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A B S T R A C T

The discharge of heavy metals (HMS) from industrial production has severely damaged the natural environment
and human health. To address the challenges posed by heavy metals, a novel almond shell biochar (FeS-
CTS@nBC) modified with FeS and chitosan (CTS) was prepared. Scanning electron microscopy and X-ray photo-
electron spectroscopy observations revealed a uniform distribution of FeS particles on the biochar. Adsorption
thermodynamics experiments showed that the maximum adsorbed amounts of cadmium (Cd), lead (Pb), and
chromium (Cr (VI) and Cr (III)) in FeS-CTS@nBC were 85.6, 89.63, 94.2, and 75.62 mg/g, respectively. Results
of soil incubation experiments indicated that FeS-CTS@nBC had a desirable immobilization effect on heavy met-
als, decreasing the bioavailability of Cd, Pb, Cr (VI), and Cr (III) by 29.43 %, 23.93 %, 5.75 % and 5.23 %, re-
spectively. Density functional theory (DFT) calculations, revealed that the oxygen-containing functional groups
on the biochar exhibited stronger adsorption capacities for heavy metals. Plant potting experiments indicated
that the paddy grew well in the soil remediated with FeS-CTS@nBC. The Cd content in the roots and leaves of the
paddy after nBCS2 repair was reduced by 28.01 % and 55.73 %, respectively. Overall, this work provides a
promising low-cost method with a simple production process for mitigation of heavy metals from water and soil.

1. Introduction

Heavy-metal contamination of water and soil has become increas-
ingly serious with industrial development [1]. Heavy metals have high
biotoxicity and persistence, and are easily bioaccumulated. They have
been shown to pollute the natural environment and seriously endanger
human health [2,3]. Cadmium (Cd (II)), lead (Pb (II)) and chromium
(Cr (VI) and Cr (III)) are recognized as major heavy-metal pollutants by
several organizations [4,5]. These three heavy metals have higher envi-
ronmental concentrations than Hg and As. Moreover, they are more
toxic to the environment than Zn, Cu, and Ni. These heavy metals are
easily accumulated in paddy fields and enter the human body via the
food chain [6]. Cd, Pb, and Cr can enter the human body through vari-
ous pathways, including food, water, dermal contact, and the respira-
tory system, which increases the risk of exposure [7]. These issues, ne-
cessitate the development of methods for the removal of heavy metals

[8]. Currently, adsorption, ion exchange, membrane separation, chemi-
cal precipitation, and other techniques are the primary methods for the
removal heavy metals [9,10]. However, membrane separation technol-
ogy is costly and complicated to operate [11]. Chemical precipitation
produces large volumes of wastewater, which causes secondary envi-
ronmental pollution [12,13]. Among these methods, adsorption tech-
nology has attracted considerable attention because it is inexpensive,
environmentally friendly, and has a high removal efficacy [14]. Biochar
is considered to be an ideal material as adsorbents for mitigation of
heavy metals from water and soil.

Biochar is a carbon rich material, derived from biomass via pyroly-
sis. Biochar is an adsorbent material with abundant pores, which makes
it suitable for the adsorption of heavy metals [15,16]. Compared with
other adsorbents, biochar has the advantages of simple preparation,
low cost and environmental friendliness [17]. The porous structure of
biochar provides a higher adsorption capacity and faster adsorption
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Scheme 1. Preparation process of FeS chitosan-modified biochar.

equilibrium rate, and shows excellent performance in treating pollu-
tants [18]. Additionally, biochar significantly affects the adsorption of
pollutants, such as heavy metals and methane [19]. Currently, the ma-
terials used for the preparation of biochar include tree branches, straw
and nut shells [20,21]. Compared to straw, almond shells have a higher
lignin content, which leads to a higher carbon content and facilitates
the introduction of oxygen-containing functional groups. The high car-
bon and low nitrogen contents of almond shells improve the quality of
biochar and reduce the emission of nitrogen oxides during carboniza-
tion [22,23]. Among nutshells, coconut shell, almond shell, and peach
kernel are commonly used for the preparation of biochar [24,25]. In ad-
dition, the porous structure of almond shell biochar provides more sites
for heavy-metal fixation [26]. Converting almond shells into biochar
can realize the resourceful utilization of waste and promote the devel-
opment of a circular economy. However, unmodified almond shell
biochar relies on pore filling to remove heavy metals, which limits its
adsorption capacity. Furthermore, its efficiency is easily affected by fac-
tors such as temperature and ionic strength [27].

