF permeates due to possible adsorption
and pore blocking by the relatively high concentration of TOC (41.5 mg/L)
(Table S4). The difference between removal of UVA254 in the matrices was
greater than that of DOC. The lowest removals of UVA254 were observed in
the microsieve filtrate.

Since membrane filtration is based on size exclusion, it was assumed
that only compounds smaller than the membrane pores were present in
the MF and UF permeates. By subtracting the concentration of DOC in
the MF permeate (12.4 mg/L) from the concentration of DOC in the
microsieving filtrate (16.4 mg/L), it was determined that about
4 mg/L of the DOC in the microsieve filtrate had a diameter > 200 nm
(Fig. 2). This fraction of DOC could have contributed to pore blocking
of PAC macropores >50 nm. The concentrations of DOC in the MF and
UF permeates revealed that most DOC molecules (11.9 mg/L) had a di-
ameter < 3 nm, and that only a small fraction of the DOC (0.5 mg/L) had
a diameter of 3–200 nm.

3.2. Organic micropollutant adsorption isotherms

Initial micropollutant concentrations, micropollutant removal with a PAC
dose of 10 mg/L and Freundlich isotherm parameters in the lab-scale experi-
ments are given in Table 1. The initial concentration ofmicropollutants varied
from 57 ng/L (fluconazole) to 8653 ng/L (naproxen), and the micropollutant
removal with a PAC dose of 10 mg/L varied between 3% (sulfamethoxazole)
and 96% (trimethoprim). The adsorption of micropollutants in the fourmatri-
ces (Figs. 3 and S1) appeared to be related to the concentration of DOC and
UVA254 (Fig. 2); the removal of micropollutants in the tertiary effluent
(10.7 mg/L DOC, 18.9 m−1 UVA254) was usually the highest while removal
in the microsieving filtrate (16.4 mg/L DOC, 29.0 m−1 UVA254) was the low-
est. High concentration of DOC and UVA254 could indicate high competition
for adsorption sites by aromatic, organic compounds. Both DOC and UVA254

measurements have been suggested as suitable to estimate micropollutant ad-
sorption by PAC (Altmann et al., 2014, 2016). The removal could also be re-
lated to the molecular properties of the micropollutants, which is further
discussed in Section 3.3.
4

The removal of micropollutants in the MF (200 nm) and UF (3 nm) per-
meates (Figs. 3 and S1) were, in most cases, similar and this could be due to
the comparable DOC concentrations (Fig. 2). UF only retained 0.5 mg/L
more DOC than MF which suggested that most DOC in the MF permeate
was smaller than 3 nm. The results indicated that the small fraction of
DOC between 3 and 200 nm did not significantly influence adsorption of
micropollutants onto PAC.

Freundlich isotherms could be fitted (R2 ≥ 0.90) to most of the posi-
tively charged and uncharged micropollutants, but only to a few negatively
charged micropollutants (Figs. 3 and S1). The two negatively charged
micropollutants, diclofenac and sulfamethoxazole, showed negative ad-
sorption trends at increasing equilibrium concentrations, i.e. with decreas-
ing PAC dose, in most wastewater matrices. Similar adsorption trends were
seen for all low-adsorbing compounds: diclofenac, sulfamethoxazole,
fluconazole, losartan and naproxen (Fig. S1), which accords well with
previous studies where such trends have been related to competitive
adsorption by DOC (Altmann et al., 2014; Zietzschmann et al., 2014). Fur-
thermore, these results could be explained by the low affinity of these
micropollutants for activated carbon, which would be especially important
when the available adsorption sites are limited, and the DOC content is
high. The adsorption of sulfamethoxazole could be fitted with an isotherm
(R2≥ 0.90) in the tertiary effluent but not in any of the othermatrices, pos-
sibly due to the lower affinity of the DOC for PAC in that matrix.

Themicropollutant maximum adsorption capacities of PACwere gener-
ally higher in the matrices with less DOC, as in the following order: tertiary
effluent > UF permeate ≈ MF permeate > microsieving filtrate (Table 1).
The lowest maximum adsorption capacity was found for fluconazole
(4 ng/mg) in MF permeate, and the highest for naproxen (551 ng/mg) in
UF permeate (Table 1). The differences in adsorption capacities were partly
related to the initial concentrations of the micropollutants. Since this study
was performed without spiking micropollutants, a variation in the initial
concentration and adsorption capacities was expected. Especially notewor-
thy are the differences in concentration for naproxen in the tertiary effluent
compared to the other matrices which is due to the biodegradability of
naproxen (Lahti and Oikari, 2011). However, the differences in initial con-
centration could not alone explain the variations in the adsorption capacities.
Sulfamethoxazole and trimethoprim had similar initial concentrations in the
tertiary effluent, yet the latter showed much higher absorption capacity of
PAC, probably as a result of the differences in molecular charges, as is dis-
cussed in Section 3.3.

