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ARTICLE INFO ABSTRACT

Edited by Dr. R. Pereira The role of the chemical properties of Pharmaceutically Active Compounds (PhACs) in their sorption behaviour

and consequently in their fate and mobility is of major environmental interest, but a comprehensive evaluation is

Keywords: still lacking. The sorption of nine PhAC molecules with distinct physico-chemical properties on soils and goethite

PhACs . was described using linear, Freundlich and Langmuir models and the relationship between the chemical struc-

1S-‘sd.slorptlon tures of the compounds and the parameters of the adsorption was evaluated using redundancy analysis (RDA).
oi

The latter showed that the sorption of the pharmaceuticals was determined by the intrinsic chemical charac-
teristics of the molecules, as shown by the 35% value of constrained variability. For the hydrophobic estrogens,
El, E2 and EE2, the logD value and the number of hydrogen bond sites were found to be the main controlling
factors for adsorption, indicating that hydrophobic interaction and hydrogen bonding are the dominant sorption
mechanisms. The = energy of the molecules also proved a very important parameter, governing the retention of
PhAC:s in soils, especially in the case of carbamazepine, oxazepam and lamotrigine. The main controlling factor
for ionic compounds, such as diclofenac sodium, tramadol or lidocaine, is the fraction of PhACs present as
charged species, revealing the importance of Coulomb forces. The results of this study will allow semi-
quantitative predictions to be made on how the molecular structure governs the sorption of PhACs and which
sorption mechanism could be involved.

Redundancy analysis
Sorption mechanism

1. Introduction

Nowadays, due to the growing volume of medicines administered to
both humans and animals, there is an ever greater need for information
about Pharmaceutically Active Compounds (PhACs). This class of com-
pounds includes substances that are widely used in agriculture, medi-
cine and biotechnology, such as antibiotics, drugs and hormones. It is
estimated that around 60-80% of PhACs, which amounts to some
100,000 tons or more per year, are not absorbed by animals or humans
but are released into the environment (Gobel et al., 2005). These com-
pounds may accumulate in soil and water (Caracciolo et al., 2015; He
et al.,, 2018; Kolpin et al., 2002) and many of them induce serious
problems, making them a potential risk to human health and aquatic
ecosystems even in low concentrations (Gomes et al., 2017; Klatte et al.,
2017). PhAGCs entry to the environment can be found from improper

disposal of unused drugs, wastewater effluent discharge and even in
agricultural runoff (Kusturica et al., 2017; Schliisener and Bester, 2008).
In urban areas, wastewater treatment plants (WWTPs) are considered to
be the main contributor to environmental pollution with PhACs, because
these WWTPs are not designed to eliminate these molecules (Valdés
et al., 2014).

The intrinsic physicochemical properties of PhAC molecules have a
great influence on their environmental behaviour, including their
sorption characteristics. These molecules are able to interact with the
solid phase in several ways (Zhao et al., 2016), so it is crucial to gain
more information on how the chemical structure of the sorbent affects
the sorption mechanism. Knowledge about this relationship would help
to predict the fate and mobility of PhACs in the environment, and would
lead to a better understanding of the purification processes taking place
in WWTPs. Pharmaceuticals have varied physicochemical behaviour,
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but many exhibit hydrophobicity, which determines their characteristics
in the chemical processes taking place on the surface of solid particles
(Hari et al., 2005; Kaur et al., 2018). The sorption of hydrophobic,
non-ionic molecules, for example, is mainly controlled by hydrophobic
(including weak van der Waals) and electron donor-acceptor in-
teractions (Bauerlein et al.,, 2012; Keiluweit and Kleber, 2009).
Hydrogen bonding with hydroxyl groups on the surface has also been
found to be an important mechanism for hydrophobic molecules (Tolls,
2001). In the case of hydrophilic, ionic compounds, the main role may
be played by interactions with charged surfaces through strong elec-
trostatic mechanisms, for example cation exchange, cation bridging and
complex formation (Carmosini and Lee, 2009; Jiang et al., 2015).

However, PhAC molecules contain moieties with very different
chemical characteristics (polar, apolar, charged parts), so it is difficult to
evaluate the sorption behaviour of these compounds based on a single
parameter, such as logP or solubility. The objective of this study was
therefore to develop a better understanding of the sorption behaviour of
pharmaceuticals on soils and goethite and to clarify which of the
interaction mechanisms is dominant and how this is related to phar-
maceutical characteristics. This comprehensive study was performed on
three types of Hungarian soils and goethite, using nine pharmaceuticals
chosen on the basis of their physicochemical properties, which ranged
from the hydrophilic, ionic Na-diclofenac to the hydrophobic, neutral
estrogens.

The specific objectives of this study were to: (i) to describe the
adsorption of nine PhACS on soil and goethite using several adsorption
models, (ii) to assess the relationships between the isotherm parameters
and the chemical properties of PhACs, and (iii) to gain an insight into the
sorption mechanism of PhACs and to evaluate the extent to which
chemical properties govern sorption using redundancy analysis (RDA).

