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accumulation in pak choi (Brassica
chinensis L.) in consecutive growing seasons using
mercapto-grafted palygorskite

Lizhi He,a Na Li,b Xuefeng Liang, *a Xiuling Yin,b Qingqing Huang,a Lin Wang,a

Yuebing Suna and Yingming Xu*a

Cd contamination in agricultural fields poses a potential human health risk via food chain exposure. Proper

remediation methods are critical to ensure the adequate safety of agricultural food products. In the current

study, mercapto-grafted palygorskite (MP), a novel immobilization agent, was selected for the remediation

of Cd-contaminated acid soils in pot experiments. Pak choi was used as the model plant. MP significantly

reduced Cd accumulation in the shoots and roots of pak choi grown in Xiangtan and Guiyang soils in

comparison to the control, in consecutive growing seasons, and the minimum Cd contents in shoots

were less than the maximum permitted level proposed by the Codex Alimentarius Commission of FAO

and WHO. Further, MP decreased the phytoavailable Cd content in soils determined using the diffusive

gradient technique in thin-films in consecutive growing seasons with the maximum reductions of

86.26% and 89.51% respectively. These findings indicated that MP had a remarkable Cd immobilization

efficiency in soils. MP had no obvious promotion impact on the pH value of either soil sample, but

decreased the zeta potentials of both soil samples significantly, and then resulted in increases of the

maximum sorption amounts of Cd of both soil samples. The results indicated MP could achieve

remediation of Cd-contaminated soil by enhancing the sorption of Cd contaminants and the chemical

sorption of Cd2+. The available sulfur content in both soils increased and soil enzyme activities, such as

that of urease, were enhanced, thereby alleviating Cd-induced oxidation. These improvements of the

index of soil environmental and biological qualities indicated that MP was environmentally friendly and

compatible. The high performance of MP even at a small dosage suggested that when scaled up to

agricultural operations over a large-area, MP had great potential to reduce Cd accumulation in

vegetables, thereby ensuring the food safety of vegetables.
1 Introduction

Cadmium (Cd) contamination in soils and subsequent accu-
mulation in edible crops has become a major environmental
human health risk globally. China is particularly vulnerable to
Cd food contamination and human exposure because approxi-
mately 1.3 � 105 ha of agricultural farmlands are contaminated
with Cd.1

Concern over heavy metal contaminated soils, from the
aspect of the food safety of agricultural products, has increased
recently. Vegetables are a major food source all over the world;
however, vegetables, especially leafy vegetables, can accumulate
more Cd than other crops. It was therefore an urgent task for
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agricultural managers to reduce Cd accumulation in vegetables
and ensure adequate food safety for consumers.

Various methods have been proposed to reduce Cd uptake
and subsequent translocation in vegetables. Several methods
utilize an in situ application of amendments or immobilization
agents to soils such as clay minerals,2 biochar,3,4 red mud5–7 and
iron-silicon material.8 Another approach includes foliar spray-
ing of liquid amendments as numerous studies have shown
that the application of certain compounds containing Si,9,10

Se,11,12 or chitooligosaccharide,13 could signicantly reduce Cd
accumulation in plants. Alternatively, careful selection of low
Cd-accumulating vegetable cultivars or pollution-safe cultivars
was another effective strategy to reduce Cd uptake by vegetables
and subsequent human exposure.14,15

Foliar spraying of liquid amendments and culturing low Cd-
accumulating vegetable cultivars can reduce Cd accumulation
in vegetables, but their targets are plants not soils, especially Cd
pollutants at a high-risk level in the soils. In situ Cd immobili-
zation in soils could minimize health risks by reducing the
uptake of heavy metals by vegetables. In situ immobilization can
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra04952a&domain=pdf&date_stamp=2018-09-15
http://orcid.org/0000-0002-7969-9752
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04952a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008056


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 0

7-
12

-2
02

5 
 1

0:
14

:5
6.

