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ABSTRACT

Background: Hydrophobic organic compounds (HOCs) are ubiquitous in the environment. Especially halogenated HOCs can
pose a major threat to human and environmental health. They show high affinity toward organic matter (OM), and adsorption
processes are extensively investigated. Contrary, adsorption to minerals is often considered negligible, and knowledge on HOC
interactions with clay minerals (CM) is still scarce.

Aims: We aimed to apply an optimized method for the straightforward and sensitive quantification of HOC-CM interactions
in miniaturized systems to quantify hexachlorobenzene (HCB) adsorption to native bentonites and to evaluate the influence of
different mineral characteristics on adsorption.

Methods: HOC-CM interactions were studied in miniaturized batch adsorption experiments with HCB as HOC representative
and 21 native bentonites as CM phases. Additionally, five of the bentonites were used as sorbents after wet size fractionation
(<2 pm) and homoionic cation exchange (Ca*"). Linear adsorption isotherms and solid-liquid distribution coefficients K; were
calculated after HCB analysis by solid-phase microextraction (SPME) coupled to GC-MS.

Results: HCB adsorption to selected native bentonites showed a large variation over several orders of magnitude (log K, 1.8-
4.1). Size-fractionation and Ca?**-modification tended to slightly decrease the K; values compared to the five corresponding native
bentonites (log K;: 1.9-3.8 vs. log Kj: 2.0-4.1). Most promising parameters for explaining adsorption strength by different CM
characteristics were layer charge density (LCD) and cation exchange capacity (CEC). However, no single factor could be attributed
to explain the observed variability of adsorption. The miniaturized batch adsorption method reduces the required amounts of
purified CM and toxic chemicals while providing excellent sensitivity and reproducibility.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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Conclusions: HOC adsorption to native, smectite-rich bentonites is mostly moderate but can be as high as adsorption to pure OM
phases for some bentonites. The variation in adsorption appears to be controlled by a combination of several factors that might
include additional factors not previously considered, especially for the bentonites with the strongest adsorption of HCB.

1 | Introduction

Hydrophobic organic compounds (HOCs), such as halogenated
aromatic hydrocarbons, can be highly persistent in the envi-
ronment and cause harmful effects on humans and biota
(Desforges et al. 2018; Starek-Swiechowicz, Budziszewska, and
Starek 2017). Despite being banned for decades, halogenated
compounds are still ubiquitous in the environment. In addition
to legacy persistent organic pollutant (POP) distribution in the
environment, new knowledge is emerging about sources that
have previously received little or no attention (Wiltschka et al.
2023). Hexachlorobenzene (HCB; Table S1), part of the first group
of regulated POPs, was primarily used as a seed treatment agent
and pesticide but was also unintentionally synthesized in various
production processes and during incomplete waste incineration
(Bailey 2001; Barber et al. 2005; United Nations Environment
Programme 2020). In addition to the environmental occurrence
of legacy concentrations, HCB is still emitted to the environment,
mainly from fuel combustion and the metal industry. Starting
from global emissions of about 23,000 kg HCB a™! in the mid-
1990s (Bailey 2001), emissions have decreased significantly since
then (e.g., in Germany from 2000-3000 kg in the 1990s to
<5 kg in 2022; UBA 2024). Nevertheless, HCB can still be found
ubiquitously in the environment due to its persistence or rather
slow elimination (Hites, Bidleman, and Venier 2022; Lohmann
etal. 2023; Meijer et al. 2003; Pohlert et al. 2011). As a hydrophobic
compound, HCB strongly interacts with nonpolar phases and
therefore has a high potential for accumulation in the lipid tissues
of organisms and a high affinity for sorption to organic matter
(OM) in soils and sediments. Therefore, bioaccumulation and
HOC-OM interactions have been extensively studied (Ahmed
et al. 2015; Pan, Ning, and Xing 2008; Pouch, Zaborska, and
Pazdro 2018; Schlechtriem et al. 2017). Compared to OM, the
affinity of HOCs for mineral phases is usually lower or rather
non-existent. Nevertheless, relevant adsorption of (moderately)
nonpolar chemicals can also occur on mineral phases such as
oxides (Mader, Goss, and Eisenreich 1997) and clay minerals
(Awad et al. 2019; Hu et al. 2019; Jaynes and Boyd 1991; Liu
et al. 2009; Qu et al. 2011; Sadri et al. 2018). For molecules with
an aromatic system, proposed interaction mechanisms include
hydrophobic interactions with uncharged mineral surfaces and
charge-dependent interactions such as electron-7 electron donor
acceptor (n-7z EDA) interactions, but also cation—7 interactions
(Bohm et al. 2023; Georgieva et al. 2023; GrancCi¢ et al. 2023;
Jaynes and Boyd 1991; Pasali¢ et al. 2017; Pei et al. 2012; Qu
et al. 2011). Despite the increasing number of studies, many open
questions remain for HOC-CM interactions. Although several
studies investigated interactions of hydrophobic compounds with
mineral phases, these mainly reflected moderately hydrophobic
and clearly water-soluble substances (e.g., in the range of log
Kow = 2-3), such as benzene, monochlorobenzene, or naph-
thalene. Hence, data on the adsorption of highly hydrophobic
compounds (log Koy > 5) to mineral phases in solid-liquid

systems are scarce, especially in case of halogenated compounds
from the group of POPs. In a previous study, we detected relevant
HCB adsorption to various phyllosilicate minerals, among which
smectites showed a large variation of HCB adsorption (Bshm
et al. 2023). To the best of our knowledge, this study provided
the first data on HCB adsorption to different (clay) minerals.
However, data on HCB-bentonite adsorption are still missing,
and the effect of compositional variation of smectite on the
adsorption strength is not yet understood (B6hm et al. 2023). In
addition to enhancing the understanding of basic mechanistic
processes, providing systematic information on the adsorption
characteristics of smectite-rich bentonites is also crucial from an
application-oriented perspective: Bentonites are highly relevant
in the management of contaminated sites, such as its use for land-
fill sealings, trench cutoff walls, or in the development of super
adsorbents for water treatment. Knowledge regarding systematic
variation in POP sorption to bentonites opens the possibility to
optimize the protective function of bentonite sealings and the
treatment of contaminated waters.

