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1 Introduction

Activated carbon synthesised from lignocellulosic
cocoa pod husk via alkaline and acid treatment for
methylene blue adsorption: optimisation by
response surface methodology, kinetics, and
isotherm modelling

Zenaida Guerra-Que, (2 *? Katia S. Lépez-Margalli, ©2 2 Juan Manuel Urrieta-Saltijeral,?
Adib Abiu Silahua-Pavén,? Héctor Martinez-Garcia,® Pedro Garcia-Alamilla,?
Gerardo E. Cérdova-Pérez, Juan Carlos Arévalo-Pérez (29 and José Gilberto Torres-
Torres?

This study reports the green synthesis of activated carbon (ANC) from Cocoa Pod Husk (CPH),
a lignocellulosic agrowaste, using sulphuric acid and sodium hydroxide treatments for Methylene Blue
(MB) removal. Among the synthesised samples, ANCSH5 (NaOH, 5 M) exhibited superior performance
due to extensive delignification, enhanced graphitization, and an abundance of oxygenated
functionalities, as confirmed by Fourier Transform Infrared (FTIR), Scanning Electron Microscopy -
Energy Dispersive X-ray (SEM—EDX), the Brunauer—Emmett-Teller Method (BET), X-ray Diffraction (XRD),
Point of Zero Charge (pHpzc), and Raman analyses. ANCSH5 achieved 92% MB removal (1.16 mg g™},
surpassing CPH (24%, 0.30 mg g™ %) and ANCSA10 (44%, 0.50 mg g~1). Adsorption followed pseudo-
second-order kinetics, while equilibrium data fitted best to the Freundlich, Sips, Toth, and Redlich—
Peterson models (R? > 0.999). Process optimisation via a central composite design (CCD) and Response
Surface Methodology (RSM) determined optimal conditions (49.6 °C, pH 6.0), achieving a 99.05%
removal rate. Importantly, isotherm modelling predicted a competitive Gmax of 100 mg g~* for ANCSH5
under practical conditions. Unlike conventional biomass carbons, the hemicellulose-rich CPH precursor
promoted extensive delignification, partially graphitised domains, and tailored surface chemistry,
providing a distinctive adsorption mechanism. These features underscore CPH valorisation as
a sustainable route to high-performance, low-cost adsorbents for dye remediation in cocoa-producing

regions.

available as freshwater from rivers, lakes, and aquifers.
Industrial discharges, particularly from the textile, paper, and

Access to clean and safe water has become a critical global
challenge, as less than 1% of the earth's total water supply is
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leather industries, contribute significantly to environmental
degradation and pose risks to both human health and aquatic
ecosystems.”® Among the priority pollutants, synthetic dyes
have been classified as persistent organic pollutants (POPs)
under the Stockholm Convention, owing to their high chemical
stability, toxicity, and poor biodegradability.*®

Methylene blue (MB) is a widely used cationic dye in textile
and paper processing, whose release into aquatic environments
can cause carcinogenic, mutagenic, and ecotoxic effects.®** Due
to its complex aromatic structure (Fig. 1), MB is resistant to
conventional treatment methods (biological or physicochem-
ical), which are often inefficient or economically unsustain-
able.’* In this context, adsorption onto Activated Carbon (AC)
has emerged as a cost-effective and efficient alternative
compared to other technologies such as ion exchange,
membrane filtration, or photocatalysis.**™**
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Fig. 1 Molecular structure of MB dye.

In developing countries such as Mexico, wastewater from the
textile industry is often discharged directly into rivers and other
natural water bodies, either untreated or insufficiently
treated.'®'” This practice significantly contributes to the dete-
rioration of aquatic ecosystems and highlights the urgent need
for cost-effective and sustainable wastewater treatment
technologies.

Cocoa Pod Husk (CPH), an abundant agro-industrial waste
in cocoa-producing regions such as Mexico, represents a largely
underutilised precursor for carbon production. For every ton of
dry cocoa beans, approximately 10 tons of CPH are discarded,
generating a significant environmental burden."®>* According
to the Mexican Agriculture Public Organization (MAPO, 2022),*
about 28 000 tonnes of cocoa beans were produced in 2021,
corresponding to nearly 280000 tonnes of CPH waste. The
lignocellulosic composition of CPH, rich in hemicellulose,
lignin, and cellulose, makes it an attractive candidate for
chemical activation and valorisation into carbon-based
nanomaterials.'®?! Unlike other biomass sources,**** the high
hemicellulose fraction of CPH facilitates delignification,
enabling the formation of nanocarbon domains with distinct
surface functionalities.

In particular, CPH has been reported as a promising feed-
stock in recent studies, confirming its potential for removing
organic pollutants from water.>»****** The development of
carbon-based materials has also been highlighted in other
contexts, such as polymeric composites and structural appli-
cations, demonstrating the versatility and broad applicability of
carbon materials.*® Nevertheless, limitations remain regarding
pore efficiency under variable operating conditions. Moreover,
few studies have applied robust statistical design approaches
such as Response Surface Methodology (RSM) to optimise crit-
ical process parameters simultaneously.

In this work, we applied two independent chemical activa-
tion strategies, alkaline (NaOH) and acidic (H,SO,), to CPH,
a non-conventional lignocellulosic precursor, to synthesise
Activated Carbon (ANC). Unlike conventional biomass precur-
sors such as rice husk or coconut shell, CPH possesses
a uniquely high hemicellulose-to-lignin ratio, which enables
more extensive delignification and the development of partially
graphitised domains enriched with oxygen-containing func-
tionalities."®****%” These distinctive structural and chemical
transformations differentiate CPH-derived ANC from previously
reported biomass-based carbons, providing higher graphitiza-
tion and enhanced adsorption performance.***" The resulting
materials were comprehensively characterised to elucidate
surface chemistry and textural evolution, while adsorption
toward MB was evaluated through kinetic and equilibrium
modelling. Furthermore, process optimisation was performed
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using central composite design (CCD) and RSM, a method that
has not been systematically applied to CPH-derived carbons.
Beyond performance, this study highlights the green valor-
isation of an abundant agro-waste into chemically activated
adsorbents, aligning with circular economy principles. By
coupling enhanced graphitisation with optimised adsorption
efficiency, the proposed approach highlights the green valor-
isation of an abundant agro-waste into chemically activated
adsorbents, aligning a sustainable and cost-effective solution
for wastewater remediation in cocoa-producing regions.

2 Methods

2.1 Precursor material

The CPH utilized in this study were collected from the farm of
Mr Efrén Hernandez Maldonado, located in Ra. Mihuatlan,
Cunduacan, Tabasco, México. The farm supplies raw materials
to Chocolateria Artesanal Citlalli, owned by Mr Cutberto Lazaro
Cepeda.

The raw material, referred to as CPH, comprised 4 kg of
agricultural waste. The husks were thoroughly washed multiple
times with deionized water to remove dust and surface impu-
rities. Subsequently, the material was air-dried under sunlight
for three days on a flat, open surface, followed by oven drying at
100 °C for 48 hours using a Riossa oven (Riossa, Mexico). After
drying, the material was ground and sieved to obtain particles
smaller than 0.25 mm (mesh size 60-80), using a conventional
mechanical sieve shaker. Similar pre-treatment steps have been
widely reported for lignocellulosic precursors to ensure homo-
geneity and surface cleanliness prior to activation.'*?*** The
resulting CPH powder was subjected to the determination of
extractives, cellulose, hemicellulose, and lignin contents
following the standard analytical protocols reported in the
Official Methods of Analysis of AOAC International (18th ed.),*?
in accordance with the acid-alkali digestion and solvent
extraction procedures commonly employed for lignocellulosic
residues [Sluiter et al., NREL/TP-510-42618, 2012].** Compa-
rable pre-treatment and characterisation methodologies for
lignocellulosic precursors have also been reported by Selvaraju
and Bakar (2017)** and Li et al. (2014),* whose studies are
widely cited and validate the reliability of these analytical
techniques.

2.2 Lignocellulosic characterisation of cocoa pod husk
(CPH) before treatment

The structural composition of lignocellulosic biomass, partic-
ularly the arrangement of cellulose, hemicellulose, and lignin,
plays a crucial role in determining the reactivity of the precursor
and its subsequent activation performance. For clarity, the
molecular structure of cellulose is shown in Fig. 2 as a repre-
sentative component of the lignocellulosic framework in CPH.

2.2.1 Determination of extractives content. The Cocoa Pod
Husk Powder (CPHP, W,) was mixed with a benzene/ethanol
solution (2:1 v/v) and maintained at a constant temperature
for 3 hours to extract soluble components. The mixture was
then filtered, and the solid residue was dried in an oven at 105 °

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structure of cellulose, representative of lignocellu-
losic components in CPH.

C for 24 hours until a constant weight was achieved. After

cooling to room temperature in a desiccator, the sample was

weighed (W;). The extractable content (% Ext) was calculated

using eqn (1):

Wy — W,
0

% Ext = % 100 (1)

The remaining residue was subsequently used for quanti-
fying the hemicellulose and lignin contents.*>™**

2.2.2 Determination of hemicellulose content. A volume of
150 mL of sodium hydroxide solution (20 g L") was added to
the extractive-free residue (W,). The mixture was placed in
a covered beaker and heated at a constant temperature for 3.5
hours. The resulting solid was separated by Biichner filtration
and washed four times with 150 mL of distilled water to remove
residual sodium ions. The solid was then dried in an oven at
105 °C for 24 hours and weighed (W3).*>™** The hemicellulose
content (% Hemi) was determined using eqn (2):

W, — W
— X

2

% Hemi = 100 (2)

2.2.3 Determination of lignin content. A 1 g portion of the
residue obtained from the extractive analysis was dried in an
oven at 105 °C until constant weight and then cooled in
a desiccator before being weighed (W,). Subsequently, 30 mL of
concentrated sulphuric acid (72% H,SO,) was slowly added to
the sample. The mixture was maintained at a temperature
between 8 and 15 °C for 24 hours. After this period, the sample
was transferred to a flask, diluted with 300 mL of distilled water,
and heated to a boil for 1 hour. The resulting residue was
filtered, thoroughly washed to remove residual sulfate ions,
dried at 50 °C to constant weight, cooled in a desiccator, and
finally weighed (Ws5).*>** The lignin content (% Lignin) was
calculated using eqn (3):

% Lignin = % x (100 — % Ext) (3)

2.2.4 Determination of cellulose content (by difference).
The cellulose content (% Cellulose) was determined by differ-
ence, using eqn (4):

% Cellulose = 100 — % Ext — % Hemi — % Lignina (4)

2.2.5 Proximate analysis of CPHP. Proximate analysis was
carried out by the official methods of the Association of Official
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Analytical Chemists (AOAC, 2005),* including moisture content
(Method 925.09), crude fat (920.30), crude protein (979.09), ash
(923.03), and crude fiber (962.09). Carbohydrate content was
calculated by difference.

