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A B S T R A C T

Pristine biochar typically exhibits limited capacity for heavy metal adsorption due to its inadequate pore
development and insufficient surface functionality. This study introduces an innovative chemical strategy to
enhance the surface of sawdust biochar with sulfur-based functional groups (C=S, C-S, S-S, S2− , S-H, -SO32-, -SO42-)
to significantly improve cadmium (Cd) adsorption. Sulfur-doping using H2SO4, Na2S, and Na2S2O3 markedly
increased the sulfur content from 0.11% (pristine) to 2.81% (H2SO4), 0.57% (Na2S), and 13.27% (Na2S2O3).
Characterization techniques such as SEM-EDS, FTIR, and XPS confirmed the successful incorporation of sulfur
moieties and additional oxygen-containing groups, improving surface functionality. The Cd adsorption capacity
of S-modified biochar increased by 4.8–9.0 times compared to pristine biochar, with peak values of 39.38, 20.84,
and 34.14 mg g− 1 for H2SO4, Na2S, and Na2S2O3-modified biochar, respectively. The equilibrium time was
significantly reduced from 4 h (pristine) to 5–10 min (S-modified). The enhanced Cd adsorption was attributed to
the synergistic interplay of electrostatic attraction, cadmium-π electron interactions, complexation, and ion ex-
change mechanisms, facilitated by the presence of oxygen and sulfur functional groups. Density Functional
Theory (DFT) calculations showed that sulfur doping modulated the electronic properties of the biochar-Cd
systems, narrowing the band gap and enhancing the Cd-O bonds, thereby improving the Cd adsorption perfor-
mance. Additionally, the binding energies of the S-modified biochar-Cd complex were found to be more stable
compared to those before Cd adsorption. This study demonstrates that both oxygen and sulfur-functionalized
sawdust biochar is an effective and eco-friendly adsorbent for Cd removal, highlighting the significance of
tailored surface modifications to augment biochar’s reactivity and affinity towards specific contaminants. The
developed material offers a sustainable and scalable solution for Cd removal from aqueous environments,
contributing to advanced water treatment technologies and environmental remediation strategies.

1. Introduction

Rapid industrialization has significantly increased the discharge of
industrial wastewater containing various organic and inorganic toxic

substances, posing severe ecological threats and risks to human health.
Among these pollutants, heavy metals, particularly cadmium (Cd), are
of major concern due to their high toxicity, mobility, and bioavailability
(Khin et al., 2012; Sovacool et al., 2024). The United States
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Environmental Protection Agency (EPA) lists Cd as a priority pollutant
and classifies it as a carcinogenic chemical (Wang et al., 2007). The
primary sources of Cd in the environment include mining and smelting
activities and industrial effluents from electroplating and metal pro-
cessing industries. To purify industrial wastewater and recycle limited
water resources, various techniques such as chemical precipitation
(Ostermeyer et al., 2021), membrane filtration, adsorption (Kim et al.,
2022), ion exchange (Huang et al., 2020), and electrochemical treat-
ment (Alkhadra et al., 2022) have been employed for Cd removal.
Among these methods, adsorption has gained significant attention due
to its simplicity, cost-effectiveness, and advantages, such as the ease of
adsorbent production, recovery, and reusability (Majumder et al.,
2023).

Biochar, a carbon-richmaterial derived from the pyrolysis of biomass
(Liu et al., 2019; Kurniawan et al., 2023), has emerged as a versatile and
sustainable solution for addressing environmental challenges (Lee et al.,
2010). It has gained widespread attention not only for its effectiveness in
addressing heavy metal issues but also for its environmentally friendly
nature, being derived from agricultural residues (Khan et al., 2023;
Osman et al., 2023a). Researchers have explored various biochar ma-
terials derived from agricultural residues such as wheat straw, tobacco
dust, pine shavings, rice husks, bean pods, and almond shells for metal
adsorption (Osman et al., 2023b; Kainth et al., 2024). Among these,
sawdust (i.e., wood dust) is a promising feedstock for biochar produc-
tion due to its high cellulose, hemicellulose, and lignin content, which,
upon pyrolysis, provide a structure with numerous binding sites for
metals (Tyagi and Anand, 2023). Additionally, converting these agri-
cultural wastes into biochar is a viable and convenient approach to
waste management (Chaubey et al., 2024). Biochar is a multifunctional
material that can be used for carbon sequestration (Luo et al., 2023),
land reclamation, pollutant immobilization, and soil fertility enhance-
ment (Geissler and Maravelias, 2022). Its production helps reduce
greenhouse gas emissions by capturing carbon in a stable form, thus
contributing to climate change mitigation as an effective negative car-
bon technology (Cowie et al., 2024). Furthermore, biochar’s porous
structure and high surface area make it effective in retaining nutrients
and improving soil health, thereby supporting sustainable agricultural
practices (Cho et al., 2020; Lin et al., 2023). Hence, using biochar ad-
dresses heavy metal contamination in water and soil, promotes the
recycling of agricultural residues, and supports circular economy prin-
ciples and sustainable resource management (Osman et al., 2022; Li
et al., 2023).

Biochar primarily comprises aliphatic and aromatic compounds with
surface functional groups that facilitate chemical adsorption reactions
with heavy metals through complexation, precipitation, and ion ex-
change processes (Huangmee et al., 2024). However, the adsorption
capacity of biochar for heavy metals is often limited by constraints
imposed by its surface pore structures, particularly those produced at
lower carbonized temperatures or by the lower affinities of
oxygen-containing functional groups to soft Lewis acids like Cd (Chen
et al., 2022; Yuan et al., 2023). To enhance the Cd adsorption capacity of
biochar, chemical modifications can be performed to enrich the surface
functional groups with Lewis bases, such as sulfur (S) (Chen et al.,
2020b). Since Cd is a soft Lewis acid, introducing sulfur-containing
functional groups onto the biochar surface through modification can
be expected to significantly enhance its adsorption capacity (Zhu et al.,
2020a). This enhancement is due to the strong affinity of these sulfur
groups towards soft Lewis acids like Cd, enabling robust interactions
that facilitate adsorption (Fawzy et al., 2022; Amalina et al., 2024).

While numerous studies have explored sulfur-modified adsorbents
for heavy metal adsorption, particularly for mercury (Hua et al., 2020),
research on using sulfur-containing compounds to enhance cadmium
(Cd) removal through biochar modification remains limited. This study
aims to address this gap by modifying biochar using commonly available
sulfur-containing compounds and examining the Cd adsorption capac-
ities in aqueous solutions, both before and after modification. We