A potential explanation for the scarcity of studies and data on
POP-CM interactions could be the former lack of analytical
approaches allowing for sensitive analysis of trace concentrations
(i.e., with relevant or rather maximum water-soluble concen-
trations often in the range of pg-ug L) either in general or
specifically in adsorption experiments. Although sensitivity and
robustness of analytical instruments drastically increased over
the last decades, sample extraction is still mainly based on
solvents. In the context of adsorption experiments with test
substances in trace concentrations, this may be associated with
inherent drawbacks. For example, small or regular test systems
conflict with low test substance concentrations but would lose
relevance or even validity if concentrations are increased above
environmentally relevant concentrations or even above maxi-
mum water solubility. On the other hand, large-scale approaches
with high volume extractions would lead to enhanced labor
intensity and further drawbacks during extraction such as the
co-extraction of sample matrix or volatility losses during concen-
tration of extracts. In case of highly hydrophobic compounds,
such experiments would be either highly laborious or potentially
unfeasible.

In contrast, the non-exhaustive solvent-free technique solid-
phase microextraction (SPME) may allow sensitive analysis from
small sample volumes in trace concentrations and selective
extraction and differentiation between bound and freely dissolved
molecule species (Arthur and Pawliszyn 1990; Bondarenko and
Gan 2009; Heringa and Hermens 2003; Mayer et al. 2003;
Poerschmann et al. 1997; Ouyang and Jiang 2016; Zhang and
Pawliszyn 1993). Our previous work with SPME included the
determination of adsorption coefficients as well as the determi-
nation of trace concentrations using internal standard correction
(Bohm, Schlechtriem, and Diiring 2016; Bohm et al. 2017; Bchm
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et al. 2023; Wiltschka et al. 2020, 2023). SPME is also used in a
modified form in the present study.

Our study objectives were to (1) quantify the adsorption of
HCB for native bentonites with different characteristics and to
determine the magnitude of adsorption strength, (2) evaluate the
influence of different mineral characteristics on adsorption inten-
sity, and (3) comparatively quantify the adsorption of HCB for
selected size fractionated bentonites after cation exchange (Ca**).
We studied the adsorption of HCB as an HOC representative
adsorptive to a set of 21 characterized bentonites as adsorbents.
Since an effect of particle size and different exchangeable cations
on the adsorption strength cannot be excluded for native ben-
tonites of different origin, we performed additional adsorption
experiments in which these influences were minimized. These
experiments were performed with five selected bentonites after
size fractionation (<2 pym) and replacement of exchangeable
cations by Ca** as a cation of high environmental abundance.
Furthermore, we discuss insights into relevant aspects of the
use of SPME and internal standards in miniaturized adsorption
experiments.

2 | Materials and Methods
2.1 | Chemicals

The HCB and *C, HCB standards, respectively used as test
substance and stable isotope labeled internal standard, were
purchased from LGC Standards GmbH (Wesel, Germany; Dr.
Ehrenstorfer Brand, 99.90 and 98.28% purity). Both were dis-
solved in methanol (>99.8% purity, Ph. Eur. HPLC grade, VWR
International GmbH, Darmstadt, Germany). CaCl, dihydrate
(>99%, p.a., ACS) was purchased from Carl Roth GmbH + Co.
KG, Karlsruhe, Germany. Water used was of ultrapure quality
(ELGA PF2XXXXM]1, Veolia Water Solutions & Technologies,
High Wycombe, UK), except for the deionized water from the
research facility’s pipeline network, which was prepared by
reverse osmosis (RO-water) and used for size fractionation and
cation exchange.

2.2 | Mineral Materials

Adsorption experiments were carried out with 21 smectite-rich
bentonites selected from a set of 40 well-characterized bentonites
(Kaufhold and Dohrmann 2008; Kaufhold et al. 2008, 2012). The
selected materials included bentonites B1, 3-7,10,12-14, 18, 21-23,
25-27,29, 33, 34, and 36 (Figure 1).

Of these, the five bentonites B 5, 6, 18, 27, and 33 were selected
for additional adsorption experiments based on preliminary
experiments, high smectite content, and representative layer
charge density (LCD). These bentonites were further prepared
by size fractionation (<2 um) and homoionic cation exchange
(Ca?"). The selection of 21 bentonites from the set of 40 bentonites
was based on the following criteria: (1) The smectite content
should be as high as possible, while at the same time ensuring
that (2) no expected interfering constituents are present, (3) the
number and amount of other constituents are as low as possible,
and (4) the selected bentonites cover a wide range of LCD.

FIGURE 1 | Overview of the bentonite materials used. Bold numbers
refer to the subset of five bentonites used in additional adsorption
experiments.

