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Abstract: Mahogany (Swietenia macrophylla king) wood residue has the potential to serve as a
raw material for the synthesis of porous carbon due to its relatively high biomass content. This
study examines the effects of N-S doubly dopant agents on the physicochemical properties of
porous carbon that is derived from mahogany wood debris. The doping operations utilizing
thiourea and the activation using KOH are conducted simultaneously. We found that dual doping
with N and S influences the porosity of the resultant porous carbon. Our sample with a 1:2 ratio
of raw material to thiourea (PC-2) has the highest specific surface area of 870.78 m?/g and pore
volume of 0.552 cm?/g among all as-prepared samples. The activation process results in the
formation of carbon porosity. The number and size of pores are both increased by N-S heteroatom
co-doping, which leads to an increase in surface area. During the carbonization process, unreacted
N-S heteroatoms are eliminated. This results in the formation of a carbon matrix with a distinctive

structure that contains two N and S dopants.
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1. Introduction

Global warming issues occur continuously, and their
impacts escalate yearly, causing increasing temperatures
over time that can alter the climate and natural balance'?.
Industrial activities are primarily responsible for the rising
atmospheric carbon dioxide (CO>) levels, contributing to
most global warming®. Since industrial activities cannot
be halted for production purposes, implementing carbon
capture technology can be an alternative to reducing CO,
concentrations in the atmosphere. Researchers have
reported several chemical processes for carbon capture and
storage (CCS), which use adsorbents to selectively bind
CO; molecules*>. CCS is an important technology that
directly captures CO; from source points and atmospheric
air. Sustainable chemical processes, such as thermal
conversion and photo/electrochemical reduction of CO,,
can utilize the captured CO; to produce materials and
chemicals>®, The famous CO; capture methodology is by
adsorption process due to high efficiency, selectivity to

certain substances, lower energy consumption, and the
high opportunity for industry utilization”®. Since carbon
dioxide (CO;) gas is acidic, the adsorbent must have a
porous surface and possess chemical properties suitable for
enhancing selectivity towards this substance. The capacity
for adsorption and its chemical structure significantly
influence how materials interact with polar and nonpolar
adsorbates. Activated carbon derived from biomass
exhibits promising properties as a carbon capture and
storage (CCS) active material. Its porous morphology
provides numerous active sites, such as edges,
dislocations, and discontinuities, which are crucial in
facilitating chemical reactions with other atoms®!?.

The molecule of CO; has an activation energy to dissociate
the double bond between carbon and oxygen (O=C=0),
which is relatively high (532 kJ mol); thus, particular
research is essential to develop effective material as a
capture agent?. The chemical structure of activated carbon
is an essential characteristic of the CO, adsorption
mechanism. The insertion of nitrogen (N) and sulfur (S)
into the carbon framework has been reported to enhance
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CO; adsorption behavior through acid-base interactions,
electrostatic  interactions, and hydrogen bonding!V.
Nitrogen has a comparable atomic size to carbon, allowing
it to substitute carbon atoms in the carbon skeleton
easily'?. The electronegativity of nitrogen (3.04) is higher
than carbon (2.55), which provides more active sites such
as pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N,
thereby substantially improving the adsorption capabilities
of carbon materials. Doping with nitrogen will inject
numerous electrons into the carbon matrix, resulting in
increased conductivity. It has been reported by other
researchers that nitrogen doping of the carbon matrix
induces structural changes and alters surface chemistry,
thereby enhancing the number of adsorptive sites'®. Sulfur
functional groups in the carbon matrix enhance the
electron density of the carbon grid surface, which can
improve both wettability and surface reactivity'?.
Thiourea (CH4N>S) can be used as a dopant to obtain
simultaneous N and S doping'¥. N and S dopants derived
from thiourea on activated carbon have been shown to
improve electrochemical properties, which are also
associated with an increase in specific surface area'.
Plantation waste has the potential to become activated
carbon because this biomaterial has a relatively high
biomass content. Swietenia macrophylla King (Mahogany
wood) has a biomass content of around 54.07%. The trunk
of the mahogany tree is composed of cellulose,
hemicellulose, lignin, and extractive substances, with a
majority consisting of carbon. In Indonesia, mahogany
wood is abundantly available and widely used in the
furniture and construction industries due to its low cost'®.
The biopolymer structure of wood inherently includes
cellulose, hemicellulose, and lignin, with mahogany wood
specifically comprising 25.82% lignin, 47.26% cellulose,
and 47.21% hemicellulose'”. Due to its high lignin
content, mahogany wood is considered a promising
precursor for producing porous carbon. The research on
CO; capture material-based porous carbon with nitrogen
and sulfur double doping has been actively pursued in
recent years and still needs further investigation'®. The
same doping elements in the carbon source can produce
different characteristics that relate to the synthesis
parameters and the natural ingredients of the raw carbon
source!>??. Therefore, this study aims to explore the
influence of co-doping nitrogen and sulfur introduced by
thiourea on the physical characteristics of porous carbon
derived from mahogany wood waste. Specifically, this
research aims to determine how variations in the mass ratio
between thiourea and biomass affect key properties such
as surface area, pore volume, and pore diameter. The
ultimate goal is to optimize the synthesis conditions to
produce porous carbon materials with excellent
physicochemical properties for potential CO- adsorption
applications.

