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Abstract

Understanding the availability and mobility of chromium is a key factor in gaining insight into
the fate of chromium and thus essential for assessing the risk of contamination and developing
effective remediation strategies. In the natural environment, such as ultramafic systems, which
are natural pools of chromium, chromium occurs mostly in the trivalent state (Cr(111)), which
is known to have a high affinity for the solid phases such as particles and colloids. However,
since Cr(VI) is more toxic, the vast majority of experimental studies focus on its reduction to
Cr(111), which is often considered to form (hydr)oxide precipitates due to its poor solubility.
Furthermore, while the oxidation state of Cr dictates its geochemical behavior, its interaction
with particles and colloids is rarely controlled or monitored. Therefore, the interaction
mechanisms between Cr(I11) and particles or colloids require further attention. In this study, ten
mineral phases (goethite, hematite, pyrolusite, kaolinite, montmorillonite, chlorite, serpentine,
fuchsite, amphibole, and chromite) and one organic phase (humic acid), relevant to chromium
bearing and carrier phases in ultramafic soils, were investigated to explore their interaction with
Cr(I11) species. These phases were first characterized by various techniques (including XRD,
XRF, SEM, and BET). Adsorption and desorption experiments of Cr(l11) on these phases were
then carried out, and the distribution of Cr oxidation states in both the aqueous and solid phases
was carefully monitored using UV-vis spectroscopy, geochemical speciation modeling, and Cr
K-edge XAS spectroscopy. With the exception of pyrolusite, where partial oxidation of Cr(l11I)
to Cr(VI) occurred, Cr(I1l) was shown to persist as a single oxidation state in all experiments.
Desorption analyses showed significantly low desorbed rates, which further confirmed the
prevalence of Cr(l11). Experimental sorption isotherm data were interpreted using the Langmuir
model and its linearized form, which provides important thermodynamic characteristics of
adsorbents related to their structural and surface features. This study will provide better
constraints for the understanding and prediction of Cr behavior and fate in the environment,

especially in ultramafic systems.

Keywords: chromium, sorption, colloids, redox speciation



1. Introduction

Chromium (Cr) is considered as one of the most toxic elements which has caught worldwide
attention due to its high threat to human health and ecosystems. Trivalent (Cr(l1l)) and
hexavalent (Cr(V1)) forms are more stable and biologically relevant. While Cr(l11) plays crucial
roles in metabolic processes and is essential in trace amounts, Cr(VI) poses significant health
risks and is the subject of regulatory concern due to its carcinogenic and toxic properties (Dayan
and Paine, 2001; Namgung et al., 2014). Cr(VI) is highly soluble and mobile in aqueous
environments, whereas Cr(l11) tends to form insoluble precipitates or complexes, and is prone
to adsorption onto solid surfaces such as soil particles and colloids (Oze et al., 2004). In nature,
chromium is released into the environment from Cr-rich minerals in ultramafic environments
such as chromite, serpentine mostly in the trivalent state via weathering processes. As the main
geogenic source of Cr, ultramafic systems are associated with naturally enriched in high levels
of Cr(Ill), which can pose significant environmental risks if released into the surrounding
ecosystems. As a matter of fact, Cr(l11) requires careful consideration due to its prevalence in
natural environments and potential for long-term environmental persistence.

Once released, chromium species can be readily adsorbed by soil colloids such as iron oxides,
manganese oxides, clays or organic matter (OM). These components act as scavengers or carrier
phases (Choppala et al., 2013; Chrysochoou et al., 2016; Fendorf, 1995; Raous et al., 2013),
which play a key role in the availability and mobility of chromium (Bolafios-Benitez et al.,
2018; Quantin et al., 2021) in the environment, and hence in its toxicity (Aharchaou et al., 2017;
Monga et al., 2022). According to Miranda et al. (2022), the major mechanisms driving heavy
metals interaction with suspended particulate matter and sediment are sorption processes. They
play a crucial role in regulating the availability and mobility of heavy metals in natural settings.
Consequently, it is essential to understand the sorption characteristics of chromium species onto
the Cr-carrying phases in order to predict Cr speciation, behavior and fate in natural settings.
Nevertheless, doing this task is challenging due to the redox speciation of chromium. Indeed,
master species of Cr(I11) and Cr(VI) are, respectively, cationic (Cr¥*) and anionic (CrOs%),
whose interaction mechanisms with particles and colloids surfaces, and related adsorption
behaviors, drastically differ (Hao et al., 2022; Oze et al., 2004). It was previously shown that,
in order to predict the overall adsorption of a redox sensitive element, the adsorption behavior
for each oxidation state must be known independently (Banik et al., 2017; Marsac et al., 2024;
Ratie et al., 2023), as adsorption processes (e.g., surface complexation, ion exchange, surface
precipitation) play a key role on the surface redox speciation (Marsac et al., 2024). There are
various researches on the sorption of Cr(VI): Johnston and Chrysochoou, 2012; Kar and
Equeenuddin, 2019; Zachara et al. 1988; Zhang et al. 2019 onto different carrying phases. In
principle, the independent adsorption behavior of Cr(VI) should be known, because its
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investigation is technically facilitated by its stability in oxidizing conditions. By contrast, if data
are available for Cr(l11) as initial reactant (e.g., Koppelman et al., 1980; Miranda et al., 2022;
Seif et al., 2019; Sun et al., 2006), their relevance for the evaluation of Cr(lll) adsorption
behavior is questionable. Indeed, when examining the interaction between Cr(l111) and particle
or colloidal phases, in many studies Cr redox speciation is not monitored or controlled, although
experiments were conducted under ambient atmosphere. Alternatively, experiments under
anaerobic conditions with Cr(111) are scarce (Aiken et al., 2023). Therefore, it is not possible to
state whether available data with Cr(l11) as initial reactant are finally a mixture of Cr(l1I) and
Cr(VI) or if they can directly be taken as independent adsorption data for Cr(l1l). In addition,
most studies focus on conditions far from those typically encountered in natural soils, sediments
and natural water. For example, they dealt with very high concentrations of chromium in order
to develop innovative strategies for the remediation of highly contaminated areas (Covelo et
al., 2007; Dzieniszewska et al., 2020; Sun et al., 2006). In such conditions, removal mechanism
of Cr(Il1) from solution is surface precipitation (Hao et al., 2022), which might not be the
relevant mechanism in many environmental conditions, such as in natural soils and waters
(Aiken et al., 2023; Seif et al., 2019).

