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Sustainable zeolite/activated carbon
nanocomposite for dual-dye adsorption, kinetic
and thermodynamic studies, and urea electro-
oxidation applications
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This study developed a novel zeolite/activated carbon nanocomposite (Zeo/AC) for the simultaneous
removal of carcinogenic Congo Red (CR) and Crystal Violet (CV) dyes, with subsequent energy recovery.
The material was synthesized via a green ball milling-hydrothermal method and characterized
thoroughly. The Zeo/AC nanocomposite demonstrated exceptional adsorption performance, achieving
record capacities of 752.6 mg g~* for CR and 908.3 mg g~ for CV at 55 °C and neutral pH. Adsorption
was rapid, reaching equilibrium within 60 minutes and following pseudo-second-order kinetics (R? >
0.998). The process was endothermic and spontaneous. The intermediate pHpzc (6.1) enabled efficient
dual-dye removal via synergistic mechanisms: electrostatic attraction for cationic CV and - stacking/
pore filling for anionic CR. Statistical physics modeling confirmed physisorption-dominated interactions
(AE = —12 kJ mol™). The composite exhibited excellent regenerability, retaining >82% capacity over five
cycles. As a proof-of-concept for a circular economy, the dye-saturated adsorbent was successfully
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repurposed as an electrode for urea electro-oxidation, delivering a current density of 15.45 mA cm

-2

The synthesis method and application were validated as environmentally friendly by greenness
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1 Introduction

The growing environmental impact of the textile industry is
exemplified by its ongoing expansion, with annual production
reaching about 700 000 tons of synthetic dyes, around 60-70%
of which consist of azo dyes."” Large volumes of wastewater
containing azo dyes are discharged into aquatic ecosystem.?
Among azo dyes, Congo red (CR) and crystal violet (CV) repre-
sent two of the most problematic synthetic dyes due to their
extensive industrial application.?

These dyes are favored in the textile, printing, and biological
staining industries owing to their excellent color fastness,
stability, and affinity for various substrates. However, these very
properties that make them commercially valuable also
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assessment tools (AGREEprep, BAGI, RGB12). This work presents a sustainable, dual-function material for
advanced wastewater treatment and resource valorization.

contribute to their persistence and hazardous nature in the
environment.

Beyond their direct toxic effects, both Congo red and crystal
violet pose significant metabolic risks. Congo red, as a benzi-
dine-based azo dye, can undergo metabolic reduction by
intestinal and environmental microorganisms, leading to the
formation of carcinogenic aromatic amines including benzi-
dine. These metabolic products are known human carcinogens
that can interact with DNA and cause mutagenic effects* Simi-
larly, crystal violet can be metabolically transformed into leu-
cocrystal violet and other derivatives through reduction
processes, which exhibit different toxicological profiles and
enhanced bioaccumulation potential. The metabolic trans-
formation of these dyes in both biological systems and envi-
ronmental compartments significantly influences their overall
toxicity, persistence, and ecological impact, making under-
standing these pathways crucial for comprehensive risk
assessment™®

Congo red dye, a benzidine-based azo dye (C3;H»,NgNa,Og-
S,), continues to be a persistent pollutant of environmental
concern. CR being one of the 80% of industrially used and di-
scharged dyes, ultimately producing toxic nature.* The
discharge of CR into water sources by factories has been
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associated with a range of health concerns, such as cancer,
redness, skin irritation, allergic reactions, and mutagenic
effects from its metabolic breakdown products.”® Additionally,
the bioaccumulation of CR in aquatic organisms is a critical
concern, negatively impacting their survival and reproductive
capabilities.® Similarly, crystal violet, a triphenylmethane dye
(Ca5H30CIN3), poses equally severe environmental threats. Its
non-biodegradable nature and tendency to form stable
complexes with organic matter result in prolonged environ-
mental persistence.” The dye exhibits toxicity toward fish,
causing gill damage, liver dysfunction, and reproductive disor-
ders.’ Even at low concentrations (as little as 1 mg L™ '), the
high color intensity of both dyes blocks light penetration in
water, which hinders the photosynthetic activity that supports
the ecosystem's productivity.

To quantitatively assess these risks, the threshold concen-
trations at which Congo red (CR) and Crystal violet (CV) become
environmentally hazardous are well-established in ecotoxico-
logical literature. CR exhibits a 48-hour EC5, of 17.0 mg L ™" and
LCs, of 322.9 mg L™ " in Daphnia magna, with bacterial growth
inhibition occurring above 300 mg L™, indicating significant
toxicity at these levels." In contrast, CV is toxic at much lower
concentrations, with a 48-hour ECs, of 75.9 pg L™ " and LCs, of
629.4 ug L' in Daphnia pulex, and adverse effects observed in
humans and animals even at 1 pg L', confirming its high
potency. These values demonstrate that while both dyes are not
pollutants at all concentrations, they pose substantial ecological
and health risks beyond these thresholds, justifying their clas-
sification as environmental contaminants.

Given that CR and CV are so persistent and resist traditional
biological treatments, the development of advanced remedia-
tion technologies is crucial.”

A variety of methods have been investigated for the removal
of CR and CV from aqueous solutions. These approaches
include  coagulation-flocculation, biological treatment,
adsorption, chemical oxidation, membrane filtration, and
advanced oxidation processes (AOPs). Among these, electro-
chemical advanced oxidation processes (EAOPs) have emerged
as particularly promising due to their high efficiency in
degrading recalcitrant organic pollutants like dyes, without
generating secondary waste streams. The electrochemical
mineralization of azo and triphenylmethane dyes can achieve
complete degradation through direct electron transfer or indi-
rect oxidation via generated hydroxyl radicals, making these
techniques especially suitable for treating persistent dyes like
CR and CV." Biological treatment methods have shown limited
efficacy for dye removal due to the xenobiotic nature of synthetic
dyes, which makes them difficult for microorganisms to
degrade. For instance, conventional activated sludge processes
typically achieve less than 20% removal of both CR and CV
because these dyes inhibit microbial communities.™ Chemical
oxidation processes, including ozonation and Fenton oxidation,
have demonstrated moderate success. Using a Fenton process,
for example, studies have reported effective removal of CR and
CV. However, this method is limited by a combination of
factors, including its high chemical and energy consumption,
the significant number of residues it generates, and its overall
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lack of environmental sustainability, which ultimately restricts
its practical application.**” Although UV light-assisted photo-
degradation and membrane technologies have shown high
removal efficiencies while membrane processes are hindered by
fouling, high costs, and difficulties in disposing of the
concentrated waste dye."”°

Among all these methods, adsorption is the most promising
and widely common method for removing dyes due to its
advantages. It is simple, cost-effective, highly efficient,
sustainable, and flexible. Unlike other methods, adsorption is
environmentally friendly due to working under mild conditions,
needing minimal chemical additives, and avoiding toxic by-
products.'® Adsorption has the ability to regenerate adsorbents,
which allows for over 90% removal efficiency of various
synthetic dyes. The adsorption process is influenced by various
factors, but the adsorbent material is the one that has garnered
the most attention in recent research. The selection of an
appropriate adsorbent is based on several properties, such as its
effectiveness, safety, cost, availability, sustainability, reus-
ability, biodegradability, and durability."”

In recent decades, many natural and synthetic adsorbents
have been used for the removal of CR and CV including zeolites,
biomass wastes, fly ash, algae, activated carbon, nano-
composites, biobased materials, nanoparticles, and synthetic
polymers because of their availability, adsorption capacity, and
reusability.” Among the used adsorbents, zeolites are prom-
ising natural adsorbents for dye removal, because of their large
surface area, high cation exchange capacity, and natural
abundance.

Within the zeolite family, clinoptilolite, a porous alumino-
silicates (Na,K,CaMg);[AlO,]¢[Si0;]30-24H,0 is commonly one
of forms due to its high surface area, porosity, adsorption
capacity, eco-friendly nature, and excellent thermal and
mechanical durability further enhance its appeal as a dye
removal adsorbent.”>* As reported, modification of clinoptilo-
lite plays a crucial role in enhancing its surface activity, ion-
exchange capacity, catalytic potential, and adsorption perfor-
mance to remove CR and CV.*

Modified zeolites are enhanced forms of natural or synthetic
zeolites that undergo chemical, physical, or structural alter-
ations to improve their performance. Through methods such as
ion exchange, surface functionalization, nanoparticle doping,
or compositing with carbon, their surface area, pore structure,
and active sites are optimized.”® These modifications signifi-
cantly boost adsorption capacity, catalytic activity, and selec-
tivity, making them highly efficient for removing heavy metals,
dyes, and organic pollutants. Thus, modified zeolites serve as
versatile and sustainable materials for advanced water treat-
ment applications. Modified zeolites are enhanced forms of
natural or synthetic zeolites that undergo ion exchange, surface
functionalization, nanoparticle doping, or compositing with
carbon, their surface area, pore structure, and active sites are
optimized.**** These modifications significantly boost adsorp-
tion capacity, catalytic activity, and selectivity, making them
highly efficient for removing, dyes, and organic pollutants.
Modified clinoptilolite is crucial for improving its performance
in removing Congo red (CR) and crystal violet (CV) dyes.?>?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Activated carbon remains the gold standard for adsorption
applications due to its extremely high surface area (500-1500
m® g~") and well-developed pore structure. Activated carbon
prepared from coffee waste as an adsorbent for the removal of
Congo red dye from aqueous solution showed that oxygen-
containing groups play an important role in dye adsorption.>®

Zeolites and activated carbon represent two of the most
promising adsorbent materials for dye removal applications.
Their unique structural properties and high surface areas make
them exceptionally effective for adsorption processes. The
combination of zeolites and activated carbon creates synergistic
effects that enhance overall adsorption performance.”” This
enhancement results from complementary adsorption mecha-
nisms: zeolites provide ion exchange sites and uniform micro-
pores, while activated carbon contributes high surface area and
diverse pore size.

