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Abstract: Due to anthropogenic activities, potentially toxic elements cause severe soil pollution
worldwide. Therefore, remediation of contaminated soils is exigent and imperative. One cost-effec-
tive and environmentally friendly remediation approach is the application of biochar, which is a
solid carbonaceous material. Biochar degrades slowly in soil and can persist there for thousands of
years, according to various estimations. In addition, coal obtained from crop wastes has a developed
porous structure, a high specific surface area, and does not contain toxic compounds such as heavy
metals and polycyclic aromatic hydrocarbons. Biochar with optimal values for specific surface area
and porosity was obtained from rice husk by stepwise pyrolysis. The pyrolysis parameters such as
the heating rate (11 °C-min™!), temperature (700 °C), and holding time (45 min) were established. At
the same time, the surface area of the biochar increased by almost three times with a change in the
pyrolysis conditions. As a part of this research, the efficacy of adsorption of Cu(Il) from Haplic
Chernozem using biochar made from rice husk was examined. The Langmuir and Freundlich mod-
els were employed to describe the adsorption data. The isotherm data of heavy metals was better
fitted to the Langmuir adsorption model. The addition of rice husk biochar to the soil presented
greater removal efficiencies of Cu(Il) than soil in pure form. The analysis of the structural charac-
teristics of the sorbent suggest that this material may work efficiently for the restoration of contam-
inated soil.
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1. Introduction

Recently, the world community has been paying more attention to the problems of
conservation and rational use of soils [1]. This is evident in the inclusion of soil conserva-
tion and sustainable land use in the United Nations (UN) sustainable development plan
[2]. Rapid global industrial development, intensive agricultural practices, and land-use
change have resulted in soil degradation and a significantly increased risk of soil contam-
ination by heavy metals (HMs) [3-5]. Fast industrialization and disorganized urbaniza-
tion, together with long-term use of large amounts of fertilizers and pesticides, has re-
sulted in accumulation of HMs in soil [6]. The main feature of HMs as pollutants is that
they are poorly biodegradable, which leads to their accumulation in soils and an increase
in their toxic effects over time [7]. Numerous studies have shown that an increase in the
content of HMs in the soil increases their bioavailability for plants, and consequently, the
potential danger to the environment and human health [2,8,9].

One of the promising methods for combating soil pollution with HMs is to decrease
their toxic effect by reducing their bioavailability [1]. To achieve this goal, it is proposed
to use more environmentally friendly and cost-effective remediation methods, such as
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remediation by sorption. Several studies have suggested employing carbon sorbents such
as biochar for these applications [10-12]. Biochar degrades slowly in soil and can persist
there for thousands of years, according to various estimations [13]. In addition, coal ob-
tained from crop wastes has a developed porous structure, a high specific surface area,
and does not contain toxic compounds such as HMs and polycyclic aromatic hydrocar-
bons (PAHs) [12]. Due to its porous structure and surface functional groups, biochar has
become a promising solution to various environmental problems [14]. In addition to being
a soil cleaner, biochar can also serve as a fertilizer for agricultural plants by increasing the
biological activity of soils, helping to retain moisture available to plants, and improving
the chemical and physical characteristics of soil [12,15].

The main approach for obtaining biochar is the pyrolysis of plant residues from ag-
ricultural waste, therefore biochar production is one of the ways to cost-effectively process
these wastes [16]. The use of regional agricultural waste is often observed [17]. The supe-
riority of this type of material lies in the fact that it is inexpensive or even free, and is
available in abundance, especially in countries with strong agricultural economies such
as Russia. Rice is a staple food in most regions of Asia, which is home to more than 90%
of the world’s rice production and consumption [18]. As another agricultural country in
the world, Russia produces more than 1 million tons of rice husk every year. However,
rice husks are low in volume density, difficult to transport and store, hard textured, slow
to decompose in soil, and of low nutritional value [19]. Simple incineration is obviously
not conducive to environmental and ecological protection, and reasonable and value-
added utilization of such large amounts of rice husk has become an urgent issue. In addi-
tion, rice husk contains a large amount of inert silicon, making it an excellent precursor
for preparing biochar [20]. Biochar generated from rice husk has been reported to exhibit
multiple functions and be a low-cost material [21].