 
 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
be achieved by changing the form of the heavy metals or their
microenvironments in soils using immobilization agents that
can adsorb, complex, or precipitate heavy metals in soil to
inhibit their mobility and bioavailability. Labile Cd fractions in
soils are most easily absorbed by plants, which could be
determined by conventional methods, such as chemical
extraction and passive sampling method such as the diffusive
gradients in thin lms (DGT) technology. DGT with signicant
advantages is a promising tool for in situ measuring the labile
Cd concentration in soils.16

Several, immobilization agents have been reported to reduce
Cd accumulation in vegetables,17 but these methods are limited
as many are pH-regulating agents with high application
dosages.2 Development of novel high-performance and lower
cost immobilization agents is urgently needed.

Pak choi (Brassica chinensis L.) is an important leafy vege-
table widely grown and consumed in China. In the present
study, pot experiments using pak choi as a model plant, were
conducted to investigate the remediation capabilities of a novel
immobilization agent, mercapto-graed palygorskite, with
respect to soils and plants.
2 Materials and methods
2.1 Preparation of mercapto-graed palygorskite

To prepare mercapto-graed palygorskite (MP), a novel immo-
bilization agent, mercapto groups were graed onto the surface
of natural palygorskite by inducing covalent bond formation
using a high-speed shear method.18 3-Mercaptopropyl-
trimethoxysilane (MPTMS) was bought from Sigma-Aldrich,
Shanghai. Natural palygorskite was obtained from Chuzhou,
Anhui Province, China. Natural palygorskite of 50 g sieved
through a 0.15 mm mesh was dispersed in 950 mL water and
then stirred with an electronic disperser (T10 basic, IKA) at
10 000 rpm for 15 min to form aqueous gel. MPTMS of 50 g was
added to the gel and stirred at 10 000 rpm for 15 min. Then all
the products were cured in an oven at 100 �C for 24 h. The dried
powder was collected for further pot and sorption experiments.
2.2 Pot experiment design

Cd contaminated soil samples for pot experiments were
collected from agricultural elds in Guiyang and Xiangtan,
Hunan province. The Guiyang and Xiangtan samples were
derived from different parent materials and contaminated by
non-ferrous metal smelting and sewage irrigation, respectively.
The soil physiochemical properties are listed in Table 1.
Table 1 Basic physical and chemical properties of the selected soil sam

Location Average pH Parent material

Guiyang 5.3 Weathered plat
Xiangtan 5.2 Red soil

This journal is © The Royal Society of Chemistry 2018
The pot experiment, with pak choi as the model plant, was
conducted in an intelligent greenhouse. Soil samples of 4.0 kg
sieved through a 1 mm mesh were prepared. Three application
dosages of MP were used, 0.1% (weight/weight) (MP1), 0.2%
(MP2) and 0.3% (MP3), along with a control soil sample (CK)
without any immobilization agent. MP was thoroughly mixed
with soil samples manually, and then transferred to a plastic
pot for the plant cultivation. Each treatment was prepared in
triplicate.

In the rst growing season, 6 seeds of pak choi were planted
into each pot 20 days aer the addition of MP. The experiment
was carried out under natural lighting. Pots were randomized in
blocks on the cultivation bed and their positions were changed
weekly. Pak choi was routinely irrigated with deionized water to
maintain a 60% soil water content. Aer a 50 day growing
period, the plants were harvested, weighed, and carefully
washed with deionized water, and then separated into roots and
shoots. All samples were oven dried (75 �C) to a constant weight.
The fresh weight and dry weight of each plant sample were
recorded. The dry plant samples were ground using a stainless-
steel mill and passed through a 0.25 mm sieve for further
analyses. The second growing season began 10 days aer the
harvest of the rst growing season. The soils samples were set to
60% eld capacity, without any additional MP. Six seeds of pak
choi were planted into each pot. The management and har-
vesting procedures were the same as the rst growing season.
2.3 Sorption experiments

To investigate the amount of Cd2+ sorption on soil samples
amended with MP, sorption experiments were conducted. Soil
samples (0.05 g) were placed in centrifugal tubes and 25 mL of
1.0 mmol L�1 Cd(NO3)2 solution added. Samples were then
shaken at room temperature for 300min in a thermostatic water
bath shaker, and then the suspensions were centrifuged at
a speed of 13 000 rpm. The supernatant was collected to
determine the equilibrium Cd2+ concentrations using an atomic
absorption spectrometer (ZEEnit 700P, Analytik Jena, Ger-
many). The amount of sorption was calculated from the
decrease in Cd2+ concentration in aqueous solution.
2.4 Analytical methods

