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A B S T R A C T

This study investigates redox transitions associated with the adsorption of Cr(VI) on commonly occurring soil
components (silicates, oxides and humic acids) and their synthetic mixtures by coupling the mechanistic surface
complexation modeling with spectroscopic and isotopic analyses. The mixtures of soil components were pre-
pared to reflect the composition of the real anthroposol sample, determined by X-ray Powder Diffraction (XRD),
total organic carbon (TOC) measurement and extraction methods. The effect of different initial Cr(VI) con-
centrations (2 × 10−2, 5 × 10−4, 10−4, 10−5, and 10−6 M), background electrolyte (10−3, 10−2, and 10−1 M
KNO3), pH values (3–9), and sorbate/sorbent ratios (2 g/L - 20 g/L) were investigated. Maghemite and ferri-
hydrite were confirmed to be the main phases controlling Cr(VI) adsorption with increasing Cr(VI) concentra-
tion. Humic acids were primarily responsible for Cr(VI) reduction, especially at low pH values. The reduction of
Cr(VI) was also proved in case of illite and kaolinite by XAS and isotopic analyses. Illite revealed higher re-
duction capacity in comparison with kaolinite based on XAS measurements. Chromium isotopic fractionation,
resulting from Cr(VI) reduction, was the highest in the case of humic acids, followed by kaolinite and illite.
However, a dissolution of intrinsic Cr originally present within kaolinite and illite might affect the final Cr
isotopic composition of the supernatants due to its different Cr isotopic signature. In general, the combination of
three different approaches was confirmed to offer more comprehensive information about Cr(VI) adsorption
and/or reduction in soils. Detailed studies using soil mixtures can help to predict how the soil components affect
Cr(VI) behavior in natural soils and possibly could improve the environmental remediation processes.

1. Introduction

Toxic properties of mobile and soluble Cr(VI) and its environmental
impact are already well-known and widely published (Gunkel-Grillon
et al., 2014; McDermott et al., 2015; Mishra and Bharagava, 2016;
Mollon et al., 2016; Shadid et al., 2017). Currently, attention is turned
more to the development of promising techniques capable of removing
Cr(VI) from contaminated soils and waters with remediation measures
(Dinker and Kulkarni, 2015; Jamieson-Hanes et al., 2015; Jin et al.,

2016; Li et al., 2018; Pradhan et al., 2017; Wu et al., 2016).
The binding mechanisms of Cr(VI) in soils are of considerable in-

terest prior to any remediation process. The distribution of Cr(VI) and
the rate of its transport in soils are determined to a large extent by the
adsorption to soil components (Gustafsson, 2009). Thermodynamically
based surface complexation models (SCMs) appeared to be a great
predictive research tool for describing metal behavior in natural sys-
tems (Koretsky, 2000; Reich and Koretsky, 2011). Since the SCMs have
been used to describe Cr(VI) adsorption onto individual soil
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components (Komárek et al., 2015; Koretsky, 2013; Reich and Koretsky,
2011; Xie et al., 2015), their development and application in soils is still
challenging due to the heterogeneity and complexity of soil systems. To
date, only a limited number of studies have been carried out on natural
soils to predict Cr(VI) retention and partitioning using mainly the CD-
MUSIC model (Gu et al., 2017; Pérez et al., 2014). Pérez et al. (2014)
described Cr(VI) adsorption on ferralic soil, highlighting the role of
natural iron oxides present and the similarity of the adsorption beha-
vior of Cr(VI) to the behavior exhibited by synthetic iron oxides.
Likewise, Gu et al. (2017) confirmed crystalline and amorphous iron
oxides and hydroxides to be the soil components with the most im-
portant reactive surfaces for Cr(VI) retention in soils. To simplify the
modeling calculations, the contributions of silicates or organic matter
were neglected in the prior modeling attempts in soils. Additionally, the
2-pK models such as the constant capacitance model (CCM), the diffuse
double layer model (DLM) or the triple layer model (TLM) for soils or
even for soil component mixtures are lacking.

Whereas adsorption represents one of the processes of natural at-
tenuation of Cr(VI) in the subsurface environment including soils, the
rapid reduction of Cr(VI) to Cr(III), in particular by organic matter
commonly found in soils, occurs immediately after Cr(VI) release into
the soil (Kožuh et al., 2000). At present, the redox transformations of Cr
(VI) in situ are studied particularly by a wide variety of synchrotron X-
ray techniques, which are able to provide information about speciation
and short-range structure of Cr in soils (Ginder-Vogel and Sparks, 2010;
Hausladen and Fendorf, 2017; Hopp et al., 2008; Hori et al., 2015; Hsu
et al., 2015; Jardine et al., 2013; Rinehart et al., 1997). Since reduction
of Cr(VI) to Cr(III) is known to be accompanied by Cr isotopic fractio-
nation (Ellis et al., 2002; Izbicki et al., 2008; Zink et al., 2010), Cr
isotopic composition in sediments and soils can provide a useable tool
for monitoring and quantifying the extent of reduction (Bauer et al.,
2018). However, most of the prior studies using stable Cr isotopes for
tracking redox processes in subsurface and surface environments were
focused mainly on the treatment of groundwaters, rivers, seawaters and
run-offs (Blowes, 2002; Bullen, 2007; Economou-Eliopoulos et al.,
2014; Ellis et al., 2002; Farkaš et al., 2013; Novak et al., 2014, 2017,
2018; Zink et al., 2010), mostly using electron donors such as organic
molecules and aqueous Fe(II) (Kitchen et al., 2012), bacterial species
(Basu et al., 2014; Xu et al., 2015) or Fe-based permeable reactive
barrier materials (Basu and Johnson, 2012; Wanner et al., 2012). There
is a lack of studies using the Cr isotopic system for monitoring the ac-
companying redox processes during Cr(VI) adsorption onto the surfaces
of clay minerals or organic substances in soils. Although nonredox re-
actions including adsorption tend to have negligible isotopic effect
(Ellis et al., 2004), redox reactions cause changes in the local bonding
environment of Cr(VI) (Quin and Wang, 2017). Thus, Cr isotopic frac-
tionation during adsorption of Cr(VI) onto different soil components
points to the aligned redox processes and consequently provides a
suitable tool for the distinction between adsorption and reduction.