2. Materials and methods
2.1. Chemicals

Nine PhACs, namely carbamazepine (CBZ), diclofenac sodium (DIC),
17a-ethynylestradiol (EE2), estrone (E1), estradiol (E2), lamotrigine
(LAM), lidocaine hydrochloride (LID), oxazepam (OXA) and tramadol
hydrochloride (TRA), were selected on the basis of their n-octanol-water
partitioning coefficient (logP), water solubility and dissociation con-
stant (pKa). Tramadol HCl and oxazepam were obtained from Lipomed
GmbH, while the rest of the PhACs tested were purchased from Sigma-
Aldrich. All were of analytical grade purity (> 99%). Ultra-pure water
with a quality of 0.055 uS/cm (LaboStar® PRO TWF) was used in all the
analytical procedures.

2.2. Adsorbents

The soil samples were taken from similar horizons of three soil types
(Eutric Arenosol, Mollic Oxygleyic Calcic Gleysol and Eutric Calcic
Histosol). The samples were used in a previous study, where they were
given the following abbreviations: A_20 (Arenosol sampled at 20 cm),
G_20 (Gleysol sampled at 20 cm), H_20 (Histosol, sampled at 20 cm)
(Szabo et al., 2020). The commercial goethite standard (a-FeOOH,
Sigma-Aldrich) was also used as a sorbent, because the selected soils
contained measurable amounts of this mineral.

The soil samples were air-dried and sieved to < 250 pm to minimise
the effect of particle size variation on sorption. The basic chemical and
physical properties were measured using standard laboratory proced-
ures at a constant temperature of 22 °C: soil pH (pHy20, pHkcl — Thomas,
1996), CaCO3 content (Scheibler method, Loeppert and Suarez, 1996),
iron content (X-ray fluorescence spectroscopy, Caporale et al., 2018),
organic carbon and nitrogen contents (CNS elemental analyser, Thermo
Scientific Flashsmart, Matejovic, 1997) and XRD analysis (Flint and
Flint, 2002). The specific surface area (SSA) of the sorbents was deter-
mined using a BET method (Brunauer-Emmett-Teller equation with
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multipoint adsorption isotherms of Ny at 77 K, Pennell, 2002). The
physicochemical properties of the adsorbents are presented in Table S1.

2.3. Adsorption experiment and sorption models

The sorption of the nine PhACs was measured in the dark at constant
temperature (20 °C) in an incubator (ILW 240 STD) using a batch
equilibration method. Preliminary tests showed that sorption reached
equilibrium for all nine PhACs within 2 h. The soil/solution ratios were
set at 1:12 to obtain enough supernatant for filtration, because at least
10 mL of supernatant is needed to saturate the glass filter. The sediment
solutions were equilibrated by shaking in a mechanical round shaker for
2 h. After adsorption, the falcon tubes were centrifuged at 5200 rpm for
15 min (MPW-352RH) and filtered through a 0.45 mm glass filter
(Chromafil® GF/PET-45/25).

The following concentrations were used for each PhACs: 100, 500,
1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500 and 5000 pg/L. So-
dium azide was added during the measurements to prevent the degra-
dation of the PhACs. The stock solutions were diluted in methanol,
except for diclofenac sodium, which was diluted in ultra-pure water. The
limit of detection (LOD) and limit of quantification (LOQ) values are
shown in the Supplementary Material (Table S2). The concentrations
were measured with HPLC (Shimadzu Prominence LC-20AR), using a
PDA and a fluorescence detector. Details of the methods are described in
the Supplementary Material (Table S3).

The amount of PhACs adsorbed was calculated using the following
equation:

\%4
q=(Co— Ce)z €8]

where q is the quantity of PhACs adsorbed (pg/g), Co the initial and C.
the final concentration (pg/L), V the volume of the initial solution (L),
and m the mass of the soil (g). The adsorption isotherms were analysed
with the Freundlich and Langmuir equation models. The non-linear
relationship between the sorbed amount and the equilibrium concen-
tration of the solution was defined using the Freundlich equation:

q. = K;C, (2)

where q, is the amount of PhACs adsorbed on the soil sample (pg/g), Kf
the Freundlich adsorption coefficient ((ug/g)/(ug/L)"), and n a dimen-
sionless number which refers to the non-linearity between the adsorbed
amount of PhACs and the equilibrium concentration. The Langmuir
sorption equation describes interactions between the sorbent and sor-
bent for a finite number of sorption sites:

KLCe

qe = Qmmm 3

where Kj, (L/pg) and Qmax (pg/g) are the Langmuir sorption coefficient
and the maximum adsorption capacity of the adsorbent, respectively.

