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Fabrication of biochar derived 
from different types of feedstocks 
as an efficient adsorbent for soil 
heavy metal removal
Marina Burachevskaya 1, Tatiana Minkina 1, Tatiana Bauer 1, Ilya Lobzenko 1, 
Alexey Fedorenko 1, Mahmoud Mazarji 1, Svetlana Sushkova 1, Saglara Mandzhieva 1, 
Alexander Nazarenko 2, Vera Butova 1, Ming Hung Wong 3 & Vishnu D. Rajput 1*

For effective soil remediation, it is vital to apply environmentally friendly and cost-effective 
technologies following the notion of green sustainable development. In the context of recycling waste 
and preserving nutrients in the soil, biochar production and utilization have become widespread. 
There is an urgent need to develop high-efficiency biochar-based sorbents for pollution removal from 
soil. This research examined the efficacy of soil remediation using biochar made from three distinct 
sources: wood, and agricultural residues (sunflower and rice husks). The generated biochars were 
characterized by SEM/SCEM, XRF, XRD, FTIR, BET Specific Surface Area, and elemental compositions. 
The presence of hydroxyl and phenolic functional groups and esters in wood, sunflower and rice 
husk biochar were noted. The total volume of pores was in the following descending order: rice 
husk > wood > sunflower husk. However, wood biochar had more thermally stable, heterogeneous, 
irregular-shaped pores than other samples. Adsorption of soil-heavy metals into biochars differed 
depending on the type of adsorbent, according to data derived from distribution coefficients, sorption 
degree, Freundlich, and Langmuir adsorption models. The input of biochars to Calcaric Fluvic Arenosol 
increased its adsorption ability under contamination by Cu(II), Zn(II), and Pb(II) in the following order: 
wood > rice husk > sunflower husk. The addition of sunflower husk, wood, and rice husk biochar to the 
soil led to an increase in the removal efficiency of metals in all cases (more than 77%). The increase in 
the percentage adsorption of Cu and Pb was 9–19%, of Zn was 11–21%. The present results indicated 
that all biochars functioned well as an absorbent for removing heavy metals from soils. The tailor-
made surface chemistry properties and the high sorption efficiency of the biochar from sunflower and 
rice husks could potentially be used for soil remediation.

The soil provides 90% of human food, livestock feed, fiber, and fuel. Soil supplies raw materials and groundwater 
essential for life. Additionally, it serves as a habitat for billions of living species, including people. As a result, 
soils are vital resources in several of the 17 United Nations Sustainable Development Goals, including food 
security, clean water, improved sanitation, and excellent health and well-being1. The exponential rise in human 
population and significant growth in industrialization have resulted in the contamination of every ecosystem on 
Earth, especially soil. The soil contamination caused by heavy metals (HM) is a severe problem that reduces crop 
yields and negatively affects human and animal  health2. The properties of HM make them non-biodegradable3. 
Therefore, HM remains intact in soil for a long time, necessitating discovering remediation methods to address 
the ever-growing soil contamination with HM.

Lately, environmentally sustainable and cost-effective remediation strategies for reducing HM’s mobility 
and bioavailability in soils have been  established2,4,5. For example, various organic and inorganic sorbents have 
been used to immobilize HM, transforming them into inaccessible  fractions6,7. In this context, biochar is a 
highly effective and environmentally friendly sorbent with great potential for improving soil characteristics and 
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recovering polluted  soils2,2,8. Using biochar has favorable long-term outcomings on soils’ such as improving pH, 
cation exchange capacity, and content of  nutrients9,10.

Many studies have demonstrated the effectiveness of using carbonaceous sorbents to clean up HM-contam-
inated areas in agricultural land, mining, and urban environments have been shown in many  studies11–13. Some 
researchers note the effectiveness of biochars made from various raw materials in the sorption and transformation 
of Zn in the  soil14. Few studies revealed that HM adsorbed on biochar can be  desorbed15,16. Biochar properties 
vary depending on feedstock and pyrolysis conditions. Optimizing production methods is critical for producing 
biochar that can be utilized to remediate contaminated soil efficiently.

Biochar can be fabricated from a variety of sources. The unequal efficiency and purity of biochar obtained 
from urban, industrial, food products, and agricultural waste are of great research interest and require further 
study. Despite the variety of raw materials for biochar manufacturing, industrial waste, effluents, and waste prod-
ucts from farmed animals have drawbacks, such as complex and economically costly pyrolysis and doubts about 
their purity and environmental safety. Converting crop residues into biochar is one of the sustainable answers 
to the realization of soil remediation, boosting agricultural output, improving soil fertility, and sequestering 
carbon. Processing agricultural waste into biochars was recommended as a cost-effective and environmentally 
friendly treatment and resource utilization  method17,18. Reusing leftover biomass instead of disposing of it has 
the added benefit of reducing its environmental  impact19. Given these limitations, plant biomass is the most 
valuable raw material, divided into woody and non-woody20,21. Woody biomass is known for its low moisture 
and ash contents, high bulk density, and low porosity, while non-wood biomass mainly entails crops and their 
residues. A BET Specific Surface Area characterizes the most common biochar obtained from wooden residues 
to the peculiarities of the wood  structure20,21.

Biochar manufacturing from crop residues (non-woody) by pyrolysis is one of the most promising process-
ing methods, as confirmed by its high BET specific Surface Area and large porosity, slightly inferior to wood 
 analogues22. One of these wastes is rice husks and sunflower husks. In 2019/2020, the harvest of sunflower grain 
in the world amounted to 55.9 million tonnes, and the raw rice harvest reached 501.1  million23. The share of rice 
and sunflower husks in the grain yield averages 20% by  weight24. Although rice husks and sunflower husks are 
widely used in various fields, the accumulation of rice husks is estimated to be 17 thousand tonnes per year, and 
sunflower husk production reaches 361 thousand tonnes per year in the Rostov region (southern part of Russia)24.

Despite the widespread use of sunflower husks as additives to animal feeds and building materials and rice 
husks for silica production, crop waste accumulates in significant volumes, posing problems for their environ-
mentally safe disposal. An example of such waste disposal generation is sunflower oil production by the hot-
pressing method, with the husk waste forming up to 11–16% by weight of the raw material. The amount of oil 
husks that may be produced every day varies widely depending on the capacity of the oil extraction or pressing 
facility. Most of these husks are disposed of in landfills though some are used as animal feed.

Traditionally, rice husks are stored in landfills or burned at rice production sites. However, rice husk may 
also be used as raw material for making and producing new compounds with a high added value, such as 
carbon-containing materials. Husk has low bulk weight, flammability, and smoldering propensity contributing 
to an unpleasant odor and significantly negatively impacting the environment. In light of this, there is a need to 
develop and apply new technologies for these plant-based materials rather than open burning or landfill disposal, 
which eventually damage the environment due to the release of highly toxic combustion products. Therefore, the 
crop residues should be recycled and reused to achieve environmentally appropriate agricultural management. 
Sequestering carbon in soil by biomass conversion to biochar has been considered one of the best methods of 
mitigating climate  change25,26. In this regard, biochar has the potential to build a zero-waste policy for sustainable 
farming, thus, decreasing the associated pollution loading to the environment. To suit management requirements 
explicitly for soil, the biochar’s physicochemical properties, structural features, and pyrolysis circumstances must 
be entirely determined and optimized. The raw materials and cases of pyrolysis determine functional groups that 
facilitate the surface complexation of HM cations. The surface binding of polar pollutants primarily depends on 
groups such as hydroxyl, aldehyde, and  ketone27,28.

In addition to the presence and composition of functional groups, BET specific Surface Area and porosity, 
mineral content, and cation exchange capacity will all impact biochar’s sorption properties and affinity towards 
different  contaminations29. Recent research has also shown that biochar adsorption capabilities for HM vary 
greatly depending on biochar characteristics and the nature of the target  metal30,31. In this regard, assessing the 
adsorption of pollutants by soil in the presence of biochars that differ in the porous structure, composition, and 
properties is essential. Thus, biochars obtained from various biomass feedstocks have different efficiencies and 
mechanisms in immobilizing HMs and other pollutants. This paper considers the surface area parameters of 
biochars obtained from various raw materials.

Most research has looked at the one target metal ion as a whole; therefore, it is essential to perform the adsorp-
tion of various HM. This study aimed to compare the effect of types of feedstocks on the sorption properties of 
biochars obtained from agricultural wastes and wood used for the removal of HM-contaminated soil.

Results
Elemental analysis. It was found that the biochar samples had similar indicators in the elemental percent-
age, as shown in Table 1. As given in Table 1, the ranges of C, N, H, and O were 70.4–77.3%, 2.1–2.4%, 3.0–4.8%, 
and 7.3–11.8%, respectively.

