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A B S T R A C T

Research on the removal of sulfur-containing malodorous gases from air via biochar adsorption demonstrates 
significant application potential. In this study, silicon-modified graphitized carbon was synthesized through 
pyrolysis using peanut shells, rice husks, and walnut shells as precursors. Among the resulting materials, rice 
husk-derived biochar (DK-700–5) and walnut shell-derived biochar (HT-800–10) exhibited pronounced targeted 
adsorption toward CH₃SH and H₂S, respectively. The sulfur adsorption capacity of DK-700–5 was 8.3 times 
higher than that of unmodified rice husk biochar, while HT-800–10 achieved a 2.45-fold enhancement in H₂S 
adsorption compared to its unmodified counterpart. Carboxyl and oxygen vacancies on DK-700–5 were identified 
as critical for CH₃SH adsorption, facilitating its immobilization and gradual oxidation to sulfate (SO₄²⁻), with 
intermediate sulfur species such as R–SO–R, S⁰, and C–S detected. In parallel, HT-800–10 adsorbed and oxidized 
H₂S through its porous structure and surface superoxide radicals, converting it into elemental sulfur (S⁰) and 
sulfate (SO₄²⁻), thereby achieving efficient adsorption and oxidative transformation.

1. Introduction

Sulfur-containing malodorous gases represent a major class of air 
pollutants that not only degrade environmental quality but also pose 
significant risks to human health [1]. Unlike conventional industrial 
gases such as CO₂, SO₂, or NOₓ, these odorous gases typically exhibit 
extremely low odor thresholds (often at ppb levels), meaning that even 
trace concentrations can cause pronounced irritation, making their 
treatment more challenging than that of common gaseous pollutants. 
Among malodorous gases, hydrogen sulfide (H₂S) and methyl mercaptan 
(CH₃SH) are the most representative. Both are highly toxic, strongly 
odorous, and commonly released from sources such as sewage treat
ment, livestock farming, and biomass decomposition. H₂S, as an inor
ganic sulfur gas, displays high diffusivity, whereas CH₃SH, as an organic 
sulfur compound, shows strong affinity for reactive surface sites. Their 
co-existence, coupled with contrasting chemical properties, makes them 
ideal model compounds for investigating malodorous gas adsorption 
[2–6].

Adsorption has garnered increasing attention due to its operational 
simplicity, cost-effectiveness, and high deodorization efficiency [7]. In 

particular, biochar derived from biomass wastes—such as agricultural 
residues, forestry by-products, sludge, and animal manure—has 
emerged as a sustainable and low-cost adsorbent [8]. Converting these 
wastes into carbon-rich materials not only facilitates resource recycling 
but also contributes to atmospheric CO₂ mitigation. Numerous studies 
have demonstrated the environmental remediation potential of biochar, 
embodying the principle of “treating waste with waste.” For instance, 
banana pseudostem biochar has been employed to purify hydrogen 
sulfide in biogas, achieving a sulfur adsorption capacity of 2.09 mg/g 
[9]. It is widely acknowledged that increased porosity and surface area 
enhance biochar’s adsorption performance [10]. For example, 
KOH-activated corn straw biochar with a surface area of 2183.80 m²/g 
exhibited superior adsorption of Cr(VI) and naphthalene, with theoret
ical monolayer adsorption capacities of 116.97 mg/g and 450.43 mg/g, 
respectively [11]. However, when the specific surface area reduced to 
289 m²/g, the adsorption capacity of naphthalene is only 106.75 mg/g 
[12].

However, most biochars reported for odorous gas adsorption, despite 
possessing large specific surface areas, are predominantly composed of 
amorphous carbon with a disordered layer structure. If the pore size 
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distribution of such biochars does not align with the dimensions of the 
target odor molecules, mass transfer limitations may impede the rapid 
and efficient capture of odor gases. Previous studies have indicated that 
biochar with a graphitized structure can markedly enhance pollutant 
removal efficiency due to its well-ordered pore architecture. For 
instance, compared to raw biochar, the adsorption efficiency for organic 
pollutants in water increased by nearly 162-fold [13]. Moreover, other 
reports suggest that minor defects within graphite structures may 
further promote adsorption [14]. Despite these insights, the role of 
graphitized biochar in the adsorption of odorous gases remains poorly 
understood, representing a clear knowledge gap.

Additionally, the degree of graphitization is recognized as a crucial 
structural parameter that significantly influences the adsorption per
formance of carbon-based materials [15]. Compared with highly 
graphitized carbon, biochar with a low graphitization structure can 
generally be obtained at relatively low pyrolysis temperatures. Such 
biochar not only possesses a certain amount of ordered pores but also 
contains structural defects and abundant oxygen-containing functional 
groups, providing additional active adsorption sites and enhancing in
teractions with polar molecules. For odorous sulfur-containing gases 
such as CH₃SH and H₂S, these structural defects and surface functional 
groups facilitate stronger binding and catalytic adsorption pathways, 
thereby improving capture efficiency. Emphasizing low-graphitization 
carbon structures not only differentiates our material design from con
ventional highly graphitized adsorbents but also highlights the potential 
advantages of this hybrid disordered–ordered carbon framework in 
addressing odor gas adsorption challenges. To achieve more layered 
pore structures in biochar, silicon-template-assisted modification offers 
an effective strategy. Incorporating silica scaffolds during pyrolysis fa
cilitates the formation of well-developed mesoporous and macroporous 
architectures within the carbon matrix. The stress distribution and local 
structural features of the pore walls can further promote the rear
rangement of aromatic layers, thereby enhancing local graphitization, 
improving gas diffusion pathways, and preserving the active functional 
groups of biochar. Such a dual effect is anticipated to markedly 
strengthen the adsorption of volatile sulfur compounds. On this basis, 
the present work focuses on the development of silicon-templated, 
low-graphitization biochar and provides a systematic evaluation of its 
structural characteristics and adsorption behavior toward two repre
sentative malodorous gases, H₂S and CH₃SH. The results offer a practical 
guideline for the rational design of biochar-based materials for 
deodorization applications.

2. Materials and methods

2.1. Preparation of materials

The process flow of preparing biomass graphitized carbon by py
rolysis method is shown in Fig. 1.