The main aim of this study is to investigate redox transitions asso-
ciated with the adsorption of Cr(VI) on commonly occurring soil com-
ponents and their synthetic mixtures with a composition reflecting the
real anthroposol sample. This study emphasizes a multidisciplinary
approach by coupling the mechanistic surface complexation modeling
with spectroscopic and isotopic analyses. Combination of these three
approaches can provide more comprehensive information about the
real processes of Cr(VI) adsorption and/or reduction in soils. To assess
the dominant soil component responsible for Cr(VI) retention in mix-
tures, a component additivity approach has been tested by applying 2-
pK DLM parameters, derived for single components including oxides,
silicates and humic acids, to multicomponent mixtures. To obtain a
more detailed insight into accompanying redox processes, focusing
mainly on the role of humic acids and clay minerals, X-ray absorption
spectroscopy and isotopic analyses have been performed.

2. Materials and methods

2.1. Synthetic soil component mixtures

The natural clay and feldspar minerals, namely, kaolinite (KGa-2),
illite (IMt-2) and albite, were purchased from the Clay Minerals
Repository (Clay Minerals Society, Warren County, Georgia, USA and
Silver Hill, Jefferson Canyon, Montana, respectively) and LB Minerals,
s.r.o. (Slovakia), respectively. The micromilled silica sand (middle grain
size from 6 to 9 μm) with SiO2 content above 99% was purchased from
Sklopísek Střeleč Company. Humic acids (technical grade) and ma-
ghemite (nano powder, < 50 nm fraction) were obtained from Sigma
Aldrich. 2-Line ferrihydrite was synthesized by rapid hydrolysis of
0.2 M Fe(NO3)3 · 9 H2O solution at 25 °C by titrating the solution with
1 M KOH to pH = 7.18 under vigorous stirring (Schwertmann and
Cornell, 2000). The original solid phase was filtered, washed with
300 mL of distilled water 4–5 times, air-dried, and then grounded and
stored for further use.

The mixtures of soil components were prepared to reflect the
composition of real anthroposol samples (Table 1). For this reason, the
basic mixture of soil components (M1) was created on the basis of the
percentage of crystalline phases of a natural soil that were quantified by
X-ray Powder Diffraction (XRD) with Rietveld analysis (see Supporting
information, Table S1). In addition, mixtures containing humic acids
and ferrihydrite were prepared based on total organic carbon content
and amorphous inorganic Fe content in natural soil, respectively (Table
S2). Complete soil characteristics and composition are described in
detail in SI (Tables S1, S2).

2.2. Adsorption experiments

2.2.1. Adsorption batch experiments prior to adsorption modeling
Series of adsorption edge experiments have been performed under

atmospheric conditions on soil component mixtures as well as on single
soil components. A set of batches with either 250 or 500 mL solution of
Cr(VI) at initial concentrations of 10−4, 10−5, and 10−6 M and back-
ground electrolyte (10−3, 10−2, and 10−1 M KNO3) was prepared in
polycarbonate centrifuge bottles (Thermo Fisher Scientific). Either
mixtures of selected soil components described in Table 1 (20 g/L) or
single components including kaolinite, illite, albite (20 g/L) and quartz,
ferrihydrite, maghemite, humic acids (2 g/L) were then added and kept
in suspension by shaking for 24 h on orbital shaker (GFL 3005) at
200 rpm at 25 °C. After equilibration, the adsorption of Cr(VI) was
measured as a function of pH (3–9), while the pH range for modeling
purposes was chosen to capture the variable pH conditions. The pH
value was gradually adjusted by adding either NaOH or HNO3 (10−3,
10−2, and 10−1 M) starting at pH value 3 in steps of ~0.5 pH until pH 9
was reached. A 10-mL aliquot of the slurry was removed after each step
and was subjected to constant agitation at 200 rpm on a programmable
rotator (Multi RS-60) for a further 24 h. Subsequently, pH was mea-
sured, and all the samples were centrifuged (UNIVERSAL 320 cen-
trifuge, 10 min, 3000 rpm), filtered (0.2 μm, regenerated cellulose) and
the supernatants were analyzed using inductively coupled plasma op-
tical emission spectrometry (ICP-OES, Agilent Technologies 730 Series,
USA). The adsorbed Cr(VI) was calculated by subtracting the amount of
Cr(VI) in the supernatant from the total added Cr(VI).

Table 1
Composition of soil component mixtures M1-M4 (presented in wt%).

Quartz Albite Illite Kaolinite Maghemite Ferrihydrite Humic acids

M1 88.6 5.4 3.0 1.4 1.6 – –
M2 86.4 5.3 2.9 1.4 1.6 2.4 –
M3 76.6 4.7 2.6 1.2 1.4 2.4 11.1
M4 78.8 4.8 2.7 1.2 1.4 – 11.1
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2.2.2. Adsorption batch experiments prior to spectroscopic investigations
and isotopic measurements

The adsorption experiments prior to X-ray absorption spectroscopy
(XAS) were performed during 24 h on mixture M1 (silicates with ma-
ghemite), M3 (silicates, maghemite, ferrihydrite and humic acids) and
M4 (silicates with maghemite and humic acids) as well as on single
phases of illite, kaolinite and humic acids (20 g/L) in 500 mL of elec-
trolyte at the concentration of 10−2 M KNO3, initial Cr(VI) concentra-
tion of 5 × 10−4 M and pH of 4 and 6.5. The higher Cr initial con-
centration in comparison with concentration prior to adsorption
modeling was calculated according to the adsorption capacities of the
adsorbents, to achieve a sufficient Cr concentration for spectroscopic
analyses (data not shown). Additionally, adsorption experiments on
clay minerals were performed at even higher initial Cr(VI) concentra-
tion (2 × 10−2 M). The pH value of this experiment was determined by
the highest adsorption efficiency of clay minerals and was adjusted to 6
and 4.5 for kaolinite and illite, respectively. For isotopic measurement
purposes, aimed at assessing the main Cr(VI) reductants, adsorption
batch experiments were performed in duplicate over 24 h on illite,
kaolinite and humic acids (20 g/L) in 250 mL of electrolyte at the
concentration of 10−2 M KNO3, initial Cr(VI) concentration of 10−4 M
and pH of 4, 6.5 and 9. As pH is a dominant factor affecting the solu-
bility and mobility of Cr(VI) in soils, pH values were selected as re-
presentatives of slightly acidic, neutral and highly alkaline conditions.

