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ability characteristics of the
immobilization effect of sulfhydryl grafted
palygorskite on soil-available cadmium†
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Yuebing Sun, Yujie Zhao and Xuefeng Liang *

The stability of heavy metal immobilization amendments represents a critical factor in evaluating

remediation effectiveness. To comprehensively investigate the environmental stability of a novel

amendment, sulfhydryl grafted palygorskite (SGP), a series of experiments encompassing chemical

exposure and sorption, incubation with simulated acid rain and thermal variations, and field validation

were conducted. SGP demonstrated chemical stability across diverse media, including ambient

atmosphere, aqueous solutions (H2O, CuSO4, and H2O2), and heterogeneous soil matrices, as evidenced

by a maximum relative standard deviation of changes in the free sulfhydryl content and a sorption

capacity below 5%. Simulated acid rain leaching resulted in a maximum cumulative leaching efficiency of

less than 1%, revealing no significant impact on Cd2+ release from SGP-amended soil and confirming its

resistance to acid rain. Thermal variance tests (−20 °C to 60 °C) demonstrated temperature-insensitive

performance characteristics, with fluctuations below 10% observed in soil-available Cd regulation and Cd

uptake by pakchoi. Field demonstrations in acidic and alkaline soils validated the universal stability of SGP

over two years, with soil-available Cd reductions of 47.2–76.4% and grain Cd content reductions of

38.1–78.3% across seasonal variations. This study qualitatively and quantitatively assessed the stability

characteristics of the SGP immobilization effect, providing theoretical support for developing new

immobilization amendments and the safe utilization of contaminated farmland.
Environmental signicance

Soil contamination with Cd has become a major environmental issue for food security and sustainable agriculture in China. Chemical immobilization is widely
adopted for the safe utilization of heavy metal contaminated farmlands, but it only alters metal speciation rather than removing heavy metals from the soil.
There is a risk of remobilization and release due to aging processes inuenced by various environmental factors. The environmental stability poses a challenge
for the practical implementation of immobilization. Sulydryl graed palygorskite (SGP), as an emerging amendment, has been designated as a rst-level
amendment by the Joint Research Group on Heavy Metal Pollution Remediation of the Ministry of Agriculture and Rural Affairs of China. Numerous
studies have validated its efficacy in immobilizing bioavailable Cd in alkaline soil. Despite these advancements, the environmental stability and interference
resistance of the sulydryl-modied amendment remain inadequately understood.
1 Introduction

Heavy metal contamination in Chinese soils has garnered
signicant attention owing to its environmental and ecological
risks as well as its potential threats to agricultural product
quality and human health.1 Currently, chemical immobilization
is widely adopted for the safe utilization of heavy metal
contaminated farmlands in China.2 In major rice-producing
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regions of southern China, diverse immobilization amend-
ments, including lime,3 clay minerals,4 biochar,5 and organic
amendments,6 have proven effective for comprehensive pollu-
tion control strategies for Cd-polluted paddy soils. These
amendments exhibit varying efficiencies in reducing Cd accu-
mulation in rice grains.7

However, chemical immobilization only alters metal speci-
ation rather than removing heavy metals from soil, and soil
remediation is a complex and time-consuming process.
Consequently, there remains a risk of remobilization or release
due to aging processes inuenced by various environmental
factors,8 including physical (wet–dry cycles and freeze–thaw
events), chemical (e.g., oxidation, soil acidication, and acid
precipitation), and biological (e.g., microbial activity)
This journal is © The Royal Society of Chemistry 2025
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Table 1 Basic physicochemical characteristics of the investigated soil
samples

No. Sampling site Code Soil type pH
Total Cd
(mg kg−1)

1 Jiyuan, Henan JY Cinnamon soil 6.76 2.52
2 Xinxiang, Henan XX Fluvo-aquic soil 7.84 2.56
3 Mianzhu, Sichuan MZ Paddy soil 5.43 2.39
4 Libo, Guizhou LB Paddy soil 5.96 1.58
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interactions.9 Under these environmental conditions, the
physicochemical properties of the amendments may change,
which, in turn, inuences their long-term immobilization
effect. Current evaluation criteria predominantly emphasize
short-term outcomes, such as crop metal accumulation or soil
metal speciation alterations, while insufficient attention has
been paid to environmental stability under multifactorial
interference or long-term eld efficacy.

Environmental stability, or long-term effectiveness, presents
a challenge for the practical implementation of immobiliza-
tion.10 Direct in situ monitoring requires long-term eld exper-
iments; therefore, articial aging has oen been employed to
simulate aging processes.11 For instance, atmospheric oxygen
and rainwater induce surface oxidation of biochar, resulting in
sustained reductions in metal bioavailability following biochar
application.12 Aging decreases the bioavailability of Cu and Cd
in biochar-treated soils.13 A comparative assessment framework
revealed that hydroxyapatite and biochar outperform lime in
maintaining immobilization efficiency under acid rain condi-
tions.14 The oxidation of the sulydryl group in mercapto-
functionalized nanosilica led to a decrease in their ability to
immobilize heavy metals.15 Thus, it is evident that environ-
mental stress may impact the immobilization effect of the
amendments.

Among emerging amendments, sulydryl graed paly-
gorskite (SGP) has garnered signicant scientic attention.
Synthesized through the surface modication of palygorskite
with sulydryl groups,16 SGP has been designated as a rst-level
amendment by the Joint Research Group on Heavy Metal
Pollution Remediation of the Ministry of Agriculture and Rural
Affairs of China. Numerous studies have validated its efficacy in
immobilizing available Cd in alkaline soil,17 demonstrating
success in reducing Cd accumulation in wheat grains through
both pot experiments18 and eld-scale applications.19 SGP could
signicantly reduce the available Cd content in soil without
substantially increasing soil pH at extremely low application
doses.19 This characteristic distinguished it from lime-based
pH-regulating amendments, making it particularly suitable for
alkaline soils. Furthermore, SGP exhibits superior Cd immobi-
lization selectivity over other trace elements in wheat–rice
rotation systems and has shown sustained effectiveness under
eld conditions.20 SGP utilizes its sulydryl groups to form
complexes with Cd as the dominant action mechanism in the
sorption of Cd2+.21 The dose–response relationship of SGP
immobilization was nonlinear, and the total amount of sulf-
hydryl groups added to the soil, rather than the total amount of
immobilization amendment, was the key factor determining its
immobilization effect.18

Despite these advances, the environmental stability and
interference resistance of SGP remain inadequately character-
ized compared with conventional amendments. In this study,
the stability of the immobilization effects of SGP on soil-
available Cd was investigated at different scales, including
exposure to various environmental stresses, simulated rainfall
leaching, and temperature interference, and a two-year eld-
scale demonstration was undertaken. The results and conclu-
sions enhance our understanding of the environmental stability
This journal is © The Royal Society of Chemistry 2025
of SGP and provide a theoretical foundation for optimizing
management strategies for Cd-contaminated farmland.