2. Materials and Methods

The raw material used in this study was leftover mahogany
wood from sawmills with an average diameter of 1 mm.
The mahogany sawdust (MS) was obtained from a
production site that manufactures household furniture in
the local area. First, the raw material was washed using
deionized water. After soaking in ethanol, the MS was
completely dried in an electric oven. KOH was used
activator agent in this study with a KOH: MS ratio of 1:1,
while thiourea as the source of N and S dual doping. KOH
activator and thiourea as a dopant were dissolved
simultaneously in deionized water. The variations of the
ratio between MS and thiourea are (1:0), (1:0.5), and (1:1).
The mixture was then sonicated for 30 minutes and stirred
for 2 hours. Subsequently, the mixture was filtered using
filter paper and dried on a hot plate for 36 hours at 85°C.
The identification (providing sample code) for each mass
ratio variation is shown in Table 1. The carbonization was
conducted using a one-step pyrolysis method at 700°C
under N, gas flow?". The dry powder was placed in an
alumina boat and inserted into a tube furnace, then heated
gradually until 700°C with a heating rate of 5°C per minute
for 2 hours under a nitrogen atmosphere. After pyrolysis,
the furnace was allowed to cool naturally to room
temperature under continuous N> flow. The resulting
carbon was washed several times with deionized water
until neutral pH was achieved. To remove residual
potassium and enhance porosity, samples were rinsed with
0.1-0.5 M HCI?>?®, The purified carbon was then dried,
crushed, and sieved to obtain a fine carbon powder suitable
for characterization.

3. Results and Discussion

Table 1 shows the variation of the ratio between mahogany
sawdust (MS), activator (KOH), thiourea, and yield of
carbon mass that resulted, calculated from the percentage
ratio of carbon and raw material mass. The type of
activator influences the degradation of glucose and
fructose. Since KOH is a base, fragmentation reactions
occur, forming glyceraldehyde, glycolaldehyde, erythrose,
dihydroxyacetone, and pyruvaldehyde, reducing charcoal
formation and decreasing yield. Lignin, cellulose, and
hemicellulose decomposition decrease the carbon mass
produced. Additionally, increasing thiourea concentration
decreases the yield of porous carbon. According to Luo et
al., this may be due to the reduced use of carbon sources in
the mahogany sawdust as raw material and the collapse of
pore structures during activation®®. Figure 1 shows the
picture of all samples. The PC-1 samples have almost the
same volume as the others, but the yielding of carbon mass
is lower than the others.