Consequently, a 2 × 10 mL aliquot of the solution was removed
from each batch before adding a solid phase to measure an initial Cr
concentration. A 2 × 10 mL aliquot of the slurry was removed after
adsorption, centrifuged and filtered to analyze supernatants using ICP-
OES. The rest of the slurry was subsequently filtered using a vacuum
pump (filter DIA 90 mm; 84 g/m2) and the solid phase was frozen prior
to further freeze-drying (24 h). Freeze-dried samples were either stored
for further spectroscopic analysis or dissolved for isotopic measure-
ments (see SI).

2.3. Modeling approach

2.3.1. Surface protonation modeling
To optimize the values of surface protonation constants and the

total number of surface sites for quartz, albite and humic acids, the
titrations of the single soil component-H+ systems were carried out.
Acid-base potentiometric titrations were performed on the soil com-
ponent suspensions (12.5 g/L, Jolsterå et al., 2010) at ionic strength
values of 10−3, 10−2, and 10−1 M using NaNO3 as a background
electrolyte. For quartz, the optimization of surface protonation con-
stants was performed at 10−1 M ionic strength only. Subsequently,
values were compared with previously published parameters for quartz
(Komárek et al., 2015). Suspensions were titrated by 10−2 M HNO3/
NaOH (albite and quartz) or 10−1 M HNO3/NaOH (humic acids) under
constant stirring and N2 atmosphere (Jolstera et al. 2010) using the
automatic TitroLine® alpha plus Titration Unit (Schott, Germany).
Forward and back titration datasets within each ionic strength were

used either individually or simultaneously to optimize the 2-pK DLM
parameters using the program ProtoFit (Turner and Fein, 2006) and
assuming surface reactions (Eqs. (1), (2)):

> + >+ +XOH H XOH Klog2 1 (1)

> > + +XOH XO H Klog 2 (2)

The average of the best fits for each ionic strength 2-pK DLM
parameters was used for further modeling. Titration data and corre-
sponding models for quartz, albite and humic acids are presented in Fig.
S1.

Model parameters for maghemite and ferrihydrite, kaolinite and
illite were taken from Komárek et al. (2015) and Veselská et al. (2016),
respectively.

2.3.2. Surface complexation modeling
Adsorption edge data as well as 2-pK DLM parameters derived from

Protofit were used to obtain Cr(VI) surface complexation constants and
calibrate the model. The reactive surface areas (SA) of soil components
and their mixtures were determined by the layered adsorption BET
isotherm obtained from measurements of N2 adsorption isotherms using
ASAP 2020 and ASAP 2050 surface area analyzers (Micromeritics,
USA). Surface complexation constants of Cr(VI) for quartz, albite,
humic acids and maghemite were optimized in FITEQL 4.0 (Herbelin
and Westall, 1999) with the default thermodynamic data for aqueous
species from the database of Visual MINTEQ 3.0 (Gustafsson, 2013).
The single monodentate inner-sphere surface site complexes have been
considered for each of those phases. The average surface protonation
constants estimated from titration data were used. The final 2-pK DLM
prediction was calculated by thermodynamic database program Visual
MINTEQ 3.0 using median stability constants of surface complexes
(Table 2). The goodness of fit of each calculated model prediction to the
experimental data was assessed using the WSOS/DF ratio produced by
the software. Individual stability constants and the errors for the 2-pK
DLM best fits are summarized in Table S3. The intrinsic binding con-
stants of Cr(VI) onto ferrihydrite, kaolinite and illite were taken from
our previous work (Veselská et al., 2016).

For soil component mixtures M1-M4, a component additivity 2-pK
DLM, using acidity constants and equilibrium constants determined for
each pure phase, was used for prediction of Cr(VI) adsorption using a
multisurface complexation model. Total Cr(VI) adsorbed in the mix-
tures was described either by stability constants of the dominant soil
component or the combination of stability constants of phases, which
was attributed to the best fit of the model for the Cr(VI) adsorption
data.

2.4. Spectroscopic analyses

2.4.1. X-ray absorption spectroscopy (XAS)
Cr K-edge X-ray absorption spectra were collected at the SUL-X

(untreated clay minerals, reference materials) and XAS beamlines (Cr-
loaded humic acids, clay minerals, synthetic mixtures of soil minerals)

Table 2
Surface properties, 2-pK DLM parameters and inner-sphere complexation reactions of Cr(VI) on the pure soil component-solution interface (median values of
constants optimized in FITEQL 4.0). Protonation and deprotonation constants were optimized in ProtoFit 2.1.

Quartz Albite Humic acids Maghemite Kaoliniteb Illiteb Ferrihydriteb

Protonation and deprotonation Log K
> XOH + H+ ⇌ > XOH2

+ −3.92 −4.67 5.48 5.71a −1.93 −4.29 7.01
> XOH ⇌ > XO− + H+ −7.07 −1.08 8.09 −7.74a −6.59 −8.99 −7.86