Therefore, this study focused on exploring modification methods to
improve the capacity of biochar to remove heavy metals. In recent
years, numerous studies have been conducted on biochar modification,
including chemical, physical, nanomaterial, and composite modifica-
tions [28,29]. Chemical modification improves the adsorption perfor-
mance of almond shell biochar but often generates toxic by-products
and causes secondary environmental pollution [30]. Physical modifica-
tions such as ultrasonic and ball-milling treatments can produce
biochar with poor stability [31]. Currently, many biochar modifications
are composite modifications incorporating nanomaterials [32]. Com-
posite modifications using nanomaterials can improve the stability of
biochar and enhance its heavy-metal adsorption capacity [33,34]. The
loading of nano-metal ions onto biochar can be used to remove heavy
metals through metal-ion reduction and ion-exchange processes [35,
36]. Among all the possible materials, nano-FeS is particularly promis-
ing for biochar modification. Nano-FeS is a low-cost and highly reduc-
ing material, that has been applied in many fields, such as the removal
of heavy metals and organic pollutants [37,38]. Furthermore, FeS pro-
vides more binding sites than other materials [39]. However, FeS over-
loading can lead to its accumulation in biochar, limiting the reducing
properties of FeS.

In this study, a novel almond shell biochar (FeS-CTS@nBC) modi-
fied with FeS, chitosan (CTS), and ball milling was prepared. CTS was
added during the modification process to homogeneously disperse FeS
and improve its stability. FeS-CTS@nBC was evaluated using scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction

(XRD). The maximum heavy-metal adsorption capacity of FeS-
CTS@nBC was explored using metal adsorption experiments. Periodic
soil remediation experiments were also conducted. Density functional
theory (DFT) is a computational method based on quantum mechanics
that is used to study the properties of electronic systems. DFT can effi-
ciently and accurately predict the interactions between biochar surfaces
and target molecules to analyze the adsorption performance of biochar
[40]. Based on DFT, the effect of increased functional groups on the
ability of biochar to adsorb heavy metals was investigated. In addition,
paddy potting experiments showed that FeS-CTS@nBC promoted the
growth of the paddy fields. Overall, FeS-CTS@nBC is an economical
and practical material for the removal of heavy metals and provides a
reference for waste resource utilization.

2. Experimental section

2.1. Materials

All chemicals and reagents used in this study were analytical grade
or higher. Chemicals such as ferrous sulfate heptahydrate (FeSO4-7H2O,
purity ≥ 99.0 %), sodium sulfide hydrate (Na2S-9H2O, pu-
rity ≥ 99.0 %), cadmium chloride (CdCl2, purity ≥ 99.0 %), lead ni-
trate (Pb(NO3)2, purity ≥ 99.0 %), potassium dichromate (K2Cr2O7, pu-
rity ≥ 99.0 %), chromium chloride hexahydrate (CrCl3-6H2O, pu-
rity ≥ 99.0 %), copper nitrate (Cu(NO3)2, purity ≥ 99.0 %), and zinc
chloride (ZnCl2, purity ≥ 99.0 %) were obtained from Sinopharm
Chemical Reagent Corporation (Shanghai, China). CTS (C6H11NO4) n
was sourced from Aladdin (Shanghai, China), and deionized water was
used for all experiments.

2.2. Preparation of biochar

The almond shells were obtained from Lingshou County, Hebei
Province, China. Hebei almond shells were selected because of their
abundance, low price, and desirable qualities. They were washed with
deionized water and dried at 80°C. The preparation process is illus-
trated in Scheme 1. The almond shells were crushed into powder and
filtered through a 60-mesh sieve. The filtered powder was pyrolyzed at
550°C (rate: 10 °C/min; pyrolysis time: 120 min) and named BC. In a
500 mL three-necked flask, FeSO4-7H2O was dissolved in deionized wa-
ter, and then BC, Na2S-9H2O, and CTS were added sequentially under
magnetic stirring. The resulting solid was freeze-dried for 48 h to ob-
tain FeS-CTS@BC. Throughout the preparation process, magnetic stir-
ring was maintained via continuous nitrogen (N2) purging. The materi-
als prepared by mixing FeS with BC and CTS in different ratios were la-
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Fig. 1. The Characterization of biochar: SEM images of BC, BCS2 and nBCS2; EDS spectra and elemental mapping of BC (a), BCS2 (b), and nBCS2 (c), FTIR spectra
(d), XRD pattern (d), XPS survey spectra (f) with detailed spectra for C1s, O1s, Fe2p and S2p (g).

beled BCS1 (4:1:2), BCS2 (8:1:2), and BCS3 (12:1:2). The modified
biochar was further processed via ball milling to prepare FeS-
CTS@nBC, which were named nBC, nBCS1, nBCS2 and nBCS3, respec-
tively.