2.4. Chemical calculations

The octanol-water partition coefficient (Kow) can only be used for
non-ionisable compounds, where this value is independent of pH. In the
present study the distribution coefficient (D) was therefore calculated
for the nine adsorbents, thus avoiding the over- or underestimation of
the hydrophobicity of the PhACs (Jung et al., 2013). The fraction of
PhACs present as neutral, negatively or positively charged species (o,
o, o), the number of hydrogen bond donor and acceptor sites (nHBd,
nHBa), © energy, aromaticity (the percentage of aromatic atoms in the
molecule, Ar%) and the van der Waals surface area (vdWSA) were also
calculated (Table 1). All the calculations were made with MarvinSketch
from ChemAxon (Budapest, Hungary).
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Table 1
Chemical properties calculated for the pharmaceuticals.
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logD o’ o, o nHBd‘ nHBa"“ T energy Aromaticity % Van der Waals surface area
A20 CBZ 2.77 100 0 0 2 2 29.1 40 312.2
DIC 0.76 0 0 100 1 6 31.6 40 359.6
EE2 3.88 97 0 3 1.97 4.03 18.5 13 460.4
El 4.30 98 0 2 0.98 4.02 15.6 14 426.8
E2 3.73 96 0 4 1.96 4.04 16.5 14 436.6
LAM 1.93 100 0 0 4 5 30.6 52 280.8
LID 2.80 90 10 0 1.1 2.9 17.6 15 426.0
OXA 2.92 99 0 1 1.99 5.01 33.6 39 345.8
TRA 1.93 30 70 0 1.7 4.3 16.5 13 470.5
G_20 CBZ 2.77 100 0 0 2 2 29.1 40 312.2
DIC 0.88 0 0 100 1 6 31.6 40 359.6
EE2 3.90 100 0 0 2 4 18.5 13 460.4
El 4.31 100 0 0 1 4 15.6 14 426.8
E2 3.74 100 0 0 2 4 16.5 14 436.6
LAM 1.92 99 0 1 4.01 4.99 30.6 52 280.8
LID 2.63 61 39 0 1.39 2.61 14.8 15 430.2
OXA 2.92 100 0 0 2 5 33.6 39 345.8
TRA 1.13 5 95 0 1.95 4.05 16.5 13 470.5
H_20 CBZ 2.77 100 0 0 2 2 29.1 40 312.2
DIC 0.84 0 0 100 1 6 31.6 40 359.6
EE2 3.89 100 0 0 1.99 4.01 18.5 13 460.4
El 4.31 100 0 0 0.99 4.01 15.6 14 426.8
E2 3.74 100 0 0 1.99 4.01 16.5 14 436.6
LAM 1.92 100 0 0 4.01 4.99 30.6 52 280.8
LID 2.69 70 30 0 1.3 2.7 17.6 15 426.0
OXA 2.92 100 0 0 2 5 33.6 39 345.8
TRA 1.30 7 93 0 1.93 4.07 16.5 13 470.5
Goethite CBZ 2.77 100 0 0 2 2 29.1 40 312.2
DIC 4.15 76 0 24 1.77 5.23 33.2 40 360.3
EE2 3.90 100 0 0 2 4 18.5 13 460.4
El 4.31 100 0 0 1 4 15.6 14 426.8
E2 3.75 100 0 0 2 4 16.5 14 436.6
LAM -0.43 0 100 0 5 4 31.6 52 285.3
LID -0.60 0 100 0 2 2 14.8 15 430.2
OXA 2.92 100 0 0 2 5 33.6 39 345.8
TRA -1.05 0 100 0 2 4 16.5 13 470.5

@ Fraction of PhAC as neutral form.

b Fraction of PhAC as positive form.

¢ Fraction of PhAC as negative form.

4 The number of hydrogen bond donor sites.

¢ The number of hydrogen bond acceptor sites.

2.5. Statistical analysis

Isotherm parameters were estimated by non-linear curve fitting
using Origin Pro 2018. The relationship between the adsorption pa-
rameters and the intrinsic physico-chemical properties of the PhAC
molecules was analysed using redundancy analysis (RDA). The adsorp-
tion parameters (K¢, n, Ki, Qmax) were selected as response variables,
while the chemical properties of the PhACs (distribution of neutral,
positive and negative species, number of H bonds, logD) were applied as
explanatory variables to gain an insight into how the chemical charac-
teristics of the pharmaceuticals influenced adsorption. All the response
and exploratory variables were standardised as suggested by Braak and
Smilauer (2012). The collinearity of the variables was checked using the
variance inflation factor (VIF), and variables having VIF < 20 were used
for further analysis.

3. Results and discussion
3.1. Adsorption of pharmaceuticals on soils and goethite

Batch adsorption experiments were conducted on soil and goethite
samples with nine pharmaceuticals (Fig. S1). Considerable differences
were found in the extent of adsorption not only between the molecules,
but also between the sorbents. A clear trend was noted for the sorption of
PhACs on soils, with greater values for hydrophobic compounds (es-
trogens, CBZ and OXA), while the adsorption of DIC was very limited. In

the case of goethite, the picture was completely different, as DIC was
adsorbed to a substantially greater extent than hydrophobic molecules.