Monodentate inner-sphere complexes Log K
> XOH + CrO4

2− + H+ ⇌ > XCrO4
− + H2O 8.41 11.9 22.8 11.2 9.50 7.47 12.3

Site density (sites/nm2) 476 34.8 167 2.28a 3.89 216 0.73
Specific surface area (m2/g) 1.60 1.10 0.98 37.0 15.8 16.5 323

a Komárek et al. (2015).
b Veselská et al. (2016).
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of the synchrotron light source of the Karlsruhe Institute of Technology,
Germany, using a silicon (111) double crystal monochromator with
fixed beam exit. Because SUL-X is a beamline with a wiggler as the
radiation source, the samples sensitive to beam-induced changes,
namely, the ones from the adsorption experiments with humic acid and
clay minerals, have been measured at the XAS beamline as described in
the SI. Cr K-edge spectra were collected at the SUL-X beamline with a
step width of 5 eV from −150 to −50 eV, 2 eV from −50 to −20 eV
below the edge, 0.3 eV between ± 20 eV relative to the edge, and with
k steps 0.05 Å−1 to k 12 Å−1 above the absorption edge with mea-
surement times multiplied by k0.5. Increasing the detector integration
times with k0.5 has been chosen as a compromise between acceptable
overall measurement times and statistics in the EXAFS regime. At the
XAS beamline, step size between ± 20 eV relative to the edge was
0.5 eV, maximum k was 16 Å−1, but data were not usable beyond k
12 Å−1 due to numerous severe X-ray diffraction effects that could not
be suppressed. Several spectra have been measured for each sample and
reference substances to check for beam-induced changes, and only the
unaffected scans have been used and were averaged. All XAS spectra
have been pre- and post- edge corrected, normalized to an edge jump of
one, and energy calibrated by the Athena software (Ravel and Newville,
2005). If no beam-induced changes have been observed on the spectra
at the same sample measuring position, all scans have been merged
prior to linear combination fitting (LCF) with references. In the case of
recognizable beam-induced Cr(VI) reduction, only the first scan of each
scan series was used for merging (in case of kaolinite and M1) (Figs. S2,
S3).

LC-Fits of Cr K-XANES reference spectra have been applied to
quantitatively determine the Cr(VI)/Cr(III) ratios in samples using the
Athena software. As references for Cr(VI), K2Cr2O7, PbCrO4 and Cr(VI)-
loaded ferrihydrite were available. For Cr(III), Cr(NO3)3 × 9H2O as
well as Cr(VI)-treated illite at pH 6.5 with all Cr present as Cr(III) and
illite where the Cr(VI) has been reduced to Cr(III) with the synchrotron
beam of high photon density at the SUL-X beamline were used.
Additionally, the Cr(VI)-treated humic acids where all Cr(VI) was re-
duced to Cr(III) have been used as a Cr(III) reference for the mixtures
containing humic acids. Cr K-XANES spectra of illite, kaolinite and
humic acids before adsorption experiments have also been included in
LC-Fits if they revealed only Cr(III).

Due to lack of pure Cr(VI) references based on illite and kaolinite
and partly also Cr(III) references, the intrinsic Cr(III) has not been re-
produced well from the LC-Fits of clay minerals and humic acids.
Therefore, LC-Fits of spectra of these samples containing both initial
and adsorbed Cr fractions were used for subtraction of the intrinsic Cr
according to the Cr concentration (ppm) before and after adsorption
(Table S4). Prior subtraction of the intrinsic Cr-weighted spectral
fraction was not used due to spectral artifacts.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of the humic acids in KBr pellets were measured with a

Nicolet Avatar 360 spectrometer with a room temperature DTGS de-
tector. The resolution was set at 1.93 cm−1 in the spectral region
400–4000 cm−1, and 200 scans were collected using the software
OMNIC 4.1.

2.5. Cr isotopic analysis

Supernatants and dissolved solid samples after adsorption of Cr(VI)
(see Section 2.2.2) were subjected to Cr(VI) separation from the matrix
using a modified anion exchange chromatography method prior to Cr
isotopic analysis (Bullen, 2007; Šillerová et al., 2014), as detailed in the
SI. All Cr isotopic measurements were performed on a multicollector
inductively coupled plasma mass spectrometer (MC ICP-MS, Neptune,
Thermo, Germany) equipped with nine Faraday cups (see SI). Correc-
tions for mass bias were performed using a double-spike method in-
volving spiking of sample with solution enriched in two isotopes (50Cr

and 54Cr). The results were related to the Cr standard NIST SRM 979
and reported as relative deviations in parts per mil (‰) (Eq. (3)). The
δ53Cr value of NIST 979 doped with a double spike was monitored over
the course of our study and the average value was
−0.001 ± 0.054(2SD) (n = 12). The isotopic composition of all
samples was corrected to this value.

=Cr Cr Cr sample
Cr Cr SRM

/ ( )
/ ( 979)

1 (‰)53
53 52

53 52 (3)

The relative isotopic difference Δ between reactant, initial K2Cr2O7

solution (lq1), and product, supernatant after adsorption (lq2) was
calculated according to Eq. (4):

=Cr lq lq Cr lq Cr lq( 1 2) ( 1) ( 2)53/52 53 53 (4)

2.5.1. Mass balance
To verify and evaluate the isotopic and concentration data, the Cr

concentrations and δ53 Cr values were determined in all “inputs” and
“outputs” of the experiment. According to the mass conservation law,
the inputs must equal the outputs. The inputs include Cr in the initial
K2Cr2O7 solution (in Eq. (5) numbered as 1) and the intrinsic Cr in the
solid phases (2). The outputs include Cr in the supernatant (3) and Cr in
the solid phases (4) after adsorption. Consequently, the mass balance
equation was applied:

+ = +m Cr m Cr m Cr m Cr1 1
53

2 2
53

3 3
53

4 4
53 (5)

where m1 is the mass (mg) of total Cr in the initial solution, m2 is the
mass (mg) of total intrinsic Cr in the solid sample, m3 is the mass of
total Cr (mg) in the supernatants after adsorption and m4 is the mass of
total Cr (mg) adsorbed on the solid sample. The δ1

53Cr, δ2
53Cr, δ3

53Cr,
δ4

53Cr are the Cr isotopic fractionation ratio (‰) of the initial solution,
intrinsic Cr, supernatant and solid phase after adsorption, respectively.

3. Results and discussion

3.1. Role of maghemite and ferrihydrite in Cr(VI) adsorption

Developing robust SCMs for Cr(VI) in mixtures of soil components
was carried out to determine the leading soil component responsible for
Cr(VI) retention in the mixtures. A dominant role of common ferric
oxides and (oxy)hydroxides during Cr(VI) adsorption was anticipated.
For the purpose of this study, 2-pK DLM was chosen as an intermediate
approach, with relatively few fit parameters, while trying to obtain
internally-consistent data parameterized by using the same simplified
modeling framework for all soil constituents.

