
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 9

:0
5:

46
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mercapto functio
aKey Laboratory of Original Environ

Agro-Environmental Protection Institute, M

Road, Nankai District, Tianjin 300191, C

Fax: +86-22-23618060; Tel: +86-22-2361806
bCollege of Environment and Resources, J

China

Cite this: RSC Adv., 2017, 7, 39955

Received 18th July 2017
Accepted 10th August 2017

DOI: 10.1039/c7ra07893e

rsc.li/rsc-advances

This journal is © The Royal Society of C
nalized sepiolite: a novel and
efficient immobilization agent for cadmium
polluted soil
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Yuebing Suna and Yingming Xu*a

Immobilization agents are the key factor that determine the success of immobilization remediation in heavy

metal polluted soil. In this study, mercapto functionalized sepiolite (MSEP) as a novel and efficient

immobilization agent was prepared through surface modification and utilized for the remediation of

cadmium (Cd)-polluted paddy soil in pot trials. MSEP at trace dosages of 0.1–0.3% could reduce the Cd

content of husked rice (Oryza sativa L.) by 65.4–77.9%; this was more efficient than the traditional pH

regulating amendments such as clay minerals. Single and sequential procedures demonstrated that

MSEP could enhance the fixation or sorption of Cd on soil compositions and reduce the bioavailability of

Cd. MSEP had negligible effects on the pH values and the point of zero charge (PZC) of paddy soil, and

had no obvious impact on extractable zinc, hydrolyzable nitrogen and available phosphorus in the soil,

indicating that it is environmental friendly and compatible. Physiologically, MSEP could increase total

antioxidant capacity (T-AOC) and nonprotein thiol (NPT) content and reduce the malondialdehyde (MDA)

content of rice root so that MSEP could alleviate the stress of Cd in rice. In general, compared to natural

sepiolite as a traditional pH-regulating amendment in the present study, the primary immobilization

mechanism and environmental compatibility and friendliness of MSEP are its great advantages. The trace

application dosages could save economic costs and facilitate easier large-area application. Thus, we

recommend MSEP as a novel and efficient immobilization agent for the remediation for Cd-polluted

paddy soil.
1 Introduction

Cadmium (Cd) has been the most frequently detected heavy
metal in paddy elds, and a recent nationwide survey report
conducted by the Ministry of Environmental Protection and
Ministry of Lands and Resources of China revealed that 7% of
the investigated sites are contaminated by Cd.1 Rice (Oryza
sativa L.) is a crop at high risk of Cd uptake and the accumu-
lation of Cd in rice grain and its subsequent transfer into the
food chain is a global environmental issue.2,3 The remediation
of Cd-polluted paddy soils is an urgent task for ecological safety
and human health.

Among all the remediation methods for heavy metals in
agricultural soil, in situ immobilization is cost-effective and
environmentally compatible. Immobilization reduces the
bioavailability by amendments or immobilization agents.4 The
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immobilization agent is the key factor that determines the
success of the immobilization remediation. Traditional pH
regulating agents such as limestone and lime,5 and the adsor-
bent materials, including sepiolite and palygorskite,6 and bio-
char7 showed excellent performance in the remediation of Cd
from polluted paddy soil. However, the application dosages
were huge. For example, palygorskite and sepiolite at dosages of
1.5 and 2.25 kg m�2 were recommended as the immobilization
agents for Cd-polluted paddy soil to ensure the safe production
of different rice cultivars.6 Biochar produced from wheat straw
at the maximum pyrolysis temperature 350–550 �C at a dosage
of 3% and 5% (by weight) consistently reduced the rice Cd and
lead (Pb) contents in three years.7 The long-term addition of clay
minerals in huge dosages would have adverse effects on soil
environmental quality and lead to soil compaction. Enhancing
the remediation effects and reducing the application dosages to
save economic costs are urgently needed for remediation
practices.8

In the present study, mercapto functionalized sepiolite
(MSEP) was prepared as a novel and efficient immobilization
agent to immobilize Cd in paddy soil and alleviate Cd accu-
mulation in rice grain in pot trials. MSEP could remove heavy
metals in aqueous solution.9 For example, MSEP could uptake
RSC Adv., 2017, 7, 39955–39961 | 39955
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Pb2+ through the mechanisms of chemical adsorption and
physical adsorption. However, the application for the remedi-
ation of heavy metal polluted soil has not been conrmed to
date. The aim of this study was to illustrate the remediation
effects of MSEP on Cd pollutant in paddy soil to provide
a theoretical basis and practical guide for in situ eld scale
remediation.