The data demonstrated that both the Freundlich and Langmuir
models could be used to evaluate the adsorption of the pharmaceuticals
over the range of test concentrations (Table 2), as all had R? values of
over 0.95. The Langmuir model appeared to be more suitable for
describing the sorption of PhAC molecules, in contrast to the findings of
many authors, e.g. Wu and Bi (2019) and Al-Khazrajy and Boxall (2016),
who reported a better fit for the Freundlich adsorption model. Although
the Freundlich model generally gives a good description of the sorption
equilibrium on heterogeneous surfaces such as soils, the Langmuir
isotherm, usually applied in the case of monolayer, homogeneous
adsorption, gave a closer fit to the present data, probably due to the
relatively low concentrations of PhACs compared to the abundance of
adsorption sites on soils (Kumar and Philip, 2006).

The Qmax parameter from the Langmuir equation, which expresses
the maximum monomolecular coverage of the surface of the adsorbent,
showed great variability for the sorbents with values ranging from
4.5 ng/g to 413 pg/g (Table 2). PhAC molecules bind to the surfaces of
soils/sediments and minerals, such as goethite, using several adsorptive
interactions. These include Coulomb attraction between the ionic moi-
eties, hydrogen bonding, electron donor-acceptor mechanisms, van der
Waals forces (n-m interaction), ligand exchange and hydrophobic in-
teractions (Keiluweit and Kleber, 2009). The maximum adsorption ca-
pacity is thus equal to the number of sites on the adsorbent to which the
given organic compound is able to bind. The Qnax values for the most
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Table 2

Sorption parameters of the PhACs on three soils and goethite.

Freundlich isotherm

Goethite

H_20

G_20

A 20

RZ

K¢ ((ng/g)/(ug/L)™

R2
0.999
0.979

K¢ ((ng/g)/(ug/L)™

R2
0.998
0.981

K¢ ((ng/g)/(ug/L)™

R?
0.998
0.979

K¢ ((ng/g)/(ug/L)™

0.980
0.953

0.93 + 0.04
0.46 + 0.01
0.66 + 0.02
0.86 + 0.02
0.52 + 0.01
0.90 + 0.05
0.81 + 0.03
0.67 + 0.05
0.78 + 0.03

0.001 + 0.000
0.296 + 0.015
0.028 + 0.005
0.005 + 0.001
0.044 + 0.004
0.002 + 0.001
0.002 + 0.001
0.026 + 0.010
0.003 + 0.001

0.73 + 0.00
0.59 + 0.00
0.59 + 0.01
0.40 + 0.01
0.41 + 0.00
0.56 + 0.02
0.03 + 0.01
0.65 + 0.00
0.73 + 0.00

0.08 + 0.00
0.06 + 0.00
1.09 + 0.03
2.08 + 0.17
1.99 + 0.01
0.26 + 0.04
0.41 + 0.03
0.33 + 0.01
0.18 + 0.01

0.75 + 0.01
0.62 + 0.01
0.62 + 0.00
0.75 + 0.01
0.43 + 0.01
0.63 + 0.01
0.85 + 0.01
0.62 + 0.01
0.90 + 0.00

0.07 + 0.00
0.06 + 0.01
0.92 + 0.03
0.72 + 0.04
0.80 + 0.05
0.14 + 0.01
0.02 + 0.00
0.40 + 0.03
0.12 + 0.00

0.75 + 0.00
0.66 + 0.03
0.58 + 0.01
0.29 + 0.01
0.43 + 0.01
0.56 + 0.03
0.62 + 0.06
0.68 + 0.02
0.73 + 0.02

0.07 + 0.00
0.01 + 0.00
0.31 + 0.02
0.73 + 0.05
0.80 + 0.05
0.07 + 0.02
0.04 + 0.02
0.08 + 0.01
0.46 + 0.03

CBZ
DIC

0.962

0.995

0.998
0.998
0.970

0.992

EE2
E2

0.996
0.963
0.977
0.952
0.982
0.966

0.963

0.973

0.979

0.970

El

0.988
0.985

0.987

0.957

0.996

0.999
Langmuir isotherm

0.977
0.969
0.989
0.993

LAM
LID

0.997

OXA

0.999

TRA

Goethite

H_20

G_20

A 20

K, (10°%) (L/pg)

R2
0.980
0.993

Ky (1073 (L/pg)

Qmax (1g/8)
9.8 + 0.1
10.3 + 0.3
12.1 + 0.9
31.1 + 3.8
4.6 + 0.1
159 + 2.3
3.8 + 0.6
12.6 + 2.5
5.0 + 0.3

R?
0.999
0.996
0.998
0.998
0.995

Ky (107%) (L/pg)

Qmax (H8/8)
61.6 + 0.6

R?
0.999
0.996
0.997

Ky, (1073) (L/pg)