Approximately 2 g of biomass powder was carbonized under a ni
trogen atmosphere at different heating rates (5 ◦C/min, 10 ◦C/min, and 
15 ◦C/min) and pyrolysis temperatures (400◦C, 500◦C, 600◦C, 700◦C, 
and 800◦C) for 2 h. After cooling the pyrolyzed samples to 70◦C, the 
resulting crude carbon products were collected and labeled according to 
their biomass source, pyrolysis temperature (X), and heating rate (Y): 
peanut shell-derived carbon as "HSB-X-Y," hickory nut shell-derived 
carbon as "HTB-X-Y," and rice husk-derived carbon as "DKB-X-Y."

For silicon-template-assisted modification, 2 g of biomass powder 
was thoroughly mixed with 2 g of Na₂SiO₃ and then pyrolyzed under a 
nitrogen atmosphere. The pyrolyzed product was subsequently 
immersed in 50 mL of NaOH solution for 48 h, followed by repeated 
washing with deionized water and filtration until the filtrate reached 
neutral pH. The resulting material was dried at 70◦C to obtain graphi
tized biomass carbon. The prepared graphitized carbons derived from 
peanut shells, hickory nut shells, and rice husks were designated as "HS- 
X-Y," "HT-X-Y," and "DK-X-Y," respectively. Additionally, the corre
sponding adsorption-saturated graphitized carbons were labeled as 
"HSH-X-Y" (peanut shell-derived), "HTH-X-Y" (hickory nut shell- 
derived), and "DKH-X-Y" (rice husk-derived). Please refer to Table 1
for detailed material naming.

2.2. Adsorption performance test

The adsorption test setup is illustrated in Fig. 2. H₂S (99.97 ± 3 ppm) 
and CH₃SH (50.58 ± 3 ppm) were used as target odorous gases, with N₂ 
serving as the balance gas. The adsorbent material was loaded into a 
plexiglass reactor, and the system’s connectivity and airtightness were 
verified. Gas was introduced from the cylinder, and the pressure regu
lator was adjusted to maintain a flow rate of 17 ± 1 mL/min, as moni
tored by a rotameter. Gas concentrations at the reactor outlet were 
measured every 3 min using a gas chromatograph (GC-9160, Shanghai 
Ouhua Analytical Instrument Factory). When the H₂S or CH₃SH con
centration at the outlet exceeded 20.0 ppm, the pressure regulator was 
closed to stop gas inflow, and the time elapsed from adsorption initiation 
to termination was recorded as the material’s odorous gas adsorption 

Fig. 1. Preparation process diagram of biomass graphitized carbon.
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time.
For evaluation of mixed-gas adsorption performance (H₂S and 

CH₃SH), the total flow rate was maintained at 24 ± 1 mL/min, with gas 
flow ratios (CH₃SH∶H₂S) tested sequentially at 1∶2, 1∶1, and 2∶1.

Sulfur capacity, defined as the mass of H₂S or CH₃SH adsorbed per 
gram of material, was employed as the key metric for assessing the 
adsorption performance of graphitized biomass carbon. The sulfur ca
pacity was calculated using the following equation [16]: 

Q =
qM

wVm

(

C0t −
∫ t

0
Ctdt

)

× 10− 6 (1) 

where q denotes the inlet gas flow rate (mL/min), M is the molar mass 

(34 g/mol for H₂S and 48.1 g/mol for CH₃SH), C₀ and Cₜ represent the 
inlet and outlet gas concentrations (ppm), respectively, t is the adsorp
tion time (min), w is the mass of adsorbent (g), and Vₘ stands for the 
molar volume of gas at standard conditions (22.4 L/mol). This param
eter served as a key indicator to quantitatively assess the adsorption 
performance of the graphitized biomass carbon for H₂S and CH₃SH 
removal.

2.3. Characterization of materials

The surface morphology of the carbon materials was examined using 
a ZEISS GeminiSEM 300 scanning electron microscope (Germany). Prior 
to imaging, the samples underwent vacuum filtration and were subse
quently metallized via sputter coating. The microstructure of the 
graphitized biomass carbon was investigated using a JEOL JEM-2100F 
transmission electron microscope (Japan), with specimens prepared by 
ultrasonic dispersion in ethanol. Surface functional groups were char
acterized by Fourier-transform infrared spectroscopy (FT-IR, Thermo 
Scientific Nicolet iS20, USA), with samples mixed with KBr, ground, and 
pressed into pellets for analysis over the wavenumber range of 
400–4000 cm⁻¹ . Elemental composition of carbon, nitrogen, oxygen, 
silicon, and sulfur was analyzed using X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific K-Alpha, USA) equipped with an Al-Kα X-ray 
source, employing 20–30 mg of sample material. Specific surface area 
and porosity were determined via Brunauer–Emmett–Teller (BET) 
analysis (Micromeritics ASAP 2460, USA) using nitrogen adsorp
tion–desorption isotherms, with samples degassed at 200◦C for 8 h prior 
to measurement. Additionally, the structural characteristics of the 
graphitized biomass carbon were probed by Raman spectroscopy 
(Horiba LabRAM HR Evolution, Japan) using a 532 nm laser excitation 
source, with spectral acquisition conducted over the 500–2000 
cm⁻¹ wavenumber range. Electron paramagnetic resonance spectros
copy was further employed to detect reactive oxygen species, including 
superoxide radicals (⋅O₂⁻) and the G values.

Table 1 
Summary of sample naming rules.

Biomass 
Source

Pyrolysis 
Temperature 
(X)

Heating Rate 
(Y)

Carbonization 
Treatment

Sample 
Name

Peanut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Direct pyrolysis HSB-X-Y

Hickory 
nut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Direct pyrolysis HTB-X-Y

Rice husk 400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Direct pyrolysis DKB-X-Y

Peanut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Template-assisted 
pore formation

HS-X-Y

Hickory 
nut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Template-assisted 
pore formation

HT-X-Y

Rice husk 400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Template-assisted 
pore formation

DK-X-Y

Peanut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Adsorption 
Saturation

HSH-X-Y

Hickory 
nut 
shell

400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Adsorption 
Saturation

HTH-X-Y

Rice husk 400◦C, 500◦C, 
600◦C, 700◦C, 
800◦C

5 ◦C/min, 
10 ◦C/min, 
15 ◦C/min

Adsorption 
Saturation

DKH-X-Y

Fig. 2. Schematic diagram of adsorption testing device.
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3. Results and discussion

3.1. Analysis of adsorption performance and graphitic structure of 
biochar

3.1.1. Analysis of graphitic structure
DK-700–5 and HT-800–10 were identified as the optimized materials 

exhibiting the highest targeted adsorption performance for hydrogen 
sulfide and methyl mercaptan, respectively (Fig. 7). The SEM and TEM 
images of DK-700–5 and HT-800–10 are presented in Figs. 3 and 4.