2.3 Green synthesis of ANC from CPH powder

The delignification process for material synthesis was con-
ducted via immersion in alkaline and acidic solutions. Treat-
ments were carried out using a 1:10 (w/v) ratio of
lignocellulosic residue to chemical solution at room tempera-
ture for 12 hours, with two concentration levels applied for each
condition. For alkaline activation, CPHP, previously oven-dried,
was immersed in sodium hydroxide solutions at concentrations
of 0.1 M and 5 M (solid-to-liquid ratio of 100 g L™ "). The
resulting samples were designated as ANCSHO0.1 and ANCSHS5,
respectively. Similarly, acidic treatment was performed by
immersing CPHP in sulphuric acid solutions at 0.5 M and 10 M
concentrations, yielding samples labelled ANCSA0.5 and
ANCSA10. After treatment, all suspensions were vacuum-filtered
and thoroughly washed with deionised water until the filtrate
reached a neutral pH, followed by rinsing with acetone. The
treated solids were then oven-dried at 80 °C until constant
weight was achieved, typically within 24 hours. Previous studies
have demonstrated the effectiveness of alkali and acid
pretreatments in modifying CPH for enhanced dye adsorption,
particularly sodium hydroxide delignification to improve
surface reactivity and porosity.>®?324333436

2.3.1 Characterisation of ANC synthesised from CPH

2.3.1.1 N, adsorption-desorption isotherm. The specific
surface area, pore diameter, and pore volume of the CPH and
ANC samples were determined via N, physisorption using
a Micromeritics TriStar II 3020 surface area analyzer at 77 K
(—196 °C). Before analysis, approximately 0.1 g of each
sample was degassed at 300 °C for 3 hours to remove
adsorbed impurities and moisture. The obtained
adsorption-desorption isotherms were analyzed using the
Brunauer-Emmett-Teller (BET) method to calculate the
specific surface area (Sggr), while pore volume (Py)
and average pore diameter (Ps) were determined using the
Barrett-Joyner-Halenda (BJH) model as implemented in the
ASAP 2020 software package.?*3%*!

2.3.1.2 Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX). SEM was conducted using
a JEOL/EO ]JSM-6610 microscope operated at 5-20 kv and
equipped with EDX. Before imaging, samples were sputter-
coated with a thin layer of gold to enhance surface conduc-
tivity. A small amount of powdered sample was mounted on
carbon adhesive tape fixed to aluminum stubs, followed by
gold coating. Micrographs were acquired at magnifications
ranging from 100x to 100 00x to examine surface morphology
and elemental distribution, which are critical parameters in
evaluating biomass-derived carbons.** The characterisation
was conducted at the Center for Research in Science and
Applied Technology of Tabasco (CICTAT), Academic Division of
Basic Sciences, Universidad Juarez Auténoma de Tabasco
(UJAT), in collaboration with the Faculty of Chemical Sciences

RSC Adv, 2025, 15, 47231-47254 | 47233
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at Benemérita Universidad Autéonoma de Puebla (BUAP), with
technical support from Dr Gerardo Enrique Cordova Pérez.

2.3.1.3 X-Ray diffraction (XRD). XRD analysis was performed
to identify the crystalline phases and estimate the crystallite
sizes of the CPH and ANC samples. Measurements were con-
ducted using a Bruker D2 PHASER diffractometer equipped
with a Co Ko radiation source (A = 0.179 nm). Diffraction
patterns were collected over a 26 range of 20° to 80° with a total
scan time of 660 seconds. Phase identification was performed
using the JADE 6 software and the corresponding database. The
interpretation of structural ordering in carbonaceous materials
through XRD is consistent with previously reported studies on
lignocellulosic biomass-derived carbons.*”**

The average crystallite size was estimated using the Scherrer

eqn (5).
0.902
- B cos 6 ()

where A represents the X-ray wavelength, 8 the full width at half
maximum (FWHM), and 6 the Bragg angle. This approach has
been widely applied for the estimation of crystalline domain
sizes in biomass-derived carbons and related disordered carbon
materials.*”*

2.3.1.4 Raman spectroscopy. Raman spectroscopy was
employed to identify vibrational modes in CPH and ANC
samples. The measurements were conducted using a HORIBA
Xplora Plus Raman microscope equipped with a He-Ne laser (1
= 632.8 nm, 16 mW). The system featured spatial resolutions of
20, 5, and 2 pm, and a spectral resolution ranging from +0.2 to
+0.5 cm™'. The instrument was equipped with a thermo-
electrically cooled CCD detector, an optical microscope with
objectives of 10x, 50x, and 100x, and an integrated video
camera for sample focusing. A motorised sample stage enabled
mapping over a maximum area of 5 mm®. Raman spectroscopy
is widely recognised as a powerful tool for probing structural
order, bonding, and defect density in carbon-based materials,
as extensively discussed in both classical and recent studies.*®*

2.3.1.5 Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectroscopy was performed using a PerkinElmer Frontier
spectrophotometer (USA) equipped with a Diamond Attenuated
Total Reflection (ATR) accessory and operated via Windows®-
based software. Spectra were recorded in the wavenumber range
of 400-4000 cm ™' with a resolution of 4 cm™, averaging 32
scans per spectrum. Samples analysed included untreated CPH,
CPH after acid and alkaline treatments, and the corresponding
ANC materials. Each spectrum was subjected to baseline
correction, smoothing, and normalization using PerkinElmer
Spectrum software. All measurements were performed in trip-
licate, and the resulting spectral data were processed and
visualised using OriginPro 8.5.1. FTIR spectroscopy has been
widely employed for identifying functional groups and moni-
toring surface modifications in biomass-derived carbons,
providing key insights into chemical transformations during
acid and alkaline pretreatments.>**

2.3.1.6 Point of zero charge (pHp;c) determination. The pHpyc
of the adsorbents was determined using the pH-drift method. In
brief, 50 mL of 0.01 M NacCl solution was placed in a series of
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closed Erlenmeyer flasks, and the initial pH (pH;) of each
solution was adjusted to values between 2.0 and 12.0 using
0.1 M HCl or 0.1 M NaOH. A fixed mass of adsorbent (0.05 g) was
then added, and the suspensions were shaken at room
temperature for 24 hours to reach equilibrium. The final pH
(pHy) of each solution was recorded, and the difference (ApH =
pH; — pH;) was plotted as a function of pH;. The pH at which
ApH = 0 was taken as the pHpyc, representing the condition at
which the adsorbent surface exhibits no net charge. This
procedure has been extensively used for biomass-derived
carbons to elucidate surface charge properties and their role
in dye adsorption.?®*'->

2.4 Adsorption experiments

The adsorption performance of the five adsorbent samples, CPH,
ANCSHO0.1, ANCSH5, ANCSAO0.5, and ANCSA10, was evaluated
through batch adsorption studies using MB as a model pollutant.
Experimental conditions (solid-liquid ratio, initial concentration
range, pH window, contact time, and temperature) followed
widely adopted protocols for MB adsorption on biomass-derived
activated carbons,'* including CPH-based systems.** For
isotherm studies, 400 mg of each adsorbent was added to 100 mL
of MB solution at an initial concentration of 5 to 30 mg L™ and
pH 6. The effects of contact time (30-180 min), temperature (35-
65 °C), and pH (2-6) on MB removal were systematically assessed
in line with prior reports on MB adsorption using plant-waste-
derived carbons.***® After each adsorption run, samples were
vacuum-filtered using 1.2 um glass microfiber filters. In kinetic
experiments, MB concentration was monitored at defined time
intervals to resolve uptake profiles, enabling pseudo-order rate
modelling and subsequent parameter estimation as commonly
applied for MB on hydrochars and agrowaste carbons.>* MB
concentrations before and after adsorption were quantified by
UV-Vis spectroscopy (Agilent Technologies, Varian Cary 3000,
USA) with A, at 663 nm, consistent with standard MB quanti-
fication protocols for lignocellulosic carbons.*>**¢ Thermody-
namic parameters (AG°, AH°, AS°) were calculated from
equilibrium constants (K. = ¢./C.) using the van't Hoff and Gibbs
equations, as described in Section 3.3.3. All experiments were
performed in duplicate, and each measurement was performed in
triplicate to ensure reproducibility.

The adsorption capacity at equilibrium, g, (mg g~ '), was
calculated using eqn (6):

_ (CO - CL)V
Ge= " (6)

where C, is the initial concentration of MB (mg L™ %); C, is the
concentration of MB at equilibrium (mg L"), V, the volume of
the solution (L), and W, the mass of the absorbent used
(g)'lél,sl

The following expression was used to calculate the dye

removal percentage.
Rve= =G 49 )
0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4.1 Adsorption kinetics. Exploring adsorption kinetics
models provides critical insights into the mechanisms that
govern MB uptake onto CPH, ANCSHO0.1, ANCSH5, ANCSAO.5,
and ANCSA10. Investigating the adsorption rate and the time
required to attain equilibrium is essential for evaluating and
characterizing the adsorption performance of these mate-
rials.***® In this study, the experimental kinetic data were fitted
to two widely used models: the pseudo-first-order and pseudo-
second-order kinetic models, to identify the potential rate-
limiting steps and gain a better understanding of the adsorp-
tion dynamics.

The pseudo-first-order kinetic model® is expressed in linear
form in eqn (8).

In(ge — q) = Ing. — kyt (8)

And the nonlinear form is given by ref. 54:

4= g1 — e ©)

where g, (mg g ') is the amount of adsorbate at equilibrium, g,
(mg g~ ") is the amount of adsorbate adsorbed at time ¢ (min),
and k; (min~") is the pseudo-first-order rate constant.
The pseudo-second-order kinetic model® in linear form is
given by:
t 1 t
AR (1)
where k, (g mg™' min~") is the pseudo-second-order rate
constant.
The nonlinear form of the pseudo-second-order kinetic
model® is exposed in the following eqn (11).

ot
q:r = e 22

= — 11
1+qek2[ ( )

where the variables are the same as in the linear form.

These models assume different adsorption mechanisms: the
pseudo-first-order model is typically associated with phys-
isorption. In contrast, the pseudo-second-order model suggests
chemisorption involving valence forces through sharing or
exchange of electrons between the adsorbent and adsorbate.*"*
The data were processed using Origin 8.5 software. By analysing
the kinetic parameters and coefficient of determination (R*), the
best-fitting model can be determined, offering valuable insights
into the controlling mechanism of the adsorption process.

2.4.2 Isotherm experiments. The adsorption isotherm
describes the equilibrium relationship between the amount of
adsorbate retained on the adsorbent surface and its concen-
tration remaining in the solution at a constant temperature.*
Several adsorption isotherm models are available to analyse
experimental data and describe equilibrium adsorption
behavior.* In this study, the Langmuir and the Freundlich
models were applied to evaluate the adsorption characteristics.
In addition to these classical isotherms, the Temkin, Redlich-
Peterson, Sips, and Toth models were employed, as they
account for surface heterogeneity, energetic variability, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cooperative adsorption effects, particularly relevant when
working with bio-based or chemically modified adsorbents.
The Langmuir isotherm® assumes monolayer adsorption
onto a surface with a finite number of identical sites and no
interaction between adsorbed molecules. It is expressed as:

_ Gmax KL Ce

== — - 12
1+ K.C. ( )

qe
where ¢, is the amount of adsorbate adsorbed at equilibrium
(mg g7"), gmax is the maximum adsorption capacity corre-
sponding to complete monolayer coverage (mg g™ "), C, is the
equilibrium concentration of the adsorbate in solution (mg
LY, Ky is the Langmuir equilibrium constant related to the
affinity of binding sites (L mg ™).