Qmax (18/8)

R2

Qmax (18/8)
63.3 + 0.9
2.7 £ 0.3
458 + 1.4
8.7 + 0.6
28.7 + 0.5
8.4 + 0.5

0.04 + 0.02
2.61 + 0.16
0.28 + 0.03
0.06 + 0.01
0.52 + 0.03
0.07 + 0.01
0.14 + 0.03
0.26 + 0.08
0.11 + 0.01

0.29 + 0.01
0.95 + 0.01
2.52 + 0.08
3.15 + 0.17
3.25 + 0.02
0.59 + 0.06
0.94 + 0.07
0.70 + 0.01
0.43 + 0.02

0.25 + 0.01
0.86 + 0.06
2.14 + 0.08
1.56 + 0.08
3.07 £ 0.16
0.38 + 0.02
0.11 + 0.00
0.82 + 0.03
0.20 + 0.01

63.9 + 1.7

0.999
0.979
0.994
0.987
0.997
0.984
0.960
0.991

0.25 + 0.00
0.58 + 0.10
0.66 + 0.03
2.49 £+ 0.46

CBZ
DIC

7.7 £ 0.1
78.3 £ 1.6

45.8 + 1.0

89 + 0.3
83.6 £ 1.2

160.0 + 6.9

0.975

EE2

0.996
0.978
0.977
0.962

0.998
0.995
0.988
0.968
0.995
0.998

El

45.6 + 0.1

44.0 + 0.4
39.0 +£ 0.8
71.4 £ 0.8
68.0 + 2.0

347.0 + 13.1

1.42 + 0.08
0.64 + 0.10
0.34 £+ 0.09
0.29 £+ 0.02
1.08 £+ 0.05

E2

0.989
0.979

354 + .0
20.0 + 0.8

734 £ 1.3

LAM
LID

12.3 £ 2.6
40.5 + 2.4

119.9 + 6.6

0.990
0.967

0.995

OXA
TRA

0.994

96.1 + 2.2

0.991
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hydrophobic compounds (EE2, E2, E1, LAM and OXA) were found to be
higher (44-160 pg/g) for soils with high organic matter content (Gleysol
and Histosol) than for Arenosol or goethite (4.6-45.8 pg/g), indicating
that the quantity of organic matter is a crucial factor for adsorbent ca-
pacity. Greater organic matter content implies a higher number of
adsorption sites, including charged sites with deprotonated -COO™ and
-0 groups, CO groups and aromatic moieties capable of forming n-n
interactions, and protonated COOH and -OH groups able to form H
bonds. Surprisingly, in the case of CBZ, no differences were found be-
tween the soils. This can be attributed to the fact that CBZ has very
limited ability to form H bonds, having only 4 H-bonding sites (Table 1).

For fully or partly ionised compounds, such as TRA, DIC, LID or LAM,
the number of charged sites controls the maximum adsorption capacity.
Very high Qpax values were estimated for TRA (96.1-347.0 pg/g) in
soils with high organic matter content, indicating the high capacity of
organic matter to retain positively charged molecules via their -COO"
groups. At the pH of all the soils, which was above 7, most of the -COOH
groups in SOM is dissociated, creating negative charges such as -COO"
because the pK, value of the carboxyl group in the surface soil is about
2.5-5 (Paul et al., 2015). In contrast, the maximum adsorption of DIC on
the tested soils was rather low due to its negative charge (Table 2). This
is consistent with other studies; Martinez-Hernandez et al. (2014), for
example, investigated the adsorption of ionisable pharmaceuticals on a
sediment with 1.4% organic matter and found that the sorption of
cationic species was higher than that of anionic species. Nevertheless,
DIC had the greatest Quax value on goethite, because most of the
adsorption sites on goethite are positively charged due to its PZC value
of about 8.3 (Antelo et al., 2005), providing sites that attract negatively
charged species such as DIC.

For all the molecules investigated, the n parameter was lower than 1,
ranging from 0.29 to 0.93 (Table 2). The n value shows the non-linearity
of the curve, which is correlated with the adsorption energy, so the
lower the value of n the higher the energy of adsorption (Dada et al.,
2012; Dai et al., 2016). Sorption isotherm non-linearity has also been
reported for hydrophobic compounds. Sangsupan et al. (2006), for
example, found the n value to be 0.88-0.92 for estradiol in agricultural
soils, while Li et al. (2013) measured 0.36 for E2 and 0.77 for EE2. In a
study where CBZ was adsorbed onto soils, values of 0.87 and 0.89 were
recorded (Fenet et al., 2012). The study of Stein et al. (2008) clearly
demonstrated that the organic matter content of the adsorbents had a
great influence on the n value; one sediment with high organic matter
content had an n value of 0.77 for OXA, while this value was 0.98 for
another sediment with much lower organic matter content. Surprisingly,
in the case of hydrophobic compounds, high adsorption energy was
found for goethite, with n values of 0.5-0.6, indicating that the lack of
Coulomb interactions on goethite is compensated by van der Waal-
s/hydrophobic, n—=n interactions and H-bonding. This is due to in-
teractions with surface hydroxyls, possibly by means of hydrogen
bonding, suggesting that hydrophobic PhACs bind primarily to un-
charged surface hydroxyl groups (Van Emmerik et al., 2003).