In order to fill these important gaps in the literature, namely the lack of data involving only
Cr(111) at relatively low levels relevant to many natural systems, this study focuses on the
sorption processes of trivalent chromium on a selection of inorganic and organic colloids. The
final oxidation state of Cr was established both on the solid phase by X-ray Absorption Near
Edge Structure (XANES) spectroscopy, and in solution by UV-vis absorption spectroscopy.
Ten mineral phases (goethite, hematite, pyrolusite, chromite, amphibole, fuchsite, serpentine,
chlorite, kaolinite, montmorillonite) and one organic phase (humic acid, HA), which are the
most common (and stable) components of soils in the ultramafic environments, were selected
as carrying phases. They were characterized by different techniques including X-ray diffraction
(XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), Brunauer-Emmett-
Teller surface area analysis (BET), and the pH of zero point of charge (PZC) was determined
for each phase. The sorption characteristics were deduced from the model fitting of
experimental isotherms and by Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy. Sorption isotherms experiments were conducted in physico-chemical conditions
similar to the natural ultramafic systems (Becquer et al., 2003; Garnier et al., 2021; Oze et al.,
2004). Therefore, present results may provide important data for the evaluation of Cr adsorption
under the reducing conditions that can occur in various subsurface environments.
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2. Material and methods
2.1. Reagents
All chemicals used, which were purchased from Sigma-Aldrich and Thermo Fisher Scientific,

were of analytical grade. "Milli-Q™ ultrapure water (specific resistivity of 18.2 MQ.cm) was
used to prepare the samples. The references CrCls.6H20 and K2CrO4 were also purchased from
Sigma-Aldrich. The origin and general information of colloidal bearing phases are presented in
full details in Table 1.

2.2. Materials

Goethite (FeOOH) was synthesized using the protocol developed by (Hiemstra et al., 1989).
Hematite (Fe203) was purchased from US Research Nanomaterials, Inc. Pyrolusite (B-MnO2)
was purchased commercially from Thermo Scientific, American Kaolinite (Al2Si20s(OH)4) and
Montmorillonite ((Na,Ca)os(Al,Mg)2Siz010(0OH)2-nH20) were provided by the Clay Society
(American) (https://www.clays.org/sourceclays_data/). Chlorite ((Mg,Fe)sAl(SisAl)O10(OH)s)
was purified from natural sample originating from a lateric profile located in Barro Alto
ultramafic massif, Brazil (S15°4’ - E48°584’), by Dithionite-Citrate-Bicarbonate (DCB)
according to Holmgren, 1967 to remove iron oxides (Zelano et al., 2016). Serpentine
(MgsSi20s(OH)4) was collected from serpentine rocks originating from southwestern France,
and was provided by the Muséum National d'Histoire Naturelle de Paris (MNHN). Chromite
(FeCr204), Amphibole (Caz2(MgsFe)(SisO22)(OH)2), and Fuchsite (K(Al,Cr)2(AlSizO10)(OH)2)
were separated manually from chromite ore sample, from Sittampundi, Tamil Nadu, India (N
11°13'- E77°56', under a stereomicroscope. HA, purchased commercially (Thermo Scientific,
American), was purified following the protocol for Humic substances (IHSS) (humic-

substances.orq).

2.3. Characterization of the mineral and organic phases

The mineralogical composition of the mineral phases was determined by the X-ray diffraction
(XRD) technique using the PANalytical Empyrean diffractometer with Cu Ko radiation (at
40kV 40mA). The diffractometer is equipped with multi-channel detectors. X-Ray fluorescence
(XRF) analysis was used to determine the elemental content of the solid phases using
Panalytical Minipal 4 (Rh X-Ray tube — 30KV-9W) at a resolution of 150 eV (Mn Ka). The
information on the elemental composition of the solid phases is encoded in Backscattered
electron images, which were obtained using a Philips XL30 scanning electron microscope

(SEM) operating at 15kV beam voltage and 1.54A beam current. The specific surface area
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(SSA) is determined experimentally using the BET method, using a Belsorp-max apparatus
from MicrotracBEL. The samples were outgassed for 12 hours at 150 °C and 0.1 Pa prior to
analysis. The BET treatment was performed in the relative pressure range of 0.05 to 0.25. This
range was recommended by IUPAC for the BET analysis for a precise surface area
measurement (Elmaalouf et al., 2021; Thommes et al., 2015). The pH drift method was adopted
to determine the pH of point zero charge (PZC) of the mineral and organic phases (Smiciklas
et al., 2000). Initial pH (pHi) values of the solutions containing 25 mL of 0.1M NaNOsz and 0.1
g for each solid were adjusted in the range from 2 to 10 using the HCI or NaOH solution (0.1
M and 1 M). The sample was kept on an end - over - end shaker at 250 rpm and 25°C + 1°C for
24 h. The final pH (pHr) values of the solutions were measured by an ORION STAR A111 pH-
meter, calibrated with pH buffer solutions. The PZC was determined from a plot of (pHi - pHr)

versus pHi.

2.4. Adsorption experiments
A 100 mg L Cr(lll) stock solution was prepared by dissolving chromium chloride

(CrCl3.6H20) in distilled water. The Cr(lll) adsorption experiment was carried out in a
supporting electrolyte concentration and pH value of 5, typical for ultramafic soils (Becquer et
al., 2003; Garnier et al., 2021) (0.4 mM CaClz and 0.6mM NaHCOg, ionic strength | = 1.87
mmol L) and which was adjusted using 0.1 M NaOH or 0.1 M HCI solution. The solid phase
content in the solution was 1 g L*and total Cr(l111) concentrations (Co) were set to 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.3,1.7, 2.0 or 2.5 mg L™*. Samples for the Cr(lI1) concentrations
0f 0.1, 0.5, and 0.9 mg L were prepared in triplicate. HA was dissolved at pH 13 by 1M NaOH
before the adsorption experiment. To avoid the possible microorganism development during
the experiment, 10 uL of a 1 M sodium azide (NaNs) solution was added to each tube. The
tubes were then put in an end-over-end shaker at a rate of 80 rpm at 25 °C in 2 months for the
concentration 2.0 mg L%, and in 72 h for the remaining concentrations.

