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Hydrophilic organic micropollutants are commonly detected in source water used for drinking water
production. Effective technologies to remove these micropollutants from water include adsorption onto
granular activated carbon in fixed-bed filters. The rate-determining step in adsorption using activated
carbon is usually the adsorbate diffusion inside the porous adsorbent. The presence of mesopores can
facilitate diffusion, resulting in higher adsorption rates. We used two different types of granular activated

carbon, with and without mesopores, to study the adsorption rate of hydrophilic micropollutants.
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Furthermore, equilibrium studies were performed to determine the affinity of the selected micro-
pollutants for the activated carbons. A pore diffusion model was applied to the kinetic data to obtain pore
diffusion coefficients. We observed that the adsorption rate is influenced by the molecular size of the
micropollutant as well as the granular activated carbon pore size.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Anthropogenic organic micropollutants (OMPs), like pharma-
ceuticals, industrial chemicals, pesticides, and their transformation
products, are often found in surface and groundwater (Christoffels
et al., 2016; Loos et al., 2010; Ruff et al., 2015; Scheurer et al., 2009).
OMPs may enter the environment via the effluent of wastewater
treatment plants and runoff from agricultural land. In the past
decades, dozens of OMPs have been detected in water bodies used
for drinking water production (Sjerps et al., 2016; ter Laak et al.,
2014). Amongst other reasons, this is related to the advance of
analytical techniques, which have become more sensitive and se-
lective (Reemtsma et al., 2016a; Ternes, 2007). Due to increasing
use of anthropogenic organic chemicals, the contamination of
surface and drinking water with OMPs will likely increase in the
future.

Polar OMPs are less efficiently removed in wastewater treat-
ment plants as well as in drinking water treatment plants
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(Reemtsma et al., 2016b). Screening studies have revealed a relative
increase in polar compounds in drinking water samples compared
to composition in surface or groundwater (Sjerps et al., 2016). It is
often found that the concentration of OMPs in drinking water ex-
ceeds 1pg/L (RIWA-Maas, 2016), which indicates the need for
improving current drinking water treatment technologies.

Adsorption onto activated carbon (AC) in fixed-bed filters is one
of the main steps for OMP removal during drinking water pro-
duction from surface water sources (Stackelberg et al., 2007;
Ternes, 2007; Ternes et al., 2002). Although, activated carbon is
known to be more effective for adsorption of hydrophobic com-
pounds, removal of hydrophilic compounds has been also reported
(Nam et al., 2014; Nguyen et al., 2012). Technologies involving
adsorption onto AC are cost-effective and normally no trans-
formation products are formed, in contrast to advanced oxidation
processes (Gunten, 2018; Miklos et al., 2018). Drawbacks of AC
adsorption technologies include the high energy consumption for
AC regeneration and slow adsorption kinetics (Worch, 2012).
Nevertheless, adsorption onto activated carbon is still regarded as
an effective step to remove OMPs from wastewater and drinking
water (Katsigiannis et al., 2015).

Activated carbon is a versatile adsorbent due to its affinity for a
wide range of compounds and large internal surface area (Nath and
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Bhakhar, 2011; Worch, 2012). The large surface area of AC originates
from the complex internal porous structure, formed during the
activation process. To reach the internal surface area where
adsorption takes place, the OMPs must diffuse from the solution
into the pores. We can distinguish three different compartments in
which transport takes place: 1) the bulk solution, 2) the thin film
layer around the AC particle, and 3) the inside of the particle. The
transport in the intra-particle compartment is due to surface and
pore diffusion. In surface diffusion, the OMP that is adsorbed onto
the AC surface is transported along the carbon internal surface,
whereas in pore diffusion the OMP is transported in the liquid
phase within the carbon pores. Adsorption kinetics are determined
by film, surface and/or pore diffusion, although the relative con-
tributions are dependent on such parameters as mixing regime,
adsorbent type and adsorbate properties. It is important to note
that in practice it is often difficult to distinguish between surface
and pore diffusion (Valderrama et al., 2008).

The rate limiting step during adsorption of OMPs onto AC can be
identified through modelling approaches accounting for the prop-
erties of both adsorbate and adsorbent. Lower diffusion rates
reduce the efficiency of AC filters due to a more dissipated area
between loaded and unloaded zones in the filter bed. Consequently
the adsorbate is found in the effluent before the filter bed has been
used to its maximum adsorption capacity (Worch, 2012). By
modelling the adsorption kinetics of different OMPs onto activated
carbon, the apparent diffusion coefficient of the micropollutant in
activated carbon can be obtained. This information can then be
used to model and optimize removal of OMPs in AC filters.