The field of sustainability is moving beyond traditional waste
management, shifting from using simple adsorbents to a more
productive, circular model. Rather than merely treating pollut-
ants and then disposing of the saturated material, this new
approach re-envisions adsorbents as a valuable resource.
Affordability, longevity, and efficiency make Direct Urea Fuel
Cells (DUFCs) a compelling option for sustainable, portable
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power. These cells can harness energy from a variety of fuels,
including renewable ones.*® Efforts to enhance urea oxidation
have led to the exploration of non-platinum catalysts. Among
these, carbon-based electrocatalysts present a compelling
alternative due to their excellent conductivity, larger active
surface area, and lower cost.?®

This study addresses these critical research gaps through
three key innovations: first, we developed a novel zeolite-
activated carbon (Zeo/AC) nanocomposite specifically engi-
neered for simultaneous removal of both anionic CR and
cationic CV dyes, achieving unprecedented adsorption capac-
ities of 752.6 mg g ' for CR and 908.3 mg g ' for CV under
neutral pH conditions. Second, we demonstrate a circular
economy approach by repurposing the spent dye-loaded
adsorbent as an effective electrocatalyst for urea electro-
oxidation in direct urea fuel cells, achieving current densities
of 15.45 mA cm 2. Third, we provide comprehensive mecha-
nistic insights through complementary classical thermody-
namics and statistical physics modeling, elucidating both
macroscopic and molecular-level adsorption mechanisms. The
sustainable synthesis was validated using multiple greenness
assessment tools (AGREEprep, BAGI, RGB12), confirming the
environmental compatibility of our approach.
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Fig. 1 Dual-dye adsorption on Zeo/AC nanocomposite: mechanism and performance.
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The research addresses key gaps in the literature by devel-
oping a single material capable of handling multiple contami-
nants while enabling resource recovery. The material's
hierarchical pore structure is engineered to optimize mass
transfer and adsorption capacity by maximizing interfacial
contact with the dyes. The adsorption behavior, including
equilibrium and kinetics, was extensively examined. The study
provides a comprehensive characterization to elucidate the
synergistic mechanisms, including surface chemistry, pore
structure, and electrostatic interactions, that contribute to the
material's enhanced performance. Additionally, the structural
integrity, stability, and recyclability of the composite were
evaluated to ensure its suitability for sustainable water treat-
ment applications. This integrated approach of simultaneous
dye removal coupled with energy recovery represents a para-
digm shift from conventional wastewater treatment toward
sustainable resource management, offering a comprehensive
solution to two significant environmental challenges within
a circular economy framework (Fig. 1).

2 Materials and methods

2.1 Materials and equipment

Crystal violet (CV; C,5H30CINz; molecular weight: 407.99 ¢
mol ', with purity 99.92%), Congo Red (CR; C3,H,,NgNa,06S,;
molecular weight: 696.66 g mol ™, with purity 99.95%), 37%
hydrochloric acid, activated carbon and sodium hydroxide
(NaOH) were obtained from Merck (Darmstadt, Germany), and
deionized water (18.2 MQ cm resistivity) was used. Clinoptilolite
(Natural Egyptian zeolite ore) was kindly provided by Prof.
Ahmed M. Zayed, Faculty of Science, Beni-Suef University,
Egypt. This ore was collected from the north western region of
Beni-Suef Governorate (N 29° 25’ 12", E 31° 9’ 36”), Egypt. The
prepared samples were analyzed via an Evolution 350 UV-vis
Spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA).

2.2 Synthesis of zeolite activated carbon (Zeo/AC)
nanocomposite

The nanocomposite was synthesized through a sequential
three-step protocol designed to achieve molecular-level inte-
gration and enhanced porosity. First, ball milling (Retsch PM
100; 300 rpm, 2 h) homogenized zeolite and activated carbon
(2 : 1 mass ratio) using zirconia balls (10 : 1 ball-to-powder ratio)
to reduce particle size and ensure interfacial contact while
avoiding metallic contamination. The 2:1 mass ratio was
optimized through preliminary experiments testing ratios from
1:1to 4:1, with 2:1 demonstrating the best balance between
the cation exchange capacity provided by zeolite and the high
surface area contributed by activated carbon, resulting in
optimal dye removal efficiency for both CR and CV. The milled
mixture (30 g) underwent hydrothermal treatment (150 °C, 24 h)
in a Teflon-lined autoclave after dispersion in deionized water
(300 mL) and stirring (1 h), which promoted covalent bonding
(e.g., Si-O-C linkages) through dissolution-condensation reac-
tions under controlled pressure/temperature. Finally, post-
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treatment involved filtration, washing to pH 7 (removing
unreacted ions), drying (105 °C, 12 h; eliminating moisture
without structural collapse), the resulting Zeo/AC nano-
composite was stored in a desiccator to preserve surface
reactivity.

2.3 Material characterization

Several analytical techniques were employed to characterize the
prepared adsorbent and the formed composite, including X-ray
Diffraction (XRD), which utilized a PANalytical (Empyrean)
instrument with Cu-Ka. radiation to assess sample crystallinity,
scanning from 5° to 80° at 8° min~". Fourier Transform Infrared
Spectroscopy (FTIR) was conducted using a Bruker-Vertex 70
instrument via the KBr pellet technique, covering 400 to
4000 cm ™. The tested samples were analyzed using a JEOL JSM-
IT200 InTouchScope™ scanning electron microscope (JEOL
Ltd, Tokyo, Japan). The particle size, polydispersity index (PDI),
and zeta potential were measured with a Zetasizer Ultra (Mal-
vern, USA) via dynamic light scattering (DLS) and electropho-
retic light scattering.

2.4 Preparation of standard solutions of Congo red and
crystal violet

The concentrations of the samples were determined spectropho-
tometrically using standard calibration curves. To select the
analytical wavelength for the maximum absorbance method,
a stock solution of each of CR and CV was prepared by diluting
each in deionized water to obtain a concentration of 1000 pg mL ™.
Serial dilutions with different concentrations were then prepared
from the stock solution using deionized water. The diluted solu-
tions were scanned over a wavelength range of 200-400 nm using
an Evolution 350 UV-vis Spectrophotometer (Thermo Fisher
Scientific, Massachusetts, USA) to quantify both CR and CV
contents. The maximum absorbance wavelengths (An.,) were
recorded at 498 nm and 590 nm for CR and CV, respectively.

2.5 Batch adsorption studies

Batch adsorption experiments were carried out to investigate
the removal of CR and CV using the Zeo/AC nanocomposite.
The influence of adsorbent dosage (0.025-0.20 g), contact time
(0-240 min), solution pH (3-11), initial dye concentration (50-
500 mg L~ from a 1000 mg L™ stock solution), and tempera-
ture (25, 35, 45, and 55 °C) was systematically evaluated. The
selected parameter ranges were chosen to encompass environ-
mentally relevant conditions and operational ranges for prac-
tical wastewater treatment. The pH range (3-11) covers the full
spectrum from strongly acidic to alkaline conditions found in
industrial effluents, while the initial dye concentration range
(50-500 mg L") represents typical concentrations in textile
wastewaters. The temperature range (25-55 °C) was selected to
evaluate thermodynamic behavior under both ambient and
elevated temperature conditions that might be encountered in
industrial processes. Unless otherwise stated, experiments were
performed under standard conditions of 100 mg L' dye
concentration, 50 mL solution volume, 0.1 g Zeo/AC dosage, pH
7, and 25 °C. The mixtures were agitated on an orbital shaker

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(SO330-Pro) at 250 rpm for 24 h to ensure equilibrium. Initial
pH values were adjusted using 0.1 N HCl or 0.1 N NaOH and
measured with a calibrated pH meter (Metrohm 751 Titrino). All
experiments were conducted in triplicate, and mean values were
reported. After equilibration, dye-loaded Zeo/AC was separated
using a 0.45 um Millipore nylon syringe filter, and residual CR
and CV concentrations were quantified by UV-vis spectropho-
tometry at 498 and 590 nm, respectively. Adsorption capacity
(Qe) and removal efficiency were calculated according to eqn (1)
and (2):

(Co—Co)V

0. (mgg™') = €3]

m
100 x (Cy — C.)

Removal (%) = C

@)
where m is the mass of Zeo/AC (g), V is the volume of the CV and
CR solution (L), Q. is the amount of CV or CR adsorbed per gram
(mg g™, C, is the initial concentration of CV or CR (mg L), and
C. is the concentration of CV or CR after adsorption (mg L ™).

2.6 Traditional and advanced studies

The adsorption behaviour was investigated using a dual
modelling approach combining classical and advanced models.
Kinetic data were analysed using the Pseudo-First-Order (PFO),
Pseudo-Second-Order (PSO), intraparticle diffusion, and Avrami
models, while equilibrium data were fitted to the Langmuir and
Freundlich isotherms.?*** Model fitting was performed through
nonlinear regression, and the quality of fit was assessed using
the coefficient of determination (R?), chi-squared (x?), and root
mean square error (RMSE), as described in eqn (3)-(5).

