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Effects of silicate stabilizers
on cadmium reduction

and the quality of rice grains
in acidic paddy soil
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Silicate has been proven to be highly-effective at immobilizing soil heavy metals, but the effects of
silicate stabilizers on rice grain cadmium (Cd) reduction and rice quality under field conditions are not
clear. In this study, a field experiment was conducted over three consecutive years was conducted to
examine the Cd reduction in rice grains and to reveal the potential effects of silicate stabilizers on rice
grain nutrients, by setting different amounts of bentonite (B), silica—calcium fertilizer (SC) and zeolite
powder (ZP). The results revealed that the application of the B, SC and ZP significantly decreased

the soil CaCl,—Cd concentration (>39%) and significantly reduced the grain Cd concentration in both
early rice (>70%) and late rice (>18%) under field conditions; the silicate stabilizers reduced the soil
available iron (Fe) but did not limit rice grain Fe nutrition. Additionally, the three silicates promoted
rice yield and improved the rice grain Ca and Mg contents; and the application of B increased the
amylose concentration of the late rice grains. In conclusion, high amounts of silicate stabilizers did not
adversely influence the soil conventional nutrient indices, rice minerals or rice taste, but changes in
rice selenium content need attention. Overall, in comparison with lime, silicate stabilizers can improve
not only the safety of rice but also the nutritional and taste qualities of rice and are more eco-friendly
for long-term use in soil.
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In recent years, the in situ immobilization technique for heavy metals has been widely used to reduce the risk of
heavy metal pollution in farmlands by decreasing the mobility and bioavailability of heavy metal ions in soil via
the application of highly efficient stabilizers'=>. Inorganic salt-based soil heavy metal immobilization materials are
the most widely used soil conditioning agents for heavy metal pollution control in acidic soils in southern China;
the more common heavy metal immobilization materials are carbonate, phosphate and silicate materials?, owing
to the advantages of a wide source of raw materials, low cost, high mechanical stability, and quick effects on the
immobilization of heavy metals in the soil>®. Additionally, the application of silicate stabilizers can effectively
supplement soil silicate fertilizer, which is commonly deficient in Chinese cropland soils”®. Therefore, silicate
stabilizers have high potential for the in situ immobilization remediation of extensive low-medium cadmium
(Cd)-contaminated paddy soils in China®!°.

Calcium silicate, bentonite and zeolite are three commonly used silicate stabilizers®~!. The main methods of
immobilizing heavy metals in soil are (i) to increase the pH of acidic soil to reduce the mobility and availability
of heavy metal cations in soil®%, (ii) to adsorb heavy metal cations through the surface area and ion exchange of
silicate minerals'>"?, and (iii) to form complex precipitates with heavy metal ions by grafting organic functional
groups to the clay minerals of silicates''°. However, most reports related to the silicate immobilization of soil
heavy metals have been based on pot or laboratory simulation experiments rather than field conditions®'!,
which often seem to be not robust enough to guide agricultural practices. In addition, due to the differences in
application amount, crop type and soil type, great variations were found in the effects of the silicate stabilizers
on the reduction in soil available Cd and plant Cd'®.
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In the past, the long-term use of lime achieved great success in the preventing and controlling heavy metal
pollution in acidic soils in southern China'’; however, long time application of lime to soil not only significantly
raises soil pH'®, but also substantially increases soil Ca?" and Mg?*'*?, and these changes resulted in the loss of
exchangeable potassium?' and soil organic matter'® in the soil, and secondly reduced the mobility of phosphorus
and some microelements in the soil (such as Cu and Zn)**%*, additionally, the utilization of liming materials
caused the rapid accumulation of NO;™ in soil, posing a threat to agricultural surface pollution®. Therefore, as
an alkaline inorganic salt-based soil heavy metal stabilizer, whether the long-term application of silicate stabi-
lizers in soil deteriorates the soil quality and affects the nutrient uptake of rice needs to be determined under
field conditions.

Herein, different amounts of bentonite, silica—calcium fertilizer and zeolite powder were applied in a typical
Cd-contaminated paddy field in southeast China for 3 years to investigate the effects of the silicate stabilizers on
the rice Cd reduction in the field, especially to reveal the potential adverse effects of long-term silicate application
on soil quality and rice quality through high-amount treatment, and finally, provide a scientific reference for the
long-term safe application of silicate stabilizers in Cd-contaminated rice fields in southern China.