3.1.1. Mixture M1: effect of maghemite
In general, a component additivity approach was used for the

mixture consisting of quartz, albite, illite, kaolinite and maghemite
using the 2-pK DLM and excluding the contribution of surfaces of
quartz, albite, kaolinite or illite to adsorption of Cr(VI) via inner-sphere
complexes. When replacing a small percentage of maghemite (1.6 wt%,
Table 1) by quartz, no performance of the model and a strong depen-
dence of Cr(VI) adsorption on the ionic strength within a mixture of
silicates was confirmed (Fig. S4a). Adsorption of Cr(VI) at lower Cr
loadings is ionic strength-dependent, which indicates impact of (phylo)
silicates through the formation of outer-sphere complexes that could
not be described by the simple 2-pK DLM (Ajouyed et al., 2011;
Koretsky, 2013; Veselská et al., 2016). The role of maghemite as a main
mineral phase controlling Cr(VI) adsorption was highlighted at initial
total Cr(VI) concentration of 10−4 M, while the 2-pK DLM was found to
fit the adsorption edge data quite well just taking into account inner-
sphere monodentate complexes for maghemite (Fig. 1a). Model simu-
lations slightly overestimated Cr(VI) adsorption up to pH 7, even when
considering the same ratio of the soil components in M1 (20 wt% of
each) (Fig. S4b). This refers to the limited model ability to capture
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simultaneously processes, such as formation of coatings on the surfaces
of individual phases, site-blocking and dissolution of silicates. Silicates
releasing from Si–bearing minerals and adsorbing on surfaces of iron
oxides could compete with the Cr(VI) as already observed by Jolsterå
et al. (2010) or Kamagaté et al. (2016). This effect was not considered
in the present model. Likewise, cations incorporated as impurities in the
structure of Fe oxides or oxyhydroxides could suppress the availability
of inner-sphere binding sites for Cr(VI) oxyanions (Johnston and
Chrysochoou, 2016).

3.1.2. Mixture M2: effect of ferrihydrite
The adsorption data for Cr(VI) in M2 (silicates, maghemite, ferri-

hydrite) have been sufficiently described by monodentate complexes on
the surfaces of maghemite and ferrihydrite and adding ferrihydrite
improved the model fit in M2 at 10−6 M Cr(VI) in comparison with M1
(without ferrihydrite) (Fig. 1b, Table 1). Likewise, at 10−4 M Cr(VI),
total amount of Cr(VI) adsorbed increased significantly due to sorption
onto both maghemite and ferrihydrite surfaces and 2-pK DLM fits the
data in a range of pH typical for natural soils, from 5 to 7. Under acidic
conditions, predominant contribution of bidentate complexes also
needs to be taken into account considering surfaces of Fe oxyhydroxides
(Xie et al., 2015; Veselská et al., 2016).

3.1.3. Mixtures M3 and M4: effect of maghemite and ferrihydrite in the
presence of humic acids

Adsorption of Cr(VI) in M3 was attributed to reactive surfaces of
humic acids, ferrihydrite and maghemite (Fig. 1c). Total Cr(VI) ad-
sorbed could be attributed to the surface of maghemite and humic acids
in the case of M4 (Fig. 1d). The prevalent role of humic acids is high-
lighted at low initial Cr(VI) concentration, where their presence both
limits adsorption capacity of other soil components due to formation of
coatings on their surfaces (Al-Essa and Khalili, 2018; Chen et al., 2017;
Jiang et al., 2014) and limits the 2-pK DLM capability to describe Cr(VI)
adsorption due to its restraint to capture the reduction of Cr(VI) by
humic acids. On the other hand, increasing the initial Cr concentration
in the solution increases the adsorbed Cr(VI) amount in M3 with fer-
rihydrite. Adsorption data are fitted by the 2-pK DLM with slight
overestimation up to pH 7, emphasizing a significant contribution of

ferrihydrite to Cr(VI) adsorption. In summary, the role of Fe oxides and
(oxy)hydroxides in Cr(VI) adsorption is crucial, and they represent
phases controlling Cr(VI) behavior in soils, especially those with low
organic matter content.

3.2. Role of clay minerals and humic acids in Cr(VI) reduction

Among available Cr(VI) reductants, clay minerals as well as humic
acids were considered to be involved in redox processes, which ac-
companied Cr(VI) adsorption onto soil component mixtures. Therefore,
they were further investigated by XAS, FTIR and isotopic analyses in
order to evaluate the extent of Cr(VI) reduction.

3.2.1. Effect of intrinsic Cr
In general, Cr(VI) fractions adsorbed onto illite, kaolinite and humic

acids were calculated from linear combination fits (LCFs) of Cr K-
XANES spectra containing both intrinsic Cr(VI)/Cr(III) and adsorbed Cr
(VI)/Cr(III) fractions (Table 3). The results of LCF underline the im-
portant impact of the intrinsic Cr fraction on total Cr(VI) adsorbed on
clay minerals at low initial Cr(VI) concentration. In case of illite, the
small amount of adsorbed Cr(VI), comparable to amounts of intrinsic
Cr, prevents estimation of a Cr(VI) reduction extent. Effect of intrinsic
Cr can be clearly seen also in the case of kaolinite, where concerning
lower Cr(VI) concentration, approximately 31% and 27% of the total Cr
after adsorption, represent initial Cr fractions at pH 4 and 6.5, respec-
tively (Table 3, II). Evaluation of isotopic data is aggravated also by the
presence of intrinsic Cr within kaolinite and illite (Table S4). Never-
theless, the presence of intrinsic Cr within individual soil components
simulates better the real conditions in soils. The isotopic signature of
the intrinsic Cr in kaolinite and illite is different
(δ53Cr = 0.193 ± 0.04‰ and δ53Cr = −0.317 ± 0.02‰, respec-
tively) in comparison with the initial Cr solution
(δ53Cr = −0.475 ± 0.02‰; Table 4). Therefore, two isotopically
different sources of Cr are mixed during Cr(VI) adsorption.

