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ABSTRACT

Clays are promising adsorbents for heavy metal removal from the environment because they are economical, nat-
urally abundant and environmentally stable. Application of natural clays, however, are typically limited due to
their adsorption capacity and because they usually possess little redox potential except for some specific clays
with special functional groups, restricting their application in the removal and detoxification of oxidized metal
ions, such as Cr(VI). In the present study, natural bentonite was modified with thiol and iron functional groups
to improve both its adsorption performance and reduction ability. Material characterization techniques con-
firmed the success of grafting the thiol group and pillaring the reduced Fe in the clay. Batch adsorption tests dem-
onstrated an enhanced Cr-adsorption capability of the functionalized bentonite. Moreover, the reduced product,
Cr(IIT),was accumulated in the reaction system, indicating a decrease in Cr(VI) toxicity due to its reduction to
Cr(Ill)by the reduced iron functional group in the modified clay. Pot experiments, using mustard as the target
seedling, further demonstrated that the thiol/Fe-modified clay could efficiently stabilize and detoxify Cr(VI) in
the soil, therefore inhibiting its accumulation in the crop tissues and ultimately improving plant growth. The re-
sults suggested that this novel clay modified with sulfhydryl and iron might be a promising material for the sta-
bilization and toxicity alleviation of Cr(VI)-contaminated soils.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Clay minerals have historically been used as adsorbents for heavy
metal in removal processes because of their advantageous characteris-
tics, including high specific surface area, ion exchange properties, low
cost, natural abundance and environmental stability (Celis et al., 2000;
Sarkar et al., 2013; Vasilyeva et al., 2014). Since natural clay usually suf-
fers from poor binding strength and low metal selectivity, it typically
requires functional modifications (Celis et al., 2000; Milicevic et al.,
2013; Sarkar et al., 2013). For example, the introduction of the thiol
group (—SH)into clay minerals was explored to improve their specific
binding capability toward various highly toxic heavy metal ions, such
as Hg?™, Pb?™, and Cd? ™ (Lagadic et al., 2001; Lee and Tiwari, 2012).
Moreover, the incorporation of functional metal groups, such as iron
(Fe(II)), might contribute to adding new characteristics to clay, enhanc-
ing sorptive capacity (Dousova et al., 2014) and reducing reactivity
(Bhattacharyya and Sen Gupta, 2008; Bishop et al.,, 2014). These modi-
fications would be highly beneficial for the remediation of soils contam-
inated by oxidative pollutants, such as hexavalent chromium (Cr(VI)).
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Chromium (Cr) is one of the most common pollutants in groundwa-
ter, soil and sediments, and it presents one of the leading threats to
human health (Dhal et al., 2013; Sarkar et al., 2013; Albanese et al.,
2007). Trivalent chromium, Cr(III), and hexavalent chromium, Cr(VI),
are two of the most stable and common forms of Cr in the environment.
Compared to Cr (III), Cr(VI) is a more toxic and carcinogenic form, with
a high mobility due to higher water solubility over the full pH range. In
contrast, Cr(Ill) tends to readily precipitates and adsorbs on the soil sur-
face (Barrera-Diaz et al., 2012; Dhal et al., 2013). The environmental
contamination of Cr primarily arises from solid or liquid wastes from in-
dustrial activities, such as mining, electroplating, leather tanning, metal
processing, as well as pigment and dye production (Albanese et al.,
2013; Dhal et al., 2013). Soils in agricultural land close to industrial
areas would be affected first and would result in severe heavy metals
contamination (Krishna and Govil, 2004; Shao et al.,, 2014). As a non-es-
sential element, Cr is significantly toxic to microorganisms and plants.
This toxicity inhibits germination, obstructs root and seedling growth
and development, induces leaf chlorosis and necrosis, and alters physi-
ological and biochemical processes of plants (Singh et al., 2013).