As shown in Fig. 3(a–c), rice husk-derived carbon, after pyrolysis and 
SiO₂ templating, formed a porous structure with distinct morphological 
features. Fig. 3(a) shows that the pyrolyzed carbon possesses a porous 
surface with small, densely distributed pores; the rough surface with 
irregular edges likely reflects the intrinsic morphology of the rice husk 
precursor, indicating preservation of the raw material characteristics. 
Fig. 3(b) displays the rice husk carbon prior to SiO₂ removal, where the 
pores appear larger and shallower compared to Fig. 3(a), with particu
late SiO₂ observable on the pore walls. After SiO₂ removal, Fig. 3(c) 
shows more regularly arranged and significantly enlarged pores, con
firming the critical role of SiO₂ in modulating the pore structure. TEM 
analysis of DK-700–5 (Fig. 4b) further reveals "striated" or "layered" 
structures along the carbon edges, indicative of graphitized regions. The 
curvature of these layers suggests a limited degree of graphitization, 
while the hazy regions indicate the coexistence of amorphous carbon, 
consistent with the material’s partially graphitized nature.

Fig. 3(d–f) depict the surface morphology of the walnut shell-derived 
carbon materials. In Fig. 3(d), the material exhibits a rough surface with 
densely distributed, relatively small pores, reflecting the inherent 
structure of the walnut shell precursor. Fig. 3(e) shows more irregular 
pore morphologies, where some enlarged pores approach the micro
meter scale but appear shallower, suggesting that in situ formation and 
deposition of SiO₂ from Na₂SiO₃ during pyrolysis partially blocked the 
original pore channels. After SiO₂ removal (Fig. 3f), the material de
velops well-defined, uniformly distributed micrometer-scale channels. 
Notably, the pore walls contain visible micropores, and the carbon 

particles form an interconnected porous network. This hierarchical 
structure, combining macropores (facilitating efficient molecular 
transport) with wall micropores (providing enhanced surface area), 
creates an optimal architecture for gas adsorption. The macroporous 
channels serve as effective diffusion pathways, while the microporous 
walls supply abundant adsorption sites, explaining the improved per
formance observed in mixed-gas adsorption tests.

TEM characterization of different regions of HT-800–10 is presented 
in Fig. 4(a). In region I, distinct lattice fringes with an interlayer spacing 
of approximately 0.34 nm are observed, indicating the formation of 
graphitic layered structures. The curved and irregular nature of these 
fringes, however, suggests a limited degree of graphitization and the 
coexistence of disordered carbon components. Analysis indicates that at 
800◦C, HT-800–10 is in an early stage of graphitization, exhibiting 
partially ordered layered arrangements without forming highly orga
nized graphite structures. The slightly enlarged interlayer spacing 
relative to standard graphite may result from spatial constraints imposed 
by the SiO₂ template during carbon layer formation, which simulta
neously introduces porosity and structural disorder.

Regions II and III reveal significant structural heterogeneity. The 
central area (II) displays relatively dense fringe patterns, suggesting 
locally enhanced graphitization, whereas the edge region (III) appears 
smoother, likely corresponding to porous structures or disordered car
bon layers at the boundaries. This structural irregularity at the edges 
may be associated with SiO₂ particle removal during processing and 
could substantially influence the material’s porosity and specific surface 
area.

In summary, both DK-700–5 and HT-800–10, which exhibited su
perior adsorption performance, feature a template-directed porous 
graphitic carbon architecture. This unique structure, combining 
partially graphitized domains with template-induced porosity, provides 
high surface area and optimized pore networks, accounting for their 
enhanced gas adsorption capabilities. The controlled disorder intro
duced by the templating process appears to create favorable structural 
features for odorous gas capture while maintaining sufficient graphitic 
order to ensure material stability (Fig. 5).

Fig. 3. SEM photos.
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Fig. 4. TEM photos.
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Raman spectroscopy was employed to investigate the structural 
ordering of the prepared biomass-derived graphitized carbon materials 
and their evolution during the adsorption process. All samples exhibited 

characteristic D bands (~1350 cm⁻¹) and G bands (~1580 cm⁻¹), cor
responding to sp³ -hybridized disordered carbon and sp²-hybridized 
graphitic lattice structures, respectively. The D and G bands were 
deconvoluted using a two-peak Gaussian fitting method, and the in
tensity ratio (ID/IG) was calculated. The ID/IG values for DK-700–5 and 
HT-800–10 were determined to be 1.016 and 1.081, respectively, indi
cating that both materials are typical low-graphitization carbons [17]. 
Using the Tuinstra–Koenig relation (λ = 532 nm), the corresponding 
in-plane crystallite sizes (La) were estimated to be 4.33 nm and 4.07 nm, 
further confirming the underdeveloped nature of the graphitic domains 
[18].

The relatively high ID/IG ratios and small in-plane crystallite sizes 
(La) indicate that DK-700–5 and HT-800–10 possess a low degree of 
graphitization, abundant structural defects, and disordered carbon do
mains. These defects and edge sites generate numerous high-energy 
adsorption sites, which can effectively interact with polar odor mole
cules such as CH₃SH and H₂S via surface adsorption or chemical bonding 
[19]. Consequently, the low degree of graphitization endows the biochar 
with excellent adsorption performance for odorous gases [20].

3.1.2. H2S and CH3SH single component odor adsorption performance
The adsorption performance of biomass charcoal prepared from 

different raw materials at different pyrolysis temperatures and heating 
rates for CH3SH and H2S is shown in Fig. 6.

As shown in Fig. 6, the DKB series exhibited superior CH₃SH 

Fig. 5. Raman Spectrogram.