2 Materials and methods
2.1 Preparation and characterization of SGP

SGP was synthesized as an immobilization amendment via the
sol–gel method using colloidal palygorskite and 3-mercapto-
propyltrimethoxysilane as precursors.16 Colloidal palygorskite
(Pal), sourced from Xuyi County, Jiangsu Province, exhibited the
following primary chemical composition as determined by X-ray
uorescence (XRF, Axios, Panalytical, Netherlands) analysis:
SiO2 (53.7%), MgO (12.3%), Al2O3 (7.1%), and H2O (10.0%). The
composition of SGP was SiO2 (58.83%), SO3 (17.63%), MgO
(5.87%), Al2O3 (8.35%), and CaO (2.61%).

The free sulydryl content in the SGP sample was quanti-
tatively determined using a colorimetric method22 aer reaction
with Ellman's reagent (5,50-dithiobis(2-nitrobenzoic acid)),
using an ultraviolet-visible spectrometer (T700, Persee, China).

Magic-angle spinning 29Si solid-state nuclear magnetic
resonance (MAS 29Si NMR) spectra were acquired with an NMR
spectrometer (AVANCE NEO, Bruker, Germany) to qualitatively
and quantitatively assess sulydryl group graing on Pal.
Organic functional surface modications were analyzed by
differential scanning calorimetry (DSC) using a synchronous
thermogravimetric differential scanning calorimeter (STA
449F5, Netzsch, Germany) under an N2 atmosphere at a heating
rate of 10 °C min−1 (25 to 800 °C). The structural differences
between SGP and Pal were characterized by powder X-ray
diffraction (XRD) using a powder X-ray diffractometer (D8
Advances, Bruker, Germany). The zeta potentials of SGP and Pal
in the pH range of 2–7 were measured using a micro electro-
phoresis instrument (JS94H, Powereach, China).

2.2 Soil sample analyses

The Cd-contaminated soil samples were collected from the plow
layer (0–20 cm) of agricultural elds across multiple provinces.
Soils from Xinxiang (abbreviated as XX) and Jiyuan (JY) repre-
sented alkaline soil, while Mianzhu (MZ) and Libo (LB) soils
were acidic. The soil samples were air-dried, homogenized,
manually crushed, and sieved through a 2 mm mesh prior to
analysis. Their fundamental properties are listed in Table 1. The
total Cd contents in all samples exceeded the risk screening
value specied in the Chinese national standard GB 15618-2018
“Soil environmental quality – Risk control standard for soil
contamination of agricultural land”.
Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2699

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00262a


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

do
ol

ee
ss

a 
20

25
. D

ow
nl

oa
de

d 
on

 2
3/

02
/2

02
6 

6:
38

:0
9 

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
Soil pH was measured potentiometrically using a pH meter
(PHSJ-6L, INESA, China) at a 1 : 2.5 (w/v) soil/water ratio. The
total content of heavy metals in the soil was determined via
digestion with a mixture of HNO3/HF/HClO4. The soil-available
Cd was extracted using a solution containing diethylene-
triaminepentaacetic acid (DTPA) (0.005 mol per L DTPA,
0.01 mol per L CaCl2, and 0.1 mol per L triethanolamine at pH
7.3). The concentrations of Cd in the extraction and digestion
solutions were quantied using an inductively coupled plasma
mass spectrometer (ICP-MS, iCap-Q, Thermo-Fisher, USA).
Certied reference material for available nutrients in agricul-
tural soils (GBW07412b) was employed as the control in the
analysis.
2.3 Multiple environmental factors interference test

To assess environmental stability, SGP was subjected to the
following conditions:

(1) Atmospheric exposure: approximately 10.0 g of SGP was
placed in open vessels at 25 °C in an articial climate chamber
(RXM-1008, Jiangnan, China). Each treatment was performed in
triplicate. Approximately 1.0 g of SGP sample was collected
periodically (1–30 days) for sulydryl content analysis and Cd2+

sorption capacity testing via batch experiments.
(2) Aqueous immersion: approximately 10.0 g of SGP was

enclosed in 400-mesh nylon bags and submerged in 500 mL of
deionized water at pH 6.8. Each treatment was performed in
triplicate. At various sampling time points (0–30 days),
approximately 1 g of SGP was separated and dried to analyze the
free sulydryl content; its Cd sorption amount was determined
through batch sorption experiments.

(3) CuSO4 solution: approximately 10.0 g of SGP was placed
in 400-mesh nylon bags and submerged in 500 mL of a 10 mg
per L CuSO4 solution. The dynamic sampling and subsequent
analysis process were the same as the aqueous immersion
treatment.

(4) H2O2 solution: approximately 10.0 g of SGP was enclosed
in 400-mesh nylon bags and submerged in 500 mL of a 0.3%
H2O2 solution. The dynamic sampling and subsequent analysis
process were the same as the aqueous immersion treatment.

(5) Soil environment: approximately 10.0 g of SGP was placed
in 400-mesh nylon rhizosphere bags and buried in 500 g of soil
samples from JY, XX, MZ, and LB, respectively. At various
sampling time points (0–30 days), approximately 1 g of SGP was
separated and dried to analyze the free sulydryl content, and
its Cd sorption amount was determined through batch sorption
experiments. Subsequently, the SGP samples were collected and
labeled as SGP-JY, SGP-XX, SGP-MZ and SGP-LB. These samples
were characterized by X-ray photoelectron spectroscopy (XPS)
using a multifunctional imaging electron spectrometer (ESCA-
LAB 250XI, Thermo, USA).