The properties of biochar largely depend on the type of feedstocks and on pyrolysis
conditions such as temperature, heating rate, and duration [22,23]. With a change in the
final temperature of pyrolysis, and the time of exposure at the final temperature, there are
changes in the carbon supply of the biochar, its potential stability in the soil, and its sorp-
tion characteristics [24].

The goal of this study was to develop a method for obtaining biochar with desired
characteristics from rice husk. The production of this material will help solve several prob-
lems by eliminating the accumulation of regional crop waste and creating a unique mate-
rial that is useful both in soil restoration and in agriculture.

2. Materials and Methods

As a source of rice husk, waste from the production of rice (Oryza sativa L.) was col-
lected from Proletarsky district, Rostov region, Russia. The rice was represented by the
Boyarin variety, which still occupies the main acreage in the Rostov region. Rice husk was
carefully washed three times with tap water and once with distilled water to remove im-
purities. After that, the husk was dried at 105 °C in the oven for 3 h until it was completely
dry. An aliquot of the feedstock (100 g) was loaded into a sealed 2 L stainless steel vessel
which was itself placed inside a muffle furnace under limited oxygen conditions. Biochar
was produced using a stepwise pyrolysis method (Figure 1). The uniqueness of this
method lies in the selection of specific pyrolysis conditions for a certain raw material (in
this study, rice husk) in order to obtain biochar with optimal structural characteristics.
However, in general, the pyrolysis conditions are different for each type of raw material.
To establish the optimal conditions for this process, an experiment was set up with differ-
ent values for heating rate, final temperature, and holding time capacity. The heating rate
varied from 8 to 11 °°C-min-!, the final temperatures were 500 °C and 700 °C, and the
holding time at the final pyrolysis temperature varied from 15 to 45 min. The mass yield
of the final product and the specific surface area were key indicators for determining the
most optimal pyrolysis conditions. The experiment was divided into 3 stages. At the first
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stage, only the effect of holding time at the final temperature was considered. At the sec-
ond stage, the influence of the heating rate was considered. At the third stage, the influ-
ence of the final pyrolysis temperature was considered. The experiment was replicated
three times at each stage. At the end of the carbonization, the biochar’s weight and feed-
stock mass loss (%) were calculated. The recorded weight losses for the obtained samples
were found to be about 52.5-62.9%, depending on the pyrolysis conditions. In total, 10 kg
of rice husks were processed to obtain biochar samples.

Stages of experiment:
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Figure 1. Scheme of experiment.

The morphology of the biochar obtained under the most optimal conditions was
studied using scanning electron microscopy (SEM) and compared with the morphology
of the raw material. The images were taken with a Carl Zeiss EVO-40 XVP scanning elec-
tron microscope. The imaging was carried out under standard conditions for non-conduc-
tive and low-contrast samples (low vacuum, 15 kV, increased emission), and the conduc-
tive layer was not deposited (the study of morphology under inactive conditions).

The contents of C, H, and N (in %) of the resulting sorbent were determined by high-
temperature catalytic combustion on a TOC-L CPN Shimadzu (Japan) analyzer to estab-
lish the ratio of the main elements. The oxygen content was calculated by difference:

O (%) =100 - (ash content + C + H + N) (1)

After determining the O content, the atomic ratios of the main elements were calcu-
lated. Subsequently, the biochar samples were heated for 6 h at 800 °C to determine ash
content, according to the following formula [25]:
weight of ashed sample

dry weight of sample

Ash (%) = x 100 (2)

The high-temperature catalytic oxidation technique complies with the following
standardizations: EN 1484, ISO 20236, ISO 8245, EN 12,260 (using TNM-L option), and EN
15,936 (using SSM-5000A option). Grade A coal (GOST 7657-84) was used as a reference
material with a carbon content of at least 90% and an established elemental composition.
Duplicates and reagent blanks were also used as a part of the quality control. The accuracy
of the obtained results was repeatedly confirmed by international intercalibrations.

