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accumulation in grains of wheat
and rice under rotation mode using composite
silicate amendment

Yang Li,ac Xuefeng Liang, *b Qingqing Huang,b Yingming Xu*b and Fang Yangc

The accumulation of heavy metals in soils and crops jeopardizes human health, and thus remedying soil and

ensuring food safety have attracted wide concern. In this study, composite silicate was employed as an

amendment to inhibit cadmium (Cd) accumulation in the grains of wheat and rice in an upland/paddy

rotation mode in field-scale remediation. The composite silicate amendment (CSA) at a dosage of 0.2–

0.8% decreased the Cd concentration in wheat grains in the first growing season of upland mode by

7.5–58.3% compared with CK, and decreased the Cd concentration in brown rice by 38.7–58.1% in the

second season of paddy mode. The minimum values satisfy the Chinese National and International

Standards. The results confirmed the inhibitory effect of CSA on the accumulation of Cd in crop grains.

CSA increased the soil pH obviously and enhanced the sorption of Cd on soil particles by 14.6–56.2%,

and declined the DTPA- and HCl-extractable Cd concentrations in the soil by 16.2–49.5% and 23.8–

75.6%, respectively. Furthermore, CSA decreased the exchangeable Cd fraction by 21.5–41.6% in the

sequential extraction. The immobilization effect was retained in both growing seasons in terms of Cd

concentration in the crop grains and extractable Cd concentration in the soil. CSA had a negligible effect

on the normal growth of wheat and rice and the available Zn and Cu concentration in the soil, indicating

its environmental friendliness. Considering its low cost and abundant reserves, CSA can be

recommended as an immobilization amendment for Cd-polluted paddy soil in wheat/rice rotation mode.
1. Introduction

Heavy metal contamination of soil environments is becoming
an increasingly serious issue in China. A nationwide survey
carried out by the Ministry of Environmental Protection and the
Ministry of Land and Resources from 2005 to 2013, revealed
that Cd was the most frequently detected heavy metal in soil,
and 7% of the investigated sites was contaminated by Cd.1

Plants growing in Cd-polluted soil uptake Cd through their
roots and it is accumulated in different organs, and as a result,
the normal growth and productivity of crops will be adversely
impacted.2 The accumulation of Cd in crop grains jeopardizes
food safety. Excess Cd in the human body accumulates in the
liver and kidneys, and other organs and tissues, which produces
adverse health effects in human beings.3 Therefore, developing
strategies to decrease the Cd concentration in crops is a public
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health priority. Because of the high risks and potential adverse
effects of Cd contamination, efforts must be made to develop
remediation methods for Cd-polluted soils.

Various remediation techniques have been developed to
clean up or restore heavy metal polluted soils, such as soil
replacement, chemical washing, chemical stabilization/
immobilization, electrokinetic extraction, and phytor-
emediation.4,5 Chemical immobilization is better for farmland
that undertakes crop planting tasks.6 In situ immobilization
reduces the bioavailability of heavy metals but does not remove
them from the soil,7,8 which is the most cost-effective and
environmentally compatible remediation method.9,10

Currently, the remediation of heavy metal contaminated
paddy soil with the aim of reducing the accumulation of heavy
metals in rice grain has been reported. For example, paly-
gorskite and sepiolite were recommended for the immobiliza-
tion of Cd in paddy soil.11 Bentonite signicantly decreased the
Cd bioavailability in soil and uptake in rice.12 Biochar treatment
consistently reduced rice Cd and Pb concentrations over three
years.13 Limestone plus sepiolite and hydroxyhistidine plus
zeolite were effective in reducing the heavy metal bioavailability
and accumulation in rice grown in multi-metal contaminated
soils.14 In addition to double-season rice mode, there are large
area farmlands with rice/upland crop ration mode, which are
important agricultural production systems in China and other
RSC Adv., 2019, 9, 35539–35548 | 35539
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South Asian countries. However, few studies have focused on
the remediation in rotation mode, such as rape/rice rotation15

and wheat/rice rotation.16 Rice/wheat rotation, the most
important agricultural production system worldwide, accounts
for approximately 10.5 million hectares of elds in China and
approximately 13.5 million hectares of the Indo-Gangetic
Plains.17 Rice and wheat are grown annually in sequence and
the soil conditions required for rice growth differ from that
required for the growth of upland crops. Soil is puddled before
rice transplantation and ooding is maintained to create
anaerobic conditions for rice growth. In contrast, upland crops
are grown in well-drained soil under tillage and aerobic condi-
tions.18 It has been reported that hydrated lime and organic
fertilizer,19 farmyard manure alone and combined with lime-
stone, lignite and biochar are effective in reducing Cd uptake by
plants under rice/wheat rotation.20