XRF. The XRF results of different biochar samples are shown in Supplementary materials (Table S1). Deter-
mining the elemental composition of biochar in the samples did not exceed the maximum permissible concen-
trations of trace HM (even for raw food materials and food  products32. The proportion of  SiO2 in the biochar 
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from rice husks was higher (47.52%) than that in the other studied samples. In addition, high contents of phos-
phorus (20.96%  P2O5) and potassium (24.33%  K2O) were observed in sunflower husk biochar, as well as a high 
calcium content in wood biochar (26.30% CaO).

XRD. The crystal structures of various biochar samples were investigated. As shown in Fig.  1, rice husk 
biochar contained only a wide projection centered at 20°. Moreover, in sunflower husk biochar, the peak was 
detected at 2θ = 24.40°, as well as two other peaks at 2θ = 30.57° and 42.67°. The rice husk biochar showed a simi-
lar pattern to biochar from sunflower husks, except for the disappearance of the peak at 42.67°. In addition, the 
spectrum of wood biochar showed distinct peaks from other samples at 2θ = 22°and 2θ = 41°.

FTIR. The FTIR spectra of wood biochar in Fig. 2 showed a strong peak at around 3100–3600   cm−1, cor-
responding to OH stretching vibrations from the hydroxyl functional groups or adsorbed water. The narrow 
peaks at 2918 and 2846   cm−1 are probably associated with the asymmetric and symmetric stretching vibra-
tions of the aliphatic C-H groups of cellulose, respectively. The bands at approximately 1570 and 1476  cm–1 are 
attributable to the stretching vibrations of C=C and bending vibrations of C–H, respectively. The strong and 
broad peak at 900–1250  cm-1 was attributed to the symmetric valence groups –C–O–C– or phenolic functional 
groups and ethers. The FTIR spectra of biochar obtained from sunflower husks (Fig. 2) showed a strong peak 
at 3100–3600  cm–1 (stretching vibrations of the OH and adsorbed water) and at 900–1250  cm–1 attributed to 
C–O–C bond. The FTIR spectra of the rice husk biochar were similar to the sunflower husk sample, where the 
peaks at 3485  cm-1 and 1071  cm-1 corresponded to OH and C–O–C, respectively.

SEM. The SEM measurements, supplemented by 3D modelling, showed that the sorbents have a biogenic 
structure inherited from the raw starting materials (Fig. 3A,C,E). The microscopy images showed that the cel-
lular morphologies of wood maintained by biochar (Fig. 3A,B) was heterogeneous and can be grouped into 
fibrous, prismatic, and spherical structures. Moreover, the pores were irregular in shape (Fig. 3A). The size of the 
individual particles ranging from 1 to 10 µm. There are monolithic inclusions up to 50 µm in size, which are the 
remains of the vascular system of wood. The surface relief of the particles was not uniform. The structure of bio-
char from sunflower husks is anisotropic. In the sagittal plane, biochar particles from the husk have longitudinal 
slit-like engagement and bulges. In the cross-section, they represent a system of pores from 5 to 15 μm formed 
by the cell walls of the starting material (Fig. 3C,D).

The structure of the rice husk biochar (Fig. 3E,F) was similar to that of the sunflower husk biochar. It was 
also anisotropic along the longitudinal axis. The surfaces lying in the sagittal plane were smooth with a relatively 
shallow relief. The surfaces lying in the transverse plane are represented by large invaginations 10–50 µm in size, 
owing to the cellular structure of the original plant material.

Table 1.  Average elemental composition of the studied biochars.

Biochar type

Element and ash content, % Atomic ratio

C N H O Ash H/C O/C C/N (N + O)/C

Wood 77.3 2.4 4.8 7.3 8.2 0.75 0.07 37.9 0.10

Sunflower husk 73.5 2.2 3.4 10.0 10.9 0.56 0.10 38.3 0.13

Rice husk 70.4 2.1 3.0 11.8 12.7 0.51 0.13 39.1 0.15

Figure 1.  XRD spectra of biochars from various raw materials.
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BET. Biochar manufactured from rice and sunflower husks had a slightly lower BET Specific Surface Area 
than from wood. The lowest pore volume (ΣV) was related to the biochar from sunflower husks (2.50  cm3/g), 
and the highest was found in rice husk biochar (2.88  cm3/g) (Table 2). The volume distribution between micro-, 
macro-, and mesopores for biochar from rice and sunflower husks was identical. The most significant volume 
was mesopores (1.59  cm3/g for biochar from rice husks and 1.65  cm3/g for sunflower husks). A proportion of the 
volume was significantly related to macropores (1.31  cm3/g) followed by mesopores (1.14  cm3/g) in the wood 
biochar sample. Moreover, the smallest volume of micropores was typical for biochar made of wood, where the 
volume of micropores was 0.28  cm3/g.

TGA . The results of STA wood biochar showed that heating the sample at 95–100 °C removed hygroscopic 
water, sorbed gases, and various volatile low-molecular-weight organic compounds from the sorbent surface 
(TGA curve). This is displayed on the DSC graph as an endothermic process (Fig. 4A) and the DTG curve 
(Fig. 4B) for a given temperature range. The weight loss of the sample at this stage was 10%. When biochar was 
heated to 250–300 °C, gradual combustion of residual fragments of lignin and cellulose began, which intensified 
at 390–400 °C owing to the amorphous carbon oxidation of the main component of biochar. This exothermic 
process was observed in the DSC curve (Fig. 4A). This was accompanied by a significant and most intense weight 
loss (Fig. 4A,B), which, upon reaching 600 °C, amounted to 84%. The total weight loss of the sample was 96%.

The results of TGA for biochar from sunflower husks showed that at temperatures of approximately 
105–110 °C, the main mass losses were associated with the desorption of moisture from the sorbent surface 
(Fig. 4C). Also, some residual volatile organic compounds evaporated, such as, for example, naphthalene in the 
range < 150 °C. The weight loss of the sample at this stage was approximately 6%, slightly less than that of the 
wood biochar. The next stage of biochar decomposition was confined to the interval of 350–580 °C, associated 
with the process of carbon oxidation. This process was exothermic and related to releasing a large amount of 
energy, observed in the TGA curve (Fig. 4B).

The most extreme weight loss was recorded at this stage, accounting for 80% approximately (Fig. 4D). The 
total weight loss during the simultaneous thermal analysis of the biochar from the husks was 92%.

The sample from rice husks was also characterised by insignificant weight loss in the temperature range of 
105–125 °C. This was associated with removing adsorbed water and some volatile compounds that were by-
products of the pyrolysis. However, the weight loss in this temperature range was 2%, which indicated a lower 
hygroscopicity of this biochar and a lower content of volatile compounds. An insignificant weight loss was 
observed at temperatures of 230–250 °C, associated with the oxidation of cellulose residues (Fig. 4E,F). However, 
due to the high carbonisation of biochar, its weight loss at these temperatures did not exceed 3%. The final stage 
of thermal decomposition of the biochar from rice husks refers to the combustion of carbon, which begins at a 
temperature of 375 °C. This process was characterised by the most intense weight loss (Fig. 4E), which amounted 
to 50%. The total weight loss was 54% of the initial sample weight, the smallest of all studied samples.

The use of biochar for the remediation of heavy metal-contaminated soil. Figure 5 shows the 
equilibrium sorption coefficients (Kd) and removal for Cu(II), Zn(II), and Pb(II) ions. The results showed differ-
ent adsorption capacities due to the differences in the chemical properties of the studied biochars.

In solutions with an initial metal content of up to 1.0 mM, the removal efficiency value of Cu(II) ions was 
74–76%. The percentage removal of Pb(II) sorption decreased from 78 to 75%. In contrast, for Zn(II), it fell from 
67 to 66% for the entire concentration range (Fig. 5). The Kd values obtained for Pb(II) were significantly higher 
than the established values for Cu(II) and, especially for Zn(II). All the treatments had an increase in initial metal 
concentrations and a decrease in Kd and removal efficiency.

Figure 2.  FTIR spectral characteristics of biochar from various raw materials.
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Figure 3.  SEM images of different biochars: (A) wood; (B) 3D model of the wood biochar surface; (C) 
sunflower husks; (D) 3D model of sunflower husk- biochar surface; (E) rice husks; (F) 3D model of the surface 
of rice husks.

Table 2.  Physical characteristics of the biochar samples.