Various techniques have been employed to detoxify and remove Cr
from soils and ground water, including precipitation, reduction, extrac-
tion, and adsorption through chemical, electrochemical, or biological
means (Barrera-Diaz et al., 2012; Dhal et al,, 2013). Among these
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treatments, adsorption is a widely applied method due to its low cost
and simplicity (Bhattacharyya and Gupta, 2006; Ghorbel-Abid et al.,
2009). Additionally, natural clay minerals, with modified functional
groups, have shown great potential in this application (e.g.
Gladysz-Plaska et al., 2012; Li et al., 2016; Sarkar et al., 2013). Examples
of these functional groups include sulfur and iron compounds, which
have been shown to be active in the reduction of toxic Cr(VI) to the
less toxic Cr(IIl) form (Barrera-Diaz et al., 2012). The combined modifi-
cation of clay with sulfhydryl and iron groups, therefore, might result in
an efficient alleviation of the Cr(VI) contamination problem. However,
only few reports on the single modification of clay with a thiol or iron
group to improve the adsorption performance have been published
(Lee and Tiwari, 2012; Sarkar et al., 2013). Studies focusing on the com-
bined modification or on the functionalization of clay for Cr(VI) reduc-
tion in contaminated soils have not been reported.

In this study, therefore, a novel functional clay modified with a thiol
group and iron was developed and was used for the remediation of
Cr(VI)-contaminated soils for mustard growth through the following
processes: (i) the reduction and subsequent detoxification of Cr(VI) to
Cr(IIl), and (ii) the adsorption of Cr(VI) and Cr(IIl) to stabilize the
soils. The results are of great importance for safe agricultural production
from Cr(VI)-contaminated soils.

2. Materials and methods
2.1. Materials

The clay used in the present study was Na-bentonite and was col-
lected from Lin'an, Zhejiang, China. All of the chemicals for the clay
modification and adsorption tests, including potassium dichromate
(K3Cry07), hydrochloric acid (HCI), cysteamine hydrochloride, sodium
carbonate anhydrous (Na,COs3), ferrous sulfate (FeSO,), etc., were of an-
alytical grade and were obtained from Sigma-Aldrich Company, unless
otherwise stated. A fresh stock solution of Cr(VI) was prepared by dis-
solving 1.47 g K,Cr,05 into 1 L deionized water (DI water) to yield an ac-
curate concentration of 10 mmol/L Cr. The pH was adjusted to
approximately 5.0 by HCl. As a control test, non-polluted soil was col-
lected from a vegetable base site in the Baiyun District, Guangzhou,
China. No Cr was detected in the soil by atomic absorption spectrometry
after thoroughly digested in the HCI-HNO3-HF-HCIO,4 system. This soil
was artificially contaminated in the laboratory by spiking with the pre-
pared Cr(VI) solution to obtain a contamination level of 300 mg/kg.

2.2. Clay functionalization

The clay was first functionalized with mercaptamine to obtain thiol-
modified clay using the following procedure. Na-bentonite was mixed
with 20% HCl in a ratio of 1:10 (w:v) and then stirred at 80 °C for 4 h be-
fore being filtered by quantitative filter paper, dried and ground. Next,
the bentonite powder was dispersed in DI water to yield a 2% suspen-
sion, which was then mixed with 10 g/L cysteamine hydrochloride in
a ratio of 10:1 (v:v) and stirred for 4 h. After centrifugation at
8000 rpm for 10 min and washing with DI water several times, the mod-
ified clay was dried at 60 °C and ground to pass through a 200-mesh
sieve.

To prepare the combined thiol/Fe-modified clay, a poly-hydroxyl
iron solution was firstly prepared by the addition of 16 g Na,CO3 to
1.0 L of 0.1 mol/L FeSO,4. The mixture was stirred for 2 h and aged for
24 h at 60°C. The freshly prepared poly-hydroxyl iron solution was
then added to a 2.0% thiol-modified clay suspension at a ratio of 2:1
(v:v). The mixture was then stirred for 2 h and aged for 24 h at 60°C.
After centrifugation at 8000 rpm for 10 min, the sample was washed
several times with DI water. After drying at 60°C, the sample was
ground to pass through a 200-mesh sieve, thus obtaining the combined
thiol/Fe-modified clay.

