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Developing sustainable carbon materials from agricultural waste offers promising solutions to both energy-
storage and water-treatment challenges. This study reports the synthesis of a nitrogen-doped Tondolo-
derived activated carbon (N-TAC), an underexplored African wetland sedge whose fibrous morphology
directs pore architecture. Rather than conventional dry mixing, K;COz and urea were co-dissolved and
intimately blended with the finely reduced Tondolo precursor. This reagent-level homogeneity enabled
a single pyrolysis at 700 °C in which carbonisation, chemical activation, and nitrogen doping proceeded
concurrently. The N-TAC Near-surface nitrogen functionalities (pyridinic, pyrrolic, and graphitic) proved
decisive in enhancing both electrochemical and adsorptive performance. Three-electrode
characterization in 1 M NaNOs revealed coexisting EDLC and pseudocapacitive mechanisms, with a low
ESR of 2.05 Q and relaxation time constant of 0.87 s confirming rapid ion diffusion kinetics. Trasatti
deconvolution and Dunn's method reveal that pyridinic and pyrrolic sites selectively amplify
pseudocapacitive contributions (63-71%) in the positive potential window, a window-dependent
asymmetry not previously reported for neutral-electrolyte biomass carbons. The assembled symmetric
device delivered 121 Wh kg™! with 94% capacitance retention after 10000 cycles. For water
remediation, N-TAC achieved 99.9% methylene blue removal at 50 ppm with an adsorption capacity of
557.6 mg g~ governed by chemisorption via electrostatic and m—m interactions, best described by
pseudo-second-order kinetics (R? = 0.97) and the Temkin isotherm (R? = 0.958). These results position

N-TAC as a competitive sustainable material at the water—energy nexus, with future perspectives
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1. Introduction

The development of multifunctional carbon materials
addresses critical challenges in energy storage and water
remediation."” Supercapacitors require electrode materials with
high specific surface area, tunable porosity, and heteroatom
doping to enhance both electrical double-layer capacitance and
pseudo capacitance."* Simultaneously, water contamination
by persistent organic pollutants such as methylene blue,
a cationic dye widely used in textiles and known for its stability
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and toxicity, demands efficient adsorbents with high surface
area and favourable surface chemistry for electrostatic and -7
interactions.®

Agricultural waste-derived activated carbons offer a sustain-
able approach to both applications, converting biomass into
high-value functional materials.”® Activated carbon (AC) can be
considered a vital solution for sustainable water and energy
management.”*® The material's intricate three-dimensional
network of interconnected pores creates an exceptional plat-
form for pollutant capture, molecular separation, and water
purification.” This structural configuration maximises oppor-
tunities for surface interactions between contaminants and
active sites, establishing the material as particularly valuable for
deployment in continuous-flow adsorption systems for water
remediation.” AC versatility makes it also suitable for energy
storage systems, particularly as electrode material in electric
double-layer capacitors (EDLCs), which store charges through
rapid electrostatic adsorption of electrolyte ions, forming elec-
tric double layers, and enabling swift energy storage and
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release."®* The efficiency of activated carbon in dye adsorption
and EDLC applications is significantly influenced by its pore
size distribution and surface chemistry.” AC with optimal
porous structures, comprising micropores and mesopores,
exhibits enhanced physicochemical properties.*

Various organic waste materials, rich in carbon, have been
successfully converted into activated carbon including coconut
shells, fruit peels (banana," orange,'® avocado,' and mango-
steen'*?*?"); peanut shells,” wallnuts,® Amarula seed husks,"
cow heel,> human hair,> and so on. These works established
that biomass composition, particularly lignocellulosic content,
directly influences the porosity and surface chemistry of
resulting activated carbons.>**” Despite this diversity of
precursors, most reported agricultural waste-derived carbons
originate from widely cultivated, globally abundant crops.
Carbon precursors derived from regionally endemic or under-
explored fruit species remain significantly underrepresented in
the literature, representing an untapped opportunity to valorise
locally available waste streams while tailoring carbon properties
through precursor-specific lignocellulosic compositions.

Surface modification techniques, such as functionalization
and doping with heteroatoms, further improve electrochemical
performance by enhancing wettability, electrical conductivity,
and introducing redox-active sites.'**®* Notably, heteroatom
doping, particularly with nitrogen, creates beneficial defects,
increases electronegativity, and boosts charge-discharge, self-
discharge, and capacitance properties.> Additionally, the
generated nitrogen atoms create various functional groups that
serve as active sites with localized negative charge, promoting
strong electrostatic interactions with cationic pollutants like
methylene blue.?**** The combined effect of these chemical and
physical modifications results in substantially higher adsorp-
tion capacities, faster kinetics, and improved selectivity.*
Furthermore, recent advances have shown that nitrogen doping
via urea or melamine treatment enhances both electrochemical
performance and adsorption capacity through the introduction
of pseudocapacitive sites and electrostatic interactions.
However, most reported synthesis protocols involve multi-step
processes including pre-carbonisation followed by separate
activation and heteroatom doping stages, increasing produc-
tion time, energy consumption, and overall cost. In the present
work, this limitation is addressed through a process-engineered
single pyrolysis approach in which K,CO; and urea are co-
dissolved in water and combined with Tondolo biomass
reduced to sub-5 pm particles by ball milling. The resulting
reagent-level homogeneity ensures that carbonisation, chemical
activation, and nitrogen doping proceed concurrently during
a single pyrolysis, eliminating intermediate stages while max-
imising nitrogen incorporation and reagent-precursor contact
during pore development.

Tondolo, a wild indigenous fruit tree native to sub-Saharan
Africa, has recently been demonstrated as a viable nitrogen-
doped activated carbon precursor with promising capacitive
performance.” However, the mechanistic underpinning of its
charge storage behavior, its practical device-level performance,
and its potential for methylene blue remain unreported, rep-
resenting significant knowledge gaps that limit the broader
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valorisation of this indigenous biomass. Building on this
foundation, the novelty of the present work is threefold: (i)
comprehensive mechanistic charge storage characterisation of
N-TAC through power law analysis, Trasatti deconvolution, and
Dunn's method, quantitatively establishing the pseudo-
capacitive nature and potential-dependent asymmetric
behavior of the material in neutral aqueous electrolyte; (ii)
fabrication and electrochemical evaluation of a symmetric N-
TAC//N-TAC supercapacitor device operating at 1.7 V with full
performance benchmarking; and (iii) introduction of N-TAC as
a bifunctional material through comprehensive methylene blue
adsorption studies encompassing kinetic and equilibrium
isotherm analysis, establishing its dual applicability at the
water-energy nexus.

2. Experimental
2.1 Material and synthesis

2.1.1 Synthesis of activated carbon derived from Tondolo
peels. Aframomum alboviolaceum, commonly known as Ton-
dolo, is a perennial herbaceous plant native to tropical Africa.**
Characterized by its deep-creeping rhizomes, Tondolo produces
sturdy stems reaching up to 3 meters in height and bears fruits
at its base. Tondolo-derived activated carbon (TAC) was
synthesized following our previously published method."
Briefly, Tondolo peels from Gambela market (DRC) were
washed, dried (60 °C, 12 h), and milled. The crushed peels were
mixed with K,CO; (1: 1 mass ratio) and deionized water, dried,
then carbonized at 700 °C for 2 h under Argon flow. The
material was acid-treated (3 M HC, 5 h), washed to neutral pH,
and dried to yield TAC.

2.1.2 Synthesis of nitrogen-doped activated carbon from
Tondolo peels. Nitrogen-doped Tondolo-derived activated
carbon (N-TAC) was synthesized via a process-engineered single
pyrolysis approach designed to achieve reagent-level homoge-
neity between the precursor and chemical agents.”** In brief,
Tondolo peels were first subjected to ball milling until a particle
size below 5 pym was obtained. K,CO; and urea were co-
dissolved in deionized water at a mass ratio of 1:1:1 with
respect to the Tondolo biomass and the resulting solution was
thoroughly combined with the milled peels. The mixture was
dried to remove residual moisture prior to thermal treatment.
The dried precursor was placed in a tube furnace at 700 °C for
2 h under argon flow, during which carbonisation, chemical
activation by K,COj3, and nitrogen doping by urea decomposi-
tion proceeded concurrently. The material was subsequently
acid-treated (3 M HC]l, 5 h), washed to neutral pH, and dried to
yield N-TAC.