Biochar type Mean particle size (mm) BET specific Surface Area  (m2/g)

Pore volume, V  (cm3/g)

ΣV
Vmacro
 > 50 nm

Vmeso
2–50 nm

Vmicro
˂2 nm

Wood 0.5–4 612 ± 25 2.73 1.31 1.14 0.28

Sunflower husk 1–5 353 ± 11 2.50 0.35 1.65 0.50

Rice husk 1–3 198 ± 8 2.88 0.68 1.59 0.61



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:2020  | https://doi.org/10.1038/s41598-023-27638-9

www.nature.com/scientificreports/

The addition of sunflower husk, wood, and rice husk biochar to the soil led to an increase in the removal 
efficiency of metals, which was more than 77% in all cases (Fig. 5). Under all types of biochar, the increase in 
the percentage adsorption of Cu and Pb was 9–19%. In the case of Zn, the highest increase was observed in 
the range of 11–21%. The highest values of S were observed for Pb (II) (up to 95%). When all types of biochars 
were added to the soil, the Kd value increased by 4–15 times for Cu, 15–37 times for Zn, and 4–10 times for Pb 
magnification (Fig. 5).

The isotherms data of HM (Fig. 6) were fitted better to the Langmuir model in all cases, with R2 values 
greater than 0.98 (Table 3). The highest  Cm and  KL values were found for Pb(II) (Table 3). The  Cm and  KL values 
of Calcaric Fluvic Arenosol for HM cation were seen in the following order: Pb(II) > Cu(II) > Zn(II).The values 
of the  KF coefficient for the soil change in the following sequence: Pb (19.67 L∙kg−1) > Cu (13.35 L∙kg−1) > Zn (6.82 
L∙kg−1). In general, using both sorption models leads to the same conclusion: the sequence of adsorbate location 
depending on the value of  Cm, calculated according to the Langmuir equation, and  KF, is similar (Table 3). At the 
same time, the values of  KF in all cases are higher than the calculated values of  Cm, especially for Cu(II) and Pb(II).

The addition of biochars obtained from different feedstocks leads to an increase in the bond strength of HM 
with soil: the  KL value increases 2.8–4.5 times for Cu(II), 3.2–5.8 times for Zn(II), and 2.6–3.9 times for Pb(II) 
(Table 3). The adsorption capabilities of the biochars for Cu(II), Zn(II), and Pb(II) were wood > rice husk > sun-
flower in all of the experiments.

Discussion
The theoretical explanation for soil’s higher absorptive capacity concerning HM in biochar’s presence lies in its 
chemical and physical properties, including functional groups, mineral contents, zeta potential, surface area, 
and pore  volume33. The latter mainly depends on the features of the sorbent texture, such as the BET Specific 
Surface Area and pore structure. The raw materials used to define the listed features of the sorbent texture that 
affect its physico-chemical properties and sorption abilities. The texture characteristics of sorbents strongly 
depend on plant type, growing conditions, and biochar production parameters, which vary in extensive ranges. 
Rice husk biochar is characterized by a range of BET Specific Surface Area from 34 to  774m2/g34–36 for sunflower 

Figure 4.  TGA (red line) and DSC (blue line) results from various biochar: (A) wood; (C) sunflower; and (E) 
rice husk; and DTG (green line) result from (B) wood; (D) sunflower husk; and (F) rice husks.
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residues—from 7 to 434  m2/g22,37,38 for wood raw materials—from 6 to 557  m2/g39–41. Thus, the biochars used in 
this study are characterized by high texture indicators, suggesting the efficacy of raw materials’ applied pyrolysis 
scheme.

Based on the atomic ratio of the elements obtained by the elemental analysis method, we can assume that 
the system of conjugated aromatic bonds is well developed in biochars. The degree of aromaticity indicates that 
aromatic compounds prevail in the studied sorbents, mainly in wood biochar. According to another  study42 
biochar with a high C: N ratio promotes the immobilisation of microbial nitrogen. This will lead to a decrease 
in the flow of greenhouse gases and an increase in organic carbon content in the soil.

According to XRF analysis, the high silicon content in the rice husks biochar was observed. This feature is 
due to the raw material Si  content43. This also indicates a higher ash potential of biochar from rice husks. Rice 
production wastes differ in chemical composition from all other raw materials, primarily in their high content 
of amorphous silicon dioxide. These features are associated with the different accumulations of elements and 
various plant raw materials.

The XRD method established that the biochar made from rice husks showed a wide hump with a center at an 
angle of 20°, indicating the presence of  SiO2

5,44,45. In the biochar sample from sunflower husks, the protrusion 
at 2θ = 24.40° belongs to the quartz phase, and the other two protrusions, to the calcite  phase46–48. The biochar 

Figure 5.  The equilibrium sorption coefficient (a–c) and removal efficiency (d–f) for the different variants of 
treatments (soil (I), soil + Wood biochar (II), soil + Sunflower husk biochar (III), soil + Rice husk biochar (IV)).

Figure 6.  Adsorption isotherms of HM by soil in pure form (I) and soil with different biochars (soil + Wood 
biochar (II), soil + Sunflower husk biochar (III), soil + Rice husk biochar (IV)).
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from wood contained the same phases as in the previous sample, and the phase of crystalline cellulose was also 
detected.

TGA data showed that the rice husks biochar was the most carbonated of all samples studied, what is related 
to low lignin content of rice husks and also had the lowest number of functional groups. Biochar from wood 
contained significant amounts of cellulose and lignin, which were not degraded during pyrolysis. Sunflower-
husks biochar occupied an intermediate position. Lignin is a complex phenolic polymer comprising three alcohol 
monomers (n-coumarol, coniferyl alcohol, and sinapyl alcohol). Its biomass content ranged from 15 to 30%20.

The lowest content of functional groups in rice husk biochar is also concentrated on high ash. As the char-
ring intensity increases, ash works as a heat-resistant component, potentially protecting organic molecules from 
degradation while preventing aromatic structure  production49. The FTIR spectroscopy showed that wood biochar 
has a more hydrophilic surface, while rice husk biochar has the most hydrophobic surface. Wood biochar contains 
more hydrophilic functional groups, which enhances its effect on soil moisture  permeability50.

Microscopic data showed that biochars from various raw materials inherit the biogenic structure of the start-
ing materials. The surface relief of the particles in the studied samples was inhomogeneous. However, depending 
on the raw material, the degree of surface heterogeneity of the biochar differed. Three-dimensional modelling of 
biochar samples showed (Fig. 3) that wood has the most developed surface, followed by biochar from sunflower 
husks, and the least developed micro relief of biochar from rice husks. These data are consistent with the BET 
Specific Surface Area measurements using the adsorption–desorption analysis of  N2.

The results of determining the BET Specific Surface Area and porosity were consistent with the microscopy 
results. Wood biochar’s highest BET Specific Surface Area was observed because its surface was the most het-
erogeneous. In addition, this sample was characterised by the most significant volume of macropores, which is 
consistent with the microscopic data. Rice husk biochar has less BET Specific Surface Area than others because 
its relief is the most ordered. According to these indicators, biochar from sunflower husks occupies an inter-
mediate  position51.

Compared with agricultural herb waste (sunflower and rice husks), wood source materials are rich in cel-
lulose and easy to form more stable biochars with highly aromatic  characteristics52. Additionally, residual lignin 
in wood biochar increases its thermal  stability53. Lignin has a higher decomposition temperature than cellulose 
and hemicellulose. Moreover, hemicelluloses are decomposed at 220–315 °C, and cellulose is decomposed at 
315–400 °C, whereas lignin decomposition occurs at 400 °C. Thus, the average activation energy needed for 
breakdown may be more  enormous54. Other research has shown similar  findings55,56. The thermal durability of 
lignin ensures that the pore structure of wood biomass biochar is preserved. As a result, it has more porosity and 
BET Specific Surface  Area51, consistent with the results obtained.

In all cases, the removal efficiency and Kd values of Pb(II) ions in the soil are higher than the established 
values for Cu(II) and Zn(II). All the sorbents were determined in 0.05–0.1 mM of metals. There were no com-
parable differences in the efficacy of the biochars. However, when applying high concentrations of metals up to 
1 mM, the Kd values and the removal efficiency by wood biochar were higher than that by rice husks, and to a 
greater extent, by sunflower husks. Thus, the biochars were arranged in the following series according to their 
sorption capacities: wood, rice husks, and sunflower husks.

The constructed isotherms of adsorption of HM separately by soil and with the addition of biochars are shown 
in Fig. 6. In all cases, there is a higher affinity for Pb(II) and Cu(II) than for Zn(II), as evidenced by the shape 
of the isotherms. The results obtained are consistent with previous  studies57,58. Thus, the ability of biochar from 
sugar beet to absorb HM decreased in the series Cd(II) > Ni(II) > Pb(II) > Cu(II), biochar obtained from dairy 

Table 3.  Fitted parameters for adsorption isotherms of HM by soil in pure form and with different biochars in 
single-metal solutions.