In China, the Chengdu Plain is a typical agricultural area
with the wheat/rice rotationmode. However, in this area, soil Cd
has become a serious pollutant due to its geological origin and
historical phosphate mining.21 Furthermore, it was reported
that the Cd concentrations in the grains of wheat and rice in
some areas of the Chengdu Plain exceeded the national limi-
tation.22,23 Thus, to reduce the environmental risk of Cd in soil
and ensure the food safety of crops in water/upland rotation in
the Chengdu Plain, remediation of Cd-contaminated soils
under wheat/rice rotation is urgently needed.

In the present study, composite silicate was selected as an
amendment with the advantages of low cost and abundant
reserves. This study attempted to comparatively evaluate the
potential remediation effects of CSA for Cd in soil, and the
inhibitory effects of CSA on Cd accumulation in the grains of
rice and wheat under rotation mode.
2. Materials and methods
2.1 Characterization of CSA

Composite silicate as the soil amendment in the current
research was collected from a silicate deposit in Sichuan
Province of China. The major elements in CSA were charac-
terized by X-ray uorescence spectroscopy (XRF). The powder
(2–4 g) was fused with anhydrous lithium tetraborate to
generate homogeneous pellets and analyzed with an X-ray
uorescence spectrometer (Axioms, PANalytical, United
Kingdom). The results were calibrated with standard mate-
rials. X-ray diffraction (XRD) was employed to analyze the
minerals in CSA. XRD patterns were recorded on an X-ray
diffractometer (D/Max-2500, Rigaku, Japan) using Cu Ka
radiation at a scanning speed of 1.5� min�1 in the 2q range of
8� to 50� operated at 40 kV and 100 mA.24
2.2 Field experiment

An in situ eld-scale experiment was conducted in Mianzhu,
located in Sichuan Province, China. Areas of the agricultural
elds were polluted with Cd as a result of long-term industrial
pollution and high background value. The soil was derived from
river alluvium and the basic properties of the selected eld are
35540 | RSC Adv., 2019, 9, 35539–35548
listed in Table 1. The total Cd concentration was 0.68 mg kg�1

and the pH value of the soil was 5.5.
The application dosages of composite silicate were 0.2% (T1,

weight ratio), 0.4% (T2), 0.6% (T3), 0.8% (T4), and no amend-
ments (CK). All treatments were applied in triplicate, and the
replicates were arranged in a randomized block design. There
were 15 plots with a total area of about 450 m2. Composite
silicate powder was mixed into the topsoil on September 2017,
30 days before the seeding of winter wheat. The wheat was
harvested in May 2018. Meanwhile, rice was planted in June and
harvested in September.

The mode plants and cultivars in the current research were
Mianmai-41 of wheat (Triticum aestivum L.) and Mianyou-5323
of rice (Oryza sativa L. subsp. hsien Ting). The average growth
periods of Mianmai-41 and Mianyou-5323 were 189 and 146
days, respectively.
2.3 Plant and soil analyses

The whole plants of wheat and rice were collected when har-
vested and separated into grains and roots for further analysis.
The fresh roots were washed with deionized water and dried at
105 �C to a constant weight and the mature grains were natu-
rally dried. Dry roots and grains were powdered and passed
through a 200 mesh nylon sieve. A 0.50 g sample of husked
wheat or rice powder was digested using 10 mL mixed solution
of HNO3–HClO4 (4 : 1, v/v).