No intrinsic Cr(III), as confirmed by XAS, was desorbed from clay
minerals in the blank experiment. However, a partial dissolution of the
intrinsic Cr(III) during Cr(VI) adsorption experiments cannot be ex-
cluded and the final Cr isotopic composition in the supernatants can be
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Fig. 1. Adsorption of Cr(VI) onto 20 g/ L M1 (a), M2 (b), M3
(c) and M4 (d) at 10−4 M (square) 10−5 (circle) and 10−6 M
(triangle) Cr(VI) and with 10−1 M (black), 10−2 M (grey) and
10−3 M (blue) KNO3 modeled using the 2-pK DLM (solid,
dashed and dotted lines at 10−4 M, 10−5 M and 10−6 M Cr
(VI), respectively). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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affected by isotopic signature of this intrinsic Cr. Hence, combination of
XAS and isotopic analyses constitutes a very powerful tool for under-
standing the mechanism of Cr(VI) reduction during adsorption onto soil
minerals.

Unlike clay minerals, the intrinsic Cr(III), originally present in
humic acids represents a small percentage of the total Cr(III) (Table 3)
and modifies the XANES spectrum of Cr-loaded samples insignificantly.
XANES analysis of raw humic acids confirms the absence of a pre-edge
peak in the spectrum of intrinsic Cr, thus indicating the presence of
octahedrally coordinated Cr(III) in the first shell (Jiang et al., 2014;

Peterson et al., 1996). However, the features in Cr K-edge XANES
spectra of intrinsic Cr and Cr adsorbed to humic acids differ, which
suggests a different arrangement of octahedral Cr(III) in functional
groups of humic acids due to the reduction of Cr(VI) by the humic acids.

3.2.2. The ability of clay minerals to reduce Cr(VI)
The adsorbed Cr species, calculated by subtraction of intrinsic Cr

fractions from total Cr, were renormalized and resulted in approxi-
mately 51% of adsorbed Cr(VI) and 49% of adsorbed Cr(III) in the case
of Cr-loaded kaolinite at initial Cr(VI) concentration of 5 × 10−4 M and
pH 4 (Table 3, III). The extent of Cr(VI) reduction decreased with in-
creasing pH, reaching approximately 73% of adsorbed Cr(VI) and 27%
of adsorbed Cr(III) at pH 6.5. Considering the highest adsorption effi-
ciency of the kaolinite at pH 6.5, up to 84% of the adsorbed Cr remains
as Cr(VI) at higher initial Cr(VI) concentration (2 × 10−2 M).

In case of illite, the adsorbed Cr(VI) fraction was very low at pH 4
representing up to 15% of the total Cr after adsorption and zero at
pH 6.5. After renormalization, the adsorbed Cr(VI) represents only 31%
at pH 4. The extent of reduction can be evaluated better at higher Cr
(VI) loading (2 × 10−2 M), where 75% of total Cr is adsorbed at pH 4,
but about approximately half of this is reduced to Cr(III). Illite used in
this study contains mixed Fe(II, III) (Fig. S5), allowing structural Fe(II)
to be involved in Cr(VI) reduction (Borisover and Davis, 2015; Joe-
Wong et al., 2017; Taylor et al., 2000). Assuming that the 50% of Cr(III)
(78 ppm) is completely reduced by the structural Fe(II), a shift in the Fe
K-edge position in XANES spectra would not be recognizable because
the required oxidation of about 233 ppm Fe is smaller than 1.5% of the
total Fe. Therefore, in the case of illite, Cr(VI) reduction can take place
by oxidation of Fe(II) to Fe(III) (Stucki, 2013; Vinuth et al., 2015), al-
though this effect is too small to be observed as an Fe K-edge shift.
Excluding the effect of structural Fe(II), some potential for Cr(VI) re-
duction may be attributed to little adsorbed Fe(II) or organic matter on
the surfaces of clay minerals (Kwak et al., 2018). Both, kaolinite and
illite were used as received without any additional purification prior to
adsorption experiments in order to simulate better the natural condi-
tions in soils. Therefore, traces of impurities can also play a role in
reducing processes on clay minerals. Based on XRD results of kaolinite
used in this study (Veselská et al., 2016), traces of TiO2 were confirmed.
These might cause photocatalytic reduction of Cr(VI) in aqueous en-
vironments, as has been widely discussed in previous studies (Ahmed
et al., 2018; He et al., 2013), working under similar experimental
conditions (pH, Cr(VI) concentration, TiO2 concentration) as in our
case.

Isotopic analysis proved Cr isotopic fractionation caused by reduc-
tion of Cr(VI) to Cr(III) for both clay minerals although the changes in
δ53Cr were relatively low (kaolinite) or even negligible (illite).
Isotopically heavier Cr(VI) fraction remaining in the supernatants after
adsorption relative to the initial Cr(VI) fraction in the K2Cr2O7 solution
was confirmed due to Cr(VI) reduction. More significant changes were
observed in the presence of kaolinite, especially for the initial pH 4 and

Table 3
(I.) LC-Fit of Cr K-XANES spectra containing both, intrinsic and adsorbed
spectral fractions; (II.) adsorbed Cr(VI)/Cr(III) fractions calculated after sub-
traction of intrinsic Cr; (III.) re-normalized Cr(VI)/Cr(III) ratios of adsorbed Cr
(Cr(VI)ads + Cr(III)ads = 100%). Considering clay minerals at the higher Cr
initial concentration, the pH of the adsorption experiment was chosen taking
into account the highest adsorption capacity of the adsorbents.

Adsorption experiment pH Analytical
treatment

Cr(VI) % Cr(III) %

Ads. Intr. Ads. Intr.