Fig. 6. Adsorption of H2S and CH3SH single component odor by crude char products.
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adsorption performance, with sulfur capacities ranging from 0.5 to 
2 mg/g, indicating strong adsorption capability toward CH₃SH. In 
contrast, the HSB samples showed relatively poor CH₃SH adsorption. 
The HTB series displayed intermediate performance, with sulfur ca
pacities between 0.5 and 1.5 mg/g, positioning its adsorption capability 
between that of DKB and HSB.

For H₂S adsorption, the HTB series achieved sulfur capacities of 
approximately 1.5–5.5 mg/g, with HTB-800–10 reaching the highest 
value of 5.5 mg/g. Other samples under different conditions exhibited 
similar adsorption durations but lower capacities of around 1–2 mg/g, 
indicating weaker H₂S adsorption performance.

In summary, the optimal materials for CH₃SH and H₂S adsorption 
among the directly pyrolyzed carbonized samples were identified as 
DKB-700–5 and HTB-800–10, respectively. These results suggest that 
the biomass type, pyrolysis temperature, and heating rate significantly 
affect the adsorption performance of the resulting carbon materials.

To enhance the adsorption performance for CH₃SH and H₂S, the 
carbon materials with superior adsorption capacities were further 
modified. Prior to pyrolysis, Na₂SiO₃ was uniformly mixed with the raw 
biomass powder at a 1:1 mass ratio. The mixture was then pyrolyzed 
under the optimal temperature and heating rate conditions (700◦C at 
5 ◦C/min for CH₃SH-adsorbing DKB and 800◦C at 10 ◦C/min for H₂S- 
adsorbing HTB). During pyrolysis, Na₂SiO₃ underwent in situ trans
formation to SiO₂ (2Na₂SiO₃ + 2H₂O → 2NaOH + SiO₂ + H₂ + 2H₂O), 
which deposited on the biochar surface or within its pores.

The pyrolyzed carbon materials were subsequently immersed in 
NaOH solution to dissolve and remove the SiO₂ template via vacuum 
filtration, yielding modified porous carbon structures. Adsorption tests 
on these modified materials (Fig. 7) showed markedly enhanced per
formance compared to their unmodified counterparts.

As shown in Fig. 7(a), the modified HT-700–10 and DK-700–5 
exhibited markedly enhanced methyl mercaptan (CH₃SH) adsorption 
capacities. Notably, DK-700–5 demonstrated an approximately 8.3-fold 
improvement, achieving a remarkable CH₃SH sulfur capacity of 
15.8 mg/g. In comparison, modified DK-600–5, HT-600–5, and HT- 
500–5 showed only modest increases in CH₃SH adsorption.

Fig. 7(b) illustrates that the modified HT-800–10, DK-700–10, and 
DK-600–5 exhibited substantial enhancements in hydrogen sulfide (H₂S) 
adsorption performance. Among these, DK-600–5 achieved an excep
tional H₂S sulfur capacity of 18 mg/g. These results clearly indicate that 

SiO₂ templating modification significantly improves the adsorption 
performance of the carbon materials for both H₂S and CH₃SH. The 
observed enhancements are likely attributable to the increased specific 
surface area and optimized pore structures introduced by the SiO₂ 
template, which expose more active adsorption sites and facilitate 
greater uptake of gas molecules. This templating strategy effectively 
tailors both the porosity and surface chemistry of the biomass-derived 
carbons, resulting in superior adsorption capabilities for sulfur- 
containing odorous gases.

3.1.3. Adsorption performance of H2S and CH3SH mixed odor
Fig. 8 presents the sulfur capacities of various graphitized biomass 

carbons for CH₃SH and H₂S adsorption under different gas flow ratios 
(CH₃SH:H₂S = 1:2, 1:1, 2:1). Under mixed-gas conditions, significant 
differences in adsorption performance were observed among the sam
ples, with HT-800–10, HT-700–10, and DK-700–5 exhibiting markedly 
superior adsorption for both odorous components compared to DK- 
700–10 and DK-600–5. At a 1:1 flow ratio, HT-800–10 achieved optimal 
H₂S adsorption, reaching a remarkable sulfur capacity of 20 mg/g.

For DK-700–5, the adsorption performance toward the CH₃SH and 
H₂S mixture initially increased and then decreased as the flow ratio 
changed from 1:2–2:1. At the 1:1 flow ratio, DK-700–5 displayed the 
highest adsorption capacity for CH₃SH, with a sulfur capacity of 16 mg/ 
g, while its H₂S adsorption was lower than that of HT-800–10. In sum
mary, at a gas flow ratio of 1:1, DK-700–5 exhibits targeted adsorption of 
CH₃SH, whereas HT-800–10 demonstrates a more advantageous 
adsorption for H₂S.

3.2. Analysis of deodorization structure

3.2.1. FT-IR analysis
Fig. 9（A） shows the distinct FT-IR spectral features of HT-800–10. 

A broad and intense absorption band at 3500–3200 cm⁻¹ indicates the 
presence of hydroxyl (O–H) groups and potentially amine (N–H) func
tionalities in the graphitized carbon. These hydroxyl groups likely 
originate from surface-adsorbed water molecules or oxygen-containing 
functional groups (e.g., alcoholic hydroxyls) formed during pyrolysis. 
The weak absorption band at 1700–1600 cm⁻¹ corresponds to C––O 
stretching vibrations, which may be attributed to carboxyl groups. 
Notably, the pronounced C–O stretching vibrations observed at 

Fig. 7. Comparison of Sulfur Capacity of Biomass Charcoal for Adsorption of H2S and CH3SH Single Component Odor before and after Modification.
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1200–1000 cm⁻¹ suggest the presence of alcoholic hydroxyl compounds 
[21,22]. The abundant O–H and C–O functionalities in HT-800–10 are 
characteristic of high-temperature pyrolyzed biomass-derived graphitic 
carbon, likely resulting from cellulose/hemicellulose dehydration or 
recombination of pyrolysis intermediates. Comparative analysis of 
H₂S-saturated HTH-800–10 (Fig. 9B) shows significant attenuation of 
absorption bands at 3500–3200 cm⁻¹ and 1200–1000 cm⁻¹ , along with 
disappearance of the C––O signal at 1700–1600 cm⁻¹ . These changes 
indicate that H₂S primarily interacts with hydroxyl and carboxyl groups 
via hydrogen bonding and acid–base interactions, with these 
oxygen-containing groups serving as the main active sites for H₂S 
adsorption [23]. These results demonstrate that oxygen functional 
groups, particularly C–O moieties, play a crucial role in H₂S capture, 
providing atomic-level insights into the adsorption mechanism of the 
developed carbon materials.

