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Abstract

Protection of natural water and cultivated crops from contamination in mining-affected areas is a problem in many regions.
Wastewater and waste residuals from the Shimen realgar mine in Hunan Province, China, pose a high risk of arsenic (As)
poisoning. The potassium silicate (PS)-assisted mechanisms of As mobility and accumulation reduction in a paddy soil—plant
system were investigated. In a vegetation experiment, rice was grown in moderately and highly As-polluted soil (30.6 and
66.9 mg kg~! of As, correspondingly) with and without PS. Total As and silicon (Si) in roots, shoots, and grains and the
forms of As in the grains were analyzed. Sequential extraction of the As in the soil showed that the PS significantly reduced
the mobility of As in the soil and its accumulation by rice. Several PS-mediated mechanisms were discussed: (1) dissolu-
tion of PS monosilicic acid enhances the sorption capacity of Si-based minerals for As; (2) increased pH in the soil solution
provides higher As sorption by soil; (3) Si-induced competitive inhibition of As(IIl) transport initiated by Lsi/ and Lsi2.
The results indicate the potential of using soluble Si to reduce As mobility and biotoxicity at sites with high levels of As in

wastewater, tailings, and waste residuals.

Keywords As(V) - As(IIl) - Dimethylarsinic acid - Potassium silicate - Sequential soil extraction

Introduction

Arsenic (As) is a widespread environmental pollutant and
a Group I human carcinogen (Bradham et al. 2018; Mar-
tinez et al. 2011). The main sources of As in the soil are
weathering of As-containing rocks, coal combustion, As-
based pesticides and herbicides, chromated copper arsenate
for wood preservation, and mining (Kumar et al. 2016).
Arsenate (As(V)) and arsenite (As(III)) are the dominant
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inorganic forms of As in the environment. Arsenate is mostly
present in aerated soils and arsenite is prevalent in paddy
soils (Takahashi et al. 2004). The transformation of As(V)
to As(III) can result in retention of the element in plants,
mostly in the roots, and its subsequent compartmentaliza-
tion in the root vacuoles as arsenite-phytochelatins (Li et al.
2016). Silicon (Si) transporters are able to load As(III) into
the xylem or exude As(II) outside of the roots (Zhao et al.
2010). The competition between As(III) and silicic acid
inhibits As(III) uptake (Fleck et al. 2013).

The Shimen realgar mine (29°38'11"-29°38'42"N,
111°2'06"-111°2"22"E) is located in Shimen County, Hunan
Province. This mine is the largest deposit of realgar in Asia,
with a mining history of more than 1500 years, until it closed
in 2011 (Yang et al. 2018). The mining there has resulted
in As pollution of a large area including agricultural land e,
with soils containing up to 5240 mg kg~! of As (Tang et al.
2016). The former mining and transport of As and disposal
of mine tailings, wastewater, and waste residuals caused
severe As pollution in both the nearby Huangshui River and
the Xieshui River, which is only a few kilometers further
away from the mine (Chi et al. 2017; Zheng et al. 2012).
Water from these rivers is used to irrigation the rice paddies.
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Rice (Oryza sativa L.) is a staple crop in a large part of
the world, especially in East Asia. Rice accumulates high
quantities of As in grains, compared to other cereals such
as wheat and barley (Su et al. 2010). In rice paddy soils,
total As content typically ranges between 4 and 8 mg kg™!,
but it can reach up to 83 mg kg~ in areas where the land
has been irrigated with As-contaminated water (Williams
et al. 2007). Arsenic(IIl) is a dominant form of As under
paddy conditions, but monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), and arsenate are also pre-
sent in flooded soils (Abedin et al. 2002). Arsenic toxicity
causes inhibition of adenosine triphosphate (ATP) forma-
tion, which adversely impacts yield (Panaullah et al. 2009).
Toxicity symptoms such as retarded development, brown
spots, and scorched spots were observed on plants in soils
containing > 60 mg kg~! of As (Choudhury et al. 2011; Khan
et al. 2010). Arsenic(III) reacts with sulphydryl groups of
enzymes and proteins and disturbs cellular functions. At the
metabolic level, As triggers the generation of reactive oxy-
gen species (ROS), thus leading to oxidative stress (Shriv-
astava et al. 2015).