2.2 Characterization

The materials textural properties were analysed with a NOVA-
touch LX?-Quanta Chrome pore size distribution and surface
area analyzer (BET technique, P/P, = 0.05-0.95). Microscopy
images were acquired using a Zeiss Ultra Plus 55 FE-SEM (2.0
kv). Raman spectroscopy was performed using a WITec Alpha
300 RAS+ (523 nm, 4 mW, 120 s). X-ray photoelectron

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (XPS) measurements were conducted with a VG
Escalab 220i-XL instrument (Al-K source, 0.6 eV).

2.3 Electrochemical measurements

Electrodes were prepared by mixing 80% active material, 10%
polyvinylidene difluoride (PVDF), and 10% conductive carbon
acetylene black. N-methyl-2-pyrrolidone (NMP) drops formed
a slurry, which was pasted onto 1 cm” Ni-foam current collec-
tors. The electrodes were dried at 60 °C for 12 hours. Active
material mass loading ranged from 2.5 to 3 mg cm™>. This mass
loading range was selected based on previous studies that
demonstrated optimal electrochemical performance through
balanced ion transport and electronic conductivity.” Since the
primary objective was to investigate nitrogen doping effects,
maintaining consistent mass loading was essential to ensure
reliable inter-sample comparisons and minimize mass-related
variations in electrochemical measurements.

A Biologic VMP300 potentiostat with EC-Lab V11.33 software
was used for two- and three-electrode analyses. The three-
electrode setup consisted of a working electrode (synthesized
material), a counter electrode (Glassy Carbon), and a reference
electrode (Ag/AgCl). Measurements were conducted in 1 M
NaNo; as the electrolyte at room temperature. CV analysis was
performed against the Ag/AgCl reference electrode at multiple
scan rates and working potentials (—0.9 to 0.0 V and 0.0 to 0.8
V). GCDs were performed at various specific currents within CV
potential ranges. EIS measurements were taken at frequencies
from 100 kHz to 10 mHz.

The specific capacitances (Csp) from the discharge slope of
the Galvanostatic Charge-Discharge (GCD) curves was deter-
mined using the following formula:**

IA?

Cop= o
P AVm

1)
with m: the mass of the electrode; I: the applied current, At: the
discharge time, and AV: the potential window.

Eqn (2) was used to estimate how much charge is stored on
each electrode as follows:*

me O

m_ Oy

(2)

To ensures an optimal mass ratio between the two electrodes
for balanced charge storage in the device, the mass balance was
calculated using:*

Csp+ MyAVy = Cyp_ m_AV_ (3)

where:Cg, ; and Cyp, _ = specific capacitances of the positive and
negative electrodes (F g~ ').m, and m_ = masses of the positive
and negative electrodes (g).AV, and AV_ = potential windows of
the positive and negative electrodes (V).

The specific capacitance (Cgingle) Of a single electrode in the
device was calculated using:*

2IAt 4 At
Cngietr) = —37= Rpar “
A _
2
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where:Cgingle(sp) = Single-electrode specific capacitance (F g NI
= applied current (A).At = discharge time (s).AV = device
voltage (V).M, = total mass of both electrodes (g).

The device's specific energies (E;) in joules per gram (Wh
kg™ ") and their specific powers (P, w kg~ ') were determined
using eqn (5) and (6) as follow:®

1 > 1000 X Chngie(sp) X (AV)’
Es = 7 Csingle(s A =
3 Coinesn) (AV') 2 % 4 x 3600 (5)
where, Cgingie = device single electrode capacitance, and
E
P, = 3600 x — 6
L= 3600 % (©

where, At = device's discharge time.
The coulombic efficiencies were obtained from the GCD
curves via equation below:**

4 Ldischarge
&Y = T

x 100 (7)

14 charge
2.4 Adsorption studies

Dye adsorption experiments were conducted to evaluate the
purification capacity of the synthesized TAC and optimized N-
TAC using various Methylene Blue solution concentrations.*

The adsorption efficiency of TAC versus N-TAC was evaluated
using Methylene Blue removal from 60 ppm aqueous solutions.
For dosage optimization, N-TAC was tested at three masses (10,
20, and 30 mg) to establish optimal removal parameters.

Batches of 10 mg N-TAC were dispersed in 50 mL Methylene
Blue solutions (20-150 ppm) and agitated at 25 °C. UV-vis
measurements were recorded at intervals from 0-60 minutes for
kinetic analysis, with equilibrium values determined after 24 hours.

Dye concentrations were calculated from UV-vis absorbance
using Beer's Law:*’

A = ¢ebc (8)

where A is absorbance, ¢ is molar absorptivity (7.4 x 10" L
mol ' em™"), b is path length (1 cm), and ¢ is molar concen-
tration. Molar concentrations were converted to mass concen-
trations (ppm) using:**

Concentration (PPM) = C (mol 17"
x MW (g mol™!) x 1073 (9)

The adsorption capacities at time ¢ (q,) were calculated using
the following equations:*
G -G
= —X

qr = Vv

— (10)

where:q; = adsorption capacity (mg g ').C, = concentration of
methylene blue before adsorption time ¢ (ppm).C, = concentration
of methylene blue at time ¢ during adsorption (ppm).V = volume of
methylene blue solution (L).m = mass of TAC/N-TAC (g).
The adsorption at equilibrium (after 24 hours) (g.) was
determined as follows:*
G -G

e = ——xV

_ (11)
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where:q. = adsorption capacity at equilibrium (mg g ').C, =
concentration of methylene blue before adsorption time ¢
(ppm).C. = concentration of methylene blue at equilibrium
(ppm).V = volume of methylene blue solution (L).m = mass of
N-TAC (g).

The methylene blue rate of removal efficiency (R = removal
efficiency (%)) was determined as follows:*

G -G

R(O/O) = T x 100
0

(12)

2.5 Reproducibility

All experimental measurements were conducted in triplicate
(n = 3). BET surface area measurements showed standard
deviations below 3%, while electrochemical measurements
demonstrated variations within +£5%. Cycled electrodes were
recovered, rewashed, and reassembled into new cells, con-
firming performance retention within +5%. Adsorption
experiments yielded dye removal standard deviations below
2%. Multiple independent synthesis batches confirmed the
robustness and scalability of the fabrication protocol, with all
performance variations remaining within +5%.
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3. Results and discussion
3.1 Textural and morphological characterisation

The textural properties and morphology of TAC and N-TAC are
illustrated in Fig. 1. Both materials exhibit Type IVa isotherms
with H4 hysteresis loops (Fig. 1(a)), characteristic of micro-
mesoporous carbons with slit-like pores. N-TAC displays
significantly higher nitrogen uptake than TAC, corresponding
to its enhanced surface area (3504.5 m> g~ versus 2331.15 m>
g ") and micropore volume (Table 1). This surface area
enhancement is attributed to the role of urea-derived nitrogen
species during thermal treatment: the decomposition of urea
generates NH; and HNCO gases that act as additional in situ
activation agents, etching the carbon framework and creating
supplementary micropores beyond those generated by K,CO;
alone.*®** The concurrent nitrogen incorporation stabilizes
newly formed pore walls through C-N bonding, preventing pore
collapse during high-temperature activation and contributing
to the significantly higher micropore volume of N-TAC (1.38 cc
g~ ') compared to TAC (0.86 cc g ). The pore size distribution
(Fig. 1(b)) confirms higher pore volume for N-TAC, while SEM
micrographs (Fig. 1(a;) and (a,)) reveal a disordered porous

Dato:11 Fob 2025  Timo:11:13:47

Fig.1 Textural and morphological characterisation of TAC and N-TAC derived from Tondolo peels via K,COs activation at 700 °C. (a) Nitrogen
adsorption—desorption isotherms showing Type [Va behavior with H4 hysteresis loops; (b) pore size distribution confirming micro-mesoporous
architecture; (a;) and (az) SEM micrographs of N-TAC and TAC respectively, illustrating the disordered interconnected microporous framework at
low and high magnification.
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Table 1 TAC and N-doped derivatives textural properties

Materials TAC N-TAC
Micropore volume (cc g %) 0.86 1.38
Total pore volume (cc g ") 1.61 1.61
Average pore size (nm) 2.14 2.04

carbon framework with interconnected microporous cavities in
both samples, consistent with our previous findings.*

Table 2 presents a comparative analysis of various Nitrogen-
sulfur co-doped activated carbons reported in the literature.
While most of these materials exhibit respectable specific
surface areas reaching 2000 m” g !, none approaches the
exceptional value of 3504.5 m” g~ " achieved by our synthesized
N-TAC. This remarkable surface area highlights the extraordi-
nary textural properties obtained through the synergistic
combination of Tondolo powder, K,CO;, and CH4N,O in the
optimised 1:1:1 ratio. These results not only demonstrate
superior performance metrics but also establish Tondolo as an
outstanding precursor for the synthesis of highly porous carbon
materials. The exceptional surface area of N-TAC directly
contributes to its enhanced adsorption -capabilities and
electrochemical performance, positioning this material at the
forefront of biomass-derived activated carbons for advanced
applications.