Kaolinite initial 7.90 92.1
Kaolinite after adsorption

(5 × 10−4 M Cr(VI))
4 I. 37.7 62.3

II. 35.2 2.50 33.4 28.9
III. 51.3 48.7

6.5 I. 55.1 44.9
II. 53.0 2.10 20.0 24.9
III. 72.6 27.4

Kaolinite after adsorption
(2 × 10−2 M Cr(VI))

6.5 I. 82.1 17.9
II. 81.9 0.20 15.3 2.60
III. 84.3 15.7

Illite initial 0.00 100
Illite after adsorption

(5 × 10−4 M Cr(VI))
4 I. 4.70 95.3

II. 4.70 0.00 10.4 84.9
III. 31.1 68.9

a6.5 I. 100
Illite after adsorption

(2 × 10−2 M Cr(VI))
4 I. 37.5 62.5

II. 37.5 0.00 37.3 25.2
III. 50.1 49.9

Humic acids initial 0.00 100
Humic acids after

adsorption
(5 × 10−4 M Cr(VI))

4 I. 0.00 100
II. 0.00 0.00 96.9 3.06
III. 0.00 100

6.5 I. 0.00 100
II. 0.00 0.00 95.5 4.53
III. 0.00 100

Mixtures of soil
components

M1
(5 × 10−4 M Cr(VI))

4 I. 57.0 43.0
6.5 I. 35.0 65.0

M3
(5 × 10−4 M Cr(VI))

4 I. 50.0 50.0
6.5 I. 64.0 37.0

M4
(5 × 10−4 M Cr(VI))

4 I. 1.50 98.5
6.5 I. 1.20 98.8

a No LCF, no Cr(VI) adsorption, 100% Cr(III) = intrinsic Cr.

Table 4
Cr isotopic data for the kaolinite, illite and humic acid. δ53Cr init = initial K2Cr2O7 solution, δ53Crintr = intrinsic Cr in the samples, δ53Creq = supernatants after
adsorption, Δ53/52Cr(lq1-lq2) = relative isotopic difference (‰).

Initial pH δ53Cr init ± 2SD δ53Crintr ± 2SD δ53Creq ± 2SD Δ53/52Cr(lq1-lq2)

Kaolinite 4 −0.475 ± 0.020 0.193 ± 0.040 −0.217 ± 0.081 −0.258
6.5 −0.475 ± 0.020 0.193 ± 0.040 −0.209 ± 0.056 −0.266
9 −0.475 ± 0.020 0.193 ± 0.040 −0.346 ± 0.044 −0.129

Illite 4 −0.475 ± 0.020 −0.317 ± 0.016 −0.398 ± 0.004 −0.077
6.5 −0.475 ± 0.020 −0.317 ± 0.016 −0.431 ± 0.027 −0.044
9 −0.475 ± 0.020 −0.317 ± 0.016 −0.632 ± 0.075 0.157

Humic acid 4 −0.475 ± 0.020 −0.524 ± 0.059 0.039 ± 0.066 −0.514
6.5 −0.475 ± 0.020 −0.524 ± 0.059 −0.185 ± 0.007 −0.29
9 −0.475 ± 0.020 −0.524 ± 0.059 −0.210 ± 0.038 −0.265
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6.5 (δ53Creq(pH4) = −0.217 ± 0.081‰; δ53Creq(pH6.5) = −0.209 ±
0.056‰) (Table 4). In the case of illite, δ53Creq values were close to the
δ53Crinit (δ53Creq(pH4) = −0.398 ± 0.004‰; δ53Creq(pH6.5) = −0.431
± 0.027‰). Based on the isotopic data, the extent of Cr(VI) reduction
seems to be smaller in comparison with XAS results. However, we sup-
pose that δ53Creq values can be, to some extent, affected by the dissolution
of intrinsic Cr from kaolinite and illite. The redox-independent Cr isotopic
fractionation, induced by dissolution, was already confirmed by Saad
et al. (2017). In the case of kaolinite, the effect of potentially dissolved
intrinsic Cr(III) (δ53Cr = 0.193 ± 0.040‰) would be “positive”, shifting
the δ53Creq towards positive values. In case of illite, the dissolved intrinsic
Cr(III) (δ53Cr = −0.317 ± 0.016‰) would be “negative”, shifting the
δ53Creq back to more negative values. A more detailed study on the dis-
solution of Cr(III) originally present within clay minerals is needed in
order to evaluate the isotopic data more precisely. On the other hand, a
partial adsorption of Cr(VI) onto kaolinite and illite, as confirmed by XAS,
was proven to have a negligible effect on Cr isotopic fractionation (Ellis
et al., 2004). To verify the isotopic fractionation, the mass balance was
applied to isotopic data, considering that Cr(VI) remains in the super-
natant after adsorption and Cr(III) is bound to the solid phase (Table S5).
In general, the good match between inputs and outputs obtained for both
kaolinite and illite is accompanied by some deviations, especially in the
case of kaolinite at pH 4 and illite at pH 4 and 6.5. These deviations may
be caused both by the adsorption of Cr(VI) from the solution and the
desorption of Cr(III) from the clay surfaces.

3.2.3. The ability of humic acids to reduce Cr(VI)
The Cr K-edge XANES spectra of humic acids loaded with Cr(VI)

confirmed only the presence of reduced Cr(III) at pH 4 as well as at
pH 6.5 (Fig. 2). A direct oxidation of humic acids was proven mainly by
the formation of either free or dissociated carboxylic groups during Cr
(VI) adsorption as observed in FTIR spectra of humic acid at pH 4 and
pH 6.5, respectively (Fig. 3). No absorption band is observed at ap-
proximately 1540 cm−1, indicating the presence of a chelated car-
boxylic group due to Cr binding at both pH values (Zhang et al., 2017,
2018). Moreover, no other functional groups able to complex with Cr
(VI) were detected on the surface of humic acids (see more in SI). Thus,
Cr(VI) is directly reduced (Park et al., 2005; Zhang et al., 2017) in
contact with electron donor groups in the aqueous phase under our
experimental conditions, and the Cr2O3 spectrum of adsorbed Cr(III)
can be recognized between 620 and 680 cm−1 in both FTIR spectra of
humic acids after Cr(VI) treatment.