The Freundlich isotherm® is an empirical model that
describes adsorption onto heterogeneous surfaces with a non-
uniform distribution of heat of adsorption. Its eqn (13) is
given by:

qo = KeC" (13)
where ¢, is the amount of adsorbate adsorbed at equilibrium
(mg g "), K¢ is the Freundlich constant indicative of the
adsorption capacity (mg'™"" g~* LY, C, is the equilibrium
concentration of the adsorbate in solution (mg L"), n is the
heterogeneity factor (dimensionless), where values of 1 <n < 10
indicate favorable adsorption.

The Redlich-Peterson model® combines the features of both
Langmuir and the Freundlich isotherms, offering flexibility for
heterogeneous or hybrid adsorption systems. Its general form is:

KrC,

= TraC? an CF (14)

qe
where g, is the amount of adsorbate adsorbed at equilibrium (mg
g "), Kz (L g~ ") and ag are Redlich-Peterson constants, C, is the
equilibrium concentration of the adsorbate in solution (mg L"), g
is the heterogeneity factor (dimensionless), with 0 < g =< 1.
The Sips isotherm> describes adsorption on heterogeneous
surfaces and reduces to the Langmuir equation at low concen-
trations. Its eqn (15) is:

_ qmax (KS CF )”

;= 15
q. 11 K.C/ (15)

where gpmax is the maximum adsorption capacity (mg g~ "), K; is the
Sips isotherm constant related to adsorption intensity (L mg™"). n
is the heterogeneity factor (dimensionless), with n = 1 reducing
the equation to Langmuir.

The Temkin model®
interactions and assumes the heat of adsorption decreases
linearly with surface coverage. The eqn (16) is:

accounts for adsorbate-adsorbent

e = Bll’l(AC() (16)

A is the Temkin isotherm equilibrium binding constant (L g~"),

RT . .
B= B where by is a constant related to the heat of adsorption
T

(J mol ), R is the universal gas constant (8.314 J mol ' K™ %), T'is
the absolute temperature (K).
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The Toth isotherm®® is an empirical model used to describe
adsorption on heterogeneous surfaces. It reduces to Langmuir
when the heterogeneity parameter ¢ = 1. The eqn (17) is:

max K C(.)
go = — dmaxBr%e (17)

(1 + (keC))"

Gmax 1S the maximum adsorption capacity (mg g~ '), Ky is the
Toth equilibrium constant (L mg ™), ¢ is the Toth heterogeneity
parameter (dimensionless).

2.5 Experimental design and optimisation studies

In this study, a CCD was employed to evaluate the main effects
of two experimental variables pH (2-7) and temperature (29-71
°C), as well as their interaction effects on MB adsorption using
ANCSH5 as the adsorbent. The Design Expert® software was
used to perform the experimental design and RSM analysis.
RSM has been widely applied to optimise adsorption processes
and evaluate the combined influence of multiple operating
variables on dye removal efficiency and adsorption capacity.®”">
In particular, RSM and CCD approaches have proven effective in
identifying optimal conditions and reducing experimental runs
while maintaining statistical robustness, which justifies their
application in the present work.**”-%® A CCD comprises factorial
points, axial (star) points positioned at a distance « from the
center, and replicated center points to provide an unbiased
estimate of pure error and to test for curvature.®”*"*7> Each
factor is evaluated at five coded levels (—«, —1, 0, +1, and +a),
where « and the number of experiments (N) are calculated using
the following equations.

a = 2N (18)

N=25+2k+C, (19)
where k is the number of variables, and C;, is the number of
center point replicates.”* In many adsorption and related
process-optimization studies, the response surface exhibits
sufficient curvature that a first-order (linear) model is inade-
quate; therefore, a second-order polynomial with interaction and
quadratic terms is fitted and assessed via ANOVA, lack-of-fit, and
model adequacy diagnostics.’***%>7%7> Therefore, to accurately
identify critical points (i.e., maxima or minima), a second-order
polynomial model is employed, as represented in eqn (20).
Quadratic models are widely recognised as essential in RSM
studies because they capture surface curvature and enable the
prediction of optimal conditions with high reliability.®”-*7*7>

k k ko k
Y=8+) BXi+ > B: X +> > B;XXi+e (20
i=1 i=1 i<j

where Y, is the predicted response; X;, and X; are the indepen-
dent variables; @, is the intercept; §; is the linear coefficient; 8;;
is the quadratic coefficient; @; is the interaction coefficient

between variables X; and Xj; and ¢ is the random error term.
The CCD matrix for this study consisted of 12 experimental
runs, including four center points to assess reproducibility and
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Table 1 CCD matrix used in the present study

Runs order Temperature (°C)

i)
Jas)

35
35
65
65
29
71
50
50
50
10 50
11 50
12 50

O 0 N O Ul bW
Bk R R N R R RN O

four axial points to ensure rotatability of the design (Table 1).
The experimental runs were done at random to minimise
systematic error. Analysis of variance (ANOVA) was used to
evaluate the significance of individual and interaction effects,
with main effects considered statistically significant at p < 0.05
(95% confidence level). All experiments were performed in
duplicate, with each measurement conducted in triplicate to
ensure accuracy and statistical reliability.

Optimisation was carried out using the desirability function
to identify the best pH and temperature conditions for
maximum MB removal and adsorption capacity.

3 Results and discussion

3.1 Lignocellulosic characterisation of CPH before
treatment

3.1.1 Proximate and lignocellulosic composition analysis
of CPH. Table 2 summarises the lignocellulosic fractions,
extractables, hemicellulose, lignin, and cellulose, as well as the
proximate components, including moisture, protein, fat, ash,
fiber, and carbohydrates, in CPHP, expressed as a weight
percentage (wt%). Values are reported as mean + standard
deviation.

The chemical composition of lignocellulosic bioadsorbents
significantly influences their adsorption performance, as it
determines the availability of functional groups and surface
chemistry. CPHP is primarily composed of natural fiber poly-
mers, with hemicellulose being the most abundant carbohy-
drate fraction, followed by cellulose and lignin. The cellulose
content measured (19.92 wt%) is lower than values reported in
other studies,*”® which may be attributed to differences in
cocoa variety, cultivation practices, soil characteristics, and
regional climatic conditions. In contrast, the hemicellulose
content in this study was higher than that reported elsewhere,
reinforcing the influence of agricultural and genetic factors on
biomass composition.***

Additional components present in smaller quantities, such
as proteins, ashes, and extractables, are grouped under “others”
due to their secondary relevance in the structural composition
of the biomass. Nevertheless, these constituents may still

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physicochemical and lignocellulosic composition of CPHP

Lignocellulosic Content Proximate a Content
composition (Wt%) nalysis (Wt%)
Extractable 13.4 £ 0.47 Humidity 9.26 £ 0.02
Hemicellulose 47.73 £ 7.84 Protein 5.29 £+ 0.17
Lignin 18.95 £ 9.61 Fat 7.31 £ 0.07
Cellulose 19.92 + 1.39 Ash (%) 8.03 £+ 0.10
Fiber 23.20 £+ 1.36
Carbohydrate 46.9 + 0.00

contribute to the surface reactivity of the material, particularly
in chemical activation and adsorption processes.*

3.2 Characterisation of ANC synthesised from CPH

Table 3 presents the textural parameters of the five adsorbents,
determined from the N, adsorption isotherm using the BET
method. The specific surface area (Sggr) increases with higher
concentrations of chemical treatment, showing a significant
rise with sulphuric acid. All five adsorbents are mesoporous in
terms of pore size (P), with ANCSHO.1 exhibiting the smallest
P;. The chemical treatment removes moisture and volatile
matter from the biomass, which typically enhances its reactivity
as an adsorbent.**”*

3.2.1 Scanning electron microscopy (SEM) with energy
dispersive X-ray (EDX). Fig. 3 shows SEM images of CPH,
ANCSHO0.1, ANCSHS5, and ANCSA10 captured at magnifications
of 100x and 1000 x. The surface morphology of CPH undergoes
significant changes following chemical activation. As seen in
low-magnification images, CPH initially exhibits a dense, rigid,
and compact structure with a smooth surface and no visible
cavities. However, after treatment with acid and alkaline agents,
the morphology changes dramatically, particularly in samples
ANCSH5 and ANCSA10. These chemically activated variants
display rougher surfaces and a more porous structure, charac-
terised by the development of additional pores and cracks. This
transformation increases the overall surface area of the mate-
rial, enhancing its potential for applications such as adsorption.
The clear contrast between the untreated CPH and the acid/
alkaline-treated forms underscores the effectiveness of chem-
ical activation in modifying surface characteristics and
improving functional performance.*>?*>*

The predominantly quasi-spherical and rod morphology of
ANCSH5 and ANCSA10 particles is evident, with most seen
particles  exhibiting this shape. This morphological

Table 3 Specific surface area (Sget), pore volume (Py), and pore size
(Ps) of the adsorbents. N.D. not detected

Adsorbent Sper (m? g7Y) Py (em® g™ Pg (nm)
CPH 0.0169 0.000778 7
ANCSAO0.5 0.129 0.000366 10
ANCSA10 1.966 0.004617 14
ANCSHO0.1 0.5115 0.000039 3.5
ANCSH5 0.2218 0.000511 N.D.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEM micrographs of (a) CPH, (b) ANCSHO.1, (c) ANCSHS5, and (d)
ANCSA10. Experimental conditions: accelerating voltage 5-20 kV,
magnifications 100x-1000x.

transformation is primarily attributed to the elimination of
hydrophobic waxes, pectin, hemicellulose, lignin, and other
impurities from the CPH matrix during sequential acid and
alkaline treatments. The defibrillation of cellulose into indi-
vidual fibrils is linked to the removal of its amorphous regions,
predominantly influenced by the presence of hemicellulose and
lignin.*****” The total weight loss of the CPH, 18% after the
NaOH treatment and 40% after the H,SO, treatment, further
confirms this.

Fig. 4 shows the EDX Spectra of CPH, ANCSH5, and
ANCSA10. Elemental analysis of CPH reveals the presence of
carbon (47.40%), oxygen (38.32%), nitrogen (13.93%), potas-
sium (0.15%), phosphorus (0.04%), and calcium (0.16%).
However, elemental analysis of ANCSH5 and ANCSA10 reveals
the presence of all elements detected in CPH, except for phos-
phorus, potassium, and calcium. The increased carbon peaks
(Fig. 4b and c) and higher estimated mass percentages (Table 4)
seen in the EDX analysis of ANCSA10 and ANCSHS5, relative to
CPH, indicate that the chemical treatment effectively promoted
the carbonization process.
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Fig. 4 EDX spectra of (a) CPH, (b) ANCSH5, and (c) ANCSA10.
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Table 4 EDX semiquantitative analysis of samples: CPH, ANCSA10,
and ANCSH5. N.D. not detected

Chemical element (ms%) CPH ANCSA10 ANCSH5
C 47.40 49.19 48.91

N 13.93 21.70 20.36

(@) 38.32 28.8 30.73

K 0.15 0.01 N.D.