Sample

Langmuir Freundlich

Cm (mM∙L–1) KL (L∙mM–1) R2 KF (L∙kg–1) n R2

Cu(II)

Soil 8.01 29.76 0.997 13.35 0.41 0.959

Soil + Wood biochar 17.69 135.17 0.983 236.67 0.68 0.963

Soil + Sunflower husk biochar 9.98 76.45 0.998 25.15 0.42 0.950

Soil + Rice husk biochar 13.15 97.64 0.976 73.48 0.56 0.948

Zn(II)

Soil 5.60 11.57 0.988 6.82 0.44 0.918

Soil + Wood biochar 10.91 67.05 0.990 33.46 0.47 0.980

Soil + Sunflower husk biochar 8.10 36.61 0.991 13.55 0.40 0.923

Soil + Rice husk biochar 8.55 50.42 0.985 14.87 0.38 0.881

Pb(II)

Soil 9.53 40.19 0.998 19.67 0.43 0.959

Soil + Wood biochar 20.74 158.29 0.994 447.13 0.73 0.986

Soil + Sunflower husk biochar 12.22 105.40 0.983 66.41 0.55 0.969

Soil + Rice husk biochar 15.04 126.64 0.989 111.76 0.57 0.969
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production waste: Pb(II) > Cu(II) > Cd(II) > Ni(II)59. It was reported that the ability of HM uptake by biochar 
obtained during the hydrothermal carbonization of peanut hulls changes in the order: Pb(II) > Cu(II) > Cd(II) > 
Ni(II)16. This is mainly due to the differences in hydrolyzability, electro-negativity, and «bond softness» according 
to Misono et al.60.  McBride61 believed that electro-negativity is an essential factor determining the ability of a 
metal to chemisorption and proposed the order of placement of elements: Pb (2.33) > Cu (1.90) > Ni (1.80) > Cd 
(1.69) > Cr (1.66) > Zn (1.65) > Mn (1.55). Since the electro-negativity of Pb(II) is more significant than Cu(II) 
and Zn(II), the sorption of Pb by soil is preferable. Lead has a more excellent softness value ((Pb(3.58) > Cu 
(2.89) > Zn (2.34)), which determines the sequence of metal affinity or selectivity of soil components with the 
formation of covalent  bonds62–64. The interaction of metal cations with the solvent (hydrolysis) also plays a role 
in their interaction with the  adsorbent64. The hydrolysis constant of the first stage (pK1) is the most informative 
indicator of the selectivity of metal adsorption by soil. Thus, the value of pK1 varies from 7.2 to 7.8 for Pb, 7.3 to 
8.0 for Cu, and 9.0–9.4 for  Zn65. Lower values of the hydrolysis constants Pb(II) and Cu(II) compared to Zn(II) 
indicate their more energetic interaction with the soil due to the formation of inner-sphere complexes of metal 
 ions31 or the process of sorption reactions.

The introduction of biochars obtained from different feedstocks into the soil leads to an increase in the 
absorption capacity of the soil concerning HM. The efficient sorption of pollutants in biochar indicates that all 
studied biochars (derived from wood, rice husks, or sunflower husks) sequester pollutants. The biochar made 
from agricultural waste outperformed the others for two reasons. Firstly, the biochar from rice husks had more 
micropores and total pore volume than wood’s, making it more favorable for the adsorption of HM (physical 
adsorption). Biochar from sunflower husk had intermediate parameters. According to the literature; all the 
tested biochars possessed sufficient functional groups on their surface that may interact with metals through 
π-cation  interactions66.

The adsorption parameters are higher for Pb(II) in all cases. The better adsorption capacity of Pb(II) ions 
upon introducing biochar can be explained from the Lewis-Pearson theory on the nature of the specific binding 
of hard and soft ions-complexing agents with the corresponding ligands, i.e., the functionally active groups of the 
 sorbent67. According to the Hard and Soft, Acids and Bases (HSAB) concept  hypothesis68, a more powerful acid 
Pb(II) would have a higher affinity for the hydroxyl functional groups (3100–3600  cm−1) and phenolic groups 
(900–1250  cm−1) than Cu(II) or Zn(II), which are soft Lewis acids. As a result, Pb(II) is a better candidate for 
both electrostatic and inner-sphere surface complexation processes than the other elements due to its preferred 
retention over Cu(II) or Zn(II).

Conclusions
The present work addresses practical approaches using different fabricated biochars to restore HM-contaminated 
soils and comprehensively evaluate biochar characteristics. The origin of the feedstock influenced the composi-
tion and properties of the studied biochars. Results of elemental composition, surface measurements, sorption 
characteristics, and spectral and thermodynamic parameters confirm the suitability of biochars from crop waste 
as potential sorbents for contaminated soil remediation. The biochars’ properties from various biomass sources 
determined their specificity in HM adsorption. The addition of biochar increased the removal efficiency of the 
Calcaric Fluvic Arenosols for Pb(II), Cu (II), and Zn(II). The highest adsorption ability of the biochars was 
observed for Pb(II) (up to 95%). Adsorption assays specified that the wood biochar had the maximum adsorption 
capacity for HM owing to its higher BET Specific Surface Areas and more aromatic functional groups. Biochars 
obtained from crop waste had comparable efficiency of sorption of HM from the soil and much greater effi-
ciency than pure soil. The high cost of wood and the possibility of using it in many more efficient ways increase 
the potential for using agricultural waste. Transforming agricultural residues into biochar is a cost-effective, 
environmentally acceptable approach for manufacturing highly desirable carbon sorbent with a high sorption 
capacity that could be used to remediate contaminated soils. Using biochar resulted in the accumulation of 
contaminants in the amended soils. However, the environmental destiny of the sequestered pollutants over the 
long term is still poorly known. Studies about using biochar for the remediation of contaminated soils mainly 
focus on laboratory and greenhouse experiments. Largescale field trials are essential before operational scale 
remediation projects are implemented.

Materials and methods
Biochar pyrolysis method. Biochar from rice husks and sunflower husks was obtained using the stepwise 
pyrolysis technology proposed by the authors. This is a new method proposed by our team of authors. Pyrolysis 
included the following stages: drying raw materials, pyrolysis, and cooling. In this case, the pyrolysis itself is 
divided into three parts. The main purpose of pyrolysis is the removal of volatile substances from lignocellulosic 
biomass. Volatile substances (the main fraction) of lignocellulosic biomass are removed thermally (150–480° C) 
through the main removal reactions. Therefore, in the first part (100–300 °C), the primary removal of the volatile 
fraction of lignin from plant materials occurred. In the second stage (300–500 °C), the removal of volatile lignin 
compounds occurred more intensively. Also, at the same stage, there was a charring of raw materials. Next, the 
temperature was raised to 700 °C to remove lignin residues. When separating into stages, the goal was to elimi-
nate lignin and pyrolysis products to increase the porosity and specific surface area of the resulting biochar. The 
final stage pyrolysis temperature of 750 °C was also considered by Hu et al.69. Similar pyrolysis temperatures to 
obtain biochar with high porosity have been  described17,53,70. The yield of biochar from sunflower husks was 
32%, and that from rice husks was 34% of the raw material weight. The biochar samples were compared with 
those from commercial birch wood waste purchased from Ivchar LLC, trademark A GOST 7657-84.
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Characterisation. The contents of C, H, and N (in %) of the samples were identified by high-temperature 
catalytic combustion using a TOC-L CPN Shimadzu analyser. Subsequently, the biochar samples were heated for 
6 h at 800 °C to determine ash content, according to the following  formula71.

The oxygen content was calculated by  difference72.

After determining the O content, the atomic ratios of the main elements were calculated. The elemental 
compositions of the powder samples of the carbonaceous sorbents were determined using X-ray fluorescence 
spectroscopy (XRF, Max GV, 2020, Russia).

X-ray diffraction (XRD) was utilized to establish the degree of crystallinity of the sorbents. The measurements 
were performed on a Bruker D2 Phaser diffractometer (20°–90° with a step of 0.01°and a scan time of 0.2 s). 
Five passes were performed for each sample in intensity accumulation mode, with Cu as the anode material in 
the LYNXEYE/SSD160 detector.

The FTIR spectra were measured on an FSM-1202 spectrometer in the transmission mode using a DTGS 
detector. The spectra were acquired in the 4000–400  cm−1. In this regard, a reference sample made of a 200 mg 
KBr pellet with 13 mm diameter was used. Studied samples with a mass of 0.14 mg (wood biochar), 0.21 mg 
(sunflower husk biochar), and 0.18 mg (rice husk biochar) were ground and milled with KBr and pressed into 
a pellet of a total mass of 200 mg.