During reaction, the pH values of the solutions were verified and adjusted to 5 if necessary.
After the given reaction times, a certain amount of solution from each tube is withdrawn for the
adsorption measurement. The remainder is kept for the subsequent experiment, which is either
desorption or XANES analyses. On each sample, the supernatant was passed through a 0.02
pum Anotop syringe filter (or 1 kDa MWCO ultracells for HA) and the final aqueous Cr(l11)
concentration Ce was measured by an Inductively Coupled Plasma Optical Emission

Spectroscopy (ICP-OES) (Spectrogreen, AMETEK). The spectrometer can measure elemental
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concentrations down to 4 pg L, therefore it could be used for trace elements including

chromium.

A 1.5 diphenyl carbazide (DPC) colorimetric assay was employed to quantify Cr(VI), as
previously described by (Bartlett and James, 1979). To prepare the DPC reagent, 0.05 g of DPC
was dissolved in 10 mL of methanol, the obtained solution was then added into 87.2 mL of
double deionized water with 2.8 mL of H2SOa4, limiting light exposure.

For an accurate interpretation of the adsorption data, it is crucial to know whether Cr(l1I)
actually retains and prevails on the surface of the adsorbents, as partial oxidation of Cr(ll1) to
Cr(VI) cannot be excluded in the presence of oxygen a priori (Guo et al., 2024; Liang et al.,
2021). This speciation analysis must be done both for the solution and the solid phase because
Cr(111) and Cr(V1) ions can fractionnate between both these compartments (Marsac et al., 2024).
To determine Cr(V1), 0.125 mL of the DPC reagent was mixed with 1 mL of the filtered sample
and left for 20 minutes. The Cr(VI) concentration of samples was then determined using the
UV-Vis spectrophotometer at 540 nm with a detection limit of 5 pug L. For samples
conditioned at [Cr] = 2 mg L™, the remaining suspensions were kept for the XAS analysis,
which allows to determine the redox speciation of Cr in the solid phase. The suspensions were
centrifuged at 5000 rpm in 10 min, and then, the supernatant was removed. The solids were
washed with the deionized water to get rid of the residual chromium, then freeze-dried and
prepared for the XANES analysis.

Adsorption densities Qe (in ng m) of the Cr(l111) were calculated according to the following
formulae (Alsaiari et al., 2021):

_ (CO_Ce)
Qe - SSAXMgolid XV (l)

where Co and Ce (in pg LY) are the concentrations at the initial point and at the equilibrium,

respectively; SSA (m?g™) is the specific surface area of the minerals, msolia (g) is the mass of

the solid adsorbent, and V (L) is volume of the solution.

2.5. Desorption experiments
Desorption experiment of Cr(111) was carried out after the adsorption process on the remaining

samples at concentrations (0.1, 0.3, 0.5, 0.7, 1.0 mg L™). The solutions were centrifuged to

7
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remove the supernatant. The centrifuged solids were then washed with some drops of ethanol
(absolute, 96%) to remove the trapped metal solution. They were dried overnight in an oven at
40°C and then were weighed to measure the amount of retained mass of solid. The same volume
of the background solution (0.4 mM CacClz and 0.6 mM NaHCOs3) was added and adjusted to
pH 5 using 0.1 M NaOH or HCI, and the mixtures were stirred at 80 rpm in an end-over-end
shaker for 24 h. The 24 h equilibration time was established by previous study (Gunawardana
et al., 2013). The solution was filtered through a 0.02 um syringe filter and acidified to HNOs
2%. The filtrates were stored in the fridge before measurement. The concentration of Cr(ll1)
was measured by a Quadrupolar Inductively Coupled Plasma Spectroscopy (QICPMS, 7900
Agilent). This spectrometer can measure chromium concentrations ranging from 0.1 to 200 pg
L, with a detection limit of 0.04 pg L™ for Cr.

The desorption percentage is calculated as follows (Bayuo et al., 2020):

%desorption = —desorbed » 1 (2)
Madsorbed

2.6. X-ray Absorption Spectroscopy

The chemical speciation of chromium adsorbed on the surface of mineral and organic phases
was done using the Cr K-edge XANES, at the LUCIA beamline of the synchrotron SOLEIL
(Flank et al., 2006; Vantelon et al., 2016). The samples were prepared as pellets of finely
crushed and homogenized powder mixed with cellulose. The XANES spectra of K2CrO4 and
Cr(OH)s, were also recorded and utilized as the references for their known oxidation states of
chromium. The X-ray beam was monochromatized using a Si (111) double-crystal
monochromator. The monochromator was calibrated by setting the first inflection point of a Cr
metallic foil XANES spectrum to 5987 eV. Spectra were collected in fluorescence mode (using
a Bruker 60 mm? mono-element SDD). XANES spectra were collected with a beam size of 2x2
mm? under a secondary vacuum (107 mbar), at room temperature. These measurements were
conducted using the XANES "e-flyscan™ continuous mode on the LUCIA beamline, over an
energy range from 5950 eV to 6080 eV, with the energy step of 0.4 eV. The counting duration
was 300 ms per point. The recorded spectra (up to ten) were superimposed for each sample,
demonstrating that no beam damage occurred during measurements, and then merged. The
XANES spectra were aligned, combined, and processed using the FASTOSH software

(Landrot, 2018). Normalized spectra were obtained by fitting the pre-edge region with a linear
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function and the post-edge region with a quadratic polynomial function. For detailed structural
analysis, Extended X-ray Absorption Fine Structure (EXAFS) was conducted. EXAFS
oscillations were extracted using the Autobk algorithm with a cut-off Rbkg = 1 and k-weight =
2. The EXAFS spectra were converted from energy to R-space, achieving Fourier transform
(FT) spectra as a function of k?y(k) with the hanning window in the range 3 - 10.5 A™L. Phase
shifts and amplitudes for relevant backscattering were calculated using FEFF 7 and WinXAS
(Ankudinov et al., 1998). For modeling of the EXAFS spectra, the Artemis software (Ravel and
Newville, 2005) from the Demeter package was employed, incorporating various weighting
schemes (k*-, k?-, and k3-weighting) (Garcia-Guaderrama et al., 2015) to determine the the
coordination number (N), interatomic distance (R) and the Debye—Waller value (c?). Shell by
shell fitting with theoretical standards was performed, where the optimal fits for the first shell

(Cr-O) were subsequently fixed for higher shell fitting.