In addition, an analysis of the sorption characteristics was carried out with an ASAP
2020 Micrometrics volumetric analyzer. The surface and porosity parameters were calcu-

lated using the Brunauer—-Emmett-Teller (BET) method for N2 in the range of equilibrium
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values P/PO = 0.05-0.33. The volumes of micro- (Vmicro), meso- (Vmeso), and macropores
(Vmacro) as well as the total limiting volume of the adsorption space (VL) were calculated.
The study of these parameters is important for evaluating the possibility of using the re-
sulting biochar as a means of remediation in contaminated soils. We conducted model
experiments to study the sorption capacity of biochar for HMs (on the example of Cu). For
this purpose, an experimental sample of Haplic Chernozem (Clayic) (Rostov region, Rus-
sia) was taken from the surface of virgin soil (0-20 cm). This soil was characterized by the
following physicochemical properties: Corg 3.7%; CaCOs 0.1%; pHrzo 7.3; cation exchange
capacity (CEC) 37.1 cmol(+) kg1; exchangeable cations (cmol(+) kg™): Ca?* 31.0, Mg? 4.5;
clay particles (<0.01 mm) 53.1%; clay particles (<0.001 mm) 32.4%.

Samples of biochar from rice husk at a dose of 2.5% of the soil mass were added
separately to the soil samples. In the pre-sorption experiments with biochar in an equilib-
rium solution, the concentration of metals was below the detection limit, which indicates
a high absorption capacity of the biochar. The specific adsorption of Cu by soil in pure
form and soil with biochar was performed by adding 5.0 g constant weight of the sorbents
and flexible concentrations of metal in the form of Cu(NOs)2x3H20 within the range of
0.05 to 1.0 mM1-. The liquid-solid phase mass ratio was 1:10. Following 1 h of shaking,
the suspensions were filtered using a blue-ribbon filter and allowed to settle for 1 day to
reach equilibrium. Atomic absorption spectrometry (AAS) atomization was used to esti-
mate the equilibrium concentrations of metal ions in an aqueous solution (with electro-
thermal and polarizing Zeeman correction of non-selective absorption (MGA-915MD,
Lyumeks, St. Petersburg, Russia)). The difference between the additional quantity and the
concentration recorded in the equilibrium solution was used to calculate the amount of
metal adsorbed by the solid phase:

(Ci=Ceg) 'V

Coa = - ©)

where Cu is the amount of metal adsorbed by a unit sorbent mass (mM-kg?); Ci is the
initial metal concentration in solution (mM); Ce is the metal concentration in solution at
equilibrium (mM); V is volume of the solution (cm?); and m is the mass of the sorbent (g).
The information gathered was used to create the Cee—Cas plot.

Two important adsorption isotherms, namely Langmuir and Freundlich, were tested
for fitting the experimental data. The Langmuir model assumes monolayer adsorption of
ions onto homogeneous adsorption sites [26]. It also enables the calculation of the maxi-
mum adsorption capacities of the adsorbents to optimize their use. This model of an iso-
therm is as shown in Equation (4):

CnK,

‘= T3R,0, @

where Cnis the maximum adsorption capacity for the metal (mM-kg); C. is the concen-
tration of metal at equilibrium (mM-L-); and K: is the constant of the Langmuir model
(L-mM-1).

The Freundlich model assumes multilayer adsorption on heterogeneous adsorption
sites [26]. This model of an isotherm is given by the following equation:

Cad = KFr Ce” (5)

where Kr and n are the Freundlich adsorption capacity (L-kg") and the Freundlich con-
stant related to the surface heterogeneity, respectively. The Kr coefficient in the Freundlich
model is a measure of the relative absorption capacity, and the dimensionless parameter
n makes it possible to reveal the energy inhomogeneity of the reaction centers on the sorb-
ing surface. It can vary in the range 0 <n < 1. When the value of n approaches 0, the inho-
mogeneity of the sorption centers increases. When n approaches 1, it decreases.