2.3. Characterization of biochar

The surface morphology of biochar was determined using SEM
(MIRA 4, TESCAN, Czech). The crystal structure of biochar was deter-
mined via XRD (ADVANCE, Bruker, Germany) in the 2θ scanning range
of 10° to 80°. The surface functional groups of biochar were observed by
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Fig. 2. Removal capacity of biochar for Cd (II), Pb (II), Cr (VI) and Cr (III), dosage: 1 g/L, pH: 5.5, initial concentration: 50 mg/L, temperature: room tempera-
ture (a); Kinetics fitting of the Cd (II), Pb (II), Cr (VI) and Cr (III) adsorption on nBCS2 using pseudo-first-order and pseudo-second-order plots (b); Isotherm
curve fitting of Cd (II), Pb (II), Cr (VI) and Cr (III) onto nBCS2 fitted by the Langmuir and Freundlich models (c).

FTIR (Was 50 R, Thermo Fisher, USA) with a wave number range of
4000 to 500 cm -1. The elemental composition of the biochar surface
was determined using X-ray photoelectron spectroscopy (XPS, Escalab
250 Xi, Thermo Fisher, USA).

2.4. Adsorption experiment

Solutions contaminated with heavy metals, specifically Cd (II), Pb
(II), Cr (VI), and Cr (III) were prepared using CdCl2, Pb(NO3)2, K2Cr2O7,
and CrCl3-6H2O, respectively. These solutions were diluted with deion-
ized water to the required concentrations for subsequent experiments.
Adsorption experiments were conducted in 50 mL polyethylene cen-
trifuge tubes. The initial concentrations of Cd (II), Pb (II), Cr (VI), and
Cr (III) in the solutions were 50, 100, 50, and 50 mg/L respectively, and
biochar was added at a concentration of 1g/L. Sampling was performed
over a time range of 1–720 min. Adsorption kinetics experiments were
conducted at 25 °C and 150 rpm to determine the optimal biochar ratio.
In the adsorption isothermal experiments conducted at 25°C, the maxi-
mum adsorption capacities of FeS-CTS@nBC for Cd (II), Pb (II), Cr (VI),

and Cr (III) were investigated using initial concentrations of
50–500 mg/L. Competitive ion adsorption experiments were performed
to investigate the effects of different heavy metals on biochar adsorp-
tion at the same concentrations.

Qe = (C0 − Ce) V/m (1)
The samples to be tested were filtered through a 0.22 µm filter

membrane. The concentrations of Cd-(II), Pb-(II), Cr-(VI), and Cr-(III)
before and after adsorption were determined by atomic absorption
spectrophotometry (Z2000, Hitachi, Japan). The adsorption capacity
(Qe) was calculated using Eq. (1), where Qe (mg/g) denotes the equilib-
rium adsorption capacity, C0 (mg/L) denotes the initial adsorbent con-
centration, Ce (mg/L) denotes the equilibrium adsorbent concentration,
m (g) denotes the mass of the adsorbent, and V (L) denotes the solution
volume.
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Fig. 3. The effects of different pH values on the adsorption performance of nBCS2 for Cd (II), Pb (II), Cr (VI) and Cr (III) (a); Efficiency Cd (II) removal in binary
solutions containing metal cations and Cd (II) (b); The adsorption capacity comparison between this work and some biomass-based biochar (c); A schematic repre-
sentation of the proposed adsorption mechanism of FeS-CTS@nBC for Cd (II), Pb (II), Cr (VI), and Cr (III) (d).

2.5. Soil remediation experiments

The soil sample (0–20 cm depth) was collected from a paddy field in
Changsha City, Hunan Province, China and contaminated soil was pre-
pared to investigate its physicochemical properties. The soil sample was
air dried and passed through a 2-mm sieve. Heavy-metal contaminants
were added to the test soil with CdCl2, Pb(NO3)2, K2Cr2O7, and
CrCl3–6H2O solutions, respectively. The contamination levels of Cd, Pb,
and Cr in the single contaminated soil were maintained at 10, 100, and
150 mg kg−1, respectively. The soil samples were allowed to mix well

and stabilize for 2 weeks, maintaining a soil moisture content of 40 %,
and were pre-incubated in an incubator at 25 ℃ [41,42]. In the 42-day
remediation experiment, varying quantities of the remediation agent
were added to the soil and stirred. The effects of the remediation agent
on the original shape and stability of the soil were investigated. Zero
(CK), 1 %, 2 %, and 3 % of the remediation agent were added to 20 g of
soil. Distilled water was added to maintain the soil moisture at 50 %,
and the samples were incubated at 25°C in a thermostatic incubator for
42 days. The leachability of heavy metals from nBCS2 was determined
using the European Communities (BCR) continuous extraction method.
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Fig. 4. The effectiveness of different biochar samples for the immobilization of heavy metals in soil (a-d); Different forms of heavy metals in soil, including acid ex-
tractable states (ACI), reducible states (FEM), oxidizable states (ORG), and residual states (RES) (e); The effect of nBCS2 biochar addition on soil pH (f). Asterisks in-
dicate significant differences at p < 0.05 between the blank and experimental groups (***: p ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05).