FT-IR analysis of the DKH-700–5(Fig. 9D) sample revealed that 
CH₃SH adsorption significantly altered the surface chemical properties 
of the material. Compared to DK-700–5(Fig. 9 C), the CH₃SH-saturated 
DKH-700–5 exhibited a slightly attenuated absorption band at 
3500–3200 cm⁻¹ , while the weak C––O band at 1700–1600 cm⁻¹ nearly 
disappeared. In contrast, the S––O absorption peak at 
1050 cm⁻¹ increased markedly, which may result from CH₃SH adsorp
tion on DKH-700–5 via van der Waals interactions or hydrogen bonding. 
Alternatively, CH₃SH could be oxidized to SO₄²⁻, with intermediate 
products such as R–SO–R (sulfoxides) forming during the oxidation 
process [24]. Additionally, the signals at 1050 cm⁻¹ (S-CO) and 

850 cm⁻¹ (C–S) likely arise from reactions between CH₃SH and carboxyl 
groups on the DK-700–5 surface, leading to thioester formation [25,26]. 
The disappearance of the C––O band combined with the enhancement of 
C–S signals suggests that CH₃SH chemically reacted with active sites on 
the biochar surface through its sulfur atoms.

3.2.2. XPS
Fig. 10 shows that the dominant C–C peak indicates the presence of a 

substantial amount of graphitized carbon in DK-700–5. The binding 
energy at 289.6 eV corresponds to O–C––O, suggesting that the sample 
contains highly oxidized biomass-derived graphitic carbon. These 
oxygen-containing functional groups facilitate the adsorption of methyl 
mercaptan (CH₃SH). The N 1 s spectrum reveals multiple chemical states 
of nitrogen in the sample. The N 1 s peak at 400.3 eV is assigned to 
pyrrolic nitrogen [27]. The lone pair electrons of pyrrolic-N can act as 
hydrogen-bond acceptors, interacting with the –SH group of CH₃SH. In 
addition, under conditions where CH₃SH partially dissociates and re
leases protons, pyrrolic-N may be protonated to form –NH⁺, which 
further enhances the affinity and immobilization of sulfur species on the 
biochar surface. The O 1 s spectrum further elucidates the chemical 
states of oxygen, with binding energy peaks at 532.8 eV and 530.8 eV 
corresponding to C–O in carboxyl groups (O–C––O). The peak at 
530.8 eV also indicates the presence of chemisorbed oxygen species 
(O⁻), which exhibit oxidative properties and can directly oxidize CH₃SH 
[28] to SO₂, with further oxidation potentially leading to SO₄²⁻ forma
tion (SO₂ + O⁻ → SO₃ → SO₄²⁻).

Fig. 11 presents the XPS spectra of DKH-700–5 following CH₃SH 
adsorption. In the C 1 s spectrum, the dominant peak shifts to C–S, while 
the fitted peak positions of N 1 s and O 1 s remain largely unchanged 
compared to DK-700–5. However, the relative peak area percentages 
change before and after adsorption, as summarized in Table 2. Notably, 
the C–S peak area increases after CH₃SH adsorption consistent with the 
FT-IR observations. This suggests that CH₃SH molecules react with 
surface carboxyl groups, forming new functional groups such as C–S or 
S––O. The marked reduction in the proportions of C–O and O⁻ further 
confirms that oxygen-containing functional groups act as the primary 
reactive sites. The enhancement of the O–C––O peak after sulfide 
adsorption can be ascribed to two main factors. On the one hand, 
reactive oxygen species generated during the oxidation process may 
oxidize the carbon framework, leading to the formation of new carboxyl 
groups [29]. On the other hand, sulfur oxidation products (SO₄²⁻) exhibit 
binding energies overlapping with the O–C––O region, which also con
tributes to the increased peak intensity. After CH₃SH adsorption, the 
peak shifted slightly to 400.0 eV, suggesting an increase in electron 
density due to hydrogen bonding or charge-transfer interactions be
tween pyrrolic-N and CH₃SH. Meanwhile, the high-binding-energy 
component shifted from 406.3 to 405.2 eV, implying chemical envi
ronment changes or partial reduction of oxidized nitrogen species 

Fig. 8. Performance of Biochar in Adsorption of H2S and CH3SH Mixed Odor.

Fig. 9. FT-IR spectrum.
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(Table 3).
In summary, the abundant oxygen-containing functional groups 

(O–C––O) and chemisorbed oxygen species (O⁻) in DK-700–5 provide 
active sites for CH₃SH adsorption. During the adsorption process, methyl 
mercaptan undergoes a series of chemical reactions on the carbon sur
face, forming sulfur-containing compounds and thereby achieving 
effective detoxification of CH₃SH.

Fig. 12 presents the XPS spectra of HT-800–10. The dominant C 1 s 
peak appears at 284.8 eV, indicating that graphitic carbon is the primary 
component. Two weaker peaks are observed at binding energies of 
286 eV and 290 eV, corresponding to C–O and carboxyl groups 
(O–C––O), respectively [30]. The abundant surface oxygen-containing 
groups likely enhance the material’s polarity, thereby facilitating the 
adsorption of polar molecules such as H₂S. The N 1 s spectrum is 
dominated by a peak at around 400.0 eV, assigned to pyrrolic nitrogen. 
This feature suggests that the biochar surface hosts nitrogen sites 
bearing lone-pair electrons, which may serve as potential active centers 
for interactions with sulfide species. The O 1 s spectrum shows a 
dominant peak at 532.2 eV, which can be mainly attributed to C-O 
species (alcohol groups) and the C-O component of carboxyl groups, 
along with a minor contribution from carboxyl C––O functionalities 
[31].