The morphologies of the sorbents were studied using scanning electron microscopy (SEM, Carl Zeiss EVO-40 
XVP) and confocal microscopy (KM Keyence VK 9700). The SEM survey was conducted under standard condi-
tions for nonconductive and low-contrast samples (low vacuum, 15 kV, increased emission). The 3D modelling 
of the biochar sample surfaces was performed using a scanning laser microscope (Keyence VK-9700 with a violet 
laser wavelength of 408 nm).

The biochar samples’ BET Specific Surface Area and porosity were calculated through a volumetric ana-
lyser ASAP 2020 by  N2 adsorption–desorption. The surface and porosity factors were calculated using the 
Brunauer–Emmett–Teller (BET) method for  N2 within the range of acceptable values P/P0 = 0.05–0.33.

The samples’ micro -and mesopore volumes were determined by a comparative t-test using the Harkins–Jura 
equation. The density functional theory (NLDFT) was used to determine the pore size distribution.

The thermal stability of the materials was examined using thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) together with a thermal analyser (STA 449 F5 Jupiter, Netzsch). For analysis, the 
sorbent samples were placed in corundum crucibles. The measurements were performed at 25–800 °C with 
70 mL/min airflow.

Determination of the heavy metal sorption capacity of biochars. An experimental sample was 
taken from the surface of virgin soil (0–20 cm)—the soil type was Calcaric Fluvic Arenosol (Rostov region, 
Russia). The soil samples’ physical and chemical properties were analyzed per the  standard73. The following 
physical and chemical qualities were found in the soil:  Corg: 0.9%; pH: 7.5; exchangeable cations  (Ca2++,  Mg2+): 
6.6  mmol( +)/100  g; cation exchangeable capacity (CEC): 6.6  mmol( +)/100  g;  CaCO3: 0.1%; silt particles 
(< 0.01 mm): 2.8%; clay particles (< 0.001 mm): 1.6%; content of Cu: 15.0 mg.kg-1; Zn: 85.0 mg.kg-1; Pb: 10.9 mg.
kg-1. Wood biochar and biochars obtained from rice husk and sunflower husk at a dose of 2.5% of the soil mass 
were added separately to the soil samples. Because in the pre-sorption experiments with biochar in an equilib-
rium solution, the concentration of metals was below the detection limit, indicating a high biochar adsorption 
capacity.

All studies were performed together with the soil in triplicates. The stock solutions in variable concentrations 
Cu (II), Zn (II), and Pb (II), were produced by dissolving standard salts of the respective metal for the adsorp-
tion study. The chemicals were stored in tightly sealed containers to avoid contact with sunlight and water. For 
Zn(II) metal ion solution, Zn(NO3)2·6H2O (Merck, Kenilworth, NJ, USA) with 98% purity was used. For Cu(II) 
metal ion solution, Cu  (NO3)2·3H2O (Merck, Kenilworth, NJ, USA) with 98% purity was used. For Pb(II) metal 
ion solution, Pb  (NO3)2 (Merck, Kenilworth, NJ, USA) with 99% purity was used in deionized water. Sorption 
isotherm experiments were conducted using the above solution with initial concentrations of heavy metals set as 
0.05, 0.08, 0.1, 0.3, 0.5, 0.8, and 1.0 mM·L-1, respectively. In addition, the pH of the solutions was adjusted using 
a dilution of nitric acid (0.1 M) and potassium hydroxide (0.01 M) (Merck, Kenilworth, NJ, USA). The soil with 
biochar (5 g) was added to the heavy metal solution (50 mL), and the mixture was shaken (200 rpm, 1 h) and 
then left in a calm state for 24 h to reach  equilibrium74. Studies such  as16 prescribe contact of 24 h to reach equi-
librium. Still, longer contact times have not shown significant changes in equilibrium concentration and ensure 
that the adsorption phase had reached  equilibrium75. The mixture was then filtered for heavy metal analysis by 
Atomic Absorption Spectrophotometric technique (AAS) (The MGA-915 AA spectrometer, Lyumeks, Russia). 
The adsorption capacity,  Cad (mM∙kg–1), was calculated according to the following equation:

where  Ci and  Ceq are the initial and equilibrium solution metal concentrations, respectively (mM·L-1); V is the 
volume of the solution (ml), and m is the mass of the sorbent (kg). The information gathered was used to create 
the  Ceq–Cad plot.

(1)Ash(%) =
weight of ashed sample

dry weight of sample
× 100

(2)O% = 100−(ashcontent + C+H+N)

(3)Cad=

(

Ci − Ceq

)

×V

m
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One of the main parameters of sorption capacity efficiency is the equilibrium sorption coefficient (Kd) 
(L·kg−1); Kd is commonly used in estimating the potential sorption of dissolved metals by a solid phase with 
higher values indicating higher sorption  potential76.

The removal efficiency was determined by computing the percentage sorption using the following equation:

The Langmuir model is based on three key hypotheses: all adsorption sites on the surface of the sorbent 
are energetically comparable; sorption happens in separate locations, and there is no contact between sorbed 
 ions40,77,78. The Langmuir model posits that monolayer coverage occurs in a homogenous adsorption mode on a 
surface with binding sites with equal energies. Its maximum occurs when the monolayer is entirely  saturated79, 
and it can be expressed as follows.

where  Cm is the maximum adsorption capacity for the metal (mM∙kg−1);  Ce is the concentration of metal at 
equilibrium (mM∙L−1); and  KL is the constant of the Langmuir model (L∙mM−1).

The Freundlich model suggests that sorption centers with higher adsorption capacity are filled  first61, and 
the bond strength is inversely correlated with the degree of filling. In contrast to the Langmuir equation, the 
Freundlich isotherm does not determine the saturation limitation value for metal  adsorption80. Multilayer and 
heterogeneous adsorption are taken into consideration by the Freundlich isotherm model. The following equa-
tion gives this model of an isotherm.

where  KF is the equilibrium constant (L∙kg–1) and n is the function of the strength of adsorption, related to the 
surface heterogeneity,  respectively73.

The Freundlich equation does not have a theoretical thermodynamic basis like the Langmuir equation. How-
ever, to some extent, it reflects the energy inhomogeneity of sorption centers. The  KF coefficient in the Freundlich 
model measures the relative absorption capacity. The dimensionless parameter n makes it possible to reveal the 
energy inhomogeneity of the reaction centers on the sorbing surface. It can vary in the range of 0 < n ≤ 1. When 
the value of n approaches 0, the inhomogeneity of the sorption centers increases to 1—decreases.

Using the Langmuir (Eq. (6)) and Freundlich (Eq. (7)) models, the adsorption data of metal ions by biochar 
samples were analyzed. These models are a convenient way to represent adsorption under equilibrium conditions, 
and the associated isotherms provide a straightforward comparison of metal affinity for various  adsorbents81.

Statistical analysis. All laboratory experiments were performed in triplicates. The statistical analysis was 
performed using SigmaPlot 12.5 and STATISTICA software packages with a confidence coefficient of 0.95. Ori-
gin was used to assist simulations of the Langmuir and Freundlich models. The correlation coefficient (R2) was 
used to assess the model’s accuracy.

Ethics declarations. All methods were carried out following relevant guidelines and regulations.

Data availability
The datasets used and / or analyzed during this study are available from the corresponding author upon reason-
able request.

Received: 22 August 2022; Accepted: 5 January 2023

References
 1. Anae, J. et al. Recent advances in biochar engineering for soil contaminated with complex chemical mixtures: Remediation strate-

gies and future perspectives. Sci. Total Environ. 767, 144351. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 144351 (2021).
 2. Kiran, B. R. & Prasad, M. N. V. Biochar and rice husk ash assisted phytoremediation potentials of Ricinus communis L. for lead-

spiked soils. Ecotoxicol Environ Saf 183, 109574. https:// doi. org/ 10. 1016/j. ecoenv. 2019. 109574 (2019).
 3. Bolan, N. et al. Remediation of heavy metal(loid)s contaminated soils – To mobilize or to immobilize?. J. Hazard. Mater. 266, 

141–166. https:// doi. org/ 10. 1016/j. jhazm at. 2013. 12. 018 (2014).
 4. Burachevskaya, M. et al. The effect of granular activated carbon and biochar on the availability of Cu and Zn to Hordeum sativum 

distichum in contaminated soil. Plants https:// doi. org/ 10. 3390/ plant s1005 0841 (2021).
 5. Cao, P. et al. Mercapto propyltrimethoxysilane- and ferrous sulfate-modified nano-silica for immobilization of lead and cadmium 

as well as arsenic in heavy metal-contaminated soil. Environ. Pollut. 266, 115152. https:// doi. org/ 10. 1016/j. envpol. 2020. 115152 
(2020).