In the case of fully or partly ionic compounds, such as DIC, LID or
TRA, the main question is whether the molecule is negatively or posi-
tively charged. Unexpectedly, in spite of its negative charge, DIC has a
rather low n value, indicating relatively high adsorption affinity to soils
(Table 2). This could be attributed to two reasons: on the one hand the
—NH group of the DIC molecule is a very strong hydrogen bond donor
(Taylor, 2017), which is able to form hydrogen bonds with the H bond
acceptor sites of SOM, and on the other hand the surface of goethite in
soils (Table 1) could in part be positively charged, resulting in attractive
Coulomb forces. Though relatively high adsorption capacity was
calculated for TRA on soils, the n values suggested low adsorption en-
ergy (n =0.73-0.90; Table 2). This may reflect
concentration-independent electrostatic interactions between the
cationic TRA species and the negatively charged sites on SOM or on the
charged surfaces of 2:1 clay minerals (Sumpter and Johnson, 2005).
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3.2. Comprehensive effect of the chemical properties of PhACs on their
sorption on soils and goethite

Based on VIF values, only six of the nine explanatory variables (logD,
the number of H bond acceptor and donor sites, the fraction of nega-
tively and positively charged species and the n-energy) were used in the
redundancy analysis (RDA) because of the collinearity between the
variables. The first two axes on the RDA ordination plot explained 34.5%
of the total variance, implying that the intrinsic chemical properties of
the molecules had a great effect on sorption. The unconstrained vari-
ability was more than 60%, indicating that besides the chemical prop-
erties of the compounds the environmental parameters of the
adsorbents, such as pH, organic matter content, mineral composition,
etc., were also important factors that could control sorption
characteristics.

To provide a comprehensive evaluation of the role of the chemical
characteristics of PhACs in sorption processes and to reveal the rela-
tionship between them, a correlation biplot was constructed (Fig. 1).
The positive association with axis 1 was strong for logD and slight for the
number of H bond acceptor sites, while the number of H bond donor
sites, the pi energy and the fraction of positive species (o) was nega-
tively associated with axis 1. The second axis was positively correlated
with the fraction of negative species (o).

The hydrophobicity of the steroid hormones investigated here (E1,
E2, EE2; Fig. 1) had a significant effect on adsorption; a very strong
correlation was found between the logD values and the site constraints
(the coordinates of the sites in the space of explanatory variables) for the
adsorption of E1, E2 and EE2 on the soils and on goethite. It should also
be noted that there was no difference between the soils and goethite for
the given steroid hormone in the ordination space: the site points rep-
resenting the adsorption of E1, E2 and EE2 on soils and goethite were in
almost the same place.

The hydrophobic interaction is of entropic origin and influences the
sorption of hydrophobic compounds or moieties via the formation of
aggregates on the solid-liquid interface, thus reducing contact between
the hydrophobic molecules and the neighbouring water molecules
(Meyer et al., 2006). A number of studies on the sorption of hydrophobic
compounds (HOC) on soils and sediments have shown that the
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Fig. 1. RDA biplot showing the relationship between the explanatory variables
(solid arrows) and the sites (indicating the sorption characteristics of the given
PhACs on the given adsorbents). A, H, G and Go denotes Arenosol, Histosol,
Gleysol and goethite, while term “all” denotes all the adsorbents. nHBa, nHBd,
o and «, are the number of H bond acceptor sites, the number of H bond donor
sites, fraction of PhAC as negative form and fraction of PhAC as positive form,
respectively.
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hydrophobic interaction is dominant (Franco et al., 2009; Higgins and
Luthy, 2007; Rybacka and Andersson, 2016). However, Yamamoto et al.
(2003) reported that the hydrophobic interaction made a relatively
weak contribution to the adsorption of PhACs on DOM surrogates. For
soils with high organic carbon content, organic matter may act as a
hydrophobic sorbent, and aromatic structures may be adsorbed on this
organic phase via van der Waals forces (Keiluweit and Kleber, 2009).
Murphy et al. (1990) highlighted the fact that mineral surfaces also
contribute to HOC sorption. The siloxane and aluminol surfaces of clay
minerals contribute to the adsorption of hydrophobic compounds (Van
Emmerik et al., 2003). This was confirmed by the fact that logD, which
represents hydrophobic interactions, not only controls soil-steroid
hormone relationships but also the goethite-estrogens system. The
sorption mechanism appears to proceed as follows: the estrogen mole-
cules bind to goethite via hydrogen bonds, after which further estrogen
molecules are adsorbed onto the first layer, forming aggregates that are
stabilised by hydrophobic interactions and n-n stacking (Fig. 2), as
demonstrated in the study of Lima et al. (2011) for EE2. Similar results
were found for phenolic compounds (Nthunya et al., 2019).