carefully selected three sulfur-containing compounds—H₂SO₄ (96%),
Na₂S, and Na₂S₂O₃—to modify sawdust-derived biochar for enhanced Cd
adsorption. These compounds represent a broad range of sulfur species
and oxidation states, from highly oxidized (SO₄2⁻) to reduced (S2⁻)
forms, enabling a comprehensive investigation into the role of sulfur in
Cd adsorption. Each compound provides unique surface modification
capabilities: H₂SO₄ facilitates acid activation and sulfur doping (Zhao
et al., 2010), Na₂S promotes the formation of metal sulfides and in-
troduces reduced sulfur species (Bian et al., 2016), while Na₂S₂O₃ in-
corporates thiosulfate groups, offering an intermediate oxidation state
(Chen et al., 2010). These compounds extend across a wide pH range,
allowing us to assess the critical influence of pH during the modification
process. Moreover, they are cost-effective and relatively safe to handle,
making them viable for potential large-scale applications. Recent studies
(Zhang et al., 2023a, 2023b; Zhao et al., 2024) have demonstrated their
effectiveness in heavy metal adsorption, supporting the foundation for
our research. By utilizing these three distinct sulfur-containing com-
pounds, we aim to illustrate the complex relationships between sulfur
species, oxidation states, and modification conditions in determining
biochar’s Cd adsorption capacity. This approach aligns with our broader
objective of optimizing biochar modifications for effective and sustain-
able heavy metal remediation in environmental applications. Our
methodology includes analyzing the incorporation of sulfur-containing
functional groups using elemental analysis, SEM, FTIR, and XPS to es-
timate Cd immobilization capacity and interpret adsorption mecha-
nisms. Additionally, we employed density functional theory (DFT)
calculations to provide theoretical insights into the reaction mechanisms
and predict the stability of the [biochar-Cd] complexes. This research
offers a sustainable, cost-effective approach for Cd removal from in-
dustrial wastewater, addressing environmental pollution and agricul-
tural waste management (Liu et al., 2022a). By converting agricultural
residues into functional materials for pollutant removal, the study sup-
ports sustainable practices, optimizes resource utilization, reduces the
demand for virgin materials, and promotes a circular economy, fostering
long-term environmental and economic sustainability (Osman et al.,
2024).

2. Materials and methods

2.1. Experimental framework

In this experiment, biochar was prepared from sawdust and then
treated using various modification methods. The modified biochar was
subsequently tested for its ability to adsorb the heavy metal Cd under
different environmental conditions. This study aims to explore how
different modification methods affect the properties of biochar and its
Cd adsorption capabilities. The detailed modification steps are illus-
trated in (Scheme 1).

2.2. Preparation and sulfur modification of biochar

In this study, biochar was prepared from sawdust and modified to
enhance its cadmium (Cd) adsorption capacity. Pristine biochar
(SDB350) was produced by pyrolyzing sawdust at 350 ◦C for 4 h under
oxygen-limited conditions with a nitrogen flow rate of 1.0 L min− 1 (Shen
et al., 2012; Chang et al., 2023). The resulting biochar, with a carbon-
ization yield of 0.57–1.83%, was ground to ≤0.15 mm and washed until
pH stabilization (Hwang et al., 2024).

Sulfur (S) modification of the pristine biochar involved both post-
carbonization and pre-carbonization methods.

⁃ Post-carbonizationmodification included immersion in sulfuric acid
(H2SO4) solutions (96%) and 2.0 M sodium sulfide (Na2S) at a 1:10
(w/v) ratio for 24 h (Yin et al., 2022b), separately.
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⁃ Pre-carbonization modification involved treating raw sawdust with
2 M sodium thiosulfate (Na2S2O3) solution before pyrolysis (Chen
et al., 2024).

Our preliminary experiments evaluated various sulfur-containing
modifiers: H₂SO₄ (10%, 30%), Na₂S, and Na₂S₂O₃ (0.5M, 2M), applied
pre- and post-carbonization (SI). Four representative samples were
selected based on performance, stability, and industrial scalability
criteria, ensuring optimal modification outcomes for practical applica-
tions. As a result, four representative samples were selected for further
study:

• SDB350: Pristine biochar (sawdust carbonized at 350◦C for 4 hours).
• SDB350þ96S: SDB350 treated with 96% H₂SO₄ after carbonization.
• SDB350þNa₂₂S: SDB350 treated with 2M Na₂S after carbonization.
• Na₂₂S₂₂O₃₃þSDB350: SDB350 pre-treated with 2M Na₂S₂O₃ before
carbonization.

The remaining samples were treated as preliminary results, and their
Cd adsorption capacities are reported in the supporting information (SI).

2.3. The effect of pH on Cd adsorption

The effect of pH on Cd adsorption was investigated over a range of
2.0–9.0, using 0.04 g adsorbent in 40 mL of 0.01 M NaNO3 solution with
50mg L− 1 Cd (Rajendran et al., 2022). The impact of biochar dosage was
examined using 0.02, 0.04, and 0.08 g of adsorbent in 40 mL solution
(0.5, 1, and 2 g L− 1 ratios) with 50 mg L− 1 initial Cd concentration. All
experiments maintained a pH of 5.0 and a temperature of 25 ◦C, with
samples filtered through 0.22 μm cellulose acetate membrane filters
(MF-Millipore™) before ICP-OES analysis.

These comprehensive studies were designed to clarify the adsorption
dynamics and assess the effectiveness of S-modified biochar for Cd
removal from aqueous solutions, contributing to the development of
sustainable and cost-effective remediation strategies. Detailed kinetic
and isotherm models used to interpret the experimental data are pro-
vided in the Supporting Information (SI).

2.4. Spectroscopic analyses of biochar and Cd-loaded biochar

The elemental composition of pristine and S-modified biochar was
quantified using an Elementar Vario EL cube-CHNOS analyzer. Nitrogen
adsorption-desorption isotherms at 77K, essential for determining the
BET surface area, pore surface area, and pore volume, were measured
using a Quantachrome Instruments autoSorb iQ-TPX analyzer. The point
of zero charge (pHpzc) of biochar was measured by the pH shift method

as proposed by (Lopez-Ramon et al., 1999). Morphological character-
istics were analyzed with a ZEISS Ultra Plus Field Emission Scanning
Electron Microscope (FE-SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) for elemental analysis. Fourier transform infrared
(FTIR) spectra of both untreated and Cd-loaded biochar were obtained
using a Thermo Nicolet Nexus 6700 spectrometer. Additionally, X-ray
photoelectron spectroscopy (XPS) analyses were conducted with a
Thermo Scientific theta probe instrument to investigate elemental
valence states and changes in the bonding energy resulting from Cd
adsorption.

2.5. Simulation experiment

To explain the molecular-level interaction mechanism between
cadmium (Cd) and both pristine and S-modified biochar, frontier mo-
lecular orbital calculations were conducted using Gaussian 16 at the
B3LYP/LANL2DZ level of theory (Curtiss et al., 2007). The pristine
biochar (SDB350) was modeled as a graphene-like sheet with epoxide,
hydroxyl, and carboxyl functional groups, while the S-modified biochar
incorporated two sulfur atoms doped into the graphene-like structure
(Yu et al., 2024). Cd interaction was simulated by placing a Cd atom
between graphene oxide sheets (for SDB350) and sulfur-doped graphene
oxide sheets (for S-modified biochar) (Yang et al., 2022; Chen et al.,
2018; de Carvalho et al., 2018; Elgengehi et al., 2020). The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) were analyzed, and band gaps were calculated before
and after Cd interaction to assess electronic properties, charge transfer
processes, and reactivity (Gariganti et al., 2024). This comprehensive
analysis, including optimized structures and frontier molecular orbital
analysis, provided insights into the reaction mechanism, electronic
transitions, and the role of oxygen and sulfur doping in enhancing Cd
adsorption capabilities, facilitating a deeper understanding of the re-
action pathway and the relative affinity of Cd towards pristine and
S-modified biochar (He et al., 2024; Vijayakumar et al., 2024; Yu et al.,
2024).