In this study we assess the affinity of hydrophilic OMPs for two
different types of granular activated carbon (GAC) with different
pore structure and develop a theoretical model, based on pore
diffusion, to describe the adsorption kinetics. Adsorption isotherms
and kinetic experiments were used as input for the model to obtain
apparent pore diffusion coefficients of 9 OMPs of different sizes
using 2 GACs with different pore sizes. The results provide insight
in which of the characteristics of OMPs and ACs affect the adsorp-
tion rate.

2. Diffusion model

Several models have been presented in literature to describe
adsorption kinetics in porous adsorbents. Some models assume
that the transport rate is determined by the adsorption of the
adsorbate onto the adsorbent surface. They describe the adsorption
rate as a chemical reaction (Ocampo-Pérez et al., 2015). Examples of
models using this approach are pseudo-first-order and pseudo-
second-order kinetic models as described by Ho and McKay
(1998) and Blanchard et al. (1984). Such models usually fit the
data well, but have limited predictive value since the parameters
have no physical meaning (Lesage et al., 2010). On the other hand,
some models assume that the adsorption rate is determined by
diffusion. Those are more realistic models based on parameters that
are related to the physical and chemical properties of the adsor-
bent, such as adsorbent porosity and particle radius (Kyriakopoulos
and Doulia, 2006). These models take into account film diffusion
and/or intra-particle diffusion (Hung and Lin, 2006; Lee and Mckay,
2004; Valderrama et al., 2008).

Intra-particle diffusion can be modelled based on surface and/or
pore diffusion, depending on which process determines the rate in
the system studied. In some studies pore diffusion is described as
the dominant transport mechanism (Ocampo-Pérez et al., 2012b),
others find a greater contribution from surface diffusion (Ocampo-
Perez et al., 2011, 2010; Zhu et al., 2016), or conclude that both
transport processes are relevant (Souza et al., 2017). In general, it is
difficult to distinguish between surface and pore diffusion in

practice. There are no known properties of the adsorbate and the
GAC, nor known conditions of the adsorption process that deter-
mine the dominant transport mechanism. Ocampo-Pérez et al.
(2015) found that low adsorption capacity of the carbon towards
an adsorbate resulted in a higher relative contribution of pore
diffusion to the intraparticle diffusion. We assume that pore
diffusion will be a relevant diffusion mechanism of hydrophilic
compounds in GAC given their lower affinity in comparison to hy-
drophobic compounds.

We used a pore diffusion model (PDM) to describe the mass
transfer of micropollutants towards the internal surface of activated
carbon. All OMPs studied in our experiments are hydrophilic, which
have in general a lower affinity for AC than hydrophobic micro-
pollutants. Pore diffusion, therefore, was expected to be the
dominant mass transfer mechanism. In the model, we consider
only pore diffusion for the mass transfer inside the pores. Compa-
rable models have been reported in literature (Ocampo-Pérez et al.,
2012a, 2012b; Souza et al., 2017). In the PDM, the AC granules are
assumed to be spherical with a constant diameter and homoge-
neous distribution of adsorption sites. To evaluate the transport and
concentration profiles of adsorbate in the pore, ¢, (umol/L), and the
adsorbent loading, g, (pmol/g), in a spherical particle of porous
adsorbent, the following mass balance equation can be set up

oqp  acp 0%cp 20y
Prae Tar P\ G T ar B

where p, is the activated carbon apparent density (g/L), t is time (s),
gp is the AC porosity (dimensionless), dp is the pore diffusion co-
efficient (m?/s) and r is the radius of the adsorbent particle (m). The
fitting parameter in the model was d,. All other parameters were
either calculated, measured or obtained from the AC supplier. AC
porosity was calculated based on the ratio between the material
apparent density and skeleton density. Details are given in the
Supplementary Information (SI) 1. The particle radius used was the
arithmetic mean of the particle size range (3.75 x 10~%m).

At each point in the pore of the granule we assume a local
equilibrium between the OMP concentration in the pore liquid and
the adsorbent loading. This equilibrium is described by the Lang-
muir equation (Langmuir, 1918) given by

_ qmKicp

dp = 1+ KLCp (2)
where g, is the maximum adsorption capacity of the adsorbent
(umol/g) and K; is the Langmuir constant (L/pmol).