All laboratory experiments were performed in triplicates. The statistical analysis was
performed using SigmaPlot 12.5 and STATISTICA software packages with a confidence
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coefficient of 0.95. Origin (OriginLab, USA) was used to assist simulations of the Lang-
muir and Freundlich models. The correlation coefficient (R?) was used to assess the
model’s accuracy.

3. Results

The yield of biochar from rice husk was found to be about 37.1-47.5%, and ash con-
tent was 12.7-28.3%, depending on the pyrolysis conditions (Table 1). The first stage of
the experiment established the optimal holding time of the raw material at the final py-
rolysis temperature. Pyrolysis occurred at a heating rate of 8 °C-min-, and the final tem-
perature was 500 °C. These values were chosen as the minimum of the above. When the
holding time was changed from 15 to 45 min, there was a tendency towards a slight de-
crease in the yield of biochar from rice husk (47.5 to 43.1%) with a significant increase in
the surface area: from 135 to 186 m2>-g-' (Table 1).

Table 1. Characteristics of biochar at different stages of experiment.

Final Tem- Heating Rate, Holding Product Ash Con-

Stage perature, °C  °C-min?! Time, min Yield, % tent, % Swer, mg!
500 8 15 475 28.3 135+9*
Stage
1 500 8 30 45.2 26.2 164 £ 11
500 8 45 43.1 18.0 186 +£13
Stage 500 8 45 43.1 17.6 184 +10
2 500 11 45 42.3 14.0 278 +17
Stage 500 11 45 42.3 14.3 279+ 19
3 700 11 45 37.1 12.7 398 +21

* Values represented are averages + standard deviation; the number of replicates corresponded to
three (n = 3).

The second stage established the optimal heating rate of the raw material. At this
stage, pyrolysis occurred at a final temperature of 500 °C and holding time of 45 min (Ta-
ble 1). The results showed that the heating rate increased, and the surface area of the prod-
uct increased from 186 to 278 m?-g-'. The product yield did not change significantly (43.1%
at 8 °C-:min-and 42.3% at 11 °C-min?).

During the third stage of the experiment, the optimal final pyrolysis temperature was
established. An increase in the final pyrolysis temperature from 500 to 700 °C led to an
increase in the surface area. Thus, at a heating rate of 11 °C-min-, the specific surface area
was 398 m?g-!. At the same time, the product yield decreased 37.1% due to the increase in
temperature. For biochar obtained with this technology, an analysis of the sorption vol-
ume of pores of various sizes was carried out (Table 2). The mesopores of this biochar
have the largest volume—1.59 cm?g-1. The volumes of macro- and microspores differed
insignificantly and amounted to 0.68 cm®g-'and 0.61 cm®g-!, respectively. The total pore
volume of the resulting biochar was 2.88 cm3g-1.



Agriculture 2022, 12, 1689

6 of 11

Table 2. Sorption characteristics and elemental composition of biochar obtained under optimal py-
rolysis conditions.

Sorption Characteristics

Pore volume (cm3-g1)

Vmacro Vimeso Vmicro
Sper (m*g) v >50 nm 2-50 nm <2nm
398 +21°* 2.88 0.61 +0.05 1.59+0.11 0.68 +0.04
Elemental analysis
Content of elements and ash, % Atomic Relations
C H N @) Ash H/C O/C (N+O)/C C/N
70.4 2.1 3.0 11.8 12.7 0.36 0.13 0.15 34.10

* Values represented are averages + standard deviation; the number of replicates corresponded to
three (n = 3).

As can be seen from the microphotographs, the surface of the rice husk had small
irregularities that formed a network of peculiar tubules (Figure 2). Numerous but shallow
folds were also present, and the pores were not visible in the photographs. The surface of
the biochar made from rice husk had pronounced alternating irregularities that formed a
network of cells. In addition, the photographs show numerous deep folds that can act as
sorption centers.

(A) (B

Figure 2. Morphology of surface: (A)—rice husk; (B)—biochar.

Determining the elemental composition showed the predominance of carbon in the
rice husk biochar (Table 2). It was established that the degree of aromaticity of rice husk
biochar was 0.36. There was also a high C:N ratio of 34.1. In addition, rice husk biochar
had a high ash content: 12.7%.