(1) Cd contents in plants and soils. A 0.50 g sample of pak
choi powder was digested using a 10 mL mixed solution of
HNO3–HClO4 (4 : 1, v/v). Soil samples were digested in a HNO3–

HF–HClO4 (2 : 2 : 1, v/v/v) solution with a 1 : 25 soil : liquid
ratio. The phytoavailable Cd concentration in soil samples was
ples

Total Cd content CEC

mg kg�1 cmol kg�1

e shale 0.86 � 0.08 12.3 � 2.1
0.62 � 0.06 16.8 � 2.6

RSC Adv., 2018, 8, 32084–32094 | 32085
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sampled using DGT, with piston-type DGT devices (Weishen
DGT Research Ltd).19 The DGT deployment and soil solution
collection were conducted according to the procedures
proposed by Zhang.20 Cd concentrations in the digested solu-
tions were determined using an inductively coupled plasma
mass spectrometer (iCAP Q, Thermo Scientic, US).

(2) pH and zeta potentials. Soil pH was measured at
a soil : water ratio of 1 : 2.5 (w/v) using a pH meter (PB-10,
Sartorius, Germany). The zeta potentials of soil samples were
measured by a micro-electrophoresis meter (JS94H, Powereach,
China).21 The available sulfur in soil samples was extracted
using 0.5 mol L�1 NaHCO3 solution at pH 8.5 and
a soil : solution ratio of 1 : 5 (w/v), and quantied using the
Johnson–Nishita procedure.22

(3) Soil enzyme activities. Soil enzyme activities were
determined using assay kits produced by Suzhou Comin
biotechnology Co. (Ltd) and based on the methods proposed by
Soil Science Society of America.23–25 Urease activity was esti-
mated by the indophenol blue colorimetric determination of
ammonium released during a soil sample incubation with urea
at 37 �C for 24 h, expressed as mg NH4

+–N per d per g. Catalase
activity in soil was measured by ultraviolet (UV) spectropho-
tometry at 240 nm, expressed as mmol H2O2 per d per g. Soil
sucrase was determined by the dinitrosalicylic acid colorimetric
method, where a UV spectrophotometer is operated at 510 nm.
Soil peroxidase oxidizes organic matter in the presence of H2O2

to produce cesium, which can be analyzed by UV spectropho-
tometry at 430 nm. Soil peroxidase activity can be expressed
as mg purple galloside per d per g.
2.5 Statistical analysis

Results of the replicated experiments are expressed as mean �
standard deviation. Statistical analyses were performed using
SPSS 22.0. Data from experiments with multiple treatments
were analyzed using a one-way ANOVA followed by Duncan's
Fig. 1 Effects of MP on the total fresh biomass of pak choi. *The same l
0.05); those with different letters are significantly different (p < 0.05).

32086 | RSC Adv., 2018, 8, 32084–32094
multiple range test. Differences were considered signicant
when p < 0.05. All gures were made with OriginPro 2017.

3 Results and discussion
3.1 Effect of MP on the biomass of pak choi

Total fresh biomass of the vegetable is a critical factor for
agricultural production. The minimum requirement for reme-
diation agents is that that do not signicantly reduce crop
yields. As shown in Fig. 1, MP had no signicant effect on the
pak choi biomass compared to the control in either the rst or
second growing season (p > 0.05). The biomass of pak choi was
in the normal range and the growth of pak choi in the selected
soils was not signicantly impacted by the stress of Cd
contamination.

3.2 Effects of MP on Cd accumulation in pak choi

Cd accumulation in pak choi is the determining factor for the
success of remediation agents. Immobilization effects of MP
can be represented by the reduction of Cd accumulation in
shoots and roots of pak choi, as shown in Fig. 2 and Table 2. Cd
content in shoots of pak choi CK samples grown in Guiyang and
Xiangtan soils during the rst growing season were 0.99 and
0.63 mg kg�1, respectively. The shoot Cd content in CK sampled
values from the second growing season were 0.53 and 0.69 mg
kg�1, respectively. All values were much higher than 0.20 mg
kg�1 Cd maximum permitted level in China according to the
Maximum Levels of Contaminants in Foods (GB 2762-2017),
and the guideline for leafy vegetables according to the Codex
General Standard for Contaminants and Toxins in Food and
Feed (Codex Stan 193-1995) proposed by the Codex Alimentar-
ius Commission of FAO and WHO.