Briefly, 1 g of each sample was extracted with 0.11 mol/L glacial acetic
acid solution (pH = 2.88). The liquid–solid ratio was 40:1, and a
weakly acidic extractable state was obtained by shaking the samples in
a shaker at 200 rpm for 16 h at room temperature [15]. On this basis,
the solid was retained after washing with deionized water. The re-
ducible state was obtained by adding 0.5 mol/L NH2OH–HCl and shak-
ing for 16 h at room temperature in a shaker at 200 rpm. Ten milliliters
of H2O2 were carefully added to the solid residue and digest in a water
bath at 85°C for 1 h, reducing the solution volume to less than 3 mL. An
additional 10 mL of H2O2 was added and the mixture was further
heated until the solution volume was reduced to approximately1 mL.
Subsequently, 1 mol/L NH4OAc was added, and the mixture was
shaken for 16 h at room temperature of 25 °C to obtain the oxidizable
state [22]. The residual state content was determined by subtracting the
amount of weak acid extraction, oxidizable, and reducible states from
the total amount, which was measured using the triacid nitration
method. According to the BCR continuous extraction method, the mor-
phology of heavy metals in soil can be categorized into acidic extractive
state (ACI), reduced state (FEM), oxidizable state (ORG), and residual
state (RES) [25].

2.6. DFT method

The biochar model was constructed using the GaussView software,
and its structure was optimized. In this study, a biochar model was con-
structed using several carbon rings and different oxygenated functional
groups. Models of almond shell biochar were constructed both before
and after modification. Before modification, the biochar contained a
single and a few carbocyclic functional groups. After the modification,
the number of oxygen-containing functional groups in the biochar in-
creased. Once the structure of the biochar was optimized, a Gaussian
distribution was used for the calculations. The data were imported to
GaussView to plot the electrostatic potential energy and visualize the
electron orbital jump of the biochar.

2.7. Pot experiment and sample collection

This study was conducted in a greenhouse at the Central South
Forestry University of Science and Technology, Hunan Province, China.
The experiment involved six treatments, with six replicates per treat-
ment. Each pot contained 400 g of soil. The treatments were as follows:
(1) CK; (2) contaminated soil (CS); (3) CS + 3 %BC; (4) CS + 3 %nBC;
(5) CS + 3 %BCS2; and (6) CS + 3 % nBCS2. The contaminated soil
had a Cd concentration of 5 ± 0.2 mg/g. For each treatment, the soil
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Fig. 5. The distribution of different forms of heavy metals in soil under different treatments at different time points: Day 7 (a); Day 14 (b); Day 21 (c); Day 28 (d); Day
35 (e); Day 42 (f).

was thoroughly mixed, watered, and fertilized.The paddy was fertilized
once a week by adding 50 mL of the nutrient solution. The nutrient so-
lution was prepared using 1.26 g of Hoagland’s nutrient solution and
0.945 g of calcium salt, which was then heated and dissolved in
1000 mL of deionized water. After 45 days, the paddy plants were care-
fully removed from the soil to prevent damage to the roots and leaves,
ensuring the integrity of the plant during removal. The plants were then
washed and dried. Additionally, 2 cm of soil from the root zone was col-
lected and analyzed.

3. Results and discussions

3.1. Physical and chemical properties of biochar

The surface morphology, crystalline phases and functional groups of
the as-synthesized materials were characterized using SEM, XRD, XPS
and FTIR. As shown in Fig. 1, the surface morphology of BC appeared
smooth with a typical porous structure. Spherical FeS particles were ob-
served in BCS2(Fig. 1b) and were, distributed within these pores. The

presence of CTS helped disperse the FeS particles and prevent their ex-
cessive aggregation.

The SEM images of nBCS2 (Fig. 1c) demonstrated that after ball
milling, the structure of biochar became fragmented. The larger pore
size and specific surface area of nBCS2 compared to those of BC and
BCS2 suggested that nBCS2 could provide more binding sites. In addi-
tion, the composition of biochar was preliminarily identified using EDS
attached to the SEM. SEM-EDS was used to analyze the elemental
changes in BC (Fig. 1a), BCS2 (Fig. 1b), and nBCS2 (Fig. 1c). After
biochar modification, the content of Fe increased from 0 % to 6.54 %, S
from 0.07 % to 3.85 %, and O from 5.90 % to 9.32 %, indicating that
the modification was successful.