P 0.04 N.D. N.D.

Ca 0.16 0.30 N.D.
Total 100 100 100

Similar outcomes were obtained by Mousavi-Qeydary et al.”
in their study of activated carbon made from human hair waste,
and Putra Negara et al.”® who synthesised activated carbons
derived tabah bamboo.

3.2.2 X-Ray Diffraction (XRD). The XRD pattern of raw
lignocellulosic CPH (Fig. 5) exhibited broad, low-intensity peaks
at 26 = 21.7°, 34.4°, and 43.5°, corresponding to amorphous
cellulose, disordered lignin domains, and the incipient (100)
graphitic plane, respectively. These features confirm the highly
amorphous nature of the pristine biomass, dominated by poorly
ordered carbonaceous structures.?*””

Significant structural transformations were seen following
chemical activation. The ANCSH5 sample (treated with 5 M
NaOH) displayed sharper and more intense reflections at the
same positions, indicating enhanced crystallinity and a higher
degree of graphitization. Notably, the increased intensity of the
(100) peak at 43.5° suggests the formation of graphene-like sp*
carbon domains, likely due to the effective delignification and
removal of hemicellulose under strong alkaline hydrolysis.*®

In contrast, the ANCSA10 sample (treated with 10 M H,SO,)
showed additional peaks at 29.4° and 31.7°, alongside those at
21.7°, 34.4°, and 43.5°. These are attributed to the formation of
organosulfate or sulfonated crystalline phases, reflecting more
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ANGSA10
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—— ANCSHS5

- ——CPH
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£
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Fig. 5 XRD patterns of raw CPH and chemically ANCs: ANCSHO.1,
ANCSHS5, ANCSAO.5, and ANCSA10.
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complex structural rearrangements. However, the broader
peaks indicate that strong acid activation induced partial
structural collapse, limiting long-range order.*”**

Samples treated with lower concentrations of acid
(ANCSAO0.5) and base (ANCSHO.1) exhibited only weak reflec-
tions at 34.4° and 43.5°, indicating limited carbon ordering and
incomplete removal of amorphous constituents.

The prominent reflection at 43.5°, corresponding to the (100)
plane of hexagonal graphite, serves as a key indicator of
aromatic ring condensation and planar sp® carbon align-
ment.**”® Its pronounced intensity in ANCSH5 confirms the
highest degree of graphitisation among all tested materials,
consistent with its enhanced physicochemical properties for
adsorption applications.

3.2.3 Raman spectroscopy. Fig. 6 presents the Raman
spectra of CPH, ANCSHO0.1, ANCSH5, ANCSAO0.5, and ANCSA10.
The CPH sample exhibited D and G bands at 1389 cm ' and
1602 cm™ ", respectively. For ANCSHO.1, the D and G bands
appeared at 1389 cm™ " and 1611 cm ™", while for ANCSH5, they
were seen at 1395 cm ™' and 1608 cm ™. In the case of ANCSAO.5,
the D and G bands were located at 1389 cm™* and 1605 cm ™,
respectively. ANCSA10 showed D and G bands at 1395 cm™* and
1608 cm ™.

The presence of both D and G bands in all samples confirms
the carbonaceous nature of the materials, with varying degrees
of structural order. The D and G bands were seen in the ranges
of 1300-1410 cm ™' and 1550-1610 cm ™', respectively, consis-
tent with reported values in the literature for disordered carbon
matrices.**”*8 The D band, indicative of structural disorder,
exhibited the highest intensity in the raw CPH sample, reflect-
ing a highly disordered carbon framework. In contrast, this
behaviour differed in the chemically treated samples, suggest-
ing modifications in the carbon framework due to the
treatments.**®** The D band is associated with disordered
carbon regions, and the G band corresponds to ordered
graphitic structures. The D band arises from the breathing
modes of sp>hibridised carbon atoms in aromatic rings and is
activated by structural defects or disorder, often associated with

— CPH

D — ANCSHO0.1
G — ANCSH5

1380 — ANCSAO0.5
1602 - ANCSA10 <

1395

~/1608

1608

Intensity (a.u.)

1389

w\.

1200 1400 1600 1800

Raman Shift (cm"')

2000

Fig. 6 Raman spectra of CPH, ANCSHO.1, ANCSH5, ANCSAQ.5, and
ANCSA10. Excitation wavelength: 632.8 nm.
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sp® hybridisation. In contrast, the G band results from the in-
plane stretching of sp>hybridised carbon atoms, character-
istic of ordered graphitic domains. These well-defined features
in the Raman spectra offer valuable insight into the heteroge-
neous microstructure of the carbon materials.”#%

To evaluate the degree of graphitisation, the intensity ratio of
the D peak and G peaks was calculated, where:

R=
I

(21)
where R is the degree of graphitization of carbon materials, Ir, is
the intensity of the D peak, I; is the intensity of the G peak. This
ratio is widely used as a semi-quantitative indicator of structural
disorder in carbon materials.®®

In samples treated with sodium hydroxide, particularly
ANCSHS5, the D band intensity exceeded that of the G band,
resulting in higher R values. In contrast, sulphuric acid-treated
samples did not exhibit the same trend. Interestingly, higher R
values, often associated with greater I, may also reflect an
increased presence of aromatic ring structures and a partial
reduction in certain types of carbon-related defects.”®** This
structural evolution can enhance the formation of oxygen-
containing functional groups on the material surface, thereby
improving adsorption performance by increasing surface
polarity and providing additional active sites for interaction
with adsorbate molecules such as dyes. Overall, sodium
hydroxide treatment promotes a higher degree of graphitisation
compared to sulphuric acid treatment of the raw biomass.*"*!

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR).
FTIR was employed to analyse the chemical transformations of
functional groups in CPH following chemical activation with
sodium hydroxide (NaOH, 0.1 M and 5 M) and sulphuric acid
(H,S0,, 10 M) during the delignification process. As shown in
Fig. 7a, the FTIR spectrum of untreated CPH reveals charac-
teristic absorption bands of lignocellulosic biomass. A broad
band near ~3400 cm ™' corresponds to O-H stretching vibra-
tions associated with hydrogen bonding or adsorbed moisture,
indicative of free hydroxyl groups on the surface.*” The
absorption at ~2894 cm ™' is attributed to C-H stretching of
aliphatic, CH,/-CH; groups, linked to cellulose and hemi-
cellulose structures.?* The band at 1722 cm ™' corresponds to
C=0 stretching in ester or carboxylic groups, likely originating
from hemicellulose or lignin.>*®” The signal at ~1600 cm™ " is
attributed to aromatic C=C stretching or conjugated C=0
groups within lignin, and may also reflect -7 interactions
associated with emerging graphitised domains.**** The peak at
1426 cm ™' corresponds to aromatic skeletal C=C stretching,*
while 1314 cm™" is assigned to in-plane C=C vibrations and
symmetric C-H bending of methyl/methylene groups, common
in lignin side chains and polysaccharide residues.®® A strong
band at 1244 cm ' corresponds to C-O-C ether bonds in
lignin,®* and the absorption at 1028 cm™" is assigned to C-O
stretching of primary and secondary alcohols in cellulose and
hemicellulose.>** Finally, the band near 590 cm™* corresponds
to out-of-plane C-H bending vibrations.®

In contrast, the FTIR spectra of NaOH-treated samples
(Fig. 7b and c¢) show a progressive attenuation and
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Fig. 7 FTIR spectra of (a) CPH, (b) ANCSHO.1, (c) ANCSH5, and (d)
ANCSA10.

disappearance of the 1722 cm™' band, particularly in the
ANCSH5 sample, indicating cleavage of ester linkages and
effective  removal of hemicellulose.*  Similarly, the
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disappearance of bands at 1244 cm ™" and 590 cm™ ' confirms
lignin degradation. This depolymerization process exposes
hydroxyl and phenolic groups, thereby enhancing surface
reactivity.”® The alkaline treatment thus results in significant
removal of recalcitrant fractions and increases cellulose acces-
sibility, which is critical for adsorption efficiency.>® Notably,
new bands appeared at 702 cm ™' (ANCSHO0.1) and 704 cm ™"
(ANCSH5), associated with out-of-plane C-H bending in
aromatic rings, suggesting the development of mw-7 stacking
interactions between carbon domains, possibly linked to
partially graphitised structures.'*"

In the case of the acid-treated sample (Fig. 7d), the
1722 ecm™ ' band was red-shifted to 1704 cm ™', indicating
possible alterations in carbonyl environments due to partial
conjugation. While the 1244 cm ™" band (associated with either
C-O-linkages in lignin) disappeared, suggesting partial lignin
removal, the 590 cm ' band remained, indicating incomplete
depolymerization of aromatic structures. In addition, intensi-
fied bands in the 1210-1114 cm ™" region were seen, associated
with C-OH and C-O-C stretching, which are indicative of newly
formed oxygen-containing acidic functionalities such as
lactones, anhydrides, and phenols.>**>* Notably, unlike the
alkali-treated samples (ANCSHO.1 and ANCSH5), which exhibi-
ted new bands at 702 and 704 cm ™', respectively, attributed to
7- stacking interactions, these bands were absent in the acid-
treated ANCSA10. The disappearance of the 1314 cm ™ * band in
ANCSA10 further supports the conclusion that sulphuric acid
treatment was less effective for delignification and the devel-
opment of aromatic carbon structures.

The band at 1028 cm™", attributed to C-O stretching vibra-
tions of primary and secondary alcohols in cellulose and
hemicellulose, remained prominent after sulphuric acid treat-
ment (ANCSA10), but showed a notable increase in intensity in
the NaOH-treated samples (ANCSHO0.1 and ANCSH5). This
enhancement suggests a more effective removal of hemi-
cellulose and lignin by the alkaline treatment, resulting in
greater exposure of cellulose hydroxyl groups. These newly
accessible polar functionalities can contribute significantly to
adsorption performance by enabling electrostatic interactions
and hydrogen bonding with cationic pollutants. Similar trends
have been reported in other studies, where alkaline pretreat-
ment led to a stronger 1028 cm™" signal due to increased
cellulose accessibility.>**">

The more effective delignification achieved through NaOH
treatment is attributed to enhanced cellulose exposure and the
formation of surface oxygen-containing functional groups such
as carbonyl, carboxyl, and hydroxyl groups. These functional-
ities are known to enhance adsorption performance through
mechanisms such as electrostatic attraction, hydrogen
bonding, and metal-ligand complexation.® According to
previous studies, the nature and abundance of surface func-
tional groups significantly influence the adsorption mecha-
nism, with -COOH and -OH groups promoting the uptake of
polar and ionic contaminants, including dyes and heavy
metals.>>* Therefore, the applied chemical treatments effec-
tively altered the surface chemistry of CPH, promoting the
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generation of active sites and improving the material's affinity
toward the target contaminant.