3.2 Structural and chemical characterisation

Fig. 2 presents the Raman characterization of TAC (Fig. 2(a))
and N-TAC (Fig. 2(b)). While our previous work reported the
basic Raman spectra, this study provides detailed Gaussian
deconvolution to elucidate structural differences. Both samples
exhibit the characteristic D (~1349.7 cm ™) and G (~1600 cm ™)
bands of carbonaceous materials, with nearly identical Ip/Ig
ratios (0.986 and 0.984, respectively). However, these simple
ratios fail to capture the full structural complexity, necessitating
deconvolution of the 1000-1800 cm ' region. For TAC
(Fig. 2(a)), the D4, Dy, D3, G, and D, components account for
51.36%, 22.27%, 13.97%, 12.12%, and 0.27% of the total area,
confirming a highly defective framework with abundant edge

Table 2 Highly porous plant-based derived activated carbon
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sites generated during K,COj; activation. N-TAC (Fig. 2(b))
exhibits markedly different fractions: 5.05% (D), 11.61% (D,),
46.84% (D3), 25.95% (G), and 10.55% (D,). The reduced D, and
enhanced G contributions indicate partial restoration of
graphitic domains, while the dominant D; band reflects struc-
tural reorganization from nitrogen generation. The pronounced
D, component confirms heteroatom C-N and C-O functional-
ities, consistent with successful nitrogen doping. The partial
graphitization evidenced by the increased G band contribution
in N-TAC is mechanistically significant: graphitic domains
enhance in-plane electron delocalization, directly improving
the electrical conductivity of the carbon framework and
reducing charge transfer resistance at the electrode-electrolyte
interface.® This structural ordering, driven by nitrogen-induced
reorganization of the carbon lattice, complements the pseudo-
capacitive redox activity of pyridinic and pyrrolic nitrogen sites
to collectively enhance electrochemical performance beyond
what surface area alone could achieve.*

The Gaussian fitting achieved R of 0.958 for TAC and 0.92
for N-TAC (Table 3), with modest fit quality reflecting genuine
spectral complexity from overlapping bands. Overall, nitrogen
doping reorganizes the carbon framework by reducing edge
disorder, partially restoring graphitic order, and introducing
surface functionalities, collectively explaining the improved
electrochemical performance and selectivity of N-TAC.

X-ray Photoelectron Spectroscopy (XPS), previously reported
in our earlier work, confirmed the surface chemistry and
elemental composition of TAC and N-TAC (Fig. 3). Survey scans
(Fig. 3(a)) revealed C 1s, O 1s, and O 2s peaks for both samples,
with N-TAC displaying an additional N 1s peak, confirming
nitrogen generated at the near-surface level of the AC (2.75 at%).
High-resolution deconvolution (Fig. 3(b-c2)) identified sp* and
sp® carbon configurations, oxygen functionalities (C-O, C=0,
0-C=0), and four nitrogen species in N-TAC: pyridinic (42.3%,
398.1 eV), pyrrolic (31.5%, 400 eV), graphitic (20.1%, 401.7 eV),
and oxidized forms (6%, 404.5 eV), which collectively enhance
charge storage, conductivity, and adsorptive capacity. The
dominance of pyridinic (42.3%) and pyrrolic (31.5%) nitrogen is
particularly significant. Pyridinic nitrogen creates Lewis basic
sites at edges that facilitate pseudocapacitive redox reactions

Nitrogen source/

Specific surface area

Precursor Dopant Pre-treatment Synthesis strategy (m> g™ Ref.
Octadecyltrichlorosilane NaNH, Yes Low-temperature activation 2965 40
Chitosan Self-doped No One-step preparation 2952 41
EDTA Self-doped No Single-step scalable method 413 42
Bamboo NH; Yes Two-step method 2417 43
EDTA Self-doped No One-step activation 2057 44
Pine sawdust NH; No One-step fabrication 1411 45
Polypyrrole (PPy) Self-doped No One-pot synthesis 2160 46
Corncob NH; No One-step synthesis 1154 47
Rice husk Chitosan Yes Two-step process 1496 48
Arundo donax Self-doped No One-pot synthesis 982 49
Tondolo peels Thiourea No Single pyrolysis-step co-doped 3505 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic characterisation of TAC and N-TAC. (a and b) Raman spectra with five-component Gaussian deconvolution (D4, D, D3, G,
D4 bands) for TAC and N-TAC respectively, confirming partial graphitization and successful nitrogen incorporation in N-TAC. Deconvolution was
performed over the 1000-1875 cm™* range following the protocol of Sadezky et al.52 and FWHM values bounded to physically meaningful limits.

Goodness of fit was evaluated via R? and residual analysis (R? > 0.90 for

and electrostatic attraction of cationic pollutants, while pyrrolic
nitrogen enhances surface wettability through hydrogen
bonding with aqueous electrolytes, improving micropore ion
accessibility.”® Graphitic nitrogen raises the Fermi level to
enhance electrical conductivity, and oxidized nitrogen provides
additional polar sites for electrolyte affinity.>® The synergistic
interplay of these four configurations collectively accounts for
the superior electrochemical and adsorptive performance of N-
TAC over TAC.

The textural, morphological, and chemical characterization
results confirm the successful synthesis of highly porous
nitrogen-doped activated carbons from Tondolo peels. The
carbon recovery analysis demonstrates the suitability of Ton-
dolo peels as a biomass precursor, yielding 16% and 22%
carbon recovery for TAC and N-TAC, respectively, comparable to
conventional precursors such as coconut shells, peanut shells,
and banana peels. This performance stems from the structural
advantages of Tondolo peels, including inherent porosity and
higher nitrogen content, which directly contribute to enhanced
electrochemical and adsorptive capacity. Additionally, the
regional availability of Tondolo fruit in tropical regions presents

all fits).

significant waste management benefits, converting agricultural
waste into valuable functional materials and positioning Ton-
dolo peels as a sustainable and economically viable alternative
to conventional biomass precursors.

The potential reaction mechanisms underlying porous
structure formation and nitrogen doping are illustrated in
Fig. 4. The synthesis parameters were selected based on
previous optimization studies, where 700 °C activation
temperature and K,CO; at a 1:1 precursor-to-activating agent
ratio yielded optimal surface area development and structural
integrity. During thermal treatment, K,CO; engages in redox
interactions with the carbon matrix, forming K-O-C interme-
diates and promoting CO/CO, evolution through carbon gasi-
fication, which creates the hierarchical porous network. For
nitrogen-doped derivatives, CH4;N,O (urea) thermally decom-
poses to serve as the nitrogen source, generating nitrogen
within the developing porous carbon structure. Urea was
selected over alternatives such as melamine and dicyandiamide
due to its superior near-surface N functionalities generation on
carbon. The thermal decomposition of urea proceeds through
isocyanic acid (HNCO) and ammonia (NH;) intermediates that

Table 3 Gaussian deconvolution parameters of Raman spectra for TAC and N-TAC
Sample Peak Position (em™") Width (em™) Area Area (%) Assignment
TAC D, 1340.5 384.6 86183.7 51.36 Disordered graphitic lattice (A;g)
D, 1340.5 123.3 37367.5 22.27 Surface graphene layer (E,g)
D3 1533.9 132.6 23447.2 13.97 Amorphous carbon
G 1597.3 58.8 20344.2 12.12 Graphitic domains (E,g)
D, 1684.2 38.8 448.6 0.27 C-0O/C=0 vibrations
R*=0.958 x> = 446.6
N-TAC D, 1126.1 147.6 4596.9 5.05 Disordered graphitic lattice (A;g)
D, 1344.8 138.2 10574.4 11.61 Surface graphene layer (E,g)
D3 1344.8 224.1 42 671.1 46.84 Amorphous carbon
G 1551.9 149.1 23640.1 25.95 Graphitic domains (E,g)
Dy 1595.0 64.3 9613.1 10.55 C-N/C-O vibrations
R* = 0.920 x> =287.9
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peak exclusive to N-TAC (2.75 at%); (b) high-resolution C 1s spectrum of TAC; (c) high-resolution C 1s spectrum of N-TAC showing sp® and sp>

carbon configurations; (cy) O 1s spectrum of N-TAC identifying C-O

, C=0, and O-C=0 functionalities; (c;) N 1s spectrum of N-TAC

deconvoluted into pyridinic (42.3%, 398.1 eV), pyrrolic (31.5%, 400 eV), graphitic (20.1%, 401.7 eV), and oxidized nitrogen (6%, 404.5 eV)

configurations. All spectra were fitted using pure Gaussian lineshapes on

a Shirley background in OriginPro, with peak positions constrained to

established literature ranges and FWHM values bounded to physically meaningful limits.