2.3. Characterization of clays

In order to characterize the clay samples, the natural and modified
clays were homogeneously ground into powder. The powder samples
were characterized by scanning electron microscopy/energy dispersive
spectroscopy (SEM-EDS), Fourier Transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). The morphology
and chemical compositions of the clay were investigated using SEM-
EDS (Leica Stereo scan 400i series, USA), operating at 20 kV. For FTIR
characterization, the powder samples were mixed with KBr powder
and pressed into pellets. Each FTIR measurement (Bruker Vector 33,
Germany) was recorded with 64 scans at a resolution of 4 cm ™' over
arange of 4000 to 400 cm~'. XPS analyses were performed on a Kratos
Axis spectrometer (SHIMADZU, Japan) with Mg Ko radiation (hy =
1250.6 eV). The pressure in the analysis chamber was <1 x 10~° mbar,
and the binding energies of the samples were calibrated by taking the
carbon 1 s peak as a reference (284.8 eV).

24. Cr(VI) adsorption and reduction experiments

The adsorptive capacities of the modified clays for Cr(VI) were in-
vestigated through batch experiments. During the adsorption experi-
ments, clays were added to the prepared working solutions at initial
Cr(VI) concentrations of 2.0 mmol/L, thereby obtaining clay dosages of
3.0 g/L. Then, the pH of the suspension was adjusted with 0.5 M NaOH
or HCI to reach the target pH values. After allowing adsorption equili-
bration at 150 rpm shaking for 24 h or at regular time intervals, the
clays were separated from the solution via centrifugation at 4500 rpm
for 5 min, and the supernatant was filtered through 0.45-pum hydrophilic
PTEE filters (Millipore, MA, USA) to determine the Cr concentrations. All
of the experiments were conducted in triplicate, and the results are pro-
vided with standard deviation values.

2.5. Mustard seed germination experiments

To investigate the primary ecotoxicological effect of Cr stress on
mustard seed germination (Dell'Aquila, 2009; Bae et al., 2014), seeds
of Brassica juncea in uniform size were placed in petri dishes lined
with three layers of qualitative filter paper (Wet Strengthened Grades,
Whatman, UK). The filter paper layers were previously moistened
with 15 mL of a Cr(VI) solution at concentrations of 0, 90, 300, and
600 mg/L. Triplicate experiments were conducted for each treatment.
All of the petri dishes were incubated in a climate incubator (MGC-
300H, Shanghai, China) at 25 °C for 7 days, with a 16/8-h photoperiod
and a humidity of 75%. The germination ratio, root length, and root
dry weight were measured at the end of the experiments.

2.6. Experimental remediation of Cr(VI)-contaminated soil with clays for
mustard growth

Pot experiments for mustard growth were performed to evaluate
the ability of the clays to remediate Cr(VI)-contaminated soil. The
thiol/Fe-modified clay was dosed and homogeneously mixed into the
Cr-contaminated soil at treatment levels of 0, 1.0, 5.0, 10, 20 g/kg. The
treated soils were then mixed with DI water in a ratio of 1:2.5 (w:v)
and equilibrated for 30 days before use.

When the treated soils were ready and no water logging was found
on the surface, selected plump mustard seeds of uniform size which
looked healthy and vigorous were sown. Twelve seeds were placed in
each pot, and the seeds were covered with the homogeneous soils up
to a thickness of 1-2 times the seed size (~5 mm). The pots were cov-
ered with plastic film to preserve the humidity for seed germination
until the second euphylla started to expand. After the fourth euphylla
developed, the seedlings were removed, and only 6 strains demonstrat-
ing positive and similar growth conditions were retained in each pot.
Soils were watered every day to maintain the water content at
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approximately 60%-70% of the effective water holding capacity. During
the entire growth period, pests were artificially avoided, and the growth
was observed and recorded daily.

The crops were harvested after incubation for 40 days. Plants were
firstly washed with tap water to remove the soils and any adhered Cr
on the plant surface, followed by triple washes with DI water, which
was drained. Subsequently, the plant height, stem diameter and leaf
area (length and width) were measured. The roots and shoots were
baked at 50 °C until reaching a constant weight to determine fresh
and dry weights. The dried roots and shoots were then ground, digested
with concentrated nitric acid and perchloric acid (3:1, v:v), and mea-
sured for total Cr concentration.