The reduction of Cr(VI) by humic acids (Hsu et al., 2009; Wittbrodt
and Palmer, 1997) is accompanied by an enrichment of heavier Cr
isotopes in the supernatant after the adsorption in comparison with the
initial Cr solution (δ53Crinit = −0.475 ± 0.020‰ (2SD, n = 3)). The
most significant change in the Cr isotopic composition was determined
at pH 4 with the maximal relative isotopic difference Δ = 0.5‰
(Table 4). The 53Cr/52Cr shift may reach up to 4‰ depending on the
reduction agents (Basu et al., 2014; Ellis et al., 2002; Šillerová et al.,
2014). With regard to the character of intrinsic Cr(III) in humic acids as
confirmed by XAS, the final Cr isotopic composition in the supernatant
after adsorption should not be influenced by intrinsic Cr, thus reflecting
Cr(VI) reduction. However, dissolution of humic acids stands in the way
of mass balance of humic acids (Table S5). Mass flows cannot be
identified well while evaluating the isotopic data for humic acids and
due to their solubility over a wide pH range, it is impossible to quan-
titatively separate the solid and liquid fractions (Melo et al., 2016; Chen
et al., 2011). Moreover, dissolution of humic acids constitutes one of
the reasons for 2-pK DLM incompatibility with adsorption data for M4.

3.3. Cr(VI) reduction in the mixtures of soil components

Clay minerals should cause Cr(VI) reduction in M1 in the absence of
humic acids. LCF of Cr K-XANES spectra of M1 indicate 43% and 65% of
total Cr in the mixture present as Cr(III) at pH 4 and pH 6.5, respec-
tively (Table 3, Fig. 2). More Cr(VI) adsorbed under acidic conditions
could reflect a contribution of inner-sphere monodentate Cr(VI) com-
plexes on kaolinite (Veselská et al., 2016) to inner-sphere Cr(VI) com-
plexes on maghemite. In the presence of maghemite, ferrihydrite and
humic acids, the XANES spectra of M3 can be fitted well with the
fraction of Cr(VI) adsorbed on ferrihydrite and the fraction of Cr(III)
reduced by humic acids (Fig. 2). The decreasing reduction of Cr(VI)
with increasing pH (50% and 37% of Cr(III) at pH 4 and 6.5, respec-
tively) reflected strong reduction effect of humic acids, which is more
promoted under acidic conditions (Wittbrodt and Palmer, 1996, 1997).
In comparison with the Cr K XANES spectra for M4 with no ferrihydrite,
Cr K XANES spectra of M3 show for both pH values significant Cr(VI)
fractions. Obviously, ferrihydrite is able to preserve a certain fraction of
Cr(VI) even in the presence of humic acids rather than maghemite.

Based on Cr K-XANES spectra of M4 (Table 3), Cr(VI) was fitted to
an insignificant fraction of < 2%, so that Cr K-XANES spectra of M4
could be normalized to the Cr(III) fraction only. Therefore, the major
portion of adsorbed Cr(VI) in M4 has been reduced regardless of the pH

Fig. 2. Cr K-XANES spectra for clay minerals, humic acids and
mixtures of soil components after Cr(VI) adsorption at pH 4
and 6.5 for initial Cr(VI) concentration of 5 × 10−4 M and
spectra of intrinsic Cr of kaolinite, illite and humic acid
(dotted lines below the Cr(VI) treated spectra each). Spectra
of high- Cr(VI) loaded clay minerals are marked with an as-
terisk (*). Cr(III) references include Cr(NO3)3 (solid line), il-
lite (dashed line) and kaolinite (dotted line), both with Cr(VI)
reduced by Synchrotron irradiation. Cr(VI) references include
Cr(VI) treated ferrihydrite (solid line), K2Cr2O7 (dashed line)
and PbCrO4 (dotted line). LC-Fit results for each spectrum see
in Table 3.
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value (Fig. 2). More than 90% of the Cr(III) fraction can be assigned to
humic acids, a small fraction of Cr(III) (7–8%) is bound to illite. In
general, Cr(VI) in M4 has been reduced due to the dominant role of
humic acids in contrast to M3 where ferrihydrite is present in addition
to maghemite. The limited adsorption capacity of other soil components
caused by the occupation of their adsorption sites by humic acids also
needs to be considered.

4. Conclusions

Our study was based on a multidisciplinary approach investigating
the adsorption and reduction of Cr(VI) by synthetic organo-mineral
mixtures in the presence or absence of selected soil components (ma-
ghemite, ferrihydrite, humic acids) and under specific conditions (pH,
ionic strength, Cr(VI) concentration). Based on the results from surface
complexation modeling and spectroscopic and isotopic analyses, we
evaluated how the soil components affect Cr(VI) behavior in soils. The
presence of Fe (oxy)hydroxides increases Cr(VI) removal from solution
in a range of pH typical for natural soils, from 5 to 7 (from 70% to 99%
of Cr(VI) adsorbed). Fe-rich soils with sandy textures and low organic
matter content should be then more susceptible to participate in natural
attenuation of Cr(VI), depending on Cr concentration and pH value.
Ubiquitous clay minerals support both the adsorption and reduction of
Cr(VI) depending mainly on initial Cr(VI) concentration and content of
inorganic impurities including TiO2 and intrinsic Cr. Humic acids ad-
sorb Cr(VI) at pH < 4 likely due to inorganic impurities (Al, Si, Fe,
Ca), but the dominant role of the humic acids is through the reduction
of Cr(VI) to Cr(III) in the mixtures of soil components over a wide range
of Cr(VI) concentrations (from 10−6 M to 5 × 10−4 M Cr(VI)) and pH

values (3–9).
Despite the large reduction potential of humic acids, ferrihydrite

was able to preserve a certain Cr fraction as Cr(VI) in the soil mixtures
preventing it from the reduction to Cr(III). On the other hand, the lack
of ferrihydrite in natural soils may give rise to the reduction potential of
humic acids. This contradiction was manifested more clearly at higher
Cr(VI) concentration (up to 5 × 10−4 M). From an environmental risk
perspective, soils rich in organic matter and clay minerals will be more
efficient at retention of Cr(III) as a product of Cr(VI) reduction. To
conclude, a combination of three different approaches has helped to
obtain a more comprehensive information about the complex processes
of adsorption/reduction of Cr(VI) in soil environments. Results ob-
tained from multiple perspectives can further contribute to elucidate
the fate of Cr(VI) in contaminated soils and to develop capable re-
mediation measures.
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Supplementary data to this article can be found online at https://
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