react with the carbon framework to form the pyridinic, pyrrolic,
graphitic, and oxidized nitrogen configurations confirmed by
XPS. The simultaneous presence of K,CO; and urea decompo-
sition products creates a synergistic etching and doping envi-
ronment where K,CO; drives porosity development while
nitrogen incorporation stabilizes the pore structure and
modifies surface chemistry, yielding a hierarchically porous
nitrogen-rich carbon in a single pyrolysis step. Both porosity
characteristics and heteroatom distribution are significantly
influenced by dopant concentration. Compared to conventional
multi-step approaches, this method integrates biochar forma-
tion, carbonization, and nitrogen doping into a single pyrolysis
process, yielding hierarchical porous carbons with enhanced
surface chemistry and higher porosity.

3.3 Three-electrode electrochemical analysis

Building upon the electrochemical comparison between TAC
and N-TAC reported in our previously published work
(Fig. S.1),"* the CV curves (Fig. S.1a and b) recorded in both
positive and negative potential windows revealed a clear
distinction between the two materials. TAC exhibited rectan-
gular profiles characteristic of pure electric double-layer
capacitance (EDLC), while N-TAC displayed quasi-rectangular
curves indicative of a hybrid EDLC/pseudocapacitive mecha-
nism arising from nitrogen-induced faradaic active sites. N-TAC
also extended the positive potential window to 0.8 V compared
to 0.6 V for TAC, attributed to nitrogen functionalities stabilis-
ing the carbon framework against oxidation, while its negative
potential window was slightly reduced to —0.8 V relative to

© 2026 The Author(s). Published by the Royal Society of Chemistry

—0.9 V for TAC, associated with nitrogen functional groups
promoting hydrogen evolution at negative potentials. GCD
profiles (Fig. S.1(c) and (d)) further supported these findings,
with N-TAC displaying longer charge-discharge times and
highly symmetric triangular curves, confirming enhanced
specific capacitance, superior electrochemical reversibility, and
improved electronic conductivity from graphitic nitrogen
doping. Collectively, these results establish N-TAC as the
superior electrode material, providing the basis for the detailed
characterisation presented in Fig. 5. CV curves in positive
(Fig. 5(a)) and negative (Fig. 5(b)) potential windows reveal
quasi-rectangular shapes with slight distortions, indicating the
coexistence of EDLC and pseudocapacitive charge storage
mechanisms. The negative potential CVs exhibit higher current
response than the positive window (at identical scan rates),
attributed to the asymmetric distribution of charge storage
mechanisms with the negative electrode benefiting from
enhanced cation (Na') adsorption into the nitrogen-rich
microporous structure, while nitrogen functionalities (particu-
larly pyridinic and pyrrolic) undergo more favourable redox
reactions under cathodic polarization, providing additional
pseudocapacitive contribution. Notably, at lower scan rates
(e.g., 5 mV s ), the CV profiles exhibit slight distortions due to
the slower faradaic contributions becoming more pronounced,
while higher scan rates (e.g., 20 mV s~ ') suppress these slower
redox processes, yielding more rectangular profiles dominated
by double-layer capacitance.’ The nitrogen functionalities
characterized in Fig. 3(c,) introduce redox-active sites that
facilitate faradaic reactions. Pyridinic nitrogen provides lone

RSC Adv, 2026, 16, 25269-25291 | 25275
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Fig.4 Schematic reaction mechanism for the single pyrolysis synthesis of TAC and N-TAC from Tondolo peels, illustrating K,CO3z-driven carbon
gasification and pore formation through K-O-C intermediate generation, and urea thermal decomposition producing NHz and HNCO inter-
mediates that incorporate pyridinic, pyrrolic, graphitic, and oxidized nitrogen functionalities into the developing carbon framework at 700 °C.

pair electrons that create Lewis basic sites for redox reactions.
In contrast, pyrrolic nitrogen enhances surface wettability
through hydrogen bonding with the aqueous electrolyte,
improving ion accessibility and micropore penetration.
Oxidized nitrogen species, though present in smaller quanti-
ties, provide additional polar sites that enhance electrolyte
wettability through dipole-dipole interactions. In the negative
potential region (Fig. 5(b)), N-TAC maintains capacitive
behavior within an optimized —0.8 V window to prevent
hydrogen evolution.

Fig. 5(c) presents the EIS Nyquist plot with fitted data and
equivalent circuit (inset). N-TAC demonstrates a low equivalent
series resistance (ESR) of 2.05 Q in 1 M NaNO; electrolyte,
indicating excellent electrical conductivity. NaNO;z was selected
as the electrolyte due to its superior ionic conductivity
compared to Na,SO,, wider electrochemical stability window
than KOH (which suffers from oxygen evolution at positive
potentials), and lower cost and environmental safety compared
to organic electrolytes. Additionally, the relatively small ionic
radius of Na' facilitates favorable intercalation kinetics within
the microporous carbon framework. The Nyquist plot exhibits
a soft semicircle in the high-frequency region, confirming
minimal charge transfer resistance at the electrode-electrolyte
interface. Nonlinear least-squares fitting (Z-fit) using the
equivalent circuit model (inset) yielded R = 2.05 Q (solution

25276 | RSC Adv, 2026, 16, 25269-25291

resistance), matching the ESR value, and Rcr = 2.75 Q (charge
transfer resistance). The model incorporates constant phase
elements (Q,, Q) rather than ideal capacitors to account for
surface heterogeneity and non-ideal capacitive behaviour. This
low charge-transfer resistance correlates with N-TAC's high
specific surface area and substantial micropore volume, which
enable efficient interaction of Na* and NO;~ ions with the
microporous structure. Additionally, nitrogen functionalities
create electron-rich regions within the carbon framework,
thereby facilitating faster electron-transfer kinetics. The near-
vertical line in the low-frequency region indicates pseudo-
capacitive behaviour with efficient ion diffusion. These EIS
results confirm that nitrogen doping effectively reduces both
electronic and ionic transport resistances, thereby enhancing
the overall electrochemical performance of N-TAC.

Fig. 5(d) presents the frequency-dependent real (C') and
imaginary (C”) capacitance, providing insight into the elec-
trode's relaxation dynamics. The real capacitance reaches 0.12 F
at low frequencies, representing the total charge storage
capacity accessible during slow charge-discharge processes.
The imaginary capacitance exhibits a maximum of 0.29 F, cor-
responding to energy dissipation due to resistive and dielectric
losses during ion transport. The relaxation time constant (t =
0.87 s), derived from the frequency at maximum imaginary
capacitance, indicates relatively fast ion diffusion kinetics

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Three-electrode electrochemical characterisation of N-TAC in 1 M NaNOs electrolyte. CV profiles in the (a) positive (0 to +0.8 V) and (b)

negative (0 to —0.8 V) potential windows at scan rates of 1-20 mV s

-1

, showing quasi-rectangular profiles indicative of coexisting EDLC and

pseudocapacitive charge storage; (c) EIS Nyquist plot with nonlinear least-squares fit and equivalent circuit model (inset), yielding ESR = 2.05 Q
and Rt = 2.75 Q; (d) frequency-dependent real (C') and imaginary (C”) capacitance plots with relaxation time constant © = 0.87 s determined

from the frequency at maximum C”.

within the N-TAC microporous network. This rapid response
time is attributed to the hierarchical pore structure and
enhanced electrolyte wettability from nitrogen functionalities,
enabling efficient charge storage even at moderate frequencies.
The EIS analysis confirms that nitrogen doping effectively
reduces both electronic and ionic transport resistances, thereby
enhancing the electrochemical performance of N-TAC.