3. Results and discussions

3.1. Elemental analysis

The elemental composition of pristine sawdust (SDB350) and its
derived sulfur-modified biochar was analyzed (Table S1). In the pristine
sawdust feedstock prior to carbonization, carbon (C), oxygen (O), and
hydrogen (H) were the predominant elements, while nitrogen (N) and
sulfur (S) were present in negligible quantities (0.00–0.09%). However,
subsequent to the carbonization process, SDB350 exhibited a significant

Scheme 1. Flowchart showing the preparation of pristine and S-modified sawdust biochars.
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enrichment in carbon content accompanied by a substantial decrease in
oxygen (reduced by over 50%–23.29%) and hydrogen content compared
to the pristine material. The relatively high residual oxygen content
observed in SDB350, in comparison with other biochar materials
derived from sources such as rice straw (Phuong and Loc, 2022), can be
attributed to the higher lignin content in wood chips. The complete
conversion of lignin to aromatic structures typically necessitates tem-
peratures exceeding 400 ◦C.

The carbonization process facilitated the concentration of carbon by
selectively removing volatile matter and non-carbonaceous elements,
resulting in a carbon-enriched matrix. Simultaneously, the substantial
reduction in oxygen and hydrogen content can be ascribed to the
decomposition and volatilization of oxygen- and hydrogen-containing
functional groups during the thermal treatment. The retention of a
considerable fraction of oxygen in the SDB350 biochar can be explained
by the recalcitrant nature of lignin, a major component of wood biomass,
which requires higher temperatures for complete aromatization and
deoxygenation (Fawzy et al., 2021).

Subsequent sulfur modification of the SDB350 biochar with
concentrated H2SO4, 2M Na2S, or 2M Na2S2O3 resulted in a notable
enhancement of sulfur content, with the extent of sulfur incorporation
following the descending order: Na2S2O3-modified SDB350 (12.96%) >
SDB350 modified with 96S (2.81%) > Na2S-modified SDB350 (0.43%)
> pristine SDB350 (0.11%). Concomitantly, post-modification, SDB350
exhibited a significant augmentation in oxygen content, suggesting the
introduction of oxygen-containing functional groups. The oxygen con-
tent followed an inverse trend: SDB350 modified with 96S (34.15%) >
Na2S-modified SDB350 (33.30%) > Na2S2O3-modified SDB350
(29.12%) > pristine SDB350 (23.29%) (Table S1).

The modifications introduced sulfur and oxygen-containing func-
tional groups onto the biochar surface, enhancing its adsorption capa-
bilities for applications like heavy metal removal or catalysis. Notably,
the substantial increases in sulfur and oxygen percentages could
significantly boost cadmium adsorption. Sulfur heteroatoms facilitate
functional group formation, which can effectively interact with cad-
mium ions through surface complexation, ion exchange, and Cd-O bond
formation. Additionally, sulfur doping introduces more active sites and
modifies the biochar’s surface properties, further enhancing adsorption
capacity.

Modification with sulfur compounds also decreased H/C and O/C
ratios, indicating increased aromaticity while retaining oxygen func-
tionalities. This shift from aliphatic to aromatic structures, along with
enhanced sulfur and oxygen groups, improved hydrophilicity compared
to pristine biochar, suggesting increased ion exchange and complexation

capabilities. These modifications potentially enhance the cadmium
removal performance of SDB350 biochar by promoting cadmium fixa-
tion through surface complexation, ion exchange, Cd-O bond formation,
enhanced hydrophilicity, and additional active sites from sulfur doping
(Leng et al., 2022).

3.2. BET surface area

The changes in specific surface area and pore volume of pristine and
sulfur-modified biochar, before and after the sulfur modification pro-
cess, are presented in (Fig. 1 a and Table S 2). Sulfur modification of
SDB350 resulted in a significant increase in the specific surface area,
rising from 4.85 m2 g⁻1–8.26m2 g⁻1 with H2SO4, 10.70 m2 g⁻1 with Na2S,
and a substantial 20.88 m2 g⁻1 with Na2S2O3. Concurrently, the pore
volume of SDB350 expanded from 0.016 cm³ g⁻1 to a range of
0.028–0.043 cm³ g⁻1, accompanied by an increase in micropore volume
from 0.002 cm³ g⁻1 to 0.012–0.043 cm³ g⁻1 across the three sulfur
modification techniques. The modest increase in specific surface area,
pore volume, and micropore volume after carbonization at 350 ◦C aligns
with existing literature (Zhao et al., 2018), suggesting that more pro-
nounced alterations typically occur at higher carbonization tempera-
tures (>500–600 ◦C) (Ahmed et al., 2023; Mishra et al., 2023). Although
the enhancements were relatively modest, they were potentially
attributable to the introduced fragments or functional groups partially
occupying and obstructing certain pores within the structure. Despite
these minor increments in specific surface area and pore volume after
sulfur modification, these changes may contribute additional adsorption
sites and facilitate the mass transfer of adsorbate molecules, potentially
playing a synergistic role in augmenting the Cd adsorption capabilities
of the S-modified biochar (Petrovic et al., 2022; Ma et al., 2023).

3.3. pH and point of zero charge (pHpzc) of biochar

The pHPZC of the biochar samples, determined by the pH drift
method, along with their respective pH values (biochar to water ratio of
1:20, w/w), are presented in (Table S 3). The pristine SDB350 biochar
exhibited a pH of 4.61, attributable to the lower ash content in the
pristine sawdust feedstock, which contains fewer alkali and alkaline
earth metal oxides that impart basicity to the biochar. Following sulfur
modification, a significant decrease in pHPZC was observed, from 6.39
for the pristine SDB350 to 4.31 (H2SO4), 5.48 (Na2S), and 4.60
(Na2S2O3). This reduction in pHPZC suggested that the S-modified bio-
char surfaces carried a higher density of negative charges at the same
solution pH, facilitating electrostatic attraction and providing an

Fig. 1. Characterization of pristine and sulfur-modified sawdust biochar. (a) N2 adsorption–desorption isotherms of pristine biochar (SDB350) and sulfur-modified
biochars prepared using different methods: H2SO4 treatment (SDB350 + 96S), Na2S impregnation (SDB350+Na2S) (post pyrolysis), and Na2S2O3 impregnation
(Na2S2O3+SDB350) (pre pyrolysis). (b–e) Scanning electron microscopy (SEM) images of: (b) SDB350; (c) SDB350 + 96S; (d) SDB350+Na2S; (e) Na2S2O3+SDB350.
(f) Fourier-transform infrared (FTIR) spectra of pristine and S-modified sawdust biochars.
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increased number of active sites for the adsorption of positively charged
Cd ions. The enhanced negative surface charge and the presence of ox-
ygen and sulfur-containing functional groups were expected to syner-
gistically augment Cd adsorption onto the S-modified biochar, a
phenomenon corroborated by adsorption experiments (Ma et al., 2024).
Further detailed information about pHpzc characterization and its sig-
nificance can be found in the Supporting Information (SI).