Sorption experiments were conducted to assess the stability
of the sulydryl content. Approximately 0.5 g of SGP samples
aer exposure to various environmental stresses were agitated
in 500 mL of a Cd(NO3)2 solution (50 mg per L Cd2+) at 120 rpm
for 24 h at 25 °C. The initial and residual Cd2+ concentrations
were analyzed using ICP-MS to calculate the sorption amounts.
2700 | Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712
2.4 Simulated rain leaching experiment

The effects of acid rain were evaluated using polypropylene
columns (3 cm inner diameter, 25 cm height) lled with
contaminated soils (JY, XX, MZ, LB) amended with SGP (0, 0.5,
1.0, 2.0 g kg−1). Simulated rain (SO4

2−/NO3
− = 4 : 1 molar ratio)

was applied at pH 2.6 (acid rain) and 5.6 (natural rain) following
the methodology outlined in a previous study.23 An intermittent
leaching procedure was employed, with the simulated rainfall
volume calculated based on the leaching solution volume. Aer
ltration through a 0.45 mm lter membrane, the leachate Cd
concentration was measured using ICP-MS. The cumulative
leaching efficiency of Cd in the soil was calculated as the ratio of
the total Cd in the leachates to the total amount of Cd in the
soil. Following the leaching experiments, soil pH and available
Cd contents were analyzed to assess the stability of SGP
immobilization under simulated acid rain conditions.
2.5 Temperature interference and pot experiments

Temperature interference experiments were conducted to
investigate the inuence of temperature on SGP immobilization
efficacy. Soil samples (∼500 g) were collected from JY, XX, LB,
and MZ and amended with SGP at weight ratios of 0 g kg−1 (the
control, CK), 0.5 g kg−1 (T1), 1.0 g kg−1 (T2), and 2.0 g kg−1 (T3),
with each treatment replicated three times. Aer a 24 hour
equilibrium period, samples were exposed to three temperature
conditions based on meteorological data: (1) 25 °C in an arti-
cial climate chamber (RXM-1008, Jiangnan, China), (2) −20 °C
in a freezer (BC/BD-519HAN, Haier, China), and (3) 60 °C in
a vertical vacuum oven (ZRD-A7230, Zhicheng, China). Samples
were maintained at these temperatures and available Cd
contents were analyzed aer 24, 48, 72 and 96 hours.

Subsequently, all samples were stored at room temperature
for a pot experiment conducted in an intelligent greenhouse to
assess the stability of the immobilization effects. Pakchoi
(Brassica rapa var. chinensis (L.) Kitam.) was selected as the
model plant. Upon harvest, leaf Cd content was determined
following HNO3/HClO4 digestion.
2.6 Field-scale demonstration experiment of crop cultivation

Field-scale demonstrations were conducted in XX and LB to
evaluate the stability of the immobilization effect of SGP under
actual complex environmental conditions. The eld demon-
stration sites were established in accordance with the national
standard “Soil amendments – Regulations of efficiency experi-
ment and assessment” (NY/T 2271-2016). Four different dosages
of SGP were applied: 0 g kg−1 (CK), 0.5 g kg−1, 1.0 g kg−1, and
2.0 g kg−1. The calculated dosages per unit area were 0.07 kg
m−2 (T1), 0.14 kg m−2 (T2), and 0.28 kg m−2 (T3), based on the
average depth (20 cm) and average soil density (1.4 g cm−3) of
the tillage layer in the local area. SGP was thoroughly mixed
with the topsoil in the rst year, and no additional amendments
were applied in the subsequent year. Each treatment was
replicated three times.

In the Libo demonstration, hybrid rice (Oryza sativa L. subsp.
indica Kato) Yexiangyou 959 was selected as the model plant. In
This journal is © The Royal Society of Chemistry 2025
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the rst year, rice seedlings were transplanted in May, and
brown rice was harvested in September. The same procedure
was followed in the second year. In the Xinxiang eld-scale
demonstration, winter wheat (Triticum aestivum L.) Bainong
207 was cultivated. Seeds were sown in October of the rst year,
and wheat grains were harvested in June of the second year. The
second growing season began in October and concluded in June
of the third year.

Upon harvest, the entire plants and the soil adhering to the
roots were collected together. Grain Cd (Cdgrain), including Cd
contents in wheat grain (Cdwheat) and brown rice (Cdrice), and
soil-available Cd (CdDTPA) were measured following the proce-
dures outlined in the Chinese national standards GB 5009.15-
2014 and GB/T 23739-2009. A total of 0.50 g of grain powder was
digested using a 10 mL mixed solution of HNO3/HClO4 (4 : 1, v/
v) in an electrothermal digester (DigiBlock ED54, LabTech,
China).
2.7 Data processing

Statistical analyses were performed using DPS v20.05 (Data
Processing System) with one-way analysis of variance (ANOVA)
followed by the Tukey test. Data visualization was generated
using OriginPro.
3 Results and discussion
3.1 Structure characterization of SGP

The surface silicon environments were analyzed by 29Si MAS
NMR spectroscopy. As illustrated in Fig. 1A, the resonance peak
Fig. 1 29Si NMR spectra, DSC curves, XRD patterns and zeta potentials
patterns; (D) zeta potentials).

This journal is © The Royal Society of Chemistry 2025
at −89.09 ppm in the Pal spectrum represented the Q3 site
(Si(OSi)2(OH)2), while the resonance peak at −94.82 ppm cor-
responded to the Q4 site (Si(OSi)3(OH)).24 Additionally, new
resonances of T2 corresponding to (RSi(OSi)2(OH)) and T3

(RSi(OSi)3) were observed in the SGP spectrum, conrming the
successful covalent graing of sulydryl groups onto the
palygorskite surface. Furthermore, the peak area of T3 was
signicantly larger than that of T2, indicating that RSi(OSi)3 was
the predominant chemical form on the SGP surface.