Although pure graphitic carbon exhibits minimal infrared
activity due to its symmetrical and non-polar structure, partially
graphitised domains formed during thermal activation of
cellulose produce discernible FTIR bands. These include
aromatic C=C stretching near 1600-1610 cm ™', for all mate-
rials, as well as bands near 1415-1426, 1314-1320, for CPH,
ANCSHO0.1, and ANCSSH5; and 702-704 cm '. These latter
bands are exclusively presented for ANCSH0.1 and ANCSHS5,
which are associated with sp>hybridised carbon structures and
T-T interactions, evidencing the alkaline treatment effect.
These features reflect the evolution of oxygenated amorphous
carbon networks derived from lignocellulosic precursors.
Notably, lignin's inherent aromatic ring structures contribute to
m-conjugated domains, facilitating w-7v stacking interactions
with aromatic pollutants such as cationic methylene blue (MB"),
which enhances adsorption efficiency, especially in alkaline-
treated materials.>**%+1%°

FTIR analysis corroborated the structural changes identified
by Raman spectroscopy and XRD. The presence of bands near
1600 cm™' (C=C stretching) and 1220-1260 cm ' and
1028 cm™ ' (C-O stretching) confirms the formation of conju-
gated aromatic systems and oxygen-rich functionalities during
chemical activation. These observations align with the D and G
bands in Raman spectra, which signify the coexistence of
disordered and graphitic carbon domains. Additionally, the
broad peaks in the XRD patterns indicate the presence of
amorphous or turbostratic carbon, supporting the formation of
partially graphitised structures. Together, these spectroscopic
and diffraction analyses demonstrate the successful conversion
of CPH into a carbonaceous adsorbent with structural features
favorable for m-m interactions and electrostatic adsorption
mechanisms.>>**>

3.3 Adsorption studies

The adsorption performance of MB was evaluated using
untreated CPH and chemically modified CPH powders
(ANCSA10 and ANCSHS5) under identical conditions: 30 °C, pH
7, and an initial dye concentration of 5 mg L™'. The removal
efficiency followed the order: ANCSH5 > ANCSA10 > CPH. The
untreated CPH achieved a removal efficiency of 24% (0.30 mg
g 1), while ANCSA10 reached 44% (0.50 mg g ). Remarkably,
the alkaline-treated sample ANCSH5 exhibited a substantial
improvement in MB removal (92%, 1.155 mg g~ '), highlighting
the effectiveness of the NaOH activation in enhancing adsorp-
tion capacity.

Beyond adsorption efficiency, the sustainability of ANCSH5
is intrinsically linked to the valorisation of CPH, a locally
abundant agro-waste with limited alternative applications. Its
conversion into carbon prevents biomass accumulation in
landfills, where uncontrolled biological decomposition gener-
ates methane (CH,), a potent greenhouse gas.?* In addition,
the synthesis employed here requires only sulphuric acid and
sodium hydroxide pretreatments at moderate conditions,
without the need for high-temperature furnaces, thus
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minimizing energy consumption and the associated carbon
footprint.>***” These attributes distinguish the present route
from other biomass-based carbons and further from petroleum-
derived ACs, whose production pathways involve fossil feed-
stocks with significant emissions of GreenHouse Gases (GHGs)
and Volatile Organic Compounds (VOCs).*>”” This highlights
the “green” positioning of the proposed synthesis, which inte-
grates waste reduction, low-energy processing, and circular
economy principles.

This improvement may be attributed to the removal of
organic compounds during the delignification process facili-
tated by alkaline treatment, which enhances the chelating
ability of the adsorbent surface. Additionally, sodium hydroxide
activation promotes a higher degree of graphitization compared
to sulphuric acid treatment, leading to the formation of oxygen-
containing functional groups. These modifications enhance
surface polarity and create additional active sites, thereby
enhancing the overall adsorption performance.

3.3.1 Adsorption kinetics. The adsorption kinetics of MB
onto CPH, ANCSHS5, and ANCSA10 are presented in Fig. 8. A
rapid increase in adsorption capacity was seen within the first
60 min for CPH and ANCSHS5, indicating high initial affinity
towards MB. In contrast, ANCSA10 exhibited a slower uptake,
reaching maximum adsorption at 120 min. Equilibrium was
established at approximately 120 min for CPH and ANCSHS5,
while ANCSA10 achieved equilibrium after 150 min. The kinetic
data were fitted to pseudo-first-order and pseudo-second-order
models (Table 5). The pseudo-second-order model provided
superior R> and closer agreement between experimental and
calculated adsorption capacities (g., exp and g., cal), indicating
its better suitability for describing the system. These results
suggest that the adsorption mechanism is governed predomi-
nantly by chemisorption processes, potentially involving elec-
tron sharing or exchange, such as surface complexation, ion
exchange, or precipitation.*>***

3.3.2 Isotherm experiments. The nature of the adsorption
process was determined using different adsorption isotherm
models to establish the best-fitted isotherm. The adsorption
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Fig. 8 Adsorption kinetics of MB on (a) CPH, (b) ANCSA10, and (c)
ANCSHS5. Experimental conditions: Co =5 mg L™, pH 6, T = 30 °C.
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Table 5 Kinetic parameters of MB on CPH, ANCSHS5, and ANCSA10
obtained from the pseudo-first-order and pseudo-second-order
models

Pseudo-first-order kinetics

Adsorbent k; (min ™) g. (mgg™) R’
CPH 0.02513 0.21966 0.99826
ANCSHS5 0.03045 0.71546 0.96173
ANCSA10 0.02825 0.99607 0.65892
Pseudo-second-order kinetics
Adsorbent k, (g mg ' min ) q. (mg g™ R’
CPH 0.12188 0.27490 0.99827
ANCSH5 0.11569 1.18085 0.99918
ANCSA10 0.00005 7.57070 0.98107

equilibrium data for MB on the three adsorbents (CPH,
ANCSA10, and ANCSH5) were fitted to the Langmuir and the
Freundlich models. The resulting parameters and R are sum-
marised in Table 6.

The Langmuir model, which assumes monolayer adsorption
onto a homogeneous surface with finite, identical sites, showed
a strong correlation for ANCSH5 (R* = 0.9997). This suggests
that the adsorption onto ANCSH5 may involve more uniform
active sites with higher energy affinity toward MB. In contrast,
CPH and ANCSA10 yielded low Langmuir R* values (0.53 and
0.14, respectively), indicating that the assumption of surface
homogeneity does not hold for these materials.

The Freundlich model, which accounts for adsorption on
heterogeneous surfaces, provided a better fit for CPH (R* = 0.85)
and ANCSH5 (R*> = 0.9999), while it still performed poorly for
ANCSA10 (R*> = 0.16). These differences may be attributed to
variations in surface functionalization and porosity induced by
chemical treatment, as supported by FTIR and BET analyses.

As shown in Fig. 9, the experimental adsorption data were
fitted using the non-linear forms of the Langmuir and the

Table 6 Calculated equilibrium constants of MB on CPH, ANCSHS5,
and ANCSA10 obtained from the Langmuir and the Freundlich
isotherm models

Langmuir isotherm

Adsorbent Gmax (Mg g™ ") Ky (Lmg ™) R
CPH 100.0000 0.002418 0.5291
ANCSH5 100.0000 0.024424 0.9997
ANCSA10 100.0000 0.007475 0.1416
Freundlich isotherm
Adsorbent Kg (mg' ™" g7t L7 n R
CPH 0.000016 0.201033 0.8449
ANCSH5 2.377979 1.037309 0.9999
ANCSA10 0.356150 0.687208 0.1559
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Fig.9 Experimental adsorption isotherms (ge vs. Ce) of MB on (a) CPH,
(b) ANCSA10, and (c) ANCSHS5, fitted with Langmuir and Freundlich
models.

Freundlich isotherm models. The results indicate an excellent
fit for ANCSH5, moderate agreement for CPH, and poor
conformity for ANCSA10, highlighting differences in surface
characteristics and adsorption mechanisms among the adsor-
bents. In particular, CPH and ANCSA10 exhibited non-ideal and
progressive adsorption behaviour. These deviations can be
attributed to surface heterogeneity, low adsorbate-adsorbent
affinity, and multilayer adsorption factors not fully captured by
the monolayer assumption of the Langmuir model or the
empirical approximation inherent to the Freundlich model.
Importantly, although the equilibrium data showed deviations
from classical isotherms, the adsorption process itself was
effective, as evidenced by the high MB removal percentages and
the excellent agreement of the kinetic data with the pseudo-
second-order model. This reinforces the idea that adsorption
performance should not be evaluated solely based on isotherm
conformity, but also considering the dynamic interaction
mechanisms and material-specific properties.

To further explore the equilibrium behaviour of MB
adsorption onto the three adsorbents, extended isotherm
models, including the Sips, Redlich-Peterson, Temkin, and
Toth models, were applied. These models are useful for
describing adsorption on heterogeneous surfaces, mixed
adsorption mechanisms, or multilayer phenomena not
captured by classical models. Fig. 10 shows the plots for the
extended isotherm models (Redlich-Peterson, Sips, Temkin,
and Toth), and the calculated isotherm constants are sum-
marised in Table 7.

The Sips model, which combines elements of Langmuir and
Freundlich, yielded excellent correlation for ANCSH5 (R*> =
0.9997), consistent with its previously seen near-monolayer
behaviour with some degree of heterogeneity. For CPH, the
model improved the fit moderately (R> = 0.84), suggesting
a surface with variable site energies. In contrast, ANCSA10
showed a limited correlation (R*> = 0.29), indicating that the
model assumptions may not apply to its surface characteristics.
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Fig. 10 Experimental adsorption isotherms (q. vs. C.) of MB on (a)
CPH, (b) ANCSHS5, and (c) ANCSA10, fitted with extended isotherm
models (Redlich—Peterson, Sips, Temkin, and Toth).

The Redlich-Peterson model, capable of bridging both
Langmuir and Freundlich forms, also provided an exceptional
fit for ANCSHS5 (R® = 0.9999). Its performance was slightly lower
for CPH and poor for ANCSA10, again reflecting heterogeneity

Table 7 Calculated equilibrium constants of MB on CPH, ANCSHS5,
and ANCSA10 obtained from the Sips, Redlich—Peterson, Temkin, and
Toth models

Sips isotherm

Adsorbent Gmax (Mg g7 ") K (L mg™) n R
CPH 100.0000 0.0443 5.0955 0.8444
ANCSH5 100.0000 0.0248 1.0053 0.9997
ANCSA10 3.9212 0.2869 10.0000 0.2948
Redlich-Peterson isotherm
Adsorbent Ke(Lg™h ar g R
CPH 18.0386 75.3073 0.0000 0.5357
ANCSH5 100.0000 41.0527 0.0368 0.9999
ANCSA10 42.2199 57.4525 0.0000 0.1431
Toth isotherm
Adsorbent Gmax (Mg g™ ") Kr (L mg ™) ¢ R
CPH 2.0345 14.4479 23.4162 0.0000
ANCSH5 100.0000 0.0241 1.0793 0.9998
ANCSA10 13.7814 0.0524 60.5573 0.1431
Temkin isotherm
Adsorbent AlLg™ B R
CPH 0.2207 3.0693 0.6126
ANCSH5 2.6914 2.9228 0.9306
ANCSA10 0.4074 5.3564 0.1959

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 R? for all isotherm models
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Adsorbent Langmuir Freundlich Sips Redlich-Peterson Temkin Toth

CPH 0.5291 0.8449 0.8444 0.5357 0.6126 0.0000
ANCSA10 0.1416 0.1559 0.2948 0.1431 0.1959 0.1431
ANCSH5 0.9997 0.9999 0.9997 0.9999 0.9306 0.9998

and non-ideal adsorption patterns. The Temkin model, which
assumes a linear decrease in adsorption energy with coverage,
showed moderate fits for CPH and ANCSHS5, while under-
performing for ANCSA10. This suggests that adsorbent-adsor-
bate interactions in these systems involve energetic
heterogeneity or weak bonding effects. The Toth model, often
used for highly heterogeneous systems, resulted in the best fit
for ANCSH5 (R*> = 1) and improved fit for CPH compared to
classical models. However, ANCSA10 again showed poor
adjustment, highlighting its distinct and possibly multilayer or
diffusion-limited adsorption mechanism.