Another mechanism that could contribute to the sorption process of
estrogens is hydrogen bonding. It can be clearly seen in Fig. 1 that the
number of H-bond acceptor sites in the molecules correlates well with
the points representing the sorption of steroids on both soil and goethite.
All the estrogen molecules investigated have four acceptor sites (two O
atoms each with two non-bonding electron pairs), which are able to
form H bonds with the —~OH groups of soils and goethite. This mechanism
was confirmed by other studies for both soils (Neale et al., 2009; Qi and
Zhang, 2016; Tolls, 2001) and goethite (Van Emmerik et al., 2003). In
spite of the great differences in adsorption capacity and affinity values
(Table 2), the sorption mechanism of steroid hormones could be similar
on both soils and goethite (Fig. 3).

The formation of electron donor-acceptor complexes (EDA in-
teractions) between PhACs and soil organic matter is very important for
the sorption of these molecules. Due to their high n energy (Table 1),
OXA, CBZ and LAM are able to interact with the aromatic moieties of
SOM through n-n interactions, forming weak non-covalent bonds be-
tween aromatic rings (Keiluweit and Kleber, 2009; Senesi, 1992; Zhao
et al., 2017). RDA showed that the adsorption of OXA, CBZ and LAM is
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Fig. 2. Theoretical mechanism of the sorption of EE2 on goethite.
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Fig. 3. Mechanism of the sorption of estrogens on soil/goethite via
hydrogen bonding.

controlled to a major extent by their n energy (Fig. 1 and Table 1),
implying that several EDA interactions may occur: n-n, n-n, OH---n and
C-H:--x interactions. The electron-rich arene moieties of these pharma-
ceuticals, as electron donor structures, are able to interact with the
electron-acceptor moieties of organic matter, including quinones (Sen-
esi, 1992; Zhu et al., 2004). These n-n EDA complexes can be depicted as
a parallel-planar arrangement that enables the two complementary
quadrupoles to interact via electrostatic forces (Hunter and Sanders,
1990).

Although the C-H.--m interaction is considered to be very weak
(0.5-1 kcal/mol) (Kumar and Balaji, 2014), it may represent another
way of binding aromatic compounds to soil organic matter or the min-
eral phase (Reid et al., 2013). This could involve interactions between
aliphatic C-H donors and aromatic n-acceptors and between aromatic
C-H donors and aromatic n-acceptors. It is also possible that the aromatic
n-orbitals of PhAC molecules interact with the surface hydroxyl groups
of soils via OH---1 interactions (Cusumano and Low, 1971). Therefore,
OXA, CBZ and LAM could combine with the silanol and aluminol groups
to form OH---n (Jabraoui et al., 2019).

These molecules are also capable of forming n-n interactions, since
the non-bonding electrons of the -COO™ groups in SOM, which were
abundant in the soils used in this study, act as strong n-donors in n-t EDA
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interactions with n-accepting PhACs (Qu et al., 2008). Due to the pres-
ence of Cl as an electron-withdrawing group, the x structures of LAM and
OXA could be excellent t-acceptors. This was confirmed in other studies,
such as that of Haderlein and Schwarzenbach (1993) on the adsorption
of nitrobenzenes and nitrophenols on mineral surfaces. The primary
sorption sites for electron-poor 7 systems are basal siloxane surfaces,
which exhibit significant n-donor capacity (Keiluweit and Kleber, 2009).
Some examples are shown for EDA interactions in Fig. 4.

The sorption of LAM, LID and TRA on goethite is controlled mainly
by their positive charge and ability to form hydrogen bonds (Fig. 1). The
fraction of the positively charged form of the molecules was 100% for all
three compounds (Table 1), and the charge of the goethite surface was
also dominantly positive. It can therefore be assumed that strong
repulsive forces exist between the positively charged protonated -OH3
groups and the protonated PhAC molecules. However, strong hydrogen
donor sites are also available in the LAM, LID and TRA molecules, which
possess -NH, -NH, and ~OH groups. In spite of the repulsive forces,
these compounds have quite high Qnax values and high adsorption af-
finity, especially in the case of LAM (Table 2), probably due to the large
number of hydrogen bond donor sites (Table 1), which make hydrogen
bonds possible between amines and surface hydroxyl groups (Guo et al.,
2016) (Fig. 5).