Based on the available literature and preliminary experiments,
quartz, feldspar, and kaolinite were addressed as minor or non-
interfering constituents, while illite-containing materials were
excluded (except B 25 for exemplary reason) due to relevant HCB
adsorptivity (log K: 2.2; Bohm et al. 2023). Other accepted minor
constituents included, for example, calcite, gypsum, hematite,
and anatase. The mineral composition of bentonites is provided in
Table 1. Overall, the selected bentonites had a smectite content of
75%-92% (84%-92% for the subset of five bentonites) and covered
an LCD in a range of 0.20-0.37 eq FU™ (0.21-0.36 eq FU™! for the
subset of five bentonites; Table 2).

2.3 | Preparation of Bentonites and
Size-Fractionated Bentonites

The subset of five bentonites was finely ground using a structure-
preserving cross beater mill with a sieve insert of 100-um
mesh size at the Federal Institute for Geosciences and Natural
Resources (BGR, Hanover, Germany). However, the mesh size
of 100 um resulted in the rapid clogging of the sieve insert,
and grinding took a very long time. To avoid clogging of the
sieve insert and save time, the remaining bentonites were finely
ground in a structure preserving cross beater mill with a 500-um
mesh size sieve insert at the Forschungsinstitut fiir Glas—
Keramik GmbH (FGK), Hohr-Grenzhausen, Germany. Dry mat-
ter content of bentonites was determined at 105 and 200°C
(Table S2).

In addition to grinding, the subset of five bentonites was frac-
tionated to achieve respective subfractions of <2 um particle size.
Size fractionation was similar to the procedure described in Béhm
et al. (2023) based on the method described by Tributh and Lagaly
(1986) and Lagaly and Dékany (2013) but with further modifi-
cations. The finely ground bentonites were suspended in large
4-L glass cylinders (sedimentation cones) without pretreatment
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TABLE 1 | Mineral composition of studied bentonites.
Smectite  Kaolinite Quartz Cristobalite Feldspars Carbonates Further constituents

Bentonite (%) (%) (%) (%) (%) (%) to 100%
Bl 78 3 <0.5 18 1 a
B3 89 1 2 7 <0.5 a
B4 91 2 5 ab
B5 88 1 2 5 acd
B6 91 8 <0.5 a
B7 91 2 4 2
B10 89 6 1 aef
B12 91 1 <0.5 1 deg
B13 84 3 6 1 4 a8
B14 88 3 3 3 1 a
B18 92 2 5 1
B21 80 1 1 18
B22 76 4 12 8 <0.5
B23 80 10 10
B25 61 4 13 <0.5 h
B26 86 1
B27 84 4 5 1 d
B29 89 5 <0.5
B33 88 3 1 1 d
B34 77 4 16 2 2
B36 75 2 1 3 8 a

Note: Data from Kaufhold et al. (2012). Bold formatted samples refer to the selected subset of five bentonites.

4Rutile + anatase (0%-2%).
bBarite (1%).

CPyrite (1%).

dGypsum (0%-1%).
¢Hematite (1%).

Mmenite (1%).
8Fluorapathite (1%-4%).
h1llite (17%).

(10-20 g bentonite per cylinder). Dispersion of the materials was
achieved due to the large volume of water. After a defined time of
gravity settling, only the fraction of particles with a size of <2 pm
(based on equivalent diameter) remained in the supernatant.
The time required to prevent the presence of particles >2 um in
the water column of defined depth was calculated according to
Stokes’ law with a specific mass density of p = 2.25 g cm™3. The
supernatants were then siphoned off and transferred to buckets,
where suspended materials were precipitated by the addition of
excess CaCl,. This process was repeated until the supernatant
became clear (for at least 10 times and up to 25 times). The clay
fraction was concentrated by removing the clear supernatants
using a water aspirator pump. After full collection and concen-
tration, additional replacement of exchangeable cations by Ca?*
was performed with a Ca’* concentration of at least fivefold
of cation exchange capacity (CEC) with a liquid:solid ratio < 4
(based on w/w%), following the recommendations of Steudel and
Emmerich (2013). The concentrated samples were rinsed with
RO-water to remove Cl~ ions (verification by Quantofix Chloride

test strips, Macherey-Nagel). Fractions were then adjusted to
an aqueous concentration of 0.01 mol CaCl, L by repeated
sequence of filling, equilibration, centrifugation, and aspiration.
Finally, the suspended clays were adjusted to concentrations
of 45-85 mg clay mL™" in 0.01 mol CaCl, L and stored dark
and cool (4°C). Final concentrations were determined by dry
matter analysis at 105°C. Prior to use in adsorption experiments,
suspensions were shaken over night at room temperature and
treated with ultra-sonication.

2.4 | Batch Adsorption Experiments

Adsorption experiments followed a modified procedure accord-
ing to test guideline 106 of the Organisation for Economic
Cooperation and Development (OECD TG 106; Organisation for
Economic Cooperation and Development 2000) as described in
Bohm et al. (2023), but with further optimization amended.
All experiments were performed with constant mineral masses
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suspended in a 0.01 mol CaCl, L solution and spiked with vary-
ing HCB concentrations. Each adsorption experiment yielded
one adsorption isotherm from which a solid-liquid distribution
coefficient, K;, was derived. The isotherms were determined
with five different HCB concentrations (1, 2, 3, 4, 5 ug L™)
within the water solubility range of HCB (Table S1). The pro-
cedure varied slightly depending on bentonite selection (subset
of five vs. further bentonites) and particle size of bentonites
(<100/500 pm vs. <2 um): With regard to replications, multiple
experiments were performed for the subset of five bentonites to
achieve at least four isotherms per bentonite. For the further
16 bentonites, single isotherms without replicates were deter-
mined due to time constraints and sufficient validity of the
results.