We observed the morphology and microstructural analysis
of all samples using a scanning electron microscope
(SEM), as shown in Figure 2. The carbon that has not yet
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been activated and carbonated commonly has smooth
surfaces without pores?'->>. Figure 2(a) shows the sample
morphology after activation and carbonation without
thiourea doping (PC-0). The reaction caused by KOH as an
activator generates pore development, producing a sponge-
like structure. KOH is mainly used as an activator to
produce carbon pores and has already been reported?".
After adding thiourea doping (Figure 2b-d), the porous
carbon surface exhibits more dense pore structures with
reduced size. These results indicate that adding nitrogen
and sulfur sources can significantly enhance the formation
of porous carbon structures. The use of nitrogen (N) as a
dopant in carbon structures has been reported to disrupt
carbon bonds, as shown by C. Kim et al. Their study
demonstrated that nitrogen doping promotes the formation
of micropores, likely due to defect sites generated by
structural distortions within the carbon framework?®.
Similarly, research by N. Abeladi et al. found that
nitrogen-containing additives in biocarbon not only act as
structure-directing agents (porogens) but also contribute to
the expansion of pore size into the mesoporous range?”.
Research by J. Bai et al. indicates that sulfur (S) helps
suppress the structural rearrangement of carbon during
pyrolysis, thereby leading to a more amorphous and porous
carbon material®®. This results in a high specific surface
area, which is essential for effective gas adsorption These
findings suggest that nitrogen and sulfur functions not only
as a dopant but also plays a critical role in the development
of porosity in carbon materials.

Table 1: The variation of the ratio between mahogany sawdust
(MS). activator (KOH). thiourea. and yield of carbon mass

Carbon Yield

Sample Ratio of mass (g) (%)
code MS:KOH:Thiourea

3.8 47.55
PC-0 (1:1:0)

2.56 36.61
PC-0.5 (1:1:0.5)

0.73 9.09
PC-1 (1:1:1)
PC-2 3.16 31.59

(1:1:2)

PC-0 PC-0,5 PC-1 PC-2

Fig. 1: Photographs of porous carbon resulted from this
research. The MS mass is different for each one: 8g, 7g,
8g, and 10g for PC-0, PC-0.5, PC-1, and PC-2,
respectively

The sample elemental composition was given in Table 2
and compared to the raw material. The activated process
increased carbon's weight percentage (wt%) and reduced
other elements, such as oxygen and nitrogen. The nitrogen
in the raw material originates naturally from organic
complex compounds such as protein and amino acids.
Nitrogen is typically contained in the side chains of these
molecules?”. The activation process involves heating
carbon in an activating gas at high temperatures, which can
result in eliminating non-carbon components such as
hydrogen, oxygen, and nitrogen from the carbon raw
material. Heating at high temperatures causes the loss of
many volatile substances in the material and the
occurrence of oxidation compounds?®. This can also be
influenced by the pH of the activator used, as the resulting
reactions release water in the porous carbon.
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(d)

Fig. 2: Porous carbon morphology with and without N-S
doping (a) PC-0, (b) PC-0.5, (c) PC-1, (d) PC-2

An excessive dose of thiourea makes the pores on the
carbon surface smaller and tends to be invisible (Figure
2d). According to Table 2, the PC-2 sample has the highest
sulfur content. The presence of sulfur can affect the pore
formation process in activated carbon during
activation?'3?, Sulfur can alter the carbon structure
through substitution of carbon atoms. Excessive sulfur
incorporation may lead to significant changes in the pore
structure, as sulfur atoms replace carbon atoms. This
substitution reduces the available pore volume and specific
surface area due to the larger atomic radius of sulfur
compared to carbon. The adsorption properties of activated
carbon are influenced by pore size distribution and pore
volume?®!'»?, Nitrogen doping can modify its surface
characteristics—particularly by increasing surface
acidity—which in turn affects the pore structure and
adsorption behavior. This enhanced surface acidity is
strongly correlated with the graphitization of carbon
resulting from nitrogen doping?.

Figure 3 shows the FTIR spectra for the samples. All

porous carbons exhibit the same C=C peak (2190-2260

cm-1). The PC-0, PC-0.5, and PC-1 samples have the same
peak at C=C=N (2000 cm-1). The PC-0 sample contains
C=C (790-840 cm-1) and N-H/O-H. After thiourea doping,
the PC-0.5 sample contains C-N (1020-1250 cm-1) and C-
H (1650-2000 cm-1). The PC-1 sample contains C-H
(1650-2000 cm-1) and S-H (2550-2600 cm-1). The PC-2
sample contains C-N (1020-1250 c¢cm-1), C-H (1650-2000

cm-1), C=N (2222-2260 cm-1), and S-H (2550-2600 cm-

1). The PC-0.5 sample has the highest N content compared
to the PC-0, PC-1, and PC-2 samples. The PC-0.5 sample

did not detect any bonds between sulfur due to its low
concentration. The formation of bonds between N and S
with other elements proves that the porous carbon was
effectively doped with the heteroatoms N and S.