2.1. Two boundary conditions are defined

1) The micropollutant concentration in the bulk solution is equal to
the concentration in the AC pores at the boundary with the
solution (r = rp). This condition is based on the assumption that
transport limitation due to film diffusion can be neglected.

cp=cforr=rp (3)

2) In the center of the particle (r = 0) the flux is zero.

—£ =0 f =0. 4
ar Oforr=0 (4)
In order to solve Equations (1)—(4), a mass balance was setup for

the batch experiments. Details are given in SI (S1).
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3. Materials and methods
3.1. Granular activated carbon

Two different types of GAC were used in the experiments:
AcquaSorb™ K-CS from Jacobi® (CS), a coconut shell carbon ther-
mally activated and C Gran from Norit® (CG), a wood based carbon
chemically activated with phosphoric acid. Textural properties
were measured with nitrogen adsorption-desorption isotherms at
77 K using a Micrometrics TriStar 3000, details are given in SI (S2).
The ACs differ in micro and mesoporosity (Table 1). Micropores
constitute almost the entire internal surface area of CS, whereas
micropores represent around 68% of the CG internal surface area
and the remaining fraction is formed by mesopores.

Granules were sieved to obtain particles with a diameter be-
tween 0.5 mm and 1 mm. After sieving, granules were washed with
demineralized water for 1h, dried and stored. Before the experi-
ments, GAC was dried overnight at 105 °C, weighed and boiled in
demineralized water to remove entrapped air.

3.2. Organic micropollutants

A mixture of 10 OMPs was used in this study: 1H-benzotriazole
(BTA), desphenyl-chloridazon (DPC), diclofenac (DCF), guanylurea
(GNR), hexamethylenetetramine (HMTA), iopamidol (IOP), iopro-
mide (IOPR), melamine (MEL), metformin (MET) and pyrazole
(PRZ). DPC was purchased from Santa Cruz Biotechnology and
AKOS, IOP was purchased from Sigma Aldrich and AKOS, IOPR was
purchased from Sigma Aldrich and Bayer, PYR was purchased from
Merck and all other micropollutants were purchased from Sigma
Aldrich. Table 2 shows their distribution coefficient (Log Dow),
molecular weight (MW), maximum projection area and minimal
projection diameter. Log Do is related to the log K, and pK; of a
molecule as described by Equations (5) and (6) (De Ridder et al,,
2010). For neutral molecules, log D,y equals log Ko, This param-
eter is often used to indicate hydrophilicity of a molecule, as hy-
drophilic compounds are characterized by a log Doy <3.5 (Lima
et al.,, 2015).

Acids : log Dow = log Kow — 10g(1 " ]0(PH—pKa)> 5)

Bases : log Doy = log Kow — 10g(1 | 10(PKa—pH) ) 6)

IOP and IOPR were the largest molecules in the study, followed
by DCF, as indicated by their molecular weight and maximum
projection area. At pH 7.5 GNR and MET are positively charged
(Markiewicz et al., 2017), DCF is negatively charged (De Ridder
et al., 2011) and the remaining OMPs are charge-neutral.

These micropollutants were selected due to their relevance for
drinking water treatment. They have recently been found in surface
and groundwater in Europe at concentrations that might impair
drinking water production free of organic contaminants (Alotaibi
et al., 2015; Buttiglieri et al., 2009; RIWA-Maas, 2016; Ruff et al.,
2015).

3.3. Adsorption experiments

Adsorption isotherm experiments and kinetic experiments were
performed by adding a known amount of GAC to a glass serum
bottle containing a mixture of 10 OMPs and demineralized water
buffered with 10 mM Na,HPO4 and 10 mM KH,PO4 at pH 7.5 All
OMPs were present in similar molar concentrations. The bottles
were closed with butyl rubber stoppers and wrapped in aluminium
foil to prevent OMPs photodegradation. Experiments were

conducted in duplicate, at 20 °C and bottles were mixed at 120 rpm
in horizontal position in an orbital shaker. The sample volume
subtracted from each bottle was 0.5 mL at every sampling point.
Samples were centrifuged for 10 min at 10,000 rpm in order to
remove GAC particles, diluted when necessary and stored at —20 °C
before analyses.