For experiments with the bentonites <100/500 pm, a specific
bentonite mass of 150 + 1.5 mg was weighed in multiples to 20-mL
glass vials (CS Chromatographie Service, Langerwehe, Germany).
The adsorbents were then suspended in 15 mL aqueous solution
containing 0.01 mol CaCl, L' and shaken for 24 h to ensure
sufficient swelling and equilibrium conditions of adsorbents and
solution. For the subset of five bentonites, additional adsorp-
tion experiments were performed with specifically increased or
rather decreased masses of bentonite to assure that resulting
adsorption is independent of the sorbent mass. These experi-
ments were performed with 75-250 mg bentonite per glass vial.
Specific bentonite concentrations are provided together with the
results.

For experiments with bentonites <2 pm, suspension aliquots
(1.45-3.85 mL) containing a defined bentonite mass were trans-
ferred by Eppendorff pipette to the 20-mL headspace vials and
diluted with 0.01 mol L™ CacCl, solution to a total volume of
12.8 mL per vial (the smaller volume allowed saving of bentonite
material).

The bentonite suspensions with different HCB concentrations
were equilibrated for 24 h on a horizontal shaker at 200 rpm
(Innova 2300 platform shaker; New Brunswick Scientific). Pre-
liminary tests on adsorption kinetics resulted in an equilibration
time of tys, < 2 h at 200 rpm for all bentonites of the subset
of five (<100 um). However, due to decreased deviation of
adsorption coefficients within 20 h and beneficial laboratory
handling, equilibration was set to 24 h for all experiments
(Figure 2).

After equilibration, samples were centrifuged for 30 min at
939 RCF (2000 rpm; Hettich Rotanta 460 R centrifuge). Full
separation of fine particles was visually assured by a completely
clear supernatant. Afterward, 10 mL aliquots of supernatants
were transferred to fresh brown glass vials with magnetic caps (CS
Chromatographie Service). Subsequently, *C labeled HCB was
added as the internal standard for HCB analysis. Vials were closed
and then analyzed for analyte and internal standard by SPME
coupled to gas chromatography-mass spectrometry (GC-MS).

2.5 | Extraction and Analysis (SPME-GC-MS)

Samples from adsorption experiments were measured in
sequences with a 10-point external calibration (0.02-5 pg

HCB L7}, including ®C HCB) and blank samples (both pure
CaCl, solution and bentonite suspension without HCB) for
quality control. General details on SPME and on laboratory
specific adjustments were given in own previous studies
(Bohm, Schlechtriem, and Diiring 2016; Bohm et al. 2017,
2023; Wiltschka et al. 2020, 2023). Briefly, samples were
extracted by headspace (HS)-SPME using fibers with a 100 pm
polydimethylsiloxane (PDMS) coating (Supelco/Sigma-Aldrich
brand, Merck, Darmstadt, Germany). Extraction was performed
for 30 min at 50°C and 500 rpm in the agitator (combined
heating/shaking device). Samples were pre-equilibrated in the
agitator for 11 min. After extraction, HCB was thermally desorbed
from the fiber in the injection system of the GC-MS for 3 min at
240°C. Quality assurance and quality control for SPME extraction
included pre-heating of the fiber before extraction, measuring of
blank samples, usage of fresh glass vials, as well as visual fiber
control and, if necessary, cleaning of the fiber with methanol
(Bohm et al. 2023). Detailed parameters on instrumentation and
GC-MS conditions are given in Table S3 and subsequent text in
the Supporting Information.

2.6 | Calculation of Adsorption

Adsorption isotherms were calculated according to OECD TG 106
(Organisation for Economic Cooperation and Development 2000)
based on freely dissolved or rather aqueous HCB concentrations
(C,q) and adsorbed HCB concentrations (Cy). The respective quo-
tients C,/C, for the initially spiked HCB concentrations result in
a sequence of points from which a linear regression is obtained
in case of proportionally increasing adsorption with increasing
initial HCB concentration. The linear regression corresponds to
the linear (Henry type) adsorption isotherm, and the distribution
coefficient K, is derived from the slope of the isotherm. Isotherms
were plotted as regressions through the origin (Chappell et al.
2020). The aqueous HCB concentrations (C,g) in aliquots from
the adsorption experiments were calculated based on internal
standard corrected peak areas of both adsorption samples and
external calibration. Adsorbed concentrations C; were calculated
following OECD TG 106 (Organisation for Economic Cooperation
and Development 2000) according to Equation (1) as similarly
summarized in Bohm et al. (2023).