3.3.1 Charge storage mechanism analysis. To quantita-
tively delineate the charge storage mechanisms of N-TAC, power
law analysis was conducted across scan rates of 1-20 mV s~ in
both potential windows using the relationship i = av” and eqn
(S.2) (SI), where b-values approaching 1.0 and 0.5 indicate
surface-controlled (EDLC) and diffusion-controlled (battery-
type) processes, respectively (Fig. S.2(a and b)).** In the posi-
tive window, the extracted b-values decrease systematically from
0.981 at 0.1 V to 0.500 at 0.7 V (Fig. 6(a)), reflecting a progressive
transition from double-layer charging at low potentials toward
diffusion-controlled faradaic behavior at higher potentials,
where nitrogen redox functionalities become increasingly active
under anodic polarization. This evolution is mechanistically
rooted in the potential-dependent activity of pyridinic and
pyrrolic nitrogen sites: at low anodic potentials these sites

© 2026 The Author(s). Published by the Royal Society of Chemistry

engage in kinetically fast proton-coupled electron transfer,
yielding b near unity, whereas progressive oxidation at higher
potentials shifts charge storage toward ion-diffusion-limited
faradaic processes confined within the micropore network,
driving b toward 0.50. In the negative window (Fig. 6(b)), b-
values of 0.840, 0.908, and 0.821 at —0.3, —0.5, and —0.7 V
confirm predominantly surface-controlled behavior under
cathodic polarization, driven by rapid Na® adsorption and
pseudocapacitive redox activity of pyridinic and pyrrolic
nitrogen functionalities. The sustained high b-values reflect the
electrochemical inactivity of nitrogen redox sites under
cathodic polarisation, where double-layer formation dominates
and the kinetic constraints imposed by faradaic nitrogen reac-
tions are absent, mechanistically accounting for the asymmetry
between the two potential windows. The modest b-value of 0.631
at —0.1 V suggests a minor diffusive contribution near the open-
circuit potential that diminishes with increasing cathodic
polarization. All fits yielded R*> > 0.983, confirming the robust-
ness of the power law model. To further quantify these contri-
butions, Trasatti deconvolution was performed using eqn
(S.3)-(S.7). The capacitive and pseudocapacitive contributions

were determined by extrapolating C;* versus v'/> asv — « and
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C, versus v~ > as v — 0, yielding gouter and georal, respectively

(Fig. S.3). In the positive window, capacitance decreases from
312.8 to 160.1 F g~ with increasing scan rate, with the outer
capacitance accounting for 63% of total charge and 37%
diffusion-controlled (Fig. 6(c)). In the negative window,
substantially higher capacitance values of 541.4-313.6 F g "
confirm enhanced charge storage under cathodic polarization,
with the outer contribution rising to 71% and the diffusive
fraction reduced to 29% (Fig. 6(d)). These findings are mutually
consistent: The greater diffusive fraction in the positive window
aligns with b-values declining toward 0.5 at higher potentials,
while the dominant capacitive fraction in the negative window
corroborates the surface-controlled behavior indicated by b-
values above 0.8, collectively confirming the asymmetric but
surface-dominated charge storage nature of N-TAC.

To complement the Trasatti deconvolution, Dunn's method
was applied using i(V) = kv + k"', with k; and k, extracted
from iv'/? versus v*’? plots at several potential windows (Fig. S.4).
In the positive window (Fig. 7(a)), the capacitive contribution
varies non-monotonically between 27.9% and 64.1% across 1-
5 mV s, reflecting the complex interplay between nitrogen
redox functionalities and double-layer charging under anodic
polarization.® In the negative window (Fig. 7(b)), a clear

25278 | RSC Adv, 2026, 16, 25269-25291

monotonic increase from 35.0% to 54.6% confirms progressive
dominance of surface-controlled mechanisms with increasing
scan rate. At 20 mV s~ ', CV current separation (Fig. 7(c and d))
reveals EDLC contributions of 70.5% and 70.6% in the positive
and negative windows respectively, confirming overwhelmingly
surface-controlled charge storage at fast scan rates, consistent
with the power law and Trasatti analyses.

3.3.2 Symmetric device performance. To validate the prac-
tical application potential of the optimized N-TAC material,
a symmetric supercapacitor device (N-TAC//N-TAC) was fabri-
cated with 1 M NaNO; as the electrolyte. The device was
assembled with electrodes mass-balanced according to eqn (3),
establishing a negative-to-positive electrode mass ratio of
approximately 1.2, with a total electrode mass loading of 5.0 mg
ecm 2. Fig. 8(a) demonstrates the device's CV characteristics
across various scan rates within an operational voltage window
of 1.7 V. Although the individual three-electrode potential
windows of the positive (0 to +0.8 V) and negative (0 to —0.8 V)
electrodes sum to 1.6 V, the device voltage was experimentally
extended to 1.7 V through careful optimization, enabled by the
electrochemical stability of N-TAC and the wide stability
window of 1 M NaNO;, without compromising capacitive
behaviour or inducing parasitic decomposition reactions. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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device maintains quasi-rectangular CV profiles even at elevated
scan rates, indicating excellent capacitive behaviour with
pseudocapacitive contributions.’® This shape retention at
higher scan rates confirms rapid charge-discharge capabilities
and efficient electrolyte ion transport through the hierarchical
porous structure of N-TAC. The GCD profiles presented in
Fig. 8(b) exhibit semi-triangular/semi-linear characteristics at
different specific currents, further validating the pseudo-
capacitive charge storage mechanism.®” The slight deviation
from perfectly triangular shapes aligns with the nitrogen-
induced faradaic contributions identified in three-electrode
measurements.

As shown in Fig. §(c), the device delivers a remarkable single-
electrode specific capacitance of 118.2 F g~ ' at 0.5 A g,
maintaining substantial capacitance retention even at a high
current density of 10 A g~". This rate capability demonstrates
the effectiveness of nitrogen doping in enhancing electronic
conductivity and facilitating rapid ion diffusion. The cycling
stability evaluation (Fig. 8(d)) conducted at 5 A g~ ' reveals great
performance with the device maintaining 94% of its initial
capacitance after 10 000 charge-discharge cycles. This high
retention confirms the structural robustness of N-TAC elec-
trodes and stability of nitrogen functionalities under repeated

© 2026 The Author(s). Published by the Royal Society of Chemistry

cycling. Moreover, the coulombic efficiency exceeds 100%
throughout the cycling process, suggesting gradual electrode
activation phenomena.>®® This indicates gradual electrode
activation through progressive electrolyte wetting of initially
inaccessible micropores and electrochemical activation of
nitrogen sites under repeated polarization. The minor 6%
capacitance fade is attributed to inevitable binder and partial
nitrogen functionality degradation. This represents an
improvement over our previously reported coulombic efficiency
due to optimized electrode fabrication, including better binder
distribution and enhanced electrode-current collector contact.
The relatively low initial coulombic efficiency is attributed to
irreversible processes including incomplete electrolyte wetting
of deeply buried micropores, interfacial passivation layer
formation, and occupation of high-energy nitrogen-functional
sites during initial ion adsorption. As cycling progresses, the
coulombic efficiency rapidly stabilizes and consistently exceeds
100%, reflecting gradual electrode activation through progres-
sive micropore wetting and electrochemical activation of
nitrogen redox sites. This well-documented behavior in
nitrogen-doped porous carbons arises from faradaic contribu-
tions of nitrogen functionalities during discharge, yielding

RSC Adv, 2026, 16, 25269-25291 | 25279
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based devices.

discharge capacities marginally exceeding charge capacities
during the initial activation period.

The electrochemical impedance spectroscopy results
(Fig. 8(e)) indicate an ESR of approximately 7 Q with negligible
semicircle formation in the high-frequency region, confirming
minimal charge transfer resistance (Rcr: 9.5 Q) at the electrode-
electrolyte interface. The equivalent circuit model derived from
nonlinear least square fitting comprises resistors (R; (solution
resistance), R, (charge transfer resistance)), constant phase
elements (Q,, Q3) associated with mass transfer processes, and
a capacitor (C4) confirming the device's capacitive nature.>**°

25280 | RSC Adv, 2026, 16, 25269-25291

The Ragone plot (Fig. 9(f)) positions the N-TAC//N-TAC device
favourably among comparable supercapacitor systems,
demonstrating competitive or superior specific energy (12.1 Wh
Kg ') and specific power (425 WKg ™) at 0.5 A g~ as compared
to previously reported biomass-derived carbon-based devices
(Table 4). This performance in a practical device configuration
underscores the significant potential of nitrogen-doped Ton-
dolo shell-derived activated carbon for sustainable energy
storage applications. The exceptional electrochemical perfor-
mance of the symmetric device can be attributed to the syner-
gistic effects of optimized nitrogen content, hierarchical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Methylene blue adsorption comparison of TAC and N-TAC at 50 ppm initial concentration with 10 mg adsorbent in 50 mL solution. (a)
UV-visible absorption spectra at 665 nm as a function of contact time; (b) adsorption efficiency (%) versus contact time; (c) comparison of
equilibrium removal percentages and adsorption capacities (mg g=) for TAC and N-TAC, demonstrating the superior performance of N-TAC

attributed to nitrogen-enhanced surface chemistry.

porosity, and enhanced surface functionality in the N-TAC
material. These properties collectively facilitate rapid charge
transfer, efficient ion transport, and stable electrode-electrolyte
interfaces, essential requirements for high-performance super-
capacitor applications.