Although MP had no signicant effects on the biomass of
pak choi, MP decreased Cd contents in shoots grown in Guiyang
and Xiangtan soil samples by 59.44–76.33% and 37.87–75.51%,
respectively, during the rst growing season. Therefore, MP
etters within the individual error bars are not significantly different (p >

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Cd content in the pak choi shoots ((A) Guiyang soil; (B) Xiangtan soil).
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signicantly decreased Cd content in pak choi shoots compared
to the CK. The MP Cd reduction effect in shoots was also
observed in the second growing season, where Cd was reduced
by 36.42–67.30% and 50.45–62.77% in Guiyang and Xiangtan
soils, respectively. In the MP treatment groups, the minimum
Cd content in shoots of pak choi were 0.17 and 0.15 mg kg�1,
which is less than the maximum permitted level according to
Chinese national standard (GB 2762-2017). The signicant
reduction of Cd accumulation in both roots and shoots of pak
choi in consecutive growing seasons indicates stability of the Cd
immobilization effect of MP.

In the actual remediation process, the relationship of
remediation effects and application dosages of immobilization
agents is important. Immobilization effects increase in signi-
cance at higher dosages, as shown in Fig. 2; however, for soil
samples from Xiangtan, the 0.2% treatment had the most
signicant effect. These results indicate that there is an optimal
soil specic dosage, likely due to the variety of complex physical
and chemical properties in different soils. Therefore, in eld
demonstration experiments, the recommended dosage should
be optimized in the range of 0.1–0.3%. Pak choi is a leafy
Table 2 Cd contents in the roots of pak choia

Soil Treatments

Cd contents in the roots of edible rape
(mg kg�1 DW)

1st growing season 2nd growing season

Guiyang soil CK 10.59 � 1.41a 4.74 � 0.52a
MP-1 6.92 � 1.01b 3.73 � 0.24ab
MP-2 7.94 � 1.43b 3.18 � 0.84bc
MP-3 4.08 � 0.84c 2.31 � 0.57c

Xiangtan soil CK 3.67 � 0.72a 7.75 � 1.85a
MP-1 1.91 � 0.37b 5.11 � 0.23b
MP-2 1.10 � 0.51bc 2.88 � 0.66c
MP-3 0.86 � 0.25c 1.97 � 0.56c

a The same letters following the numbers are not signicantly different (p
> 0.05); those with different letters are signicantly different (p < 0.05).

This journal is © The Royal Society of Chemistry 2018
vegetable which is more vulnerable to heavy metal contamina-
tion than other crops.26 The results obtained here are therefore
representative of a worse-case Cd accumulation scenario, indi-
cating that MP remediation likely also protective for a range of
other crops.

Comparison of MP with other immobilization agents
capable of reducing Cd accumulation in vegetables is shown in
Table 3. Each agent has different immobilization effect;
however, the overall efficiencies were lower than MP due to the
large application dosages required to elicit the effect. For
example, the dosage of limestone, red mud, and sepiolite was
up to 5% in their respective studies.27,28 The large application
dosage may have adverse impacts on soil physical or chemical
properties, such as soil compaction and alkalization.29 The
greatest advantage of MP was the signicant immobilization
effect even at a minor dosage (0.1%). In previous studies, it was
determined that mercapto-graed palygorskite at applied doses
of 0.1–0.3% could signicantly reduce Cd content in brown rice
and other cultivars grown in water.30 The current study
demonstrates that MP also has a signicant immobilization
effect in dry soils, increasing the applicability of MP immobi-
lization remediation strategies. In situ soil application of MP as
a novel immobilization agent may provide a cost-effective and
sustainable solution for the remediation of contaminated soil.
3.3 Changes of phytoavailable Cd fraction in soil samples