Positive charges were dominant in Tramadol under the chemical
conditions found in the tested soils, the fraction of positively charged
species ranging from 70% to 95% in Arenosol, Gleysol and Histosol
(Table 1). The influence of the positive charge on the sorption of the
molecule is clearly shown in Fig. 1, where a correlation can be observed
between the positive charge of the molecule and the sites. At such a high
soil pH, the cationic form of TRA becomes dominant, protonating the
Ro-N: group to Ro-NH™ (for structure, see Supplementary Material,
Table S4). At this range of pH, most of the variable charge sites are
negative (-COO, -0, in addition to which the mineral soil particles also
bear negative charges due to isomorphous substitution, which results in
strong Coulomb forces between the positively charged TRA and nega-
tively charged soil particles. This was demonstrated by the very high
Qmax Value of TRA (Table 2). However, there is no clear trend in the Qpax
values; the OM content in itself does not seem to be the only factor that
governs this process. The organic matter quality and the composition of
the mineral phases could also be crucial in the control of sorption pro-
cesses (Chefetz et al., 2008; Droge and Goss, 2013; Jung et al., 2013).
FT-IR analysis on the humic acids (HA) of the soil samples highlighted
considerable differences between the HA quality of the samples
(Table S5). For example, the relative absorbance of the 1709 em™! peak,
which is characteristic of C7O stretching in carboxylic acids, was lower
in the samples with the highest OC content (G_20 and H_20: 9.7% and
11.4%, respectively) than in the Arenosol soil (15.9%). This is likely to
be due to the tendency for organic matter to retain water, leading to
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Fig. 4. Examples of EDA interactions between PhACS and soil/goethite.
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Fig. 5. Sorption mechanism of lamotrigine on goethite via hydrogen bonding.

anaerobic conditions where oxidation is limited. By contrast, Arenosol
may contain more oxidised organic compounds, resulting in more car-
boxylic groups and greater ability to retain positively charged mole-
cules. Great differences were also detected in the composition of the
mineral phase: Gleysol contained much more smectite and mica, which
have enormous surface areas with negative charges.

Under neutral or alkali conditions Na-diclofenac is present in anionic
form (Table 1), so, not surprisingly, the fraction of negatively charged
species was the molecular attribute that governed sorption on the
calcareous soils investigated, with strong repulsive forces between the
negative charges of the soil particles and the negatively charged DIC. In
addition, the deprotonated hydroxyl groups (-O’) in soils are able to
interact with the electron-poor arene moieties of the DIC molecule as
n-acceptors, leading to n-m interactions (Chen et al., 2008). This inter-
action may be responsible for the fact that the sorption of DIC on soils is
controlled by the = energy (Fig. 1). However, the sorption of DIC on
goethite described by the isotherm parameters is very different from the
sorption on soils, visualised in the ordination space (Fig. 1), suggesting a
completely different sorption mechanism. When the pH decreases the
-0 group of DIC starts to protonate, reaching a 76% proportion in the
neutral form with a logD value of 4.15 at pH 3.8. Under such conditions
DIC was the most hydrophobic molecule, so the most plausible mecha-
nism for the neutral form of diclofenac is hydrophobic interaction, based
on the data visualised in Fig. 1. The sorption could be similar to that of
the estrogens, with a first layer binding to the surface via hydrogen
bonds, followed by the formation of aggregates, which are stabilised by
hydrophobic interactions (Fig. 2). Furthermore, DIC has great ability to
form H bonds, having six acceptor sites (-OH, =O, -NH), taking
hydrogen atoms from —~OH and -OH; groups.

4. Conclusions

This study provided data on the importance of the effect of chemical
structure on sorption processes, as indicated by the fact that the chem-
ical properties of the PhACs explained one third of the total variance. It
highlighted the priority of environmental factors for the retention of
PhAGs in soils and sediments. Furthermore, the sorption of PhACs is
controlled mainly by environmental factors, such as pH, organic matter
content and quality, as was clearly demonstrated by the extensive
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adsorption of hydrophobic molecules (E1, E2 and EE2) on soils with
high organic matter content and by the relatively high adsorption of
TRA on the A_20 sample, which has lower OM content but highly oxi-
dised organic matter.

However, the intrinsic chemical properties of PhACs cannot be
separated from the environmental components of sorption: dividing the
factors that control the sorption process into intrinsic and environmental
ones is rather theoretical. For example, any change in pH may cause an
alteration in the hydrophobicity (logD) of PhACs, as seen in the case of
LAM, LID, OXA and TRA (Table 1). Even small changes in pH (< 0.9)
can result in changes in the size of the fraction of positively charged
molecules, as found for TRA (from 70% to 95% in the tested soils). So
each environmental factor that controls the chemical properties of the
compounds acts through an alteration in the molecular structure.

This study also revealed that for PhACs whose structure is indepen-
dent of these factors (pH, etc.), the adsorption mechanisms are identical
for both soils and goethite: sorption is determined purely by the number
of adsorption sites, as proved by the adsorption of estrogens and the
neutral compounds CBZ and OXA, where the site points representing the
adsorption of these molecules on soils and goethite were in almost the
same place. Our study could be useful for understanding of PhACs fate in
soils, and for application in transport and risk assessment models.
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