2 Materials and methods
2.1 Preparation of mercapto functionalized sepiolite

MSEP was prepared by nano-texturization in aqueous
gel.9 Pristine sepiolite (SEP) with the composition of Mg4Si6-
O15(OH)2$6H2O (JCPDS card no. 13-0595) was obtained from the
Tolsa of Spain and 3-mercaptopropyltrimethoxysilane was
purchased from Sigma-Aldrich. All reagents were used as
received without any purication. The sulfur content of MSEP
determined quantitatively via elemental analyses in a CNHS
analyzer was 2.53 mmol g�1.

2.2 Experimental design

The soil samples were collected from 20 cm topsoil of
a contaminated paddy eld in Chenzhou, Hunan province. The
soil was a paddy soil derived from the shale weathering. It was
severely polluted with cadmium due to historical lead-zinc
smelting and mining. The basic physiochemical properties of
the soil were as follows: pH 6.8 � 0.1; cation exchange capacity
12.3 � 2.1 cmol kg�1, organic matter 5.3 � 0.2% and total Cd
amount 1.06 � 0.08 mg kg�1.

The pot experiment was conducted in a greenhouse. Soil
samples of 10.0 kg were passed through 4 mmmesh and placed
in a plastic pot. The non-amended soil was used as the control
(CK). SEP and MSEP were added as immobilization agents to
the polluted soil. Six treatments were designed that included
SEP 1 g kg�1 (Sep-0.1%), 2 g kg�1 (Sep-0.2%) and 3 g kg�1

(Sep-0.3%); MSEP 1 g kg�1 (MSEP-0.1%), 2 g kg�1 (MSEP-0.2%)
and 3 g kg�1 (MSEP-0.3%). All treatments were performed in
triplicates. The hybrid cultivar of O. sativa L. subsp. hsien Ting
was Xinrong Youhuazhan with the whole growth period of 123 d.

2.3 Analytical methods

The pH of soil was measured at a soil : water ratio of 1 : 2.5 (w/v)
using a pH meter (PB-10, Sartorius, Germany). The point of zero
charge (PZC) of the soil sample was determined by potentio-
metric titration.10 Air-dried soil samples of 5 g were placed in
the titrating vessel of automatic potentiometric titrator (ZD-3A,
Shanghai Anting) along with 50 mL of NaNO3 solutions
(0.1, 0.05 and 0.005 M mol L�1). The sample was stirred for
2 min for pre-equilibration, then continuously stirred and
titrated at a certain interval with 0.02 mol L�1 HCl or NaOH
solutions made up in the ionic strength controlling solution.
The PZC was calculated through the curve of (DH–DOH) versus
pH. The soil samples were digested using HNO3–HF–HClO4

(2 : 2 : 1, v/v/v) solution at a 1 : 25 soil/liquid ratio to determine
the total Cd content. Air-dried soil samples (5.0 g) were placed
in 50 mL centrifuge tubes and dispersed into 25 mL of
39956 | RSC Adv., 2017, 7, 39955–39961
0.025 mol L�1 HCl solutions11 and 1.0 mol L�1 NH4OAc solu-
tion, respectively. Aer shaking for 120 min, the samples were
centrifuged at 4300 rpm and the supernatants were collected
for the analyses of the plant accessible Cd concentrations in
paddy soil. Meanwhile, the sequential extraction procedure
followed was: 1.0 mol L�1 MgCl2 for exchangeable fraction (SE),
1.0 mol L�1 NaOAc extraction for carbonate-bound fraction
(WSA), 0.04 mol L�1 NH2OH$HCl for Fe–Mn oxide fraction (OX),
30% H2O2/3.2 mol L�1 NH4OAc for organic fraction (OM) and
residual fraction (RES).12 The available nitrogen content was
determined using alkali-hydrolyzed reduction diffusing
method13 and the available phosphorus was measured using an
acid-extracted molybdenum colorimetric method with HCl–
NH4F digestion.14 The available Cu and Zn concentrations were
estimated through diethylenetriamine pentaacetic acid (DTPA)
solution extraction.15

A 0.50 g sample of husked rice powder was digested using
a 10 mL mixed solution of HNO3–HClO4 (4 : 1, v/v). The Cd
concentrations in the soil extract and the digest solutions were
detected using inductively coupled plasma mass spectrometer
(iCAP Q, Thermo Scientic, U.S).