Post-cycling EIS analysis (Fig. S.5(a)) reveals increased charge
transfer resistance, indicating electrode-electrolyte interface
deterioration from continuous ion adsorption/desorption and
potential side reactions. Post-cycling SEM (Fig. S.5(b)) shows
partial pore blockage from binder degradation, restricting ion
transport and reducing accessible surface area. Future

improvements include binder-free electrode fabrication to
eliminate pore blockage and extend the stable voltage window,
alongside electrolyte modification using organic or ionic liquid
electrolytes to minimize decomposition reactions and enhance
long-term cycling stability.

3.4 Methylene blue adsorption performance

Fig. 9 presents a comparative assessment of the adsorption
capabilities of TAC and N-TAC using methylene blue (MB) as
a model cationic pollutant at a concentration of 60 ppm over 30

Table 4 Electrochemical performance comparison of N-TAC symmetric supercapacitor with similar carbon-based devices

Energy density Power density
Precursor source (N-Doped AC) Electrolyte Specific capacitance (F g77) (Wh kg™ W kg™ Ref.
Coal 6 M KOH 287 @ 0.5A g71 10.0 250 61
Raw leather trimming waste 1 M H,SO, 257 @ 0.5A¢g " 6.95 9972 62
Pueraria 6 M KOH 250 @ 0.5 A g71 8.46 123 63
Boat-fruited sterculia seed 6 M KOH 723@05A¢g " 10.04 250 64
Camellia husk 6 M KOH 87.3@ 0.5 A g71 12.11 250 65
Natural casings 6 M KOH 42,6 @0.5A¢g" 11.6 297 66
Polyacrylonitrile 6 M KOH 51@05Ag " 4.5 200 67
SiO,-derived 6 M KOH 321@05Ag " 11.2 125.1 68
Sawdust 6 M KOH 249 @ 0.5 A gf1 8.7 251.6 69
Polyacrylamide/lignocellulose aerogel 6 M KOH 312@0.5A¢g " 11.8 230 70
Tondolo peels (this work) 1 M NaNO; 118.2 12.1 425 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
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minutes. All calculations were validated against the calibration
curve at the Methylene Blue absorption maximum (665 nm)
shown in Fig. S.6.

UV-visible spectroscopy results (Fig. 9(a)) demonstrate
a faster decrease in MB's characteristic absorption peak for N-
TAC compared to TAC, indicating accelerated adsorption
kinetics in the nitrogen-doped material. Quantitative analysis of
adsorption efficiency (Fig. 9(b)) reveals that N-TAC achieves
a superior removal performance of 87% compared to TAC's 84%
after 30 minutes of contact time. The inset SEM images
demonstrate excellent structural stability, showing no signifi-
cant morphological changes in the sample following the
adsorption process. Fig. 9(c) presents a comparison of removal
percentages and adsorption rates correlated with the respective
surface areas of both materials. N-TAC demonstrates superior
performance across all metrics, confirming the benefits of
nitrogen doping on adsorption capabilities.*® This enhanced
performance can be attributed to synergistic mechanisms
involving nitrogen functionalities creating localized negative
charge centers within the carbon framework which promotes
strong electrostatic interactions with cationic MB molecules.*

3.4.1 Adsorption kinetics. The effect of N-TAC mass
loading on MB adsorption efficiency was conducted as illus-
trated in Fig. 10(a). The results demonstrate a direct correlation
between adsorbent dosage and removal efficiency, with
adsorption performance improving progressively as the mass
loading increased. At the highest evaluated dosage of 30 mg, N-
TAC achieved a great removal efficiency of 92.4% within just 5
minutes of contact time. This enhanced performance with
increasing adsorbent mass can be attributed to the greater
availability of active adsorption sites and the larger interfacial
surface area accessible to MB molecules in solution.”

The adsorption kinetics of methylene blue onto nitrogen-
doped activated carbon was investigated using pseudo-first

View Article Online
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order and pseudo-second-order kinetic models at three initial
concentrations (20, 40, and 60 ppm) with a fixed adsorbent
dosage of 10 mg in 50 mL solution volume (Fig. 10(b) and (c)).
The time-dependent concentrations were determined from the
characteristic MB absorption peaks in UV-visible spectra illus-
trated in Fig. S.7(a)-(c). These three concentration levels were
deliberately selected to represent a range of dye loading
conditions, allowing investigation of adsorption behavior from
relatively dilute to moderately concentrated MB solutions, and
to examine how the surface chemistry of N-TAC responds across
different adsorbate-to-adsorbent ratios.

At the lowest concentration evaluated (20 ppm), MB molecules
encounter an abundance of available active sites relative to the
number of dye molecules in solution. Under these conditions,
high-energy nitrogen-functionalized surface sites, including pyr-
idinic and pyrrolic nitrogen groups, preferentially interact with
MB through strong electrostatic attractions and chemisorptive
bonding. The large excess of active sites relative to dye molecules
at this concentration ensures rapid and highly efficient removal,
as reflected in the UV-visible spectra in Fig. S.7(a), where the
characteristic MB absorption peak diminishes sharply within the
initial 20 minutes of contact. At this concentration range, the
sensitivity of UV-visible measurements is particularly important,
as small changes in absorbance must be reliably resolved to
accurately track the adsorption process, analogous to working
near the limit of quantification of the analytical system. From
a diffusion perspective, at 20 ppm the low adsorbate concentra-
tion maintains a steep concentration gradient between the bulk
solution and the pore interior, driving rapid intraparticle diffu-
sion into the microporous network with minimal resistance, such
that external film diffusion and surface adsorption remain the
dominant rate-controlling steps.

As the initial concentration increases to 40 ppm, the ratio of
MB molecules to available active sites shifts, and the adsorption
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Fig. 10 N-TAC methylene blue adsorption evaluation. (a) Effect of adsorbent mass loading (5-30 mg) on MB removal efficiency (%) at 50 ppm
with error bars representing standard deviation from triplicate measurements; (b) pseudo-first-order and (c) pseudo-second-order kinetic
model fits for MB adsorption at initial concentrations of 20, 40, and 60 ppm with 10 mg N-TAC in 50 mL solution, showing superior fit of pseudo-
second-order kinetics (R = 0.99-0.97) and equilibrium adsorption capacities of 265.9-557.6 mg g™ .
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process becomes progressively governed by a broader distribu-
tion of surface sites. While high-energy sites continue to
contribute, lower-energy sites begin to participate more signif-
icantly in the adsorption process. This transition is reflected in
the UV-visible spectra of Fig. S.7(b), where the rate of peak
attenuation is slightly slower compared to the 20 ppm case,
indicating a more gradual approach to equilibrium as the
surface becomes more heterogeneously engaged. At this inter-
mediate concentration, intraparticle diffusion resistance within
the micropores begins to play a more significant role, as the
higher adsorbate flux toward the carbon surface progressively
fills external and mesopore sites, forcing MB molecules to
diffuse deeper into the microporous network where tortuous
pore pathways and narrowing pore diameters impose
increasing resistance to mass transfer.

At the highest concentration studied (60 ppm), the system
operates under conditions where the adsorbate supply more
closely approaches the capacity limits of the N-TAC surface.
Lower-energy adsorption sites are now extensively involved, and
the adsorption mechanism becomes more complex, involving
not only chemisorption at nitrogen-functional sites but also
contributions from physical adsorption within the developed
pore network. At this concentration, intraparticle diffusion
resistance becomes the dominant rate-limiting factor, as near-
saturation of external and mesopore sites compels MB mole-
cules to penetrate deeper into the micropore network (micro-
pore volume 1.38 cc g~ '), where pore constriction, tortuosity,
and competitive site occupation retard diffusion kinetics.

