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ABSTRACT ARTICLE INFO
Nitrogen-doped activated carbon (N-doped AC) from agricultural waste offers a Article history:

low-cost route to solid sorbents for post-combustion CO, capture. However, there Received: October 22, 2025
are limited straightforward and scalable methods for producing N-doped AC with Revised: November 18, 2025
a large surface area, high nitrogen content, and strong CO, adsorption. Thus, this Accepted: February 10, 2026
study aims to synthesize rice husk-derived N-doped AC by optimizing the surface Published: March 31, 2026

morphology and nitrogen functionality to enhance CO, capture efficiency and to
quantify adsorption, correlating the gains with BET surface area and Keywords:
microporosity. Rice husk was carbonized via pyrrole-assisted pyrolysis at 450 °C for

- . . . . ) Chemical activation; CO,
45 min with a 9o min dwell, the carbonized rice husk was then activated chemically

adsorption; N-doped AC; post-

using a 4:1 ratio of KOH to carbonized rice husk, heated to 800°C at a ramp rate of doping method; Rice husk

15 °C per min under a flow of N, gas at 150 ml/min for 60 min, Subsequently, N-
doping was performed by immersing the activated carbon in a urea solution with a
mass ratio of 4:1 (urea solution to AC) at 600°C for 60 min. The obtained N-doped
AC exhibits a remarkable surface area of 2986.6 m?/g and a significantly enhanced
CO, adsorption capacity of 6.5 mmol/g under ambient conditions. Incorporating
approximately 6% nitrogen into the carbon structure optimizes its porosity and
structural properties. The integrated carbonization, activation, and urea post-
doping sequence provides a reproducible pathway to high-performance, waste-
derived CO2 sorbents, highlighting rice husk as a viable feedstock and
underscoring the synergistic roles of micro/mesoporosity and nitrogen
functionalities in boosting physisorption-dominated CO, capture.
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INTRODUCTION

Atmospheric carbon dioxide (CO,) is the primary driver of current climate change, and

alongside emission mitigation efforts (Jones et al., 2023), point-source capture remains an

urgent priority (Martin-Roberts et al., 2021). Among capture routes, solid adsorption on

porous carbons is attractive because the sorbents are regenerable, composition-tunable (Bari
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& Jeong, 2023), and manufacturable from low-cost wastes (Z. Li et al., 2025). Activated
carbon (AC) is a high-surface-area, micro/mesoporous material produced by carbonizing a
precursor and activating it to open a network of pores (Joia, Atamanoyv, et al., 2024). When
AC is doped with nitrogen, nitrogen atoms are introduced into the carbon lattice or grafted
onto its surface; the resulting basic and polar sites can strengthen CO, surface interactions
(Spessato et al., 2022). In this context, adsorption refers to CO, molecules adhering to
internal surfaces (especially within ultramicropores <0.8 nm), as distinct from absorption into
a bulk phase. “Post-doping” denotes introducing nitrogen after base AC has been formed, in
contrast to in-situ co-doping during carbonization/activation. This study develops a novel,
cost-effective post-doping method to produce nitrogen-doped activated carbon (N-doped
AC) from rice husk for enhanced CO, adsorption.

The rationale is threefold. First, although nitrogen doping often increases CO, uptake,
conventional routes can be costly, reagent-intensive, or harsh enough to collapse pores and
reduce ultramicroporosity, which governs near-ambient adsorption (T. Li et al., 2023).
Second, biomass sources differ widely; rice husk, an abundant, silica-rich residue generated
at scale in rice-producing regions, offers a consistent, inexpensive feedstock and a clear
circular-economy opportunity. Converting rice husk into high-value CO, sorbents reduces
waste burdens while displacing petroleum-derived precursors (Chew et al., 2023). Third, post-
doping separates texture generation from surface functionalization: producers can first
manufacture a robust, texturally optimized AC and then tune nitrogen content in a
subsequent, modular step. This decoupling can simplify scale-up, enable retrofits to existing
AClines, and allow precise control over nitrogen incorporation intensity (Karimi et al., 2023).