The protein content of the rice root was determined using
Coomassie brilliant blue method. Approximately 1.0 g of rice
root was homogenized in 9 mL 0.9% normal saline and used for
protein estimation. The contents of malondialdehyde (MDA),
non-protein thiols (NPT) and total antioxidant capacity (T-AOC)
of rice root were determined by plant malondialdehyde assay kit
(530 nm microplate reader colorimetric method), total thiol
assay kit (450 nm microplate reader colorimetric method) and
the total antioxidant capacity assay kit (520 nm visible spec-
trophotometer colorimetric method), respectively as developed
by the Nanjing Jiancheng Bioengineering Institute.
2.4 Statistical analysis

All data were statistically analysed using one-way ANOVA at
a signicance level of p < 0.05 with SPSS 22.0. Single-step
multiple comparisons of means were performed via Tukey's
post hoc test.
3 Results and discussion
3.1 Effects of MSEP and SEP on Cd accumulation in husked
rice

As shown in Fig. 1, the average Cd content of husked rice in CK
was 0.26 mg kg�1, which exceeded the maximum level of the
National Standard of China GB 2762-2012 “Maximum Levels of
Contaminants in Foods” (0.2 mg kg�1). The Cd contents of
husked rice were reduced slightly by SEP, but still exceeded the
maximum permitted level and no statistical differences were
observed between CK and SEP treatments at the three dosages
(p > 0.05). However, MSEP signicantly reduced the Cd contents
of husked rice by 65.4–77.9% compared to the CK. The least
value was 0.05 mg kg�1 even at the dosage of 1 g kg�1. The
concentration of heavy metals in grains is a critical factor to be
assess with regard to the success of remediation methods.
Although the contents of Cd in husked rice was not
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of MSEP and SEP on Cd content of husked rice.* The
same letters within the individual error bars are not significantly
different (p > 0.05); those with different letters are significantly
different (p < 0.05) (n ¼ 6).
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proportional to the dosage of MSEP, the decrease in the accu-
mulation of Cd in rice grain conrmed the immobilization
effect of MSEP on Cd pollutant in paddy soil.

In previous studies on remediation of Cd-polluted paddy soil
listed in Table 1, most of the immobilization agents used were
pH regulating amendments such as limestone and clay
minerals. The application dosages of these immobilization
agents in eld implementation and pot experiments were much
higher than the dosages of MSEP in the current study. For
example, natural sepiolite at a dosage of 0.5–1.0 g kg�1 was
recommended for the remediation of Cd-polluted acid paddy
soil,6,16,17which was 10 times of the current dosage of MSEP. The
high performance at trace dosage is one of the advantages of
MSEP. Although the surface modication process increased the
cost of MSEP, compared to SEP, the immobilization efficiency
was enhanced and the application dosages were reduced to
about 10% of pristine sepiolite. Further, less application dosage
would save the transportation and labor cost in the large-area
Table 1 Contradistinction of immobilization agents for Cd-polluted soil

Immobilization agents Dosagea

Sepiolite 8 g kg�1

Sepiolite 2.25 kg m�2

Sepiolite 2.25 kg m�2

Limestone + sepiolite 8 g kg�1

Bentonite 24 g kg�1

Biochar from wheat straw 2 kg m�2

Biochar from farm residuals 40 g kg�1

Biochar from wheat straw 4 kg m�2

Biochar from cotton straw 10.0 g kg�1

Hydroxyhistidine + zeolite 8 g kg�1

MSEP 1 g kg�1

a The dosage in eld experiments (kg m�2) can be transferred into the pe
2.25 kg m�2 was about 15 g kg�1.