Materials and methods
Study area and experimental materials
The field experiment was conducted in Yushui District, Xinyu City, Jiangxi Province, China (27.77458079° N,
114.97818202° E), a typical double-cropping rice growing area. The local popular early rice variety Zhuliangyou
2013 and the late rice variety Yongyou 1538 were selected for field experiments. The field in the study area has
been contaminated by wastewater irrigation and atmospheric deposition from an iron and steel plant since
the 1990s%. The area of Cd contamination was over 120 ha, with Cd levels ranging from 0.4 to 0.9 mg kg™',
exceeding the risk screening value (0.3 mg kg™, pH <5.5) of soil contamination on agricultural land (GB 15618-
2018)%. Prior to the field experiment, a total of 20 surface samples were collected at different locations in the
experimental field for background soil investigation via the checkerboard method. Statistical analysis revealed
that the soil pH was 5.15+0.19, the organic matter content was 31.24 +4.98 g kg™!, and the total Cd content was
0.52+0.05 mg kg™ in the test fields. In the study area, the commonly used local tiller was selected for tilling,
and the general tilling depth was 12 cm. Before tilling, the basal fertilizer was applied with compound fertilizer
(N:P,05:K,0=17%:17%:17%) at a dosage of 675 kg ha™!, and the same type of compound fertilizer was applied
retroactively during the period of pregnancy and spiked at a dosage of 150 kg ha™.

The chemical composition, partial properties and manufacturers of bentonite (B), silica—calcium fertilizer
(SC) and zeolite powder (ZP) are shown in Table 1.

Experimental design

The three silicate stabilizers (B, SC and ZP) were each set with 5 gradients CK(0.0%), T1(0.1%), T2(0.2%),
T3(0.5%) and T4(1.0%) according to the mass fraction of the topsoil. Three parallel plots were set up for each
silicate treatment, and the experimental plots for each treatment were randomly separated, each with an area of
6 m x5 m, for a total of 39 test plots. Before the plots were divided, the test plots were tilled several times to reduce
heterogeneity among the plots. The plots were then separated by separate field ridges, which were covered with
polyethylene film to isolate the influences between different plots. The cropping system and field management
practices were the same among the treatment plots. The field application amounts of each gradient were 0.00,
1.56,3.12,7.80 and 15.60 t ha™!, which were calculated according to a soil ploughed-layer depth of 12 cm and a
soil bulk weight of 1.30 g cm™. According to the design of each experimental plot, B, SC and ZP were applied
for three consecutive years before early rice planting, i.e., in March 2020, 2021 and 2022.

Sampling and determination
Topsoil (0-12 cm) and rice samples were collected postharvest from early and late rice in 2022. Soil samples
from each plot were collected via a soil drill; specifically, one parallel sample was taken from each of the four
corners (1 m from the ridge) and the centre of each field plot and was uniformly mixed as the sample for that
treatment plot. Rice yields were collected and counted by an onsite thresher. Rice samples were collected from
the rice grains harvested in each plot. All the soil samples were air-dried and crushed, after which visible roots
were removed, and then the soil samples were passed through a 2 mm sieve and stored for subsequent analyses.
The rice samples were dried, husked and powdered and then stored for analysis.

The determination of the soil physicochemical properties followed the methods recommended by Lu?®. The
total SOC of each sample was determined via the oxidation method of potassium dichromate combined with

Silicate stabilizer Mesh number pH Si0, (%) CaO (%) MgO (%) Cd (mgkg™) Manufacturer

B 9.50 38.30 13.73 10.20 0.11 E‘;‘“{%ga"cd};’l‘rllga Mineral Products
sC 9.80 59.92 31.61 7.67 0.12 ﬁa‘; g‘;gjlgiztllc‘ﬁ;fo LTD, Shan-
ZP 9.00 37.56 14.48 10.87 0.13 E‘(’;‘“{%gancd}?f;ga Mineral Products

Table 1. A brief introduction of the B, SC and ZP. B bentonite, SC silica—calcium fertilizer, ZP zeolite powder.
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concentrated sulfuric acid; the soil pH was determined electrometrically via a pH electrode; the soil available
nitrogen (AN) content was determined via the alkali-hydrolysed diffusion method; the soil available phosphorus
(AP) content was measured via NH,F-HCl extraction combined with the phosphomolybdate blue spectropho-
tometry method (UV/VIS-4802, UNICO, Shanghai, China); the soil available potassium (AK) content was deter-
mined via the NH,OAc extraction method combined with the flame photometric method (FP6431, Shanghai,
China); the ammonium acetate exchange method combined with EDTA complexometric titration was used to
determine the soil exchangeable calcium (exch-Ca) and exchangeable magnesium (exch-Mg); the soil available
iron (AFe) content was determined via DTPA extraction combined with the atomic absorption spectrophotom-
etry method (AA-3300, Shanghai, China), and the soil available silicon (ASi) content was measured via citric
acid extraction combined with the spectrophotometry method. The Cd concentration in the soil exchangeable
fraction (CaCl,-Cd) was extracted via 0.01 M CaCl, and analysed via inductively coupled plasma—mass spec-
trometry (ICP-MS, X2, Thermo Fisher, USA).