3.3.1. Isotherm experiments

For isotherm experiments 10 different initial concentrations of
micropollutants were used, ranging from 0.6 to 58 uM for CG or
1.0—120 uM for CS. The initial concentration used in the kinetic
experiments were within this concentration range (section 3.3.2).
GAC mass and total liquid volume were respectively 0.1 g and
100 mL for CG, and 0.05 g and 50 mL for CS. Equilibrium concen-
trations were measured at day 8 for CG and day 21 for CS, with the
exception of diclofenac, which was measured at day 21 also for CG.
AC load at equilibrium was calculated based on the mass balance
shown in Equation 7

Co — Ceq)*V
g = (O )V m/j") 7

where geq is the AC load at equilibrium (pmol/g), ¢y is the initial
adsorbate concentration (umol/L), ceq is the adsorbate concentra-
tion at equilibirum (pmol/L), V is the liquid volume (L) and my is
the adsorbent mass (g).

The Langmuir model was used to fit the experimental data using
a nonlinear-optimization method as suggested by Tran et al. (2017)
starting from the linearized form of the model given by Equation 8

r_r .1
Geq  qmKiCeq  dqm’

(8)

3.3.2. Kinetic experiments

Kinetic experiments were performed with initial OMP concen-
trations ranging from 34.7 to 60.9 uM, 0.1 g of GAC and a total liquid
volume of 100 mL. Samples were taken at time 0, 2 min, 10 min,
30min, 1h, 5h and days 1, 2, 4, 6, 8, 14 and 21. The final volume
subtracted from the bottle due to this sampling campaign corre-
sponded to less than 7% of the total liquid volume.

3.4. Chemical analyses

Micropollutants were measured using liquid chromatography
coupled to high-resolution accurate-mass mass spectrometry (LC-
HRAM-MS). The LC consisted of a Ultimate 3000 coupled through a
Hesi II electrospray source to a QExactive Orbitrap MS (Thermo
Scientific, San Jose, CA, USA). Sample volumes of 50 uL were
injected onto an Atlantis T3 column (100 mm x 3 mm, 3 pm).
Micropollutants were separated using gradient elution with a flow
of 0.3 mL/min. Solvents were (A): water/ammonium formate 2mM/
formic acid 0.016% (v/v) and (B): methanol/ammonium formate 2
mM/formic acid 0.016% (v/v). All solvents used were UHPLC grade,
purchased from Actu-All (The Netherlands). The gradient applied
was: 0—2min linearly increased to 45% B, 2—8 min linearly
increased to 100% B, 8—14.5 min stable at 100% B, decreased in
0.5 min to 0% B and stable at this condition until 20 min. The col-
umn temperature was maintained at 40 °C. Micropollutants were
detected in positive ionisation mode using electrospray. Three
different full-scan windows were applied: 60—160 for pyrazole,
700—800 for iopamidol and iopromide and 60—900 for all other
micropollutants. The following MS conditions were applied: spray
voltage 3.5kV, sheath and sweep gas flow rates 48 and 2
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Table 1
Textural properties of the activated carbons used in this study.

Activation method Micropore surface area (m?/g)

Mesopore surface area (m?/g)

Micropore volume (cm?/g) Mesopore volume (cm?/g)

CG Chemical 711 334 0.32 0.43
cS Steam 1248 48 0.51 0.04
Table 2

Log Dow, molecular weight (MW), maximum projection area and minimal projection diameter of micropollutants.

Micropollutant Log Dow at pH 7.0% MW (g/mol) Maximum projection area (A")° Minimal projection diameter (A)
1H-benzotriazole 1.23° 119.13 41.23 7.04
Desphenyl-chloridazon —0.78°¢ 145.55 42.76 7.82
Diclofenac 1.37%to 3¢ 296.15 69.33 9.70
Guanylurea —2.06° 102.10 38.38 6.40
Hexamethylenetetramine 0.36¢ 140.19 36.39 7.34
Iopamidol —2.4° 777.09 131.62 14.14
lopromide -2.1¢ 791.12 129.57 14.38
Melamine -2.0° 126.12 45.30 8.00
Metformin —4to —3.2f 129.17 43.96 7.50
Pyrazole 0.02 68.08 26.57 5.94

¢ For BTA and PRZ, values reported in literature refer to Log Koy.
b Hart et al. (2004).

€ Marvin Scketch (v.16.9.12.0, ChemAxon Ltd.).