3.4. SEM and EDS analyses of pristine and S-modified biochar

Scanning electron microscopy (SEM) imaging and energy-dispersive
X-ray spectroscopy (EDS) analyses were conducted to investigate the
surface morphology and elemental composition of pristine and sulfur-
modified sawdust biochar samples (Table S 4). The SEM micrographs
showed a relatively smooth surface morphology for the pristine SDB350
biochar, which transformed into conspicuously rougher textures
adorned with wrinkles, cracks, and pores upon the sulfur-modification
processes (Fig. 1 b ~ e). Notably, SEM images showed a more
expanded, exfoliated and porous texture with increased surface area for
the Na2S2O3+SDB350 sample (Ahmed et al., 2021), suggesting a uni-
form influence of the sulfur-modification treatments on the surface
morphology, corroborating the findings from the BET analyses.

EDS results showed a significantly higher oxygen (O) content on the
pristine SDB350 surface compared to the bulk elemental analysis
(Table S 4), indicating the enrichment of oxygen-containing functional
groups on the surface. After sulfur modification, the EDS O content
increased, though not as substantially as the bulk elemental analysis,
suggesting that some newly introduced oxygen-containing functional
groups were incorporated within the internal biochar structures. Simi-
larly, the EDS sulfur (S) contents were generally higher than those ob-
tained from elemental analyses (Table S 1), implying that a significant
fraction of the sulfur moieties was concentrated on the biochar surface.

Notably, the EDS analysis presented the highest oxygen (O) content
in the SDB350 + 96S biochar among other biochars and sulfur-modified
biochars, corroborating the elemental analysis results. Moreover, the
Na2S2O3+SDB350 sample exhibited a lower O content than the pristine
SDB350, likely due to a substantial increase in surface sulfur (S) con-
centration or the incorporation of sulfur-containing functional groups
through esterification reactions. The increased S and O content obtained
via the EDS analysis strengthens the evidence of successful sulfur and
oxygen functionalization, supporting the elemental analysis findings.
These surface modifications could play a crucial role in enhancing
cadmium adsorption by facilitating the anchoring of cadmium ions
through interactions with oxygen functional groups, further aided by the
presence of sulfur moieties on the biochar surface (de Falco et al., 2018).

3.5. FTIR analysis of pristine and S-modified biochar

Multiple absorption peaks were observed within the wavenumber
range of 1200–1700 cm− 1, attributed to C=O, C=C, -COO-, and C-O
stretching on the SDB350 biochar (Fig. 1f–Table S 5). Upon modification
with S-containing compounds, enhanced signals at 563-617 cm− 1

(SO42− ), 600-620 cm− 1 (SO32− ), 630-660 cm− 1 (S-S), and 1100-1200
cm− 1 (C-S, C-S with C=S) indicated an increase in sulfur functional
groups, particularly for Na2S2O3+SDB350 sample, suggesting a more
pronounced integration of sulfur-containing functional groups into the
biochar. Additionally, increased peaks at 1038 cm− 1 (C-O, C-O-C) and
1200-1275 cm− 1 (C-O in aryl ethers) and at 1375 cm− 1 (-COO-) and
1698 cm− 1 (C=O) indicated the formation of more O-containing groups,
carboxyl, and ester groups during modification with S-containing com-
pounds, corroborating the introduction of both oxygen and sulfur
functionalities on SDB350. SDB350 + 96S exhibited a significant in-
crease in the 3200-3400 cm− 1 range (O-H stretch), likely resulting from
the higher lignin content in sawdust biochar, which led to lower
aromatization at 350 ◦C, facilitating functionalization during modifi-
cation (He et al., 2021). Furthermore, the oxygen functionalities

introduced through the modification process are anticipated to
contribute synergistically with the sulfur modifications, significantly
enhancing cadmium adsorption. These oxygen moieties are expected to
facilitate the formation of strong cadmium-oxygen complexes, while the
sulfur enrichment is likely to enhance the electronic configurations,
thereby promoting favorable Lewis acid-base interactions between the
biochar surface and cadmium ions. The synergistic effects arising from
the interplay of these surface modifications, facilitating cadmium
immobilization through multiple mechanisms, will be illuminated in
greater detail in subsequent discussions.

3.6. XPS analysis of biochar

The surface composition changes during modification were analyzed
via XPS, focusing on C 1s, O 1s, and S 2p spectra of sawdust biochar
(SDB350) before and after treatment (Fig. 2, Fig. S 2~S 5; Table S 6). In
the C 1s spectrum, the vanishing of the C=O signal and the emergence of
O-C=O following sulfur modification paralleled observations made in
other crop residue biochar (Wan et al., 2022). The O 1s spectrum
showed a shift from C-O-C/C-O dominance in pristine SDB350 to
increased C=O and COOH content post-sulfur modification, with a new
S-O signal following Na2S2O3 treatment.

Initially, no sulfur signal was detected in the S 2p spectrum of
SDB350 biochar, but weak signals emerged at 164.2 and 169.0 eV after
Na2S modification. A significant increase was observed after H2SO4 and
Na2S2O3 treatments, consistent with the results of elemental analysis
and FTIR. Notably, the Na2S2O3+SDB350 sample exhibited double-peak
S 2p signals, indicating differing functional groups compared to those
seen with H2SO4-treatment SDB350. Peaks at 168.1–169.2 eV and
169.1–170.2 eV, corresponding to -SO32- and -SO42-, respectively, were
observed with H2SO4 treatment. Conversely, Na2S2O3 treatment
exhibited peaks at 163.7–163.9 eV and 164.8–165.1 eV, suggesting the
presence of S2− , C-S, C=S, S-S, and -SH, as corroborated by the FTIR
results. Consistent with FTIR spectra (Fig. 1 f), -SO32- signals appeared for
both H2SO4 and Na2S2O3 treatments; however, only Na2S2O3 exhibited
notable enhancements in C-S, C=S, and S-S. Sulfur treatments on carbon
materials introduce oxygen and sulfur functional groups on the surface.
These groups are expected to facilitate cadmium adsorption through
oxygen-cadmium bonding, enhanced by the enriched electronic
configuration from sulfur doping. Consequently, the oxygen-sulfur-
treated carbons could exhibit improved adsorption and reactivity to-
ward organic and inorganic pollutants (Petrovic et al., 2022).

3.7. Adsorption kinetics of Cd on biochar

Pristine SDB350 exhibited relatively slower adsorption kinetics,
attaining equilibrium at 360 and 240min for initial Cd concentrations of
5 and 40 mg L− 1, respectively (Fig. 3, Fig. S 6). In contrast, sulfur-
modified biochars demonstrated significantly accelerated adsorption
kinetics. Notably, SDB350 + 96S reached equilibrium within 5 min for
both 40 and 150 mg L− 1 initial concentrations, while Na2S2O3+SDB350
displayed the most rapid kinetics, achieving equilibrium within 5 min
across all initial Cd concentrations examined. These remarkable en-
hancements in adsorption kinetics by sulfur modifications underscore
their effectiveness in enabling near-instantaneous Cd removal from
aqueous solutions.