Despite these advantages, a persistent problem continues to limit deployment. Existing
protocols often exhibit low nitrogen incorporation efficiency, defined here as the fraction of
nitrogen precursor converted into stable nitrogen within the carbon while consuming
significant energy or damaging microporosity (Geng et al., 2016). The literature lacks clear
processing windows for rice-husk-derived AC that simultaneously (a) preserve or enrich
ultramicropores and high accessible surface area, (b) introduce sufficient nitrogen to increase
CO, affinity at 273-298 °K and flue-gas-relevant partial pressures, and (c) keep consumables,
energy, and cycle times low enough to be cost-competitive. This gap impedes techno-
economic assessment and slows the translation of laboratory materials into practical
sorbents.

Accordingly, the problem addressed here is how to design and optimize a post-doping
strategy for rice-husk-derived AC that maximizes nitrogen incorporation efficiency and CO,
uptake without sacrificing key textural attributes or inflating process cost. The overarching
aim is to investigate and optimize post-doping processes, focusing on improving nitrogen
incorporation efficiency and CO, uptake performance.

To achieve this aim, the study pursues two specific objectives:
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1. Implement a novel post-doping method and systematically optimize parameters,
including the amount of nitrogen precursor, treatment temperature, and time to
maximize nitrogen incorporation while preserving or enhancing the microporous
structure of the carbon material.

2. Quantify CO, adsorption under relevant temperatures and pressures and relate capacity
gains to textural metrics (e.g., BET surface area and micropore volume) to identify the
dominant drivers of performance.

These objectives motivate the following research questions and working hypotheses,
framed within an empirical, optimization-oriented study. Can a scalable post-doping route
be applied to a baseline rice-husk-activated carbon to increase near-ambient CO, uptake by
maximizing nitrogen-incorporation efficiency while preserving or improving microporosity
relative to the undoped baseline? We hypothesize that post-doped rice-husk AC will exhibit
a statistically significant increase in CO, uptake relative to the baseline, without a decrease in
micropore volume or a second. At near-ambient conditions, CO, capacity correlates more
strongly with ultramicropore volume and specific N functionalities (pyridinic/graphitic
fractions) than with total BET surface area or total nitrogen.

Scientifically, the study will clarify how post-doping parameters control nitrogen
incorporation efficiency and the textural features that most strongly govern CO, uptake in
rice-husk carbons. Practically, it aims to deliver a low-cost, modular protocol compatible with
existing AC infrastructure and abundant agricultural waste. By aligning material performance
with process simplicity, the work seeks to advance both understanding and scalability of
waste-derived N-doped AC sorbents for CO, capture.

MATERIALS AND METHODS

Rice husk, a sustainable and cost-effective raw material, was obtained from local agricultural
sources and used as the precursor for activated carbon synthesis due to its high carbon
content, inherent porosity, and low ash levels (Menya et al., 2018). Ensuring sustainable
sourcing and compatibility with activation methods enhances its efficiency and quality,
guiding the preparation of high-quality N-doped activated carbon for optimal adsorption
properties (Kundu et al., 2024). Before use, the rice husk was cleaned to remove extraneous
materials and mixed plant straw, thoroughly washed three times with distilled water, and
dried at room temperature for two days. The dried material was ground in a grinder and
sieved to obtain particles of 100 um (Figure 1).

Potassium hydroxide (KOH, 285% purity, Merck, Germany) was employed as the
chemical activating agent, while urea (299% purity, Sigma-Aldrich, USA) served as the
nitrogen source for post-doping. All chemicals were of analytical grade and used without
further purification. Deionized water was used throughout all experimental procedures.
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Preparation of Activated Carbon

The carbonization process began by heating 8o g of ground rice husk in an iron reactor at
450 °C for 45 min, followed by go min at the same temperature before cooling (Figure 1). The
carbonized material was then transferred to a washing step, where sodium hydroxide was
used to decompose lignin and hemicellulose and to remove impurities. This process also
formed soluble salts or hydroxides, ensuring effective separation of undesirable compounds.
This procedure was continued until the solution reached a neutral pH, after which the
material was washed with distilled water and dried for three days.