Co—Caq) X V.
cs=—( : m;’>x - o

C, is the concentration of HCB adsorbed to the bentonite
phase at adsorption equilibrium (ug g™), C, is the initial HCB
concentration of the aqueous solution in contact with the
bentonite phase (ug mL™), C,, is the mass concentration of
HCB in the aqueous phase at adsorption equilibrium (ug mL™),
V, is the initial volume of the aqueous phase in contact with
the bentonite (mL), and my is the mass of the bentonite phase
(g). Unless otherwise stated, all presented adsorption data are
based on bentonite masses my that were corrected by dry matter
content of materials determined at 105°C. Because smectite
is expected to be the relevant adsorbent phase in the selected
bentonites, the K, values were additionally calculated after
normalization to the smectite content of bentonites (Table 1).
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FIGURE 2 | Adsorption kinetics (time to equilibrium) of HCB exemplarily shown for the two bentonites B 5 (A) and B 27 (B). Points show adsorption

by quotients of C, (freely dissolved HCB concentration in a system without sorbent) divided by C,q4 (freely dissolved HCB concentration in a system

including sorbent).
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FIGURE 3 | Adsorption isotherms for the interaction of HCB with selected bentonites. (A) Overview on adsorption for all 21 tested bentonites. (B)
Adsorption for the subgroup of five selected bentonites. HCB concentration: 1-5 ug L™! except B1, B3, B4, and B21 with 1-4 pg L™!; particle size fraction:

<100 pm for the subset of five and <500 um for the further 16 bentonites; n = 2 for the group of five and n = 1 for the further 16 bentonites; bentonite
concentration: 10 g L™!, except B5 and B18 with 16.7 g L™, B6 and B27 with 5 g L%, and B33 with 6.7 g L!. Although included in Figure 3A, isotherms
for the subgroup of five bentonites are separately shown in Figure 3B for better differentiation and with error bars (+ standard deviation, sd).

3 | Results
3.1 | HCB Adsorption to Native Bentonites

Adsorption studies with HCB and the set of selected 21 bentonites
yielded adsorption coefficients K, that varied over several orders
of magnitude (K4: ~70-12,000; log K;: 1.8-4.1; Figure 3, Table 3;
Figure S1). Normalization of adsorption to the smectite content
slightly increased adsorption coefficients (x~85-14,000; log Kj:
1.9-4.1; Table 3). Compared to a set of reference smectites (log
K,: 0.9-2.8; Bohm et al. 2023), HCB adsorption to the here
used bentonites was generally higher. With a median Ky of
148 and log K4 of 2.2 (176 and 2.3 after smectite correction),
HCB adsorption to bentonites was relevant in an environmental
range of moderate adsorption. However, three bentonites were
identified that showed unexpectedly high adsorption in a range

of K4 ~#4500-12,000 (log K;: 3.7-4.1) and in a range of Ky ~5500-
14,000 (log Ky: 3.7-4.1) after smectite correction, which is in the
same order of magnitude as HCB adsorption to pure organic
matter (Aldrich humic acid, K4: 29,000; log K4: 4.5; Bohm,
Schlechtriem, and Diiring 2016).

The extensive characterization of the bentonites (Kaufhold and
Dohrmann 2008; Kaufhold et al. 2008, 2010, 2012) allowed
the analysis of relationships between adsorption strength and
a variety of mineral parameters. However, neither single nor
multiple linear regression analysis could unambiguously explain
arelationship between adsorption strength and bentonite proper-
ties, or rather further characterizing parameters such as mineral
constituents, chemical composition, particle size, specific surface
area, total, inorganic, and organic carbon content (TC, TIC, and
TOC), pH, electric conductivity, cation exchange capacity, or LCD
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TABLE 3 | Adsorption of HCB (1-5 pug L™!) in the presence of native bentonite materials (10 g L™).

Ky +sd log Ky + sd

Bentonite N Ky +sd log Ky + sd (SmC) (SmC) R? RMSE (n) *
B1® 1 137 2.14 176 2.24 0.9986 6.3(4)
B3b 1 114 2.06 128 2.11 0.9985 6.0 (4)
B4b 1 115 2.06 126 2.10 0.9997 2.8(4)
B5 4° 196 + 8 2.29 + 0.02 223+ 9 2.35 4+ 0.02 0.9897 20.2 (5)
Bé6 41 12,369 + 518 4.09 + 0.02 13,592 + 569 4.13 + 0.02 0.9825 59.0 (5)
B7 1 169 2.23 185 2.27 0.9947 16.2 (5)
B10 1 321 2.51 360 2.56 0.9957 18.3 (5)
B12 1 101 2.01 111 2.05 0.9916 16.3(5)
B13 1 148 2.17 176 2.25 0.9910 20.1(5)
B14 1 132 2.12 150 2.18 0.9945 15.1(5)
B18 4° 106 + 18 2.02 + 0.07 115 + 20 2.05 + 0.07 0.9912 14.2 (5)
B21P 1 133 212 166 2.22 0.9998 2.1(4)
B22 1 83 1.92 109 2.04 0.9895 16.1(5)
B23 1 68 1.83 85 1.93 0.9918 12.7 (5)
B25 1 169 2.23 276 2.44 0.9948 15.9 (5)
B 26 1 325 2.51 378 2.58 0.9977 13.1(5)
B 27 74 4547 + 533 3.65 + 0.05 5413 + 634 3.73 + 0.05 0.9947 28.9 (5)
B29 1 231 2.36 260 2.41 0.9974 12.7 (5)
B33 4° 8016 + 531 3.90 + 0.03 9109 + 603 3.96 + 0.03 0.9984 16.0 (5)
B34 1 93 1.97 121 2.08 0.9878 18.6 (5)
B36 1 314 2.50 419 2.62 0.9974 13.6 (5)

Note: Solid-Liquid distribution coefficients K are provided for the entire material as well as normalized for the smectite content of the bentonites (SmC). N is the
number of experiments performed, R? is given as measure of isotherm linearity. Bold formatted samples refer to the selected subset of five bentonites.