Silicon is considered to be a quasi-essential element for
plants (Luyckx et al. 2017), which absorb Si as monosi-
licic acid [Si(OH),]. Rice is recognized as a Si accumulator
and plant tissue can contain more than 10% Si (dry weight;
Yamamoto et al. 2012). Silicon protects plants against
numerous biotic and abiotic stresses through: (1) a physical
or mechanical protection; (2) physiological reinforcement
of the cell and inter-cell organelles and membranes, includ-
ing chlorophylls and mitochondria; (3) chemical precipita-
tion of inorganic pollutants, and (4) a biochemical response
triggering metabolic changes (Meharg and Meharg 2015;
Vaculik et al. 2015). Over the last 5-10 years, many authors
have reported that Si-rich substances alleviate the negative
influence of As on various plants (Fleck et al. 2013; Gupta
and Khan 2015; Sanglard et al. 2016; Seyfferth et al. 2018;
Silva et al. 2015). For example, it has been shown that Si
reduces plant uptake and translocation of As by competi-
tion for transport (Fleck et al. 2013; Gupta and Khan 2015;
Sanglard et al. 2016; Seyfferth et al. 2018; Tripathi et al.
2013). Improved Si nutrition was also reported to medi-
ate photosynthetic performance and enhance antioxidant
enzyme activity in As-exposed plants (Gupta and Khan

Table 1 Selected chemical properties of the paddy soils

2015; Sanglard et al. 2016; Silva et al. 2015; Tripathi et al.
2013). While most studies focus on the plant mechanisms
responsible for the Si-induced alleviation of As stress, it is
also important to consider the soil-plant system. The effect
of Si-rich materials applied to soil on As adsorption, pre-
cipitation, and complexation is poorly studied. Some authors
observed an increase in As mobility through replacement of
As anion by silicic acid (Seyfferth et al. 2018). Our previous
study evidenced higher As adsorption by sand and different
Si minerals with increasing amounts of monosilicic acid (Ji
et al. 2017). The main aim of this investigation was to deter-
mine the effect of applying potassium silicate (K,SiO;) to
soil on As mobility in soil and its translocation to rice.

Materials and Methods

Two paddy soils differing in total As (30.6 and 66.9 mg kg™
in moderately and highly polluted soil) were selected. Soil
samples were collected near the realgar (arsenic sulfide
mineral) mining area. The coordinates of the first site
were E111°3'30.2"”, N29°39'46.3" and of the second site—
E111°2'51.1", N29°39'44.3". Rice has been grown in both
fields for more than 50 years. Soils were sampled from a
0-10 cm depth, air-dried at room temperature (25-28 °C),
ground, and passed through a 2-mm sieve. The basic soil
properties were analyzed using standard procedures (Sparks
et al. 1996). The data obtained is presented in Table 1.
Rice (O. sativa L. cv. Yuzhenxiang) seeds were obtained
from the Institute of Rice (Hunan Province). Seeds were
soaked in 10% H,O, for 10 min, rinsed in double-distilled
water, and germinated in autoclave-sterilized water. After
6 days of germination, plants were transferred to aerated
nutrient solution. The solution was prepared according to
Kukier and Chaney (2002) using deionized water, as follows:
126 mg L™! KNO,, 33 mg L™! CaCl,, 60 mg L™! MgSO,,
68 mg L~' KH,PO,, 66 mg L™' (NH,),SO,, 7.6 mg L™!
Fe-EDTA, 0.002 mg L™! Na,MoO,, 0.12 mg L™ H;BO;,
0.12 mg L™' MnCl,, 0.32 mg L™! CuSO,, 0.32 mg L™!
ZnSO,. The final pH was adjusted to 5.5 with 1 N NaOH
or I N HNO; and monitored throughout the experimen-
tal period. Growth solution was changed every 5 days for
30 days. Six seedlings were put into a pot at the 3-leaf stage