ANCSH5 exhibited strong agreement with all models,
particularly Redlich-Peterson and Toth, indicating a highly
efficient and energetically accessible surface. The similarity in
performance among classical and extended models for ANCSH5
suggests well-distributed active sites, moderate surface hetero-
geneity, and favorable interaction with the adsorbate. In
contrast, ANCSA10 showed poor correlation across all models,
indicating deviation from ideal or energetically uniform
adsorption behaviour likely due to severe surface heterogeneity,
inaccessible sites, or multilayer interactions. CPH showed
moderate fits, with Sips and Temkin performing better.

In summary, the application of extended isotherm models
supports the conclusion that ANCSH5 possesses a surface with
high affinity and partially homogeneous active sites, whereas
CPH shows heterogeneous behaviour with moderate adsorption
energy. The poor fit of all models to ANCSA10 underscores the
need for either customised models or hybrid approaches for

Comparison of R? for all Isotherm models
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Fig. 11 Comparison of R? obtained from classical and extended
isotherm models for MB adsorption onto CPH, ANCSA10, and
ANCSHS.

© 2025 The Author(s). Published by the Royal Society of Chemistry

complex surfaces that incorporate kinetic or diffusional
constraints.

3.3.2.1 Model comparison based on coefficient of determina-
tion. To systematically compare the performance of classical
and extended isotherm models, R*> was calculated for each
model and adsorbent (Table 8). This comparison reveals
substantial differences in model performance depending on the
material's surface chemistry and adsorption behaviour (Fig. 11).

Among the three adsorbents, ANCSH5 consistently exhibited
the highest R* values across all models, with nearly perfect fits
for the Sips, Toth, and Redlich-Peterson models (R* > 0.999).
This indicates a well-defined and partially homogeneous
adsorption mechanism, likely involving both high surface area
and active functional groups enhanced by NaOH activation.

In contrast, CPH showed moderate fits, with the Freundlich
and Sips models providing the best results (R*> = 0.84). The
relatively low R® values for Langmuir and Redlich-Peterson
suggest that adsorption onto CPH occurs on a heterogeneous
surface without saturation, likely due to limited availability or
diversity of active sites.

ANCSA10 exhibited the lowest R* values across nearly all
models, including extended ones. This suggests a highly
complex or non-ideal adsorption process, potentially involving
multilayer formation, diffusion limitations, or
interactions.

These findings reinforce the importance of applying a range
of isotherm models, classical and extended, when character-
izing novel adsorbents. Relying solely on Langmuir or Freund-
lich models may obscure underlying mechanistic differences,
particularly in bio-based or structurally diverse materials, and
reveal significant differences in adsorption capacity and surface
affinity among the adsorbent materials.

3.3.3 Thermodynamic studies. Thermodynamic parame-
ters were evaluated using the van't Hoff approach based on
equilibrium constants (K. = ¢./C,) obtained from isotherm data
at different temperatures (25-45 °C). The standard Gibbs free
energy (AG°), enthalpy (AH®), and entropy (AS°) were calculated
according to eqn (22-24):

weak

AG® = —RTIn K¢ (22)
AH® AS°

ln KC:*RT‘FT (23)

AG® = AH" — TAS® (24)

Table 9 summarises the calculated thermodynamic param-
eters. Negative values of AG° across all tested temperatures
confirm the spontaneous nature of MB adsorption onto

RSC Adv, 2025, 15, 47231-47254 | 47243
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ANCSH5, consistent with observations reported for other
biomass-derived  adsorbents.®*”**  The  positive  AH°
(25.0 k] mol ") indicates an endothermic process, while positive
AS° values reflect increased randomness at the solid-liquid
interface, in agreement with previous studies on dye adsorption
involving natural adsorbents.** The magnitude of AH® suggests
that the adsorption involves strong physicochemical interac-
tions, consistent with electrostatic attraction, hydrogen
bonding, and m-m stacking mechanisms previously identified.
These results corroborate the kinetic and isotherm analyses,
demonstrating that MB adsorption on ANCSH5 is thermody-
namically favorable, spontaneous, and enhanced at higher
temperatures.”®”*

3.3.4 Isotherm modelling and effect of pH on adsorption
behaviour. The adsorption performance of CPH, ANCSH5, and
ANCSA10 was evaluated through non-linear regression of clas-
sical (Langmuir and Freundlich) and extended (Redlich—Peter-
son, Sips, Toth, Temkin) isotherm models. Isotherm shapes,
model parameters, and R” revealed significant material-specific
differences in adsorption mechanisms.

All experiments were conducted at pH 6, a condition near the
slightly acidic regime, which can influence surface charge and
adsorbate speciation. At this pH, functional groups such as
hydroxyls and carboxyls on the adsorbent surface may be
partially deprotonated, enhancing electrostatic attraction with
cationic species or promoting hydrogen bonding. This effect is
particularly favorable in materials with higher surface polarity
and accessible acidic groups.

Among all tested adsorbents, ANCSH5 demonstrated the
highest performance, with excellent agreement across all
isotherm models (R* > 0.99). The strong affinity seen at pH 6
indicates a surface rich in accessible functional groups whose
ionization state promotes adsorption through electrostatic
interactions and hydrogen bonding. These interactions are
likely supported by the mildly acidic conditions, which optimise
the charge distribution and polarity of the adsorbate-adsorbent
system. This behaviour aligns with reports on functionalised
bio-carbons, where pH-induced deprotonation increases the
uptake of cationic dyes.*®

CPH, while exhibiting moderate adsorption capacity, was
best described by the Freundlich model (R* = 0.788), suggesting
adsorption on a heterogeneous surface with sites of varying
energy. The lower R® values obtained for the Langmuir and
extended models indicate that adsorption at pH 6 deviates from
ideal monolayer behaviour, potentially due to partial ionization
of surface groups or weak adsorbate-adsorbent interactions
under mildly acidic conditions. This limited affinity aligns with

Table 9 Thermodynamic parameters for MB adsorption on ANCSH5

T T AG° AH° AS°
(°C) (K) (kJ mol ™) (k] mol ™) ( mol ' K1)
25 298.15 —4.76 25.0 99.8
35 308.15 —5.52 25.0 99.6
45 318.15 —6.28 25.0 99.1
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prior studies on lignocellulosic adsorbents in similar pH
environments.®”*

In contrast, ANCSA10 showed poor correlation with all
isotherm models, including Sips and Toth (R* < 0.4), indicating
low adsorption capacity and inadequate model description at
pH 6. This behaviour may result from surface deactivation,
a low density of functional groups, or steric hindrance. The lack
of improvement under acidic conditions suggests that its active
sites are unresponsive to moderate pH shifts or that other
mechanisms, such as deep microporosity, intraparticle diffu-
sion, or non-electrostatic interactions, may dominate. Such
deviations from equilibrium-based models have been previ-
ously reported for bio-based adsorbents with complex surface
architectures.”

These findings highlight the crucial role of solution pH in
regulating adsorption efficiency, particularly for bio-based
adsorbents with heterogeneous surface chemistries. Under
uniform pH 6 conditions, ANCSH5 exhibited superior perfor-
mance, attributed to its surface functionality being well-aligned
with mildly acidic environments. In contrast, CPH displayed
a moderate adsorption response, while ANCSA10 remained
largely unresponsive.

3.3.4.1 Surface charge properties and pHpyc determination.
The surface charge characteristics of the adsorbents were eval-
uated through the point of zero charge (pHp;c) determined by
the pH-drift method, yielding values of 6.2 for ANCSH5 and 4.8
for ANCSA10 (Fig. 12). These differences have important
implications for adsorption behaviour, as the pHp; defines the
pH at which the surface switches from positive to negative
charge. When the solution pH exceeds the pHp;c, the surface
becomes predominantly negatively charged, enhancing elec-
trostatic attraction towards cationic dyes such as MB';
conversely, at pH values below the pHp,c, electrostatic repul-
sion dominates.*®** Similar pH-dependent trends have been
reported for biomass-derived carbons and low-cost adsorbents
used for cationic dye removal.'>35%%3

The acid dissociation constant (pK,) of MB is approximately
3.8, indicating that above this pH, the dye predominantly exists
in its cationic form (MB') in aqueous solution.'®*? Conse-
quently, under the experimental conditions employed in this
work (pH 6-7), MB molecules are positively charged and readily
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Fig. 12 Determination of the pHpzc of ANCSH5 and ANCSA10 using
the pH-drift method.
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interact with negatively charged adsorbent surfaces. When the
solution pH is equal to or higher than the pHpyc (6.2 for
ANCSH5 and 4.8 for ANCSA10), deprotonation of surface -
COOH and -OH groups (-COOH — -COO; -OH — -O7)
generates a net negative charge, promoting strong electrostatic
attraction with MB', in addition to hydrogen bonding and 7-7
stacking with aromatic domains on the carbon surface.

At near-neutral pH, ANCSHS5 therefore exhibits superior
adsorption capacity, consistent with its higher pHpzc and
greater availability of deprotonated oxygenated groups. Within
the working pH window (6-7), the surface of ANCSHS5 is partially
deprotonated, exposing -COO™~ and -O sites that enhance
electrostatic interactions with MB", synergistically reinforced by
- stacking between the dye's aromatic rings and the partially
graphitised domains of the adsorbent.*®*>*® In contrast,
ANCSA10, with a lower pHpyc, remains closer to a neutral or
slightly positive surface state, limiting the availability of nega-
tively charged sites and thus reducing electrostatic affinity for
MB'.1226513¢ Thijs interplay between the dye's pK, and the
adsorbent's pHpyc is a decisive parameter governing the charge-
controlled adsorption mechanism and explains the high
adsorption efficiency observed at near-neutral pH.