The adsorption mechanism was investigated by carefully fitting ki-
netic adsorption equilibrium data to both pseudo-first-order and pseudo-
second-order kinetic models. This analysis aimed to shed light on the
underlying adsorption process. The fitting results (Fig. 3, Fig. S 6,
Table 1) unambiguously revealed that the coefficient of determination
(R2) values for the pseudo-second-order model were consistently
≈0.999, indicating its superior fit for the kinetic adsorption data
compared to the pseudo-first-order model. Furthermore, the experi-
mental equilibrium adsorption capacities (qt) at an initial Cd concen-
tration of 40 mg L− 1 closely aligned with the theoretical values (qe)
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Fig. 2. XPS S 2p and O 1s spectra for (a,b) pristine SDB350; (c,d) SDB350 with 96 % H2SO4 (SDB350 + 96S); (e,f) SDB350 treated with Na2S (SDB350+Na2S); (g,h)
SDB350 pre-treated with Na2S2O3 (Na2S2O3+SDB350).
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predicted by the pseudo-second-order kinetic model, further corrobo-
rating its applicability.

The unequivocal superiority of the pseudo-second-order kinetic
model strongly suggests that the adsorption rate was predominantly
governed by chemisorption processes, such as surface complexation.
The absence of a slow adsorption transition phase before saturation
indicated that the abundant functional groups introduced on the
modified biochar surfaces provided numerous active sites for rapid
adsorption, predominantly occurring on the external surfaces.

Notably, the markedly higher kinetic adsorption parameter observed
for S-modified biochars compared to pristine biochar accentuates the
remarkable efficiency of S and O functionalization in augmenting the
adsorption kinetics for Cd removal. This observation underscores the
pivotal role of surface functionalization in not only enhancing the
adsorption quantities but also significantly improving the adsorption
kinetics.

The consistent agreement between the experimental data and the
pseudo-second-order kinetic model, coupled with the observed pro-
found effects of surface functionalization, provides a coherent and
robust understanding of the adsorption mechanism. The adsorption
process is primarily governed by chemisorption interactions facilitated
by the introduced functional groups, leading to rapid adsorption kinetics
and substantial enhancements in adsorption capacities, particularly for
the S-modified biochars (Rafiq et al., 2023).

3.8. Isotherm adsorption patterns of biochar

The adsorption of cadmium (Cd) onto pristine and S-modified
sawdust biochar was systematically investigated under controlled con-
ditions: a pH of 5.0, a temperature of 25 ◦C, an adsorbent dosage of 1 g
L⁻1, and an adsorption time of 24 h. Initial Cd concentrations ranged
from 5 to 200 mg L⁻1. The adsorption process exhibited a rapid increase
at lower concentrations, followed by a gradual approach to equilibrium,
suggesting a high affinity of biochar for Cd at low concentrations, which
stabilizes as the adsorption sites become saturated.

To explain the relationship between Cd accumulation on the biochar
surface and the concentration of Cd in solution, the equilibrium
adsorption data were fitted to the Langmuir and Freundlich adsorption
models (Fig. 4, Table 2). The Langmuir model, which assumes mono-
layer adsorption on a homogeneous surface with no interactions be-
tween adsorbed ions, provided a better fit for the data, as indicated by
higher correlation coefficients (R2). This suggests that the adsorption of
Cd onto both pristine and S-modified biochar occurs primarily as a
monolayer on a uniform surface. The maximum adsorption capacities
(qm) derived from the Langmuir model for various biochar samples are
as follows: SDB350 + 96S: 39.38 mg g⁻1, Na₂S₂O₃+SDB350: 34.14 mg
g⁻1, SDB350+Na₂S: 20.84 mg g⁻1, and SDB350: 4.37 mg g⁻1. The pristine
sawdust biochar modified with 96% H₂SO₄ (SDB350 + 96S) exhibited
the highest adsorption capacity, approximately nine times greater than
the pristine biochar.

The superior performance of SDB350 + 96S is attributed to its high
oxygen content (34.15%), as determined by elemental analysis
(Table S1). Despite having a lower sulfur content (2.81%) compared to
Na₂S₂O₃+SDB350 (12.96% sulfur, 29.12% oxygen), the higher oxygen
percentage appears to play a more crucial role in Cd adsorption. This
indicates that oxygen-and sulfur-containing functional groups signifi-
cantly enhance Cd adsorption, likely through enhanced Lewis acid-base
interactions and electronic configurations.

Within the Cd concentration range of 0–200 mg L⁻1, S-modified
biochars consistently demonstrated higher adsorption capacities for Cd
compared to the pristine biochar. The modifications introduced oxygen-
and sulfur-containing functional groups, which were shown to play
critical roles in the adsorption process. FTIR and XPS spectral analyses
supported these findings, showing that biochar samples with higher
concentrations of these functional groups exhibited superior adsorption
capacities for Cd.

These findings highlight the importance of surface functionalization
in enhancing biochar’s adsorption performance. Specifically, intro-
ducing oxygen- and sulfur-containing groups through chemical modifi-
cations significantly improves Cd adsorption. Among the tested samples,
biochar modified with 96% H₂SO₄ (SDB350+ 96S) exhibited the highest
adsorption capacity, underscoring the critical role of oxygen content.
These insights are valuable for designing and applying modified biochar
for effective heavy metal remediation (Zhou et al., 2020).

3.9. Effects of pH on Cd removal by biochar

The effect of initial pH on Cd removal by pristine and S-modified
sawdust biochar was investigated under the following conditions: 0.01
M NaNO3 background solution, a solid-liquid ratio of 1 g L− 1, and an
initial Cd concentration of 50 mg L− 1. Cadmium removal efficiency
showed an increasing trend with rising pH (Fig. S 7). At a pH of 2,
pristine SDB350 exhibited a removal efficiency of only 0.86%, which
improved significantly after modification: 24.75% with H2SO4, 3.11%
with Na2S, and 23.13% with Na2S2O3, respectively. As the pH increased
to 9, the removal efficiencies soared to 79.44% for SDB350, 99.36% for
SDB350 + 96S, 99.60% for SDB350+Na2S, and 97.72% for
Na2S2O3+SDB350. However, MINTEQ calculations (Fig. S 8) indicated
potential Cd precipitation at pH levels of 7–8, suggesting the high
removal efficiencies observed above pH 7 were likely due to precipita-
tion rather than biochar adsorption. Notably, in the pH range of 4–7,

Fig. 3. Cadmium adsorption kinetics by pristine and S-modified sawdust bio-
chars (SDB350, SDB350 + 96S, SDB350+Na2S, Na2S2O3+SDB350) at initial
Cd2+ 40 mg L− 1, adsorbent 1.0 g L− 1, pH 5.0 in 0.01 M NaNO3. Data points:
experimental Cd concentrations; solid lines: pseudo-second-order kinetic
model fits.

Table 1
The kinetic adsorption parameters of Cd by pristine and S-modified sawdust
biochar at pH 5.0.

Kinetic
Models

Pseudo first order Pseudo second order

k1 qe R2 k2 qe R2

(min− 1) (g mg− 1

min− 1)

SDB350 0.002 0.437 0.432 0.062 1.430 0.999
SDB350 + 96S 0.002 0.837 0.511 0.021 29.203 0.999
SDB350+Na2S 0.002 1.299 0.666 0.012 19.533 0.999
Na2S2O3+SDB350 0.005 2.102 0.898 0.017 26.804 0.999

k1 (min− 1) and k2 (g mg− 1 min− 1) represent the rate constants for the pseudo-
first-order and pseudo-second-order kinetic models, respectively. (qe) repre-
sents the equilibrium adsorption capacity of the adsorbent.
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where adsorption is the predominant mechanism, the removal efficiency
for most biochar showed a gradual increase from pH 4 to 6, followed by
a sudden rise between pH 6 to 7.