4 Huntscha et al. (2012).

€ Margot et al. (2013).

f ACD/Labs (V11.02).

respectively, capillary temperature 256 °C, aux gas heater temper-
ature 413 °C and resolution 70000. MS was calibrated for each se-
ries according to manufacturer protocol using a Pierce™ LTQ Velos
ESI Positive Ion Calibration Solution (Thermo Scientific). Peak
identification and quantification was done with Thermo Xcalibur
(version 2.2) software.

4. Results and discussion
4.1. Adsorption isotherms

Adsorption isotherms were performed to study the affinity of the
selected OMPs for both types of activated carbons. All micro-
pollutants showed a higher affinity for CS (Fig. 1), as shown in Table 3
(higher K; values), except for MET and GNR, which showed a higher
affinity for CG (Fig. 2). The affinity of OMPs for CG followed the order:
DCF > IOPR > BTA > IOP > GNR > DPC > MEL > MET > PRZ. Affinity of
OMPs for CS followed the order DCF>IOPR>IOP>
BTA > MEL > DPC > PRZ > GNR. K; values for metformin with CS and
hexamethylenetetramine with both GACs could not be calculated
accurately because hardly any adsorption was observed.

The maximum adsorption capacity of CS for some micro-
pollutants can be higher than the g, obtained in our experiments,
given that the OMP concentrations applied were too low to reach
CS saturation. Nevertheless, together with K it is justified to use
this parameter to describe the distribution of the OMPs between
the adsorbed and dissolved phase in the concentration range used
in the kinetic experiments.

No OMP adsorption to butyl rubber stoppers was observed in
controls without activated carbon (data not shown).

The higher carbon loading of CS with OMPs is most likely due to
the larger micropore surface area of CS (Table 1). Stronger
adsorption occurs in the micropores (Lu and Sorial, 2004) due to
stronger interactions between the adsorbate and the pore walls (Li
etal., 2002). A higher adsorption onto microporous AC compared to
micro/mesoporous AC has previously been observed by Masson
et al. (2016). Pyrazole showed low affinity for CS and almost no
adsorption onto CG (Fig. 3). The low removal with both ACs is most

likely related to the small molecule size (MW only 68) in relation to
the AC pore size, which reduces the strength of the interactions
between the molecule and the pore walls.

GNR, HMTA and MET showed a low affinity for the tested ACs.
This may be related to their non-cyclic structure, restricting
possible interactions of these micropollutants with the adsorbate.
HMTA has a globular structure which restricts the available mole-
cule surface for interaction with the AC. MET and GNR showed poor
removal with activated carbon, as reported before (Scheurer et al.,
2012). These are the only two positively charged molecules in our
study, and both showed a higher affinity for CG than for CS. This is
likely due to electrostatic interactions between these molecules
and CG. Points of zero charge (pHpzc) values ranging between 3.5
and 4.2 have been reported for CG (Butkovskyi et al., 2018;
Villacanas et al., 2006). On the other hand, thermally activated
carbons produced from coconut shells, such as CS, have typically
pHp;c values > 9 (De Ridder et al., 2013; Dittmar et al., 2018; Largitte
and Pasquier, 2016). Therefore, CG most likely has more negatively
charged surface groups than CS at neutral pH. Higher adsorption of
cationic compounds compared with neutral and anionic com-
pounds onto chemically activated carbons was also observed by
Alves et al. (2018).

All micropollutants studied are hydrophilic and no correlation
between the degree of hydrophilicity (represented by log D,y ) and
their affinity for the GACs (represented by K;) was observed. An
exception to this observation was DCF, which had the highest log
Dow and highest K;. Poor or no correlation between log Doy and
affinity for GAC for hydrophilic compounds is in agreement with
what has been previously reported (De Ridder et al., 2010; Kovalova
et al., 2013; Nam et al., 2014). For hydrophilic compounds, relevant
interactions between adsorbate and activated carbon surface
include pi-pi interactions, hydrogen bonds (De Ridder et al., 2010)
and electrostatic interactions (Margot et al., 2013). OMPs with ar-
omatic rings (for instance BTA and DCF) can interact with the AC
surface via pi-pi interactions. All OMPs from this study are capable
of forming H-bonds with the functional groups of the AC and
charged molecules (DCF, GNR and MET) are subject to electrostatic
attraction or repulsion with charged groups from the AC surface.
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Fig. 1. Benzotriazole, desphenyl-chloridazon, diclofenac and melamine adsorption isotherms with CG and CS. Lines represent Langmuir model (Equation (2)).