#Root-mean-square error of Cy/C,q regression (n: number of test substance concentrations per isotherm.

bExperiment with 1-4 ug HCB L.

“Thereof two experiments with 16.7 g sorbent L.
dThereof two experiments with 5 g sorbent L.
¢Thereof two experiments with 6.7 g sorbent L1

(Tables 1-3). Results on the linear correlation between K; and
selected mineral properties (full dataset and moderate adsorptive
bentonites only) are provided in Figures S2 and S3.

Forward and backward multiple regression with K, values
corrected for their smectite content suggested that K; can be
predicted from a linear relation with LCD as the independent
variable only. The best linear correlations between smectite-
corrected K, values and bentonite parameters were found for
LCD, LCD (fixed anions), and CEC (R*> = 0.22-0.37; Figure 4;
Figure S4).

Pearson and Spearman correlation were both performed for the
whole set of 21 bentonites as well as for a subset in which the
three highly adsorptive bentonites were excluded. Correlations
were also calculated after correcting the adsorption data for
the smectite content of the bentonites. In case of significant
correlations (a < 0.05), most often a moderate correlation with
LCD and fixed anions was detected. Furthermore, correlations
with the portion of tetrahedral charge, specific surface area, CEC,

Na*, and MgO were partly suggested (correlation coefficients up
to 0.6; Figures S5-S8). Samples with distinct colors (Figure 1) did
not stand out regarding adsorption strength, and no correlations
were detected between Fe and adsorption (Figure S5-S8). Most
of the bentonites do not contain any ferrous iron, and those few
that do, showed no specific interactions. The redox state of the
samples was determined before, both by Mossbauer spectroscopy
and titration (Chiou et al., 2021), but no impact on adsorption
strength was found as well. Redox state and (ferrous) Fe content
of samples were therefore not further considered.

3.2 | HCB Adsorption to Size Fractionated
Ca-Modified Bentonites

HCB adsorption to size fractionated and Ca-modified bentonites
resulted in K, values of ~75-6000 (log K;: 1.9-3.8; Table S4).
Adsorption to these bentonite fractions is reduced compared to
the respective five native bentonites of particle size <100 um (log
K4:2.0-4.1; Figure 5; Table S4).
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FIGURE 4 | Relationships between Ky values corrected for smectite content and the mineral properties (A) Layer charge density (LCD), (B) LCD

(fixed anions), and (C) cation exchange capacity (CEC). Plotting for 18 smectite-corrected bentonites (full dataset of 21 bentonites excluding the three

highly adsorptive bentonites B6, B27, and B33). Trend lines and R refer to linear correlation.
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FIGURE 5 | HCB adsorption to size fractionated and Ca-modified
bentonites (<2 um) and comparison with adsorption to the five respective
native bentonites (<100 um). HCB concentration: 1-5 pg L™!; number
of experiments per bentonite type: N = 2; bentonite concentrations
(<100 um): B5 and B18 with 17 g L1, B6 and B27 with 5 g L1, and B33
with 7 g L7!; bentonite concentrations (<2 um): B5 and B18 with 21 g L7,
B6 with 8 g L™!, and B27 and B33 with 10 g L), error bars: + standard
deviation (sd).

4 | Discussion

4.1 | Considerations on Methodology and
Experimental Design

Miniaturized batch adsorption experiments combined with
SPME coupled to GC-MS for extraction and analysis provided
sorption data with excellent reproducibility, with reduced labo-
ratory work, without toxic solvents, and with a lower demand
of sorbent material compared to “classic” approaches. The latter
is particularly relevant for size-fractionated and cation-modified
sorbents, of which often only small amounts can be prepared with
reasonable effort. At the same time, this highlights a demand for
experimental and analytical precision that ensures sufficiently
low variation to be able to confidently differentiate between

results. Correction of analytical raw data with a stable isotope-
labeled internal standards (B6hm et al. 2017; Bondarenko and
Gan 2009; Poerschmann et al. 1997; Wiltschka et al. 2020, 2023),
as used in this study, is considered best practice for SPME
measurements that allow the analysis of trace concentrations
from miniaturized batch adsorption experiments. However, the
use of stable isotope-labeled internal standards is not generally
applicable in adsorption experiments. In addition to commercial
and financial requirements (availability of standards, available
budget), an important prerequisite for the use of internal stan-
dards is that no (relevant proportion of the) sorbent remains in
the solution to be measured. Therefore, the internal standard was
added after test substance equilibration, sample centrifugation,
and aliquoting of the supernatant. In case of a substantial amount
of remaining adsorbent, the internal standard would adsorb in
the sample to be measured. This would affect the extracted
amount of internal standard, thereby the internal standard
correction, and consequently the calculation of test substance
concentration. With regard to the multiphase system that a batch
adsorption experiment represents, applicability is therefore given
only if suspended sorbents can be separated, for example, by
centrifugation, to allow aliquoting of the sorbent-free supernatant
for measurement of the equilibrium C,, of the test substance.
Unlike dissolved or lower density organic matter and dispersed
clay particles, this requirement is easily met for larger particles
(e.g., silt) and coagulated clay particles.