In the DSC curves presented in Fig. 1B, no signicant
endothermic or exothermic peaks were detected in the Pal
sample within the temperature range of 25–800 °C. However,
SGP exhibited a distinct exothermic peak at approximately 340–
350 °C, primarily attributed to the decomposition of organic
functional groups graed onto the surface. This exothermic
peak provided critical evidence of successful surface
modication.

XRD analysis of the patterns in Fig. 1C performed using Jade
6.5, revealed the presence of palygorskite (Mg,Al)5(Si,Al)8O20(-
OH)28H2O (JCPDS card no. 21-958) and a minor amount of
quartz SiO2 (JCPDS card no. 46-1045) in the Pal sample. For SGP,
the characteristic diffraction peak at 2q = 8.32°, corresponding
to palygorskite, remained present,25 albeit with reduced inten-
sity. Overall, the phase composition and structural character-
istics of SGP were consistent with those of the original
palygorskite, indicating that the sulydryl graing process did
not signicantly alter the mineral structure.

As shown in Fig. 1D, within the pH range of 2 to 7, the zeta
potential of Pal gradually decreased from −10 to 0 mV with
of SGP and Pal ((A) 29Si MAS NMR spectra; (B) DSC curves; (C) XRD

Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2701
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increasing pH. In contrast, SGP exhibited a more pronounced
decrease in zeta potential, ranging from−15 to−60mV over the
same pH range. The lower zeta potential observed for SGP,
compared with Pal demonstrated that the sulydryl groups
signicantly inuenced the surface charge properties, which
was advantageous for the sorption and immobilization of heavy
metal cations.
3.2 Environmental stability of SGP and its sorption amounts

The free sulydryl content of fresh SGP was 2.77 mmol g−1;
comparative data under various environmental stresses are
presented in Fig. 2. Corresponding arithmetic means and
relative standard deviations (RSD) are tabulated in Table S1.†
Environmental exposures resulted in sulydryl contents
ranging from 2.22 to 2.41 mmol g−1 (maximum RSD of 3.15%)
in the aqueous system and 2.31 to 2.35 mmol g−1 (maximum
RSD of 3.29%) in soil matrices.

Temporal variations in free sulydryl contents of SGP under
different environmental stresses are shown in Fig. 3. Atmo-
spheric exposure yielded free sulydryl contents between 2.18
and 2.26 mmol g−1, representing a reduction of 18.41% to
21.30% compared with initial values. This reduction exceeded
those observed in other media, suggesting that molecular
oxygen exerted a signicant inuence. The oxidation of suly-
dryl groups in air without catalysts was a spontaneous but slow
process, primarily occurring through free radical chain reac-
tions to form disulde bonds.26 Consequently, long-term
storage of SGP in aerobic environments should be avoided.

Immersion in deionized water maintained sulydryl
contents in the range of 2.31 to 2.41 mmol g−1, with an RSD of
2.95%, demonstrating stability over 30 days. These values
substantially exceeded those from atmospheric exposure,
Fig. 2 Free sulfhydryl contents in SGP under environmental stresses.

2702 | Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712
conrming that oxygen exclusion mitigated sulydryl oxida-
tion. Similar to this study, a sulydryl functionalized magnetic
covalent organic framework in water, acid and alkali solution
environments demonstrated good stability for the quantica-
tion of trace heavy metals.27

In CuSO4 solution, sulydryl contents uctuated between
2.26 and 2.45 mmol g−1 over a 30 day period, representing an
11.55% to 18.41% reduction from the initial values. Despite the
chalcophilic properties that facilitate sulydryl complexation,
the calculated Cu2+ concentration (10 mg L−1) accounted for
only 2% of SGP's maximum sorption capacity (0.40 mmol g−1).28

Given that typical soil solution Cu2+ levels were orders of
magnitude lower than the experimental concentrations, the
inuence of Cu2+ in soil solutions on sulydryl groups may be
considered negligible.

Exposure to a 0.3% H2O2 solution resulted in sulydryl
contents ranging from 2.25 to 2.36 mmol g−1 (RSD of 2.94%).
Although proton-mediated oxidation methods (e.g., H2O2,
HNO3, H2SO4) have conventionally been used to simulate
chemical degradation, the necessary peroxidase catalysts for
efficient sulydryl oxidation were absent in common soil and
solution systems.29 Consequently, SGP demonstrated a rela-
tively stable state in H2O2 solution.

Soil-incubated SGP displayed sulydryl contents of 2.28–
2.51 mmol g−1 (JY), 2.24–2.29 mmol g−1 (XX), 2.25–2.34 mmol
g−1 (MZ), and 2.31–2.37 mmol g−1 (LB). One-way ANOVA indi-
cated no statistically signicant difference in the free sulydryl
content of SGP samples aer 30 days of incubation in either
acidic or alkaline soils.

Collectively, free sulydryl contents remained stable despite
exposure to atmospheric, aqueous, chemical (CuSO4/H2O2), and
heterogeneous soil environments. This stability suggested that
sulydryl groups may serve as a structural stability indicator for
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Sulfhydryl dynamics and Cd sorption in SGP undermultifactorial conditions ((A) atmospheric exposure; (B) aqueous immersion; (C) CuSO4

solution; (D) H2O2 solution; (E) Jiyuan soil; (F) Xinxiang soil, (G) Libo soil; (H) Mianzhu soil). *Different lowercase letters denote significant
differences among sampling times within treatments.
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SGP in complex matrices. Subsequent batch sorption experi-
ments revealed that Cd2+ sorption amounts (21.68–26.45 mg
g−1) correlated positively with sulydryl contents, as detailed in
Fig. 3.

To further investigate the changes in the properties of SGP
under different stress conditions, batch sorption experiments
were conducted. A previous study found a positive correlation
This journal is © The Royal Society of Chemistry 2025
between the sorption amounts of Cd2+ in aqueous solution on
SGP and the immobilization ratio in soil environments with the
total amounts of free sulydryl content in SGP.18 The dynamics
of the saturated sorption amounts of Cd2+ on SGP under various
environmental stresses over a 30 day period are also presented
in Fig. 3. Aer 30 days of environmental stress, the sorption
capacity of SGP did not decrease signicantly compared to that
Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2703
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of fresh samples, and its dynamic changes were consistent with
the variations in free sulydryl content. Thus, the stability of
SGP under various environmental stresses could also be
assessed from the perspective of sorption capacity.