2.7.Geochemical speciation modeling

Aqueous chemical speciation calculations were performed using PhreePlot (Kinniburgh and
Cooper, 2011), which contains an embedded version of the geochemical speciation program
PHREEQC (Parkhurst and Appelo, 1999). The “Minteq.v4.dat” database was used for the
calculations. lonic strength effects on equilibrium constants were calculated using the Davies
equation.

3. Results and discussions

3.1. Mineral characterization

XRD and XRF results

The characterization results of the mineral phases are reported in Figure S1 and Table 1. XRD
results suggest high purity (100%) of goethite, hematite and pyrolusite samples. XRF results
consistently show that Fe is the dominant component of goethite and hematite, while it is Mn
in the case of pyrolusite. As oxides, they account for more than 80% of the total composition
of the corresponding phase. For goethite, Al and Si are found by XRF as minor components.
The presence of Al can be explained by a partial substitution of Fe(111) by Al(I11) in the crystal
lattice, without significantly affecting goethite purity. In addition, Si can be present in goethite
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between crystal domains, and hence, does not modify the crystal structure (Glasauer et al.,
1999).

The principle components (well above 1%) of kaolinite, montmorillonite, and fuchsite are
multifold: they are oxides of Al and Si for kaolinite, and of Mg, Al, Si for montmorillonite, and
Al, Si and K for fuchsite. For each of the five above phases, the dominant elements are relevant
to its intrinsic composition, while others are very minor (approximately or less than 1%). This
fact suggests the relatively good purity of these phases. This is further confirmed by XRD
analysis: their diffractograms contain only their own corresponding characteristic peaks,

consistent with a high purity of these phases (100%).

The other phases also contain significant proportions of other metals besides the main intrinsic
elements. However, unlike goethite, the XRD analysis shows that they are mixed, highlighting
that there are several phases coexisting in their structure. For chlorite, they are clinochlore
(MgsAI(AISi3010)(OH)s: 80%) and quartz (SiO2: 20%). In these two phases, quartz is
considered a relatively non-reactive surface (Ali etal., 2021), so it would actually have a minor
role in the sorption reactions. Concerning the two remaining phases, the serpentine is a mixture
of lizardite (Mgs(Si20s)(OH)4: 47%), brucite (Mg(OH)2: 43%), and magnetite (Fe**Fe2**Oa:
10%), while chromite consists of chromite (FeCr204: 79%), birnessite (6-MnO:2: 6%), bixbyite
(Mn,Fe)20s: 3%) and quartz (SiOz: 12%). The amphibole was shown to be a mixture of two
coexisting phases: the pargasite (NaCaz(MgsAl)(SisAl2)O22(0OH)2: 90%) and the clinochlore
((Mg,Fe?*)sAl(SisAl)O10(OH)s: 10%)).
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Table 1. Characterization of the mineral phases. LOI: Loss On Ignition

Goethite Hematite Pyrolusite Kaolinite Montmorillonite Chlorite Serpentine Fuchsite Chromite Amphibole
XRF Na,O 0.06 0.42 0.62 0.33 0.98 0.56 0.81 0.22 0.73
(%)
MgO 0.02 0.28 2.81 13.46 45.93 1.28 11.32 18.87
Al03 212 0.02 26.71 13.36 20.93 36.74 25.70 12.00
SiO2 3.80 0.18 51.00 66.30 37.94 19.03 47.40 3.22 44.80
P20s 0.21 0.07 0.06 0.04 0.06 0.06 0.07 0.05 0.03
K20 0.02 1.39 0.11 9.03
CaO 0.04 011 0.04 0.57 1.68 0.07 0.09 0.07 1.07 11.56
TiO2 0.14 0.20 0.12 0.02 1.58 0.26 1.58
MnO 0.06 84.03 0.01 0.55 0.07 0.02 2.75 0.27
Fe203 82.6 96.24 0.60 0.37 1.07 11.90 26.06 0.31 20.00 6.22
Cr203 34.16
LOI 8.86 2.78 15.26 15.20 14.06 13.96 8.18 2.70 1.26 3.94
Cr detected by No No No No No Yes No Yes Yes Yes
SEM-EDX
100% 100% 100% 100% 100% clinoclore lizardite 100% chromite pargasite
XRD (80%), (47%), (79%), (90%),
(Seml-_ ) quartz brucite birnessite (6%), clinochlore
quantitative) (20%) (43%), bixbyite (3%), (10%)
magnetite quartz (12%)
(10%)
Particle size 100 - 100 - 200 10- 25 um 50 - 100 nm 0.1-2um 1-50 pum 1-50pum 50 - 300 pm 50 - 300 pm 10 - 300 pm
500 nm nm
SSA (m? gh) 86.2 13 1.69 19.3 92.5 16.5 133 0.60 0.64 1.18
pzC 7.03 4.78 3.52 4.29 6.99 4.86 8.88 6.21 6.75 9.57

SEM observations and specific surface areas

The SEM images and the BET measurement of different solid phases are shown in Figure 1 and
Table 1. These two analyses are somehow related, as the smallness of the grain size from SEM
usually implies the largeness of the SSA. Goethite crystals are needle-shaped (Figure 1a) and
may vary considerably in size, which is consistent with the literature (see Kosmulski et al.,
2004). A majority of the needles are 10-20 nm wide and 100-500 nm long in size. Concerning
the BET measurement, the SSA is 86.2 m2g L. This result is in good agreement with the reported
values in the literature (such as Guo et al., 2009; Ratié et al., 2023; Weerasooriya and Tobschall,
2000). Hematite crystals have plate-like morphology, and are 100-200 nm in size (Figure 1b).
The measured SSA value is 13 m? g2, which is close to the value of 17 m? g™ reported in Ko et
al. (2005), for instance. The SEM image of pyrolusite (Figure 1c) shows its highly-aggregated
and spherical-shaped structure of size 10-25 um. The SSA of pyrolusite is estimated to be 1.69
m?2 g1, which is in the same order of magnitude as the reported values from Aiken et al. (2023)
(6.23 m?g?) and Islam et al. (2020) (4.8 m? g?). Kaolinite (Figure 1d) and montmorillonite