Soil samples were taken from the surface layer, and each
sample was obtained by mixing at least ve sub-samples from
one sampling site aer harvest. pH was measured at a soil:
water ratio of 1 : 2.5 (w/v) using a pH meter (PB-10, Sartorius,
Germany).

The total Cd concentration in the soil was determined by
digestion with HNO3–HF–HClO4 (2 : 2 : 1, v : v : v) solution at
a 1 : 25 soil/liquid ratio in Teon beakers on a hot plate (ED54,
LabTech, China). The available Cd concentrations in the soil
were determined via diethylenetriaminepentaacetic acid (DTPA)
extraction and HCl extraction, and denoted as DTPA-Cd, HCl-
Cd, respectively. Soil weighing 5.0 g was dispersed in 25 mL
of DTPA extraction solution (0.005 mol L�1 DTPA, 0.01 mol L�1

CaCl2 and 0.1 mol L�1 triethanolamine adjusted to pH 7.3 with
HCl) and shaken for 120 min.25 The available Cd concentration
in the soil was determined via chemical extraction using
0.025 mol L�1 HCl solution.26 Changes in the Cd fractions in the
soil were analyzed via sequential extraction.27 Five Cd fractions
in the soil were extracted as follows: exchangeable fraction (Exc-
Cd) by 1.0 mol L�1 MgCl2 (pH ¼ 7.0), carbonate-bound (CB-Cd)
fraction by 1.0 mol L�1 NaOAc–HOAc (pH ¼ 5.0), Fe and Mn
oxide-bound fraction (OX-Cd) by NH2OH$HCl in 25% HOAc,
organic matter-bound fraction (OM-Cd) by 30% H2O2 at pH ¼ 2
with HNO3, and residual fraction (Res-Cd) by HF–HClO4.

The Cd concentrations in the digested solutions were
determined using an inductively coupled plasma mass spec-
trometer (iCAP Q, Thermo Scientic, USA). Quality assurance
procedures and precautions were implemented to ensure the
accuracy and precision of the results. Duplicate and blank
This journal is © The Royal Society of Chemistry 2019
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Table 1 Basic properties of soil samples from the selected fields

Total concentration (mg kg�1)
Available nutrient
content (mg kg�1)

Organic matter pH CECa (cmol kg�1)Cd Pb As Hg Cr N P K

0.58b 85 4.1 0.31 65.3 172 8 82 2.91% 5.5 17.3

a CEC: cation exchange capacity. b Data represents average values.
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View Article Online
samples were included in each batch of analyses for quality
control purposes.
2.4 Sorption experiment

The maximum sorption amounts of Cd2+ on composite silicate
and the soils containing composite silicate were determined by
batch sorption experiment. Soil samples (0.05 g) were placed in
100 mL centrifugal tubes, and then lled with 50 mL of
Cd(NO3)2 solution with different Cd2+ concentrations (0–
50 mg L�1). The tubes were then shaken at 25 �C for 120 min in
a thermostatic water bath shaker (ZWY110X30, Zhicheng,
China). Thereaer, the suspensions were centrifuged at a speed
of 13 000 rpm. The equilibrium Cd2+ concentrations in the
supernatant were determined using an atomic absorption
spectrometer (ZEEnit 700P, Analytik Jena, Germany). The
sorption amount was calculated from the decrease of Cd2+

concentration in the aqueous solution.
2.5 Statistical analyses

All data were statistically analyzed using one-way ANOVA at
a signicance level of p < 0.05. Single-stepmultiple comparisons
of means were performed via Tukey's post hoc test. Pearson
correlation coefficients among various parameters were per-
formed with SPSS 21.0.
Fig. 1 XRD pattern of composite silicate.
3. Results and discussion
3.1 Characterization of CSA