Soil pH Organic matter ~ Alkali-hydrolyzed = Na,HCOj; extracted P Water-soluble K Total Fe Total As Total Ca
(gkg™) N (mgkg™) (mg kg™ (mgkg™) (mgkg™)  (mgkg™) (%)
Medium contaminated soil (Soil 1)
I 5.43 30.4 206.6 3.44 96.8 23.1 30.6 0.106
Highly contaminated soil (Soil 2)
I 5.46 29.4 152.5 0.41 106.3 23.3 66.9 0.121
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(5 kg of soil, 25 cm diameter, and 20 cm height). Nitrogen as
urea at 200 mg kg~!, P as CaH,PO, at 150 mg kg™!, and K as
KCI at 200 mg kg™!, were applied to the soil before planting
the rice. Silicon was then added as K,SiO5 (PS) as follows:
soil 1, no Si (T1SiCK); soil 1, 150 mg kg'1 Si (T1Si1); soil
1, 300 mg kg‘1 Si (T18Si2); soil 2, no Si (T2SiCK); soil 2,
150 mg kg~! Si (T2Sil); soil 2, 300 mg kg~! Si (T2Si2).
The rice was grown under waterlogged conditions with
2-3 cm of water above the soil surface. Deionized water was
added every 2 days to maintain the same approximate level
of flooding. The temperature regime was 26 +2 °C during
the day and 24 +2 °C at night. The light and night periods
were each 12 h, with a light intensity of 950 mmol photons
m~2 s~!. The air humidity was 75 + 5% during the day and
70+ 5% at night.

Plants were harvested after maturity (105 days after trans-
planting) and the biomass of the roots, shoots, and grains
were measured. The collected plant tissues were dried at
+ 65 °C for 24 h and weighed. Soils were sampled with har-
vesting, air-dried at room temperature, ground, and passed
through a 1 mm sieve.

Plant Analysis

The total As in the roots, shoots and grain was analyzed
by the following method. Dried, milled and passed through
a 0.2-mm sieve plant sample (0.5 g) was put into a coni-
cal flask with 5 mL of concentrated nitric acid (HNO;) The
prepared solution was kept overnight at room temperature
and then heated using a hot block at 12 °C until the extracts
became clear. The digested solution was made up to a vol-
ume of 20 mL using deionized water and analyzed for As by
atomic fluorescence spectrometry (AFS-7300).

The method of evaluating As speciation [As(V),
As(IIT), and DMA] has been described by Shi et al.
(2013). A milled sample of grain (1.0+0.01 g) was put
into a 50 mL centrifuge tube and extracted with 20 mL of
1% HNOj; at 95 °C for 1.5 h. Then samples were cooled
to room temperature and centrifuged at 5000 rpm for
10 min. The supernatant solution was filtered through a
0.22 pm filter. Arsenic was analyzed by HPLC-HG-AFS

Table 2 Different As fractions of sequential extraction

(Shimadzu LC-15C Suzhou Instruments Co., China; HG-
AFS, AFS8230, Beijing Jitian Instruments Co., China).

To analyze total Si in plant tissue, a dried and ground
plant sample of 0.20+0.01 g was placed into a Teflon
tube, then 4 mL of 50% NaOH was added. After standing
overnight, 2 mL of 30% H,0, was added, then the tubes
were kept for 30 min, capped and placed into the micro-
wave (CEM MARS 6 MS5181) for 30 min. Silicon in the
obtained solution was analyzed by the Mullin and Riley
method (1955).

Soil Analysis

The plant-available Si in the soil was determined by a
3.6 g L™! HCI extract, according to the following pro-
cedure: Ten (10.0+0.01) g of an air-dried soil sample
was placed in a 100 mL polyethylene cup; 50.0 mL of
3.6 g L™ HCI was added to each cup and the mixture was
agitated at 200 rpm for 0.5 h. Then, after standing over-
night, the mixture was agitated again for 0.5 h, and then
the supernatant was centrifuged at 7000 rpm for 15 min
(Matichenkov and Ammosova 1996; NIAES 1987). The Si
was analyzed in a centrifuged solution using the Mullin
and Riley method (1955). Soil As speciation was evalu-
ated by sequential extraction (Herreweghe et al. 2003), as
presented in Table 2.

Statistical Analysis

All data was entered into Microsoft Excel (2007). Analysis
of variance was determined using SPSS 17.0. Figures were
created by origin 8.0. The absorption factor (AF) was cal-
culated as follows: AF = As concentration in roots/initial
As concentration in soil. The arsenic translocation factors
(TFs) were calculated as follows (Liu et al. 2014; Ye et al.
2012): TF1 of As from root to shoot = As concentration in
roots/As concentration in shoots; TF2 of As from shoot to
grain (maturity) = As concentration in grain/As concentra-
tion in shoots.

