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In this study, a porous alkali-activated material was employed as an efficient adsorbent for the removal
of methylene blue (MB). The material, referred to as GP-NC, was synthesized through geopolymerization
by activating natural clay (NC) with an alkaline activator solution and incorporating H,O, to induce pore
formation within the matrix. The structure, microstructure, and morphology of the samples were
extensively characterized using a variety of techniques, including XRD, 2°Si and 2’Al MAS NMR, FTIR,
DTA/TGA, BET, SEM, and TEM. The formation of alkali-activated material was confirmed through XRD,
295i, and 2’Al MAS NMR analyses. The GP-NC exhibited a significantly higher surface area (30.23 m? g%
compared to NC (15.28 m? g~3). Additionally, FTIR and SEM analyses validated the successful adsorption
of methylene blue (MB) onto the alkali-activated material. These findings offer valuable insights into the
structural properties and adsorption performance of GP-NC, emphasizing its potential as an effective
adsorbent for methylene blue removal from aqueous solutions. The sorption process was best described
by the pseudo second order kinetic model and the Langmuir isotherm model, with a maximum
adsorption capacity of 98.95 mg gt at 25 °C. Furthermore, the calculated mean free energy (E) using
the Dubinin-Radushkevich model suggests that the adsorption of MB onto GP-NC follows a

rsc.li/materials-advances physisorption mechanism.

1. Introduction

In recent years, the increasing discharge of dyes into the
environment has become a pressing environmental concern.’
These dyes, commonly used in industries such as textile, paper,
and printing, pose a significant threat to both ecosystems and
human health due to their persistence, toxicity, and potential
carcinogenicity.>® Various wastewater treatment techniques
have been adopted, including aerobic and anaerobic treatment,
coagulation-flocculation, ion exchange, membrane filtration,
electrochemical methods, advanced oxidation processes, and
adsorption.” ™ Adsorption is an effective and cost-efficient
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method for pollutant removal, offering simplicity, affordability,
and high efficiency in wastewater treatment. It requires mini-
mal operational complexity, making it accessible for various
applications while effectively removing contaminants such as
heavy metals, dyes, and organic compounds.">'® One promis-
ing strategy for enhancing adsorption-based treatment is the
use of alkali-activated materials."”*° These amorphous inor-
ganic materials are formed through the reaction of aluminosi-
licate precursors with alkaline activators, offering excellent
adsorption capacity and environmental sustainability.>*' These
materials possess several desirable characteristics, including excel-
lent mechanical strength, thermal stability, and chemical resis-
tance, making them ideal candidates for diverse applications.>**
The creation of porosity into the alkali-activated structure offers
several advantages for dye removal, including increased surface
area and pore volume, enhanced mass transfer, and improved
accessibility to the active sites.'***>*® Moreover, the introduction of
functional groups onto the surface of the alkali-activated materials
can enhance its affinity for dyes through electrostatic interactions
or chemical bonding.*® The porous structure of alkali-activated
materials provides many active sites for dye adsorption, while
the interconnected pore network facilitates the diffusion of
dye molecules into the bulk material. Furthermore, the use of
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porous alkali-activated materials offers several advantages,
including their abundance, low-cost precursors, and environment-
friendly nature.””*® To enhance the adsorption capacity and
efficiency of alkali-activated materials for dye removal, the
incorporation of H,0, has gained significant attention.*® The
combination of H,O, with alkali-activated matrices offers unique
properties that can be exploited for efficient dye removal from
aqueous solutions. Hydrogen peroxide (H,O,) plays a crucial
role in creating porosity in alkali-activated materials, which can
enhance their adsorption capacity, making them effective for
applications like removing methylene blue from solutions.”®
When added to the alkali-activated material mix, H,0O, decom-
poses in the alkaline environment, releasing oxygen gas that
forms bubbles within the paste. These bubbles create a network
of interconnected pores, increasing the material’s surface area
and porosity.