XPS analysis, as presented in Fig. S1 and Table S2†
conrmed that the S 2p binding energy remained at 16.50 eV
post-incubation, consistent with sulydryl stability. Notably,
Cd 3d peaks showed negligible intensity changes, implying
minimal Cd2+ sorption, attributable to low Cd2+ concentrations
despite soil contamination. Conversely, Fe 2p and Mn 2p
intensities increased by 12–18%, suggesting surface Fe–Mn
oxide accumulation.

These ndings demonstrate that SGP's structural integrity
and sorption functionality remain essentially preserved under
various environmental stresses, ensuring long-term effective-
ness in heavy metal immobilization.

3.3 Immobilization stability under simulated acid rain
leaching

Acid rain has the potential to alter soil properties, modify
immobilization amendments, and inuence their interactions
with heavy metals. The inux of protons (H+) from acid rain or
soil acidication may enhance the bioavailability of Cd in soil,30

with Cd activation identied as a primary contributor to soil
pollution in southern China. The concentrations of Cd2+ in
leachate from soils amended with SGP were quantied through
simulated natural and acid rain leaching, as illustrated in Fig. 4.

Identical Cd2+ release patterns were observed in both alkaline
and acidic soils, characterized by an exponential decay31 of
leachate Cd2+ concentrations with increasing cumulative rainfall,
Fig. 4 Dynamic changes of the leachate Cd in different soils under sim

2704 | Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712
reaching equilibrium at 700 mm. The temporal relationship was
mathematically described by the following equation:

Ct = (C0 − Ce)e
−kVt + Ce (1)

where Ct represents the instantaneous Cd2+ concentration in
the soil leachate at time t, C0 and Ce are the initial and equi-
librium leachate Cd2+ concentrations, respectively. Vt is the total
rainfall calculated from the leaching solution. k is the kinetic
constant. The tted parameters are tabulated in Table 2.

For the Xinxiang soil, the CK group under simulated acid
rain treatment exhibited a decrease in leachate Cd concentra-
tions from 4.0 mg L−1 to 1.0 mg L−1 at 700 mm rainfall. The T1
treatment group showed a reduction from 1.9 mg L−1 to 0.5 mg
L−1. According to the national standard for groundwater quality
GB/T 14848-2017, the maximum permissible Cd concentrations
for class III and class II groundwater are 5 mg L−1 and 1 mg L−1,
respectively. During the initial leaching stages, leachates from
the CK group exceeded class III limits, while SGP-amended
groups complied with the class II standard throughout the
leaching experiment. These results demonstrated the effective-
ness of SGP in controlling soil Cd availability and maintaining
stability under acid rain conditions.

SGP-amended groups exhibited signicantly lower leachate
Cd concentrations compared with the CK groups, particularly
during the initial leaching phases (0–200 mm of rainfall). This
marked reduction conrmed the capacity of SGP to immobilize
available Cd. The sustained low Cd concentrations under acid
rain leaching further indicated robust stabilization perfor-
mance against acidic perturbations.
ulated rainfall ((A–D): Jiyuan, Xinxiang, Libo, Mianzhu soils).

This journal is © The Royal Society of Chemistry 2025
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Under both acid and natural rain leaching, total Cd leaching
ratios exhibited increasing trends with rainfall intensity (Fig. 5).
The rst- and second-order kinetic equations (eqn (2) and (3))
were employed to t the leaching data.32 The relationship
between leaching efficiency (LE) and rainfall was successfully
modeled using rst-order kinetics, and the corresponding
tting parameters are listed in Table 3.

LEt = LEm1(1 − e−k1Vt) (2)

LEt ¼ k2LEm2
2

1þ k2LEm2Vt

(3)

LEt is the leaching efficiency at the rainfall of Vt, LEm1 and LEm2

are the maximum leaching efficiency at the equilibrium stage
tted by the rst- and second-order kinetic equations, and k1
and k2 correspond to the kinetic constants.

The second-order kinetic equation demonstrated superior
tting for the leaching process, consistent with the immobiliza-
tion of heavy metals by goethite-loaded montmorillonite in non-
ferrous metal smelting areas.33 In the second-order kinetic equa-
tion, k2 represents the reciprocal of the maximum release,34 while
LEm2 denotes the maximum release amounts. As shown in Table
3, LEm2 values in SGP-amended soils were lower than those in the
control, whereas k2 exhibited an inverse relationship trend with
LEm2, indicating stable immobilization under acid rain stress.

Unamended soils displayed rapid Cd release during the
initial leaching phase (0–200 mm rainfall), attributed to the
dissolution of surface-adsorbed Cd particles, consistent with
acid rain leaching characteristics observed in mine tailings.35 In
contrast, SGP-amended soils maintained consistent leaching
efficiency throughout the experiments, with Cd release inversely
proportional to the amendment dosage. For Mianzhu soil,
control groups exhibited total Cd leaching efficiencies of 0.89%
(acid rain) and 0.83% (natural rain) at 700 mm rainfall. SGP
treatment (T3) reduced these values to 0.32% and 0.31%,
respectively. Kinetic modeling predicted a leaching efficiency of
0.41% under 2000 mm rainfall, twice the average annual
precipitation, conrming the long-term immobilization
stability of SGP under prolonged acid rain exposure.

While leachate Cd concentrations and leaching ratios
provided indirect evidence of immobilization effects, direct
conrmation was obtained from the available Cd concentra-
tions in soil columns post-leaching.33 As illustrated in Fig. S2,†
SGP reduced available Cd by 63.2–84.2% in Jiyuan soil, 47.7–
78.8% in Xinxiang soil, 73.7–94.7% in Libo soil, and 63.2–88.9%
in Mianzhu soil following acid rain leaching. Notably, soil pH
remained stable in SGP-treated groups post-leaching, consis-
tent with previous ndings demonstrating acid rain resistance
in mercapto-functionalized palygorskite at 1–3% application
rates.36 This stability further corroborated the structural integ-
rity of SGP under acidic conditions.
3.4 Impact of temperature variations on SGP immobilization
efficacy

The available Cd contents in Jiyuan, Xinxiang, Mianzhu, and
Libo soils exhibited minimal uctuations (RSD < 5%) across
Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2705
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Fig. 5 Leaching efficiency by simulated rain in SGP amended soils ((A–D): Jiyuan, Xinxiang, Libo, Mianzhu soils).
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temperature regimes (−20 °C, 25 °C, and 60 °C) during the 0–
96 h exposure period, as demonstrated in Fig. 6A–D.