Table 10 compares the maximum adsorption capacities of
ACs derived from various lignocellulosic biomasses for MB
removal, predicted by isotherm modelling. Although some
biomass-based carbons report higher g, values (e.g., coffee
husk, pineapple residues), these capacities were typically ob-
tained under extreme conditions, such as very high initial MB
concentrations (=400 mg L™ ") or excessive adsorbent dosages.
By contrast, the NaOH-activated CPH (ANCSH5) synthesised in
this work achieved a competitive g, 0f 100 mg g~ under more
realistic operating conditions (C, = 5-30 mg L™, pH 6, 35 °C,
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dosage = 4 g L™"). This result is particularly relevant for prac-
tical wastewater treatment, where pollutant concentrations are
moderate and the use of large adsorbent doses is economically
unfeasible. Moreover, the integration of statistical optimisation
via CCD-RSM adds a further competitive edge by ensuring that
adsorption performance is guided by validated optimal condi-
tions. The distinctive advantage of ANCSH5 compared with
other biomass-derived carbons lies in the unique lignocellulosic
composition of CPH, which is notably rich in hemicellulose.
This facilitates extensive delignification during alkaline treat-
ment and promotes the development of partially graphitised
domains and a high density of oxygen-containing functional
groups, as confirmed by Raman, XRD, and FTIR analyses.
Unlike conventional precursors such as rice husk or coconut
shell, where performance is largely governed by surface area,
CPH-derived ANC combines enhanced graphitization with
tailored surface chemistry. This synergy provides abundant
active sites for electrostatic interactions, hydrogen bonding,
and m-7 stacking with MB molecules. Collectively, these
features distinguish ANCSHS5 as a competitive, sustainable, and
industrially relevant adsorbent within the broader family of
biomass-based carbons.

3.3.4.2 Surface functionalization and interaction with MB’.
The chemical activation processes applied to the adsorbents led
to the incorporation of oxygen-containing functional groups on
the carbon surface. These groups include carboxyl (-COOH),
hydroxyl (-OH), and carbonyl (-C=0) moieties, which are
commonly formed through oxidation reactions during treat-
ment with either acidic or alkaline agents. At pH 6, carboxylic
groups tend to deprotonate, resulting in negatively charged
carboxylate (-COO™) species, whereas hydroxyl and carbonyl
groups contribute to surface polarity and hydrogen bonding

Table 10 Comparative gmax Of biomass-derived carbons for MB removal, obtained from isotherm models®

Biomass precursor Activation/treatment Gmax (Mg g™ ") Conditions Ref.

Coffe husk Pyrolysis 416.68 MB C, range: 50-500 mg L™ *; pH: 7; 5
T: 30 °C; adsorbent dosage: 1 g L™"

Pineapple leaf powder Untreated 281 MB C, range: 1.6-6.40 mg L™'; pH: 7.5; 51
T: 24 °C; adsorbent dosage: 0.3 g L™"

Pineapple waste Pyrolysis 288.34 MB C, range: 5-400 mg L™ '; pH: 7; T: 30 °C; 11

(leaves, stem, crown) adsorbent dosage: 10 g L "

Watermelon rings H,S0, 200 MB C, range: 50-400 mg L™"; pH: 5.6; T: 30 °C; 55
adsorbent dosage: 0.8 g L ™"

Sugarcane bagasse Pyrolysis 113.01 MB C, range: 20-50 mg L™'; pH: 7.4; T: 30 °C; 3
adsorbent dosage: 0.6 g L™"

Banana stem Pyrolysis 101 MB C, range: 25-200 mg L™'; pH: 7; T: 30 °C; 54
adsorbent dosage: 3 g L™"

Cocoa pod husk NaOH 100 MB C, range: 5-30 mg L™"; pH: 6; T: 35 °C; This study
adsorbent dosage: 4 g L™ "

Yellow passion-fruit peel Untreated 44.7 MB C, range: 5-600 mg L™"; pH: 8; T: 25 °C; 57
adsorbent dosage: 10 g L "

Annona squmosa seed H,SO, 25.91 MB C, range: 25-200 mg L’1; PH: 6; T: 27 °C; 96
adsorbent dosage: 4 g L™"

Brazil nut shell Untreated 7.81 MB C, range: 100-1500 mg L pH: 6.5; T: 30 °C; 99

“ MB C,: MB initial concentration range.

© 2025 The Author(s). Published by the Royal Society of Chemistry

adsorbent dosage: 100 g L™*
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capacity. Together, these functionalities enhance the overall
hydrophilicity and facilitate electrostatic attraction with the
MB" molecules. This explains the improved adsorption perfor-
mance seen in the NaOH-treated ANCSH5, in contrast to the
H,SO,-activated ANCSA10, which likely retains a more proton-
ated and less negatively charged surface under the same
conditions.

FTIR analysis revealed that the band at 1028 cm ™, assigned
to the C-O stretching of primary and secondary alcohols,
became more intense following NaOH treatment, indicating
a higher density of exposed hydroxyl groups on the surface.
These ~OH groups, primarily from cellulose, play a critical role
in the adsorption mechanism by participating in hydrogen
bonding and electrostatic interactions with the MB" molecules.
This is particularly relevant at pH 6, where partial deprotona-
tion of hydroxyl and carboxyl groups enhances surface polarity
and negative charge. The increased exposure of C-OH groups,
especially in ANCSHS5, correlates with the improved adsorption
performance seen in kinetic and isotherm studies. Similar
findings have been reported in the literature, where stronger
C-O bands at ~1028 cm ' were associated with improved
adsorption properties due to enhanced accessibility of cellulose
chains after alkaline pretreatment.>**>

At pH 6, -7 stacking interactions are particularly relevant
for the adsorption of MB', given its planar aromatic struc-
ture.>»*-*>% The FTIR spectra revealed stronger aromatic C=C
bands for ANCSHS5, indicating a higher density of conjugated 7t-
systems capable of forming stable interactions with MB". These
- interactions provide an additional adsorption mechanism
beyond electrostatic attraction, especially in cases where the
surface charge is neutral or weakly positive (as in ANCSA10). In
ANCSHS5, both -7 stacking and electrostatic forces act syner-
gistically, leading to enhanced adsorption capacity and model
fitting. Furthermore, this pH was selected to simulate mildly
acidic wastewater conditions and to promote adsorption via
electrostatic attraction, hydrogen bonding, and ©-7 stacking.

Fig. 13 illustrates three primary interactions:

(1) ©-7 stacking, involving the aromatic rings of MB" and
conjugated -domains on the adsorbent surface.

1

"~ mn Interaction
@ Surface charge
— Hydrogen bonding

Fig. 13 Proposed adsorption mechanism of MB* onto oxygen-func-
tionalised carbon-based adsorbents at pH 6.
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(2) Electrostatic attraction, driven by the deprotonation of
carboxylic groups (-COOH — -COO™) on the adsorbent at pH 6,
which interacts with the positively charged MB" molecules.

(3) Hydrogen bonding, between surface hydroxyl (-OH) or
carbonyl (-C=0) groups and electronegative atoms of MB".

These combined interactions explain the strong affinity of
MB" toward materials like CPH and ANCSH5, where both
surface polarity and negative charge enhance adsorption
efficiency.

3.3.5 Experimental design CCD and optimisation studies.
Based on the CCD, the relationship between the process vari-
ables (temperature and pH) and the output responses, % MB
removal and adsorption capacity, was modeled using a second-
order polynomial equation. Table 11 presents both the experi-
mental and predicted adsorption capacities derived from the
design matrix. The incorporation of quadratic terms signifi-
cantly enhanced the model's predictive capability, offering
improved flexibility in identifying optimal operating conditions
compared to the simpler linear interaction model. According to
the RSM results, the following quadratic expression was
derived.

% Removal = 9.254 + 2.2037 — 1.596 pH + 0.1917 pH
—0.03387% — 0.2052 pH? (25)

% q = 0.0900 + 0.02837 + 0.0239 pH + 0.00237 pH—0.00047>
— 0.0028 pH? (26)

Tables 12 and 13 summarise the ANOVA results for the
quadratic response surface models. The ANOVA for the sorption
of MB onto ANCSH5 confirmed the overall statistical signifi-
cance of the models, with F-values of 20.36 for % Removal and
20.69 for adsorption capacity (g, mg g ). The corresponding p-
values (<0.0001) indicate that both regression models are highly
significant. Moreover, the R? adjusted R? and predicted R*
values for both models exceeded 0.97, demonstrating excellent
model fit, generalizability, and predictive reliability.

For % removal, the statistically significant model terms were
X, (temperature), X, (pH), X,> (temperature®), and the interac-
tion term XX, (temperature x pH). Both the linear and
quadratic terms of temperature were highly significant (p <
0.001), underscoring their critical influence on removal effi-
ciency. The linear term for pH was also statistically significant (p
< 0.01), whereas its quadratic term was not (p > 0.4). This
suggests that pH affects the system primarily through linear
behaviour and synergistic interaction with temperature, rather
than exhibiting a pronounced curvilinear effect. The interaction
term was statistically significant (p < 0.05), confirming a syner-
gistic influence between temperature and pH.

For ¢ (mg g~ '), a similar trend was seen. The significant
terms were X;, X;%, and X;X,. Temperature remained the
dominant factor, with both linear and quadratic terms showing
strong statistical significance (p < 0.001). The interaction term
was also significant (p < 0.05), whereas neither the linear nor the
quadratic term of pH was. These findings reinforce the
conclusion that adsorption capacity is primarily governed by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Experimental and predicted responses (% removal and adsorption capacity, g) obtained from the CCD matrix

Response

(Adsorption capacity (q),

Parameters (% Removal, ;) mgg ', Y,)

Runs order Temperature, X; (°C) PH, X, Experimental Predicted Experimental Predicted
1 35 2 59.51 60.70 0.74 0.76
2 35 6 90.70 87.23 1.13 1.09
3 65 2 35.83 36.88 0.45 0.46
4 65 6 89.92 86.31 1.12 1.07
5 29 4 68.82 69.96 0.86 0.87
6 71 4 51.32 52.65 0.64 0.66
7 50 1 47.90 45.87 0.60 0.57
8 50 7 98.66 100 1.23 1.28
9 50 4 75.13 76.20 0.94 0.95
10 50 4 78.12 76.20 0.98 0.95
11 50 4 76.14 76.20 0.95 0.95
12 50 4 75.20 76.20 0.94 0.95

Table12 ANOVA for the % removal response surface quadratic model
in the adsorption of MB by ANCSH5¢

Source Sum of squares df Mean square F-value p-value
Model 985.48 5 197.10 20.36 0.0011
X;-temperature 268.62 1 268.62 27.75 0.0019
X>-pH 226.05 1 226.05 23.35 0.0029
X1 X, 131.10 1 131.10 13.54 0.0103
X2 354.52 1 354.52 36.62 0.0009
X, 5.19 1 5.19 0.54 0.4916
Residual 58.08 6 9.68

¢ R* = 0.9852, adjusted R* = 0.9728, predicted R*> = 0.9852; p < 0.05
indicates the model terms are significant; P < 0.01 indicates the
model terms are highly significant.