This journal is © The Royal Society of Chemistry 2017
eld-scale utilization in the future. The total application cost
of MSEP was less than that of SEP.
3.2 Effects of MSEP and SEP on chemical fraction of Cd in
paddy soil

MSEP as novel immobilization agent was designed to reduce the
bioavailability of heavy metals in soil but not the total concen-
tration. The plant accessible fraction was reduced, which is
much important in decreasing environmental risks. The
changes in mobile Cd fraction as affected by the treatments are
presented in Fig. 2. The HCl and NH4OAC solutions were
usually employed to determine the available fraction of heavy
metals in soil due to the good correlations between their
extraction concentrations and the uptake of Cd by crops.18 The
HCl extractable Cd content showed a signicant positive
correlation with Cd content of husked rice6 and has been rec-
ommended as extraction solution for bioavailability of heavy
metals in soil in Japan.19 However, in this experiment, no
statistically signicant differences were observed among CK
and SEP treatments in the extractable Cd contents (p > 0.05).
The recommended application dosage of natural sepiolite for
the remediation of Cd-polluted acid paddy soil was 10 g kg�1.6

This shows that SEP as traditional immobilization agents has
signicant remediation effect only at high application dosage,
and the immobilization effect at trace amount of dosage can be
ignored. MSEP at a dosage of 1 g kg�1 had remarkable immo-
bilization effect suggesting that the high performance of MSEP
in the aspect of chemical extractable bioavailability.

The sequential extractable fraction of Cd in soils can reect
the effect of MSEP on the chemical fractions. As shown in Fig. 3,
the exchangeable Cd, residual Cd, and Fe/Mn oxide-bound Cd
have dominated fractions for CK. SEP treatments at three
different dosages had no effect on exchangeable Cd, but MSEP
could reduce SE-Cd, which led to a reduction in Cd by 42.8–
79.6% compared to CK (p < 0.05). The exchangeable fractions
decreased with the increase of MSEP dosage from 0.1–0.3%. It
also reduced the carbonate-bound fractions remarkably
compared to CK. The concentrations of exchangeable and
Scale
Cd in brown rice
(mg kg�1) Reference

Pot 0.44 / 0.29 27
Field 0.72 / 0.18 6
Field 0.5 / 0.4 28
Field 2.6 / 2.0 20
Pot 0.44 / 0.14 27
Field 3.1 / 0.7 29
Pot 1.44 / 1.03 30
Field 3.15 / 1.73 31
Pot 0.29 / 0.19 32
Field 2.6 / 2.1 20
Pot 0.26 / 0.06 Current study

rcentage by weight (%) based on the soil density and area. For example,

RSC Adv., 2017, 7, 39955–39961 | 39957
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Fig. 2 Changes in chemical extractable Cd contents in paddy soil. (A) HCl extractable Cd content of soil; (B) NH4OAc extractable Cd content of
soil.

Fig. 3 Effects of MSEP and SEP on species distribution of Cd in paddy soil.
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carbonate-bound fractions, which can be absorbed by plants
reduced aer the addition of MSEP. It indicated the high
performance of the immobilization effect in the species distri-
bution. Meanwhile, MSEP resulted in an increase in Fe/Mn
oxide-bound Cd content by about 120% and the organic
matter-bound Cd content by 75.1–99.8%. The increase in Fe/Mn
oxide-bound Cd fraction is an interesting phenomenon, as it
did not introduce new minerals containing Fe/Mn oxides. This
can be attributed to enhanced sorption of Cd on soil aer the
addition of MSEP. The selected paddy soil contained high
amounts of Fe/Mn oxides, which had the potential of xation or
sorption of heavy metal cations in soil solutions. The addition
of MSEP enhances the sorption of Cd on Fe/Mn oxides, which
39958 | RSC Adv., 2017, 7, 39955–39961
can be regarded as the indirect impact of MSEP on the chemical
fractions. Further studies are required to elucidate the under-
lying mechanisms. The slight increase of organic matter-bound
fractions can be ascribed to the mercapto functional group. The
increase of exchangeable Cd, Fe/Mn oxides, and organic matter-
bound Cd and the decrease in carbonate-bound Cd led to the
increase of residual Cd. The traditional pH regulating immo-
bilization agents, such as lime and limestone,20 shi the
exchangeable Cd into carbonate-bound Cd and do not affect the
Fe/Mn oxides and organic matter bound fractions. The
carbonate-bound fraction has the potential risk of releasing
into the soil again when environmental conditions change.
MSEP shied exchangeable and carbonate bound fractions to
This journal is © The Royal Society of Chemistry 2017
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Fe/Mn oxide- and organic matter-bound and residual fractions,
which would be stable in the long term. The immobilization
effect of MSEP on Cd and Cu can be stimulated by the sorption
mechanism in aqueous solutions. For MSEP, the complexation
of Cd2+ with mercapto groups existed in addition to the
complexation with surface hydroxyl groups.21,22