Table 2: Elemental compositions of all samples

Sample Elements
C (0] N S
(Wt%) (Wt%) (Wt%) (Wt%)

MS 36.87 46.91 16.23 0
PC-0 54.32 45.36 0.32 0
PC-0.5 63.08 26.84 6.93 3.15
PC-1 65.80 23.42 1.94 8.84
PC-2 69.62 3.62 6.28 20.48
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Fig. 3: Fourier Transform Infrared spectra of all samples

XPS analysis was conducted further to investigate the
samples' surface chemical properties and to demonstrate
thiourea's role in the surface chemical composition. The
XPS spectra for the PC-0 sample and its analysis are shown
in Figure 4. The spectrum consists of two peaks; the first
is the main peak at 284.6 eV, which belongs to the sp2
graphite lattice. The second, at 286.4 eV, originates from
the C-O bond. The nitrogen spectrum is not identified due
to the low nitrogen content and the sample not being
doped. The oxygen spectrum consists of three peaks. The
two main peaks at 531.8 and 533.4 eV originate from the
0-C=0 and C=0 bonds, respectively. The peak at 535.4
eV arises from the C-O bond. The XPS spectra for the PC-
0.5 sample are shown in Figure 5. The survey spectrum
shows the presence of peaks from OCls, Ols, and Nls. In
the carbon Cls spectrum, the main peak at 284.6 eV
belongs to the sp2 graphite lattice, and the peak at 285.4
eV is due to the C-O bond. The oxygen spectrum consists
of three peaks®¥. The two main peaks at 531 and 532.2 eV
originate from the O-C=0 and C=O bonds, respectively,
while the peak at 535.3 eV originates from the C-O bond
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Fig. 4: (a) XPS spectrum of PC-0 (undoped), (b) Cls
spectrum, (¢) N1s spectrum, (d) O1S spectrum

The nitrogen spectrum of PC-0.5 is divided into two peaks
at 398.3 and 400 eV, classified as pyridinic-N and pyrrolic-
N functional groups, respectively. This indicates that
nitrogen element was detected in the porous carbon
sample. N doping will introduce more electrons into the
carbon matrix, thereby increasing conductivity3>3%).
Additionally, N doping will generate more active sites.
Pyridinic-N can act as a catalyst in redox reactions and
influence the electronic properties of activated carbon
material. At the same time, pyrrolic-N can enhance the
adsorption capacity of activated carbon for gases such as
CO;. Pyrrolic-N possesses a lone pair of electrons on
nitrogen that can engage with CO, molecules via van der
Waals forces and electrostatic interactions’”. This
interaction can increase the adsorption capacity of
activated carbon for COs..

The sulfur spectrum also contains two peaks at 163.4 and
168.4 €V, which can be classified as S-C and oxidized-S
functional groups®?. This indicates that S doping can be
detected in the double-doped N, S porous carbon sample.
The functional group of sulfur in the carbon matrix
increases the electron density on the carbon grid surface,
enhancing wettability and surface activity. Oxidized-S
functional groups have a high affinity for CO, because they
can interact with the charge of CO,. Additionally,
oxidized-S groups can form hydrogen bonds with CO,,
enhancing their interaction. This interaction enables strong
CO, adsorption on the surface of the porous carbon
material, thereby enhancing the material's ability to capture
CO,. The added nitrogen and sulfur functions alter the
electronic structure and density of the carbon, contributing
not only to inducing CO> interaction but also to providing
pseudocapacitance activity®”. Oxygen is associated with
residual structural oxygen from starch, atmospheric
moisture, and CO,. According to Nazir et al., the increased
binding energy of oxidized-S and pyrrolic-N with CO,

molecules contributes to the strong affinity of N and S-
doped adsorbents for CO,, ultimately leading to greater
CO, adsorption®”. The observed peaks from bonds
between C, N, and S indicate that N, S-doped carbon has
been successfully synthesized.
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Fig. 5: (a) XPS Spectrum of N, S doped (PC-0.5), (b) Cls
spectrum single bond, (¢) N1s spectrum, (d) O1S
spectrum, (e) S2p spectrum