Z (Qe,exp - qe.cal)z

R=1- )
Z (qe,exp - qe,meau)2
2
Jeexp — Gecal
ooyl @
, (Qical - Ql'exp)2
RMSE=4/=2b — (5)

m —p

Thermodynamic parameters, including adsorption energy (AE),
entropy (S,), internal energy (Ei,), and enthalpy (G), were calcu-
lated using eqn (6)—(9) to elucidate the adsorption mechanisms of
CR and CV onto Zeo/AC at 25 °C.**** Thermodynamic parameters
were calculated at 25 °C to establish baseline thermodynamic
behavior under standard ambient conditions, which serves as
a fundamental reference point for comparison with other
adsorption systems in the literature. While the optimal adsorption
performance was observed at 55 °C under our experimental
conditions, the 25 °C analysis provides essential thermodynamic
foundation data that is particularly valuable for practical applica-
tions where ambient temperature operation is preferred for energy
efficiency. This approach allows for both the determination of
fundamental thermodynamic properties under standardized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions and the evaluation of performance optimization at
elevated temperatures. Entropy (S,), derived from eqn (6), was
shown to depend on the density of active sites (Ny,), solute
concentration (C), half-saturation concentration (Cys), and the
number of molecules retained per site (n). Furthermore, steric
parameters in combination with the translational partition func-
tion (Z,) were applied in eqn (7) and (8) to determine internal
energy (Ein) and enthalpy (G). Collectively, these thermodynamic
descriptors provided a comprehensive understanding of the
molecular interactions governing CR and CV adsorption on Zeo/
AC under varying concentrations at 25 °C.

AE=RTIn g (6)
C
In| —
n Cl
S. C C 5
2N In|l+|=2)") -n|= 2 7
e & G . o)
2 2 1 + ~
G
2
£ In £ nin| — £
E C Z, C G
L - nNm 2 n - 2 112
KgT C C
1 — 1 —
g g
2
(8)

G e

2.7 Regeneration study

To study desorption, researchers first loaded the Zeo/AC composite
with dye by letting it adsorb at fixed parameters (1 h, pH 7, 0.1 g of
Zeo/AC, 50 mL, 100 mg L™"). The desorption studies were con-
ducted using 0.1 g of the Zeo/AC nanocomposite, which main-
tained the same 2:1 zeolite to activated carbon mass ratio as
optimized in the adsorption studies. This consistency in material
composition ensures direct comparability between adsorption and
desorption performance. The adsorbent mass of 0.1 g was selected
as it represented the optimal dosage identified in our adsorption
experiments, providing sufficient material for multiple regenera-
tion cycles while maintaining practical experimental conditions.
The dye-loaded material was then filtered, rinsed with deionized
water, and dried at 105 °C for 6 h. Four different regenerants were
evaluated: 0.1 M HCl (acidic), 0.1 M NaOH (alkaline), 50% ethanol
(organic), and 0.1 M NaCl (saline). Desorbed dye was measured at
498 nm (CR) and 590 nm (CV), after which the adsorbent was
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neutralized, dried, and reused. Reusability was tested over five
adsorption/desorption cycles at pH 7, 55 °C, and 60 min.

Desorption efficiency (DE) and regeneration efficiency (RE)
were determined by eqn (10) and (11):

DE(%) — % % 100 (10)
RE(%) = Gea 100 (11)
e,0

Here, Cq(mg L), V4(L), Qe(mg g '), m (), Qc,0, and Q. , is the
desorbed CR and CV concentration, the desorption volume, the
adsorption capacity, the mass of adsorbent, the initial adsorp-
tion capacity, and the adsorption capacity after cycle n,
respectively.

2.8 Waste volarization section

2.8.1. Working electrode preparation. The preparation
process involved dispersing 5.0 mg of the synthesized materials
before and after adsorption in 485.00 pL of isopropanol con-
taining 15.00 pL of a 5.0 wt% Nafion solution, followed by 20
minutes of sonication. A 100 pL aliquot of the prepared
suspension was then drop-cast onto graphite paper (1.5 mm
thick, 1 x 1 cm?®) and allowed to dry at ambient temperature.

2.8.2. Electrochemical examination. AUTO LAB PGSTAT
302 N potentiostat/galvanostat (Metrohm, Switzerland) and
NOVA 1.11 software were used to record the electrochemical
measurements. The reference electrode was Ag/AgCl, the
counter electrode was Pt, and the working electrode was
graphite in a typical three-electrode electrochemical cell oper-
ating at room temperature. To examine the electrocatalytic
effectiveness of the produced electrodes, tests were conducted
in a (1 M) KOH electrolyte, both with and without methanol
concentration adjustment. Within the potential range of 0-1V,
CV studies were conducted at scan speeds ranging from 10 to
100 mV s~'. Additionally, chronoamperometry (CA) measure-
ments were recorded for one hour at 0.6 V. The electrochemical
cell was operated as a closed system to allow controlled current
flow and accurate measurement of electrochemical reactions.
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Cyclic voltammetry was chosen because it provides detailed
information on redox processes, including reaction mecha-
nisms and reversibility, unlike differential voltammetry which
is less informative mechanistically.

2.9 Greenness assessment

Several greenness assessment tools are introduced for the
evaluation for our method's sustainability and eco-friendless.
The method's greenness is assessed using the AGREEprep,
MoGAPI, and ComplexGAPI methods.

3 Results and discussion
3.1 Characterization of the tested materials

3.1.1. FTIR analysis. Fourier transform infrared spectros-
copy was utilized to examine the functional groups and chem-
ical alterations associated with three compounds: zeolite (Zeo),
activated carbon (AC), and zeolite/activated carbon nano-
composite (Zeo/AC) (Table 1).

The FT-IR spectrum of clinoptilolite as a natural zeolite
(Fig. 2a). A distinct band at 3455 cm™" corresponds to the
stretching vibration of (-OH) groups, while the band at
1643 cm ™" is assigned to the bending of interlayer H,O. The
fingerprint region illustrates characteristic framework vibra-
tions at 1063.22 cm ™!, 790 cm ™%, 716, 605 cm ™}, and 470 cm ™ ?,
attributed to asymmetric and symmetric stretching of (Si, Al)-O
& Si04, Si-OH, the stretching of tetrahedral TO, tetrahedra (T =
Si, Al) stretching and O-(Si/Al)-O, respectively, consistent with
zeolite structure.’®®* Also, appearing of peak at 872.57 cm ™'
related to Si-0.*

At Fig. 2b, the AC shows a broad envelope in the 3439-
3115 cm™" region indicative of hydroxyl (-OH) stretching.
Aliphatic C-H stretching (in alkyl fragments) is reflected in the
band at 2925 cm ™. At 1624 cm ™', a band is attributed to C=C
stretching. Additional strong absorption bands at 1415, 1161,
1029, 862, 720 and 706 cm ™" associated with conjugated C-C/
C=C interactions, C-O stretching, symmetric C-O stretching,
C-CP***” and aromatic C-H out-of-plane vibrations typical of
carbonaceous compounds.®*** Low-frequency bands that are

Table 1 FT-IR spectroscopic bands and corresponding functional groups of Zeo, AC, and ZEO/AC nanocomposite

Functional group Zeo (cm ™) AC (cm™) Zeo/AC (em ™)
—-OH stretching 3423 3439-3115 3439-3115
H,0 bending 1643 — —
Aliphatic C-H stretching — 2925 2925
C=C stretching — 1624 1634
C-C/C=C interactions (conjugated) — 1415 1415

C-O stretching — 1161 —

C-0O symmetric stretching — 1029 —
Aromatic C-H out-of-plane vibrations — 862, 706 —

C-C stretching (low-frequency) — 592, 435 —

(Si, Al)-O asymmetric stretching 1044 — 1044

(Si, Al)-O symmetric stretching 790 — 790

TO, tetrahedra (T = Si, Al) stretching 605 — 605

O—(Si, Al)-O framework modes 470 — 470
Si-O-C — — 1218

43988 | RSC Adv, 2025, 15, 43983-44006
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Fig.2 FT-IR functional group analysis (a, b, and ¢) and XRD structural characterization (d, e, and f) of Zeo, AC, and the Zeo/AC nanocomposite,

respectively.

associated with C-C stretching are located around 592 and
435 cm™ 1

After developing the Zeo/AC nanocomposite, the zeolite
framework bands are retained at 470, 605, 790, and 1044 cm ™",
confirming preservation of the (Si, Al)-O and TO, tetrahedra (T
= Si, Al) stretching functionalities (Fig. 2c¢).***° In Zeo/AC
nanocomposite, the broad band in AC envelope stretching
1311:1641 cm ' becomes resolved into two sharper bands at
1395.20 and 1634 cm ™', indicating better-defined contributions
from C-O/C-C and C=C vibrations, respectively. While
remaining in comparable locations, the regions 3439:
3115 em ™! (-OH) and 2925 cm ™", aliphatic C-H, exhibit varia-
tions in intensity.>**® Overall, the persistence of zeolite frame-
work bands alongside AC-derived features with modest shifts
and intensity variations and the disappearance of some bands
corroborates successful Zeo/AC nanocomposite formation. As
shown in Fig. 2 the peak appeared at 1399.50 cm ™~ in AC sample
shifted to 1390.20 cm ™" in composite sample are shifted and
change in the peak intensity and the decrease in broadining
which may be related to Al-O and C-O interaction to form Al-O-
C*" Fig. S2.