Fig. 13 presents the XPS spectra of HTH-800–10 after H₂S adsorption. 
After H₂S adsorption, the surface carbon functionalities of pecan shell 
biochar undergo significant changes. The relative proportion of C–C/ 

C––C increases from 36.12 % to 51.92 %, whereas the C–O/C––O and 
O–C––O components decrease to 16.84 % and 3.82 %, respectively, 
indicating that hydroxyl, ether, carbonyl, and carboxyl groups partici
pate in hydrogen bonding or acid–base interactions during adsorption. 
Meanwhile, SO₄²⁻/S––O/S⁰ species appear at 20.71 %, reflecting partial 
oxidation of H₂S to elemental sulfur and sulfate on the biochar surface. 
These results suggest that H₂S adsorption involves not only physical 
adsorption and weak interactions, but also surface oxidation processes.

After H₂S adsorption, the N 1 s spectrum exhibits three components 
at 403.6, 400.2, and 397.7 eV. The 400.2 eV component corresponds to 
pyrrolic nitrogen, while the low-binding-energy peak at 397.7 eV likely 
represents electron-rich nitrogen sites, such as pyridinic-N or defect- 
associated nitrogen. These shifts indicate a rearrangement of the elec
tronic environment of nitrogen during H₂S adsorption, reflecting 
changes in the chemical states and reactivity of surface [32].

3.2.3. Analysis of specific surface area and pore structure
As shown in Table 4, DK-700–5 possesses a specific surface area of 

297.05 m²/g, placing it within the medium-to-high range. This indicates 
that pyrolysis of rice husks generated a considerable number of effective 
adsorption sites, facilitating the capture of small molecules. Although 
not an ultra-high surface area material, DK-700–5 provides sufficient 
active sites for CH₃SH adsorption. The relatively small pore volume 
(0.17 cm³/g) suggests that mesopores dominate the porosity, while the 
average pore diameter of 3.46 nm further confirms a primarily 

Fig. 10. XPS spectrum of DK-700–5.
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mesoporous structure, offering favorable pathways for gas diffusion and 
adsorption. The low micropore proportion aligns with the limited 
adsorption capacity observed in the low-pressure region (P/P₀ < 0.1) of 
the adsorption isotherm (Fig. 14a). Macropores mainly serve as trans
port channels, and their presence facilitates rapid access of CH₃SH 
molecules to mesopores and micropores, reducing mass transfer resis
tance during adsorption.

After CH₃SH saturation, the specific surface area of DKH-700–5 
decreased to 134.95 m²/g. This reduction can be attributed to pore 
occupation by adsorbed methyl mercaptan molecules, potential chemi
cal reactions between CH₃SH and the graphitized carbon surface form
ing new functional groups, or pore-blocking effects. The pore volume 
decreased from 0.17 cm³ /g to 0.11 cm³ /g (~35 % reduction), indi
cating substantial pore occupation by CH₃SH or its derivatives. The more 
pronounced reduction in surface area (~54 %) suggests that adsorption 
predominantly occurred in high-surface-area micropores, corroborated 
by the noticeable decrease in micropore contribution.

HT-800–10 exhibits a relatively high specific surface area of 
513.27 m²/g and a pore volume of 0.1 cm³ /g, with a micropore pro
portion of 9.05 %. Compared to DK-700–5, the increased surface area 
primarily arises from micropores, despite the smaller pore volume. 
Mesopores account for nearly 50 % of the total porosity, providing 
abundant accessible surfaces for H₂S adsorption and facilitating gas 
diffusion and mass transfer, thereby enhancing adsorption efficiency. 
The moderate proportion of macropores further promotes transport into 
the internal pore network. After H₂S saturation, the specific surface area 

Fig. 11. XPS spectrum of DKH-700–5.

Table 2 
Fitting data of DK-700–5.

Functional group Relative area/%

DK-700–5 DKH-700–5

C-C 37.21 26.77
C-O 43.39 0
O-C––O 3.21 7.15
C-S 0 40.22
Pyrrolic N 0.85 0.86
O-、C––O 1.85 0
S––O、C––O 0 17.23
SO4

2-、R-SO-R、S0 0 1.65

Table 3 
Fitting data of HT-800–10.

Functional group Relative area/%

HT-800–10 HTH-800–10

C-C 36.12 51.92
C-O、C––O 48.46 16.84
O-C––O 7.77 3.82
pyrrolic nitrogen 1.38 0.95
SO4

2-、S––O、S0 0 20.71
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decreased to 317.76 m²/g, and the pore volume declined to 0.05 cm³ /g, 
accompanied by a reduction in micropore contribution, indicating par
tial pore blockage by adsorbed H₂S molecules.

The relatively low micropore proportions in both DK-700–5 and HT- 
800–10 are primarily due to in-situ formation of silica templates from 
sodium silicate during pyrolysis. The resulting silica crystals occupy 
surface sites on the biomass-derived graphitic carbon. Upon subsequent 
silica removal, the previously occupied pore spaces remain, causing the 
collapse and widening of micropore walls into mesopores and inducing 
distortions in the graphitic layers. Considering the adsorption perfor
mance for CH₃SH and H₂S, it is concluded that a large specific surface 
area combined with a balanced distribution of mesopores and micro
pores is favorable. Mesopores facilitate molecular diffusion and acces
sibility, while remaining micropores provide high-energy adsorption 
sites, collectively enhancing gas capture efficiency.

From Fig. 14, the adsorption and desorption isotherms of DK-700–5 
(Fig. 14a) exhibit a clear hysteresis loop characteristic of a Type IV 
isotherm, confirming the presence of a substantial mesoporous struc
ture, which is favorable for CH₃SH adsorption. At low relative pressures 
(P/P₀ < 0.1), the slow increase in adsorption capacity reflects the limited 
number of micropores. The hysteresis loop indicates possible capillary 
condensation within mesopores, contributing to enhanced adsorption. 
In the intermediate pressure range (0.4 < P/P₀ < 0.8), the rapid increase 
in adsorption capacity demonstrates that mesopores are the dominant 
adsorption sites. At high relative pressures approaching P/P₀ = 1, the 
continued increase in adsorption capacity, together with the macropore 
proportion of 22.79 %, indicates that macropores act as transport 

channels facilitating gas uptake. After CH₃SH adsorption, the isotherms 
in Fig. 14(c) show reduced adsorption capacity, consistent with the 
observed decreases in pore volume and specific surface area. The 
widening gap between the adsorption and desorption branches at P/P₀ 
> 0.5 suggests altered adsorption behavior in mesopores and macro
pores, likely due to partial pore occupation or structural modifications.