The accumulation of Cd in pak choi is signicantly positively
correlated to the phytoavailable fraction, not the total Cd
concentration in soils. MP has a signicant reduction effect on
phytoavailable Cd, determined by DGT, in consecutive growing
seasons for both Guiyang and Xiangtan soils, Fig. 3. The phy-
toavailable Cd fraction decreased with increasing application
dosage from 0.1%–0.3%. The maximum reduction was 86.26%
and 89.51%, observed for the MP3 group for Guiyang soil and
Xiangtan soil, respectively. The results provide direct evidence
of the Cd immobilization effect facilitated by MP. In situ
immobilization relies on the minimization of contaminant
RSC Adv., 2018, 8, 32084–32094 | 32087
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Table 3 Summary of some immobilization agents used for vegetables

No. Vegetable Amendments Dosage (weight ration)
Reduction contents of
edible parts of vegetables References

1 Spinach Sepiolite 0.5–5% 17.2–72.1% 53
2 Spinach Sepiolite 1%, 5% 22.8% and 30.1% 28
3 Lettuce Limestone, red-mud 2%, 5% 13–29% 27
4 Brassica chinensis L Synthetic zeolite 0.3%, 0.6%, 1.0% 4.6–35% 8
5 Chinese cabbage Lime 10% 22.4% 54
6 Sinapis alba Red mud 5% 18–29% 55
7 Pakchoi Biochar derived from manures 2.5%, 5% 34–76% and 33–72% 56
8 Brassica chinensis L. Cow manure-derived biochar 3.0%, 6.0% 51.2% and 67.4% 57
9 Pak choi Mercapto graed palygorskite 0.1%, 0.2%, 0.3% 59.44–76.33% This study
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mobility, by promoting the transfer of metals from labile to
non-labile phases via physical, chemical, or biological induced
transformations. The DGT approach is preferable to traditional
chemical extraction methods as it avoids errors resulting from
the contamination of samples or use of sample treatments
which may change the chemical form.16
3.4 Changes of pH and zeta potential of soil samples

Soil pH is an important parameter which affects the speciation
and distribution of heavy metals in soils. Soil pH is the domi-
nant driving factor which affects the surface charge and
subsequent adsorption of solutes.31 As shown in Fig. 4, the
average pH values in CK samples were 5.27 and 5.21 for Guiyang
and Xiangtan soils respectively, indicating both are acidic soil.
Acidied soil exacerbates the risk of migration and diffusion of
heavy metals in soils.31 In both soils in the rst and second the
growing season, MP had no signicant effect on soil pH (p >
0.05); however, soil pH did slightly decrease aer the addition of
MP in comparison to the CK. The lack of change in soil pH for
MP is different than observed for other immobilization agents
such as lime, biochar and red mud based passivator,6 where pH
in intentionally increased to reduce the bioavailable fraction of
heavy metals. Natural palygorskite without surface modication
Fig. 3 Phytoavailable Cd contents determined using the DGT technique

32088 | RSC Adv., 2018, 8, 32084–32094
is an alkaline mineral with limited immobilization effects on
heavy metals in paddy soils, but the introduction of the mer-
capto groups facilitated the creation of a sorption agent rather
than a pH-regulating agent. Furthermore, the applied dosages
(0.1–0.3%) of MP are much less than dosages required for
traditional pH-regulating agents. MP was demonstrated to
reduce Cd accumulation in shoots and roots of pak choi without
altering soil pH, indicating that pH is not the only factor which
can impact the transfer of heavy metals in the plant–soil system.