The concentrations of mineral elements in rice (Cd, Ca, Mg, Fe, Cu, Mn and Zn) were determined via an
inductively coupled plasma—mass spectrometry method (ICP-MS, X2, Thermo Fisher, USA) with HNO;-HCIO,
digestion as a pretreatment. The Se content in rice was quantified via atomic fluorescence spectrometry (AFS-
6801, Shanghai, China) after digestion with HNO;-HCI. The amylose content of the rice was determined via
acetic acid—iodine chromogenic spectrophotometry (UV/VIS-4802, UNICO, Shanghai, China) after boiling
with boiling water, ethanol, and sodium hydroxide. Rice crude protein was determined via the Kjeldahl method
with an automatic Kjeldahl azotometer (K9860, Hanon, Shandong Province, China).

The method of parallel double-sample determination was adopted during the whole testing process for qual-
ity control, i.e., a parallel double assay was performed for every 20 samples, and the relative standard deviation
of each element determination result in the laboratory should be <35%. To determine the total content of ele-
ments in the soil, two kinds of standard substances (GBW07405 and GBW07407) were adopted to perform the
recovery test for each batch of samples, and GBW10010 was adopted to perform the recovery test to control the
accuracy of the test for each batch of plant samples. The recoveries of these standard substances were within the
permissible error range of 85-115%.

Data processing and analysis

The Shapiro—Wilk normality test was performed for each group of samples. One-way ANOVA (LSD-Tamhane
T2) was used to analyse the differences in the soil properties, rice yield, rice grain Cd content, and rice mineral
content under the different treatments. Correlation analyses (Spearman’s tests) and two-way ANOVA (Bonfer-
roni) were used to determine the effects of the application amount and silicate type on the rice grain Cd and soil
CaCl,-Cd concentrations at a significance level of p <0.05. All the statistical analyses were performed via the
SPSS 26.0 package (IBM Corp., Armonk, NY, USA).

Results

Effect of the silicate stabilizer on the soil properties

The properties of the soils treated with various silicate stabilizers were analysed after late rice harvest, and the
results revealed that B, SC and ZP significantly reduced the concentrations of CaCl,-extractable Cd in the sur-
face paddy soil, compared with those in the CK (p <0.05), and the corresponding decreases were 56.06-62.07%,
46.35-85.46% and 39.08-46.40%, respectively (Fig. 1). However, the reduction in the CaCl,-extractable Cd in
the soil did not increase with increasing application amount.

The soil pH under different treatments of the B, SC and ZP were increased by 0.52-1.87, 0.40-1.61 and
0.53-1.69, respectively (Fig. 2a), while no significant changes were found in the concentrations of SOC, AN,
AP and AK (p>0.05), compared to the CK (Fig. 2b-e); the application of the B and SC significantly increased
the concentrations of soil exch-Ca by 57.38-76.88% and 76.88-132.59% (p <0.05), respectively, with different
application amounts (Fig. 2f); the high amount treatments of B (T4) and SC (T3 and T4) significantly promoted
the concentrations of soil exch-Mg (p <0.05) (Fig. 2g); the soil ASi concentrations under the application of the
B, SC and ZP were increased by 13.07-55.22%, 27.45-74.68%, and 17.02-40.98%, respectively, with the increase
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Fig. 1. CaCl,-Cd concentrations in late rice paddy soil under different application amounts of silicate
stabilizers. B bentonite, SC silica—calcium fertilizer, ZP zeolite powder, CK T1, T2, T3 and T4 represent silicate
application amounts of 0.0%, 0.1%, 0.2%, 0.5% and 1.0%, respectively, CaCl,-Cd CaCl,-extractable Cd in soil.
The means of the columns subjected to different treatments with the same silicate stabilizer followed by different
letters are significantly different at p <0.05. The error bar represents the standard deviation of the mean.
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Fig. 2. Soil properties in late rice paddy fields under different application amounts of silicate stabilizers. B
bentonite, SC silica—calcium fertilizer, ZP zeolite powder, CK T1, T2, T3 and T4 represent silicate application
amounts of 0.0%, 0.1%, 0.2%, 0.5% and 1.0%, respectively, SOC soil organic carbon; AN soil available nitrogen,
AP soil available phosphorus, AK soil available potassium, Exch-Ca soil exchangeable Ca?, Exch-Mg soil
exchangeable Mg?*, AFe soil available iron; ASi soil available silicon. Means in the columns under different dose
treatments from the same silicate stabilizer followed by different letters were significantly different at p <0.05.
The error bar represents the standard deviation of the mean.

