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ABSTRACT ARTICLE HISTORY
A novel effective sorbent for the extraction of antimony(lll) from Received 31 July 2024
rice straw has been generated, having a specific surface area of  Final Version Received 19
470 m*/g. The material was subjected to a series of analyses, November 2024
including scanning electron microscopy, energy dispersive X-ray
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analy§|s, X-ray d.lffractlor.\ analysis, anq FT-IR spectroscopy. The Soil; antimony; permeable
sorption properties relative to Sb(lll) ions were characterised in reactive barrier; sorption
dynamic conditions in a column experiment. The total dynamic barrier; sorbent;
exchange sorption capacity of 113.92 mg/g renders this material aluminosilicate
suitable for use as a permeable reactive barrier (sorption barrier)
with the objective of protecting soils from antimony
contamination. To identify the optimal conditions for soil
protection, the chemical composition, acid-base properties, and
sorption parameters of soils of varying types were characterised.
The sorption properties of the soils were determined in static
conditions to obtain the sorption isotherm. The maximal sorption
capacity was identified for the soil sample with low base
saturation and a high organic component content, a finding that
was corroborated by DTA analysis. The results of the column
experiment with layers of soil and aluminosilicate sorbent
indicate the promising use of the new sorbent as a sorption
barrier for the effective protection of soils from antimony
contamination.
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Introduction

The contamination of environmental waters with metals and metalloids may occur in the vicin-
ity of mineral deposits and mine workings [1]. In particular, acid mine drainage (AMD), which is
typified by a low pH and high concentrations of acidic anions and toxic metals, is responsible
for the deterioration of the quality of surface streams and groundwater as well as soils [2]. The
contamination of regions with antimony, polymetallic, and coal deposits is a significant
environmental issue, particularly in the vicinity of the Xikuangshan antimony deposit in
China [3,4]. Additionally, antimony is highly concentrated in shooting range soils [5], and
landfill leachate also contributes to groundwater pollution with antimony. The high toxicity
of antimony(lll) makes it imperative to protect the environment from its spread [6].

Various sorption materials are often used for the extraction of metal ions, ranging from
simple sorption materials such as plant waste (rice husks, orange peel, coconut coir, etc.)
[7-9] to high-tech materials such as the following metal-organic frameworks (MOFs) [10]
and covalent organic frameworks (COFs) [11].

A cost-effective approach to the prevention of groundwater contamination or the
clean-up of contaminated groundwater involves the application of in-situ permeable
reactive barriers (PRBs) or sorption barriers [12,13]. One of the most commonly utilised
variants is the PRB with zero-valent iron (ZVI), which is capable of interacting with a
range of substances, including antimony. The remediation occurs via reductive processes
that are associated with surface corrosion of the iron metal [14]. It is anticipated that Sb°
will precipitate on the Fe® [15]. A study examining the use of iron-containing composite
materials in electrokinetic-permeable reactive barriers (EK-PRBs) demonstrated the
adsorption capacity relative to Sb(lll) to be up to 82.31 mg g™, a relatively modest figure.

The identification of cost-effective and efficient reactive materials represents a signifi-
cant challenge in the context of PRBs [16]. Materials that are capable of sorbing antimony
typically exhibit a low sorption capacity. Accordingly, the authors [17] indicate that florisil
‘effectively’ can remove Sb(lll) from aqueous solutions, while its sorption capacity is
approximately 6 mg/g. The natural aluminosilicates kaolinite and nontronite have been
observed to exhibit sorption capacity for antimony up to 123 mg/g [18]. Most of the
materials studied typically exhibit a sorption capacity for antimony of approximately
100-250 mg/g, with the exception of the only mixed-oxide mineral birnessite, which
has a capacity of 759 mg/g [19]. However, the birnessite mineral is not a common occur-
rence, and its high cost limits its practical applications.

In order to ensure economic feasibility, composite reactive media derived from waste
materials are employed. Including plant and silicate materials have demonstrated high
efficiency, with removal rates of 67.3-99.3% for various metals [16,20].