Si-O-C bonds in zeolite/activated carbon composites repre-
sent chemical linkages formed between silicon, oxygen, and
carbon atoms, creating a hybrid interface between the zeolite
framework and the activated carbon surface (Fig. S1). These
bonds influence the surface chemical properties and are
sensitive to the preparation conditions. In the FTIR spectrum,
a small, low-intensity peak appears around 1218 cm ™', attrib-
uted to Si-O-C asymmetric stretching vibrations within the
silica-carbon network. Such Si-O-C bonds play a vital role in
linking the silica structure of the zeolite with the carbon
surface, impacting functional groups and surface chemistry.
Chemically or physically treated activated carbons develop

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

oxygen-containing groups that interact with silicon species
from the zeolite to form Si—-O-C bonds, which affect surface
heterogeneity and adsorption characteristics. Additionally,
silicon oxycarbide (SiOC) materials synthesized via mechano-
chemical methods integrate Si, O, and C atoms into thermally
stable, porous networks that are valuable as catalyst supports
and adsorbents.*” This chemical interaction was confirmed by
performind physical preparation of zeolite-activated carbon
composites involves simple mixing of the two materials with
weak physical interactions. It is quick and easy but may result in
less stable and non-uniform composites which probably shown
in Fig. S2.

3.1.2. XRD analysis. X-ray diffraction (XRD) was performed
to analyze the structural and phase composition of AC, Zeo, and
Zeo/AC nanocomposite. The XRD patterns, shown in (Fig. 2d),
confirmed the presence of clinoptilolite, natural type of zeolite,
based on Card Nos. JCPDS 00-025-1349 and 01-079-1460 with
characteristic peaks (020), (200), (-201), (111), (-131), (-421), (-
222), (151) and (-602) can be indexed at 26 = 9.77°, 11.2°, 13.9°,
17.3°, 19.5°, 22.8°, 26°, 30.1°, and 32.67°, respectively.**** The
results revealed that the pure zeolite sample was indeed cli-
noptilolite, with a small average crystallite size of 3.09 nm.**

The diffractogram of AC showed two broad peaks at 24.4°
and 43°, characteristic of amorphous carbon (Fig. 2e). For the
AC, the diffractogram showed two broad, amorphous peaks at
24.4° and 43°, which are typical of disordered aromatic carbon
and graphitic domains, respectively. A peak at 24.67° also
indicated the presence of activated carbon. The XRD pattern of
the Zeo/AC nanocomposite showed a decrease in the intensity
of the zeolite peaks, additionally, new or enhanced peaks at
22.3° and 27° and a significantly larger crystallite size of
30.49 nm, providing evidence of a well-formed Zeo/AC nano-
composite (Fig. 2e).**
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Fig.3 BET surface area and pore structure analyses of AC (a), Zeo (c), and Zeo/AC (e). (b), (d), and (f) are inset figures in (a), (c), and (e) showing the

pore size distribution curves.

3.1.3. Textural characteristics. To evaluate the textural
characteristics such as specific surface area and pore size
distribution, nitrogen (N,) adsorption-desorption isotherm
analysis was carried out. As shown in (Fig. 3), the adsorption-
desorption profiles of AC, Zeo, and Zeo/AC display type IV
isotherms, which are indicative of mesoporous materials. The
presence of H4-type hysteresis loops in all samples suggests that
the mesopores arise from slit-like structures typically formed by
layered or lamellar particles.®

Additionally, (Fig. 3c) illustrates the N, adsorption-desorp-
tion behavior of the zeolite sample, highlighting its surface
area, pore volume, and pore size. Based on IUPAC standards,
clinoptilolite-type zeolites exhibit type IV isotherms with H3-
type hysteresis loops.* The H3 loop is associated with aggre-
gates of plate-like particles that form slit-shaped pores of
varying size, consistent with the morphology observed in SEM
images.*” The zeolite exhibited a surface area of 23.6218 m*> g™,
a pore volume of 0.091066 cm® g~ ', and a dominant pore
diameter of approximately 14.7 nm, indicating the coexistence
of mesoporous and macroporous structures. This was further
confirmed by BJH analysis, which supported the mesoporous
nature suggested by BET measurements.

43990 | RSC Adv, 2025, 15, 43983-44006

According to Table 2, the specific surface areas of AC, Zeo,
and Zeo/AC were 302.3951 m® g ', 23.6218 m”> g ', and 225.37
m® g7, respectively. The significant increase in surface area
observed for Zeo/AC compared to Zeo alone indicates that
incorporating Zeo into AC helps prevent excessive stacking of
LDH layers, thereby improving porosity. Owing to its enhanced
pore structure, Zeo/AC shows strong potential for application in
water treatment technologies.

The colloidal properties of the adsorbent materials, namely
surface charge and particle size distribution, were critically
evaluated to elucidate their anticipated performance in the
simultaneous removal of cationic and anionic dyes at (Fig. 4).
The pristine Zeo exhibited a zeta potential of —13.5 mV (Fig. 4a),
a moderate negative surface charge characteristic of its alumi-
nosilicate framework. This charge, while favorable for attracting
cationic species like CV, suggests limited colloidal stability,
a fact corroborated by its Z-average hydrodynamic diameter of
420.7 nm (Fig. 4c), which indicates significant aggregation in
suspension. In stark contrast, the Zeo/AC carbon composite
demonstrated a markedly enhanced negative zeta potential of
—28.7 mV (Fig. 4b). This profound increase in surface negativity
is directly attributable to the introduction of oxygen-rich func-
tional groups from the activated carbon component. A zeta

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Textural properties of AC, Zeo, and Zeo/AC
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BET surface area

Total volume of The mean diameter

Material (m*g™) pores (cm® g7 ) of pores (based on BHJ) (nm)
AC 302.3951 0.245238 3.244
Zeo 23.6218 0.0911 14.785
Zeo/AC 225.37 0.2130 3.7738
(b) Zeta Potential Distribution
a Zeta Potential Distribution 500000
400000 | Zeta Potential (mV): -28.7
) 400000 |
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Fig. 4 Zeta potential images of (a and c) for Zeo and Zeo/AC and particle size distribution (b and d) of Zeo and Zeo/AC.

potential beyond +25 mvV signifies excellent electrostatic
stabilization, which is paramount for maintaining a high active
surface area in aqueous treatment systems.

Concurrently, the DLS analysis revealed a larger Z-average
diameter of 783.3 nm for the Zeo/AC. This increase is not
indicative of further aggregation but is instead consistent with
the successful formation of a hybrid material (Fig. 4d). The
larger apparent size can be attributed to the intrinsic porosity
and micron-scale dimensions of the integrated AC, which
creates a more extensive, accessible surface architecture. This
combination of a highly negative surface charge and a larger,
stable structure presents a compelling mechanism for dual-
function dye adsorption. The enhanced negative charge will
potentiate stronger electrostatic interactions with the cationic

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

CV molecules, thereby likely increasing its adsorption capacity.
Conversely, for the anionic CR, the increased surface area and
porosity provided by the AC become the dominant factors,
facilitating adsorption primarily through non-electrostatic
interactions such as m-m stacking and hydrogen bonding.
Thus, the composite's design successfully merges the ion-
exchange capability of zeolite with the high surface area and
surface functionality of activated carbon, creating a versatile
adsorbent tailored for the treatment of complex wastewater
containing dyes of opposing charges.

The morphology of synthesized materials is visualized using
SEM. The Zeolite particles exhibited crystalline morphology,
exhibiting well-defined, angular particles with a relatively smooth
surface texture. The particles appear aggregated into larger

RSC Adv, 2025, 15, 43983-44006 | 43991
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Fig. 5 SEM micrographs of (a and b) Zeo and (c and d) Zeo/AC.

clusters, consistent with the particle size distribution data indi-
cating limited colloidal stability (Fig. 5a and b). This aggregation
reduces the accessible surface area, which may limit adsorption
efficiency. The microporous suggesting a potential for molecular
sieving and ion-exchange a property beneficial for capturing
cationic dyes like Crystal Violet via electrostatic interactions.*** In
contrast, the composite material demonstrates a markedly
different morphology. The integration of activated carbon in
(Fig. 5¢ and d) results in a heterogeneous, highly porous, and
roughened surface architecture. The zeolite particles appear
dispersed within a fibrous, amorphous carbon matrix, which
introduces meso- and macropores. This hierarchical pore structure
is ideal for facilitating diffusion and adsorption of larger dye
molecules such as CR and CV. The enhanced surface roughness
and increased porosity align with the larger hydrodynamic diam-
eter observed in DLS, confirming that the composite's structure
provides more active sites and reduced mass transfer resistance
during adsorption.

The morphological features of the 2 materials (Zeo, and Zeo/
AC) were noticeably changed by the hybridization method. As
shown in the SEM images (Fig. 5a and b), these changes were
observed on both the surface and in the internal structure of the
Zeo during the modification step by AC. The SEM images of raw
zeolite (Zeo) show an irregular and rough surface morphology
with agglomerated plats (Fig. 5a), at higher magnification,
reveals clusters of flaky compacted grains with sharp edges,
while (Fig. 5b) illustrates a more compact three-dimensional

43992 | RSC Adv, 2025, 15, 43983-44006

agglomerated structures, indicating the commonly typical
crystalline morphology of zeolite minerals. This morphology
provides limited surface accessibility, which may restrict
adsorption capacity in its pristine state. The SEM of the Zeo/AC
nanocomposite display a distinct change in surface texture
(Fig. 5c and d). Fig. 5¢ shows AC particles well-distributed on the
surface, forming small, spherical clusters or agglomerates
scattered across a larger surface which creating a porous,
heterogeneous structure. In (Fig. 5d), it denotes diminutive,
blocky, granular particles characterized by rough edges and
increased porosity. The significant difference in the
morphology and size of Zeo/AC relative to zeolite indicates that
the hybridization approach has effectively developed a novel
porous nanocomposite, improving its adsorption efficiency.