Table 3
Langmuir coefficients of adsorption isotherms and correlation coefficient between experimental data and model prediction. NA: not available.
CG CS

Micropollutant K; (L/umol) qm (umol/g) R? K; (L/umol) qm (umol/g) R?
BTA 0.79 80.94 0.97 27.75 141.17 0.87
DPC 0.11 66.00 0.94 6.45 108.41 0.97
DCF 18.17 51.43 0.98 685.44 80.25 0.88
GNR 0.19 87.87 0.97 0.01 202.15 0.94
oP 0.74 78.56 0.91 37.83 69.42 0.89
IOPR 1.51 97.30 0.93 69.17 74.21 0.91
MEL 0.09 60.14 0.91 12.64 109.32 0.98
MET 0.06 95.07 0.96 NA NA NA
PRZ 1.2E-05 4E04 0.91 0.07 59.53 0.91

The high affinity of DCF and BTA for the ACs obtained in this
experiment is in agreement with literature, as those micro-
pollutants are often reported as highly adsorbable on activated
carbon (Zietzschmann et al., 2016, 2014). The Langmuir affinity
constant of DCF with both ACs was at least tenfold higher than for
the other micropollutants. High affinity of DCF for the ACs may be
related to the higher log Dow of DCF compared to the other
micropollutants studied (Table 2) and to the presence of two aro-
matic rings in the molecule, increasing the possibilities of pi-pi
interactions (Bauerlein et al., 2012).

IOP and IOPR showed a relatively high affinity for both ACs in
our experiments, whereas these micropollutants are often reported
as weakly adsorbable (Kennedy et al., 2015; Margot et al., 2013;
Rossner et al., 2009; Zietzschmann et al., 2014). The divergence
between our results and what is often reported in literature for IOP
and IOPR can be explained by the absence of background organic

matter in our experiments. The presence of dissolved organic car-
bon in concentrations as low as 1.5 mg/L can reduce the adsorption
of IOP to GAC by a factor of 7 compared to the adsorption in
demineralized water (Ahn et al., 2015). Due to the large size of these
micropollutants, their removal with AC is more affected by the
presence of background organic matter compared with the smaller
compounds (Zietzschmann et al., 2015), either due to pore blockage
or competition for adsorption sites. The difference between CG and
CS load (qgeq) for IOP and IOPR is smaller than for the other micro-
pollutants (Fig. 4). This indicates that not all micropore surface area
of CS can be occupied by these molecules due to their large size, as
predicted based on the molecules diameter (Table 2).

Possible interactions between the adsorbates in the mixture
have not been taken into account when fitting the Langmuir as well
as the Pore Diffusion models to our experimental data. We believe
this approach can be justified, because based on the projected area
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Fig. 3. Pyrazole and hexamethylenetetramine adsorption isotherms with CG and CS. Lines represent Langmuir model (Equation (2)).

of each compound (Table 2), at most only 15% of the GAC surface
area available was used for adsorption. Moreover, displacement of
an adsorbate with lower affinity for the AC by another adsorbate
with higher affinity was less than 8% in the kinetic experiments (at
t > 120 h), except for the pair guanylurea-CS in one of the replicates
(18% decrease in adsorbed amount between day 8 and day 21).
Therefore we conclude that mixtures of OMPs can be used to
determine parameters for single solute isotherm and kinetic
models.

4.2. Adsorption kinetics of OMPs onto GAC

In the kinetic adsorption studies, the adsorption rate was related
to OMP molecular size and GAC pore size. We observed that equi-
librium was reached within 24 h for the small molecules (BTA, DPC,
GNR, MEL, MET, PRZ), whereas for DCF, equilibrium was reached
within 24 h for CG and within 120 h for CS. For IOP and IOPR, the
largest molecules in the study, equilibrium was reached within 50 h
for CG and 300 h for CS.

Pore diffusion coefficients (dy) were obtained by fitting the Pore
Diffusion model to the kinetic data for the OMP-GAC pairs (Table 4).
The obtained values of d, are in the same range as previously re-
ported for adsorption with activated carbon (Lesage et al., 2010;
Ocampo-Pérez et al., 2012a). The value for dj, was not calculated for
PRZ with CG since almost no adsorption was observed nor for MET
with CS and HMTA with both ACs.