Similarly, Fig. 14(b) shows that HT-800–10 exhibits Type IV 
adsorption-desorption isotherms, indicative of a predominantly meso
porous structure. At low relative pressures (P/P₀ < 0.1), the rapid in
crease in adsorption capacity indicates the presence of micropores, 
consistent with the 9.05 % micropore contribution reported in Table 4. 
In the intermediate pressure range (0.2 < P/P₀ < 0.8), the linear in
crease corresponds to capillary condensation in mesopores, highlighting 
their dominant role. At high relative pressures (P/P₀ > 0.8), the further 
increase in adsorption capacity is attributed to macropores (17.81 %) 
and overall gas-filling effects. The distinct hysteresis loop reflects com
plex mesopore distributions, such as ink-bottle or irregular pore geom
etries, which enhance gas retention and adsorption stability. Fig. 14(d) 
indicates a similar trend post-adsorption, but with reduced adsorption 
capacity (from 100 to 200 cm³/g to 50–100 cm³/g), suggesting partial 
pore occupation or blockage. Importantly, the basic pore structure re
mains unchanged, indicating that H₂S adsorption reduces available pore 
volume and surface area without altering the fundamental meso- and 
macroporous architecture.

Fig. 12. XPS spectrum of HT-800–10.
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3.3. adsorption mechanism

3.3.1. EPR
Fig. 15 presents the electron paramagnetic resonance (EPR) spectra 

of DK-700–5 and HT-800–10 under different magnetic field ranges. As 
shown in Figs. 15(a), DK–700–5 exhibits a g-value of approximately 
2.003, which is commonly attributed to unpaired electrons associated 
with oxygen vacancies [33]. These oxygen vacancies serve as active sites 
that facilitate the adsorption of O₂ and its subsequent conversion into 
reactive oxygen species, such as superoxide radicals (⋅O₂⁻) and hydroxyl 
radicals (⋅OH). Such radicals can directly oxidize CH₃SH, while the 
electron-rich environment near oxygen vacancies weakens the S–H 
bond, promoting dissociative adsorption (CH₃SH → CH₃S⁻ + H⁺) and 
enabling catalytic oxidation to CO₂ and SO₄²⁻ at room temperature in 
humid air [34]. Fig. 15(b) confirms the presence of superoxide radicals 
in HT-800–10, supporting their role in H₂S oxidation. In contrast, Fig. 15

(c) shows that the hydroxyl radical signals for both DK-700–5 and 
HT-800–10 are relatively weak, suggesting that ⋅OH plays a minor role 
in the adsorption and oxidation processes of CH₃SH and H₂S.

Overall, the EPR analysis indicates that the presence of oxygen va
cancies in DK-700–5 and superoxide radicals in HT-800–10 contributes 
to their enhanced adsorption and catalytic oxidation of CH₃SH and H₂S, 
respectively, highlighting the critical role of defect engineering in the 
design of high-performance biochar-based adsorbents.

3.3.2. XPS
Fig. 16(a) shows that the S 2p spectrum of DKH-700–5 contains 

signals corresponding to SO₄²⁻, R-SO-R, S⁰, and C-S, indicating the 
multiple pathways involved in CH₃SH adsorption. DK-700–5 possesses a 
porous structure with abundant surface functional groups (C––O, C-O, 
etc.), enabling both physical and chemical adsorption of methanethiol. 
Its high specific surface area and hierarchical pore structure facilitate 

Fig. 13. XPS spectrum of HTH-800–10.

Table 4 
Analysis of specific surface area and pore structure of biomass graphitized carbon.

Biomass graphitized carbon specific surface area 
m2/g

pore volume 
cm3/g

Aperture 
nm

Pore size distribution %

≤ 2 nm 2–9.6 nm 9.6–43 nm ≥ 43 nm

DK− 700–5 297.05 0.17 3.46 3.63 38.49 35.09 22.79
DKH− 700–5 134.95 0.11 4.45 1.56 35.52 41.6 21.32
HT− 800–10 513.27 0.1 2.14 9.05 48.12 25.02 17.81
HTH− 800–10 317.76 0.05 2.11 5.74 41.12 26.56 26.58

R. Wang et al.                                                                                                                                                                                                                                   Journal of Analytical and Applied Pyrolysis 193 (2026) 107411 

12 



Fig. 14. Isothermal adsorption desorption curve.

Fig. 15. EPR analysis.
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the physisorption of CH₃SH molecules, while defect sites near oxygen 
vacancies enhance chemisorption. Oxygen vacancies can activate CH₃SH 
by weakening the S–H bond, generating nucleophilic CH₃S-[35]. 
Adsorbed CH₃SH can be oxidized by superoxide radicals (⋅O₂⁻) formed 
from oxygen activated at these vacancies, producing intermediates such 
as methanesulfinyl (CH₃SOH) [36,37] and ultimately yielding sulfate 
ions (SO₄²⁻), as evidenced by the high-binding-energy peak at 168.9 eV 
[38]. Incomplete oxidation results in residual elemental sulfur (S⁰). 
Additionally, CH₃SH can interact with surface carboxyl groups via 
hydrogen bonding (–COOH⋅⋅⋅H–SCH₃) or react chemically to form 
thioesters (CH₃S–CO–) with concurrent H₂O release (CH₃SH + –COOH → 

CH₃S–CO– + H₂O) [25,26]. The CH₃S⁻ radical can react with hydroxyl 
radicals (•OH) to form the intermediate CH₃SOH, which may further 
undergo oxidation to higher sulfur-containing species (CH₃S⁻ + •OH → 
CH₃SOH) [39]. Overall, oxygen-containing functional groups and oxy
gen vacancies in DK-700–5 synergistically facilitate CH₃SH adsorption 
and oxidation, consistent with the enhanced oxygen and sulfur signals 
observed in DKH-700–5. The adsorption mechanism is detailed in 
Fig. 16 (c) and reaction Eqs. (2)-(7): 

CH₃SH (gas) → CH₃SH(ads) (physisorption in pores & defects)         (2)

CH₃SH(ads) + -C=O → H-bonding interaction                                 (3)