Stage Reagents

Procedure Fraction

1 30 mL 1 mol L' NH,Cl

2 30 mL 0.5 mol L™! NH,F (pH 8.2)
3 30 mL 0.1 mol L™! NaOH

4 30 mL 0.25 mol L™ H,SO,

5 4 mL HClconc, 2 mL HNOsconc and 2 mL HFconc mixture; gently heated

0.5 h shaking Easily soluble

1 h shaking NH,F-extractable

2 h shaking NaOH-extractable

2 h shaking, 16 h stewing, =~ H,SO,-extractable
2 h shaking

Residual

until half dry, subsequently reattacked with these three acids, heated until
completely dry, redissolved with 20 mL 2.5 N HCI and diluted to 50 mL
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Table 3 Dry weight of roots, shoots and grain (g plant™")

Asinsoil Si treatment Root (g
(mgkg™) (mgkg™)  plant™)

Shoot (g
plant™)

Grain (g
plant™)

30.6 0 7.76+0.18 33.93+0.99 25.63+0.83
150 9.18+2.15 38.13+£1.05 30.77+1.86
300 10.00+£0.14 4697+1.12 34.97+0.47
66.9 0 4.85+0.22 30.63+0.76 20.80+1.48
150 5.67+0.33 34.50+1.15 23.87+0.47
300 6.38+0.09 38.60+1.08 27.90+1.90
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Fig.1 Soil concentration of acid-extractable Si after experiment,
mg kg™

Results

The biomass of roots, shoots, and grains are shown in
Table 3. The weight of roots, shoots, and grains in Soil
2 was 37.5, 9.7, and 18.8% less, respectively, than that
in Soil 1. Application of PS significantly increased the
biomass of plants. PS at a low rate increased biomass of
the roots by 18.3 and 16.9%, biomass of the shoots by 12.3
and 12.6%, and grain yield by 20.1 and 14.8% in Soils 1

and 2, respectively. The higher rate of PS increased the
rice biomass by 26.0-38.4% (Fig. 1).

In our study, the 0.1 M HCI extraction method was used
to assess soil Si available for plant uptake. Numerous meth-
ods have been suggested for determining the plant-available
Si in the soil (Bocharnikova and Matichenkov 2012; Miles
et al. 2014). The literature indicates that the 0.1 M HCIl-
extractable Si in the soil correlates better with total plant Si
than other Si extraction methods (Bocharnikova and Mat-
ichenkov 2012; Matichenkov and Ammosova 1996). The
correlation coefficients between 0.1 M HCl-extractable soil
Si and plant Si was 0.89-0.95 (Bocharnikova and Matichen-
kov 2012; Matichenkov 2007), while it did not exceed 0.77
for the CaCl, extraction method, one of the most commonly
used methods of evaluating mobile Si in soil (Georgiadis
et al. 2014; Miles et al. 2014). The concentration of plant-
available Si in both untreated soils was 43.2 mg kg of Si
(Table 4). The K,SiO; addition increased this by 40.6-46.9
and 64.4-67.8%, according to the application rate.

The total content of Si in the roots and shoots differed
depending on the level of As soil contamination. Without
Si treatment, the root Si was 0.81% of Si in Soil 1 and only
0.56% of Si in Soil 2. The shoot (stem +leaf) Si amounted to
1.68 and 1.16% in Soil 1 and Soil 2, accordingly. Application
of PS increased that up to 0.91 and 0.97% of the root Si in
Soil 1, but reduced it to 0.52 and 0.50% in Soil 2. The shoot
Si was significantly affected by Si added at a low rate (2.24
and 1.49% of Si in Soils 1 and 2), whereas a higher Si rate
had little effect (Fig. 2).

The original soils were slightly acid with a pH of 5.43
(Soil 1) and 5.46 (Soil 2). Application of PS increased the
pH to 6.06 and 6.17, and to 6.59 and 6.58, in Soils 1 and 2,
respectively.

The total As concentrations in the rice plants are pre-
sented in Table 5. The most As (90.37 mg kg™!) was
observed in the roots of the rice in Soil 2. The shoot As was
89.5% less than in the roots in Soil 1 and 84.3% less in Soil
2. The minimum As was detected in the rice grains (0.46 and
0.81 mg kg~! of As, accordingly in Soils 1 and 2).