3.2 Optimization of adsorption parameters

3.2.1. Effect of solution pH. The pH optimization study
revealed that maximum adsorption efficiency for both Congo
red and crystal violet was achieved at pH 7.0, as shown in
(Fig. 6a). This optimal pH can be rationalized by considering
dye speciation, adsorbent surface charge, and electrostatic
interactions, as demonstrated in recent mechanistic studies by
Fernandez-Andrade et al (2021) on multi-dye adsorption
systems.*®

To elucidate the role of surface charge in the adsorption
mechanism, the point of zero charge (pHpzc) of the Zeo/AC
nanocomposite was determined to be 6.1 using the pH drift

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of adsorption parameters on Congo red and crystal violet removal by Zeo/AC nanocomposite; (a) influence of solution pH on
removal percentage; maximum efficiency is observed at pH 7, (b) effect of adsorbent dose on removal efficiency; optimal performance at 0.1 g/
50 mL, (c) temperature dependence of adsorption capacity (ge); capacity increases with temperature, optimal at 328.15 K (25 °C). And (d) contact

time profiles (ge); equilibrium achieved within 60 minutes for both dyes.

method. This value indicates that the adsorbent surface is
positively charged at pH < 6.1 due to protonation of surface
functional groups, and negatively charged at pH > 6.1 due to
deprotonation. The methodology aligns with established
protocols described by Nazari et al (2022) for composite
adsorbents.* Notably, the pHpzc value of 6.1 is intermediate
between that of pristine activated carbon (typically pH 8-10)
and natural zeolite (typically pH 4-6), suggesting successful
integration of the two materials and supporting the synergistic
behavior of the hybrid composite. Similar intermediate values
have been reported by several studies for zeolite-carbon
composites, corroborating the present findings.**** This inter-
mediate pHpzc is pivotal for the simultaneous adsorption of the
two oppositely charged dyes at a neutral pH of 7.0. At this pH,
the Zeo/AC surface carries a slight net negative charge (pH >
pHpzc), which has distinct implications for each pollutant
where Congo red, with a pKa of 4.5, exists predominantly in its
anionic form (CR™) at pH 7.0. At this pH, the slightly negative
surface of the Zeo/AC nanocomposite creates an initial elec-
trostatic repulsion with the anionic CR™ ions. The high
adsorption efficiency achieved despite this repulsion under-
scores that non-electrostatic interactions such as hydrogen
bonding, m-m stacking, van der Waals forces, and pore filling
are the dominant mechanisms for Congo red removal. The
relatively high adsorption efficiency, despite electrostatic
repulsion, highlights the role of these alternative mechanisms,
consistent with findings by Pham et al. (2020) on anionic dye
adsorption using composite materials.>

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

Crystal violet, a diprotic cationic dye with pKa values of 5.31
and 8.64, exists mainly as a monovalent cation (CV") at pH 7.0.
Under these conditions, the slightly negatively charged surface
of the Zeo/AC nanocomposite (pH > pHpzc) promotes a favor-
able electrostatic attraction for the CV' cations. This electro-
static interaction acts synergistically with -7 stacking between
the dye's aromatic rings and the carbon component of the
composite, significantly enhancing the adsorption capacity and
kinetics for the cationic dye.** These combined interactions
contribute to enhanced adsorption capacity. Ali Khan et al
(2021) reported similar pH-responsive behavior in carbon-based
systems for cationic dye adsorption.*”

Overall, the intermediate pHpzc of the Zeo/AC composite
enables effective adsorption of both anionic and cationic dyes
across a broader pH range than the individual components.
Specifically, it allows for favorable electrostatic binding of
cationic crystal violet while still facilitating high-capacity
removal of anionic Congo red through superior surface chem-
istry and porosity, despite initial electrostatic repulsion. The
observed adsorption efficiency within a pH range of 6-8
suggests robust performance under realistic environmental
conditions, such as variable pH in actual wastewater, aligning
with trends reported by several studies for mixed dye systems on
composite adsorbents.**>®

3.2.2. Effect of adsorbent dosage. Optimization of adsor-
bent dosage revealed that 0.1 g of Zeo/AC nanocomposite per
50 mL solution provided optimal adsorption performance for
both dyes, as shown in (Fig. 6b). This corresponds to an

RSC Adv, 2025, 15, 43983-44006 | 43993
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adsorbent concentration of 2.0 g L', which represents
a balance between maximum dye removal efficiency and
economic considerations. The dosage range of 0.025-0.20 g
(0.5-4 g L") was selected based on preliminary screening tests
that identified this as the optimal range where significant
changes in removal efficiency could be observed while main-
taining practical relevance for industrial applications. The
dosage optimization approach follows methodologies estab-
lished by Adeleke et al. (2017) for composite adsorbent
systems.*>>

Increasing the adsorbent dose beyond 0.1 g resulted in
minimal improvement in removal efficiency, indicating satu-
ration of available adsorption sites. This behavior is character-
istic of Langmuir-type adsorption, where a monolayer coverage
limit exists. Conversely, doses below 0.1 g showed significantly
reduced removal efficiency due to insufficient adsorption sites
relative to dye concentration.**°

3.2.3. Effect of temperature. Temperature optimization
studies conducted across the range of 25 °C to 55 °C revealed
that maximum adsorption capacity was achieved at 55 °C, as
shown in (Fig. 6¢). This temperature dependence indicates that
the adsorption process is endothermic in nature, with higher
temperatures promoting increased molecular mobility and
enhanced dye-adsorbent interactions. The endothermic
behavior is consistent with reports by Hasanzadeh et al. (2020)
for organic dye adsorption on porous composites.**

The positive temperature effect can be attributed to several
factors including increased kinetic energy enhancing dye
molecule mobility and access to internal pore structures,
potential activation of additional adsorption sites through
thermal expansion of the adsorbent matrix, and weakening of
hydration shells around dye molecules, facilitating their inter-
action with adsorbent surfaces. These mechanisms have been
extensively discussed by several studies in their thermodynamic
analysis of composite adsorbent systems.*>%

Thermodynamic analysis of the temperature-dependent data
revealed positive values for enthalpy change (AH®), confirming
the endothermic nature of the adsorption process. The positive
entropy change (AS°) suggests increased randomness at the
solid-liquid interface during adsorption, possibly due to
displacement of water molecules and structural rearrange-
ments, as illustrated in Table S1. Similar thermodynamic
parameters have been reported by several studies for dye
adsorption on hierarchical porous materials.***¢

The optimal temperature of 55 °C represents a practical
compromise between adsorption efficiency and energy
requirements. While higher temperatures might further
enhance adsorption, the marginal improvement would not
justify the additional energy costs in industrial applications.

3.2.4. Contact time and kinetic analysis. The contact time
optimization revealed that adsorption equilibrium was ach-
ieved within 60 minutes for both Congo red and crystal violet, as
illustrated in (Fig. 6d). This rapid equilibration indicates effi-
cient mass transfer characteristics of the Zeo/AC nano-
composite, attributed to its hierarchical pore structure and
intimate mixing of components. The kinetic behavior is

43994 | RSC Adv, 2025, 15, 43983-44006
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consistent with findings by Duran-Egido et al (2025) for
composite adsorbents with optimized pore structures.®’

3.2.5. Adsorption isotherms. To better understand the
interaction between the Zeo/AC nanocomposite and the dye
molecules, equilibrium data were analyzed using several well-
established adsorption isotherm models. These included two-
parameter models such as Langmuir and Freundlich, three-
parameter models like Sips and Redlich-Peterson, and more
complex four-parameter models including Fritz-Schlunder and
Baudu. Each model provides a unique perspective on the
adsorption process, ranging from assumptions of monolayer
adsorption on homogeneous surfaces to heterogeneous,
multilayer adsorption involving complex site distributions. The
selection of these models allowed for a comprehensive evalua-
tion of the adsorption mechanisms governing the removal of CR
and CV under optimized conditions, as illustrated in Table 3
and (Fig. 7).

The isotherm studies were conducted at a fixed temperature
of 25 °C, pH 7.0, with 0.1 g of Zeo/AC in 50 mL dye solution,
across an initial concentration range of 5-500 mg L.
Nonlinear regression fitting was employed to extract model
parameters and assess the goodness of fit (R*), ensuring accu-
rate interpretation of the adsorption behavior.

For CR, the Langmuir model yielded a maximum monolayer
capacity (qm) of 728.3 + 5.8 mg g~ with a strong correlation
coefficient (R*> = 0.998), supporting the assumption of uniform
adsorption sites. The Freundlich model indicated surface
heterogeneity and multilayer formation (n = 2.84 £ 0.08),
though with a slightly lower R> value (0.977). The Redlich-
Peterson and Sips models provided improved fitting, with the
Sips model offering an excellent fit (¢,, = 745.2 + 6.1 mg g~ '; R
= 0.999), highlighting a combined mechanism of homogeneous
and heterogeneous adsorption. The four-parameter Fritz-
Schlunder model further refined the prediction (g,, = 738.5 +
5.5 mg g~ '; R> = 0.999), while the Baudu model estimated the
highest capacity (go = 752.6 + 6.3 mg g~ ; R*> = 0.997), reflecting
the complex nature of CR adsorption.