The activation step involved mixing 20 g of the carbonized material (1/4 mass ratio) with
8o g of KOH, which was finely ground before processing. The mixture was heated in an iron
reactor to 8oo °C over 8o min at a controlled heating rate of 10 °C/min. The material was held
at 800 °C for 60 min, then cooled to 300 °C for 180 min. The reactor was removed and allowed
to cool naturally, ensuring that the material stabilized at ambient temperature. A continuous
flow of nitrogen gas at 150 mL/min was maintained throughout the activation phase for
consistency (Figure 1). After activation, the material was thoroughly washed with distilled
water and agitated until the pH reached neutral. Higher temperatures accelerate the reaction
between KOH and the carbon matrix, forming K.CO; and leading to further reactions in the
carbon matrix (equation 1). At temperatures above 800 °C, the potassium vapor expands the
network, while the CO, and H.O reactions etch the carbon structure and enhance pore
formation (equation 2-5). At 9goo °C, mesopore formation increases, but causes erosion of the
carbon matrix and reduced efficiency. Optimizing the balance between micro- and
mesopores improves supercapacitor performance and CO, adsorption capacity.
6KOH + 2C — 2K + 3H2 + 2K2C03 (2)

Reduction of KOH by carbon produces metallic K, hydrogen gas, and potassium carbonate.
Metallic K intercalates into the carbon lattice, expanding pores.

2KOH — K20 + H20 (2)
Thermal decomposition of KOH at high temperature.

C+ H20 — CO+ H: (3)
Steam gasification of carbon contributes to pore formation.
K2C03 — K20 + CO2 (4)
Decomposition of potassium carbonate releases CO, gas.
CO:+C— CO (5)

CO, reacts with carbon, further etching the matrix and generating additional porosity.
Nitrogen Doping Procedure

After the activation step, the nitrogen doping process was carried out using the post-doping
method by mixing the urea-carbon solution in a 1 AC:4 urea:3 KOH ratio. The process began
by preparing the urea solution, ensuring homogeneous distribution before adding carbon,
and stirring for 24 h to facilitate nitrogen replacement. Ultrasound treatment enhanced
molecularinteractions and created a uniform doping environment prior to 4 hours of thermal
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doping at 200 °C (Figure 1). The material was then brought to neutral pH using distilled water
and a magnetic stirrer to stabilize its chemical composition. Finally, air drying at ambient
temperature preserved the integrity of the doped material for further applications.

Grinded rice husk
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Figure 1. The sample preparation, carbonization, activation, and nitrogen doping steps in the production of N-
doped AC
FINDINGS

A variety of characterization techniques, including Brunauer-Emmett-Teller (BET) surface
area analysis, X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier
transform infrared spectroscopy (FTIR), were employed to examine the structural, chemical,
and surface properties of the N-doped activated carbon samples.

The specific surface areas of AC and N-doped were determined by the BET method using
N, adsorption—desorption isotherms at 77.3 °K after vacuum degassing to remove surface
contaminants. BET surface area was calculated from the linear region of the isotherm (P/Py =
0.04—0.30), while pore volume and pore size distribution were obtained using H-K and NLDFT
models. N-doped AC exhibited a higher surface area and micropore volume than pristine AC,
attributed to nitrogen doping, which promotes pore development and generates additional
surface defects and active sites. The enhanced surface area increases the number of
accessible adsorption sites. At the same time, nitrogen functionalities improve surface
polarity and adsorbate—adsorbent interactions (electrostatic attraction, hydrogen bonding,
and m—Ttinteractions), resulting in superior adsorption performance of N-doped AC (Table 1).
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Table 1. Show the surface area and porosity of activated carbon and nitrogen-doped activated carbon.

AC Nitrogen-doped AC

S et 2019.5 m?/g S et 2986.6 m?/g
Langmuir specific surface area 3194.9 m3/g Langmuir specific surface area 4065.5m?/g
Micropore volume (<2.03 nm) 0.8 ml/g Micropore volume (s2.07 nm) 1.08 ml/g
Total pore volume of (<2.54 nm) 0.9 ml/g Total pore volume of (2.54 nm) 1.3 ml/g
Pore Size (Original) Median Pore 0.9nm Pore Size (Original) Median 0.9 nm
Width Pore Width