In Jiyuan soil, control samples maintained available Cd
contents of 1.63–1.87 mg kg−1 (mean: 1.77 mg kg−1) under
cryogenic conditions (−20 °C). SGP amendment induced
signicant reductions in available Cd, achieving decrement
percentages of 65.03%, 68.75%, and 73.22% across treatment
groups (T1–T3) aer 96 h. Similar stabilization patterns were
observed under 60 °C thermal stress, consistent with the nd-
ings from −20 °C freezing conditions. Maximum Cd immobi-
lization efficiencies of 63.67% (T1), 80.13% (T2), and 89.83%
(T3) were recorded, conrming temperature-independent
remediation performance. Acidic soils (Mianzhu/Libo) demon-
strated rapid efficacy, with T1 treatment yielding 43.61%,
52.56%, and 55.02% reduction in available Cd aer 24 h expo-
sure to −20 °C, 25 °C, and 60 °C, respectively. Consistent with
the ndings of this study, freeze–thaw temperature variations
did not signicantly alter the bioavailability of Cd in biochar-
amended soil,13 and the immobilization efficiencies of mer-
capto iron functionalized nanosilica for Cd and Pb bioavail-
ability remained stable across a wide temperature range (−20 to
50 °C).15

Following the pot experiment involving soil pretreated at
various temperatures, the soil-available Cd contents are pre-
sented in Fig. S3.† Consistent with the ndings from the
dynamic sampling analysis, SGP demonstrated signicant
immobilization effects across all three dosages, with the
pretreatment temperature exhibiting no substantial inuence
on the immobilization efficacy of SGP. Phytotoxicity
2706 | Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712
assessments conducted using pakchoi revealed that the
immobilization efficacy was independent of temperature
(Fig. S4†). In CK groups of Jiyuan soil, the leaf Cd contents
ranged from 0.85 to 1.01 mg kg−1, exceeding the threshold
(0.20 mg kg−1) established by the China National Standard GB
2762-2022 and the international standard Codex Stan 193-1995
proposed by the Food and Agriculture Organization of the
United Nations. The application of SGP amendment resulted in
a dose-dependent reduction in leaf Cd content, achieving levels
of 0.39 mg kg−1 (T1, 59.9% reduction), 0.25 mg kg−1 (T2, 73.8%
reduction), and 0.15 mg kg−1 (T3, 84.9% reduction) at 25 °C.

For the soil samples subjected to −20 °C and 60 °C
pretreatment, the leaf Cd contents in the T1, T2, and T3 were in
the range of 0.35 to 0.40 mg kg−1, 0.20 to 0.26 mg kg−1, and 0.08
to 0.16 mg kg−1, respectively. Notably, T3-treated samples
complied with the GB 2762-2022 standard, irrespective of
thermal pretreatment. Compared with the 25 °C treatment, the
continuous −20 °C and 60 °C pretreatments did not signi-
cantly promote or inhibit leaf Cd contents, indicating that the
immobilization effect of SGP was minimally affected by
temperature changes.

The Xinxiang soil controls exhibited elevated leaf Cd
concentrations (1.01–1.14 mg kg−1), which were mitigated by
SGP to 0.44–0.58 mg kg−1 for T1, 0.30–0.40 mg kg−1 for T2 and
0.16–0.19 mg kg−1 for T3. Statistical analysis conrmed no
signicant temperature-dependent differences within dosage
groups, underscoring the thermal resilience of SGP.

For the acidic soils from Mianzhu and Libo, the trends
observed in the control group and SGP treatment group were
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00262a