We observed a negative correlation between diffusion co-
efficients (dp) and molecular size (Fig. S2), and a positive correlation
between dj, and the presence of mesopores in GAC for BTA, DPC,
DCF, IOP and IOPR. For these OMPs, the adsorption rate was higher
for CG than CS (Fig. 5, Fig. S3 and Fig. S4), due to the presence of
mesopores in CG (Table 1). For all micropollutants except for IOP
and IOPR, the model curve was calculated using the average initial
OMP concentration of the experimental duplicates. For IOP and
IOPR with CG, the difference between the initial concentration of
the duplicates was relatively high and thus two model curves were
calculated using the initial concentrations of each duplicate.

Due to the faster adsorption of some OMPs onto CG than CS, CG
load with those OMPs was higher than CS in the beginning of the
adsorption process, despite the OMPs higher affinity for CS. The
period during which CG load was higher than CS was proportional
to the OMP molecular size: between 0.5 and 0.75 h for BTA and DPC,
12 h for DCF and between 25 and 73 h for IOP and IOPR. After this
period, the CS load with OMPs was higher than CG, as expected
based on affinity parameters. This is consistent with the hypothesis
that the adsorption rate is limited by intra-particle diffusion and
that mesopores facilitate the adsorbate diffusion into the granule
(Valderrama et al., 2008). This was also observed by Masson et al.
(2016) with activated carbon cloths with different mesopore vol-
umes. Mesoporous ACs have been reported to be more suitable for
adsorption of bulky molecules (Liu et al., 2006; Nakagawa et al.,
2004; Yuan et al.,, 2007) compared to microporous ACs, due to
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size exclusion. The overall affinity of the largest molecules tested
(DCF, I0OP and IOPR) is higher for CS than for CG. However, as dis-
cussed earlier, size exclusion effects of IOP and IOPR with CS can be
observed in the isotherms, supporting the hypothesis that diffusion
of these micropollutants in the micropores was hindered.

Some OMPs (GNR, MEL, MET and PRZ) showed no correlation
between d, and molecule size. PRZ is the smallest molecule in this
study, but did not have the highest diffusion coefficient as could be
expected based on its molecular weight. Moreover, GNR adsorbed
at similar rates onto both ACs whereas MEL adsorbed faster onto CS
(Fig. 6) indicating that the presence of mesopores in CG did not
result in a faster adsorption rate of GNR and MEL onto this AC. No
correlation between diffusion coefficient and affinity for the AC
(represented by K;) was observed either.

The lack of correlation between d, and molecule size or affinity
for the AC shows that properties of the OMP and/or GAC other than
pore size also influence diffusion rates, such as AC chemical surface
groups, OMP molecular shape, speciation, etc. In this study, it is not
possible to distinguish the influence of mesopores from the effect of
adsorbent surface chemistry because the used ACs differ in both
aspects. A similar conclusion was obtained by Ocampo-Pérez et al.
(2012a). In their study, no clear trend was obtained when
comparing adsorption rates (given by second-order kinetics model)
of compounds with different sizes onto GACs with different
porosities.

The model describes the adsorption process after 0.5 h for the
smaller molecules and after 24 h for the larger molecules. For early
stages, the model overestimates the adsorbed amount of OMP. This
may indicate that film-diffusion limits adsorption rate at the
beginning of the adsorption process. Intra-particle diffusion is less
relevant at initial stages since adsorption starts at the outer layers
of the AC granules. This has been described by Valderrama et al.
(2008) for polycyclic aromatic compounds and activated carbon.
In their study with PAHs, the initial steps of the adsorption process
could not be represented by models considering intra-particle
diffusion as rate limiting step, due to the small thickness of the
reacted layer. Our study shows that this is also valid for smaller
polar molecules.