The SDB350+Na2S sample showed significantly lower removal effi-
ciencies than other sulfur-modified biochar below pH 6, attributable to
its higher pHpzc value, which necessitated a higher pH to develop
negative surface charges. At pH 5.0, the Cd removal performance
mirrored the pHpzc values, with the sequence being 96S > Na2S2O3 >

Na2S > pristine SDB350. This confirmed that biochar with lower pHpzc
values and higher negative surface charges demonstrated stronger
attraction towards Cd ions, resulting in enhanced adsorption. Based on
these observations, pH 5.0 was selected as the optimal initial pH con-
dition for subsequent adsorption experiments, aligning with previous
studies that identified the pH range of 5–6 as optimal for Cd adsorption
by biochar (Xia et al., 2023).

3.10. Effect of different biochar dosages on Cd removal

Under the conditions of 0.01 M NaNO3 background solution, a pH of
5.0, and an initial Cd concentration of 50 mg L− 1, the impact of varying
biochar dosages (0.5, 1.0, and 2.0 g L− 1) on Cd adsorption capacity and
removal efficiency was investigated. The changes in the Cd adsorption
capacity of pristine and S-modified sawdust biochar at different dosages
are depicted in (Fig. 5 a). Most biochar exhibited maximum adsorption
capacities at a dosage of 1.0 g L− 1, while the capacities were lowest at
2.0 g L− 1. Although the removal efficiency was highest at 2.0 g L− 1

(Fig. 5 b), many adsorption sites remained unutilized. This indicated
that a dosage of 1.0 g L− 1 provided better utilization of adsorption sites,
making it more efficient and economical. Based on these observations, a
biochar dosage of 1.0 g L− 1 was selected as the optimal condition for
subsequent experiments. This dosage provided a balance between
effective utilization of adsorption capacity and high removal efficiency.

3.11. Adsorption mechanism

3.11.1. The role of C and O on biochar
Fourier-transform infrared (FTIR) spectroscopy was employed to

illustrate the role of functional groups on biochar in the Cd adsorption
process (Fig. S 9). depicts the FTIR spectra of pristine biochar (black
line) and Cd-loaded biochar (red line) after the adsorption process. A
noticeable shift in the C=C stretching vibration (1594-1600 cm− 1),
associated with aromatic structures, was observed for pristine sawdust
biochar and S-modified sawdust biochar upon Cd adsorption. This shift
indicates interactions between the π electrons of aromatic structures and
Cd ions (π-Cd2+), suggesting their involvement in the adsorption
mechanism (Wang et al., 2024). Signals corresponding to
oxygen-containing functional groups, including C=O (1698 cm⁻1), C-OH
(1440 cm⁻1), and -COO⁻ (1375 cm⁻1), exhibited shifts after Cd adsorp-
tion. These shifts suggest the involvement of these groups in the
adsorption process, which will be corroborated by computational

Fig. 4. Cadmium adsorption isotherms for pristine and S-modified sawdust biochars at 1.0 g L− 1 dosage, pH 5.0, 24 h contact time. Initial Cd concentrations: 5, 40,
150 mg L− 1. Circles represent experimental data; dashed lines show Langmuir/Freundlich model fits: (a) SDB350; (b) SDB350 + 96S; (c) SDB350+Na2S; (d)
Na2S2O3+SDB350.

Table 2
The isotherm adsorption parameters of Cd by pristine and S-modified sawdust
biochar at pH 5.0.

Isothermal
Models

Langmuir Freundlich

KL qm R2 KF 1/n R2

(mg g− 1)

SDB350 0.02 4.37 0.991 0.21 0.59 0.944
SDB350 + 96S 0.67 39.38 0.994 11.27 0.30 0.927
SDB350+Na2S 1.57 20.84 0.995 8.73 0.21 0.876
Na2S2O3+SDB350 1.03 34.14 0.998 11.92 0.27 0.855

KL and KF are the equilibrium adsorption constants for the Langmuir and
Freundlich adsorption models, respectively. (qm) is the maximum adsorption
capacity of the adsorbent (mg g− 1), and 1/n is an empirical constant repre-
senting the adsorption intensity of the system.
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analysis later in this study. Previous studies have demonstrated that Cd
can be adsorbed onto solid surfaces through surface complexation or
surface precipitation mechanisms, as depicted in the following equa-
tions (1) and (2) (Li et al., 2024; Narmadha and Sreemahadevan,
2024).

X-ray photoelectron spectroscopy (XPS) analysis was conducted to
investigate the surface chemistry and elemental composition of pristine
and sulfur-modified sawdust biochar before and after Cd adsorption.
The presence of Cd 3d3/2 and Cd 3d5/2 signals in the Cd 3d spectra after
adsorption (Fig. 6, Fig. S 10~S 17) unambiguously confirms the suc-
cessful adsorption of Cd onto the biochar surfaces. The C 1s spectra
exhibited shifts in the binding energies of C-C/C=C (284.7 eV) and C=O
(287.8 eV) after Cd adsorption, corroborating the FTIR analysis obser-
vations (Fig. S 9). These shifts suggest the involvement of π electrons
from aromatic structures and carbonyl groups in the interaction with Cd
ions (π-Cd2+), contributing to the adsorption process. Moreover, the C 1s
spectra revealed an increase in intensity and a shift in the binding energy
of C-O (286.0–286.1 eV) after Cd adsorption.

For S-modified biochar, a notable increase in the O-C=O component
proportion was observed in the C 1s spectra after Cd adsorption,
accompanied by a significant decrease in the C=O component propor-
tion in the O 1s spectra. These observations confirm the involvement of
carbonyl, carboxyl, and ester groups in the adsorption process through
ion exchange and complexation mechanisms (Scheme 2). In these pro-
cesses, Cd ions are immobilized on functional groups (particularly
carboxyl groups) on the biochar surface, leading to an increase in
carboxylate salts. This will be further corroborated by computational
analysis (Yin et al., 2022a). This phenomenon is consistent with the FTIR
analysis results, which showed a decrease in the intensities of
carboxyl-related signals and an increase in the carboxylate salt (-COO-)
signal after Cd adsorption (Fig. S 9). The adsorption of Cd onto biochar
can also be illustrated through the analysis of the C 1s and O 1s spectra
obtained from XPS (Fig. 6, Fig. S 10~S 17). The presence of various
components, such as C-C/C=C, C-O, O-C=O, and C=O in the C 1s
spectra, and C=O, C-O-C/C-O, and COOH/OH in the O 1s spectra, sug-
gests that the adsorption primarily occurs through electrostatic attrac-
tion between the π-electrons of aromatic structures and Cd ions, as well
as through complexation with the oxygen and sulfur-containing func-
tional groups present on the biochar surface (Scheme 2).