Fig. 16. S2p spectra and mechanism diagrams of DKH-700–5 and HTH-800–10.
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CH₃SH(ads) + -COOH → possible thioester-like species (-S–CO-R)    (4)

CH₃SH(ads) + O-vacancy → CH₃S⁻ + H⁺                                          (5)

CH₃S⁻ + •OH / •O₂⁻ → CH₃SOH/ S⁰                                                (6)

CH₃SOH → CH₃SO₂H → SO₄²⁻ (via stepwise oxidation)                    (7)

Fig. 16(b) presents the S 2p spectrum of HTH-800–10, showing that 
adsorbed sulfur exists predominantly as elemental sulfur (S⁰) and 
oxidized sulfur species. The HT-800–10 surface adsorbs H₂S through a 
combination of physical adsorption and chemical interactions with 
active sites (C––O, C-O). The oxidation of H₂S by superoxide radicals 
(⋅O₂⁻) to form S⁰ and sulfate ions (SO₄²⁻) [23,40]. Elemental sulfur 
initially occupies the vacancies (H₂S + O₂ → S⁰ + H₂O), while continued 
oxidation by ⋅O₂⁻ converts it into soluble sulfate, regenerating the active 
sites. The involvement of additional reactive oxygen species, such as 
⋅OH, further accelerates H₂S oxidation. This mechanism highlights the 
critical roles of surface functional groups and vacancy-induced catalytic 
activity in enhancing H₂S adsorption and transformation on HT-800–10. 
The adsorption mechanism is illustrated in Fig. 16(c) and summarized in 
the following reactions (8)–(13): 

H₂S → H₂S(ads) (physical adsorption of H₂S within pores and defects)(8)

H₂S(ads) + -C=O/C–O → H₂S(ads)⋅⋅⋅Surface groups (H-bonding inter
action)                                                                                          (9)

H₂S(ads) + H2O → HS⁻ + H₃O⁺ (or H⁺)                                          (10)

pyrrolic-N + H⁺ → pyrrolic-NH⁺                                                    (11)

H₂S(ads) + O⁻ (ads)→ S⁰ + H₂O                                                    (12)

S⁰ + 4•O₂⁻ + 2H₂O → SO₄²⁻ + 4OH⁻                                             (13)

Note: H₂S(ads) denotes adsorbed hydrogen sulfide species.

3.3.3. Raman
After CH₃SH adsorption, the ID/IG ratio of DK-700–5 decreased from 

1.016 to 0.925, indicating a reduction in defect density and an enhanced 
degree of graphitization. This trend can be attributed to both structural 
and chemical effects. The partial collapse or blockage of pore structures 
during adsorption reduces the proportion of disordered carbon regions. 
Simultaneously, surface reactions involving CH₃SH contribute to local 
carbon framework rearrangement: superoxide radicals (⋅O₂⁻) oxidize 
CH₃SH to sulfoxides, inducing structural reorganization of defect car
bon; CH₃SH can also react with carboxyl groups to form thioesters or be 

activated at oxygen vacancies to generate CH₃S⁻ intermediates that 
integrate into the carbon matrix, filling structural defects. Collectively, 
these interactions decrease sp³ -hybridized content while enhancing the 
ordering of sp² domains, as evidenced by the attenuation of the D-band 
and intensification of the G-band in the Raman spectra (Fig. 17).

Similarly, after H₂S adsorption, the ID/IG ratio of HT-800–10 
decreased from 1.081 to 1.017, reflecting partial defect passivation and 
local rearrangement of the carbon framework. The high specific surface 
area and well-developed pore structure of HT-800–10 facilitate the 
accumulation and adsorption of H₂S molecules. The subsequent depo
sition of sulfur-containing products (e.g., elemental sulfur or sulfates) 
partially blocks micropores, reducing disordered carbon regions [41]. 
Additionally, superoxide radicals (⋅O₂⁻) act as active sites promote 
stepwise H₂S oxidation [42], leading to local surface reconstruction and 
defect passivation. Compared with medium-temperature carbons, 
HT-800–10 exhibits higher structural stability, which accounts for the 
relatively moderate changes observed in its Raman spectra.

4. Conclusions

In this study, the adsorption capacities of silicon-modified biomass- 
derived graphitic carbons, DK-700–5 and HT-800–10, for sulfur- 
containing odorous gases (CH₃SH and H₂S) were systematically evalu
ated through physicochemical characterization and adsorption perfor
mance tests. Rice husk and pecan shell were mixed with sodium silicate 
and pyrolyzed, generating SiO₂ in situ. Subsequent high-concentration 
NaOH leaching removed most of the SiO₂ template while preserving 
the pore structures originally occupied by SiO₂, endowing DK-700–5 and 
HT-800–10 with enhanced adsorption performance. DK-700–5 exhibi
ted an 8.3-fold increase in CH₃SH sulfur capacity compared to unmod
ified rice husk biochar, with a specific surface area of 297.05 m²/g and 
an adsorption duration of 241 min. HT-800–10 showed a 2.45-fold 
improvement in H₂S adsorption relative to unmodified walnut shell 
biochar, achieving a specific surface area of 513.27 m²/g and an 
adsorption time of 164 min.

The low-graphitized structures of both materials, characterized by 
abundant defects and edge sites, were identified as key contributors to 
their superior adsorption performance. DK-700–5 captured CH₃SH 
through both physical confinement and chemical interactions with 
surface functional groups (e.g., hydroxyl and carboxyl). Adsorbed 
CH₃SH was further oxidized by superoxide radicals (⋅O₂⁻) generated at 
oxygen vacancies, forming sulfate ions (SO₄²⁻) with intermediate prod
ucts including elemental sulfur (S⁰) and sulfoxides (R-SO-R). HT-800–10 
adsorbed and oxidized H₂S via surface active sites (e.g., C––O, C-O, ⋅O₂⁻), 
producing sulfur-containing compounds such as sulfates, sulfides, and 
sulfur oxides, thereby achieving efficient adsorption and oxidative 
conversion.

These results indicate that optimized pyrolysis conditions promoted 
the formation of graphitic domains, while silicon-templating modifica
tion enhanced porosity and active site exposure. Both strategies effec
tively improved biochar adsorption capacities for CH₃SH and H₂S. This 
work provides valuable insights and data for the design of high- 
performance biomass-derived carbons for environmental odor control 
applications.
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