To further analyse the influence of DOC and UVA254 on the adsorp-
tion of micropollutants, the PAC dose was normalized to the initial



Table 1
Initial concentrations, removal with a PAC dose of 10mg/L and Freundlich isothermparameters (only given for isothermfits R2≥ 0.90) for the adsorption of micropollutants
onto PAC in the four wastewater matrices. Initial concentration and the removal with 10mg/L PACwere based on one analysis per wastewater sample. Freundlich isotherms
were based on 5–11 PAC doses (n) depending on the limit of quantification.

Compound (and charge) Matrix Initial Removal with Freundlich parameters

concentration 10 mg/L PAC KF 1/n qm R2 n

(ng/L) (%) ((ng/mg)(ng/L)−1/n) (ng/mg)

Metoprolol (+) Microsieving filtrate 2653 62 19.0 0.32 239 0.99 11
MF permeate 2392 84 28.1 0.33 367 0.99 9
UF permeate 2188 86 27.5 0.34 372 0.99 10

Tertiary effluent 2160 95 28.1 0.38 537 0.91 10
Atenolol (+) Microsieving filtrate 1940 47 10.4 0.33 125 0.94 11

MF permeate 875 61 − − − <0.90 9
UF permeate 1557 73 13.8 0.35 182 0.99 8

Tertiary effluent 1562 89 16.7 0.40 327 0.99 8
Tramadol (+) Microsieving filtrate 991 34 7.0 0.26 42 0.94 11

MF permeate 1021 65 9.0 0.34 94 0.99 11
UF permeate 923 61 10.3 0.29 77 0.98 11

Tertiary effluent 819 82 7.8 0.42 131 0.99 11
Trimethoprim (+) Microsieving filtrate 319 67 5.0 0.31 30 0.98 9

MF permeate 154 81 4.3 0.31 20 0.99 7
UF permeate 197 85 5.5 0.33 32 0.99 6

Tertiary effluent 222 96 6.2 0.54 117 0.99 6
Venlafaxin (+) Microsieving filtrate 736 44 5.7 0.29 39 0.99 11

MF permeate 606 65 6.5 0.34 56 0.99 11
UF permeate 416 61 5.5 0.30 34 0.96 10

Tertiary effluent 539 78 5.0 0.46 88 0.99 10
Oxazepam (0) Microsieving filtrate 484 34 4.5 0.25 22 0.96 11

MF permeate 328 61 5.5 0.26 25 0.96 9
UF permeate 359 67 − − − <0.90 11

Tertiary effluent 465 80 7.3 0.33 57 0.93 11
Carbamazepine (0) Microsieving filtrate 652 50 5.7 0.31 42 0.99 11

MF permeate 451 70 6.5 0.32 45 0.97 10
UF permeate 436 73 7.7 0.30 49 0.99 9

Tertiary effluent 505 86 6.5 0.43 96 0.99 9
Fluconazole (0) Microsieving filtrate 58 8 − − − <0.90 11

MF permeate 105 37 1.5 0.23 4 0.9 11
UF permeate 105 35 1.6 0.23 5 0.97 11

Tertiary effluent 57 60 1.0 0.38 5 0.98 10
Losartan (−) Microsieving filtrate 1750 32 14.8 0.20 64 0.96 11

MF permeate 854 53 − − − <0.90 10
UF permeate 830 61 − − − <0.90 9

Tertiary effluent 1545 65 19.4 0.25 120 0.91 10
Diclofenac (−) Microsieving filtrate 707 45 − − − <0.90 10

MF permeate 440 50 − − − <0.90 7
UF permeate 413 62 − − − <0.90 11

Tertiary effluent 429 52 − − − <0.90 9
Naproxen (−) Microsieving filtrate 8653 21 − − − <0.90 11

MF permeate 6869 43 − − − <0.90 11
UF permeate 7238 60 62.0 0.25 551 0.97 9

Tertiary effluent 333 53 − − − <0.90 5
Sulfamethoxazole (−) Microsieving filtrate 198 3 − − − <0.90 11

MF permeate 216 7 − − − <0.90 11
UF permeate 246 16 − − − <0.90 11

Tertiary effluent 269 33 2.3 0.26 9 0.94 11
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DOC concentration and to the initial UVA254 (Figs. S2, S3). After the nor-
malization, the adsorption profiles were more similar but the difference in
DOC could not fully explain the observed difference as the general order
(tertiary effluent > UF permeate ≈ MF permeate > microsieving filtrate)
was preserved. The normalization for UVA254 gave more similar removals
than the normalization for DOC. The higher adsorption in the effluent
wastewater could be due to that the biological treatment changed the com-
position of the DOC (Wang and Chen, 2018) by decreasing the content of
low-molecular weight fractions (Park et al., 2010) which aremore compet-
itive for adsorption sites (Zietzschmann et al., 2014).