Zeta potential is the electric potential in a shear plane at the
solid–liquid interface; which is an important parameter for the
adsorption capability of heavy metals. The zeta potential of
Xiangtan andGuiyang soil samples in the rst and second growing
seasonsmeasured as a function of pH are shown in Fig. 5. The zeta
potentials of all soil particles were negative over the selected pH
range and negativity increased with increasing of pH. Lower zeta
potential indicates greater negative charge at the soil particle
surface at higher pH.32 The reaction between –OH and –SH made
the zeta potential of the soil particles more negative with increase
in soil pH. Compared to soil particles in the CK,MP decreased zeta
potentials of soil, even at the minimum dose (0.1%), which
benetted the sorption of heavy metal cations to soil particles. The
results presented here are consistent with the conclusions of
others, for example, pectin added to soils decreased zeta potential
((A) Guiyang soil; (B) Xiangtan soil).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 pH of the soil samples ((A) Guiyang soil; (B) Xiangtan soil).
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of soil colloids andmade the charge on soils more negative, which
was responsible for an observed increase in the electrostatic
adsorption of Cu2+.33 Biochar also decreased the zeta potential and
increased the negative charge of soil, thus increased Cd2+ was
adsorbed to soil via electrostatic interactions.34 Furthermore,
Fig. 5 Zeta potentials of the soil samples ((A) Guiyang soil; (B) Xiangtan

This journal is © The Royal Society of Chemistry 2018
biochar derived from crop straws also enhanced the absorption of
Cd2+ to soils with variable charges through both electrostatic and
non-electrostatic mechanisms.35 The effect of MP on the variable
charge and point of zero charge in soils should be investigated in
further research.
soil).

RSC Adv., 2018, 8, 32084–32094 | 32089
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3.5 Sorption amounts of Cd2+ on soil samples

The nature of sorption and desorption processes affects both
metal solubility and bioavailability in soil. Sorption of Cd2+ to
the soil is depicted in Fig. 6. Themaximum sorption capacity for
Cd2+ increased compared to CK for both soil types (p < 0.05).
The improved soil adsorption capacity for Cd2+ resulted from
the higher metal adsorption affinity of MP.36 Natural soils are
complex and include clay minerals, Fe/Mn oxides, and organic
matter; all of which have predominantly –OH sorption sites,
suitable for reactions with heavy metal cations.37 MP can also
remove heavy metals such as Cd2+ and Cu2+ from aqueous
solutions efficiently by mercapto groups providing a supply of
sorption sites.38,39 Mercapto groups strongly bond with heavy
metal ions such as Hg2+, Cd2+, and Cu2+, according to Pearson's
hard–so acid–base theory. Mercapto modied silica particles
also have a strong affinity for heavy metals such as Hg2+, Cd2+,
and Pb2+.40 Therefore, the observation of increasingly negative
zeta potential in soils aer the addition of MP and resulting
increases in heavy metal soil sorption capacity, is aligned with
previous ndings. For example, biochar from rice straws added
to three variable charge soils induced a signicant shi of zeta
potential in the negative direction,41 which resulted in greater
adsorption of Cd2+.42 The application of biochar and compost at
various ratios all signicantly increased the adsorption capacity
of studied soils for metals.36 Phosphate added to red soil
decreased the soil zeta potential, while net negative charges on
the surface increased, leading to the enhancement of Pb2+

electrostatic adsorption.43 The addition of MP enhanced the
sorption of bioavailable Cd to soil, which could be a remedia-
tion mechanism of MP.
3.6 Changes of available sulfur contents in soil samples

The accessible content of mercapto groups in MP was approx-
imately 1.6 mmol g�1. Compared to the CK, available sulfur
content in both soils in consecutive growing seasons increased
with increasing application dosage (p < 0.05), Fig. 7. The
Fig. 6 Cd sorption amounts on the soil samples ((A) Guiyang soil; (B) Xi

32090 | RSC Adv., 2018, 8, 32084–32094
minimum available sulfur content was 82.88 and 92.71 mg kg�1

for the Guiyang and Xiangtan soil, respectively. The critical
value of available sulfur in soil required for normal growth of
pak choi in China was determined to be 21.1 mg kg�1.44 In the
rst and second growing season, the maximum increase of
available sulfur was 67.95% and 47.03% in Guiyang and
Xiangtan soils, respectively. Cd contents in the shoots of pak
choi decreased with the increase of available sulfur content in
soils, but linear relationship was not found. The results indicate
that sulfur may play an important role in the remediation
process. It was reported that sulfur could affect cadmium
solubility in paddy soils by soil oxidation and formations of
metal suldes. When sulfur was added, Cd solubility decreased,
due to the precipitation of sulde minerals under anaerobic
conditions.45 Excessive sulfur supply signicantly decreased Cd
accumulation in brown rice in a combined soil and sand pot
experiment.46 The species of sulfur and the relationship of
available sulfur in soil samples and the accumulation of Cd in
the shoots of pak choi should be investigated in further
research.