This progressive shift from surface-controlled to diffusion-
limited adsorption with increasing concentration is mechanisti-
cally consistent with the pseudo-second-order model, which
implicitly accounts for the heterogeneous chemisorptive inter-
actions and diffusion limitations becoming increasingly prom-
inent at higher dye loadings. This complexity is evidenced by the
slower decay of the MB absorption peak in Fig. S.7(c) and is
further reflected analytically in the decreasing R” values observed
for both kinetic models at this concentration, indicating that
neither a simple first- nor second-order model fully captures the
heterogeneity of the adsorption process at higher dye loadings.
From an analytical perspective, working at these higher concen-
tration levels moves the system toward conditions where surface
saturation, rather than measurement sensitivity, becomes the
primary limiting factor governing removal efficiency.

While the pseudo-first-order model demonstrated good
correlation with experimental data (R* = 0.99, 0.98, and 0.96),

Table 5 Kinetic modelling details
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the pseudo-second-order model exhibited superior fit with
consistently higher correlation coefficients (R* = 0.99, 0.99, and
0.97) and equilibrium adsorption capacities ranging from 265.9
to 557.6 mg g ' as illustrated in Table 5. The excellent fit to
pseudo-second-order kinetics indicates that the adsorption
mechanism is predominantly governed by chemisorption
involving valence forces through electron sharing or exchange
between the adsorbent and adsorbate, suggesting strong inter-
actions between methylene blue molecules and nitrogen-
containing functional groups on the carbon surface. The
increase in equilibrium adsorption capacities with initial
concentration for both models demonstrate efficient utilization
of heterogeneous binding sites, with high-energy sites occupied
first at low concentrations followed by progressive occupation
of lower-energy sites. The concentration-dependent transition
from surface-controlled to diffusion-limited kinetics confirms
the dual role of N-TAC's hierarchical pore structure: mesopores
facilitate rapid MB transport toward adsorption sites, while
micropores provide the high-density active site environment
responsible for the exceptional adsorption capacity.

The remarkable adsorption performance can be attributed to
the synergistic effects of high surface area, well-developed pore
structure, and enhanced surface chemistry resulting from
nitrogen generated on the carbon surface, which creates addi-
tional active sites and modifies the electronic properties of the
carbon surface to promote stronger adsorbent-adsorbate inter-
actions.”” This finding aligns with the understanding of the
nitrogen-doping effects, as the introduced nitrogen functional-
ities create specific binding sites that interact with MB molecules
through electrostatic attractions. Furthermore, the decreasing
trend in R* values with increasing initial MB concentration
observed for both models indicates that the adsorption mecha-
nism becomes more complex at higher concentrations. Among
the nitrogen configurations, pyridinic nitrogen (42.3%) domi-
nates MB adsorption by providing Lewis basic edge sites that
enable strong electrostatic attraction of the cationic MB mole-
cule, while pyrrolic nitrogen (31.5%) enhances surface wettability
through hydrogen bonding, improving MB accessibility to inte-
rior micropore adsorption sites. Graphitic nitrogen (20.1%)
additionally participates in m-7 stacking interactions with the
aromatic MB ring system, and oxidized nitrogen (6%) provides
supplementary polar sites through dipole-dipole interactions.
The collective dominance of pyridinic and pyrrolic nitrogen
(73.8%) directly accounts for the chemisorptive nature of MB
adsorption and the exceptional capacity of 557.6 mg g~ .

Concentration (PPM)

Kinetic model Differential form Fitted parameters 20 40 60
Pseudo first order do o . Q. (mgg™) 225.6 415.2 542.8
a ~ki(Qe = Q)0 = Qe(l1 =) ky (min ) 0.14 0.23 0.53
(ref. 73) R 0.99 0.98 0.96
Pseudo second order do, ) kOt Q. (mgg™) 265.9 445.6 557.6
O Qe =000 = o k, (g mg min~* 6.3 x 10°* 9.5 x 10°° 2.3 x 10°°
! 1+ ky Qet > (g mg ) . . .
(ref. 73) R? 0.99 0.99 0.97
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The kinetic analysis reveals that the adsorption of MB onto N-
TAC is a relatively rapid process dominated by chemisorption
mechanisms, with equilibrium being approached within minutes
rather than hours.” The chemisorption mechanism offers signif-
icant practical advantages for water treatment applications. Unlike
physical adsorption processes that rely primarily on weak van der
Waals forces, the chemisorption mechanism involves stronger
interactions between dye molecules and nitrogen-functionalities
on the carbon surface, resulting in enhanced selectivity and
higher adsorption capacity.” This mechanism is particularly
beneficial for treating complex wastewater containing multiple
contaminants, as the specific chemical interactions favour target
dye molecules over competing species. The chemisorption nature
also enables effective regeneration of the adsorbent material using
0.1-0.5 M NaOH solution, achieving 95% desorption efficiency by
disrupting the electrostatic and hydrogen bonding interactions
between dyes and nitrogen sites.” The energy requirements for
regeneration are relatively low, involving simple pH adjustment
and mild heating (60 °C), making the process economically viable
for industrial applications.”™

3.4.2 Isotherm analysis. To investigate the interaction
mechanisms between N-TAC and methylene blue solution,
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isotherm modelling was conducted. Adsorption experiments
were performed using N-TAC as the adsorbent across
a concentration range from 20 to 150 PPM, as illustrated in
Fig. 11(a). The results revealed that significant total dye removal
could be effectively achieved up to a concentration of 50 PPM
with 10 mg of N-TAC at room temperature. The experimental
data, plotted as adsorption capacity (Q.) against equilibrium
concentration (C.), were fitted to three widely used isotherm
models: Langmuir (Fig. 11(b)), Freundlich (Fig. 11(c)), and
Temkin (Fig. 11(d)).” Table 6 summarizes the parameters ob-
tained from these fittings. The Langmuir isotherm, which
describes monolayer adsorption on homogeneous surfaces,”®
yielded a maximum adsorption capacity Quay of 357.4 mg g *,
a binding affinity constant K of 7.2 L mg™", and a correlation
coefficient (R*) of 0.912. This model accounts for surface
coverage by balancing the relative rates of adsorption and
desorption at dynamic equilibrium, where adsorption is
proportional to the available surface area while desorption
relates to the covered surface fraction.” The high Q. value
suggests excellent adsorption capacity, likely attributable to the
well-developed surface area and porosity of the N-TAC adsor-
bent. The Freundlich isotherm, applicable to heterogeneous
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Fig. 11 Adsorption isotherm analysis of N-TAC for methylene blue removal. (a) Equilibrium adsorption capacity (mg g~2) as a function of initial
MB concentration (20-150 ppm) at fixed adsorbent dosage of 10 mg in 50 mL solution; isotherm model fits using (b) Langmuir, (c) Freundlich,
and (d) Temkin models, with the Temkin isotherm providing the best fit (R> = 0.958), indicating heterogeneous chemisorption governed by
electrostatic and w—m interactions between MB and nitrogen surface sites.
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Table 6 Isotherms modeling details
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Isotherm model Differential form

Results at room

Fitted parameters temp (25 °C)

Langmuir C_ 1 + C (ref. 73)
Qe dmKe  gm
Freundlich Qe = KsCM'™ (ref. 73)
. R R
Temkin 0. = Ttln Ky + 7[111 C. (ref. 73)

surfaces with multilayer adsorption,” provided a Ky value of
273.1, an n value of 0.16, and an R of 0.911. The 7 value below
unity indicates favourable adsorption conditions and suggests
strong adsorbent-adsorbate interactions even at low equilib-
rium concentrations.

Most notably, the Temkin isotherm exhibited the best fit (R>
= 0.958) with binding constant (Kr) of 269.5 L g~ and heat of
adsorption constant (b) of 49.39. This model accounts for
indirect adsorbate-adsorbate interactions and the linear
decrease in adsorption heat with surface coverage. The superior
fit suggests that methylene blue adsorption onto N-TAC involves
complex interactions beyond simple surface binding, including
adsorbate-adsorbate interactions that influence the overall
adsorption mechanism.”