2.7. Cr determination and data analysis

The total Cr concentration in solution was determined using a graph-
ite atomic absorption spectrometer (Jena, Zeenit 60, Germany). Cr(VI)
was determined using the colorimetric method by reacting with
diphenylcarbazide in acid solution, according to standard methods
(Clescerl et al., 1999). The data reported in this study are the mean
values with the standard deviation based on the triplicate results. Re-
agent blanks and analytical duplicates were also used where appropri-
ate to ensure accuracy and precision in the analysis. Microsoft Excel
2010, SPSS 13.0 and Origin 8 were employed for data analysis and
graph plotting.

3. Results and discussion
3.1. Changes in structure and functional groups of clay after modification

The FTIR spectra over the range of 300-4000 cm ™! of unmodified
bentonite, thiol-bentonite, and thiol/Fe-bentonite are recorded (Fig. 1).

The absorption bands at 2564 cm™! (Fig.1B) and 2554 cm ™' (Fig. 1C)
can be identified in the spectra of thiol-modified clay and thiol/Fe-modi-
fied clay, which could be assigned to the stretching vibrations of sulfhy-
dryl groups, thus providing evidence of the grafted thiol-group
(Guimaraes et al., 2009; Hua and Li, 2014; Wu et al., 2012). Compared
with thiol-bentonite, a new absorption band at approximately
1493 cm™! (Fig. 1C), which is typically attributed to the Fe—O stretching
vibration (Seehra et al., 2004), is observed in the spectrum of thiol/Fe-
bentonite, indicating the successful Fe pillaring into the modified clay.

Fig. 2 shows the typical SEM images of the raw and modified clay
materials. The image of the raw clay shows a rigid shape (Fig. 2A). The
images for the thiol-modified and thiol/Fe-modified clays (Figs. 2B
and C) show that the surfaces appear to be markedly coarser and
more porous with notable fragments. These observations are similar
to those found by others during modification of clay minerals (Gan et
al.,, 2012; Wang and Wang, 2008), indicating the introduction of func-
tional groups onto the clay material.

Changes in the elemental composition of the clays from the EDS
study further indicate the chemical modification (Table 1). After the
acid wash and thiol-group introduction, the data indicated that the
thiol-modified clay contained fewer cations, such as Na, K, and Ca. Due
to inherent errors, including the possible anomalies generated by sur-
face heterogeneity and poor detection, the elemental composition accu-
racy was below 5.0% (Oztop and Shahwan, 2006). For the thiol/Fe-
modified clay, a significant increase (approximately 15%) of Fe content
was found, providing evidence for Fe incorporation. Accordingly, the
ratio of most of the other elements decreased for the thiol/Fe-modified
clay. XPS spectra further confirmed the presence of S and Fe, along with
the reduced Fe?* in the thiol/Fe-modified clay. The presence of the ele-
ments Fe, S, C, and O are shown in the spectrum (Fig. 3A). Fig. 3B shows
the high-resolution XPS survey spectrum of the Fe peaks. The observed
binding energy of Fe 2p,; at 725.0 and 712.7 eV indicates the presence
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Fig. 1. FTIR spectra of raw clay (A), thiol-modified clay (B), and thiol/Fe-modified clay (C).
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Fig. 2. SEM images of clay and modified clay materials.

of reduced Fe*", and the binding energy of Fe 2p;,, at 728.0 and
714.7 eV indicates the presence of Fe**.

3.2. Adsorption and reduction of Cr(VI) by modified clays

Batch experiments were conducted in solution to investigate the ad-
sorption behaviors of the raw and modified clays, and the results are
shown in Fig. 4A. Overall, thiol resulted in an obvious increase in the
Cr removal rates compared with the clay mineral, and the thiol/Fe-
modification further increased the rate. Under the acidic conditions at
pH 3.0, 3.0 g/L of raw clay dosage could remove approximately 60% of
the initial Cr from the solution, which was resulted from the intrinsic
adsorption properties of the bentonite (Hamidpour et al., 2010). Due
to the thiol-modification, the removal rate was increased to approxi-
mately 70%. The combined modified clay further improved the removal
rate by nearly an additional 20%over that of thiol-modified clay.