T
ab

le
3

K
in
e
ti
c
p
ar
am

e
te
rs

q
u
an

ti
fy
in
g
th
e
d
yn

am
ic

co
rr
e
la
ti
o
n
b
e
tw

e
e
n
C
d
le
ac

h
in
g
e
ffi
ci
e
n
cy

an
d
ra
in
fa
ll
in
te
n
si
ty

So
il

Pa
ra
m
et
er

Si
m
u
la
te
d
ac
id

ra
in

Si
m
ul
at
ed

n
at
ur
al

ra
in

C
K

T
1

T
2

T
3

C
K

T
1

T
2

T
3

Fi
rs
t-
or
de

r
ki
n
et
ic
s

JY
LE

m
1

0.
65

�
0.
00

93
0.
26

�
0.
00

30
0.
32

�
0.
10

0.
25

�
0.
06

8
0.
62

�
0.
00

79
0.
27

�
0.
00

51
0.
13

�
0.
00

55
0.
15

�
0.
03

1
k 1

0.
00

28
�

8.
2
×

10
−5

0.
00

26
�

5.
9
×

10
−5

6.
3
×

10
−4

�
2.
5

×
10

−4
7.
7
×

10
−4

�
2.
6

×
10

−4
0.
00

31
�

8.
4
×

10
−5

0.
00

25
�

8.
8
×

10
−
5

0.
00

17
�

1.
2
×

10
−4

8.
7
×

10
−5

�
1.
9

×
10

−4

R
2

0.
99

84
0.
99

92
0.
98

70
0.
98

55
0.
99

84
0.
99

82
0.
99

69
0.
99

17
X
X

LE
m
1

0.
73

�
0.
01

3
0.
44

�
0.
01

9
0.
19

�
0.
00

62
0.
12

�
0.
00

47
0.
70

�
0.
01

5
0.
45

�
0.
01

5
0.
20

�
0.
00

39
0.
10

�
0.
00

19
k 1

0.
00

25
�

8.
4
×

10
−5

0.
00

20
�

1.
5
×

10
−4

0.
00

19
�

1.
0
×

10
−4

0.
00

15
�

9.
2
×

10
−5

0.
00

23
�

8.
9
×

10
−5

0.
00

20
�

1.
2
×

10
−
4

0.
00

22
�

7.
7
×

10
−5

0.
00

22
�

6.
8
×

10
−5

R
2

0.
99

84
0.
99

53
0.
99

76
0.
99

81
0.
99

82
0.
99

69
0.
99

87
0.
99

89
LB

LE
m
1

2.
55

�
0.
11

1.
91

�
0.
07

3
1.
33

�
0.
10

1.
18

�
0.
10

2.
37

�
0.
13

1.
78

�
0.
08

9
1.
34

�
0.
17

1.
07

�
0.
11

k 1
0.
00

21
�

1.
6
×

10
−4

0.
00

21
�

1.
4
×

10
−4

0.
00

17
�

2.
1
×

10
−4

0.
00

15
�

1.
9
×

10
−4

0.
00

19
�

1.
7
×

10
−4

0.
00

18
�

1.
5
×

10
−
4

0.
00

13
�

2.
3
×

10
−4

0.
00

14
�

2.
1
×

10
−4

R
2

0.
99

27
0.
99

42
0.
98

82
0.
98

97
0.
99

09
0.
99

31
0.
98

49
0.
98

70
M
Z

LE
m
1

1.
06

�
0.
01

8
0.
82

�
0.
02

2
0.
68

�
0.
01

4
0.
42

�
0.
01

5
1.
00

�
0.
01

9
0.
79

�
0.
01

8
0.
61

�
0.
01

4
0.
41

�
0.
01

1
k 1

0.
00

26
�

8.
5
×

10
−5

0.
00

25
�

1.
3
×

10
−4

0.
00

24
�

9.
1
×

10
−5

0.
00

20
�

1.
2
×

10
−4

0.
00

25
�

9.
4
×

10
−5

0.
00

24
�

1.
0
×

10
−
4

0.
00

24
�

1.
0
×

10
−4

0.
00

22
�

1.
1
×

10
−4

R
2

0.
99

83
0.
99

62
0.
99

80
0.
99

66
0.
99

78
0.
99

75
0.
99

75
0.
99

71
Se
co
n
d-
or
de

r
ki
n
et
ic
s

JY
LE

m
2

0.
95

�
0.
02

2
0.
38

�
0.
00

75
0.
60

�
0.
23

0.
46

�
0.
15

0.
89

�
0.
02

3
0.
40

�
0.
01

5
0.
20

�
0.
01

4
0.
18

�
0.
01

2
k 2

0.
00

23
�

1.
6
×

10
−4

0.
00

5
�

2.
8
×

10
−4

5.
6
×

10
−4

�
4.
6

×
10

−4
9.
2
×

10
−4

�
6.
6

×
10

−4
0.
00

27
�

2.
1
×

10
−4

0.
00

44
�

4.
7
×

10
−
4

0.
00

53
�

8.
9
×

10
−4

0.
00

81
�

5.
1
×

10
−5

R
2

0.
99

80
0.
99

88
0.
98

67
0.
98

49
0.
99

70
0.
99

65
0.
99

57
0.
99

17
X
X

LE
m
2

1.
10

�
0.
04

0
0.
69

�
0.
04

8
0.
31

�
0.
01

5
0.
19

�
0.
01

2
1.
07

�
0.
04

4
0.
70

�
0.
04

1
0.
31

�
0.
01

2
0.
16

�
0.
00

56
k 2

0.
00

16
�

1.
7
×

10
−4

0.
00

19
�

3.
6
×

10
−4

0.
00

42
�

5.
5
×

10
−4

0.
00

50
�

7.
4
×

10
−4

0.
00

15
�

1.
7
×

10
−4

0.
00

19
�

2.
9
×

10
−
4

0.
00

50
�

5.
4
×

10
−4

0.
00

93
�

8.
7
×

10
−4

R
2

0.
99

67
0.
99

32
0.
99

67
0.
99

73
0.
99

66
0.
99

51
0.
99

71
0.
99

78
LB

LE
m
2

3.
92

�
0.
27

2.
94

�
0.
19

2.
14

�
0.
24

1.
96

�
0.
24

3.
71

�
0.
31

2.
81

�
0.
22

2.
27

�
0.
38

1.
79

�
0.
25

k 2
3.
7
×

10
−4

�
7.
1

×
10

−5
4.
9
×

10
−4

�
8.
6

×
10

−5
5.
1
×

10
−4

�
1.
4

×
10

−4
4.
7
×

10
−4

�
1.
4

×
10

−4
3.
4
×

10
−4

�
7.
7

×
10

−5
4.
3
×

10
−4

�
8.
8

×
10

−5
3.
4
×

10
−4

�
1.
4

×
10

−4
4.
8
×

10
−4

�
1.
6

×
10

−4

R
2

0.
98

96
0.
99

15
0.
98

55
0.
98

78
0.
98

80
0.
99

07
0.
98

32
0.
98

50
M
Z

LE
m
2

1.
58

�
0.
05

5
1.
22

�
0.
05

9
1.
02

�
0.
04

0
0.
65

�
0.
03

8
1.
50

�
0.
05

9
1.
19

�
0.
05

2
0.
92

�
0.
04

0
0.
63

�
0.
03

1
k 2

0.
00

12
�

1.
2
×

10
−4

0.
00

15
�

2.
0
×

10
−4

0.
00

16
�

1.
8
×

10
−4

0.
00

21
�

3.
2
×

10
−4

0.
00

12
�

1.
3
×

10
−4

0.
00

14
�

1.
7
×

10
−
4

0.
00

18
�

2.
2
×

10
−4

0.
00

24
�

3.
2
×

10
−4

R
2

0.
99

65
0.
99

39
0.
99

65
0.
99

48
0.
99

59
0.
99

54
0.
99

55
0.
99

53

This journal is © The Royal Society of Chemistry 2025 Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2707