Table 4 Plant-available Si in

. i . Asin soil (mg Si treatment (mg Plant-available Si (mg Total Si in plants Soil pH
soil, pH of soil and tota1151 in kg—l) kg—l) kg’l)
the roots and shoots of rice Roots (%) Shoots (%)
30.6 0 423+2.0 0.81+0.14 1.68+0.21 5.51+0.10
150 61.2+72 0.91+0.09 2.24+0.19 6.06+0.12
300 73.4+15.2 0.97+0.05 1.78 +0.08 6.59+0.11
66.9 0 41.0+2.3 0.56+0.36 1.16+0.43 5.69+0.14
150 64.2+73 0.52+0.06 1.49+0.10 6.17+0.12
300 71.2+15.1 0.50+0.05 1.24+0.07 6.58+0.12
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Fig.2 Concentration of total Si in shoots and roots, %

Table 5 Arsenic concentration in shoots, roots and grain of rice under
different treatments, mg kg™! As

Asinsoil Sitreatment Root (mg Shoot (mg Grain (mg

(mgkg™) (mgkg™) kg™ ke™) kg™

30.6 0 81.19£0.29  8.51+0.48 0.46+0.05
150 75.98+3.05 6.66+0.03 0.34+0.04
300 46.00+2.85 6.28+2.26 0.31+0.02

66.9 0 90.37£0.40 16.02+0.19 0.81+0.02
150 66.84+1.37 14.99+0.83 0.70+0.03
300 61.30+£3.10 9.54+2.33 0.69+0.05

The PS significantly decreased the total As in all of the
plant parts. The As reductions were greater in the roots and
grains (by 43.3 and 32.0%, respectively) in Soil 1 at the
higher PS application rate. The shoot As decreased more (by
40.4%) in Soil 2 at the higher PS application rate.

In the rice grains, As was mostly present as As(III)
(Table 6). As As increased in the soil, all of the tested forms
of As in the grain increased: As(IIl)—by 79.2%, As(V)—by
7,6%, and DMA—by 187.8%. While the Si application did
not significantly affect the As(V) content, it significantly
reduced As(IIT) content in the rice grains by 41.2 and 30.6%,

7 c c
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—F— ]
5 |
4 +— -
I
Q
3 _—
2
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0 T T T T
T1SiCK Tisil T1Si2 T2SiCK T2Si1 T2Si2

Fig. 3 Effect of applied PS on the soil pH

when applied at a low rate, and by 51.0 and 42.0% at a high
rate, in Soils 1 and 2.

The As content in the different soil fractions is presented
in Table 7. In the original Soil 1, the maximum As was
observed in fraction 3 (3.68 +0.07 mg kg~! As), while the
maximum As content in the original Soil 2 was detected
in fraction 5 (9.89+0.71 mg kg~! As). Five fractions in
total comprised about 33% of the soil As. Application of
PS reduced As mobility in the soil. The amount of As in
the first two fractions was decreased in both soils and at
both Si rates. The NaOH-extractable As was increased in
Soil 1 at a higher Si rate and in Soil 2 at both Si rates. The
H,S0,-extractable As was insignificantly reduced by Si in
Soil 1 and significantly increased in Soil 2. Silicon added at
both rates increased the residual As in both soils (Fig. 3).

Discussion

The test soil was collected near Asia’s biggest realgar mine.
The As concentrations in the Xianyang River range from
0.01 to 28 mg L~! (Chi et al. 2017). Periodic aeration of the
soil during rice harvesting initiates As oxidation and trans-
formation into less mobile forms (Geng et al. 2017). Then
additional As enters the soil with irrigation.

Table 6 Content of As(III),

AS(V) and DMA in rice arain Treatment As(III) (mg kg™ As(V) (mg kg™ DMA (mg kg™h) Kl:ig(;;)rlic
T1SiCK 0.284+0.023d 0.104+0.016 a 0.066+0.001 a 85.4
T1Sil 0.167+0.003 b 0.109+0.041 a 0.066+0.005 a 80.7
T1Si2 0.139+0.013 a 0.095+0.060 a 0.080+0.010 b 74.6
T2SiCK 0.509+0.007 e 0.112+0.012 a 0.190+0.017 ¢ 76.6
T2Sil 0.353+0.007 ¢ 0.113+£0.017 a 0.238+0.010d 66.2
T2Si2 0.295+0.023 d 0.117+0.022 a 0.276+0.011 ¢ 59.9