The functional groups, crystalline phases, and surface elements of
biochar were characterized using FTIR, XRD and XPS. From the FTIR
spectra (Fig. 1d), it was observed that the peaks located at 3667, 2898,
1059, and 676 cm−1 corresponded to O–H, C–H, C-O-C, and Fe-S, re-
spectively. The XRD patterns of the biochar are shown in Fig. 1e. Typi-
cal carbon peaks at 19°, 22°, and 29° were observed for BC. After modi-
fication, additional peaks corresponding to FeS appeared at approxi-

7



CO
RR

EC
TE

D
PR

OO
F

P. Guo et al. Separation and Purification Technology xxx (xxxx) 130943

Fig. 6. All data were simulated using Gaussian software. Electrostatic potential energy (EP) on the surface of the biochar structure (a); Electronic orbital analysis
of biochar enriched with –OH/–COOH groups, showing the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) (b).

mately 14°, 23°, 27°,36, and 47°, whereas peaks corresponding to Fe2O3
appeared at approximately 26°,34°, and 38°. These results indicated
that Fe2O3 and FeS were predominantly loaded onto the biochar. XPS
was used to explore the functional groups on the biochar surface (Fig.
1f). The C1s spectra (Fig. 1g) showed three peaks located at 284.8,
286.0 and 289.0 eV, corresponding to C–C, C-O and C = O, respec-
tively. The O1s with peak spectra at 533.8 eV, 532.8 eV were deconvo-
luted into two components: predominantly C-O–H and C-O before mod-
ification, Fe-COO and, Fe-O after the biochar was loaded with FeS. The
Fe2p spectra show that the Fe (II)-S (712.1 eV, 711.5 eV) and Fe (II)-O
(718.4 eV, 718.3 eV) were the predominant forms on nBCS2 (Fig. 2f)
[43]. The presence of Sn2− contributed to the reduction capacity of the
biochar; However, Fe (II) was the key active site for the reduction of
heavy metals. Additionally, S2− and Sn2− played a role in immobilizing
heavy metals through the formation of functional groups [44].

3.2. Adsorption of biochar in water

3.2.1. Adsorption kinetics and isotherms
Kinetics and isotherms were used to evaluate the adsorption perfor-

mance of FeS-CTS@nBC (Fig. 2a). Initially, the adsorption capacity in-
creased rapidly. After a certain period, the rate of adsorption slowed
and eventually reached adsorption equilibrium. When the initial solu-
tion concentration was high, there were more binding sites on the
biochar facilitating fast adsorption. As the solution concentration de-
creased over time, the adsorption rate decreased [29,45]. The adsorp-
tion of Cd (II), Pb (II), Cr (III) by BC and nBCS2 reached equilibrium af-
ter 120 and 240 min, respectively. The adsorption equilibrium time for
Cr (VI) by BC and nBCS2 was longer than the other metals. This is be-
cause the adsorption of Cd (II), Pb (II), and Cr (III) by biochar was a sur-
face-adsorption mechanisms involving pore filling and surface com-
plexation. However, the adsorption of Cr (VI) followed more complex
and slower mechanisms, such as Fe2+ reduction and complexation
[46].

To analyze the adsorption mechanisms and potential rate-
controlling steps for the four metals, pseudo-first-order and pseudo-
second-order kinetic models were applied (Fig. 2b). During the early
stages of adsorption, the adsorption capacity increased exponentially.
The fitted curves increased rapidly. As adsorption progressed, the rate
of increase in the adsorption capacity gradually decreased and reached
equilibrium after 200 min. In Fig. 2b. the horizontal coordinate repre-
sents the adsorption time and the vertical coordinate represents the ad-
sorption capacity [18]. The adsorption of Cd (II), Pb (II), Cr (VI), and Cr
(III) by BCS2 could be divided into two phases. The first stage was the
rapid diffusion of ions. The amount of heavy metals adsorbed onto the
BCS2 surface increased. In the second stage, heavy metals on the sur-
face of biochar entered the interior of the biochar through intra-particle
diffusion and complexed with functional groups [47,48]. Table 1 lists
the fitted results for the pseudo-first-order and pseudo-second order
models. The adsorption behavior of heavy metals on both types of
biochar fitted well with the two kinetic models, indicating that the ad-
sorption process involved a combination of physical and chemical ad-
sorption [49]. For Cd (II) adsorption, nBCS2 fit better with the pseudo-
first-order kinetic model, suggesting that physisorption played a major
role in determining the adsorption rate. In contrast, for Pb (II), Cr (VI),
and Cr (III) adsorption, both biochar composites fit the pseudo-second-
order kinetic model better, indicating that the adsorption process was
mainly depended on chemical interactions [50]. However, the fitting
correlation between nBCS2 and pseudo-first-order kinetics was also
high, which agrees with to the conclusion drawn from previous studies
that nBCS2 possesses more active adsorption sites [51].