In this study, hydrogen peroxide (H,0,) was introduced to
generate porosity in alkali-activated kaolinite-rich natural clay,
a widely available and sustainable precursor, for the removal of
methylene blue dye from aqueous solutions. The structural
properties of the synthesized adsorbent were systematically
characterized to elucidate its composition, porosity, and sur-
face morphology. Additionally, a series of experimental inves-
tigations were conducted to analyze the adsorption mechanism
at the solid-liquid interface, with a particular focus on in situ
electrostatic interactions, providing valuable insights into the
underlying adsorption processes.

2. Materials and methods

2.1. Sampling and alkali-activated material preparation

The natural clay (NC) utilized in this study is sourced from
Assa-Zag province situated in north of the Moroccan Sahara
(Fig. 1). The initial step involved in the process is the grinding
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and sieving of the natural clay sample to obtain particles with a
size of 70 um. This sample is referred to as NC. However, meta-
NC is naturel clay calcined at 600 °C for 4 h. The alkali-activated
material was named GP-NC, this is created by adding 6 g of
meta-NC to a previously prepared alkaline activation solution.
The activation solution is formed by sodium silicate solution
prepared by dissolving the desired amount of SiO, (1.5 g)
and NaOH (1.5 g) in 15 mL of distilled water by stirring for
10 minutes, which is vigorously stirred until it forms a uniform
gel, subsequently adding H,O, (0.25 g) to the mixture of
metakaolin and alkali activator. The resulting mixture, GP-
NC, is then stirred for 30 minutes to ensure homogeneity and
subsequently placed in an oven at 70 °C for 3 days (Fig. 2). The
solid product is then crushed to facilitate structural charac-
terization and made the adsorption tests.

2.2. Characterizations methods

The X-ray diffraction (XRD) data for the natural clay and the
alkali-activated material prepared were obtained by measuring
diffraction patterns using a Bruker D8 Advance Twin diffract-
ometer. The measurements were conducted with K, irradia-
tion at a wavelength of 1 = 1.5418 A, covering a range of 5-60°
20, with a time of reckoning of 0.3 s and a step scanning
interval of 0.05°. Direct-polarized >’Al and *°Si NMR measure-
ments were performed on a Unity Inova 300 spectrometer
(*H resonance frequency of 300 MHz, field strength of 7.05 T).
Each sample was packed in a 4-mm ZrO, rotor and magic angle
spinning at 10 kHz was employed to reduce quadrupolar line
broadening effects. The aluminum spectra were referenced
with respect to a 1 mol L™" solution of Al(NO;); (chemical shift
= 0.00 ppm) and the silicon spectra were referenced to
QsM; (chemical shift = 11.45 ppm relative to TMS). For alumi-
num spectra, 4000 scans were collected (acquisition time
5.12 ms, recycle time 1 s, 90-degree pulse width of 0.8 pus) with
512 points in the FID and for silicon spectra, 2800 scans were
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ﬂ Bani Geopark

Bani Geopark Tata

Main road network

W «Style Issafen» chevrons locations

Fig. 1 Map showing the location of Assa.>®
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Fig. 2 Schematic preparation of the porous alkali-activated material.

collected (acquisition time 5.12 ms, recycle delay 30 s, 45-
degree pulse width of 1.5 ps) with 128 points. Spectra were
normalized by the maximum value of the spectrum for plotting.
FTIR spectra were obtained using an IRAffnity-1S Shimadzu
spectrophotometer, spanning the range of 400-4000 cm ™. For
TGA and DTA analyses, a Q500 TA instrument was employed.
The NC and GP-NC samples were subjected to temperature
ranges of 25-1000 °C at a rate of 10 °C min '. The specific
surface area of the NC and GP-NC samples was determined
using the BET method, and the N, adsorption/desorption
isotherms at 77 K were measured using a 3FLEX (Micromeri-
tics, USA) analyzer. Prior to measurement, each sample was
outgassed at 200 °C for 12 hours. To examine the morphology
of each alkali-activated preparation, SEM analysis was con-
ducted using a JEOL TSM-IT100 operating at a voltage of
20 KeV. TEM analysis was performed using a Tecnai G2 F20
microscope operating at 200 kV. The zero charge point (PZC) of
the GP-NC was determined via potentiometric titration method
reported by Fiol and Villaescusa.>