As displayed in Fig. 4B, the removal rate of Cr(VI) with 3.0 g/L thiol/
Fe-modified clay occurred quickly, especially in the first 40 min. The re-
moval rate resulted from adsorption with the modified clay and reduc-
tion by the Fe(II) and sulfhydryl groups. Fig. 4B also shows that Cr(III)
was produced as a result of the reduction of Cr(VI) during the experi-
mental process. One interesting phenomena observed from Fig. 4B is
that the production rate of Cr(Ill) was slower in the first 40 min in
which the Cr(VI) concentrations sharply decreased. In the latter
80 min, however, the production rate of Cr(Ill) increased significantly,
while the removal rate of Cr(VI) in the solution slowly decreased.
These results suggest that the adsorption of Cr(VI) by thiol/Fe-modified
clay initially occurred efficiently but was later inhibited due to satura-
tion of the adsorption process. The reduction rate of Cr(VI)was initially
slow because of insufficient contact of soluble Cr(VI) with the reduction
groups in the modified clay. At the later reaction stage, the adsorbed
Cr(VI) was gradually reduced on or in the modified clay by the reducing
groups and then released into the solution during the equilibrium of the
adsorption/desorption of Cr to clay. The reduction of Cr(VI) to Cr(Ill) by
the thiol/Fe-modified clay was also confirmed by XPS analysis (Fig. S1 in
Supplementary Information (SI)). The XPS spectrum shows the binding
energy of Cr’ ™ 2p,,, as 587.1 eV, which indicated the presence of Cr in

Table 1
Element percentages in the clay materials (%).

Element Raw clay Thiol-modified clay Fe/thiol-modified clay
0] 67.94 71.88 65.74

Na 1.46 0.63 1.93

Mg 143 1.48 0.97

Al 5.61 6.07 4.07

Si 20.94 17.98 11.06

K 0.65 0.41 034

Ca 1.25 0.63 0.46

Fe 0.72 0.92 1543

the thiol/Fe-modified clay and, more importantly, confirmed the reduc-
tion of Cr(VI) to Cr(Ill) by the thiol/Fe-modified clay.

Notably, a decrease in the Cr removal rate was observed in all three
clays when the initial pH of the solution increased (Fig. 4A). This result is
consistent with other published reports in which Cr(VI) adsorption de-
creased with the increase in pH (Bayrak et al., 2006; Sarkar et al., 2010;
Weng et al., 2008). Because of the ionization of the functional groups at
the edge of the clay, the surface charge of the clays is typically pH-de-
pendent. The entire pH range was tested in the present study, and the
dominant Cr(VI) species was HCrOz or CrO7~ whose sorption was pri-
marily through salt formation (Sarkar et al., 2010), which is explained
by equation (1) (Kimbrough et al.,, 1999):

C-OH + H' + HCr0; <C-OH; + HCro; (1)

where C represents the clay. Thus, the more positively charged clays
over the low pH range are preferred by the Cr(VI) anion through elec-
trostatic interactions (Bayrak et al., 2006; Weng et al., 2008).

Thiol-modified clays enhanced the removal rates by approximately
10% over the entire tested pH range, except for a slight reduction at
pH 9.0 (Fig. 3A). These increases could not be attributed to ion exchange
with the grafted -SH group because the dominant Cr(VI) species in the
solution were negatively charged anions. The -SH group however was
shown to be active in reducing Cr(VI) anions to Cr(III) ions, as illustrated
in equation (2) (Shevchenko et al., 2008; Szulczewski et al., 2001). The
produced Cr>* would then be immobilized primarily through ion ex-
change, which would increase the total Cr removal rates in the solution,
as shown in the reactions below (Hua and Li, 2014):