CSA was obtained from the local county and used without
purication. The XRF result indicated the main components
were SiO2: 35.41% (weight ratio), CaO: 37.79%, and MgO:
22.13%. As shown in Fig. 1, in the XRD pattern of CSA, several
minerals were detected using Jade XRD pattern processing
(v6.2, Material Data, Inc.),28 including calcite (CaCO3, JCPDS No.
05-0586), tilleyite (Ca5Si2O7(CO3)2, JCPDS No. 24-0184), talc-2M
(Mg3Si4O10(OH)2, JCPDS No. 13-0558), anthophyllite (Mg7Si8-
O22(OH)2, JCPDS No. 16-0401) and magnesioarfvedsonite
(Na3(Mg, Fe)5Si8O22(OH)2, JCPDS No. 42-1369). Specically, the
amendment was a mixture of some clay minerals. As phyllosi-
licates without a layer charge, talc and anthophyllite have
excellent chemical stability and adsorption capacity for heavy
metals. Calcite as an alternative low-cost adsorbent for metal
cations in aqueous solution has application potential for the
immobilization of heavy metals in soils.29
This journal is © The Royal Society of Chemistry 2019
3.2 Inhibitory effects of CSA on Cd accumulation in wheat
and rice

As illustrated in Fig. 2, CSA simultaneously reduced the Cd
accumulation in the roots and grains of the winter wheat in
the upland mode. The Cd concentration in the wheat grain in
the CK group was 0.23 mg kg�1, which exceeded the limitation
(0.1 mg kg�1) of the Chinese National Standard GB 2762-2017
and the maximum level of Cd concentration in wheat grains
(0.2 mg kg�1) in GC 0654 of the Codex Alimentarius Interna-
tional Food Standard 193-1995 proposed by the Food and
Agriculture Organization of the United Nations (FAO).
Compared with CK, the Cd concentrations in the wheat grains
in the CSA groups declined by 37.5–58.3%. CSA even at
a dosage of 0.2% in T1 reduced the Cd concentration in the
wheat grain to less than the limitation set by the FAO. Mean-
while, the Cd concentrations in the wheat roots declined
signicantly aer the addition of CSA. In general, the Cd in
roots originates from the absorption of Cd from soil pore water
or solution through the root. The decreased Cd concentration
in the root conrmed the remediation effect of CSA in the Cd-
polluted soil.

Fig. 1B shows the Cd concentrations in the grains and roots
of the hybrid rice in the second growing season of paddy mode.
The Cd concentration in the brown rice in CK was 0.31 mg kg�1,
which exceeded the maximum permitted level of GB 2762-2017.
CSA reduced the Cd concentration in the brown rice by 38.7–
58.1% compared with CK, and the minimum value was 0.12 mg
kg�1 with the T4 treatment. There were no statistical differences
among the CSA treatments.
RSC Adv., 2019, 9, 35539–35548 | 35541
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Fig. 2 Cd concentrations in the grains and roots of wheat and rice. * The same letters within the individual error bars are not significantly
different (p > 0.05), and that with different letters are significantly different (p < 0.05) (n ¼ 6).
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The grains are the aerial parts of wheat and rice, and thus the
Cd concentration in grains is the most important index for the
safety of agricultural products, which is the critical factor
determining the success of remediation amendments. Thus,
the signicant reduction in the Cd concentrations in the wheat
grain and brown rice in the eld-scale experiment demonstrates
the remarkable remediation effects of CSA.

The decreased concentrations of Cd in the grains of the
wheat and rice are related to the transfer factor (TF) from the
root to the husked grain. TF is dened as the ratio of Cd
concentration in the wheat or rice grain to that in the root. For
example, the TFs for wheat and rice in CK were 0.194 and 0.212,
but they declined to 0.164–0.171 and 0.126–0.165 aer the
addition of CSA, respectively. The results reveal that CSA could
inhibit the translocation of Cd from the root to the crop grain by
means of a physiological response.
Fig. 3 Changes in soil pH in rotation mode.
3.3 Effects of CSA on pH and sorption capacity of the soil

The soil in the current eld was slightly acidic, which increases
the stress of heavy metals on crops. As shown in Fig. 3, the pH
values increased to different extents (p < 0.05) following the
application of CSA, indicating that CSA could effectively
improve the acidic soil. The calcite in CSA played an important
role in increasing the soil pH. Increasing the soil pH can reduce
the solubility and mobility of soil heavy metals because elevated
pH increases the negative charge of soil colloids, and results in
the increased sorption of positively charged metal cations.30,31

In addition, an increase in soil pH can lead to the formation of
metal carbonate precipitate complexes, thus decreasing metal
availability.