(Figure 1e) have a layered structure. The hexagonal-like crystalline particles of the former are
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typically about 200 nm to 400 nm. Its measured SSA is 19.3 m?g*, which is comparable to the
value reported by Rao et al. (2012) (24.58 m?g1). For montmorillonite, the particle size ranges
from 100 nm to 2 pm, and its SSA value is estimated to be 92.5 m? g*. This is similar to the
value given by Zhu et al. (2018). As shown in Appendix (Figure S2), chlorite, serpentine,
fuchsite, chromite, and amphibole were very aggregated and it was difficult to determine the
size of the primary particles by SEM. Chlorite (Figure S2a) has an SSA value of 16.5 m? g,
which is similar to the reported values of Koppelman et al. (1980). Serpentine (Figure S2b) has
a SSA of 13.3 m? g. Fuchsite (Figure S2c), chromite (Figure S2d), and amphibole (Figure
S2e), exhibit SSA values around 1.0 m? g (see Table 1).
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Figure 1. SEM images of (a) goethite, (b) hematite, (c) pyrolusite, (d) kaolinite, (e)
montmorillonite.

Point of zero charge (PZC)
The pH of the system controls the adsorption capacity due to its influence on the surface

properties of the adsorbent, and on the ionic forms of chromium in solution. Table 1 shows the
point of zero charge (PZC) of the 10 mineral phases (titration data are provided in Figure S3).
The PZC values obtained for solid phases in the current study read: goethite (7.0), hematite
(4.78), kaolinite (4.29), montmorillonite (6.99), chlorite (4.86), serpentine (8.88), and chromite
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(6.75). In general, the PZC values from they are in good agreement with the corresponding
values from previous studies: Ugbe and Abdus-Salam (2018) (goethite: 7.0), Vieiraetal. (2011)
(hematite: 4.43), Singh and Mackinnon (1996) (kaolinite: 4.5), and Veselska et al. (2016)
(kaolinite: 4.13), Bourg et al. (2007) (montmorillonite: 7.0), Alvarez-Silva et al. (2010)
(chlorite: 4.7), Feng et al. (2012) (serpentine: 10.2), Souza et al. (2012) (chromite: 6.5). For
pyrolusite, our finding is 3.52, which lies in the range 2.5-5.8 from the literature (Bernard et al.,
1997; Gheju et al., 2016). Because the Cr adsorption experiments were conducted at the pH
value of 5, one can divide the considered phases into two distinct groups: (i) minerals with a
mostly negative surface charge, including hematite, pyrolusite, kaolinite, and chlorite; and (ii)
minerals having a principally positively charged surface, involving goethite, montmorillonite,

serpentine, amphibole, fuchsite, and chromite.

3.2. Cr redox speciation analysis in the aqueous and solid phases

UV-vis spectroscopy was used to quantify [Cr(V1)] in solution, and XANES was used to probe
Cr redox speciation at the surface of the solids. In addition, geochemical speciation modeling
was used to determine the prevailing dissolved species, whereas further information regarding
the Cr surface speciation were obtained by EXAFS data analysis. In order to achieve reliable
spectroscopic data, corresponding batch adsorption experiments were conducted for [Cr] = 2
mg L. Table S1 shows that all mineral phases can adsorb Cr strongly at such concentration, as
about 55% to 92% of Cr was removed from the solution. As a result, final Cr aqueous
concentration ranges from 0.15 to 0.9 mg L. Finally, the retention of Cr(I11) on the surface of

the adsorbent was assessed using the desorption analysis.

Cr speciation in the aqueous phase

For all phases other than pyrolusite, no Cr(VI) was detected with UV-vis spectroscopy. Given
the detection limit of 5 ug L of this technique, one can assume that it represents less than 3%
of the final aqueous Cr concentration. With pyrolusite, 20.14 ug L™ of dissolved Cr(VI) was
detected in the solution, which corresponds to only 4% of the final agueous Cr concentration
(i.e. 1% of the total Cr(I1l) amount initially added to the suspension). Aqueous speciation
calculations were performed for [Cr] = 2 mg L™ (Figure 2). As we focus on a comparison with
experimental results of dissolved Cr, no precipitation was considered in the calculations.
Modeling results show that Cr(V1) is supposed to prevail under ambient atmosphere (i.e. 0.21

atm Oz(g)) but, as its stability field is rather narrow at pH 5, Cr(111) might persist over sufficiently
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long time to prevail in the present experimental conditions. In addition, Figure 2 shows that
CrOH?* is the prevailing Cr(I11) species in solution at pH 5.

E I CriOH)** [
& 0%r ]
D.C‘ | Cr{OH)z* n
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Figure 2. Predominance pH-Eh (Pourbaix) diagram of Cr obtained using Phreeplot (2 mg L™
Cr, 0.4 mM CaClz, 0.6 mM NaHCO:s3).

Cr species identification on the solid phase using XAS

Cr K-edge XANES spectra of the references as well as of the seven Cr(l1l) - adsorbed mineral
and organic phases (HA, goethite, hematite, serpentine, kaolinite, montmorillonite, and
pyrolusite) are shown in Figure 3. They are compared with reference spectra of K2CrO4, which
exhibits an intense prepeak at 5993.5 eV characteristic of Cr(\V1) in tetrahedral environment,
and Cr(OH)s, which exhibits a small prepeak at 5991.5 eV and a maximum intensity of the
white line (WL) at ~6009.5 eV. In Cr(OH)s, Cr(l1l) occurs in octahedral symmetry and shares
edges with its neighbors (Papassiopi et al., 2014). Because chlorite, fuchsite, amphibole, and
chromite contain structural Cr (Table 1), XANES data cannot be used to elucidate Cr surface
speciation. Instead, chromite XANES spectrum is shown as a reference sample of Cr(lll) in
spinel structure, which differs from that of Cr(OH)s by the stronger intensity of its WL. Except
for pyrolusite, the spectral shape of Cr bound to all phases conforms with the one of the
reference Cr(OH)s, with (i) the absence of the prepeak at 5993.5 eV, (ii) a white line (WL) at
~6009.5 eV and (ii) a relatively weak WL intensity compared to chromite. The XANES spectra
indicate that Cr(I11) prevails at the surface of all these adsorbents, and, except for pyrolusite,