3.11.2. The role of S on biochar
The elemental analysis results (Table S1) displayed that the sulfur

content of the biochar samples followed the order: Na2S2O3+SDB350 >

SDB350 + 96S > SDB350+Na2S > SDB350, which correlated with the
trend observed in the intensities of sulfur-related peaks in the FTIR

Fig. 5. Impact of pristine and sulfur-modified biochar dosages on cadmium
(Cd) adsorption. (a) Adsorption capacity (mg g⁻1) and (b) removal efficiency
(%) of Cd2⁺ ions by pristine and S-modified sawdust biochar. Experimental
conditions: initial Cd2⁺ concentration = 50 mg L⁻1, pH 5.0, contact time = 24 h,
temperature = 25 ◦C.
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spectra. These sulfur-containing functional groups (SO42− , SO32− , C-S,
S-S, and C=S) exhibited shifts and decreases in intensity after Cd
adsorption, suggesting their involvement in the adsorption process (Yin
et al., 2022b). The S 2p spectra obtained from XPS corroborated the FTIR

(Fig. S 9) and elemental analysis findings (Table S1), with more prom-
inent S 2p signals observed for biochar treated with higher sulfur con-
tent (sodium thiosulfate modifications).

The incorporation of sulfur-containing functional groups through

Fig. 6. XPS spectra of SDB350 + 96S before and after cadmium adsorption [(a, d, f, h) before adsorption]; [(b, e, g, i) after adsorption], [(c) Cd 3d].
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modifications significantly enhanced the adsorption capacity and
selectivity towards Cd due to the higher affinity of these soft base
functional groups towards the soft acid Cd ion, as predicted by Pearson’s
Hard and Soft Acids and Bases (HSAB) theory (Pearson and Songstad,
1967; Ho, 1975). The SEM-EDS elemental distribution results (Fig. S 18)
further confirmed the enhanced affinity between the sulfur-containing
functional groups and Cd ions in solution, as the distribution of adsor-
bed Cd on the biochar surface was more similar to that of sulfur.

According to Pearson’s Hard and Soft Acids and Bases (HSAB) the-
ory, soft acids (electron acceptors) tend to form stronger bonds with soft
bases (electron donors) (Table S 7). Cadmium (Cd) is classified as a soft
Lewis acid, while various sulfur-containing functional groups are
considered soft Lewis bases. Consequently, the sulfur-containing func-
tional groups on S-modified biochar exhibit a stronger affinity towards
Cd.

Interestingly, Cd can also interact with oxygen-containing functional
groups, which act as hard Lewis bases. This dual interaction potential
suggests that Cd has an affinity for both oxygen- and sulfur-modified
biochar. As a result, despite the reduction in carboxyl group content
during the sulfurization process, the overall adsorption performance was
enhanced. This improvement confirms the significant contribution of
oxygen and sulfur-containing functional groups in boosting Cd adsorp-
tion onto biochar (Zhang et al., 2022; Chen et al., 2020a) reported an
extreme case where organic compounds on the biochar surface gradu-
ally decomposed, consuming oxygen and reducing sulfate/sulfite groups
to sulfides, which reacted with Cd oxides to form metal sulfides,
resulting in Cd removal. The proposed reaction mechanisms involving
sulfur-containing functional groups are illustrated in (Scheme 2) (Zhang
et al., 2023a, 2023b).

3.11.3. The role of S and O on biochar
Furthermore, the oxygen content and percentage are expected to

play an essential role in Cd adsorption through the formation of Cd-O
bonds, as shown by the subsequent Density Functional Theory (DFT)
calculations and simulations. The mechanism involves direct bonding
between Cd and oxygen, which enhances Cd adsorption. Moreover,
sulfur doping also enhances Cd adsorption through a synergistic effect.
Therefore, it is necessary to maximize both oxygen and sulfur contents to
achieve optimal Cd adsorption. This study clarifies the mechanism by
which both sulfur and oxygen are necessary elements to enhance the
synergistic effect of Cd adsorption. While a high sulfur content is

beneficial, a sufficient amount of oxygen is also crucial. If only sulfur is
high but the oxygen content is low, the Cd adsorption capacity is
reduced, as observed for Na2S2O3+SDB350 (34 mg g− 1) compared to
SDB350+ 96S (39.38 mg g− 1) with higher oxygen content (34.15%) and
lower sulfur content (2.81%). However, when the sulfur percentage
increased to 12.96% while the oxygen amount decreased to 29.12%, the
Cd adsorption capacity slightly decreased to 34.14 mg g− 1 for
Na2S2O3+SDB350. This emphasizes the role of both sulfur and oxygen in
enhancing Cd adsorption due to the formation of Cd-O bonds, which is
further facilitated by the presence of sulfur in the compound, as sup-
ported by the DFT calculations. Correspondingly, when the sulfur
amount was decreased to 0.43%, and the oxygen content was increased
to 33.3% in SDB350+Na2S, the Cd adsorption capacity reached 20.84
mg g− 1, which is lower due to the reduced sulfur content. Therefore, it is
mandatory to increase both oxygen and sulfur contents to achieve higher
Cd adsorption capacities. This is the first study to clarify the synergistic
role of both oxygen and sulfur in enhancing Cd adsorption, investigated
through practical and theoretical observations using DFT, as discussed
in the subsequent sections.

3.11.4. Comparison with other sulfur modification studies
A comparison with related studies (Table 3) highlights the effec-

tiveness of the sulfur modification methods employed, including sodium
thiosulfate, sulfuric acid, and sodium sulfide treatments. While most
reported sulfur modifications involve complex agents and multiple
steps, with a maximum 6.75-fold increase in adsorption capacity, the
simple sodium thiosulfate modification remarkably increased the sulfur
content by 12.96% in sawdust biochar (Na2S2O3+SDB350), enhancing
the maximum Cd adsorption capacity by 9-fold (qm = 34.14 mg g− 1)
compared to pristine SDB350 (qm= 4.37 mg g− 1). Moreover, SDB350+
96S, with 2.81% sulfur and 34.15% oxygen, exhibited the highest Cd
adsorption of 39.38 mg g− 1 among sawdust biochars. These substantial
improvements through straightforward single-step processes demon-
strate the simplicity and efficacy of sodium thiosulfate, sulfuric acid, and
sodium sulfide modifications compared to complex reported methods.

These facile and cost-effective approaches exceptionally improve
biochar’s Cd adsorption performance. While previous studies employed
intricate multi-step modifications with modest enhancements, this work
showcases remarkable increases in Cd adsorption through simple so-
dium thiosulfate, sulfuric acid, or sodium sulfide treatments, contrib-
uting to efficient cadmium removal adsorbent development.

Scheme 2. Proposed mechanisms of cadmium adsorption by pristine and sulfur-modified biochars.
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3.12. Density functional theory (DFT) calculations

To interpret the adsorption behavior of cadmium (Cd) on biochar
and sulfur-modified biochar, as well as the associated structural
changes, Density Functional Theory (DFT) calculations were performed.
DFT is a computational approach for modeling the electronic structure
and properties of molecules and materials. In this study, DFT calcula-
tions were used to optimize the geometries of pristine and Cd-complexed
forms of biochar and S-modified biochar. The optimized structures and
energetics provide insights into the adsorption mechanisms, bonding
interactions, and structural transformations during the Cd adsorption
process.