The point of zero charge and initial pH values of the soil in
CK were 5.75 and 5.50, respectively, indicating that the surfaces
35542 | RSC Adv., 2019, 9, 35539–35548
of the soil particles were positive. The pH of the soil following
silicate treatment was higher than 5.75, indicating that the
surface of the soil particles was negatively charged, which is
benecial for the sorption of metal cations. Cd has been shown
to be less available in neutral or calcareous than in acidic soils.32

The sorption capacity can be represented by sorption
isotherms,33 and the sorption isotherms of Cd2+ on CSA and the
soils are shown in Fig. 4. The Langmuir isotherm and Freund-
lich isotherms were employed to t the sorption data.34

(i) Langmuir isotherm

Qe ¼ QmKLCe

1þ KLCe

(1)

where Qm is the maximum sorption amount and KL is the
Langmuir constant. The Qm and KL values can be obtained from
a linear plot of Ce/Qe versus Ce.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Sorption isotherms of Cd2+ on composite silicate and the soils.
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(ii) Freundlich isotherm35

Qe ¼ KFC
n
e (2)

where KF and n are the Freundlich constants. The Freundlich
isotherm does not predict the maximum sorption amount.

According to the tting parameters listed in Table 2, the
Langmuir isotherm ts the sorption of Cd2+ on the CSA and soil
samples better than the Freundlich isotherm. The maximum
sorption amounts for CSA and the soil in CK calculated using
the Langmuir isotherm were 34.27 mg g�1 and 10.78 mg g�1,
respectively. The experimentally obtained maximum sorption
amounts are in excellent agreement with the calculated values.
CSA caused the maximum sorption amount to increase by 14.6–
56.2% in comparison with CK. The increased maximum sorp-
tion amount of Cd on the soil particles revealed that the soil
amended by CSA had a greater affinity for Cd2+ than CK, which
is benecial for inhibiting the release of Cd from soil particles
to soil solutions. Thus, the signicant difference and extra
sorption amount indicate that the sorption of Cd2+ on the soil
was enhanced. In the T4 treatment with the CSA dosage of 0.8%,
the maximum sorption amount calculated was 16.84 mg g�1. If
the CSA added to the soil itself adsorbed Cd2+ in aqueous
Table 2 Isotherm fit parameters of sorption of Cd2+ on the soil and CS

Isotherms CSA

Soil samples

CK

Langmuir isotherm Qm 34.27 � 4.66 10.78 � 0.36
KL 0.14 � 0.05 0.18 � 0.02
R2 0.95368 0.99382

Freundlich isotherm KF 7.20 � 0.25 3.43 � 0.23
N 0.41 � 0.11 0.28 � 0.02
R2 0.90141 0.99058

This journal is © The Royal Society of Chemistry 2019
solution directly without any other effects, the maximum
sorption amount of the soil containing 0.8% CSA can be
calculated as follows:

10.78 � 99.2% + 34.27 � 0.8% ¼ 10.97 mg g�1

Accordingly, the calculated value was slightly more than
10.78 mg g�1 but much less than 16.84 mg g�1. This result
indicates that the sorption or xation of Cd contaminant on the
soil particles was enhanced. A similar trend was reported in the
soil amended with biochar, which had a signicant increase in
the maximum sorption amount for Cd2+.36
3.4 Effects of CSA on extractable Cd concentrations in the
soil

Mutual transformation of different fractions of heavy metals in
soils is an important process for heavy metals immobilization,
and the available fractions are usually transformed to less
available phases by the amendments. The recognition of
chemical fractions of heavy metals in soil can qualitatively
distinguish their phytoavailability. As shown in Fig. 5, for the
soil planting winter wheat in the rst growing season, DTPA-Cd
and HCl-Cd were 0.45 and 0.25 mg kg�1, which were about 70%
and 40% of the total Cd amounts, indicating high environ-
mental ecological risk, respectively. Compared with CK, DTPA-
Cd and HCl-Cd in the soil aer the addition of CSA gradually
declined by 22.4–45.2% and 58.2–79.6%, respectively.