4.3. Pore diffusion coefficient

The pore diffusion coefficient of an adsorbate in AC is related to
the adsorbate aqueous diffusion coefficient (D) as described by
Equation (9) (Valderrama et al., 2008)
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Table 4

Fitted pore diffusion coefficient (dy) of OMPs in the two GACs, OMPs molecular
weight (MW) and molecular diffusivities (D) based on Equation (10) and GAC tor-
tuosity (7) values based on Equation (9). NA: not available.

dp(m?[s) D (m?/s) MW (g/mol) 7
Micropollutant CG CS — - cG CS
BTA 55:107% 35.107'° 1.1.107° 119.13 1.8 25
DPC 351071 30107 12:10°° 14555 30 31
DCF 1.0-107'° 6.0-107'" 6.8-1071° 296.15 60 88
GNR 3.0-10°° 3,010 15.10°° 103.00 44 38
HMTA NA NA NA 140.19 NA NA
I0P 40-10°"" 20107 50-107'° 777.09 112 195
IOPR 55.107'"" 251071 4.8.107'° 791.11 78 150
MEL 151071 30.107° 1.2.10° 126.12 73 32
MET 15107 NA 1.0-107° 12917 62 NA
PRZ NA 151071 1.4.10°° 68.08 NA 73

De
dy= —2 (9)

T

where D is the molecular diffusivity of the adsorbate (m?/s) and 7 is
the AC tortuosity factor (dimensionless), which is a parameter that
describes the structure of AC and is used to relate the adsorbate
diffusivity in the pore to the diffusivity in free solution.

D values for diclofenac and metformin have been reported in
literature as 8.1-10"1°m?/s (Cid-Cerén et al., 2016) and 1.23 *
102 m?/s (Mondal et al., 2018), respectively. CS and CG tortuosity
were calculated based on the reported D values and Equation (9).
Tortuosity values calculated for CG are around 7, and the value for
CS based on DCF is around 10, which are higher than tipically re-
ported values in literature for AC (Ocampo-Pérez et al., 2012a;
Worch, 2012).

When D values obtained experimentally are not available,
empirical correlations are applied to calculate the molecular dif-
fusivities. One of the most commonly used correlations is described
by Wilke and Chang (Valderrama et al., 2008; Wilke and Chang,
1955; Worch, 2012) according to Equation 10

 7.4¥10°8(6M)°°T

D
mVa®

(10)

where @ is an association parameter that represents the effective
molecular weight of water with respect to the diffusion process,
and has the value of 2.6, M is the solvent molecular weight (g/mol),
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T is temperature (K), 7, is the solution viscosity (cp) and Vj is the
adsorbate molecular volume (cm?/mol). Values for V4 for the OMPs
were obtained by ChemSketch (ACD Labs) freeware.

Tortuosity values calculated using the aqueous diffusion ob-
tained with Equation (10) are presented in Table 4. The calculated
values are mostly in the range of values reported for AC except for
MET and PRZ and the largest molecules DCF, IOP and IOPR. The high
tortuosity value obtained for DCF, IOP and IOPR, combined with the
adsorption kinetic results, indicates that their diffusion is hindered
in the micropores, mainly in the GAC CS, likely due to the relatively
large size of the molecules.

Since tortuosity is a property of AC, its values should be

constant. However, this parameter is determined based on the
adsorption of an adsorbate onto the AC surface, so the interaction
between the adsorbate and the AC surface will likely influence the
values obtained using experimental data. The variation in tortu-
osity values can also indicate that the intra-particle diffusion is not
only governed by pore diffusion, but surface diffusion might also
play a role in determining the adsorption rate. However, since CG
and CS tortuosity and pore diffusion coefficients for the OMPs are
not known, it is not possible to determine the relative contribution
of surface diffusion to the adsorption rate.
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5. Conclusions

The adsorption rate and affinity of OMPs with two types of
activated carbons with different pore sizes was studied to deter-
mine the rate limiting step in adsorption. The main findings are as
follows:

e The choice for the most suitable GAC for micropollutant removal

from drinking water should take into account not only affinity

for the target compounds but also GAC pore sizes. GACs with
mesopores are desirable to prevent that slow kinetics reduce
efficiency of a fixed-bed AC filter.

Pore diffusion coefficients correlate negatively to adsorbate size

for most OMPs and this correlation is stronger for the largest

adsorbates.

Neither molecule size nor adsorption affinity are sufficient to

explain the adsorption kinetics of GNL, MER, MET, PRZ.

Diffusion of the largest molecules is hindered in the GAC mi-

cropores, resulting in tortuosity values higher than typically

reported for AC.

e Micropore surface area correlates with adsorption affinity be-
tween OMP and GAC. However, size-exclusion effects were
observed for the largest OMPs iopamidol and iopromide.

e Log D,y is a poor indicator for adsorption affinity for the hy-

drophilic OMPs studied.

Adsorption affinity relates to OMP molecular structure: OMPs

with cyclic structures adsorb to AC to a larger extent than OMPs

with linear or globular structures.
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