As previously demonstrated [21], the sodium aluminosilicate derived from rice straw
exhibits a maximum sorption capacity for antimony of 596 mg/g under static conditions,
which significantly exceeds the capacity of analogous materials. The synthesis of this alu-
minosilicate simultaneously allows the utilisation of rice straw, which is a highly promis-
ing, inexpensive, and renewable raw material.

In order to utilise effective sorption materials as PRBs, two factors must be taken into
account. Firstly, in order to optimise the design of a barrier, it is essential to gain an under-
standing of the dynamic sorption characteristics. This will enable the establishment of the
optimal residence time and velocity of groundwater flow.
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Secondly, the relevance and efficacy of PRBs is contingent upon the specific type of
host soil. It is established that natural soils act as protective barriers against the migration
of toxic substances. The natural barrier capacities of soils appear to be a promising
method for preventing the spread of pollutants [22]. It is crucial to comprehend the sorp-
tion characteristics of the soil in order to make an informed decision regarding the instal-
lation of a barrier. Antimony immobilisation in soils is known to depend on both the
species composition of the microbiome and the composition of the mineral component,
in particular redox-active mineral phases [23].

The objective of the proposed study is to investigate the parameters of dynamic sorp-
tion in a column experiment of a novel, environmentally friendly, and cost-effective alumi-
nosilicate, synthesised from rice straw, and also of diverse soil types relative to antimony
(1), with the aim of evaluating the efficacy of using a sorption barrier for soil protection.

Materials and methods

The study selected different soil types from various regions of the Russian Far East that
were sampled between 2021 and 2022. Soil sections were laid out for sampling and
soil samples were collected by genetic horizons using a spade and stiff-bladed knife.
The soil samples were taken from four different sections. Section 1 (S1) is located
200 m from the sea, with coordinates N42°49,313' E132°59,702', Haplic Cambisols.
Section 2 (S2) is located in an upland area, with coordinates N48°25,993' E134°13,337/,
Albic Clayic Luvisols. Section 3 (S3) is located in a coastal meadow on a high terrace,
with coordinates N49°14,463’ E140°19,953’, Folic Cambisols (Dystric). Finally, Section 4
(S4) is located on a high coastal terrace with coordinates N45°12,472’ E147°50,247’, the
soil was identified as Ubmbic Cambisols (Humic). Soil names were assigned based on
the World Reference Base for Soil Resources [24].

Elemental analysis of the soil was conducted using energy dispersive X-ray fluor-
escence spectroscopy on a Shimadzu EDX 800 HS spectrometer (Japan). The pH of the
water and salt suspensions was measured via potentiometry using a pH meter Mettler
Toledo FiveEasy F20 (Switzerland), and the total (hydrolytic) acidity was determined
according to Kappen. The organic matter content was estimated by determining the
weight loss of the soil upon calcination in a muffle furnace at 900°C (loss on ignition)
[25]. The base saturation of soil was calculated using the following formula:

V - S/(S + ACror), (1)

where S represents the sum of exchangeable bases and Ac,., represents hydrolytic acidity.
To ensure the reliability of the results, the analyses were conducted in triplicate to allow
for convergence of the data.

The study of the soil absorption capacity for Sb(lll) ions was carried out under static
conditions from aqueous solutions of SbF; with a metal concentration of 50-700 mg/L
at a solid/liquid phase ratio (S:L) of 1:1000 at room temperature. To prevent any inter-
action between the antimony fluoride and glassware, we used PET or polyethylene
flasks. We did not adjust the pH of the solutions during the experiment.

We determined the concentration of antimony ions in the solution using atomic absorp-
tion spectrometry on an AA-770 spectrophotometer (Nippon Jarrell Ash, Japan) in an acety-
lene-air flame. For more precise determination, we carried out bromatometric titration.
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The sorption capacity of the soils (A, mg/g) was calculated using the following formula:
A= (C—Ceq)-V-1000/m, (2)

where C; and Cq are the initial and equilibrium concentrations of antimony (mg/mL), V is
the volume of the solution (mL), and m is the weight of the sample (g).