3.3. Influence of the molecular properties of organic micropollutants on adsorption

Differences in the affinity of micropollutants for activated carbon may
be related to their individual physicochemical properties. Fig. 4 shows
micropollutant removal from the tertiary effluent as a function of PAC
dose, together with selected molecular properties of the 12micropollutants
5

studied. The 12 micropollutants were almost completely removed (>85%)
at high PAC doses (>40 mg/L). The three micropollutants showing the
highest adsorption were trimethoprim, metoprolol and atenolol, which
are all positively charged at the experimental pH of 7.7. The three
micropollutants showing the lowest adsorption were sulfamethoxazole,
naproxen and diclofenac, which are all negatively charged at this pH.
This effect was most pronounced at low PAC doses (<15 mg/L) at which
the number of adsorption sites are more limited. Uncharged micropollutants
showed both poor and good adsorption onto PAC.

It has been reported that electrostatic interactions between
micropollutants and PAC significantly influence adsorption (de
Ridder et al., 2011; Guillossou et al., 2020). Slightly basic experimental
conditions (e.g. pH 7.7) results in a negatively charged activated carbon sur-
face due to dissociation of oxygen complexes of acid character, such as car-
boxylic and phenolic groups on the graphene-like surface (Moreno-Castilla,
2004). This would explain both the high removal of positively charged com-
pounds and the low removal of negatively charged compounds.
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Water solubility showed negative correlation with removal within the
groups of negatively charged and uncharged micropollutants while the
octanol-water partitioning coefficient, log POW, which is a measurement
of hydrophobicity of a compounds neutral form, correlated positively
with removal within those groups. Log POW showed higher correlation to
the removals of micropollutants than log DOW, which is a measurement of
hydrophobicity of a compounds neutral and ionized forms, altogether.
Values for log POW and log DOW are given in Table S2. Hydrophobicity has
been reported to be an important factor influencingmicropollutant adsorption
onto activated carbon (de Ridder et al., 2010; Hamdaoui and Naffrechoux,
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2007; Moreno-Castilla, 2004; Quinlivan et al., 2005; Rodriguez et al., 2016).
As an example, carbamazepine, an uncharged compound with a high value
of log POW (2.8), showed high affinity for PAC in the present study. In contrast,
the uncharged compound fluconazole was poorly adsorbed, which could be
explained by the low value of log POW (0.6) in combination with its high
water solubility (1.39 mg/mL).

Diclofenac, losartan and naproxen all showed low affinity for PAC,
mainly due to their negative charge. Moreover, they all have high log
POW values (Fig. 4), which could cause the formation of complexes between
micropollutants and hydrophobic DOC (Hernandez-Ruiz et al., 2012; Mott,
Molecular

weight Charge Log POW

Water 

solubility

)Lm/gm()lom/g(

Trimethoprim 290 + 1.3 0.615

Metoprolol 267 + 1.8 0.402

Atenolol 266 + 0.4 0.429

Carbamazepine 236 0 2.8 0.152

Tramadol 263 + 2.5 0.750

Venlafaxin 277 + 2.7 0.230

Oxazepam 287 0 2.9 0.088

Fluconacole 306 0 0.6 1.390

Losartan 423 - 5.0 0.005

Sulfamethoxazole 253 - 0.8 0.459

Naproxen 230 - 3.0 0.051

Diclofenac 296 - 4.3 0.004

ganic micropollutant molecular properties (right). ChemAxon software Chemicalize
ater solubility was found on the drugbank.com website.

http://drugbank.com
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2002). Micropollutant-DOC complexes could further co-adsorb onto the PAC
surface (Guillossou et al., 2020). Interestingly, these three micropollutants
demonstrated relatively high adsorption in the MF and UF permeates
(Fig. S2). Formation of micropollutant-DOC complexes could be possible
afterMF and UF because of the different composition of DOC in these perme-
ates compared to theDOC in the tertiary effluent. This is supported by the low
but existing removal of these threemicropollutants byUF andMF, seen in the
column Initial concentration in Table 1.