C-SH 4 HCrO;~ + H*—>C-SO3H + Cr** 4+ H,0 (2)
C-SH + Cr** »C-S-Cr** + H* 3)

The thiol/Fe-modified clay (due to a further modification with the Fe
group) increased this value by 3-5% over the pH range of 4.5-9.0. In
contrast, the enhancement was dramatically higher at the lowest pH
of 3.0 (Fig. 4A). Unlike the thiol group, the Fe could directly improve
the Cr removal rate through anion exchange, as represented by equation
(4) (Ajouyed et al., 2010). Moreover, the ferrous group was pillared into
the clay as an efficient reducing agent. In the combined modified clay,
therefore, both the thiol and the incorporated Fe(II) groups led to the re-
duction of Cr(VI) to Cr(Ill), and these reactions are presented in equa-
tions (5) and (6) (Kiser and Manning, 2010). Further, higher removal
rates of total Cr were obtained with the thiol/Fe-modified clays com-
pared with unmodified clays.

C-Fe-OH + HCrO, ~—C-Fe-HCrO, + OH™ (4)

C-Fe'' + HCrO,~ + H* —C-Fe' + Cr** + H,0 (5)
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Fig. 3. XPS spectrum of the thiol/Fe-modified clay (A) and high-resolution XPS spectrum of Fe of the thiol/Fe-modified clay.

C-Fe'" + cr**oC-Cr' 4 Fe*t (6)

3.3. Mustard growth on the modified clay-amended Cr-contaminated soil

The mustard Brassica juncea is known to potentially accumulate
heavy metals (Clemente et al., 2005) and was employed in this study
as an indicator for Cr stress in the Cr(VI)-contaminated soil for mustard
growth. According to the germination test results, as summarized in
Table S1 in the SI, Cr(VI) contamination greatly inhibited seed germina-
tion and root development. As an important developmental stage in the
plant life cycle, the seed is highly protected against and sensitive to en-
vironmental stresses (Li et al., 2005). The germination rate of the select-
ed seeds decreased with increasing Cr(VI) contamination. In
comparison, the root length was most sensitive to Cr(VI) stress, as dem-
onstrated by the dramatic shortening from 32 mm to <1.0 mm under
90 mg/L of Cr(VI) pollution. Accordingly, the dry weight of the devel-
oped root also decreased significantly.

The effect of Cr(VI)-contaminated soil remediation with thiol/Fe-
modified clay on plant growth was then evaluated by using mustard
as the indicative crop. The results suggest enhanced growth of the mus-
tard and inhibited Cr accumulation in the crop tissues (Figs. 5 and 6 for
the biomass and Cr accumulation in mustard seedlings, respectively).
Enhanced mustard growth could be observed from the harvested
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plant photos in the thiol/Fe-modified clay treated soil treated, compared
with the untreated contaminated soil (Fig. S2 in SI), as the mustard cul-
tivated in the Cr(VI)-contaminated soil was the shortest with the least
biomass, while, due to the treatment of amended thiol/Fe-modified
clay, the harvested mustard developed significantly more branches
and had a higher biomass. A greater number (and quality) of plants
were obtained at the 20 g/kg dose of the amended thiol/Fe-modified
clay than at the lower dosage of 5.0 g/kg.

The fresh weight (Fig. 5A) and dry weight (Fig. 5B) of the harvested
plants after 40 days of cultivation provided additional information on
the efficiency of the soil Cr detoxicated by thiol/Fe-modified clay. Brief-
ly, the artificially Cr-contaminated soil demonstrated its threat to crop
growth because the fresh and dry weight of the untreated contaminated
group (0 g/kg modified clay) was approximately 46% and 18% of the
clean soil (CK), respectively. The modified clay performed well in
treating the Cr contamination, as indicated by the data in which a dos-
age of only 1.0 g/kg to the contaminated soil improved the crop growth
by 22% or 133%, as estimated by fresh or dry weight, respectively. When
the dosage of modified clay was increased to 20 g/kg, the harvested bio-
mass from the treated soil recovered to nearly the same level as that
from the clean soil.