In this study, special emphasis was placed on ensuring linear
adsorption isotherms, which can be achieved by changing the
sorbent mass or rather the sorptive concentration in the test
system. For (highly) hydrophobic substances with a very low
water solubility, a strong reduction of the sorptive concentration
is not desirable to assure reliability and validity of trace analysis.
Thereby, the water solubility range of the test substance largely
determines its possible concentration range in the adsorption
experiment. Consequently, the adjustment of adsorbent masses
is the relevant influencing factor to ensure both valid analysis
and isotherm linearity, that is, assuring that the sorbent con-
centration is neither too high (then analysis of the substance
could be prevented by an insufficient limit of quantification of the
method/analytical instrument) nor too low (then the reduction in
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substance concentration could not be reliably differentiated from
the spiked concentration considering the analytical variation, or
the adsorption isotherm might level off). This could be challenged
with regard to environmental relevance, especially when chem-
icals occur in high environmental concentrations or when the
adsorption capacity of a material is of interest. However, for HOCs
like HCB, with freely dissolved environmental concentrations in
the range of pg—ug L%, a proportional increase in adsorption with
increasing aqueous analyte concentrations can be expected to be
environmentally relevant due to a surplus of sorption sites on
extensively available sorbent material. Linear isotherms are then
not only justified in terms of environmental relevance but are
also advantageous because they allow a proportional comparison
between orders of magnitude as well as a straightforward calcu-
lation of HOC retention coefficients for transport considerations.
The comparison of adsorption strength using K;’s derived from
linear sorption isotherms is especially useful for analyzing the
adsorption of different adsorbent-chemical combinations based
on interaction experiments with both HOCs of widely varying
hydrophobicity/water solubility and adsorbents of widely varying
adsorptivity.

4.2 | HCB Adsorption to Native Bentonites

Owing to the generally much higher share of mineral constituents
compared to organic matter in arable soils (mostly below 5% soil
organic carbon; Drexler et al. 2022; Gerzabek et al. 2005), an
environmental relevance of HOC sorption to CM is already given
for the majority of bentonites with moderate HCB adsorptivity.
However, the environmental relevance of HCB adsorption is
expected to be very high for the highly adsorptive bentonites,
where high adsorptivity and high environmental occurrence add
up. This can be the case in regions where such highly adsorptive
bentonites occur or in technical bentonite applications, such as
linings of polluted sites or landfills, or treatment of polluted
waters. Here, the differences between clay minerals of geogenic
and pedogenic origin have to be considered. To our best knowl-
edge, our results show for the first time that native bentonites
can exhibit such high adsorptivity for HOCs, that is, in the
same range as pure OM phases. With regard to process-oriented
explanations, especially the causality of a relationship between
adsorption strength and varying permanent layer charge would
have been reasonable (i.e., increasing adsorption of neutral,
hydrophobic compounds with decreasing layer charge). However,
LCD could not be verified to be the decisive parameter by
linear correlation of the experimental data (correlation of Ky
[and smectite-corrected K4] (Table 3, columns 3 and 5) and
LCD (Table 2, column 2), R? = 0.1 [0.12] or rather R?> = 0.27
[0.37] with the highly adsorptive bentonites excluded; Figures
S2-S4). The correction for the smectite content improves the
correlation between adsorption and mineral parameters, but the
R? remains <0.4 for all linear correlations. Supposed correlations
with Pearson and Spearman correlation coefficients of up to 0.6
for selected mineral properties are regarded reliable based on
further consideration of data. However, after plotting of data
for Ky and respective mineral parameters, the uncertainty of
reliable relationships is visualized. Exemplarily, coherence of the
relationship between K; and LCD is dependent on the three
bentonites B10, B26, and B36 with K ~ 320 [range after correction
for smectite content: 360-420] (Figure 4A; Figures S3 and S4).

Selective exclusion of data for either B10 and B26 or rather B36
would change the R? to either 0.66 [0.71] or rather 0.08 [0.11].
Also, quantum chemical calculations of HCB interactions with
Ca-montmorillonite showed no evident relationship between
adsorption and LCD (001 models, where the layer charge was
systematically varied by varying Al/Mg substitutions in the
octahedral sheet; Grancic¢ et al. 2023): Calculations revealed the
existence of multiple geometric optima with different interaction
energies. In these systems, the variation of interaction energy
depending on geometric optima far exceeded potential influences
of varying layer charge.