3.4. Removal of organic micropollutants in a pilot-scale GAC column

The GAC filter columnwas operated for 23,000 bed volumes and the re-
moval of micropollutants and DOC at four different bed volumes are pre-
sented in Fig. 5a. The influence of EBCT on micropollutant removal is
presented in Fig. 5b. Like in the PAC experiments, the positively charged
micropollutant showed a higher removal than the negatively charged
micropollutants at all investigated bed volumes. Moreover, the break-
through of the negatively charged micropollutants occurred at earlier
time points than that of the positively charged micropollutants. Similar ob-
servations have been reported in previous studies (Benstoem et al., 2017;
Meinel et al., 2015; Nguyen et al., 2013). A DOC removal of only 20%
was observed around 8000 bed volumes. This indicated an almost complete
saturation of DOC and that the entire GAC bed had been pre-loaded with
DOC. At 18000, and 23,000 bed volumes, the removal of DOC was close
to 0%.

At 23000 bed volumes, the removal of sulfamethoxazole was negative
(Fig. 5a) which indicated that, at this time-point, the capacity of GAC to ad-
sorb sulfamethoxazole had been reached. Already at 18000 bed volumes,
the estimated adsorbed amount (q) of sulfamethoxazole was 9 ng/mg
GAC which is comparable with the maximum adsorption capacity (qm) of
9 ng/mg PAC from the lab-scale batch experiments (Table 1). At 23000
bed volumes, the other micropollutants showed removals between 14%
and 49% (Fig. 5a) and the adsorbed amounts (Table S5) were all below
those achieved in the lab-scale batch experiments (Table 1).

Different types of carbons were used in the PAC and the GAC experi-
ments (PAC SAE Super and AquaSorb™ carbon 5000) which could have in-
fluenced the results. Both carbon types has similar BET surface areas
(1150 m2/g and 1200 m2/g respectively), points of zero charge (pHPZC)
of 9.8 and 8 respectively (Ersöz et al., 2013; Kovalova et al., 2013; Türgay
et al., 2011) but different pore size distributions. PAC SAE Super has a
lower proportion of micropore to mesopore volume (1.4:1) (Mestre et al.,
2019; Rúa-Gómez et al., 2012) than AquaSorb™ carbon 5000 (2.8:1)
(Villars et al., 2020) which may have influenced the adsorption and
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competition by dissolved organic matter (Ebie et al., 2001; Pelekani and
Snoeyink, 1999).A change in EBCT had a greater effect on the removal of
compoundswith low affinity for GAC than on compoundswith high affinity
for GAC. As seen in Fig. 5b, a more distinct drop in removal of negatively
charged micropollutants and the uncharged fluconazole was observed
when the EBCT was decreased. A sufficiently long EBCT seems to be
more important for the removal of micropollutants with low affinity, than
for those with high affinity to GAC.

3.5. Comparison of weighted organic micropollutant removal in by GAC with
removal by PAC

The adsorption by PAC and GAC was investigated by comparing the re-
moval of micropollutants by a DOC-normalized dose of 1.2 g activated car-
bon/g DOC using both PAC and GAC (Fig. 6). The removal for the different
micropollutants was relatively similar for both types of activated carbon.
Negatively charged micropollutants showed low removals in both applica-
tions. Sulfamethoxazole demonstrated higher removal by GAC than by
PAC. This could be due to a low competitive environment in the lower
part of the GAC column at low bed volume throughput. In the beginning
of filtration with new GAC, the top zone in the GAC column adsorbs com-
pounds with high affinity for the GAC, such as metoprolol and carbamaze-
pine. Subsequently, the lower part of the GAC column receives lower
concentration of these highly adsorbable compounds. This enables higher
adsorption of compounds with low affinity for GAC, such as sulfamethoxa-
zole, in the lower part of the GAC column.

4. Conclusions

The adsorption of 12 micropollutants onto PAC was investigated in
laboratory-scale experiments with four different wastewater matrices,
and onto GAC in pilot scale with tertiary treated wastewater. Based on
our findings, we could conclude that there is a potential of integrating
micropollutant adsorption onto activated carbon following direct mem-
brane filtration of municipal wastewater treatment. Ultrafiltration did not
provide a better permeate for the adsorption of micropollutants than
microfiltration. The following conclusions were also drawn:

• The majority of micropollutants were adsorbed to the highest extent in
the tertiary effluent and to the lowest extent in the microsieve filtrate.

• Micropollutant adsorption in microfiltration (200 nm) and ultrafiltration
(3 nm) permeates were similar; the fraction of DOC of 3–200 nm
(0.5mg/L) did not significantly influence the adsorption ofmicropollutants.
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1.2 g activated carbon/g DOC. The removal by GAC is based on the weighted mean
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• The higher adsorption of micropollutants in the tertiary treated wastewater
could be related to the lower concentration of DOC and the lower affinity of
DOC for PAC in this matrix.

• Micropollutant removal in the PAC experiments of tertiary treatedwastewa-
ter was similar to micropollutant removal by GAC filtration.
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