of the application amount (Fig. 2i); however, the AFe concentrations in the surface paddy soil were reduced
by 21.39-27.35% (B), 11.30-25.27% (SC) and 3.54-13.46% (ZP), respectively, and significant variations in the
concentrations of the soil AFe were observed under all treatments of the B and the T4 treatment of the SC, in
comparison with the CK (p <0.05) (Fig. 2h).

Effects of silicate stabilizers on rice yield and grain Cd content

With increasing of application amount, both the 1000-grain weight and rice yield first increased but then
decreased. The 1000-grain weight and rice yield under the B, SC and ZP treatments were greater than those
under the CK treatment, in which the increases in the 1000-grain weight and rice yield under the T2 treatment
of the three silicates were greatest (Fig. 3).

Compared with the CK, the application of B, SC and ZP significantly reduced the grain Cd concentrations in
early rice (p <0.05), with decreases of 73.85-85.37%, 73.68-84.69% and 70.60-82.38%, respectively, with different
application amounts (Fig. 4a—c), and the decreases in the late rice grain Cd were 32.89-69.81%, 27.23-45.09%
and 18.84-86.36% (p <0.05), respectively, except for those in the T1 treatment of SC (Fig. 4d-f). However, there
was no obvious dose effect of the silicate stabilizer on grain Cd reduction.

Effects of silicate stabilizers on rice quality
With different application amounts, B, SC and ZP increased the grain Ca concentrations of early rice by
7.04-89.04%, 3.58-52.68%, and 24.35-47.80%, respectively, and increased the grain Mg concentrations of
early rice by 14.53-53.86%, 11.49-77.01%, and 0.59-53.04%, respectively, in comparison with those of the CK
(Fig. 5a,b). In total, no significant variations were observed in the early rice grain Fe contents of the three silicates.
The grain Se concentrations in early rice under the different treatments fluctuated (Fig. 5g). Additionally, no
significant changes were detected in the concentrations of Cu, Mn, Zn, amylose or crude protein in the early rice
grains under the three silicate treatments compared with those under the CK treatment (p>0.05) (Fig. 5d-fh,i).
There were no significant changes in the grain Ca concentrations of late rice under the silicate treatments
(Fig. 6a), whereas there were several treatments significantly increased the grain Mg concentrations of the late
rice, including B(T2), SC(T2 and T3) and ZP(T2, T3 and T4), compared with those under the CK treatment
(Fig. 6b); the concentrations of the grain Fe, Cu, Mn, Zn and crude protein of the late rice treated with the silicates
were not significantly different from those under the CK treatment (Fig. 6¢c-f,i); the grain Se concentrations in
late rice under different treatments also exhibited complex changes (Fig. 6g). Compared with the CK treatment,
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Fig. 3. Effects of silicate stabilizers on the 100-grain weight and yield of rice. B bentonite, SC silica—calcium
fertilizer, ZP zeolite powder, CK T1, T2, T3 and T4 represent silicate application amounts of 0.0%, 0.1%, 0.2%,
0.5% and 1.0%, respectively. Means in the columns under different dose treatments from the same silicate
stabilizer followed by different letters were significantly different at p <0.05. The error bar represents the
standard deviation of the mean.
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Fig. 4. Grain Cd concentrations of early and late rice under different application amounts of silicate stabilizers.
B bentonite, SC silica—calcium fertilizer, ZP zeolite powder, CK T1, T2, T3 and T4 represent silicate application
amounts of 0.0%, 0.1%, 0.2%, 0.5% and 1.0%, respectively. Means in the columns under different dose
treatments from the same silicate stabilizer followed by different letters were significantly different at p<0.05.
The error bar represents the standard deviation of the mean.

the T3 and T4 treatments (B) significantly increased the amylose content in the late rice grains, which increased
by 19.39% (T3) and 22.08% (T4), respectively (Fig. 6h).