The plots for Langmuir and Freundlich models obtained for Cu(II) adsorption on soil
in pure form and soil with biochar are presented in Figure 3. Based on the coefficient of
correlation values (R?) obtained, it was observed that the Langmuir model best describes
the adsorption of Cu(Il) on the surface of studied samples (Table 3). The Ci» and Kt values
of soil for Cu(II) were 8.01 mM-L-! and 29.76 L-mM-, respectively. The addition of biochar
obtained from rice husk led to an increase in the bond strength of metal with soil: the Kt
value increased 3.3 times. The values of Kr in all cases were higher than the calculated
values of Cw. In general, the use of both sorption models led to the same conclusion: the
sequence of adsorbate location depending on the value of C, calculated according to the
Langmuir equation, and K, according to the Freundlich equation, is similar (Table 3).
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Figure 3. Adsorption isotherms of Cu(II) by soil in pure form (I) and soil with rice husk biochar (II).

Table 3. Fitted parameters for adsorption isotherms of Cu(II) by soil in pure form and with rice husk
biochar.

Langmuir Freundlich
Sample
Cn(mM-L) Ki(L-mM') R? Kr(L-kg) n R?
Soil 8.01 29.76 0.997 13.35 0.41 0.959
Soil + biochar 13.15 97.64 0.976 73.48 0.56 0.948

4. Discussion

Depending on the changing conditions of pyrolysis, the characteristics of the result-
ing biochar also changed. Various researchers have suggested that with an increase in the
heating rate and final temperature of pyrolysis, the specific surface area of the biochar, its
aromaticity, and its carbon content increase [24,27].

It was established that with increasing processing time at the first stage, a significant
increase in the specific surface area was observed at the significance of product yield. A
more complete saturation of biochar explains this effect with carbon. There was a more
complete removal of volatile substances resulting from pyrolysis. Similar effects were also
observed with an increase in the heating rate; however, they manifested themselves most
strongly after an increase in the final pyrolysis temperature. This was due to the fact that
many substances are thermally stable and removed at higher temperatures [24]. For ex-
ample, a study by Kirti et al. [27] indicates that hemicellulose, cellulose, and lignin, the
main components of lignocellulosic biomass, thermally decompose in their characteristic
temperature ranges, which can be overlapped by other components. As a rule, thermal
decomposition of hemicellulose occurs at a temperature of 190 to 380 °C, while cellulose
decomposes at a temperature of 280 to 400 °C. Lignin (the most complex lignocellulosic
component) varies thermally with temperature from 170 °C to over 800 °C. Based on the
present study, it was found that the optimal conditions for obtaining biochar from rice
husk included a heating rate of 11 °C-min-!, a final temperature of 700 °C, and a holding
time of 45 min (Table 1). Pyrolysis under the above conditions significantly transformed
the structure of the rice husk. The network of small tubules in the rice husk was replaced



Agriculture 2022, 12, 1689

8 of 11

with a network of cells with high walls in the biochar (Figure 2). In addition, due to the
deepening of the folds, the biochar surface became even more heterogeneous, and the
number of potential sorption centers increased. However, the biochar retained a biogenic
structure very similar to that of the original material.

The results of the study of the sorption characteristics of biochar obtained under op-
timal pyrolysis conditions indicated that this material has significant potential as a sorbent
(Table 2). It should also be noted that the pore space of rice husk biochar was composed
mainly of meso- and micropores. This feature makes biochar potentially effective when
used in soils contaminated with heavy metals since it is micro- and mesopores that are
primarily involved in the sorption of these pollutants [8].

According to elemental analysis data, biochar has a high degree of aromaticity, which
indicates its potential stability in soil [24]. In addition, a high C:N ratio of 34.1 indicates
that rice husk biochar will contribute to microbial nitrogen immobilization and, as a result,
reduce greenhouse gas emissions and increase soil organic carbon [28]. The high ash con-
tent in this sorbent is due to the elemental composition of the raw material, which contains
a large amount of silica.