3.3 Effects of MSEP and SEP on soil environmental quality

The average pH value of soil in CK was 6.8 (Fig. 4A), indicating
that it is a neutral soil. Neither SEP nor MSEP had remarkable
effects on the soil pH (p > 0.05) due to the pH-buffering effect
of soils. The PZC determined in NaNO3 solutions was about
7.2 (Fig. 4B). The MSEP and SEP in the present study had
negligible effects on PZC of the paddy soil. Further, the pH
values of the paddy soil were less than PZC, indicating that the
surface of soil particles was of positive charge, which inhibited
the sorption of metal cations on the soil particles. In the
previous studies, increased pH has been considered the main
factor for the decrease in bioavailability of heavy metals.4 For
example, natural minerals containing CaCO3 increased the pH
value of paddy soils and led to a remarkable reduction in
extractable Cd contents and an increase of carbonate-bound
fraction.6 High application dosage of pH regulating immobili-
zation agents in the long term would lead to soil compaction.
MSEP at trace dosage reduces the risk of adverse impact. MSEP
had negligible effects on the pH and PZC, indicating soil
compatibility and environmental friendliness.

The Cu and Zn are essential elements for plant growth, but
once they exceed the normal range, there will be heavy metal
pollutions. Both SEP and MSEP reduced the DTPA extractable
Cu in paddy soil (Fig. 5), however, MSEP had negligible effects
on DTPA extractable Zn. Available nitrogen and phosphorus are
critical for the normal growth of the plant. The addition of SEP
Fig. 4 Effects of MSEP and SEP on pH and PZC of paddy soil. (A) pH va

This journal is © The Royal Society of Chemistry 2017
and MSEP had no obvious impacts on the available nitrogen
and phosphorus contents of the paddy soil (Fig. 5), which could
be attributed to the negligible impacts of MSEP on pH value.
The pH of the soil is an important factor that signicantly
affects the available nitrogen and phosphorus contents in
paddy soil. Natural sepiolite increased soil pH remarkably and
had the risk to reduce the available phosphorus contents, thus
was recommended in combination with phosphate fertilizers in
remediation practice.23 Compared to that the natural sepiolite,
MSEP has no adverse impact on the available nutrients and is
thus environmentally friendly.
3.4 Effects of MSEP and SEP on physiological indicators of
rice root

MDA is the nal product of peroxidation of membrane lipids
and is usually employed as an indicator of lipid peroxidation
under various stresses, including heavy metal stress.24,25 The
addition of amendments could decrease the MDA contents of
rice root by 27.76–32.40% and 55.48–58.69% for SEP and
MSEP, respectively. These results indicate that the oxidative
stresses of Cd on rice root were alleviated. Meanwhile, T-AOC
of rice root increased by 13.92–25.04% and 23.41–32.91% for
SEP and MSEP, respectively (Fig. 6B). The elevated total anti-
oxidant capacity along with reduced MDA revealed the reme-
diation effect of MSEP on Cd pollutant in paddy soil. Non-
protein thiol, as an important antioxidant in mitigating Cd-
induced oxidative stress plays an important role in phytoche-
latins synthesis, which has a proven role in Cd detoxication.26

NPT content in rice root aer the addition of MSEP increased
signicantly compared to CK (Fig. 6C). Further studies are
required to elucidate the changes and mechanisms of MSEP
action.
lue of paddy soil; (B) PZC of paddy soil.

RSC Adv., 2017, 7, 39955–39961 | 39959
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Fig. 5 Available contents of Cu, Zn, N and P in paddy soil. (A) DTPA extractable Cu content of soil; (B) DTPA extractable Zn content of soil; (C)
available N content of soil; (D) available P content of soil.

Fig. 6 Dynamics of MDA, T-AOC and NPT of rice root under different treatments. (A) MDA content of rice root; (B) T-AOC of rice root; (C) NPT
content of rice root.
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4 Conclusion

MSEP at trace dosages of 0.1–0.3% could reduce the Cd contents
of husked rice by 65.4–77.9%. It could enhance the xation or
sorption of Cd on soil compositions and reduce its
39960 | RSC Adv., 2017, 7, 39955–39961
bioavailability. It could also increase the total antioxidant
capacity and nonprotein thiols contents, and reduce the
MDA content of rice root to alleviate the stress of Cd in rice.
Thus, MSEP as a novel and efficient immobilization agent can
be recommended for the remediation of Cd-polluted paddy soil.
This journal is © The Royal Society of Chemistry 2017
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