For the soil planting hybrid rice in the second growing
season, there were no obvious changes in HCl-Cd in CK
compared with that in the rst growing season. The data indi-
cates that it was difficult to reduce the available Cd concentra-
tions in the soil via accumulation in normal crops in a short
period. In the second growing season, there was no additional
CSA or other amendments, but the remediation effect of CSA
added in the rst growing season remained. Compared with CK
in the current growing season, DTPA-Cd and HCl-Cd decreased
by 16.2–49.5% and 23.8–75.6%, respectively. Overall, the abso-
lute values of HCl-Cd in the second growing season of the
hybrid rice, were similar to that in the rst growing season of
the winter wheat, indicating that there were no substantial
changes in the bioavailability of Cd in the sequential crops. The
signicant reduction in DTPA-Cd and HCl-Cd in the soil was the
best evidence for the immobilization effect on Cd pollutant in
the soil under rotation mode.
A

T1 T2 T3 T4

12.34 � 1.38 12.36 � 0.74 13.72 � 1.02 16.84 � 0.34
0.12 � 0.04 0.19 � 0.05 0.22 � 0.07 0.15 � 0.01
0.96145 0.98101 0.98515 0.99827
2.96 � 0.35 3.92 � 0.14 4.48 � 0.41 4.51 � 0.42
0.37 � 0.03 0.29 � 0.01 0.29 � 0.03 0.33 � 0.03
0.98942 0.99062 0.98122 0.99282

RSC Adv., 2019, 9, 35539–35548 | 35543
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Fig. 5 DTPA- and HCl-extractable Cd concentrations in the soil.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
10

:5
6:

34
 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
The sequential extraction results are shown in Fig. 6. The
exchangeable, carbonated bound and residual fraction were
dominant. The exchangeable fraction could be absorbed
directly by plants, and thus the greater the exchangeable frac-
tion, the more active the soil heavy metal is and the higher its
bio-availability.37 In the end of the rst growing season of winter
Fig. 6 Sequential extraction of Cd in the soil.

35544 | RSC Adv., 2019, 9, 35539–35548
wheat, Exc-Cd decreased by 21.5–41.6% and CB-Cd increased by
23.1–46.2% compared with CK.

3.5 Pearson correlation analyses and remediation
mechanisms

Pearson correlations between the relative parameters, such as
the Cd concentration in the crop grain, pH, DTPA-Cd and HCl-
This journal is © The Royal Society of Chemistry 2019
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Table 3 Correlation analyses of relevant parametersa

Index B C D E F G H I J K

Wheat A Wheat-Cd 0.98** �0.66 �0.99** 0.94* 0.98** 0.99** �0.93* �0.61 0.099 �0.69
B Rice-Cd �0.63 �0.98** 0.91* 0.97** 0.96** �0.89* �0.63 0.12 �0.67
C Grain yield 0.70 �0.38 �0.76 �0.57 0.76 0.11 �0.70 0.53
D pH �0.91* �0.99** �0.98** 0.95* 0.57 �0.17 0.72
E DTPA-Cd 0.87 0.97** �0.82 �0.72 �0.23 �0.60
F HCl–Cd 0.96* �0.96** �0.49 0.27 �0.76
G Exc-Cd �0.93* �0.59 0.013 �0.73
H CB-Cd 0.29 �0.34 0.87
I OX-Cd 0.55 �0.10
J OM-Cd �0.46
K Res-Cd 1.00

Rice A Wheat-Cd 0.97** 0.34 �0.98** 0.91* 0.89* 0.91* �0.88* �0.45 0.23 �0.82
B Rice-Cd 0.30 �0.95* 0.86 0.93* 0.92* �0.86 �0.32 0.16 �0.91*
C Grain yield �0.46 0.56 0.43 0.60 �0.59 0.24 0.53 �0.50
D pH �0.97** �0.95* �0.96** 0.95* 0.29 �0.39 0.86
E DTPA-Cd 0.93* 0.96* �0.99** �0.16 0.60 �0.80
F HCl–Cd 0.97** �0.96** �0.015 0.48 �0.92*
G Exc-Cd �0.98** �0.070 0.47 �0.93*
H CB-Cd 0.029 �0.62 0.86
I OX-Cd 0.47 �0.040
J OM-Cd �0.25
K Res-Cd 1.00