The Cr concentrations in the mustard shoots and roots were further
studied to more directly evaluate the Cr accumulation in the mustard
from the contaminated soils treated with different dosages of thiol/Fe-
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Fig. 4. The adsorptive removal rates of Cr (2 mmol/L) by clay and modified clay materials (3.0 g/L)at different pH values (A), and the changes in the concentration of the residual Cr(VI) and
produced Cr(Ill)during the adsorption process of 2 mmol/L Cr with 3.0 g/L thiol/Fe-modified clay (B).
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modified clay (Fig. 6). When the contaminated soil was treated with
1.0 g/kg of the modified clay, the Cr contents in the crop shoots and
leaves were reduced by 27% compared to that in the contaminated
without modified clay treatment. At higher dosages of modified clay,
the Cr contents in the mustard shoots and leaves were further reduced.
When treated with 20 g/kg of modified clay, the Cr content decreased by
>55%. The roots might have been less sensitive to the remediation effect
by the modified clay, but the Cr-accumulated contents in the roots still
decreased as the dosage of the modified clays increased. At the dosage
of 20 g/kg, a 33% reduction of Cr accumulation was achieved compared
with the contaminated soil without treated modified clay.

3.4. Cr toxicity alleviation mechanisms in the soils by the modified clay

Clay minerals have been considered as one of the physical barriers
for heavy metal immobilization in soils (Mulligan et al., 2001). For ex-
ample, in addition to bentonite, artificially synthesized zeolitic material
has also been shown to be effective in restraining the leaching of multi-
ple types of heavy metals from polluted soils (Querol et al., 2006).
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Vermiculite was also applied as a possible treatment for contaminated
soils to reduce the uptake of metal pollutants by plants (Malandrino et
al., 2011). In the present study, however, the thiol/Fe-modified benton-
ite served as a physical adsorbent and could reduce Cr(VI) to Cr(III),
which is relatively less mobile in the environment and less toxic to
plants and other living organisms.

With the addition of this modified clay into the Cr-contaminated
soil, therefore, it was found that crop growth recovered, and the uptake
of Cr by the plant was significantly reduced. The obtained thiol/Fe-mod-
ified clay would be an important material for the stabilization and de-
toxification of heavy metals and oxidative pollutants. The results
obtained in this study provide a potentially promising solution for
supporting agricultural production in Cr-contaminated soils.

4. Conclusions
A novel clay modified with sulfhydryl and iron for the adsorption

and reduction of Cr(VI) was successfully prepared in this study. FTIR
and SEM-EDS characterization of the thiol/Fe-modified clay confirmed
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Fig. 6. The accumulated Cr contents in the dry shoots and leaves (A) and dry roots (B) after growth for 40 days in pot experiments with the soils treated with different concentrations of
thiol/Fe-modified clay applications. The average value within the same treatment with different lowercase letters (i.e., a or b) is significantly different at p < 0.05 and p < 0.01, whereas the
average value within the same treatment with identical lowercase letters is not significantly different at p = 0.05.
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the grafting of the thiol group and the incorporation of the Fe in the
modified clay. The thiol/Fe-modified clay showed an enhanced perfor-
mance for the adsorptive removal of Cr(VI) from the aqueous solution
compared with the raw bentonite. Further, the reductive groups of sulf-
hydryl and Fe(II) in the modified clay led to the reduction of Cr(VI) to
Cr(III), which further alleviated the toxicity of Cr. The obtained thiol/
Fe-modified clay can remediate the Cr-contaminated soil by stabilizing
and alleviating the toxicity of the Cr ions. In the Cr-contaminated soil,
the growth of mustard seeds was significantly hindered, and high con-
centrations of Cr accumulated in the roots and leaves of the plant.
When the Cr-contaminated soil was treated with the thiol/Fe-modified
clay, the biomass of the planted mustard increased, and the accumulat-
ed Cr content in the organs of the mustard seedlings decreased. As the
dosage of the treated thiol/Fe-modified clay increased, the mustard
growth in the Cr-contaminated soil recovered to levels similar to that
when planted in clean soil. The uptake of Cr by the plant was also signif-
icantly reduced.
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