The exceptional adsorption performance can be attributed to
synergistic effects of N-TAC's hierarchical porous architecture,
which provides efficient mass transfer pathways, and strategi-
cally generated nitrogen functionalities near the carbon surface
that create multiple binding sites through electrostatic attrac-
tions, interactions, and hydrogen bonding.” The
predominance of the Temkin model indicates that the nitrogen-
doped surface creates a heterogeneous binding environment
where adsorbate molecules influence each other's binding
behavior, leading to enhanced overall adsorption capacity.
These findings, combined with the sustainable nature of the
Tondolo shell precursor and cost-effective synthesis approach,
position N-TAC as a highly promising adsorbent for advanced
water treatment applications. As illustrated in the above-
mentioned, the adsorption mechanism of MB on N-TAC is
primarily governed by electrostatic attraction, - interactions,
and hydrogen bonding between the dye molecules and
nitrogen/oxygen functional groups on the carbon surface. The
negatively charged surface sites interact with the cationic MB
through electrostatic forces, while the aromatic domains of the
graphitic carbon facilitate -7 stacking. The presence of pyr-
idinic and pyrrolic nitrogen enhances electron density and
creates active sites, strengthening the chemisorption process.
This is consistent with the pseudo-second-order kinetics and
Temkin isotherm fitting, which indicate strong adsorbent-
adsorbate interactions and surface heterogeneity.

The adsorption capacity of N-TAC (357 mg g ') is competi-
tive with several nitrogen-doped activated carbons reported in

TC—TC

© 2026 The Author(s). Published by the Royal Society of Chemistry

Omax (Mg g ™) 357.4
Ky (L mg™) 7.2

R? 0.912
X ( Lo, > 257.5

Lngmg npg !

ng (Lg ) 0.2047
R? 0.911
Kr(Lg™) 269.5
b 49.39
R* 0.958

the literature for methylene blue removal (Table 7), out-
performing materials such as nitrogen-doped hydrochar
(57.52 mg g ') and sludge-derived nitrogen-doped carbon
(35.83 mg g '), while remaining below higher-performing
materials including bamboo-derived nitrogen self-doped acti-
vated carbon (458 mg g ') and nitrogen/oxygen co-doped
honeycomb porous carbons (631 mg g "), differences attribut-
able to precursor type, activation strategy, and pore structure
development. The Langmuir isotherm best described the
adsorption equilibrium of N-TAC, confirming monolayer
adsorption on homogeneous active sites, and collectively these
results highlight the important role of nitrogen functionalities
and developed porosity in enhancing methylene blue uptake.

3.4.3 Practical considerations, scalability, and future
directions potential. While this study focuses on single-dye
adsorption under controlled conditions, real wastewater
scenarios present more complex challenges. In actual textile
wastewater, N-TAC would encounter multiple competing pollut-
ants (various dyes, heavy metals, organic compounds), high ionic
strength (0.1-1.0 M dissolved salts), and pH variations (6-10),
which could reduce adsorption efficiency by 20-30% through
competitive binding and electrostatic screening effects. Surfac-
tants and organic additives commonly present in industrial
wastewater may further compete for active sites or form
complexes that hinder dye-adsorbent interactions. Despite these
challenges, the robust nitrogen-doped structure and demon-
strated selectivity suggest N-TAC could maintain reasonable
performance (estimated 70-80% of laboratory values) in real
wastewater with appropriate pretreatment. Future work should
explore integrated adsorption-degradation strategies for total
mineralization: coupling N-TAC with advanced oxidation
processes (Fenton, persulfate) as dual adsorbent-catalyst support,
photocatalytic functionalization with TiO, or g-C3N, for simul-
taneous adsorption and light-driven degradation, -electro-
chemical oxidation leveraging N-TAC's demonstrated
electroactivity, or bioaugmentation using spent adsorbent as
microbial support.?® These hybrid approaches would transform
N-TAC into a multifunctional platform addressing industrial
wastewater through synergistic pollutant removal and destruc-
tion mechanisms beyond separation alone.

Preliminary cost analysis reveals N-TAC production costs are
approximately 40% lower than commercial activated carbon due
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Table 7 Adsorption performance comparison of N-TAC with reported nitrogen-doped porous carbons for methylene blue (MB) removal

Maximum adsorption

Initial MB concentration  Best isotherm

Adsorbent Precursor/Source Dopant/Modification  capacity (mg g™ ) (mg L™ model Ref

BSNC-800-4 Bamboo shoots Self-N-doping 458 500 Langmuir 75

HPC-3 porous carbon Coal tar pitch N,O co-doping 631.0 50-150 Langmuir 77
(melamine sponge)

PB-700-1 biochar Bamboo Urea N-doping 499.3 — Langmuir 30

N,S-PCSs-1 Glucose N,S co-doping (- 909.10 — Langmuir 73
cysteine)

AC-N mesoporous Cypress AC Urea N-doping 910.95 — Langmuir 71

carbon

GPC-N activated Lycium chinensis NH,CI N-doping 496.53 10 Langmuir 78

carbon stalk

PCM-K porous Pine nut shell N-doping + activation 766.9 50-500 Langmuir 79

carbon

N-doped AC Polish brown coal Urea modification 350 0-200 Freundlich 80

CQDs/HMS Histidine & cysteine N,S-doped carbon 370.4 20-300 Langmuir 81

composite QDs

Carbon-ZD ZIF-derived carbon  N-doped porous 1148.2 600 Langmuir 82
carbon

Bagasse biochar Bagasse biomass Urea N-doping + 84.2 30 Freundlich 83
NaHCOj; activation

N-doped hydrochar Biomass + N-rich Urea/melamine/ 57.52 =300 Freundlich 84

wastewater NH,CI

N-doped sludge Excess sludge Urea N-doping 35.83 50 Langmuir 85

carbon

N-TAC This work N-doped activated 357 20-150 Langmuir This
carbon work

to abundant agricultural waste utilization and single pyrolysis
step synthesis protocols. Main costs include energy consumption
during pyrolysis and nitrogen precursor costs. Scale-up chal-
lenges include managing high activation energy requirements
(700 °C), safe nitrogen precursor handling, and maintaining
consistent quality across batches. Solutions involve continuous
pyrolysis systems with heat recovery, automated feeding systems,
and real-time quality monitoring. Environmental benefits
include waste valorisation, reduced landfill burden, and lower
carbon footprint compared to fossil-based activated carbon.

4. Conclusion

This work demonstrates the successful transformation of Ton-
dolo agricultural waste into a high-performance nitrogen-doped
activated carbon (N-TAC) through K,CO; activation, yielding
a hierarchically porous material with a specific surface area of
3504.5 m* g~ ' where pyridinic, pyrrolic, and graphitic nitrogen
functionalities proved decisive in simultaneously enhancing
energy storage and water remediation performance. Three-
electrode characterization in 1 M NaNO; confirmed a syner-
gistic coexistence of EDLC and pseudocapacitive mechanisms,
with power law analysis, Trasatti deconvolution, and Dunn's
method collectively establishing surface-controlled charge
storage contributions of 63-71%, while asymmetric b-value
distributions confirmed potential-dependent charge storage
behavior across both electrode windows. Trasatti analysis
precisely quantified electrode-specific contributions, with the
negative electrode demonstrating superior performance over the

25286 | RSC Adv, 2026, 16, 25269-25291

positive electrode, driven by favorable Na™ accessibility and
nitrogen-mediated redox activity under cathodic polarization,
while EIS confirmed fast charge transfer kinetics (ESR = 2.05 Q,
Rer = 2.75 Q, © = 0.87 s). The assembled symmetric device
delivered 12.1 Wh kg™ with 94% capacitance retention over 10
000 cycles, while for water remediation N-TAC achieved 99.9%
methylene blue removal at 50 ppm with an adsorption capacity of
557.6 mg g ', governed by chemisorption through electrostatic
and m-m interactions, best described by pseudo-second-order
kinetics (R*> = 0.97) and the Temkin isotherm (R* = 0.958).
These findings position N-TAC at the forefront of sustainable
multifunctional carbon materials for the water-energy nexus,
with future perspectives encompassing binder-free electrode
fabrication, green membrane development, electrochemical
degradation integration, and regenerable architectures for scal-
able long-term environmental and energy applications.
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peels (N-TAC) for both supercapacitor applications and water
treatment. It includes three-electrode measurements (cyclic vol-
tammetry and galvanostatic charge-discharge), power-law analysis
of charge storage mechanisms, Trasatti's method for quantifying
EDLC and pseudocapacitive contributions, and Dunn's method for
current separation (Fig. S1-S4). Post-cycling EIS and SEM analysis
are presented in Fig. S5, while Fig. S6 and S7 demonstrate N-TAC's
water purification performance through methylene blue adsorption
studies, including calibration curves and UV-vis spectra at varying
concentrations and time intervals. See DOI: https://doi.org/10.1039/
déra02137a.
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