Micropore Volume (P/Po=0.127) 0.7mllg Micropore Volume (P/Po=0.119) 0.9 ml/g

By comparing the surface area and porosity of activated carbon and N-doped AC, we
clearly see that post-doping strongly affects porosity and surface area, and this method
demonstrates its effectiveness for nitrogen doping of activated carbon. And also according
to nitrogen adsorption isotherms (Figure 2), we can see that the doping process strongly
increases the adsorption capacity of activated carbon.
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Figure 2. The adsorption isotherm of activated carbon with N.. And c) is its log plot, b) Show the adsorption
isotherm of N-doped AC with N2 and d) is the log format plot
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To determine the micromorphology of the carbonized and N-doped material, scanning
electron microscopy (SEM) was performed (Figure 3). The carbonized rice husk exhibited an
irregular and compact morphology with limited porosity (Figure 3a). After KOH activation,
the activated carbon (AC) exhibited a smoother, more uniform surface with numerous newly
formed pores, confirming the effectiveness of the activation process (Figure 3b). In
comparison, nitrogen-doped activated carbon (N-AC) displayed a more developed porous
structure characterized by abundant micropores and slit-like openings (Figure 3c). Elemental
mapping further confirmed the uniform distribution of carbon and nitrogen in N-AC (Figure
3d), indicating successful nitrogen incorporation. Overall, N-AC exhibited superior structural
development compared to both carbonized rice husk and pristine AC, which is expected to
enhance its adsorption performance.

Figure 3. The SEM images. a) SEM image of carbonized rice husk, b) SEM image of AC achieved from rice husk, c)
SEM image of N-doped AC, d) Elemental mapping for nitrogen atoms in the structure of N-doped AC

The X-ray diffraction (XRD) pattern shown in (Figure 4a and b); depicts the structural
differences between the simple activated carbon and the nitrogen-doped ones. In (Figure 4a),
which signs of simple activated carbon, the peak at 44 degrees is a little smaller than in (Figure
4b), the nitrogen-doped sample. This contradictory shows that the doping makes the (100)
crystal plane more numerous in the porous carbon's crystalline structure. The X-ray
diffraction discloses details about the atoms' positions in the crystalline lattice of the
material. Pockets in the XRD pattern are the crystal planes that are the specific lattice in the
crystal. Thus, in this instance, the representation of peaks at around 20 = 25 and 44 degrees
is due to the diffraction of the (002) and (100) crystal planes of graphitic carbon, respectively.

The (002) plane depicts the stacking of graphene layers within the crystal lattice; on the
other hand, the (100) plane depicts the outline of the carbon atoms in each layer. Through
the analysis of the variation or magnitude of these peaks in the XRD pattern, one can
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determine the changes in the percentages or arrangements of these crystal planes. Within
the experiment, the larger peak at 44 degrees in the nitrogen-doped sample indicates a
greater alignment of the (100) crystal plane than in the simple activated carbon. This change
in the crystalline structure implies that the atoms within the porous carbon have been
rearranged by nitrogen doping, which can be used to improve the material's properties for
certain applications.
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Figure 4. a XRD pattern of activated carbon. b) N-doped AC

Based on the FTIR analysis (Figure 5), several nitrogen functionalities were identified in
the N-doped AC. The strong C—N stretching vibrations observed at 1099, 1040, and 1086 cm™?
indicate the presence of amine or aliphatic C—N groups (Alabadi et al., 2016). The absorption
bands in the 1300-1600 cm™ region are attributed to pyridinic nitrogen, amide groups, and
C=N (imine-type or graphitic-related) nitrogen species. Vibrations occurring between 2800-
3000cm-1 indicate the presence of -CH- bonds or alkyl groups within the activated carbon
structure, Furthermore, the broad peaks at 3200-3450 cm™ correspond to N-H stretching
vibrations, confirming the existence of pyrrolic type nitrogen (Guo et al., 2024). Overall, the
FTIR analysis suggests that nitrogen is incorporated mainly as pyridinic-N, Amide-N, C-N
(amine-type), and C=N-related nitrogen species within the N-doped AC framework.