a **Correlation is signicant at the 0.01 level (two-tailed). *Correlation is signicant at the 0.05 level (two-tailed). Wheat-Cd, rice-Cd, root-Cd: Cd
concentration in wheat grains, brown rice and their corresponding roots, respectively.
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Cd, and Tessier extraction concentrations were calculated and
listed in Table 3. For both the wheat and rice, the Cd concen-
trations in their grains and roots were negatively correlated with
pH and positively correlated with HCl-Cd (p < 0.05) and Exc-Cd
fraction of soil. The HCl-Cd content was negatively correlated
with CB-Cd and positively correlated with Exc-Cd. Exc-Cd was
negatively correlated with pH and CB-Cd of the soil. CB-Cd was
positively correlated with pH and negatively correlated with
HCl-Cd. There were strong relationships between HCl-Cd and
Exc-Cd in the soil and Cd concentrations in the grains of the
wheat and rice.38–40 Thus, the results demonstrate that these
indicators can effectively estimate the grain Cd concentration.
DTPA is a stronger extracting reagent than 0.025 mol L�1 HCl
and 1.0 mol L�1 MgCl2 (pH¼ 7), and thus could extract more Cd
from the contaminated soils.

The inhibitory effect due to Cd accumulation in the crops
was the result of Cd immobilization in the soil. The immobili-
zation effect of CSA observed in the present study involved two
processes. The rst is the direct effect on exchangeable Cd by
Table 4 Grain yields of wheat and rice under different treatmentsa

Plant

Grain yield (kg hm�2)

CK T1

Wheat 5472 � 73a 5504 � 61a
Rice 7646 � 101a 7639 � 82a

a The same letter next to the numbers indicated there were no signicant

This journal is © The Royal Society of Chemistry 2019
sorption on the surface of CSA or precipitation with carbonate
impurities to form hydroxide or carbonate precipitate,41 where
pristine silicate as an alkaline mineral can immobilize Cd in
soil by precipitation in the form of cadmium hydroxide or
carbonate. The second is an indirect process involving the
regulation of the soil environment to enhance the sorption of
Cd on soil colloids,42 including clay minerals and Fe–Mn oxides,
and inhibit the release of Cd in soil particles to soil solutions.
3.6 Environmental friendliness of CSA

CSA was added to the soil as the immobilization amendment,
and thus its impacts on the normal growth of crops and the soil
environmental quality should be considered. Thus, in the
present study, its environmental friendliness with respect to the
plants and soil was investigated.

Because of the effect of heavymetal stress on plant growth, the
grain yields of both wheat and rice in the local area were affected
to varying degrees. As listed in Table 4, the grain yields of the
wheat and rice were within the range of 5472–5514 kg hm�2 and
T2 T3 T4

5497 � 54a 5514 � 69a 5487 � 45a
7677 � 110a 7598 � 75a 7613 � 80a

differences among the CK and treatments (p > 0.05).

RSC Adv., 2019, 9, 35539–35548 | 35545
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Fig. 7 Dynamic DTPA-extractable Zn and Cu concentrations in the soil.
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7598–7646 kg hm�2, respectively. There were no statistical
differences among the treatments (p > 0.05). These results indi-
cate that CSA had no adverse impact on crop yield. CSA contained
Table 6 Cost comparison of some amendments

No Amendment
Dosage (weight
ratio)

1 Limestone 0.1%
2 Sepiolite 0.5%
3 Palygorskite 0.5%
4 Hydroxyapatite 0.1%
5 Biochar 0.1%
6 Composite silicate 0.2%

a Estimated by market survey in 2019, including the cost of materials wit

Table 5 Total concentrations of Cu and Zn in the grains of rice and
wheata

Treatment

Rice grain (mg kg�1) Wheat grain (mg kg�1)

Cu Zn Cu Zn

CK 5.89 � 0.10a 37.73 � 1.73a 3.84 � 0.25a 32.66 � 2.67a
T1 5.76 � 0.20a 37.58 � 1.48a 4.01 � 0.10a 32.72 � 2.11a
T2 5.88 � 0.16a 37.76 � 0.99a 3.85 � 0.08a 32.18 � 4.10a
T3 5.75 � 0.33a 37.45 � 1.57a 3.79 � 0.25a 31.75 � 2.49a
T4 5.88 � 0.37a 40.37 � 0.95a 3.91 � 0.28a 31.57 � 0.95a

a The same letter next to the numbers indicated there were no
signicant differences among the CK and treatments (p > 0.05).