the adsorbed Cr(l11) persisted without turning into Cr(\VI) during the adsorption.
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Figure 3. XANES spectra of Cr(111) adsorbed onto different phases
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For pyrolusite, there is a small peak of Cr(VI) at about 5993.5 eV in the spectrum in addition
to the dominant peak of Cr(l11), which suggests the presence of the former in small amounts.
The linear combination fits (LCF) of Cr references XANES show that Cr(\VI) amounts to about
10% of the total adsorbed chromium, which resulted from the oxidation of Cr(ll1). This result
is consistent with the occurrence of Cr(V1) in solution. The occurrence of this oxidation is
justifiable, since pyrolusite serves as an end-member case for Mn(IV)-driven oxidation group
(Schaefer et al., 2017). In addition, Apte et al. (2006) found that, in the presence of MnOz,
Cr(OH)s was progressively converted to dissolved Cr(V1) with low conversion rates, up to 1%
in 60 days. Furthermore, the adsorption of Cr(\V1) on pyrolusite is unfavorable at pH values
greater than PZC due to the electrostatic repulsion between the Cr(VI) oxyanion and the
negatively charged surface of pyrolusite at pH = 5. These facts explain the small amount of
Cr(V1), together with its appearance in the solution. It is interesting to note that this result is
similar to that of Aiken et al. (2023) who also found a small amount of Cr(VI) (18.72 pug L™)

in the solution after the adsorption of Cr(111) on pyrolusite.

17


https://www.zotero.org/google-docs/?EMl9hS
https://www.zotero.org/google-docs/?EMl9hS
https://www.zotero.org/google-docs/?EMl9hS
https://www.zotero.org/google-docs/?smMxOf
https://www.zotero.org/google-docs/?GRHkde
https://www.zotero.org/google-docs/?GRHkde
https://www.zotero.org/google-docs/?GRHkde

The EXAFS results and model fits are compared in Figure 4 and the structural parameters from
EXAFS fitting are shown in Table 2. Only the systems where Cr(l1l) occurred as a single
oxidation state, and where its surface speciation could be studied, were considered (i.e.
hematite, goethite, serpentine, montmorillonite, kaolinite and HA). In all these samples, the
first-shell analysis revealed that chromium exhibited coordination with 6 oxygen atoms. The
Cr—O distances in the first coordination shell ranged from 1.97 to 1.98 A, consistent with
previous findings for hydrated and hydrolyzed Cr(111) ions and complexes (Chen et al., 2013),
as well as present XANES data. Analysis of the higher coordination shells in Figure 4
demonstrated consistent variations in the coordination environment of Cr(lll) based on the
adsorbing material. Among iron oxides, the Cr(l11) on hematite exhibited Cr-Fe/Cr paths at
~3.03 A, in agreement with previous studies of Cr(l11) adsorption onto hydrous ferric oxide
(Charlet and Manceau, 1992). A bidentate edge-sharing inner-sphere surface complex
formation can be expected based on geometrical considerations. Note that Cr or Fe in a second
shell cannot be distinguished by EXAFS. However, for Cr(ll1) on goethite, no more distant
neighbor than O were identified due to the low backscattering intensity. This might be due to
the co-occurrence of several species onto the goethite surface. The local coordination
environment of Cr(l11) octahedra was found to be consistent among different clays under the
experimental conditions. The second coordination shell composed of 2-3 Cr—Al/Si atoms at
distances ranging from 2.78-2.82 A, in line with previous analyses of Cr(l11) adsorption to clay
minerals or at the y-Al203-Water Interface (Fitts et al., 2000; Hao et al., 2022). EXAFS analysis
of Cr(111) bound to HA revealed a Cr—O distance at 1.97 A is close to that obtained for the
hydrated Cr sample or Cr(111)-bound to HA (Gustafsson et al., 2014). In addition, a second shell
contains approximately two atoms at 3.32 A, which we suspect to be attributed to polymeric
species of Cr(l11) bound to HA. Several species have been observed, characterized by Cr—Cr
distance at approximately 2.99 A and 3.5-3.6 A (Gustafsson et al., 2014). While a Cr—Cr
distance at 3.3-3.4 A was not observed for Cr bound to HA yet, this was the case synthetic
Cr(111) complexes (Vlachos et al., 2004) and for Fe(l11), which has a similar behavior to Cr(l11),
with a Fe—Fe distance in the range 3.37-3.48 A (Gustafsson et al., 2007; Mikutta and
Kretzschmar, 2011).
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Table 2. Fitting parameters of the EXAFS Spectra. a: N values were fixed at known values;
Estimated errors R and 4E: values between brackets correspond to the error on the last digit.

2 2 2
Estimated errors for & and CN: first shell (¢ +10%), second shell (CN +20%, ¢ + 30%); error
represents 95% confidence interval.

. 2 R
Sample Interaction R(A) CN o (R) | AE/V | . .
_ a
A Cr-o 1.97 (1) 6.0 0003 | . .
cr-Cr 3.32 (5) 1.9 0010 | (25) |
. Cr-0 1.97(1) 6.0° 0.003 | 63
Serpentine Cr-AlSi 2.78(2) 21 0005 | (L9) | %0t
. Cr-o 1.97(1) 6.0° 0.003 | -28
Montmorillonite ™ "alsi 2.82(3) 29 | oo | (24 | %%
Cr-0 1.97 (1) 6.0° 0003 | .
Kaolinite Cr-Al/Si 2.80 (3) 2.4 0008 | @5 | 202
. Cr-o 1.98(1) 6.0° 0003 | -29
Hematite Cr-Cr 3.03(3) 23 0008 | (28) | 0
Geothite Cr-0 1.97(2) 6.0° 0.003 (:f '29) 0.01
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Figure 4. Stacked k?>-weighted Cr K-edge EXAFS spectra (a) and Fourier Transforms (b).