 6. Ok, Y. S. et al. Ameliorants to immobilize Cd in rice paddy soils contaminated by abandoned metal mines in Korea. Environ. 
Geochem. Health 33(Suppl 1), 23–30. https:// doi. org/ 10. 1007/ s10653- 010- 9364-0 (2011).

 7. Qin, Y. et al. Dual-wastes derived biochar with tailored surface features for highly efficient p-nitrophenol adsorption. J. Clean. 
Prod. 353, 131571. https:// doi. org/ 10. 1016/j. jclep ro. 2022. 131571 (2022).

(4)Kd=

(

Ci − Ceq

)

×V

Ceq×m

(5)Removal(%) =
Ci − Ceq

Ci
×100

(6)Cad =

CmKL

1+ KLCe

(7)Cad= KFC
n
e

https://doi.org/10.1016/j.scitotenv.2020.144351
https://doi.org/10.1016/j.ecoenv.2019.109574
https://doi.org/10.1016/j.jhazmat.2013.12.018
https://doi.org/10.3390/plants10050841
https://doi.org/10.1016/j.envpol.2020.115152
https://doi.org/10.1007/s10653-010-9364-0
https://doi.org/10.1016/j.jclepro.2022.131571


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:2020  | https://doi.org/10.1038/s41598-023-27638-9

www.nature.com/scientificreports/

 8. Rajput, V. D. et al. Nano-biochar: A novel solution for sustainable agriculture and environmental remediation. Environ. Res. 210, 
112891. https:// doi. org/ 10. 1016/j. envres. 2022. 112891 (2022).

 9. Ding, Y. et al. Biochar to improve soil fertility. A review. Agron. Sustain. Dev. 36, 36. https:// doi. org/ 10. 1007/ s13593- 016- 0372-z 
(2016).

 10. Oni, B. A., Oziegbe, O. & Olawole, O. O. Significance of biochar application to the environment and economy. Ann. Agric. Sci. 64, 
222–236. https:// doi. org/ 10. 1016/j. aoas. 2019. 12. 006 (2019).

 11. He, E. et al. Two years of aging influences the distribution and lability of metal(loid)s in a contaminated soil amended with different 
biochars. Sci. Total Environ. 673, 245–253. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 04. 037 (2019).

 12. Netherway, P. et al. Phosphorus-rich biochars can transform lead in an urban contaminated soil. J. Environ. Qual. 48, 1091–1099. 
https:// doi. org/ 10. 2134/ jeq20 18. 09. 0324 (2019).

 13. O’Connor, D. et al. Biochar application for the remediation of heavy metal polluted land: A review of in situ field trials. Sci. Total 
Environ. 619–620, 815–826. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 11. 132 (2018).

 14. Xu, X. et al. Effect of physicochemical properties of biochar from different feedstock on remediation of heavy metal contaminated 
soil in mining area. Surf. Interfaces 32, 102058. https:// doi. org/ 10. 1016/j. surfin. 2022. 102058 (2022).

 15. Melo, L. C. A. et al. Sorption and desorption of cadmium and zinc in two tropical soils amended with sugarcane-straw-derived 
biochar. J. Soils Sediments 16, 226–234. https:// doi. org/ 10. 1007/ s11368- 015- 1199-y (2016).

 16. Uchimiya, M., Chang, S. & Klasson, K. T. Screening biochars for heavy metal retention in soil: Role of oxygen functional groups. 
J. Hazard. Mater. 190, 432–441. https:// doi. org/ 10. 1016/j. jhazm at. 2011. 03. 063 (2011).

 17. Jatav, H. S. et al. Sustainable approach and safe use of biochar and its possible consequences. Sustainability https:// doi. org/ 10. 3390/ 
su131 810362 (2021).

 18. Varalta, F. & Sorvari, J. In Organic Waste Composting through Nexus Thinking: Practices, Policies, and Trends (eds Hettiarachchi, 
H. et al.) 213–232 (Springer International Publishing, 2020).

 19. Pinotti, L. et al. Recycling food leftovers in feed as opportunity to increase the sustainability of livestock production. J. Clean. Prod. 
294, 126290. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 126290 (2021).

 20. Jafri, N., Wong, W. Y., Doshi, V., Yoon, L. W. & Cheah, K. H. A review on production and characterization of biochars for applica-
tion in direct carbon fuel cells. Process Saf. Environ. Prot. 118, 152–166. https:// doi. org/ 10. 1016/j. psep. 2018. 06. 036 (2018).

 21. Jin, Y. et al. Characterization of biochars derived from various spent mushroom substrates and evaluation of their adsorption 
performance of Cu(II) ions from aqueous solution. Environ. Res. 196, 110323. https:// doi. org/ 10. 1016/j. envres. 2020. 110323 (2021).

 22. Tomczyk, A., Sokołowska, Z. & Boguta, P. Biomass type effect on biochar surface characteristic and adsorption capacity relative 
to silver and copper. Fuel 278, 118168. https:// doi. org/ 10. 1016/j. fuel. 2020. 118168 (2020).

 23. FAO. Food Outlook – Biannual Report on Global Food Markets: November 2020. Rome. Phytoremediation of copper-contaminated 
soil by Artemisia absinthium: comparative effect of chelating agents. Environmental Geochemistry and Health. (2020). https:// 
doi. org/ 10. 4060/ cb199 3en

 24. Russian-Statistical-Year-Book. Statistical handbook. P76 M., 2020 – 700 p. ISBN 978-5-89476-497-9 (2020).
 25. Cheng, C.-H., Lehmann, J., Thies, J. E. & Burton, S. D. Stability of black carbon in soils across a climatic gradient. J. Geophys. Res. 

Biogeosci. 113, 55. https:// doi. org/ 10. 1029/ 2007J G0006 42 (2008).
 26. Singh, B. P., Cowie, A. L. & Smernik, R. J. Biochar carbon stability in a clayey soil as a function of feedstock and pyrolysis tem-

perature. Environ. Sci. Technol. 46, 11770–11778. https:// doi. org/ 10. 1021/ es302 545b (2012).
 27. He, Y. et al. Effects of biochar application on soil greenhouse gas fluxes: A meta-analysis. GCB Bioenergy 9, 743–755. https:// doi. 

org/ 10. 1111/ gcbb. 12376 (2017).
 28. Janu, R. et al. Biochar surface functional groups as affected by biomass feedstock, biochar composition and pyrolysis temperature. 

Carbon Resour. Convers. 4, 36–46. https:// doi. org/ 10. 1016/j. crcon. 2021. 01. 003 (2021).
 29. Tan, X. et al. Application of biochar for the removal of pollutants from aqueous solutions. Chemosphere 125, 70–85. https:// doi. 

org/ 10. 1016/j. chemo sphere. 2014. 12. 058 (2015).
 30. Ni, B.-J. et al. Competitive adsorption of heavy metals in aqueous solution onto biochar derived from anaerobically digested sludge. 

Chemosphere 219, 351–357. https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 12. 053 (2019).
 31. Park, J.-H. et al. Competitive adsorption of heavy metals onto sesame straw biochar in aqueous solutions. Chemosphere 142, 77–83. 

https:// doi. org/ 10. 1016/j. chemo sphere. 2015. 05. 093 (2016).
 32. Methodological-Guidelines. Methodological guidelines for the determination of heavy metals in the soils of agricultural land and 

crop production – M., TSINAO, 61 (1992)
 33. Zhang, A., Li, X., Xing, J. & Xu, G. Adsorption of potentially toxic elements in water by modified biochar: A review. J. Environ. 

Chem. Eng. 8, 104196. https:// doi. org/ 10. 1016/j. jece. 2020. 104196 (2020).
 34. Avramiotis, E., Frontistis, Z., Manariotis, I. D., Vakros, J. & Mantzavinos, D. On the performance of a sustainable rice husk biochar 

for the activation of persulfate and the degradation of antibiotics. Catalysts 11, 1303 (2021).
 35. Maiti, S., Dey, S., Purakayastha, S. & Ghosh, B. Physical and thermochemical characterization of rice husk char as a potential 

biomass energy source. Biores. Technol. 97, 2065–2070. https:// doi. org/ 10. 1016/j. biort ech. 2005. 10. 005 (2006).
 36. Herrera, K., Morales, L. F., Tarazona, N. A., Aguado, R. & Saldarriaga, J. F. Use of biochar from rice husk pyrolysis: Part A: Recovery 

as an adsorbent in the removal of emerging compounds. ACS Omega 7, 7625–7637. https:// doi. org/ 10. 1021/ acsom ega. 1c061 47 
(2022).