The adsorption mechanism of nBCS2 was analyzed using the Lang-
muir and Freundlich models (Fig. 2c). For nBCS2, within the range of
0–200 mg L–1, it could adsorb almost all metal ions in the solution, with
exponential increases in the adsorption amount over time. When the
ion concentration was 200–500 mg L–1, the adsorption capacity slowly
increased and gradually reached the equilibrium. For nBCS2, the ad-
sorption reached equilibrium at ion concentrations above 400 mg L–1.
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Fig. 7. Photographs of paddy growth under BC, nBC, BCS2, and nBCS2 treatments(a); Lengths of above-ground and below-ground plant parts (b); Dry and wet
weights of paddy plants (c); Morphological analysis of soil heavy metals in the root system of the plant (d); In vivo heavy metal content in the plants (e); Heavy metal
content in soil (f); and Schematic diagram of soil mechanism (g). Asterisks indicate significant differences at p < 0.05 between the blank and experimental groups
(***: p ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05).

This may be because when the initial ion con-centration was low, the
adsorbent could provide sufficient adsorption sites and active groups.
With increasing ion concentration, the adsorption sites gradually be-
came saturated, accompanied by a decrease in active sites and satura-
tion of the adsorbent [35]. The FeS-CTS modification enhanced the
functional groups (e.g., –OH and –COOH) and metal binding sites (e.g.,
Fe-O and Fe-S) on the biochar, whereas the adsorption performance of
nBCS2 was enhanced after ball milling. The adsorption data were eval-
uated using Langmuir and Freundlich models (Table S2). The Langmuir
and Freundlich models are suitable for describing monolayer and multi-
layer adsorption, respectively. The adsorption of Cd (II), Pb (II), Cr (VI)
and Cr (III) by biochar was deemed a complex mechanism, involving
monolayer adsorption (pore filling and surface complexation) and mul-
tilayer adsorption (diffusion of heavy metal ions within the pores). The
use of both the Langmuir and Freundlich models helped improve the ac-
curacy and practicality of describing adsorption process [52]. Adsorp-
tion is a complex process in which the adsorbent has a limited number
of adsorption sites and finite adsorption capacity, eventually reaching
adsorption equilibrium over time. Furthermore, the adsorption sites are
not fixed, and the adsorbent can adsorb a variety of substances. There-
fore, the Langmuir and Freundlich models were selected for adsorption
isotherm fitting [53]. These results indicated that the adsorption of Cd
(II) and, Cr (VI) by biochar followed a homogeneous monolayer adsorp-
tion process, whereas the adsorption of Pb (II) and, Cr (III) followed

heterogeneous multilayer adsorption [49,54]. The 1/n value < 1 for
the Freundlich model indicated that the adsorption of metals by nBCS2
was a favorable process [55,56].

3.2.2. Effect of solution pH and competitive adsorption
The effect of the pH on the adsorption of heavy metals was also in-

vestigated (Fig. 3a). As the pH increased from 2 to 6, the adsorption of
nBCS2 for Cd (II), Pb (II), and Cr (III) increased dramatically, whereas
that the adsorption of Cr (VI) decreased. At a low pH, the hydroxyl
functional groups on the nBCS2 surface were easily protonated. Many
H+ ions competed with metal cations and caused electrostatic repul-
sion, which reduced the binding of metal ions to acidic functional
groups [57]. As the pH increased, the electrostatic repulsion decreased.
The negative charge on the biochar surface increased and the positive
charge decreased, which was favorable for the immobilization of Cd
(II), Pb (II), and Cr (III). A high pH accelerated the formation of cationic
oxides and hydroxides such as Cd (II), Pb (II), and Cr (III). In general,
the reduction of Cr (VI) is more favorable in acidic environments,
where Cr (VI) reacts with acids to form insoluble precipitates [38,58]. It
was observed that, is the pH increased, and the concentration of H+ de-
creased, the removal of Cr (VI) by nBCS2 was affected.

Many types of heavy metals are present in wastewater. Therefore,
understanding the competitive behavior of co-existing cations and ad-
sorption selectivity is important for the practical application of biochar.
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As shown in Fig. 3b, Cr (VI) and Zn (II) clearly inhibited Cd (II) adsorp-
tion. In contrast, the presence of Cr (III) and Cu (II) did not significantly
affect Cd (II) adsorption. The decreased Cd (II) removal was attributed
to the competition between cations for active sites, resulting in de-
creased adsorption [59,60]. In the Cr (VI)- Pb (II) system, Pb (II) was
not detected because of the following reaction:

2Pb(NO3)2 + K2Cr2O7 + H2O = 2PbCrO4↓ + 2KNO3 + 2HNO3

In addition, electronegativity was deemed an important factor in de-
termining the strength of competitive adsorption between metal cations
and nBCS2. The electronegativities of Pb, Cu, Zn, Cr, and Cd were 2.33,
1.90, 1.65, 1.66, and 1.69, respectively [61]. Cations with higher elec-
tronegativity were more likely to form chemical bonds with nBCS2. The
adsorption capacity of FeS-CTS@nBC was compared with that of previ-
ously reported biomass-based biochar such as wood chips, bamboo,
lemon peel, and rice straw, and the results are shown in Fig. 3c. The ad-
sorption capacity of FeS-CTS@nBC was superior to that of some bio-
mass-based biochar [62–69].