(N-H) (-CH) bonds Amides, N-doped AC (a)
starching of alkyl or pyridines, N-doped AC (b)
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Figure 5. lllustration of FTIR analysis results for determination of various functional groups vibration area of
nitrogen doped samples and activated carbon
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Co2 Adsorption Performance

N-doped AC shows remarkable improvements in CO, adsorption due to its special properties.
The nitrogen functional groups enhance chemical bonding with CO. molecules, boosting
adsorption efficiency. This functionalization raises surface heterogeneity, creating more
active sites and improving selectivity. Nitrogen doping also reshapes the pore structure,
expanding surface area and pore volume for better CO, accommodation. The increased
porosity allows more CO, to settle on the surface and deep inside the pores, maximizing
adsorption capacity (Ding et al., 2016). Enhanced thermal stability makes nitrogen-doped
carbon ideal for high-temperature CO, capture applications. A larger surface area offers more
active adsorption sites, strengthening interactions between CO, molecules and the carbon
surface. This broad surface also promotes faster CO, diffusion into the porous network,
optimizing adsorption performance (Alabadi et al., 2020). N-doped AC is a strong candidate
for CO2 capture and storage. Its unique blend of chemical functionalization, porosity,
heterogeneity, and stability delivers outstanding CO, capture capabilities. The combination
of nitrogen doping and large surface area ensures highly efficient CO, adsorption. Continued
research into this material could push forward carbon capture technologies and help reduce
greenhouse gas emissions (Taurbekov et al., 2023).
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Figure 6. Presents the CO, adsorption isotherms of activated carbon and N-doped AC. a) exhibit the CO:
adsorption isotherms for simple activated carbon from rice husk at 273 °K and 298 °K. b) Show the CO.
adsorption capacity for N-doped AC at 273 °K and 298 °K

(Figure 6a and b); depict the CO. adsorption isotherms of two distinct samples: simple activated carbon,
and N-doped AC made from rice husk. The isotherm plots show the differences that are not so easily seen
between the two materials. (Figure 6a) shows that the simple activated carbon has an adsorption capacity of
4.5smmol/g at 1 bar pressure. But, in (Figure 6b), the N-doped AC proves that the adsorption capacity is so much
higher, the adsorption capacity is increase from 4.5 mmol/g to 6.5 mmol/g.

The drastic improvement in the adsorption capacity that is proved by this research is a
clear proof of the great influence that the doping process has on the porosity of the activated
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carbon. The insertion of nitrogen into the carbon matrix not only modifies its structural
characteristics but also opens up new ways for CO, to be adsorbed. The damage is caused by
different physical and chemical interactions of the CO, molecules with the nitrogen atoms
that are doped in the crystalline structure of activated carbon.

DISCUSSION

Nitrogen post-doping significantly enhanced the textural properties of activated carbon,
increasing the BET surface area from 2019.5 m2 g7 (AC) to 2986.6 m? g1 (N-doped AC)
(~47.9%), accompanied by notable increases in micropore (+35%) and total pore volumes
(+44.496). Correspondingly, the CO, adsorption capacity at 1 bar increase from 4.5 mmol g1
for AC to 6.5 mmol g1 for N-doped AC (~44.4%). The close proportionality between the
increases in micropore volume and CO, uptake indicates that adsorption is primarily
governed by the development of accessible microporous surface rather than macroscopic
morphological changes. This behavior agrees well with previous reports demonstrating that
microporosity, particularly ultramicropores, dominates CO, physisorption at near-ambient
conditions (Sai Bhargava Reddy et al., 2021), (Sevilla & Fuertes, 2011).

A more rigorous evaluation using surface area normalized uptake reveals nearly identical
values (~2.23 mmol per 1000 m2 for AC versus ~2.18 mmol per 1000 m? for N-doped AC),
suggesting that nitrogen doping does not substantially alter adsorption efficiency on a per-
area basis. However, when normalized to micropore volume, CO, capture increases from 5.63
to 6.02 mmol mL (~7%), indicating improved utilization of micropores in N-doped AC. This
enhancement is attributed to the formation of additional ultramicropores (<0.7 nm), which
provide stronger adsorption potentials through overlapping van der Waals fields and are
known to be particularly effective for CO, capture at 273-298 °K and <1 bar. The nearly
unchanged median pore width (~0.9 nm) supports the notion that nitrogen doping
redistributes pores within the micropore regime rather than shifting average pore size, a
phenomenon commonly associated with improved CO, capacity (Sevilla et al., 2013).