@ Springer
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Table 7 .Content (?f Asin . As in soil Si treatment Fractions of As
§equent1§l extraction fractions (mgkg™) (mgkg™) - - - - -
in the soil 1 (mgkg™) 2(mgkg™) 3(mgkg™) 4(@mgkg ) 5(mgkg™)
30.6 0 0.31+0.04  2.03+0.39 3.68+0.07 1.31+0.07 2.72+0.85
150 0.28+0.01 1.72+0.23 3.58+0.07 1.19+0.09 3.46+0.48
300 0.23+0.03 191+0.26  3.94+0.06 1.22+0.18 6.03+0.76
66.9 0 038+0.02 240036 695+0.19 284+0.34 9.89+0.71
150 0.33+0.06  2.19+0.43 7.62+0.37 3.21+0.44 10.64 +0.84
300 0.29+0.03 2.05+0.45 7.66+0.18 3.17+0.16 12.52+2.03

Table 8 Adsorption and translocation factors of As

Treatment AF TF1 TF2

T1SiCK 2.65+0.01 a 0.10+0.01 a 0.04+0.01 a
T1Sil 248+0.10b 0.09+0.02 a 0.05+0.01 a
T1Si2 1.50+0.09 ¢ 0.14+0.04 a 0.06+0.02 a
T2SiCK 1.35+0.01 a 0.18+0.01 b 0.04+0.01 a
T2Sil 1.00+0.02 b 0.23+0.02 a 0.03+0.01 a
T2Si2 0.92+0.05b 0.16+0.01 b 0.05+0.04 a

Value within a column followed by the same letter are not different
using Duncan’s Multiple Range test (P < 0.05)

As(V) is the dominant form of the element in aerobic
soils. Because of adsorption to iron (Fe), aluminum (Al),
and manganese (Mn) oxides and hydroxides, soluble forms
of As are low (Inskeep et al. 2002). In flooded fields, Fe’t is
reduced to Fe* and As is released into the soil solution. In
addition, As(V) is reduced to As(III), which is more mobile
than arsenate (Takahashi et al. 2004). However, continuous
changes in the redox state for many years have led to strong
As fixation in Soil 2. As a result, the more soluble forms of
As (fraction 1) were similar in Soils 1 and 2. But the more
contaminated Soil 2 had a greater content of the less soluble
forms of As (fractions 3-5) than Soil 1. This can be attrib-
uted to the process of As chemical fixation, which proceeds
more actively in the more contaminated Soil 2.

Although the soluble forms of As were similar in the
two soils, there was significantly more biomass in Soil 1
(by 16.4% for whole plants and 37.5% for roots) than in
Soil 2. This suggests that even soil-bound As might have
a deleterious effect on plant growth and that it could be
partially transformed into plant-available As during the
growing season. The AF for the control plants in Soil 1
was twice as high as that in Soil 2 (Table 8). In our study,
a large difference in the AF values between two soils is
attributed mostly to the difference in the total soil As,
whereas plant-available forms in both soils as well as the
root content of As did not differ much.

It is important that the control plants in Soil 1 had a
much lower TF1 than Soil 2. Therefore, natural plant

mechanisms responsible for restricting root to shoot As
translocation were more efficient in the less contaminated
soil. The TF2 was the same for the control plants in both
soils. According to Gupta et al. (2011), retention can
be mediated through As compartmentation in vacuoles,
complexation by glutathione and peptides, transformation
into non-toxic organic forms, and volatilization into the
atmosphere.

Soil-applied PS significantly reduced AF values in both
soils, and the effect was increased at a greater PS rate. As
in the control plants, TF1 was less in the less contaminated
Soil 1 than in Soil 2, but a direct correlation between PS
application and TF1 was not observed. The TF2 values dif-
fered insignificantly in both PS-treated soils. Apparently,
the PS mostly impacted the transfer of As from soil to root.

The PS application significantly decreased the mobility of
As in the soil and its accumulation by the rice. At the same
time, the amount of strongly adsorbed As are increased.
Therefore PS application stabilized the As in the soil-plant
system. Several mechanisms could be suggested to explain
the PS effect on As behavior.