The mechanism of heavy-metal removal by FeS-CTS@nBC is illus-
trated in Fig. 3d. The modification of CTS increased the oxygenated
functional groups of the biochar and enhanced its heavy-metal removal
capacity. The removal mechanism for Cr (VI) was that Fe2+ reduced Cr
(VI) to Cr (III) and Fe2+ was subsequently oxidized to Fe3+ [70]. Over-
all, we conclude that electrostatic interactions, complexation, co-
precipitation, ferrous reduction, and pore filling are the main adsorp-
tion mechanisms of FeS-CTS@nBC. The reactive groups of biochar, such
as carboxyl, sulfhydryl, hydroxyl, and amino groups, interacted with
heavy metals to form insoluble complexes. Large amounts of CO3

2– and
SO4

2- in water co-precipitated with heavy metals in the sediment [71,
72]. The physical adsorption capacity of FeS-CTS@nBC was enhanced
by ball milling, and pore filling played a role in the immobilization of
heavy metals. Secondary effects, such as ion exchange also played a role
in the immobilization of heavy metals.

3.3. Adsorption of biochar in soil

Soil fixation experiments were performed to analyze the effects of
biochar on the immobilization of heavy metals in the soil. As shown in
Fig. 4a, the blank group (CK) contained only soil. Compared to the CK,
the experimental group treated with biochar showed an increase in the
immobilization of heavy metals. Overall, nBCS2 had a stronger better
effect on the immobilization of heavy metals. The morphology of heavy
metals in the contaminated soil was investigated using the BCR contin-
uous extraction method (Fig. 4e). The effect of biochar addition on the
soil pH was also investigated (Fig. 4f). FeS-CTS@nBC was alkaline and
the initial pH of the soil was weakly acidic. The soil pH increased after
biochar addition. Fig. 4f shows the change in soil pH after 42 days of
nBCS2 addition. The original soil pH values of Cd (II), Pb (II), Cr (VI)
and Cr (III) ranged from 6.6 to 6.8. The addition of nBCS2 increased soil
pH. Therefore, when applying nBCS2, its pH should be adjusted accord-
ing to the pH of the soil. nBCS2, with a high alkaline ratio suitable for
the remediation of acidic soil.

The BCR continuous extraction method was used to further evaluate
the various forms of heavy metals in the soil before and after FeS-
CTS@nBC remediation (Fig. 5). As stated earlier, heavy metals in soil
can be divided into different states: ACI, FEM, ORG, and RES. ACI could
migrate with soil moisture and affect soil ecology. The contents of ORG
and FEM changed with changes in soil pH, whereas RES did not mi-
grate. The ACI of Cd, Pb, Cr (VI), and Cr (III) in the CK group were
54.43 %, 24.81 %, 6.63 %, and 5.71 %, respectively (Fig. 5a). After
42 days of treatment, the ACI of Cd, Pb, Cr (VI), and Cr (III) in the soil
decreased to 29.43 %, 23.93 %, 5.75 %, and 5.23 % respectively, with
the 3 % nBCS2 treatment (Fig. 5f). As more nBCS2 was added, the per-
centages of ACI decreased. In this work, the RES of heavy metals in-
creased, whereas the ACI decreased, with the addition of biochar. The

term “reducible fraction” described the portion of heavy metals that
could be broken down by plants and soil. The ORG and FEM of the
heavy metals exhibited morphological stability and were more difficult
to leach from the soil. The fixation and stabilization of heavy metals
were enhanced by FeS-CTS@nBC by promoting the conversion of ACI
and FEM into ORG and RES components. In addition, microbial growth
can help reduce heavy metals in soil [35].

3.4. DFT calculations

Based on the DFT calculations, the micro-mechanisms at the elec-
tron-scale for the adsorption of Cd (II), Pb (II), Cr (VI), and Cr (III) on
biochar were investigated. The electrostatic potential energy (EP) re-
flects the ability of biochar to accept and transfer electrons. It was easy
to transfer electrons under low-EP conditions, with the red part indicat-
ing a negative EP, in which it was easy to deliver electrons [73]. As
shown in Fig. 6a, when modified with C O/–OH /–COOH groups, the
EP values in the vicinity of oxygen atoms of these groups were negative
[40]. These results indicate that macromolecules with low EP interact
more easily with heavy metals. Therefore, oxygen atoms with a lower
EP were found to be more prone to interacting with heavy metals, ex-
plaining why oxygen-containing functional groups were more likely to
immobilize heavy metals.