 37. Szewczuk-Karpisz, K., Tomczyk, A., Grygorczuk-Płaneta, K. & Naveed, S. Rhizobium leguminosarum bv. trifolii exopolysaccharide 
and sunflower husk biochar as factors affecting immobilization of both tetracycline and  Cd2+ ions on soil solid phase. J. Soils Sedi-
ments 22, 2620–2639. https:// doi. org/ 10. 1007/ s11368- 022- 03255-3 (2022).

 38. Hubetska, T. S., Kobylinska, N. G. & García, J. R. Sunflower biomass power plant by-products: Properties and its potential for 
water purification of organic pollutants. J. Anal. Appl. Pyrolysis 157, 105237. https:// doi. org/ 10. 1016/j. jaap. 2021. 105237 (2021).

 39. Braghiroli, F. L. et al. The influence of pilot-scale pyro-gasification and activation conditions on porosity development in activated 
biochars. Biomass Bioenerg. 118, 105–114. https:// doi. org/ 10. 1016/j. biomb ioe. 2018. 08. 016 (2018).

 40. Braghiroli, F. L. et al. The conversion of wood residues, using pilot-scale technologies, into porous activated biochars for superca-
pacitors. J. Porous Mater. 27, 537–548. https:// doi. org/ 10. 1007/ s10934- 019- 00823-w (2020).

 41. Boraah, N., Chakma, S. & Kaushal, P. Attributes of wood biochar as an efficient adsorbent for remediating heavy metals and emerg-
ing contaminants from water: A critical review and bibliometric analysis. J. Environ. Chem. Eng. 10, 107825. https:// doi. org/ 10. 
1016/j. jece. 2022. 107825 (2022).

 42. Phillips, C. L. et al. Towards predicting biochar impacts on plant-available soil nitrogen content. Biochar 4, 9. https:// doi. org/ 10. 
1007/ s42773- 022- 00137-2 (2022).

 43. Sun, L. & Gong, K. Silicon-based materials from rice husks and their applications. Ind. Eng. Chem. Res. 40, 5861–5877. https:// 
doi. org/ 10. 1021/ ie010 284b (2001).

 44. Islam, T. et al. Synthesis of rice husk-derived magnetic biochar through liquefaction to adsorb anionic and cationic dyes from 
aqueous solutions. Arab. J. Sci. Eng. 46, 233–246. https:// doi. org/ 10. 1007/ s13369- 020- 04537-z (2021).

 45. Mohan, D. et al. Biochar production and applications in soil fertility and carbon sequestration – a sustainable solution to crop-
residue burning in India. RSC Adv. 8, 508–520. https:// doi. org/ 10. 1039/ C7RA1 0353K (2018).

 46. Li, F. et al. Preparation and characterization of biochars from Eichornia crassipes for cadmium removal in aqueous solutions. PLoS 
ONE 11, e0148132. https:// doi. org/ 10. 1371/ journ al. pone. 01481 32 (2016).

https://doi.org/10.1016/j.envres.2022.112891
https://doi.org/10.1007/s13593-016-0372-z
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1016/j.scitotenv.2019.04.037
https://doi.org/10.2134/jeq2018.09.0324
https://doi.org/10.1016/j.scitotenv.2017.11.132
https://doi.org/10.1016/j.surfin.2022.102058
https://doi.org/10.1007/s11368-015-1199-y
https://doi.org/10.1016/j.jhazmat.2011.03.063
https://doi.org/10.3390/su131810362
https://doi.org/10.3390/su131810362
https://doi.org/10.1016/j.jclepro.2021.126290
https://doi.org/10.1016/j.psep.2018.06.036
https://doi.org/10.1016/j.envres.2020.110323
https://doi.org/10.1016/j.fuel.2020.118168
https://doi.org/10.4060/cb1993en
https://doi.org/10.4060/cb1993en
https://doi.org/10.1029/2007JG000642
https://doi.org/10.1021/es302545b
https://doi.org/10.1111/gcbb.12376
https://doi.org/10.1111/gcbb.12376
https://doi.org/10.1016/j.crcon.2021.01.003
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.chemosphere.2018.12.053
https://doi.org/10.1016/j.chemosphere.2015.05.093
https://doi.org/10.1016/j.jece.2020.104196
https://doi.org/10.1016/j.biortech.2005.10.005
https://doi.org/10.1021/acsomega.1c06147
https://doi.org/10.1007/s11368-022-03255-3
https://doi.org/10.1016/j.jaap.2021.105237
https://doi.org/10.1016/j.biombioe.2018.08.016
https://doi.org/10.1007/s10934-019-00823-w
https://doi.org/10.1016/j.jece.2022.107825
https://doi.org/10.1016/j.jece.2022.107825
https://doi.org/10.1007/s42773-022-00137-2
https://doi.org/10.1007/s42773-022-00137-2
https://doi.org/10.1021/ie010284b
https://doi.org/10.1021/ie010284b
https://doi.org/10.1007/s13369-020-04537-z
https://doi.org/10.1039/C7RA10353K
https://doi.org/10.1371/journal.pone.0148132


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2020  | https://doi.org/10.1038/s41598-023-27638-9

www.nature.com/scientificreports/

 47. Song, H. et al. Potential of novel biochars produced from invasive aquatic species outside food chain in removing ammonium 
nitrogen: Comparison with conventional biochars and clinoptilolite. Sustainability https:// doi. org/ 10. 3390/ su112 47136 (2019).

 48. Yang, G. et al. Effects of pyrolysis temperature on the physicochemical properties of biochar derived from vermicompost and its 
potential use as an environmental amendment. RSC Adv. 5, 40117–40125. https:// doi. org/ 10. 1039/ C5RA0 2836A (2015).

 49. Enders, A., Hanley, K., Whitman, T., Joseph, S. & Lehmann, J. Characterization of biochars to evaluate recalcitrance and agronomic 
performance. Bioresour. Technol. 114, 644–653. https:// doi. org/ 10. 1016/j. biort ech. 2012. 03. 022 (2012).

 50. Zhang, Y., Wang, J. & Feng, Y. The effects of biochar addition on soil physicochemical properties: A review. CATENA 202, 105284. 
https:// doi. org/ 10. 1016/j. catena. 2021. 105284 (2021).

 51. Özçimen, D. & Ersoy-Meriçboyu, A. Characterization of biochar and bio-oil samples obtained from carbonization of various 
biomass materials. Renew. Energy 35, 1319–1324. https:// doi. org/ 10. 1016/j. renene. 2009. 11. 042 (2010).

 52. Lin, Q. et al. Effects of biochar-based materials on the bioavailability of soil organic pollutants and their biological impacts. Sci. 
Total Environ. 826, 153956. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 153956 (2022).

 53. Yang, H. et al. Thermogravimetric analysis−fourier transform infrared analysis of palm oil waste pyrolysis. Energy Fuels 18, 
1814–1821. https:// doi. org/ 10. 1021/ ef030 193m (2004).

 54. Pasangulapati, V. et al. Effects of cellulose, hemicellulose and lignin on thermochemical conversion characteristics of the selected 
biomass. Biores. Technol. 114, 663–669. https:// doi. org/ 10. 1016/j. biort ech. 2012. 03. 036 (2012).

 55. Kim, P. et al. Surface functionality and carbon structures in lignocellulosic-derived biochars produced by fast pyrolysis. Energy 
Fuels 25, 4693–4703. https:// doi. org/ 10. 1021/ ef200 915s (2011).

 56. Keiluweit, M., Nico, P. S., Johnson, M. G. & Kleber, M. dynamic molecular structure of plant biomass-derived black carbon (bio-
char). Environ. Sci. Technol. 44, 1247–1253. https:// doi. org/ 10. 1021/ es903 1419 (2010).

 57. Wijeyawardana, P. et al. Removal of Cu, Pb and Zn from stormwater using an industrially manufactured sawdust and paddy husk 
derived biochar. Environ. Technol. Innov. 28, 102640. https:// doi. org/ 10. 1016/j. eti. 2022. 102640 (2022).

 58. Kołodyńska, D., Krukowska, J. & Thomas, P. Comparison of sorption and desorption studies of heavy metal ions from biochar 
and commercial active carbon. Chem. Eng. J. 307, 353–363. https:// doi. org/ 10. 1016/j. cej. 2016. 08. 088 (2017).

 59. Uchimiya, M. et al. Immobilization of heavy metal ions (CuII, CdII, NiII, and PbII) by broiler litter-derived biochars in water and 
soil. J. Agric. Food Chem. 58, 5538–5544. https:// doi. org/ 10. 1021/ jf904 4217 (2010).

 60. Misono, M., Ochiai, E. I., Saito, Y. & Yoneda, Y. A new dual parameter scale for the strength of lewis acids and bases with the 
evaluation of their softness. J. Inorg. Nucl. Chem. 29, 2685–2691. https:// doi. org/ 10. 1016/ 0022- 1902(67) 80006-X (1967).