Similarly, CV exhibited superior fit with the Langmuir model
(qm = 879.2 + 6.4 mg g~ '; R” = 0.999), indicating monolayer
coverage on a uniform surface. The Freundlich model also
captured key aspects of the process (n = 3.02 & 0.09; R* = 0.972),
suggesting favorable adsorption and surface heterogeneity. As
with CR, the three-parameter models showed high accuracy,
with the Sips model again offering the best performance (g, =
895.7 £ 7.2 mg g 5 R*> = 0.999). The Fritz-Schlunder model
closely approximated this capacity (¢, = 886.4 + 6.8 mg g~ '; R?
= 0.999), and the Baudu model predicted the highest uptake (g,
=908.3 + 7.5 mg g '; R* = 0.998).

Overall, the exceptional agreement between experimental
and theoretical values, especially in the Sips and Fritz-Schlun-
der models (R> > 0.999), suggests the presence of multiple
adsorption mechanisms. These likely involve electrostatic
interactions provided by the zeolite fraction and m-m stacking
contributed by the activated carbon. Furthermore, the observed
increase in adsorption capacity at elevated temperatures aligns
with an endothermic process, as previously supported by ther-
modynamic analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Nonlinear isotherm model parameters for Congo Red (CR) and Crystal Violet (CV) adsorption onto Zeo/AC at 55 °C

Model Parameter Congo Red (CR) R* (CR) Crystal Violet (CV) R* (CV)

Langmuir dm (mgg™) 728.3 £ 5.8 0.998 879.2 + 6.4 0.999
Ky (L mg ) 0.042 =+ 0.001 0.051 = 0.001

Freundlich Ky (mgg ) (Lmg )n 124.6 + 3.2 0.977 158.3 + 3.8 0.972
n 2.84 £ 0.08 3.02 £ 0.09

Redlich-Peterson Kep (L g™ 32.7 £ 0.9 0.996 46.2 £ 1.2 0.995
agp (L mg ™) 0.078 % 0.002 0.091 + 0.002
g 0.93 £ 0.02 0.95 + 0.02

Sips gm (mg g™ 745.2 £ 6.1 0.999 895.7 + 7.2 0.999
Ks (Lmg™) 0.036 + 0.001 0.044 + 0.001
n 1.12 £ 0.03 1.08 £ 0.03

Fritz-Schlunder gm (mgg™) 738.5 £ 5.5 0.999 886.4 + 6.8 0.999
Kgs (L mg ™) 0.048 + 0.001 0.057 % 0.001
ars 0.052 + 0.001 0.063 + 0.001
B 0.97 £ 0.02 0.94 £ 0.02

Baudu go (mgg ) 752.6 + 6.3 0.997 908.3 £ 7.5 0.998
Ky (L mg ™) 0.029 + 0.001 0.035 % 0.001
b (L> mg™?) 0.0011 4 0.0001 0.0013 4 0.0001

In conclusion, the high uptake capacities, strong model
fitting, and rapid equilibrium kinetics (achieved within 60
minutes) collectively affirm the potential of the Zeo/AC nano-
composite for scalable and efficient dye removal in environ-
mental remediation efforts.

3.2.6. Adsorption kinetics. To gain insights into the
adsorption behavior of Congo Red (CR) and Crystal Violet (CV)
onto the Zeo/AC nanocomposite, the kinetic data were analyzed
using four models: pseudo-first-order (PFO), pseudo-second-
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order (PSO), Avrami fractional-order, and intraparticle diffu-
sion (IPD), refer to (Fig. 8). The nonlinear models' parameters
are summarized in Table 4.

The pseudo-first-order model showed a weaker fit for both
CR and CV, as indicated by lower R” values and large deviations
between the experimental and calculated adsorption capacities.
This suggests that physisorption or reversible diffusion-
controlled processes are not the predominant mechanisms for
dye uptake in this system.
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Fig. 7 Adsorption isotherms for Congo Red (CR) and Crystal Violet (CV) on zeolite/activated carbon nanocomposite at 55 °C and pH 7.0.
Experimental data (circles) fitted with different isotherm models: (a and b) CR adsorption and (c and d) CV adsorption. Models include Langmuir,
Freundlich, Redlich-Peterson (a and c), and Sips, Baudu, Fritz-Schluender (b and d). All models show excellent fit with R? > 0.97, indicating
complex adsorption mechanisms involving both monolayer and multilayer processes.
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In contrast, the pseudo-second-order model exhibited the
best fit, with the highest correlation coefficients (R* > 0.998) and
excellent agreement between experimental and theoretical g,
values. This confirms that the adsorption process is governed by
chemisorption, likely involving electron sharing or exchange
between the functional groups on the Zeo/AC surface and the
dye molecules.

The Avrami
a strong fit, supporting the presence of heterogeneous and
multi-pathway adsorption kinetics. The Avrami exponent (n)
ranged between 0.74 and 0.91, indicating a decelerating
adsorption rate and the involvement of multiple sorption
mechanisms occurring simultaneously.

To further understand the diffusion mechanism, the intra-
particle diffusion model was employed. The g, versus t°° plots
revealed three distinct linear stages. The initial region reflects
external film diffusion, followed by a gradual adsorption phase
corresponding to intraparticle diffusion, and finally a plateau
representing equilibrium. Since the plots did not pass through
the origin, intraparticle diffusion is not the sole rate-limiting
step. Notably, the intercepts (C values) were higher for CV
than CR, indicating a greater boundary layer effect and higher
external mass transfer resistance for the larger CV molecules.
The kinetic data confirm that the adsorption of both CR and CV
onto Zeo/AC follows a chemisorption-controlled process, with
contributions from boundary layer diffusion and intraparticle
transport. The strong performance of the Avrami model further
supports the complexity and heterogeneity of the adsorption
mechanism. Critically, the rapid equilibrium achieved within
60 minutes for both dyes is a significant practical finding,
underscoring the material's high efficiency and potential for the
simultaneous treatment of mixed-dye waste streams without
requiring extended retention periods.

3.2.7. Steric parameters

3.2.7.1. Number of adsorbed ions per site. The number of
adsorbed ions per site (n) provides insight into the orientation
and interaction mechanisms of CR, and CV ions on Zeo/AC
surfaces. If n < 1, adsorption follows a horizontal orientation,

fractional-order model also demonstrated

View Article Online
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Table 4 Nonlinear kinetic parameters for CR and CV adsorption onto
Zeo/AC nanocomposite at 55 °C

Model Parameter CR (6)%
Pseudo-first-order Gecar (Mg g™ ") 50.61 72.42
k; (min™) 0.031 0.026
R 0.964 0.957
Pseudo-second-order Gecal (Mg g ) 58.21 79.66
k, (g mg ' min™) 0.0019  0.0021
R 0.998 0.999
Avrami fractional order Gecal (Mg g™ ") 57.93 78.45
kay (min™") 0.051 0.047
n 0.74 0.91
R? 0.993 0.995
Intraparticle diffusion kig; (mg g ' min™%%)  3.61 5.82
C; (mgg™ 20.43 33.77
R 0.982 0.987
kia, 1.62 2.48
C, 31.84 44.05
R,? 0.944 0.951
kia, 0.21 0.39
Cs 48.59 63.57
R;% 0.881 0.912

meaning multiple ions occupy a single active site, forming
multi-ionic interactions.®®”° For CR, the n = 0.78 and for CV, the
n = 0.83 (Table 5). Since n values <1, this suggests that CR, and
CV ions exhibit multi-ionic interactions during adsorption.
Each adsorption site can hold up to one CR ions and one CV
ions, with ions aligning horizontally arrangement.”®”*

3.2.7.2. Occupied active sites density and saturation adsorp-
tion capacity. The N,, parameter represents the density of
adsorption sites on the Zeo/AC surface, providing insight into
the total number of binding sites available for CR and CV ions
(Table 5). CR adsorption site densities (N,) were 576 mg g~ ' at
298 K superior to CV where Ny, of = 439, increased aggregation
of CR ions than CV on available sites.”»”® The saturation
adsorption capacity (Qs,) represents the maximum potential for
metal ion adsorption onto Zeo/AC. Its value is influenced by
both N, (density of occupied sites) and n (number of ions per
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Fig. 8 Adsorption kinetics of (a) Congo Red (CR) and (b) Crystal Violet (CV) on zeolite/activated carbon nanocomposite using different kinetic
models including pseudo-first-order (PFO), pseudo-second-order (PSO), Avrami fractional-order, and intraparticle diffusion (IPD). The PSO
model shows the best fit (R> > 0.998), indicating chemisorption-controlled adsorption with rapid equilibrium achieved within 60 minutes for both

dyes.
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Table 5 Steric Parameters for CR and CV adsorption onto Zeo/AC
nanocomposite at 298 K