Chemical adsorption of heavy metals by biochar can be viewed as
the transition of electrons from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). A larger
energy gap (Eg) between the HOMO and LUMO of biochar indicates
greater potential for spontaneous electron mobility and stronger ad-
sorption capacity for heavy metals [63]. As shown in Fig. 6b, biochar
enriched with –OH and –COOH had the largest energy gap and the
strongest adsorption capacity. The results showed that the adsorption
performance of FeS-CTS@nBC was stronger and that the oxygen-
containing functional groups were superior in the immobilization of
heavy metals [59,74]. The positive and negative values of the phases
are represented in blue and green in Fig. 6b. For the –OH and –COOH
enriched biochar samples, the electron distribution of the HOMO was
concentrated, indicating a considerably greater electron donating ca-
pacity in this region and the removal of heavy metals. Additionally, the
HOMO and LUMO values of the adsorbent can be used to visually pre-
dict the optimal absorption sites in the adsorption process.

3.5. Effect of remediated soil on rice growth

The observation of plant growth in contaminated soil after biochar
remediation could be an indicator of the effectiveness of biochar. Fig. 7
shows the growth status of the paddies under different treatments. As
shown in Fig. 7a, compared with the original Cd-contaminated soil,
paddies grown in soil restored with nBCS2 showed better growth. The
leaves and roots of the paddy were slender and dense, respectively. The
restorative effect of nBCS2 most directly reflected the length and
weight of the paddy plants. As shown in Fig. 7b, the leaf and root
lengths of the paddy in the original Cd-polluted soil were only 47.25
and 21.4 cm, respectively. The leaf and root lengths of the paddy in the
nBCS2 repaired soil were 56.84 and 25.83 cm, respectively. The total
length of the paddy fields was 19.98 % greater than that of the Cd-
contaminated soil. According to the average dry and wet weight data of
the paddy shown in Fig. 7c, the dry and wet weights of the CS-treated
soil were 0.223 and 1.13 g/plant, respectively. In contrast, the dry and
wet weights of paddy fields grown in the nBCS2-restored soil were
0.452 and 2.903 g/plant, respectively. These results demonstrate that
nBCS2 significantly promoted the growth of paddy fields, as indicated
by increased plant length and biomass. The enhanced growth can be at-
tributed to the presence of Fe2+ and S2− in the modified biochar, which
stimulated paddy development.
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To investigate the effect of modified biochar on heavy metals in the
soil, the heavy metal contents of paddy and rhizosphere soils were ana-
lyzed [75,76]. From Fig. 7d, it could be seen that the migration of Cd
from the amended soil to paddy was significantly reduced, particularly
in the CS + nBCS2 group, where the Cd content in the paddy roots and
leaves was the lowest. Compared with the CS group, the ACI of Cd in
the soil was significantly reduced and the RES increased after the addi-
tion of biochar. The ACI of Cd in the soil was lowest in the nBCS2 treat-
ment. As shown in Fig. 7e, the Cd content of CS-treated paddy was
591.62 mg/kg, with 501.73 mg/kg in the roots and 89.89 mg/kg in the
leaves. In the paddy grown in the soil restored with nBCS2, the Cd con-
tent decreased by 32.47 %, and the Cd concentrations in the roots and
leaves decreased by 27.91 % and 57.95 %, respectively. The soil reme-
diated with nBCS2 had the lowest volume of heavy metals in Fig. 7f. Af-
ter soil remediation, part of Cd was immobilized in the FeS-CTS modi-
fied almond shell biochar, making it difficult for it migrate to the plants,
thereby reducing the toxic effects of Cd on the paddy.

4. Conclusions

In this study, almond shell biochar was prepared by pyrolysis and
modified with FeS-CTS. The performance of FeS-CTS@nBC in the ad-
sorption of heavy metals was investigated. Compared to the unmodified
almond shell biochar, FeS-CTS@nBC exhibited a higher adsorption per-
formance for heavy metals. Organic matter and element enriched FeS-
CTS@nBC effectively improved the soil nutrient contents and promoted
paddy growth. After 42 days of incubation, the steady state of Cd in the
3 % nBCS2-treated soil increased, which was more favorable for paddy
growth and inhibited the migration of heavy metals into the seedlings,
leading to a significant decrease in the bioaccumulation of Cd in both
the roots and leaves. Overall, FeS-CTS@nBC is an efficient adsorbent
for the removal of heavy metals and has great potential for applications
in the adsorption of heavy metals.
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