3.7 Changes of activities of POD, CAT, UE and SC of soil
samples

Soil enzymes play an important role in soil microbial ecology by
catalyzing various reactions.47 Enzymes are an important
component of soil biochemistry to assess because changes in
soil enzymes induced by remediation agents could impact soil
health. Soil enzyme activity is affected by many factors such as
soil pH, organic matter content, nutrient availability, and
microbial species. Heavy metals can inhibit or activate soil
enzyme activity. At the same time, changes in soil enzyme
activity could impact the release of nutrients and subsequently
the growth of crops. The analyses of soil enzyme activity will
help assess the effects of heavy metal contamination on soil
biochemistry.

Urease is an important enzyme in the transformation of
nutrients involved in soil nitrogen cycling.48 In the current
angtan soil).

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Available sulfur contents in the soil samples ((A) Guiyang soil; (B) Xiangtan soil).
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study, MP treatments increased urease activity in Xiangtan and
Guiyang soils, with the exception of Guiyang soil in the second
growing season, Table 4. The results suggest another benet
using MP for Cd remediation, increased urease activity. This in
similar to the ndings of others where, compared to non-
amended soil, urease activity was higher in limestone- and
red-mud-amended soils.27 Catalase breaks the chemical bonds
in hydrogen peroxide to release molecular oxygen and water,
thus preventing reactive oxygen species from damaging cells.
Catalase activity may be related to the metabolic activity of
aerobic organisms and has been used as an indicator of soil
fertility. For Guiyang soil, in the rst and second growing
seasons, there was no signicant difference in catalase activities
between the MP treatments and the CK. In contrast, catalase
Table 4 Activities of urease, catalase, peroxidase, and sucrase in the so

Soil Treatment Peroxidase (mg d�1 g�1) Catalase

1st growing season
Guiyang CK 29.02 � 0.81a 11.20 � 1

MP-1 30.00 � 0.51a 9.28 � 0
MP-2 28.09 � 5.70a 10.48 � 1
MP-3 28.33 � 1.79a 10.58 � 0

Xiangtan CK 27.71 � 2.23b 6.75 � 1
MP-1 33.19 � 3.54ab 9.87 � 0
MP-2 30.55 � 6.46ab 8.28 � 1
MP-3 35.65 � 0.03a 9.00 � 1

2nd growing season
Guiyang CK 28.31 � 4.01a 9.82 � 1

MP-1 29.77 � 5.90a 8.39 � 0
MP-2 25.40 � 3.49a 8.24 � 1
MP-3 29.27 � 6.49a 8.02 � 0

Xiangtan CK 30.87 � 7.03a 10.65 � 1
MP-1 31.72 � 6.84a 9.02 � 1
MP-2 28.75 � 6.17a 9.80 � 1
MP-3 35.59 � 0.14a 10.76 � 2

a The same letters following the numbers are not signicantly different (p

This journal is © The Royal Society of Chemistry 2018
activity in Xiangtan soil in the rst growing season was obvi-
ously enhanced by MP treatments compared to the CK. Perox-
idase activity in both soils in the consecutive growing seasons
increased aer the addition of MP compared to CK; however,
there were no signicant statistical difference between CK and
MP treatments. Further, based on the data presented in Table 4,
the effects of MP on invertase activities in both soil samples can
be ignored.