CR cv

298 K R 0.9996 0.9992
S 0.018 0.052
n 0.78 0.83
N (mg g™) 576 439
Qsat (mg g™ 451 365
Cip (mg L™ 300 104
AE (k] mol ™) —~10.9 —12.4

site). The estimated CR adsorption capacities (Qs,¢) Were 451 mg
g~ ' at 298 K, and for the CV adsorption capacities, the
computed values were 365 mg g ' (Table 5). The temperature-
dependent variation in Qg, is more closely linked to changes
in Ny, (occupied site density) rather than n (ions per site). This
suggests that the number and availability of active sites play
a more critical role in determining adsorption efficiency than
the adsorption capacity of individual sites where n of CV (0.83)
more than 7 of CR (0.78) but Ny, of CR (576) more than CV (439)
at same temperature.””*

3.2.7.3. Adsorption energy. The adsorption energy (AE) plays
a crucial role in identifying the fundamental mechanisms gov-
erning the adsorption of CR and CV on the Zeo/AC surface. It
allows for differentiation between physical and chemical
adsorption processes. Generally, chemical adsorption is char-
acterized by energy values exceeding 80 kJ mol !, whereas
physical adsorption involves lower energy values, typically
40 kJ mol ™" or less. Within physical adsorption, specific inter-
action types can be categorized based on their energy ranges:
coordination exchange (~40 kJ mol '), hydrogen bonding
(<30 kJ mol™"), dipole interactions (2-29 k] mol %), van der
Waals forces (4-10 kJ mol '), and hydrophobic bonds
(~5 kJ mol~").”#7> The adsorption energy values for CR and CV
were calculated using eqn (6), which incorporates thermody-
namic parameters, including the solubility of dye (CR and CV)
in water (S), gas constant (R = 0.008314 k] mol ' K™ '), absolute
temperature (7), and ion concentration at half-saturation.

The obtained energy ranges were up to —10.9 kJ mol " for
CR, and for CV = —12.4 k] mol~" (Table 5). These results
strongly indicate that the adsorption of these dyes onto Zeo/AC
is predominantly driven by physical adsorption mechanisms,
including van der Waals forces, hydrophobic interactions,
dipole interactions, and hydrogen bonding. The consistently
negative AE values further validate that the adsorption process
is exothermic, aligning with previous.

3.2.8. Thermodynamic functions

3.2.8.1. Entropy. Entropy (S,) provides valuable insight into
the structural order-disorder transitions occurring on the Zeo/
AC surface during CR and CV adsorption. Analysis of S, (eqn
(9)), based on steric parameters such as the density of occupied
sites (Np,), the number of ions per site (n), and the half-
saturation concentration (C,;), revealed a slight decline in
entropy with increasing ion uptake, particularly at higher
concentrations (Fig. 9b). This reduction reflects decreased

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface disorder, indicating that as adsorption sites become
progressively occupied, the structural mobility of the adsorbent
diminishes.”” Such behavior supports the spontaneous char-
acter of adsorption, as ions become increasingly restricted upon
binding to the Zeo/AC surface. The observed entropy decrease
also highlights the adsorbent's effectiveness in dye sequestra-
tion, especially under conditions of elevated initial ion
concentrations.

Experimentally, CR displayed the highest entropy value
(382.2 mg g~ at 298 K), while CV recorded a comparatively
lower value of 333.8 mg g ' (Fig. 9b). These equilibrium results
are consistent with the predicted half-saturation concentrations
of Zeo/AC, further confirming that as adsorption advances, the
number of available binding sites becomes increasingly
limited.”7®

3.2.8.2. Internal energy and free enthalpy. The internal
energy (Ein) and free enthalpy (G) associated with the adsorp-
tion of CR and CV onto Zeo/AC were assessed using eqn (10).
These calculations incorporated adsorption parameters,
including the ion concentration at half-saturation (Cj s), trans-
lation partition function (Z,), occupied adsorption site density
(Nm), and the number of ions per site (n). The results indicated
that the free enthalpy values (G) were consistently negative at
(eqn (11)), demonstrating that the adsorption process is both
spontaneous and exothermic™ (Fig. 9c and d).

Notably, G of CR values decreased as temperature increased,
as illustrated in (Fig. 9c). The enthalpy decreases with
increasing dye concentration for both CR and CV. This suggests
that the adsorption process becomes more exothermic as more
dye is adsorbed likely due to stronger interactions at higher
coverage or cooperative adsorption effect. Furthermore, the
negative free enthalpy (G) values confirm that the adsorption is
thermodynamically favourable across all studied temperatures.
Similarly, the internal energy (Ei,) values were also negative and
displayed a progressive reduction as temperature
increased”>”*7® (Fig. 9d).

Eint energy becomes more negative with increasing equi-
librium concentration for both CR and CV which reflects a more
energetically favorable adsorption process as more dye mole-
cules interact with the adsorbent. The continuous drop suggests
that the adsorbent (Zeo/AC) maintains high affinity for dye
molecules even at higher concentrations, possibly due to
a combination of surface heterogeneity and multiple interac-
tion mechanisms (e.g., -7 stacking, electrostatics).

The spontaneous nature of adsorption suggests that no
external energy input is required, making Zeo/AC a cost-
effective and efficient adsorbent for industrial applications.

3.3 Adsorption mechanisms and surface interactions

The comprehensive characterization and optimization studies
provide insights into the complex adsorption mechanisms
governing Congo red and crystal violet removal by the Zeo/AC
nanocomposite, as illustrated in Fig. 10. The adsorption
process involves multiple synergistic mechanisms that operate
simultaneously, explaining the exceptional performance for
both cationic and anionic dyes.
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Fig. 9 Fitting of the advanced Monolayer model of one energy site at
internal energy at 298 K (d).

3.3.1. Electrostatic interactions and ion exchange. Despite
the unfavorable electrostatic conditions for Congo red adsorp-
tion at pH 7 (both adsorbent and dye negatively charged),
significant removal efficiency was achieved. This suggests that
electrostatic interactions, while important for crystal violet, are
not the dominant mechanism for Congo red removal. For
crystal violet, the favorable electrostatic attraction between the
cationic dye (CV') and negatively charged adsorbent surface at
PH 7 contributes significantly to the high adsorption capacity.
The zeolite component provides specific ion exchange sites that
can accommodate anionic species through localized charge
compensation mechanisms, as demonstrated by recent mech-
anistic studies on anionic dye adsorption.”*”®

3.3.2. m-m Stacking and hydrophobic interactions. Both
Congo red and crystal violet possess extensive aromatic ring
systems that can interact with the graphitic carbon structures in
activated carbon through m-m stacking. These interactions are

43998 | RSC Adv, 2025, 15, 43983-44006
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particularly strong for crystal violet due to its triphenylmethane
structure containing three aromatic rings, while Congo red's
multiple aromatic rings also engage in substantial -7 inter-
actions. The enhanced performance compared to individual
components suggests that the zeolite framework may orient dye
molecules in configurations that optimize m-7 interactions
with carbon surfaces. This cooperative effect represents a key
advantage of the composite approach and has been theoreti-
cally validated by molecular dynamics simulations conducted
by Rassoulinejad-Mousavi et al. (2019) and Salahshoori et al.
(2024).7%0

3.3.3. Hydrogen bonding and van der Waals forces. The
abundant hydroxyl and amino groups in both dyes can form
hydrogen bonds with surface functional groups on both zeolite
and activated carbon components.*>** FTIR analysis revealed
shifts in O-H and N-H stretching frequencies upon dye
adsorption, confirming hydrogen bonding contributions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagram of adsorption mechanisms of Congo red and crystal violet onto Zeo/AC composite.

Additionally, van der Waals forces provide significant attractive
interactions in the confined spaces of micropores, where the
cumulative effect of multiple weak interactions contributes
substantially to the overall binding energy, as described in
theoretical work by Chabal et al. (2013).**

3.3.4. Pore filling and molecular sieving effects. The hier-
archical pore structure of the Zeo/AC composite enables selec-
tive adsorption based on molecular size compatibility. Congo
red (molecular dimensions: 2.6 x 1.0 x 0.4 nm) primarily
accesses the mesopores of activated carbon, while crystal violet
(molecular dimensions: 1.4 x 1.2 x 0.5 nm) can penetrate both
zeolite micropores and carbon mesopores. This size comple-
mentarity between dye molecules and available pore spaces
contributes to the selective adsorption behavior and high
capacity observed for both dyes. This size-selectivity mechanism
has been extensively studied by computational modeling
approaches described by Chen et al. (2025) for hierarchical
porous materials.?

3.3.5. Synergistic mechanism and cooperative effects. The
integration of zeolite and activated carbon creates a unique
synergistic system where multiple mechanisms operate coop-
eratively. The zeolite component provides ion exchange capacity
and molecular sieving functionality, while activated carbon
contributes high surface area and strong - interactions. This
complementary action allows for efficient removal of both dyes
through different dominant pathways: electrostatic attraction
and pore filling for crystal violet, versus - stacking, hydrogen
bonding, and ion exchange for Congo red. This multi-
mechanistic approach explains the superior performance of

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

the Zeo/AC nanocomposite in simultaneous dye removal
applications.