Lines are raw data and dashed lines are best fits.
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3.3. Sorption isotherm

The experimental isotherm data are shown in Figure 5. For all systems, the amount of adsorbed
Cr(111) (Qe) increases linearly with the final aqueous Cr(l1l) concentration (Ce), when Ce is
sufficiently low. Based on the shape of the isotherm curves, they can be classified into two
groups. For three phases (fuchsite, chromite, and HA), the isotherm remains linear within the
range of experimental conditions investigated. However, for eight phases (goethite, hematite,
pyrolusite, amphibole, serpentine, chlorite, kaolinite, and montmorillonite), a nonlinear
adsorption behavior is observed at high Ce values, where adsorption data seem to tend to a
plateau. Owing to this fact, Langmuir isotherm equation was chosen to describe the data, which

assumes the monolayer adsorption onto a homogeneous surface:

_ QmaxKLCe
Qe - 1+K1Ce (3)

where Qmax (in mg m2) is the maximum adsorption capacity and Kc (in L mg™) is the Langmuir
constant, which represents the strength of the adsorption onto the adsorbent surface (Do, 1998).
At low Ce such that KLCe « 1, the Langmuir equation becomes linear, and hence, the following

form is employed for the fitting exercise:

Qe = QmaxKiCe (4)

In these conditions, it is not possible to distinguish Qmax and Kv by a fitting procedure. Instead,
it is possible to determine Kqg values (in L m™), which is related to the two parameters of the

original Langmuir model as:

Kq = QmaxKy ()

Hence, Kq values were used to compare the two groups of adsorbents for which we observed
linear or Langmuir-type adsorption isotherm for Cr. Note that, as it is difficult to determine the
surface area of HA, Kq values are provided in L g™ and will be discussed separately from the
other phases. Results of the parameter fit with either equation 3 or 4 are shown in Figure 5, and
optimized parameters are provided in Table 3. To compare all adsorbents, Ka values were also

calculated using Langmuir equation parameters.
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Figure 5. Isotherm data and modeling results, either with Langmuir or linear isotherm
equations, for each adsorbing phase.

Langmuir sorption behaviors

Iron oxides. The maximum sorption capacities of goethite and hematite are 0.14 and 0.36 mg
m2, respectively. Meanwhile, the fits provide respective values of 1.1 and 1.29 (L mg*) for the
Langmuir equilibrium constant K.. Therefore, goethite and hematite have similar affinity to
Cr(111), and their Qmax values are also of the same order of magnitude. Metal cation binding
mechanisms onto goethite and hematite are relatively well documented. Cr(I11) cations can form
metal binding with oxygen (hydroxyl) sites on the adsorbent surface. For goethite, its crystal
presents a needle-shape with two dominant crystal planes [110] and [021] (Weidler et al., 1998).
There are two type of sites based on different affinities to Cr(l11): low affinity sites with high
density located on the crystal plane [110] running along the needle length, and high affinity
sites with low density located on the crystal plane [021] bounding the needle chains termination
(Ponthieu et al., 2006; Trivedi et al., 2001). Cr(lll) can form bidentate edge-sharing
complexation on the [021] surface, and bidentate corner-sharing complexation on the [110]
surface. Itis generally considered that high affinity sites are found at the [021] plane on goethite
surface (Ponthieu et al., 2006; Trivedi et al., 2001). The fact that EXAFS analysis could not
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distinguish might be due to the binding of Cr to both types of site in the present conditions. On
the other hand, the structure of hematite consists of hexagonal close-packing arrays of oxygen
ions stacked along the [001] direction. In other words, the plane [001] has the highest proportion
of sorption oxygen sites (Eggleston and Stumm, 1993), and Cr(I11) can also form metal binding

with such sites.

Manganese oxide. The fitting parameters for pyrolusite (Qmax = 1.47 mg m?, KL = 3.0 L mg™)
are higher than most of the studied phases, hence showing the strong binding of Cr to pyrolusite.
Like the case of iron oxides, Cr(l1l) can form an inner-sphere complex on the surface of Mn
oxides (pyrolusite), as suggested by Fendorf (1992) and Manceau et al. (1992), for instance.
However, the complexation mechanism differs from the case of iron oxides. In particular, by
analogy with Co(ll1), the inner-sphere complex might be expected to form at oxygen vacancy
(triple-corner sharing) or at edge (double-corner sharing) sites (Simanova and Pena, 2015).
Another different aspect compared to iron oxides is that Cr(l11) can be partially oxidized into
Cr(VI), which mainly occurs as oxyanions in aqueous solutions (Fendorf, 1992; Manceau et al.,
1992). Such species can also form the corresponding inner-sphere and outer-sphere complexes
on the pyrolusite surface. The existence of Cr(\V1) oxyanions due to the oxidation, together with
the fact that the nanostructured B-MnO2 of pyrolusite has the most abundant oxygen vacancy
concentration compared to the other nanostructures (Yang et al., 2023), might explain the large
Qmax value of this phase in comparison to other phases.

Silicate-containing minerals. Cr(lll) adsorption onto five silicate-containing minerals
considered in this group are described by the nonlinear Langmuir isotherm, which equilibrium
constants are Ki(montmorillonite) = 2.20, Ki(kaolinite) = 2.11, Ki(chlorite) = 1.21, Ki(serpentine) =
0.8, and Ki(amphibole) = 0.6 (L mg*). The maximum sorption capacity per SSA (mg m) values
are Qmax(montmorillonite) = 0.03, Qmax(kaolinite) = 0.19, Qmax(serpentine) = 0.22, Qmax(chlorite) =
0.26, and Qmax(amphibole) = 2.36 (mg m?). In general, Cr(l11) adsorbed onto phyllosilicates via
two main mechanisms: electrostatic binding at cation exchange sites and surface complexation
at aluminol and/or silanol group edge sites (Bolt et al., 1982; Sposito, 1984). The first type of
sorption sites are permanently charged sites introduced in the siloxane surface as a result of
isomorphous substitution (substitutions of Si** by AIP* or Fe3* in tetrahedral sites and of AP
by Mg?* in octahedral sites) (Mat and Eggleton, 1999; Schoonheydt and Johnston, 2013).
Cr(111) cation can form outer sphere complexes with such permanently negatively charged
surface through the cation exchange reactions. This cation exchange process is favorable at low

ionic strength (Gu and Evans, 2008), and is the predominant adsorption process at low pH when
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H*-dependent surface complexation is limited (Bradbury and Baeyens, 2005). Sites for the
inner-sphere complexation are located on the mineral edges, and this mechanism becomes more
important at high pH. Among the four phyllosilicates, serpentine has the lowest affinity,
probably because it does not have a permanent negative charge due to the lack of isomorphic
substitutions (Sparks and Donald, 2003). In terms of maximum adsorption capacity, the Qmax
value of montmorillonite is one order of magnitude smaller than kaolinite, chlorite, and
serpentine. According to Bradbury and Baeyens (1997), the adsorption surface complexation
of montmorillonite involves two types of surface hydroxyl groups (strong sites, =S°OH, and
weak sites, =SWOH) at the edges of particles. As a result, it can be concluded that the present
data probes the strong sites of montmorillonite, which would also be in line with its largest K.
value among other phyllosilicates. Amphibole, on the other hand, does not belong to the
phyllosilicates group, but the inosilicate group. This phase consists of 90% pargasite. The
Cr(I11) cations can form electrostatic attraction binding to some negative charge sites due to
some possible substitutions of Si** by AI®* in the tetrahedral structures. In addition, it can form
the complex with the OH group located in the interiors of the rings in the double chains. The
Langmuir constant is relatively low (KL = 0.6 L mg™) compared with other phyllosilicates, but
it shows the highest Qmax value, which might suggest surface precipitation process for the

removal of Cr(I11) from the solution.