Hu et al. (2019) identified the SiO,:Al,0; ratio and LCD to
be particularly relevant for adsorption to zeolites. However, in
the present study, the intensity of HCB adsorption to the set
of bentonites could not be explained by these parameters. The
lack of recognizable correlations may be influenced by multiple
parameters of mineral characteristics, none of which dominate
over the others. Excluding the highly adsorptive bentonites (B6,
B27, B33; Table 3, Figure 3), K, values vary by a factor of ~5.
However, these values are all in a similar range of adsorption
and none of the mutually influencing mineral characteristics is
a dominant driver for the moderate differences in adsorption.
Contrary, the three further bentonites B6, B27, and B33 provide
larger adsorption by 1-2 orders of magnitude. Here, we expect that
a major parameter is clearly deviating and thereby identifiable.
According to this logic, the causal parameter(s) is(are) not yet
known. A similarity based on the formation of the bentonites can
be ruled out due to the different origin of these highly adsorptive
bentonites (Wyoming and Milos). Samples B27 and B33 are both
from the famous Wyoming bentonite mining district, and both
performed similarly. Bentonite B6 from Milos showed as high
HCB adsorption capacity as the Wyoming bentonites but much
more than the other bentonites from Milos (B3, B4, B5, and
B7). The fact that the two Wyoming bentonites and only one
sample from Milos showed exceptionally high HCB adsorption
may allow to exclude an effect of individual parameters for
the highly adsorptive bentonites. The type of exchangeable
cation (Ca/Mg-Na) does not play a significant role, which
is in agreement with cation modified adsorption experiments
for these specific cations (Béhm et al. 2023). Also, particle or
aggregate size cannot explain the significant differences of the
three bentonites compared to the others. With respect to the
adsorption of HCB on surfaces, the possible importance of the
hydrophobicity of the respective surface was discussed. In case
of smectites, one would expect higher hydrophobicity in case of
low charge density (as typical of Wyoming bentonites) because
of the presence of less exchangeable cations per interlayer area
which in turn represent the hydrophilic sites. This could explain
the performance of the Wyoming bentonites but not that of B6,
which has an intermediate LCD. In addition, the low charged
material B36 did not show high adsorption capacity. Wyoming
bentonites are known for the low specific surface area which
results from comparably well-preserved quasi crystals (Kaufhold
etal. 2010). The intermediate specific surface area of B6, however,
does not allow to conclude an effect of the specific surface area.
Wyoming bentonites are also known to contain some reactive
silica (a form of opal), which could provide some hydrophobic
adsorption sites but sample B6 does not contain reactive silica,
which in turn can also be excluded. Overall, no parameter could
be identified which would indicate a compositional difference of
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B6 compared with the other Milos bentonites and at the same
time a similarity with the Wyoming bentonites. This suggests
either that a combination of different parameters promotes the
HCB adsorption or that the characterization of the bentonites
performed so far has not been sufficient to identify the most
relevant parameter determining the adsorption. Based on pore
distributions derived from specific surface area measurements,
there is evidence for an influence of microporosity on adsorption,
which is consistent with considerations from previous works
(Cheng, Hu, and Hu 2012; Hu et al. 2019). However, further
experimental consideration of pore size distributions will be
subject of our following studies.

4.3 | HCB Adsorption to Size Fractionated
Ca-Modified Bentonites

With the K, values of Ca?>"-modified bentonite fractions <2 ym
accounting for ~20%-75% of the native bentonites (Table S4), the
relevance of cation configuration and particle size is highlighted.
Generally, reduced particle size is expected to increase adsorption
due to increased specific surface area, which is in line with an
observed general trend of increasing adsorption with increasing
surface area and/or porosity in most chemically and physically
variable material classes (e.g., Mayer 1994; Pérez-Botella, Valen-
cia, and Rey 2022; Strauss, Briimmer, and Barrow 1997; Zhang
et al. 2022). This is opposite in the present study and differs from
the size fractionated and Ca?" treated smectite in Bohm et al.
(2023), where the K, slightly increased after Ca** treatment. A
qualitative shift in the share of mineral constituents has to be
assumed (exemplarily, quartz, feldspar, and clay minerals have
different particle size ranges in which they usually occur). This
should largely lead to increased adsorption due to the decreased
relative share of especially quartz but also of feldspar (negligible
adsorption for both), while the relative share of smectites is
increased (relevant adsorption). Therefore, it can be assumed
that the Ca®* modification was the main driver for the reduced
HCB adsorption to the bentonite fractions <2 ym. This is in
line with HCB adsorption to a reference smectite after cation
modification with different alkaline earth and alkali cations in
our previous study. There, the lowest adsorption was observed
after alkaline earth cation modification, which was attributed
to greater charge density and cation hydration of alkaline earth
cations leading to decreased stability of HCB-cation interac-
tions and potentially decreased surface hydrophobicity (B6hm
et al. 2023).

5 | Conclusions

The miniaturized batch adsorption method used reduces the
amount of sorbents and toxic chemicals required, while providing
excellent sensitivity and reproducibility. Its use is especially rec-
ommended both for test substances with low water solubility and
when only small amounts of sorbent material are available. HOC
adsorption to native, smectite-rich bentonites is mostly moderate
(log K4 = 1.8-2.5) but can be as high as adsorption to pure
organic matter phases (here up to log K4 = 4.1). Normalization of
adsorption to the smectite content of bentonites mostly enhanced
the strength of correlation between adsorption and mineral
parameters, but was not the solution to full explanation of inter-

actions. For the moderately adsorptive bentonites, the variation
of adsorption might be influenced by a combination of multiple
parameters. After correction for smectite content, adsorption
was best explained by LCD and CEC with an R? of 0.37/0.35.
However, from more than 20 characterizing parameters, no single
or multiple correlation could be identified for the comprehensive
explanation and prediction of adsorption. Hence, a set of ~20
bentonites may not be sufficient for an unambiguous elucidation
of parameters for the prediction of adsorption strength based
on mineral properties. This prediction is further complicated
by the mutual influence of the individual parameters, which
may include additional parameters not previously considered,
especially for the bentonites with strongest adsorption of HCB.
When comparing HCB adsorption to the subset of five native
bentonites (log Ky: 2.0-4.1) with respective size-fractionated
and cation-modified bentonites (1.9-3.8), an adsorption-reducing
influence of Ca*" is expected to exceed an adsorption-increasing
effect of reduced particle size and higher proportion of smectites.
The findings of our study contribute to the further elucidation
of HOC-CM interactions. Knowledge of bentonite materials with
high adsorptivity for hydrophobic organic compounds can further
provide valuable advantages for the selection of materials for
research and development approaches, for example, for the use
of bentonite in landfill sealings or for the enhancement of super
adsorbents for water treatment.
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