Thermal analysis was performed using a MOM Q-1000 derivatograph with a heating
rate of 5 K/min. Aluminum oxide calcined at 1000°C was used as a reference sample.
The ignition losses were determined after the samples were calcined at 1000 °C for one
hour.

Sodium aluminosilicate was synthesised from rice straw using the following method:
the straw was treated with 1 M NaOH solution (ratio S:L = 1:13) at 90°C for 1 h. The result-
ing hydrolysate was separated by filtration from the solid cellulose residue. A dilute
aqueous solution of aluminum sulfate was added to the hydrolysate, and the pH of the
solution was adjusted to 7. The resulting precipitate was decanted, washed, and dried
at 105°C, as described in [26].

The sorption properties of sodium aluminosilicate under dynamic conditions were
determined by passing a model solution of SbF; through a fixed layer of sorbent. The
sorbent fraction had a particle size of 1 mm, and the column inner diameter was
0.5 cm. The ratio of column diameter to height (d:h) was varied in the range of 1:3-1:8.
The model solution had an Sb(lll) concentration of 50 mg/L and was permeated using a
peristaltic pump at a flow rate of 1.5 mL/min. The eluate was collected in 25 mL portions,
and the residual Sb content in the solution was determined.

The dynamic exchange sorption capacity (DEC) and total exchange sorption capacity
(TDEC) were then calculated using the following equations:

pEc = &~

X Vb, (3)

TDEC — Z(CI _r:n) x Vp

' 4)

where C; is the initial concentration of Sb(lll) in the model solution in mg/L, Cy, is the con-
centration of Sb(lll) at the break point in mg/L, m is the mass of dry sorbent in grams, V}, is
the volume of solution before the break point in liters, C, is the concentration of Sb(lll) in
each n'" portion of the output solution (mg/L), and V,, is the volume of the n™" portion of
the output solution (L). The antimony break point was determined as the point at which
the efficiency of Sb(lll) extraction under dynamic conditions decreased to less than 95%.

Results and discussion

The initial stage of the research involved studying the the sorption and barrier properties
of, sodium aluminosilicate, derived from the alkaline hydrolysate of rice straw [21]. The
sample was analysed for its elemental composition. The material is composed of SiO,
(48.9%), Al,O; (38.1%), and Na,O (12.9%), which is approximately consistent with the
gross formula Na,SizAl;O45. It is X-ray amorphous, as indicated by a blurred maximum
in the X-ray diffraction pattern in the 27° region (Figure 1(a)). The IR spectrum shows
absorption bands at 1014 cm™! (vas Si-O) and 700 cm™! (AlI-O-Si), which are specific to
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Figure 1. X-ray diffraction pattern (a) and FTIR spectrum (b) of the sodium aluminosilicate synthesised
from rice straw and investigated as a sorption barrier.

aluminosilicates (Figure 1(b)). The morphology of the material is disordered, with primary
particles smaller than 0.5 um aggregating into porous agglomerates of a few tens of pm
(Figure 2). The specific surface area is 470 mz/g.

As demonstrated previously [21], the maximum sorption capacity of sodium alumino-
silicate derived from rice straw for antimony under static conditions is 596 mg/g, with a
recovery rate of approximately 76%. This capacity significantly exceeds that of commer-
cial analogs, which typically exhibit a sorption capacity of approximately 100-250 mg/g,
except for the only mixed-oxide mineral birnessite, which has a capacity of 759 mg/g [19].
An additional benefit of this material is that it is synthesised from renewable plant-based
resources.

It is established that the sorption mechanism of antimony(lll) on biogenic aluminosili-
cates, resulting from an inhomogeneous surface structure, is a complex process that
encompasses chemical interaction [27], cation exchange, and hydrolysis [28].

The study evaluated the absorption capacity of sodium aluminosilicate in dynamic
mode at different layer heights. The results are presented in Table 1 and Figure 3. The
data show a nonlinear increase in the dynamic exchange capacity with increasing
sorbent layer height. Specifically, increasing the sorbent layer by 2.6 times resulted in a
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Figure 2. SEM image of the synthesised sodium aluminosilicate.