It has been reported that urease and catalase activities are
key microbial parameters that affect heavy metal accumulation
in rice by inuencing the bioavailability of heavy metals in soil
or the translocation of heavy metals in rice.49 It was also
determined that Cd contents in rice grains were signicantly
and negatively associated with soil urease and catalase
il samplesa

(mmol d�1 g�1) Urease (mmol d�1 g�1) Sucrase (mg d�1 g�1)

.64a 75.48 � 1.72c 7.56 � 0.43a

.57a 99.26 � 16.78b 5.90 � 1.39a

.12a 97.10 � 12.67b 7.83 � 1.70a

.89a 118.63 � 4.80a 6.80 � 1.81a

.07b 83.70 � 10.24b 7.35 � 0.95a

.66a 114.00 � 11.51a 10.18 � 2.27a

.75ab 101.01 � 19.61ab 8.22 � 2.45a

.65ab 113.24 � 3.07a 7.71 � 1.77a

.76a 60.92 � 10.82a 6.09 � 1.82a

.53a 68.35 � 17.26a 7.34 � 2.47a

.43a 64.97 � 9.89a 5.61 � 0.98a

.90a 73.18 � 13.08a 7.47 � 1.86a

.62a 73.95 � 9.40b 8.05 � 1.83a

.23a 95.67 � 6.62a 7.48 � 1.69a

.63a 80.96 � 5.23b 6.22 � 2.13a

.15a 82.33 � 7.62b 8.37 � 0.19a

> 0.05); those with different letters are signicantly different (p < 0.05).
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Fig. 8 General mechanism by which MP reduces Cd accumulation in pak choi.
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activity.49 Furthermore, signicant increases in urease and
catalase activity accompanied by a reduction in exchangeable
Cd in soils were observed aer biochar addition.50 Both bamboo
and rice straw biochar were shown to be effective in decreasing
bioavailable Cu and Pb from soil, and also accompanied by
increased urease and catalase activity.51 Thus, the results of
current research are consistent with previous ndings.
3.8 Remediation mechanisms

The remediation mechanism determines the long-term stability
and environmental sensitivity of the remediation process. If
remediation agents exert their effects through a pH-regulating
effect, liming effect, or electrostatic adsorption, then remedia-
tion is highly sensitive to changes in soil pH, which could be
affected by acid rain or other environmental changes. An
unintended soil pH change will alter phytoavailability and the
risks posed by heavy metals could return. If the remediation
mechanism promotes the immobilization or xation of heavy
metals in the soil through chemical adsorption or precipitation,
the immobilized heavy metals will be more resilient to envi-
ronmental changes (e.g., pH, redox).52 A schematic of the
general remediation mechanisms of MP in current research is
presented in Fig. 8. As mentioned before, MP has been
demonstrated to reduce Cd accumulation in pak choi and
reduce the available Cd fraction in soils from different locations
in consecutive growing seasons, indicating a signicant reme-
diation effect. MP exhibited no effect on pH in both soils over
consecutive growing seasons, which was different from other
pH-regulating immobilization agents; however, the increased
sorption amounts of Cd on soil particles in sorption experi-
ments indicated could enhance chemical sorption of heavy
metal cations by decreasing soil surface zeta potential, which
resulted in the reduction of the phytoavailable fraction of heavy
metals in soils. Additional, as studied before, as an excellent
32092 | RSC Adv., 2018, 8, 32084–32094
adsorbent, MP was also demonstrated to adsorb heavy metal
cations in soil solutions directly, which could be regarded as an
indirect remediation mechanism, just like other immobiliza-
tion agent such as modied biochar.4 Finally, in the aspect of
soil microbiology, MP increased certain enzyme activities in
soils, which could be important for alleviating the stress heavy
metals cause to plants.
4 Conclusions

MP could signicantly reduce Cd accumulation in the shoots
and roots of pak choi grown in Xiangtan and Guiyang soils
compared to the control, in consecutive growing seasons.
Further, MP decreased the phytoavailable Cd content in soil
determined using the DGT technique, and the immobilization
effect could remain in consecutive growing seasons. In the
aspect of soil chemistry, MP had no obvious effect on the pH
values of both soils, but increased available sulfur content and
decreased the zeta potential of both soils, and increased the
sorption amounts of Cd on soil particles. MP could achieve the
purpose of remediation effects by enhancing the sorption of
Cd contaminants on soil particles and the chemical sorption
of Cd2+ onMP itself. In the aspect of soil microbiology, MP also
increased certain soil enzyme activities, such as that of urease,
alleviating Cd-induced oxidative stress, which indicates the
environmental-friendly nature of MP. The high-performances
of MP at low dosages conrm that MP has great potential for
large-scale applications to reduce Cd accumulation in
vegetables.
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