The first mechanism is based on a PS-mediated increase
in soil sorption capacity. Our previous experiments on As
sorption showed that the sorption capacity of Si-rich miner-
als rises with increasing monosilicic acid concentration (Ji
et al. 2017; Peng et al. 2017). The dissolution of PS and
the formation of monosilicic acid could be responsible for
enhanced As sorption to the soil. In the scientific literature
on As adsorption, many studies focus on the role of Fe-
based minerals in As immobilization. Monosilicic acid was
reported to compete with As for adsorption on different Fe
minerals, thus decreasing the metalloid retention (Moller
and Sylvester 2008). However, this data was not obtained
for soil, but for chemically pure Fe-based minerals and at
high pH levels. In our work, the soils were characterized by
pH of about 5.6 and a predominance of silicates in mineral
composition. There was only 23.1-23.3 mg kg~! of total Fe
in the soil, so the role of Fe minerals in As fixation was low.
We suspect that monosilicic acid, a product of PS dissolu-
tion, is initially adsorbed on Si-based minerals due to their
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chemical affinity, thus forming additional As-adsorbing sites
(Jietal.2017; Peng et al. 2017).

Another possible PS-mediated mechanism is related to
the observed increased pH in the tested soil, which would
slightly decrease the sorption of As(V) and DMA, but
increase sorption of As(II) (Smith et al. 1998). Considering
that As(V) is reduced to As(III) under flooded conditions,
total As adsorption could be enhanced.

During the first 30 days of the current study, all rice
plants were grown at a low level of Si, mostly the Si avail-
able in grain husks (about 1 mg of Si grain™'). However,
this period is characterized by enhanced vegetative growth
and consequent high Si uptake (Ma and Takahashi 2002).
After this period, the biomass production rate decreases and
the demand for Si diminishes as well. After replanting, the
plant’s Si absorption was not intensive and as a result, the
total Si in the control and Si-treated mature plants differed
insignificantly.

The application of PS significantly reduced the total As
in all of the analyzed parts of the rice plant. This data is
consistent with other studies (Fleck et al. 2013; Gupta and
Khan 2015; Sanglard et al. 2016; Seyfferth et al. 2018; Silva
etal. 2015). PS was selected as a common source of monosi-
licic acid in soil-rice system research (Buck et al. 2008; Raj
and Pannu 2017). This substance totally dissolves, forming
monosilicic acid, the only Si form that is taken up by plants
(Ma and Takahashi 2002). Therefore, it is possible to state
that there was a monosilicic acid-induced effect on As trans-
port in rice plants. There are a lot of Si-rich materials that
can serve as a source of monosilicic acid: diatomites, zeo-
lites, amorphous silica, some Si-based industrial by-products
(Bakhat et al. 2018; Ji et al. 2017; Wei et al. 2018). In this
study, we used chemically pure PS to eliminate the influence
of solid particles on the As behavior in soil. Our previous
investigations and other reports, conducted with diatomite,
calcium silicate slag, and amorphous silica have shown that
improved plant Si nutrition reduced the root to leaf trans-
port of inorganic pollutants via apoplast and symplast in
rice plants (Ji et al. 2017; Wei et al. 2018). We have also
shown that added Si reduced the stem to leaf As transport
in rice more intensively than the root to stem transport (Wei
et al. 2018).

In the grain, the PS application reduced the concentration
of As(IIl), while its influence on As(V) was insignificant.
According to Ma et al. (2007, 2008), arsenite is taken up by
the rice roots via Lsil and/or Lsi2. The same transporters
facilitate Si accumulation by rice. The competition between
Si and As(III) transport could be responsible for: less Si
accumulation in rice in the more contaminated Soil 2, and
less As accumulation in both soils with the PS application.

@ Springer

Conclusion

The current study demonstrates that PS applied to As-
contaminated paddy soil had a combined impact on the As
behavior via soil and plant mechanisms. It contributed to:
(a) reduced As bioavailability by altering As speciation in
the soil, with increasing fixation in the residual fraction; (b)
decreased As uptake by and translocation within rice plants;
and (c) mitigation of biotoxicity through transformation of
the highly toxic As(III) into the less toxic organic As. The
PS application resulted in an increase in the root, leaf, and
grain biomass of the rice plants by 12-36%, while the As
content in the rice grains decreased by 14-32%, due to less
As(II); the As(V) content did not change and the organic
As increased.
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