35546 | RSC Adv., 2019, 9, 35539–35548
no excess nutrients or heavymetals, and therefore had no notable
effect on the grain yields.

As shown in Fig. 7, the dynamics of available Zn and Cu
concentrations in the soil tended to decrease slightly. Following
the application of CSA, the reduced contents were 5.8–11.6%
and 6.0–22.1% for available Zn and Cu concentrations, respec-
tively. For Cu and Zn, their availabilities in the soil decreases
with an increase in pH if pH > 7 in general.43 Thus, the slight
decrease was impacted by the pH-regulating effect of CSA. The
available Zn concentration in CK was 18 mg kg�1, meanwhile
the range reported in acid paddy soil in China is trace to
19.9 mg kg.44 Thus, the data indicates that the soil here had
abundant Zn available for plant growth. Despite the slight
decline in the available Zn concentration following the addition
of CSA, the values were much higher than the critical concen-
tration of available Zn in the soil required for normal plant
growth (1.5 mg kg�1).45 The available Cu in CK was
Pricea ($ per ton)
Cost ($ per
hm2) Reference

140 420 16
300 4500 11 and 46
400 6000 11
11 000 33 000 19
450 1350 16
100 600 This study

hout the cost of transport or operation.

This journal is © The Royal Society of Chemistry 2019
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approximately 5.0 mg kg�1 and the minimum value with the
CSA treatment was 3.5 mg kg�1, which is much higher than
0.2 mg kg�1, the critical concentration of available Cu in the soil
required for normal plant growth. In terms of trace element
accumulation in crop grains, as illustrated in Table 5, the total
concentrations of Cu and Zn in the grains of the rice and wheat
with the CSA treatments were similar to that in their own CK.
There was no statistical difference among all the treatments (p >
0.05). Thus, the dynamics of available Cu and Zn concentrations
in the soil and the grains of wheat and rice indicate that the
adverse inhibitory effects of CSA on available Cu and Zn
concentrations are negligible.
3.7 Economic cost analysis

Economic cost of the amendment is an important index that
has a remarkable impact on its utilization in a large area. An
excellent amendment should have a signicant remediation
effect and must be cost-effective. The conventional amend-
ments and their general recommended dosages and cost are
listed in Table 6. It was found that CSA in the current research
was cheaper than many other amendments. The application
dosages and the prices of sepiolite and palygorskite are higher
than that of CSA. Biochar has excellent performance, but its
strict preparation conditions and special parent materials limit
its large-area utilization. Compared with biochar and hydroxy-
apatite, the abundant reserve of natural composite silicate
without any other chemical purication or modication is
a great advantage. Although the application cost of CSA is more
expensive than limestone, considering its environmental
friendliness and the ecological benet of its remediation prac-
tice, its price is affordable in the local area.
4. Conclusion

In situ eld-scale remediation under wheat/rice rotation mode
conrmed the inhibitory effect of CSA on the accumulation of
Cd in crop grains. CSA increased the soil pH and enhanced the
sorption of Cd on soil particles, resulted in the reduction in
DTPA- and HCl-extractable Cd concentrations in the soil, and
meanwhile decreased the exchangeable Cd fraction in the soil.
The immobilization effect was retained in both growing
seasons. CSA had negligible effects on the normal growth of
wheat and rice, and the available Zn and Cu concentrations in
the soil, indicating its environmental friendliness. Considering
its low cost and abundant reserves, CSA can be recommended
as an immobilization amendment for Cd-polluted soil in wheat/
rice rotation mode.
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