Effects of different silicate treatments on rice grain Cd and soil CaCl,-Cd contents

Spearman’s correlation analysis (Table 2) revealed that the silicate application amount was significantly negatively
correlated with the Cd.,q,, Cdj, and CaCl,-Cd,,;. The silicate type was significantly positively correlated with
only Cd.,q, but was poorly correlated with Cd,,. and CaCl,-Cd,.
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Fig. 5. Effects of silicate stabilizers on the nutrients of early rice grains. B bentonite, SC silica—calcium fertilizer,
ZP zeolite powder; CK T1, T2, T3 and T4 represent silicate application amounts of 0.0%, 0.1%, 0.2%, 0.5% and
1.0%, respectively, Ca calcium concentration, Mg magnesium concentration, Fe iron concentration, Cu copper
concentration, Mn manganese concentration, Zn zinc concentration, Se selenium concentration. Means in the
columns under different dose treatments from the same silicate stabilizer followed by different letters were
significantly different at p <0.05. The error bar represents the standard deviation of the mean.
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Fig. 6. Effects of silicate stabilizers on the nutrients of late rice grains. B bentonite, SC silica—calcium fertilizer,
ZP zeolite powder, CK T1, T2, T3 and T4 represent silicate application amounts of 0.0%, 0.1%, 0.2%, 0.5%

and 1.0%, respectively. Means in the columns under different dose treatments from the same silicate stabilizer
followed by different letters were significantly different at p <0.05. The error bar represents the standard
deviation of the mean.
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Factor Cd.yrry Cdyye CaCl,-Cd,,;
Amount —-0.63** —-0.78** -0.86**
Silicate 0.23* -0.09 —-0.08

Table 2. Correlation analyses (Spearman’s tests) between the silicate treatments (application amount and
silicate type) and rice grain Cd and soil CaCl,-Cd concentrations (n=90). Amount application amount of
silicate, silicate silicate type (B, SC and ZP), Cd.,, Cd concentration of early rice grain, Cd,,, Cd concentration
of late rice grain, CaCl,-Cd,,; CaCl,-extractable Cd concentration in soil. *Significant at p <0.05. **significant
at p<0.01.

All three factors (application amount, silicate type and their interaction) had significant main effects on the
Cdegrtyp Cdye and CaCl,-Cd,;. The spatial 7 value suggested that the amount had a greater main effect on the
Cd.,qy and Cdy, than did the silicate type, and the interaction between the amount and the silicate had a greater
main effect on the Cd.,y, than the Cd,. through comparing the patial #* value (Table 3).

Above all, the application amount of the silicate stabilizer made a greater contribution to the reduction in
the number of rice grains and the amount of available Cd in the soil than did the type of silicate stabilizer. There

was a larger effect of the amount x silicate on the Cd.,, than the Cdy..

Discussion

Effects of silicate stabilizers on soil quality

Soil acidification has been a major obstacle to improving soil quality and reducing heavy metal safety risk in
croplands in southern China*?’. As with lime®, silicate stabilizer applied in large quantities to soil can rapidly
raise soil pH and significantly reduce the soil CaCl,-Cd (Figs. 1, 3), whereas the difference?"* was that the
silicate stabilizer did not lead to a decrease in soil exchange K or an enrichment of NO;™ in the surface soil
with the increase of Ca?* and Mg?* in the soil (Fig. 2). In addition, the SOC and the AP likewise did not change
significantly with the silicates application (Fig. 2). In contrast, the application of silicate stabilizers significantly
increased soil available Si (Fig. 2). On the other hand, the passivation effect of lime on soil Cd was maintained
for a short period of time, due to its single immobilization mechanism, and long-term application of lime tends
to lead to soil compaction and nutrient loss'®?*?!. In contrast, the silicate stabilizer had a more diverse Cd pas-
sivation mechanism, and the passivation effect was more stable. In addition, the reaction between the silicate
stabilizer and the soil was gentler. The present study did not find that the silicate stabilizer had a negative impact
on the soil fertility and that it could increase the amount of soil silica and promote crop growth®?. Therefore, as
long term stabilizers for heavy metals in soil, silicate materials are more eco-friendly than liming materials are.