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

do
ol

ee
ss

a 
20

25
. D

ow
nl

oa
de

d 
on

 2
3/

02
/2

02
6 

6:
38

:0
9 

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00262a


Fig. 6 Available Cd dynamics in SGP amended soils under different temperatures ((A–D): Jiyuan, Xixiang, Mianzhu, Libo soils; 1–3:−20 °C, 25 °C,
60 °C). The different lowercase letters above the data point indicate statistical differences between different sampling times for the same
treatment.
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similar to those of the alkaline soil group. At the same
temperature pretreatment, signicant differences were
observed among the different dosages of SGP. It was noted that
2708 | Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712
the dosages of SGP exhibited a negative correlation with leaf Cd
contents. Under the same dosage of SGP, no signicant differ-
ences were observed among different temperature
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Soil pH, Cd availability and grain accumulation in field-scale demonstration in Xinxiang and Libo in two consecutive seasons ((A1–A3) soil
pH values, soil available Cd contents and wheat grain Cd contents in Xinxiang field demonstration; (B1–B3) soil pH values, soil available Cd
contents and rice grain Cd contents in Libo field demonstration). *The different lowercase letters above the data column indicate statistical
differences between the different immobilization treatments in the same growing season.
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pretreatments. This result is consistent with previous ndings:
soil-available Cd was not affected by temperature changes
during freeze–thaw cycles, and the amendment calcined rec-
torite demonstrated high stability.37

3.5 Universal stability of immobilization effects in eld-scale
demonstration

Although the stability of SGP could be preliminarily assessed by
simulating environmental stresses, eld demonstrations
remain the most reliable method for evaluating the actual
effectiveness of immobilization amendments. Therefore, this
study selected typical acidic and agricultural soils for two
consecutive years of eld demonstrations to examine the
stability of SGP under natural conditions. As illustrated in
Fig. 7A1, the pH values of alkaline Xinxiang soil in control
groups (CK) remained stable at 7.81 and 7.83 during the rst
and second growing seasons, respectively. The SGP amendment
induced marginal pH reductions to 7.50–7.66 (rst year) and
7.62–7.75 (second year), with no statistically signicant differ-
ences compared with CK. This pH stability aligns with previous
studies demonstrating SGP's neutral impact on soil acidity.38

Acidic Libo soil exhibited analogous behavior (Fig. 7B1), further
conrming that SGP exerted neither promotive nor inhibitory
effects on soil acidity, a signicant feature that distinguishes
SGP from other pH-regulating amendments, such as biochar.39

Soil-available Cd contents in Xinxiang CK groups measured
1.82 and 1.95 mg kg−1 across consecutive years (Fig. 7A2). SGP
treatments effectively reduced these values to 0.43–0.96mg kg−1
This journal is © The Royal Society of Chemistry 2025
(rst year) and 0.62–1.03 mg kg−1 (second year), corresponding
to immobilization ratios of 47.3–76.4% and 47.2–68.2%,
respectively. Mercapto functionalized palygorskite could
promote the transformation of free Fe/Mn oxides into amor-
phous oxides, and enhance the immobilization of Cd in alkaline
soil.40

In the Libo eld demonstration, SGP achieved comparable
performance (Fig. 7B2), with Cd immobilization ratios of 56.4–
71.8% (the rst year) and 45.2–71.4% (the second year).

Grain Cd contents served as the critical endpoint for
immobilization efficacy assessment. In the Xinxiang trials
(Fig. 7A3), CK wheat grain contained 0.18 mg kg−1 (rst year)
and 0.21 mg kg−1 (second year) Cd. SGP treatments reduced
these values to 0.06–0.10 mg kg−1 in the rst year (44.4–66.7%
reduction) and 0.08–0.13 mg kg−1 in the second year (38.1–
61.9% reduction). The results are consistent with the reported
immobilization efficiency of mercapto palygorskite on DTPA
extractable Cd under eld conditions.19 The Libo eld results
(Fig. 7B3) revealed control brown rice Cd contents of 0.46 and
0.36 mg kg−1, both exceeding national food safety thresholds
(GB 2762-2022). SGP amendments suppressed rice grain Cd
accumulation to 0.10–0.21 mg kg−1 (54.3–78.3% reduction) and
0.12–0.18 mg kg−1 (50.0–66.7% reduction) across seasons.
Statistical analysis conrmed no interannual differences in soil
available Cd or grain Cd contents.

Thiol-modied biochar exhibited long-term efficacy in
reducing mercury mobility and associated health risks in soil
over a two-year period.41 MPTS/nano-silica effectively reduced
Environ. Sci.: Processes Impacts, 2025, 27, 2698–2712 | 2709
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the leachability and bioavailability of soil Cd, exhibiting
persistent stabilization effects under eld conditions for three
years.42

Strong linear correlations between soil available Cd and
grain Cd contents conrmed the consistent performance of
SGP. The sustained immobilization efficacy observed over two
consecutive growing seasons in contrasting soil types (acidic
and alkaline) validated the environmental stability of SGP-
mediated Cd immobilization mechanisms under eld
conditions.

4 Conclusion

SGP demonstrated chemical stability across diverse media,
including ambient atmosphere, aqueous solution and hetero-
geneous soil matrices. Quantitative verication through free
sulydryl group retention and consistent heavy metal sorption
capacity under environmental stress conrmed this intrinsic
stability. Furthermore, SGP demonstrated signicant resilience
to key environmental stresses. Simulated acid rain leaching
experiments revealed no statistically signicant impact on Cd2+

mobilization from SGP amended soils, conrming the amend-
ment's resistance to acidic precipitation. Thermal variance
further demonstrated the temperature-insensitive performance
characteristics, with less than 10% uctuation observed in both
soil available Cd regulation and Cd uptake by pakchoi. Field
validation in contrasting pedological systems (acidic vs. alkaline
soils) established universal immobilization stability, maintain-
ing reductions in soil-available Cd and grain Cd content across
seasonal variations.

This systematic investigation employing comprehensive
qualitative and quantitative characterization provides funda-
mental criteria for evaluating SGP stability. It achieved two
critical advancements: providing mechanistic validation for
large-scale SGP implementation in contaminated farmland
remediation and developing standardized protocols for novel
amendment stability assessment.
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