Table 1. Dynamic and total exchange sorption capacity of biogenic sodium aluminosilicate with

respect to Sb(lll) ions.

Ne d:h DEC, mg/g TDEC, mg/g
1 1:3 7.71 90.25
2 1.6 40.92 81.26
3 1:8 59.96 113.92
1,0 -
...
% o
1 J::f-"'o -----
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Figure 3. Output curves of antimony(lll) ions sorption under dynamic conditions at different sodium
aluminosilicate layer heights (d:h): 1-1:3; 2-1:6; 3-1:8.

7.8-fold increase in the specific capacity per unit mass. The total exchange capacity also
increased, although insignificantly. When the ratio d:h is equal to 1:8, the degree of purifi-
cation of the antimony solution at the initial site is within the range of 98.7%-99.3%.
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As natural soils also possess sorption barrier capacity and can impede the dissemina-
tion of pollutants [22], the second stage of the research sought to examine the sorption
capacity of soils in relation to antimony under static conditions. Table 2 presents the
elemental composition of the soils under investigation, calculated for the oxides, while
Table 3 presents their physicochemical properties.

The maximum sorption capacity of soil for antimony(lll) ions varies depending on the
soil type and composition, as shown in Figure 4 and Table 3. The sorption properties are
related to soil organic matter [29], resulting in a positive correlation between the sorption
capacity and ignition loss and a negative correlation between the sorption capacity and
SiO, content. In addition to the organic matter content, the soil cation exchange proper-
ties also significantly influence the soil sorption capacity. The maximum sorption capacity
(Amax) is positively correlated with hydrolytic acidity and negatively correlated with soil
base saturation (V). For instance, soil S2(0-10) has a high organic matter content and
degree of base saturation but a low sorption capacity.

The hydrolytic acidity value indicates the amount of exchangeable hydrogen and
aluminum ions that are displaced from the soil absorption complex when the soil inter-
acts with the hydrolytically alkaline salt CH;COONa. The soil base saturation is the percen-
tage of exchangeable bases (Na*, K*, Mg®*, Ca®* cations) relative to the total amount of
exchangeable cations (including hydrogen H* and aluminum AI**) in the soil absorption
complex. The correlation between A, and V confirms that sorption occurs mainly
through the exchange of hydrogen and aluminum ions for antimony ions rather than
exchangeable bases (Na*, K*, Mg®*, Ca").

Figure 1 shows that soil sample S3(0-7) has the highest absorption capacity for anti-
mony ions, which is attributed to the high content of organic component in this soil
and the low base saturation. The content of organic component in the soil can be

Table 2. Composition of the investigated soils, wt. %.

Section

(depth, cm) SiO, Al,03 Fe,03 K,0 Na,O Ca0 MgO H,0 SOC Ignition losses, %
S1(0-17) 48.8 19.0 8.87 571 2.81 1.44 0.40 1.78 4.05 9.90
S1(17-33) 494 25.0 7.57 5.09 240 1.01 0.39 0.83 1.65 7.27

S2 (0-10) 445 13.5 7.89 3.95 1.61 1.38 0.42 3.80 8.2 21.1

S2 (15-45) 56.8 16.7 10.8 5.82 2.71 0.69 0.38 0.98 1.44 3.70

S3 (0-7) 18.1 8.67 6.21 1.32 0.61 1.0 0.33 6.30 21.4 55.7

S3 (7-27) 337 16.8 791 2.30 0.92 0.34 0.29 5.71 14.5 30.0

S4 (0-20) 433 1.7 1.2 13 2.01 2.06 0.36 3.85 8.42 228

Table 3. Physicochemical properties of the studied soils: pH of the extracts, hydrolytic acidity (Aco.
base saturation (V. and maximum sorption capacity toward antimony (Anax).

pH pH v, Amax(Sb.