Overall, Ki values display only little variation between all investigated minerals, as they range
from 0.6 L mg! (amphibole) to 3.0 L mg? (pyrolusite), hence pointing to comparable
adsorption processes. In fact, plotting log Kv versus PZC values (Figure 6) revealed a linear
relationship, when excluding montmorillonite data. As PZC value depends on the proton
affinity for surface sites, and relates to the surface charge of the particle, this result confirms
that Cr(l111) adsorption to these various phases is mostly driven by its complexation to surface -
OH sites and is affected by electrosurface properties of the particles. Deviation of
montmorillonite data from this trend may be attributed to the additional contribution of the
cation exchange process, due to its large cation exchange capacity (Bradbury and Baeyens,
2005).
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Table 3. Parameters from least-square fitting to Langmuir (Qmax and K.) and linear (Kaq, for
fuchsite and chromite only, otherwise calculated using equation 5 for other adsorbent) isotherm
models

Phases Linear Langmuir
Kad Qmax KL R2
(L m?) (mg m?) (L mg™)
Goethite 0.15 0.14 1.10 0.991
Hematite 0.46 0.36 1.29 0.994
Pyrolusite 4.41 1.47 3.0 0.984
Kaolinite 0.4 0.19 211 0.996
Montmorillonite 0.07 0.03 2.20 0.994
Chlorite 0.31 0.26 1.21 0.997
Serpentine 0.18 0.22 0.80 0.992
Fuchsite 0.94 - - 0.998
Chromite 1.95 - - 0.993
Amphibole 1.42 2.36 0.60 0.985

Linear sorption of Cr(111) on chromite, fuchsite and HA

For the three remaining phases, the data follow linear trends without a significant nonlinear
damping. The values of binding capacity Ka (in L m) of the two mineral phases fuchsite and
chromite are presented in Table 3. Meanwhile the corresponding Kg values (in L g%) of these
phases together with HA are reported in Table S2. Note that adsorption capacity per SSA is not
available for HA, since it is difficult to determine a reliable value for the SSA of HA. The Kq
value of chromite (1.95 L m) is greater than that of fuchsite (0.94 L m2). HA shows a rather
higher binding affinity toward Cr(I11) (K4 = 11.78 L g') than those two solid phases Kd(fuchsite)
= 0.57 L g, and Kad(chromite) = 1.25 L g%). This could be explained by the fact that HA has
excellent binding properties and electrostatic interactions with cations like Cr®*, in addition to

the formation of polymeric Cr species (Gustafsson et al., 2014).

Allinall, in terms of the corresponding Ka values in L g of adsorbents (given in the supporting
data (Table S2)), the adsorption ability of the phases is of the following order: goethite> HA >
pyrolusite > kaolinite > montmorillonite ~ hematite > chlorite > serpentine > chromite >
amphibole > fuchsite. Generally, this ordering aligns with the above discussions on the

adsorption affinity of these phases towards Cr(ll1).
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Desorption experiments

In order to get a better knowledge of the mobility, and bioavailability of metals in natural
systems, desorption experiments have been performed (Kathleen, 1999). Desorption
experiments also offer an effective alternative method for investigating the presence of Cr(l11)
at lower concentrations, when XAS measurement cannot be performed. By quantifying the
release of adsorbed species from the sample, desorption tests can provide valuable evidence of
the occurrence of Cr(l11) even at lower levels. Present data show that the desorption ratios are
low (Figure S4), and most of the adsorbed amount of Cr(l11) (> 97% whatever the solid phase
considered) is retained on the surface of the phases surface under the same condition as the
adsorption experiment. These desorption studies further indicated that Cr(Ill) was strongly

bound to the mineral surfaces (Choppala et al., 2013).

4. Conclusions

The sorption of trivalent chromium by the colloidal carrying phases in ultramafic systems is a
complex process involving various underlying interactions at the solid-solution interface. This
research provides valuable insights into understanding the mechanisms of the sorption of
trivalent chromium on Cr carrying phases in ultramafic systems. Each phase has certain
predominant Cr(111) binding mechanisms, which depend greatly on its surface properties.
Surface precipitation is only exhibited in the case of amphibole, and an oxidation process is
observed for pyrolusite.

Chromium K-edge XANES spectra provide confirmation that Cr(lI11) is really adsorbed by these
colloidal phases. With the exception of pyrolusite, the adsorbed Cr(l11) remains unchanged and
does not convert into Cr(VI) during the adsorption process. Pyrolusite is anticipated to involve
the formation of Cr(V1), with roughly 10% occurring on the surface and around 1% present in
solution. Desorption results also revealed that Cr(l11) is strongly bound to the surface of the Cr
colloids carrying phases.

The adsorption isotherms of the experiment were properly modeled using both linear and
nonlinear Langmuir equations. The results emphasized that metal (hydro)oxides, phyllosilicates
(with a permanent surface charge), and organic matter (HA) have a significant ability to bind

Cr(111), and much higher than the primary minerals chromite, and fuchsite.
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Highlights:
- Cr(I11) sorption to ten mineral phases and humic acid was investigated.
- Binding mechanisms depend on the surface properties of each phase.

- Only pyrolusite partially oxidized Cr(lI1l) to Cr(V1); Cr(l1l) persisted with other

phases.

- Cr K-edge XAS spectroscopy indicates Cr(l11) surface complexation process

- Sorption isotherms could be predicted with Langmuir or linear isotherm equations.
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