SEM analysis further corroborates these findings. The carbonized rice husk exhibits an
irregular and relatively dense morphology with limited porosity, explaining its poor
adsorption performance. After KOH activation, AC develops a smoother surface with
abundant pores, greatly enhancing surface accessibility and adsorption sites. Upon nitrogen
doping, N-doped AC displays a more highly developed porous structure with interconnected
micropores and slit-like openings, facilitating faster diffusion and improved CO,
accommodation. These morphological transformations directly contribute to the superior
adsorption capacity of N-doped AC by providing both increased pore connectivity and
greater exposure of internal adsorption surfaces (Sanchez-Sanchez et al., 2014).

FTIR analysis confirms successful nitrogen incorporation into the carbon framework in
the form of pyridinic-N, pyrrolic-N, Graphitic-N, C-N (amine-type), and C=N-related
functionalities (Figure 7). These nitrogen configurations collectively enhance CO, capture by
increasing surface basicity, polarity, and electronic density, thereby strengthening
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quadrupole—dipole and acid-base interactions between CO, molecules and the carbon
surface (Wood & O'Hayre, 2014). Pyridinic nitrogen, located at the edges of graphene layers,
provides strong Lewis basic sites and lone-pair electrons that interact effectively with acidic
CO,, significantly improving adsorption capacity (Ye et al.,, 2024). Pyrrolic nitrogen,
incorporated within five-membered rings, contributes to surface polarity and overall basicity,
further promoting CO, uptake (Liu et al., 2025). Graphitic nitrogen, embedded within the
graphene lattice, enhances m-electron distribution and structural stability, indirectly
benefiting CO, adsorption by improving electronic properties and adsorption-site
accessibility (Shibuya et al., 2022). Although physical adsorption governed by microporosity
remains the dominant mechanism, these chemically active nitrogen functionalities provide
additional adsorption affinity, acting synergistically with the developed pore structure to
yield the enhanced CO, performance observed for N-doped AC (L. Li et al., 2016)

Despite the observed enhancements, this study presents certain limitations. The
experiments were performed under controlled laboratory conditions (273—298 K, <1 bar),
which may not fully replicate the complex operational environments encountered in
industrial CO, capture. Moreover, the long-term stability, regeneration performance, and
scalability of the N-doped activated carbon were not assessed. Future investigations should
prioritize evaluating the material under realistic flue gas conditions, examining alternative
nitrogen doping strategies to optimize functional group distribution, and assessing the cyclic
adsorption—desorption behavior to establish its potential for sustainable and large-scale CO,
capture applications.
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Figure 7. Show the different type of nitrogen atoms in the structure of N-doped AC, Reproduced by permission
(Wood & O’Hayre, 2014)
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CONCLUSION

This study reports the successful synthesis of N-doped AC through a novel post-doping
method, resulting in a material with significantly enhanced CO, adsorption performance.
SEM analysis highlighted distinct morphological differences: raw rice husk exhibited a
compact, irregular structure; AC developed increased porosity and smoother surfaces
following KOH activation; and N-doped AC showed a highly developed microporous network
with slit-like openings, providing greater accessibility to adsorption sites. BET analysis
confirmed a significant enhancement in surface area, from 2019.5 m?/g for ACto 2986.6 m?/g
for N-doped AC, along with expanded micropore and total pore volumes, directly supporting
higher CO, capture efficiency. FTIR characterization revealed the presence of nitrogen
functional groups, including pyridinic-N, amine-N, and C=N species, which act as Lewis base
sites to strengthen chemical interactions with CO,. The combination of enhanced textural
properties and nitrogen functionalities explains the superior CO, adsorption capacity of N-
doped AC (6.5 mmol/g) relative to AC and raw rice husk. Future research should aim to
optimize synthesis strategies and explore alternative nitrogen-doping approaches to
improve material quality and scalability. Such advances could position N-doped AC as a key
material for CO, capture and sustainable environmental technologies, representing a
significant step toward a greener future.
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