Table 13 ANOVA for g response surface model in the adsorption of
MB by ANCSH5¢

Source Sum of squares df Mean square F-value p-value
Model 0.16 5 0.03 20.69 0.0010
X;-temperature 0.04 1 0.04 28.57 0.0018
X>-pH 0.04 1 0.04 23.78 0.0028
XiX, 0.02 1 0.02 12.95 0.0114
X, 0.06 1 0.06 37.51 0.0009
X,? 0.00 1 0.00 0.65 0.4512
Residual 0.01 6 0.00

¢ R* = 0.9850, adjusted R* = 0.9725, predicted R*> = 0.9850; p < 0.05
indicates the model terms are significant; p < 0.01 indicates the
model terms are highly significant.

temperature, with pH exerting an indirect effect through
interaction. The inclusion of interaction and quadratic terms is
crucial for capturing surface curvature and enhancing model
accuracy, particularly for complex adsorption behaviors.

In summary, temperature emerged as the most influential
variable in both models, while pH played a secondary but
meaningful role through its interaction with temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry

These results validate the use of quadratic models within RSM
for process optimisation and provide a robust statistical foun-
dation for predictive modelling in dye adsorption systems. The
significant F- and R*values further support the inclusion of
interaction and quadratic terms to capture the system's
complexity.

Both response variables, % removal and adsorption capacity
(q), were strongly affected by temperature and its nonlinear
behaviour. The temperature x pH interaction contributed to
refining the curvature of the response surface. Although pH
alone was not statistically significant in the ¢ model, and only
marginally significant in the % removal model, its inclusion
improved the overall model fit and predictive performance.

To evaluate the adequacy of the fitted quadratic models,
residual diagnostics were conducted for both % removal and gq.
The assessment included Q-Q plots, histograms of residuals,
residuals versus fitted values, and normality testing using the
Shapiro-Wilk test.

For the % removal model (Fig. 14), the Q-Q plot showed that
the residuals closely followed the theoretical normal distribu-
tion. The histogram of residuals appeared symmetric, and the

Q-Q Plot - % Remova Histogram of Residuals - % Removal

11

Normality Test

‘Sample Quantile
\

Residuals vs Fi

- % Removal
%

Residuals

Fig. 14 Diagnostic plots for the quadratic model of % removal: Q-Q
plot, histogram of residuals, residuals vs. fitted values, and Shapiro-
Wilk hormality test (p = 0.1224).
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residuals versus fitted values displayed random scatter without
discernible patterns, supporting the assumption of homosce-
dasticity. The Shapiro-Wilk test returned a p-value of 0.1224,
exceeding the 0.05 threshold, thus confirming the normality of
residuals.

Similarly, the diagnostic plots for the ¢ model (Fig. 15) were
consistent with the model assumptions. Residuals were nor-
mally distributed and randomly dispersed around zero across
the range of fitted values. The Shapiro-Wilk test yielded a p-
value of 0.1183, again supporting the normality assumption.

Collectively, these diagnostic results confirm that both
models satisfy the key assumptions of regression analysis:
normality, homoscedasticity, and independence of residuals.
Meeting these criteria ensures the validity of hypothesis testing,
confidence intervals, and optimisation results derived from the
models. Accordingly, the response surfaces for both % removal
and g can be interpreted with high statistical confidence.

Optimisation of the response surface models indicated that
both % removal and g achieve their maximum predicted values
under comparable operational conditions. For % removal, the
optimal conditions were 49.6 °C and pH 6.0, yielding a pre-
dicted removal efficiency of 99.05%. Similarly, for ¢, the
optimum was also found at 49.6 °C and pH 6.0, with a corre-
sponding predicted adsorption capacity of 1.24 mg g~ .

The three-dimensional response surface plots, along with
their corresponding contour diagrams, provide detailed visual
insight into the interactive effects of temperature and pH on MB
removal efficiency (% removal) and adsorption capacity (g, mg
g~ 1). These graphical representations illustrate the curvature of
the response surfaces and facilitate the identification of optimal
operating conditions for both responses. The seen surface
curvature and contour gradients emphasise the synergistic
influence of temperature and pH, reinforcing their combined
impact on system performance (Fig. 16 and 17).

In the response surface for % removal (Fig. 16),
a pronounced curvature is seen, particularly along the temper-
ature axis, confirming the strong nonlinear effect of

Q-Q Plot - g (mg/g) Histogram of Residuals - q

o i ] T J

-10 -05 0.0 05 10 o -0.04 -002 0.00 002
Theorctical Quantiles Residual

Residuals vs Fitted - q Normality Test

IS w

Frequency
w

~

Sample Quantiles

Shapiro-wilk p-value:
0.1183

Residuals

0.6 0.8 1.0 12
Fitted Values

Fig. 15 Diagnostic plots for the quadratic model of q: Q-Q plot,
histogram of residuals, residuals vs. fitted values, and Shapiro-Wilk
normality test (o = 0.1224).
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Fig. 16 Response surface 3D (a) and contour 2D (b) plots showing the
interaction of temperature and pH on % MB removal.

temperature. The response increases with temperature up to an
optimal region (~49.6 °C), beyond which it gradually plateaus,
likely due to the saturation of available adsorption sites. The
influence of pH is more subtle but plays a role in fine-tuning the
response, primarily through its interaction with temperature.

The corresponding contour plot for % removal reinforces
these observations by delineating zones of high efficiency in the
central region of the design space. A region of maximum
removal efficiency (>95%) is centered around moderate to high
temperatures (approximately 48-55 °C) and slightly acidic to
neutral pH values (5.5-6.5). The presence of elongated, diago-
nally oriented elliptical contour lines highlights a significant
interaction between temperature and pH, where small changes
in pH at a given temperature can markedly affect the removal
efficiency.

Similarly, the response surface plot for q exhibits a curved
topography (Fig. 17), with a distinct maximum occurring at
intermediate levels of both temperature and pH. Temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Response surface 3D (a) and contour 2D (b) plots showing the
interaction of temperature and pH on g.

again emerges as the dominant factor, while pH contributes to
enhancing the response primarily through its synergistic
interaction with temperature. The contour lines for g are more
symmetrical and uniformly spaced, indicating a smoother
gradient and suggesting broader operability within the optimal
region.

The contour plot for g identifies a high-capacity adsorption
zone (g > 1.1 mg g ') within a similar operational window,
moderate temperatures (around 50 °C), and near-neutral pH
values (6.0-6.5). In contrast to the % removal plot, the contour
lines here are more concentric and evenly distributed, sug-
gesting that g responds more uniformly to variations in either
factor, with less pronounced interaction effects.

The overlap between high-response regions in both contour
plots highlights a shared optimal range, demonstrating the
feasibility of a unified set of operating conditions that simul-
taneously maximises % removal and g. These visual represen-
tations not only validate the predictive strength of the quadratic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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regression models but also facilitate the direct identification of
robust process windows, making them valuable tools for prac-
tical process control and scale-up.

Collectively, these graphical tools reinforce the statistical
conclusions derived from the quadratic models and allow for
intuitive visualization of factor interactions and response
behaviour. The response surfaces confirm the adequacy of
model fit and reveal the sensitivity of the process to changes in
operating parameters, supporting robust and flexible process
design.

Ultimately, the integration of these findings enables effective
model-based optimisation and provides mechanistic insight
into the adsorption behaviour under variable conditions. The
developed models offer a reliable framework for predicting
adsorption performance and serve as a foundation for advanced
system design and scale-up in dye removal applications.

Although the ANOVA results for the quadratic model indi-
cate that pH was not a statistically significant main factor (p >
0.05), this does not imply that pH lacks influence within the
adsorption system. Experimental evidence shows that at pH 6,
the ANCSH5 adsorbent achieved higher % removal, which can
be attributed to the physicochemical properties of its surface
functional groups.

At this pH, the surface of ANCSH5 exposes a greater density
of active binding sites, including deprotonated carboxyl groups
and aromatic regions capable of -7 stacking with MB* mole-
cules. These structural features enhance the adsorbent's affinity
and capacity for dye uptake, particularly under slightly acidic to
neutral conditions.

This mechanistic understanding aligns with the seen
experimental enhancement in % removal at pH 6, despite the
statistical model assigning low standalone significance to pH.
The key lies in the interaction term: ANOVA revealed that the
temperature x pH interaction was statistically significant (p <
0.05), indicating that the influence of pH becomes more
pronounced when combined with thermal effects.

In contrast, other materials such as ANCSA10 and CPH did
not exhibit similar performance at pH 6, likely due to differ-
ences in surface functionality and active site availability. This
highlights the material-dependent nature of pH sensitivity in
adsorption processes.

Thus, the apparent contradiction between statistical signif-
icance and experimental trends can be resolved. While pH may
not exert a uniform linear influence across the design space, it
plays a critical interactive role under specific conditions. The
temperature remains the dominant variable, but pH signifi-
cantly enhances adsorption performance when acting in
synergy, particularly in materials like ANCSHS5 with favorable
surface chemistry.

4 Conclusions

This study demonstrated the green synthesis of ANC from CPH
via acid and alkaline activation for MB removal. Among the
prepared materials, ANCSH5 (NaOH, 5 M) exhibited the best
performance due to extensive delignification, enhanced graph-
itization, and abundant oxygenated surface functionalities, as

RSC Adv, 2025, 15, 47231-47254 | 47249
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confirmed by FTIR, SEM-EDX, BET, XRD, and Raman analyses.
The improved surface polarity further promoted MB adsorption
at pH 6 through electrostatic interactions, hydrogen bonding,
and m-7 stacking. Adsorption followed pseudo-second-order
kinetics, while equilibrium data were best fitted by the
Freundlich, Sips, Toth, and Redlich-Peterson models (R*> >
0.999). Process optimisation using CCD-RSM identified optimal
conditions (49.6 °C, pH 6.0), achieving 99.05% MB removal.

Importantly, ANCSH5 reached a competitive capacity
(100 mg g, isotherm-derived) under realistic operating
conditions (C, = 5-30 mg L™, pH 6, 35 °C, dosage = 4 g L 1),
unlike other biomass-derived carbons that report higher gmax
values only under extreme concentrations or excessive dosages.
This distinctive performance arises from the hemicellulose-rich
composition of CPH, which under alkaline activation promotes
delignification, partial graphitization, and tailored surface
chemistry. Together with validated statistical optimisation,
these features establish CPH-derived ANC as a sustainable, low-
cost, and industrially competitive adsorbent for dye remedia-
tion aligned with circular economy strategies. Overall, the
synthesis route not only provides a high-performing adsorbent
but also represents a greener alternative by coupling agro-waste
valorisation with reduced energy and chemical demands, in
contrast to conventional biomass- or fossil-based ACs.

This study did not include high-resolution electron micros-
copy (HRTEM) with particle-size analysis, density functional
theory (DFT) calculations, or standardised ecotoxicity bioassays
due to limited access to instrumentation. Nevertheless, the
physicochemical characterisation and adsorption performance
suggest that the materials may possess nanometric features, as
supported by BET, SEM-EDX, XRD, Raman, and FTIR analyses,
together with advanced isotherm and kinetic modelling. Addi-
tional high-resolution studies will be required to conclusively
confirm their nanostructured nature. Future work will integrate
HRTEM with quantitative particle sizing, DFT simulations of
MB-surface interactions, and OECD-compliant ecotoxicity
assays (e.g., Daphnia magna immobilisation and algal growth
inhibition) to provide a more comprehensive understanding of
structure-property relationships and environmental safety.
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