The introduction of biochar obtained from rice husk into the soil led to an increase in
the absorption capacity of the soil for Cu(ll) (Figure 3, Table 3). The efficient sorption of
metal in the biochar indicates that the studied sorbent sequestered the pollutant in itself.
It has been shown that the mineral substances, alkaline metal ions, mt-electrons, pore struc-
tures of micropores, abundant surface functional groups, and organic matters provide the
binding sites for biochar remediation of HMs [29]. Biochar has the ability to sorb HMs in
contaminated soil through precipitation, complexation, electrostatic attraction, and cation
exchange of HMs from inorganic to organic states that vary the metals’ motility and bio-
availability [30]. Physical adsorption is mainly dependent on the surface properties such
as specific surface area and pore structure. Electrostatic attraction between positively
charged Cu(ll) ions and the negatively charged biochar surface is the predominant mech-
anism of metal immobilization in the soils of the San Joaquin Valley [31]. Lei et al. con-
firmed that ion exchange is the main mechanism by which biochar from organic wastes
fixes Cu?* [32]. Thus, the surface characteristics and special properties of biochar, such as
large specific surface area and porosity, make it useful as an effective adsorbent in the
remediation of soil polluted with HMs. The method of soil restoration with carbonaceous
sorbents is currently gaining more and more popularity and shows high efficiency
[16,33,34]. The conclusions drawn by different studies in terms of immobilization of HMs
by biochar are inconsistent. The remediation effect of biochar is related to the types of
HMs, soil types, and biochar application methods [35,36]. For example, biochar can effec-
tively reduce water-soluble heavy metal contents in acid mining soil and the uptake of
HMs in plants, but the effect of biochar is not notable for alkaline mining soil [37]. The
effect of biochar produced from rice straw on Cd and Cu immobilization and bioavaila-
bility in soils with different acidity levels has been studied [38]. It was shown that rice
straw biochar can be used for Cd pollution control in rice grain grown in paddy soil with
varied acidity levels. However, further studies are needed on how biochar promotes Cu
transport from rice root to shoot. Processing of agricultural waste to make biochar solves
two problems: it makes efficient utilization of agricultural residues possible, and it allows
for the creation of a valuable sorbent [39,40]. Problems that could arise from scaling may
include logistical and warehouse difficulties, as well as the costs associated with pyrolysis
of raw materials and embedding the resulting sorbent into the soil [41]. It is possible to
reduce costs due to the low cost of raw materials.

5. Conclusions

Developing efficient, low-cost, and environmentally friendly technologies is crucial
for sustainable biochar applications. A method for obtaining biochar from rice husk with
desired characteristics was developed. The optimal pyrolysis parameters (heating rate,
final heating temperature, and holding time) were established. The well-developed pore
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structure of the obtained biochar allows it to be used as a potentially effective sorbent for
the remediation of contaminated soils. It was also found that with a set holding time from
500 to 700 degrees, a heating rate from 8 to 11 °C'min-', and a holding time at a final tem-
perature from 15 to 45 min, the specific surface area increased from 135 to 398 m2-g-1, that
is, practically 3 times. Pore distribution according to volume presented in the following
order: mesopores > micropores > macropores in the obtained sorbent. The results of ele-
mental analysis showed that carbon predominated in the sorbent (70.4%), and ring struc-
tures of carbon atoms were more prevalent than aliphatic structures. The degree of aro-
maticity suggests that the sorbent will be sufficiently stable when applied to soils for the
purposes of soil restoration under chemical and long-term technogenic impact and may
improve of the physical and biological properties of the soils. Adding the obtained biochar
to the Haplic Chernozem increased the efficiency of Cu(Il) adsorption. This study pro-
vides a theoretical, as well as practical, basis for the comprehensive evaluation of biochar
in controlling HM contamination in soils. Further research should focus on developing
robust mathematical models to optimize estimates of biochar sorption capacity and its
application for different soil remediation scenarios. Predictive models are required to op-
timize soil restoration strategies and reduce biochar application costs by selecting the most
suitable materials.
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