 61. McBride, M. B. Environmental Chemistry of Soils (Oxford University Press, 1994).
 62. Basta, N. T. & Tabatabai, M. A. Effect of cropping systems on adsorption of metals by soils: III. Competitive adsorption1. Soil Sci. 

153, 331–337 (1992).
 63. Sposito, G. The Chemistry of Soils (Oxford University Press, 2016).
 64. Bauer, T. V. et al. Application of XAFS and XRD methods for describing the copper and zinc adsorption characteristics in hydro-

morphic soils. Environ. Geochem. Health 44, 335–347. https:// doi. org/ 10. 1007/ s10653- 020- 00773-2 (2022).
 65. Abd-Elfattah, A. L. Y. & Wada, K. Adsorption of lead, copper, zinc, cobalt, and cadmium by soils that differ in cation-exchange 

materials. J. Soil Sci. 32, 271–283. https:// doi. org/ 10. 1111/j. 1365- 2389. 1981. tb017 06.x (1981).
 66. Etesami, H., Fatemi, H. & Rizwan, M. Interactions of nanoparticles and salinity stress at physiological, biochemical and molecular 

levels in plants: A review. Ecotoxicol. Environ. Saf. 225, 112769. https:// doi. org/ 10. 1016/j. ecoenv. 2021. 112769 (2021).
 67. Soria, R. I., Rolfe, S. A., Betancourth, M. P. & Thornton, S. F. The relationship between properties of plant-based biochars and sorp-

tion of Cd(II), Pb(II) and Zn(II) in soil model systems. Heliyon 6, e05388. https:// doi. org/ 10. 1016/j. heliy on. 2020. e05388 (2020).
 68. Alfarra, A., Frackowiak, E. & Béguin, F. The HSAB concept as a means to interpret the adsorption of metal ions onto activated 

carbons. Appl. Surf. Sci. 228, 84–92. https:// doi. org/ 10. 1016/j. apsusc. 2003. 12. 033 (2004).
 69. Hu, J., Zhou, X., Shi, Y., Wang, X. & Li, H. Enhancing biochar sorption properties through self-templating strategy and ultrasonic 

fore-modified pre-treatment: Characteristic, kinetic and mechanism studies. Sci. Total Environ. 769, 144574. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 144574 (2021).

 70. Ward, J., Rasul, M. G. & Bhuiya, M. M. K. Energy recovery from biomass by fast pyrolysis. Proced. Eng. 90, 669–674. https:// doi. 
org/ 10. 1016/j. proeng. 2014. 11. 791 (2014).

 71. Al-Wabel, M. I., Al-Omran, A., El-Naggar, A. H., Nadeem, M. & Usman, A. R. A. Pyrolysis temperature induced changes in 
characteristics and chemical composition of biochar produced from conocarpus wastes. Biores. Technol. 131, 374–379. https:// 
doi. org/ 10. 1016/j. biort ech. 2012. 12. 165 (2013).

 72. Calvelo Pereira, R. et al. Contribution to characterisation of biochar to estimate the labile fraction of carbon. Org. Geochem. 42, 
1331–1342. https:// doi. org/ 10. 1016/j. orgge ochem. 2011. 09. 002 (2011).

 73. Vorob’eva, L. A. Theory and Practice Chemical Analysis of Soils (GEOS Press, Moscow, 2006).
 74. Pinskii, D. L. et al. Copper adsorption by chernozem soils and parent rocks in Southern Russia. Geochem. Int. 56, 266–275. https:// 

doi. org/ 10. 1134/ S0016 70291 80300 72 (2018).
 75. Wang, Q., Wang, B., Lee, X., Lehmann, J. & Gao, B. Sorption and desorption of Pb(II) to biochar as affected by oxidation and pH. 

Sci. Total Environ. 634, 188–194. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 03. 189 (2018).
 76. Pourret, O. & Houben, D. Characterization of metal binding sites onto biochar using rare earth elements as a fingerprint. Heliyon 

4, e00543. https:// doi. org/ 10. 1016/j. heliy on. 2018. e00543 (2018).
 77. Huang, L. et al. High-resolution insight into the competitive adsorption of heavy metals on natural sediment by site energy dis-

tribution. Chemosphere 197, 411–419. https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 01. 056 (2018).
 78. Ming, H. et al. Competitive sorption of cadmium and zinc in contrasting soils. Geoderma 268, 60–68. https:// doi. org/ 10. 1016/j. 

geode rma. 2016. 01. 021 (2016).
 79. Musso, T. B., Parolo, M. E., Pettinari, G. & Francisca, F. M. Cu(II) and Zn(II) adsorption capacity of three different clay liner 

materials. J. Environ. Manag. 146, 50–58. https:// doi. org/ 10. 1016/j. jenvm an. 2014. 07. 026 (2014).
 80. Cui, H. et al. Immobilization of Cu and Cd in a contaminated soil: One- and four-year field effects. J. Soils Sediments 14, 1397–1406. 

https:// doi. org/ 10. 1007/ s11368- 014- 0882-8 (2014).
 81. Elbana, T. A. et al. Freundlich sorption parameters for cadmium, copper, nickel, lead, and zinc for different soils: Influence of 

kinetics. Geoderma 324, 80–88. https:// doi. org/ 10. 1016/j. geode rma. 2018. 03. 019 (2018).

Acknowledgements
The study was carried out in the laboratory «Soil Health» of the Southern FederalUniversity with the finan-
cial support of the Ministry of Science and Higher Education of the Russian Federation, agreement no. 
075-15-2022-1122.

Author contributions
M.B., T.M., S.M. and T.B.: Conceptualization, Methodology, Software. V.D.R., I.L., A.F., M.M., S.S.: Data cura-
tion, Writing- Original draft preparation. W.W.: Visualization, Investigation. T.M.: Supervision. T.M.: Software, 
Validation., A.N., V.B. and M.H.W.: Writing- Reviewing and Editing.

https://doi.org/10.3390/su11247136
https://doi.org/10.1039/C5RA02836A
https://doi.org/10.1016/j.biortech.2012.03.022
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.renene.2009.11.042
https://doi.org/10.1016/j.scitotenv.2022.153956
https://doi.org/10.1021/ef030193m
https://doi.org/10.1016/j.biortech.2012.03.036
https://doi.org/10.1021/ef200915s
https://doi.org/10.1021/es9031419
https://doi.org/10.1016/j.eti.2022.102640
https://doi.org/10.1016/j.cej.2016.08.088
https://doi.org/10.1021/jf9044217
https://doi.org/10.1016/0022-1902(67)80006-X
https://doi.org/10.1007/s10653-020-00773-2
https://doi.org/10.1111/j.1365-2389.1981.tb01706.x
https://doi.org/10.1016/j.ecoenv.2021.112769
https://doi.org/10.1016/j.heliyon.2020.e05388
https://doi.org/10.1016/j.apsusc.2003.12.033
https://doi.org/10.1016/j.scitotenv.2020.144574
https://doi.org/10.1016/j.scitotenv.2020.144574
https://doi.org/10.1016/j.proeng.2014.11.791
https://doi.org/10.1016/j.proeng.2014.11.791
https://doi.org/10.1016/j.biortech.2012.12.165
https://doi.org/10.1016/j.biortech.2012.12.165
https://doi.org/10.1016/j.orggeochem.2011.09.002
https://doi.org/10.1134/S0016702918030072
https://doi.org/10.1134/S0016702918030072
https://doi.org/10.1016/j.scitotenv.2018.03.189
https://doi.org/10.1016/j.heliyon.2018.e00543
https://doi.org/10.1016/j.chemosphere.2018.01.056
https://doi.org/10.1016/j.geoderma.2016.01.021
https://doi.org/10.1016/j.geoderma.2016.01.021
https://doi.org/10.1016/j.jenvman.2014.07.026
https://doi.org/10.1007/s11368-014-0882-8
https://doi.org/10.1016/j.geoderma.2018.03.019


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:2020  | https://doi.org/10.1038/s41598-023-27638-9

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 27638-9.

Correspondence and requests for materials should be addressed to V.D.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-27638-9
https://doi.org/10.1038/s41598-023-27638-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fabrication of biochar derived from different types of feedstocks as an efficient adsorbent for soil heavy metal removal
	Results
	Elemental analysis. 
	XRF. 
	XRD. 
	FTIR. 
	SEM. 
	BET. 
	TGA. 
	The use of biochar for the remediation of heavy metal-contaminated soil. 

	Discussion
	Conclusions
	Materials and methods
	Biochar pyrolysis method. 
	Characterisation. 
	Determination of the heavy metal sorption capacity of biochars. 
	Statistical analysis. 
	Ethics declarations. 

	References
	Acknowledgements