Section (depth, cm) (H,0) (KCl) Ao, (cmol(equiv)/kg) % mg/g
S1(0-17) 6.0 49 6.81 923 20.89
S1(17-33) 5.8 4.8 472 90.6 14.23
S2 (0-10) 5.7 4.7 13.42 75.7 14.51
S2 (15-45) 6.0 4.4 6.60 76.7 21.63
S3 (0-7) 58 4.2 117.72 27.3 66.63
S3 (7-27) 43 3.0 31.73 373 61.87
S4 (0-20) 49 4.1 31.91 35.2 40.99
Sodium aluminosilicate sorbent 596
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Figure 4. Sorption isotherms of Sb(lll) ions by soils (numbering according to Table 1) under static
conditions.

determined through thermal analysis. The derivatogram in Figure 5 indicates a minimum
on the DTG curve between 180 and 350 °C and an exothermic effect with a maximum at
320 °C, which corresponds to the presence of polysaccharides such as cellulose and its
derivatives [30]. The subsequent mass decrease and exothermic effect on the DSC
curve are attributed to the oxidation of the carbonised residue.

The S3(0-7) sample was chosen for further study, because this soil type is more vulner-
able to contamination by antimony compounds, but it can also serve as a sorption barrier
to prevent antimony ions from entering the hydrological system, and has the most prom-
ising prospects for practical application. Additionally, the low degree of soil base satur-
ation indicates minimal agricultural value.

100 4

-61.2%

TG

I T T T T T T T T T 1 T T T 1 T
0 100 200 300 400 500 600 700 800
Temperature, °C

Figure 5. The thermogram of the soil S3(0-7) (numbering according to Table 2).
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Figure 6. Output curves of antimony(lll) ions sorption under dynamic conditions: 1 - soil S3(0-17); 2 -
soil: sorbent =1: 0.4; 3 - soil: sorbent=1: 0.7

Table 4. Interphase distribution of antimony in the soil-sorbent system.

System, Ky Kg
mass ratio (soil: sorbent) (solid: liquid) Sb(lll) extraction rate, %
Soil $3(0-17) - 2.12:10° 8.21
Soil: sorbent 1:7.6 4.63-10° 41.04
1: 0.4
Soil: sorbent 1:9.6 7.02:102 53.00
1: 0.7

To investigate the potential of using sorption barriers to protect soil from antimony con-
tamination, the column experiment with layers of soil and aluminosilicate sorbent was per-
formed. The barrier properties of the soil and a model combined system of a soil layer and
a protective layer of sodium aluminosilicate sorbent were determined by output curves at
different weight ratios of soil and sorbent (see Figure 6). The results show that the soil
itself has barrier qualities. However, the practical use of a sorbent layer can increase the
degree of groundwater purification and reduce the toxicological load on soils. Table 4
shows that using sodium aluminosilicate as a sorbent barrier increases the coefficient of inter-
facial distribution of antimony by 3.3 times and its extraction by 6.5 times.

Conclusion

Rice production waste, particularly rice straw, has been identified as a promising renew-
able raw material for the preparation of diverse sorption silicate materials. The sodium
aluminosilicate synthesised from rice straw demonstrated a high sorption capacity for
antimony(lll) in both static and dynamic conditions. This indicates the potential for the
use of this sorbent with capacity up to 113.9 g/kg in the form of sorption barriers to
prevent the contamination of soils with antimony. The interaction of dissolved antimony
with different soil types varies. This is the first study to demonstrate the dependence of
the sorption characteristics of soil in relation to antimony on its composition and acid-
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base parameters. The highest capacity values are observed at the maximum hydrolytic
acidity and the minimum degree of soil base saturation. The sorption capacity of
different types of soils for antimony is influenced by a combination of factors. In addition
to the organic component content, cation exchange properties also play a role. From an
ecological perspective, soils with high organic content and low base saturation are most
susceptible to antimony contamination. Thus, data on the composition and properties of
soils can serve as a basis for planning environmental protection measures, particularly the
organisation of sorption barriers. Further development of this work will be directed
toward the methods of remediation of already contaminated soils.
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