Porous size distribution was determined using a DFT
method from BET measurement at P/PO = 0.0-1.0, as
shown in Figure6. Table 3 lists the surface area, pore
volume, and the average pore size of our modified carbon.
The surface area incrementally increases as porosity
develops. The highest surface area of 870 m?/g is achieved
with the PC-2 sample. Based on Figure 6, the decrease in
N2 adsorption in PC-0.5 suggests that this sample has a
limited surface area. The PC-0.5 sample contains a high
nitrogen content but low sulfur content. While nitrogen
increases the number of pores, sulfur penetrates the carbon
matrix effectively, as noted by L. Zhao et.al*®. This may
lead to the formation of numerous pores with larger
diameters, ultimately reducing the total pore volume. The
relatively large average pore diameter in PC-0.5 results in
greater void space within the porous carbon structure. Luo
et al.?» reported that porous carbon derived from
distillation waste with dual N and S doping exhibited a
decrease in specific surface area as the thiourea dose
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increased. The reduction in total pore volume may also be
attributed to material redistribution within the pore
structure, which can limit the available space®”.
Additionally, changes in pore size distribution and
modifications in pore structure may occur due to
interactions between thiourea and carbon. Although the
specific surface area initially decreases in PC-0.5, it later
increases in the PC-1 and PC-2 samples. The increase in
N2 adsorption of porous carbon doped with N and S is due
to the enhancement of the pore structure environment
resulting from the addition of N and S dopants into the
carbon*®. This situation can improve the porosity by
gradually removing heteroatoms to achieve greater
porosity and specific surface area. Enhanced thiourea
doping can optimize surface porosity by altering the
amount of thiourea in the polymer solution, producing a
unique structure consisting of carbon matrix containing
dual elements N and S.

Table 3: Porous textural of all samples

Porous textural
SABET (mz/g) Vave dave
Sample
(cm¥/g) (nm)
PC-0 159.38 0.133 3.34
PC-0.5 83.62 0.129 6.15
PC-1 425.93 0.283 2.66
PC-2 870.78 0.552 2.54
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Fig. 6: (a) N2-adsorption desorption isotherms and (b).
Pore size distribution of the samples PC-0, PC-0.5, PC-1
and PC-2

4. Conclusions

We have successfully prepared N, S-doped carbon
utilizing Mahogany wood waste as through a one-step
carbonization method. KOH was employed as the
chemical activating agent, while thiourea served as the
nitrogen and sulfur source. SEM/EDS analysis revealed
the formation of pores with varying sizes across all
samples, confirming the successful synthesis of porous
carbon. Functional groups related to nitrogen and sulfur
doping were identified as C—N (1020-1250 cm™) and S—H
(2550-2600 cm™) through FTIR analysis. Further
confirmation by XPS indicated the presence of C=N, C-N,
S—C, and S—O bonds, with binding energies of 398.3, 400,
163.4, and 168.4 eV, respectively. The incorporation of

nitrogen and sulfur dopants significantly enhanced the
textural properties of the carbon material. An increase in
doping levels led to a noticeable rise in both surface area
and pore volume. Among all samples, PC-2 exhibited the
highest performance, with a surface area of §70.78 m?/g
and a pore volume of 0.552 cm?/g, indicating its strong
potential for CO: capture applications.
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Nomenclature
CO2 Carbon dioxide
wt% Weight percent
KOH Kalium hidroxide
eV Electronvolt (1eV = 1.60218 10'° Joule)
N Nitrogen
S Sulfur
C Carbon
(¢ Oxygen
MS Mahogany sawdust
SABET Surface area from BET (m?/g)
Vave Volume average (cm?/g)
dave Diameter pore average (nm)

Subscripts
BET Brunauer-Emmett-Teller
ave Average
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