The optimized structures displayed the hydrogen bonding distances
between Cd and the biochar systems (Fig. 7). The Cd-S distance in the S-
modified biochar complex was 2.9 Å, while the Cd-O bond length in the
S-modified biochar reached 2.1 Å. Additionally, the Cd-O bond in the
pristine biochar complex was 2.0 Å [SDB350-Cd]. The shorter Cd-O
bond distance indicated a stronger interaction between Cd and oxygen
functional groups in the S-modified biochar compared to undoped
(pristine) biochar (Mamo et al., 2024). Moreover, the presence of sulfur
in the S-modified biochar facilitated Cd interaction, as evidenced by the
Cd-O bond formation and supported by the S atom which enhanced the
electronic configuration and promoted the Cd-O bond, which is not
available in the pristine biochar. Although the electrostatic interaction
between Cd and sulfur is weak, the additional interaction between

oxygen, sulfur and Cd contributed to the stability of the sulfur-modified
biochar complex compared to the pristine system (Zhu et al., 2021).
Additionally, the binding energies in the S-modified biochar-Cd complex
were enhanced compared to pristine biochar (SDB350-Cd), reaching
− 55 kcal/mol versus − 54 kcal/mol.

Furthermore, the electronic properties of the biochar systems were
analyzed by evaluating the band gaps (Fig. S19, S20). For the interaction
of Cd with pristine SDB350 biochar, forming the [SDB350-Cd] complex,
the band gap was calculated to be 3.27 eV. This value is smaller than the
band gap of 3.94 eV for the pristine SDB350, indicating that the presence
of Cd alters the electronic structure of the unmodified biochar, likely
influencing its reactivity and interactions with Cd (Tunalı et al., 2024).

On the other hand, the band gap for the sulfur-modified biochar
complexed with Cd (S-modified biochar-Cd), representing the interac-
tion of Cd with S-modified biochar, was 2.77 eV. This band gap value
was more favorable compared to the band gap of 3.34 eV for the sulfur-
modified biochar before Cd adsorption. The reduction in the band gap
suggests that the interaction of Cd with sulfur-modified biochar facili-
tates charge transfer and enhances the electronic properties of the sys-
tem, potentially contributing to improved Cd adsorption capabilities
(Elgengehi et al., 2020).

A smaller band gap is more favorable for the interaction with Cd,
explaining why the Cd interaction with sulfur-modified biochars showed
higher Cd adsorption in a shorter time compared to the pristine biochar
(SDB350), as the band gap was smaller in the case of the sulfur-modified

Table 3
Various heavy metals adsorption capacity of biochars before and after modification.

Modifier Feedstock T (◦C) Heavy metal Ci (mg/L1) Dosage (g L− 1) Capacity (mg g− 1) Reference

Before After

Thiourea poplar 600 Cd 500 5.0 5.9 9.6 Zhu et al. (2020b)
Carbon disulphide wheat straw 400 Cd 100 1.0 33.4 41.4 Chen et al. (2020a)
Iron nitrate ammonium tetrathiomolybdate corn straw 600 Cd 300 1.0 17.8 68.8 Khan et al. (2020)
NaOH
Glutaraldehyde cystamine

rice husk 450 Cd 100 1.0 7.1 47.9 Chen et al. (2019)

β-mercaptoethanol acetic anhydride
sulfuric acid

rice straw 500 Cd
Pb

600 2.5 14.2
67.4

45.1
61.4

Fan et al. (2020)

Elemental sulfur rice husk 550 Hg 200 2.0 38.8 67.1 O’Connor et al. (2018)
Elemental sulfur wood chip 600 Hg 320 2.0 57.8 107.5 Park et al. (2019)

Fig. 7. Optimized molecular structures of biochar models and their cadmium complexes. (a) Pristine sawdust biochar (SDB350) (b) Pristine sawdust biochar-Cd
complex [SDB350-Cd] (c) Sulfur-modified biochar (d) Sulfur-modified biochar-Cd complex [S-modified biochar-Cd]. All structures were optimized using density
functional theory (DFT) at the B3LYP/LANL2DZ level of theory in the gas phase. Dashed lines indicate hydrogen bonds, with bond distances given in Ångstroms (Å).
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biochar (Ghenaatian et al., 2019).
The analysis of band gaps provided visions into the electronic tran-

sitions and charge transfer processes occurring within the biochar-Cd
complexes. The reduced band gaps observed for the [sulfur-modified
biochar-Cd] and [SDB350-Cd] systems suggest that sulfur doping can
modulate the electronic properties of biochar, potentially enhancing its
adsorption capabilities and affinity towards Cd. These findings explicate
the role of sulfur modifications in improving the Cd adsorption perfor-
mance of biochar, complementing the experimental observations
(Baachaoui et al., 2021; Oberoi et al., 2021).

3.13. Enhancing environmental remediation with sulfur-modified biochar
from sustainable bioresources

This study highlights the potential of sulfur-modified biochar derived
from sustainable bioresources, such as sawdust, for effective environ-
mental applications. The modified biochar exhibits strong capabilities in
adsorbing cadmium (Cd), a hazardous heavy metal, indicating its
practical utility in remediating Cd-contaminated water and soil. These
findings underscore the value of S-modified biochar as a sustainable and
efficient material for the mitigation of heavy metal pollution. The
simplicity and scalability of the S-modification process make it an
attractive option for large-scale production of sulfur-functionalized
biochar adsorbents, aligning with sustainable resource utilization prin-
ciples. Beyond Cd, sulfur-containing functional groups integrated into
biochar could broaden its adsorption capacity to include other soft acid
pollutants like mercury and arsenic, supported by Pearson’s Hard and
Soft Acids and Bases (HSAB) theory and DFT. This versatility not only
enhances environmental remediation efforts but also offers opportu-
nities for the selective recovery of valuable metals from complex
matrices, promoting resource conservation and sustainable material
management practices in line with circular economy principles.
Continued research optimizing bioresource utilization could further
advance the development of cost-effective and environmentally friendly
adsorbents tailored for specific contaminant removal applications,
thereby contributing to the enhancement of environmental quality and
human health protection.

4. Conclusions

This study demonstrates the efficacy of a simple chemical strategy for
enhancing sawdust biochar’s cadmium adsorption capacity through
sulfur-doping. The incorporation of sulfur-based functional groups
significantly improved surface functionality and adsorption perfor-
mance, increasing Cd uptake by 4.8–9.0 times compared to pristine
biochar. The synergistic interplay of multiple adsorption mechanisms,
facilitated by both oxygen and sulfur functionalities, resulted in rapid
equilibrium times and high adsorption capacities. Density Functional
Theory calculations provided insights into the electronic modulation of
biochar-Cd systems, viewing narrowed band gaps and enhanced stabil-
ity of S-modified biochar-Cd complexes. These findings underscore the
importance of tailored surface modifications in augmenting biochar’s
reactivity and affinity towards specific contaminants. The developed S-
modified biochar presents an effective, sustainable, and potentially
scalable solution for Cd removal from aqueous environments, contrib-
uting to advanced water treatment technologies and environmental
remediation strategies. This research not only addresses the critical issue
of heavy metal contamination but also aligns with circular economy
principles by upcycling sawdust waste into high-value adsorbents.
Future studies should focus on optimizing the sulfur-doping process,
exploring its applicability to other heavy metals, and investigating the
material’s performance in real-world water treatment scenarios.
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