Effects of silicate stabilizers on the soil CaCl,—Cd and rice Cd contents

Generally, silicate stabilizers fix Cd** in the soil in two main ways*>**: the first is to produce a large amount of
OH-~ and SiO;~ within the soil, which results in precipitation with soil Cd**; the second is to utilize the loose
and porous surface area of silicate stabilizers to facilitate their adsorption and fixation with Cd**. As a result,
the application of B, SC and ZP significantly decreased the soil CaCl,-Cd concentration and hence the grain Cd
concentration of both early and late rice compared with that of the CK, in which the concentration of the rice
grain Cd under all the silicate stabilizer treatments was lower than the limit value (0.20 mg kg™) of rice grain
Cd in China’s national food safety standard (GB2762-2022). Additionally, the grain Cd reduction in the early
rice was obviously greater than that in the late rice under silicate treatments. This finding could be related to the

Factor Dependent variable F test Sig. (2-tailed) Patial 72
Amount 2458.01 0.00 0.99
Silicate CaCl,-Cd,,; 1871.94 0.00 0.98
Amount x silicate 743.50 0.00 0.99
Amount 528.61 0.00 0.97
Silicate Cd gy 14.66 0.00 0.28
Amount X silicate 20.44 0.00 0.69
Amount 56.01 0.00 0.75
Silicate Cdype 11.37 0.00 0.23
Amount X silicate 3.29 0.00 0.26

Table 3. Two-way ANOVA of the effects of the silicate treatments on the rice grain Cd concentration and
the soil CaCl,-Cd concentration. Amount application amount of silicate; silicate, silicate type (B, SC and
ZP), Amount x silicate interaction effect between the application amount and the silicate type, Cd,,,;, Cd
concentration of early rice grain, Cd,,;, Cd concentration of late rice grain, CaCl,-Cd,,; CaCl,-extractable Cd
concentration in soil.

Scientific Reports|  (2024) 14:20551 | https://doi.org/10.1038/s41598-024-71741-4 nature portfolio



www.nature.com/scientificreports/

results of the statistical analysis that grain Cd reduction in early rice was more sensitive to silicate type and it
was more strongly affected by the amount x silicate than that in the late rice.

Effects of silicate stabilizers on rice yield and quality

Silicon is one of the most important nutrients required by rice, and its role is second only to that of soil N, P and
K3, In general, both increases in soil pH and soil silicon fertilizer can not only promote the root growth of rice®,
but also increase the photosynthesis of rice, resulting in an increase in one or more yield components, such as
the effective panicle number, seed setting rate and 1000-grain weight®. Here, the silicate stabilizer increased the
soil ASi and soil pH, which may be the main factors responsible for the increase in the 1000-grain weight and
yield of rice. However, the excessive application of silicate stabilizers did not linearly increase rice yield, which
was related to the soil available silicon grade as well as the limited plant demand for silicon®.

Compared with the CK, the application of silicate stabilizer did not affect the concentrations of Fe, Cu, Mn
or Zn in either the early or late rice grains in the study area, whereas the medium silicate stabilizer increased the
Ca and Mg contents of the early rice grains and the Mg contents of the late rice grains, which was likely caused
by the effects of silicate stabilizers on the soil available Ca and Mg contents. Amylose and crude protein contents
are closely related to the taste of the rice®. In this study, except for the high B treatment, which increased the
concentration of late rice amylose, the other treatments did not affect the flavour quality of the rice. However, the
effects of silicon fertilizer application on rice amylose and crude protein contents vary among different reports
because the influence of silicon on the content of rice amylose and crude protein varies with rice variety and
application period®. It should be noted that the complex changes of rice grain Se under the silicate treatments
(Figs. 5g, 6g), which of transfer from the soil to the rice grains was affected by the interaction of multiple soil
properties, and current reports related to the effects of different soil properties on the soil Se bioavailability were
controversial®**°, need to be further research.

Thus, compared with liming materials, silicate stabilizers not only increase the yield of both crop rice and
the nutritional quality of rice.

Conclusions

The application of B, SC and ZP significantly decreased the soil CaCl,-Cd content by >39% and significantly
reduced the grain Cd content in both the early (>70%) and late rice (> 18%) stages under field conditions,
indicating the excellent ability of rice to reduce Cd. The application of high amounts of silicate stabilizers did
not affect the soil conventional nutrient indexes. The three silicate stabilizers could increase the uptake of Ca
and Mg in rice grains by improving soil available Ca and Mg, and B could increase the amylose content in the
late rice grains. In addition, the application of high amounts of silicate stabilizers did not significantly affect
the rice mineral nutrients or rice taste, but changes in rice Se content need to be emphasized. Taken together,
compared to the liming materials, silicate stabilizers are not only beneficial to rice yield and rice quality, but also
environmentally friendly.
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