3.4 Regeneration and reusability study

The regeneration performance of Zeo/AC nanocomposite was
assessed using four regenerants including 0.1 M HCI, 0.1 M
NaOH, 50% ethanol, and 0.1 M NaCl, as referred to (Fig. 11)
Desorption efficiencies for Congo red (CR) were highest with
NaOH (91.2%), followed by HCI (86.5%), ethanol (79.8%), and
NaCl (61.4%). In contrast, Crystal violet (CV) showed maximum
desorption with HCI (88.6%), then ethanol (81.2%), NaOH
(77.9%), and NaCl (55.8%). Following desorption, the adsorbent
was reused for five adsorption-desorption cycles under opti-
mized conditions (pH 7, 55 °C, 60 min). The regeneration effi-
ciencies over five cycles showed gradual decline, with HCI-
treated samples retaining up to 82% capacity for CV and
NaOH-treated samples retaining 76% capacity for CR by the
fifth cycle. Other regenerants, particularly NaCl and ethanol,
resulted in lower retention efficiencies, dropping below 70%
after five cycles. These results indicate that 0.1 M HCI is the
most suitable universal regenerant, particularly for maintaining
performance in CV removal, while 0.1 M NaOH is effective for
CR, though occasional acid rinsing may be required to prevent
pore blockage and maintain long-term adsorbent integrity.

3.5 Cost analysis of the adsorption process

The economic feasibility of an adsorbent represents a critical
determinant for its practical implementation in wastewater

RSC Adv, 2025, 15, 43983-44006 | 43999
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Fig. 11 Regeneration and reusability performance of zeolite/activated carbon nanocomposite over five adsorption—desorption cycles. Removal
efficiency (R%) for (a) Congo Red (CR) and (b) Crystal Violet (CV) using different regenerants: 0.1 M HCL, 0.1 M NaOH, 50% ethanol, and 0.1 M NaCl.
HCl shows the best overall regeneration performance for CV after five cycles, while NaOH is most effective for CR regeneration after five cycles.

Table 6 Cost analysis of the synthesized composite material

Purchasing cost Used quantity Cost of used

Material Purchased quantity (g) Total purchase cost (USD) (Usp g™ (g or mL) quantity (USD)
Zeolite 1 kg 12.89 0.0129 100 1.289
Activated carbon Max. power (kW) Unit cost of power Cost 5.245
Equipment 1 0.15 0.3

1 0.19 4.56

1 0.24 0.24

1 0.21 2.52

Milling autoclave
stirrer drying

Total yield cost = 14.154
USD For 153.89 g

Total yield cost
0.092 USD g !

remediation applications. A comprehensive cost analysis must
account for both energy requirements and chemical consumption
during material synthesis. As detailed in Table 6, the production
cost for 1.0 g of Zeo/AC composite material is calculated at
approximately $0.092. Comparative evaluation with existing
adsorbents (Table 7) reveals that the Zeo/AC composite demon-
strates significantly enhanced cost-effectiveness relative to
conventional water treatment materials reported in prior research.
This favorable economic profile, coupled with its adsorption
performance, positions the composite as a promising candidate
for large-scale water purification applications.

3.6 Sustainability via a urea fuel cell

Effects of different scan rates and different urea
Cyclic

3.6.1.

concentrations on electrochemical oxidation.

Table 7 Comparative cost analysis of the synthesized Zeo/AC
adsorbent with reported values in the literature

Material used Cost (USD g ) unit Reference
Zn-Fe LDH/PANI 12.48 uspg ! 77
Activated carbon 1.33 UsDkg ' 78
LDH/PU/O-Pom 0.927 UsD g ™" 79
Titania/graphene oxide  0.1875 uspg ! 80
Zeo/AC 0.092 UsD g™* This work

44000 | RSC Adv, 2025, 15, 43983-44006

voltammetry was utilized to examine the scan rate-dependent
electrochemical response, applying the potential sweep tech-
nique over a potential range of 0.0 V to 1.00 V (Fig. 12a and b).
Shows how the urea concentration affects the anode current
density and electrocatalytic activity using the prepared material
before and after adsorption. The findings indicate that adjusting
the urea concentration has a pronounced impact on fuel cell effi-
ciency. The study evaluated cyclic voltammetry (CV) current density
ata scan rate of 100 mV s~ * with urea concentrations ranging from
0.10 M to 0.50 M. Experimental findings indicated a direct
dependency of peak current density on urea concentration during
electrooxidation, albeit with observed limitations. The scan rate
was incrementally adjusted between 20 and 100 mV s ' in an
1.00 M KOH electrolyte, as illustrated in (Fig. 12c and d). These
data show that increasing the scan rate from 20 to 100 mV s
enhances the current density for both Zeo/AC before and after
adsorption. This tendency can be attributed to more electroactive
species reaching the electrode surface as the scan rate increased,
which produced an increase in the current density.

An inverse correlation exists between urea concentration and
oxidation peak current density in the case of the waste adsor-
bent, where higher urea levels result in lower current densities.
This phenomenon is linked to the build-up of urea oxidation
intermediates on the electrocatalyst surface, which progres-
sively occupies active sites and induces catalyst poisoning. Due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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100 mV s~* with varying urea concentrations; (c and d) the effect of scan rates ranging from 20 to 100 mV s

1.00 V.

to restricted diffusion of reactant species, the interaction with
the electrocatalyst is hindered, causing a noticeable decrease in
anodic peak current density.*

3.7 Greenness chemistry

Sustainable and environmentally friendly chemical processes,
utilizing renewable resources, and making non-toxic and
biodegradable products are all tenets of green chemistry.
Implementing green chemical methods has many potential
economic, environmental, and health benefits.

Green assessment tool, AGREEprep, evaluates the greenness
of a sample preparation procedures.*® The aspects of a sample
preparation include the sample preparation site, safety of
solvents, sustainability of materials, waste minimization, inte-
gration and automation of steps, reduction of sample volume,
maximization of sample throughput, reduction of energy
consumption, selection of environmentally friendly configura-
tions for sample post-preparation, and operator safety. Shows
the pictogram of AGREEprep. The final score and pictogram of
AGREEprep GAC metric tool for our method is calculated (0.65)
based on the evaluation of all 10 GSP principles (Fig. 13a).
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(CV) curves for (a) Zeo/AC before and (b) Zeo/AC/CR/CV after electrochemical testing in 1 M NaOH, are displayed at a fixed scan rate of

~1 within a potential window of 0—

MoGAPI method”™ quantifies and assesses the environ-
mental impact of a method. Analytical processes, such as
sample preparation, volume, health risks associated with
solvents and reagents, instrumentation, waste quantity,
handling, and so forth can be evaluated using MoGAPI method.
Green indicates minimal environmental impact, whereas yellow
and red indicate medium and heavy environmental impact,
respectively. The MoGAPI program combines the accurate
overall score with the benefits of GAPI's visual effect (Fig. 13b).

ComplexGAPI, complex green analytical procedure index, an
easy tool that complements the existing GAPI metric, was
proposed.®® One hexagonal field was added to the original GAPI
graph and it reflects the processes performed prior to the
sample preparation step and final analysis. The generated
ComplexGAPI pictogram for our analytical method is shown
(Fig. 13c).

3.8 Implications for practical applications

The optimized conditions identified in this study (pH 7, 0.1 g/
50 mL dosage, 55 °C, 60 min contact time) represent practically
feasible parameters for industrial wastewater treatment
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Fig. 13 The AGREEprep greenness tool (a), the MoGAPI greenness
tool (b), and the ComplexGAPI greenness tool (c).

applications. The near-neutral pH eliminates the need for
extensive pH adjustment, while the moderate temperature and
short contact time ensure energy efficiency. These operational
parameters align with industry standards for cost-effective
water treatment processes, as outlined in recent techno-
economic analyses by Elizondo-Noriega et al. (2020).*

The rapid kinetics and high removal efficiency make the Zeo/
AC composite suitable for both batch and continuous flow
applications. The dual functionality proposed for subsequent
fuel cell applications adds significant value to the treatment
process, transforming waste materials into energy storage
components. This integrated approach to waste treatment and
energy generation represents an emerging paradigm in
sustainable technology development, as discussed by Guo et al.
(2019).** The comprehensive understanding of adsorption
mechanisms provides a foundation for process optimization
and scale-up considerations. The multi-mechanism nature of
the adsorption process ensures robust performance across
varying operational conditions, addressing a key requirement
for practical wastewater treatment systems. Scale-up method-
ologies for composite adsorbent systems have been detailed in
recent engineering studies by Juela et al. 2022.*”

Future research directions should focus on long-term
stability assessment, and validation with real industrial efflu-
ents containing complex dye mixtures and interfering
substances. The integration with fuel cell applications presents
an innovative approach to sustainable water treatment with
energy recovery potential, representing a promising avenue for
implementation treatment

circular economy in  water

technologies.®

4 Conclusion

This study successfully developed a novel zeolite-activated
carbon nanocomposite for the efficient removal of both
anionic and cationic dyes from aqueous solutions. The
composite demonstrated exceptional adsorption performance,
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achieving high removal capacities for both dye types under
neutral pH conditions, with rapid adsorption kinetics reaching
equilibrium in a short timeframe. The adsorption process was
found to follow chemisorption-based kinetics and involved
multiple synergistic mechanisms including electrostatic inter-
actions, - stacking, hydrogen bonding, and pore filling.

Thermodynamic analysis revealed that the adsorption
process was spontaneous and predominantly governed by
physical interactions. The composite exhibited excellent
regeneration capability, maintaining high efficiency over
multiple adsorption-desorption cycles. A significant innovation
of this research lies in the successful demonstration of
a circular economy approach, where the spent adsorbent was
effectively repurposed for energy-related applications.

The integration of effective dye removal with subsequent
resource recovery, combined with environmentally friendly
synthesis methods, establishes this nanocomposite as a prom-
ising dual-function material for sustainable wastewater treat-
ment and valorization applications.
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