2.3. Results and discussion

2.3.1. Samples characterization. Fig. 3a presents XRD dif-
fractograms of natural clay (NC), natural clay calcined at 600 °C
(meta-NC) and prepared alkali-activated GP-NC. The XRD pat-
terns of the natural clay show the presence of kaolinite (JCPDS:
80-0885), muscovite (JCPDS: 07-0025), and quartz (JCPDS:
46-1045). After the curing at 600 °C, we observe the disappear-
ance of kaolinite peaks, and the muscovite has transformed
into potassium aluminum silicate phase (JCPDS: 046-0741),.
In the synthesized GP-NC, an amorphous hump is visible in the
15-36° 20 angular range, indicating successful alkali activation
and transformation of the kaolinite into an amorphous alkali-
activated material.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The >’Al and 2°Si spectra of the natural clay (NC), calcined
clay (meta-NC), and alkali-activated prepared (GP-NC) are shown
in Fig. 3b and c. In the >’Al spectrum (Fig. 3b), the appearance of
very intense six-coordinated aluminum species at 0.64 ppm in
the raw clay suggests and highlights the presence of kaolinite in
natural clay.>* Upon calcination (meta-NC), the transformation
of six-coordination Al(vi) to four-coordination Al(wv) is observed,
indicating the metaphase has been achieved. This transforma-
tion is a common occurrence during the calcination process and
is consistent with the removal of water and other volatile
components.*® However, a slight shoulder around 30 ppm is
attributable to Al(v), which is the reactive component of meta-
kaolin and develops during calcination of raw kaolin clay.**?
For GP-NC sample, the narrow and very intense peak obtained at
approximately 60 ppm suggests the formation of Al(wv) species
characterizing the alkali-activated materials matrix.

Turning to the 2°Si spectrum (Fig. 4c), the presence of a
small peak at —107 ppm corresponds to quartz impurities
within the clay. Calcination leads to an increase in intensity
at more negative chemical shifts, reflecting the dehydroxylation
of the kaolinite.>” This chemical shift indicates the removal
of hydroxyl groups as a necessary step for geopolymerization.
Interestingly, in the alkali-activated spectrum, a shift towards
more negative chemical shifts compared to meta-NC suggests
the influence of the activation solution, typically containing
sodium silicate.®® This shift indicates the interaction between
the meta-NC and the activating solution, leading to changes in
the chemical environment of Si. This alteration in chemical
shift signifies the dissolution of silicate species from the clay
matrix and their incorporation into the alkali-activated network
during the geopolymerization process.”

Fig. 3d illustrates the FTIR spectra of the natural clay (NC), the
natural clay calcined at 600 °C (meta-NC), and the alkali-activated

Mater. Adv,, 2025, 6, 2435-2447 | 2437
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Fig. 3 (a) XRD data, (b) %Al (a) 2°Si (c) NMR and (b) FTIR spectra.

prepared (GP-NC). The band observed at 784 cm ™' is associated
with quartz Si-O bond vibrations.”® Bands between 1000 cm ™'
and 1100 cm ™" correspond to asymmetric stretching vibrations of
Si-O-T (T = Si or Al). The shifting position from 1038 cm ™" (in the
meta-NC) to 1007 em™" in alkali-activated GP-NC indicates suc-
cessful activation of the NC phase with the alkaline activation
solution and the formation of an alkali-activated matrix. The
absence of the Si-O-T symmetric stretching vibrations, usually
seen at 797 cm™ ' and 802 cm ! in meta-NC, within the alkali-
activated material spectrum, further illustrates this behavior, this
absence indicates the breakdown of the original octahedral
structure of the kaolinite raw.">*’ In the case of alkali-activated
prepared GP-NC, new vibrational bands appear, the band cen-
tered at about 1456 cm™ " is attributed to carbonate. The large
band appearing in the interval 2800-3800 cm ™' is attributable to
the OH vibration of water adsorbed in pores of alkali-activated
prepared.®*' The sample GP-NC@MB (Fig. 3d), obtained after
methylene blue adsorption, exhibits new vibrational bands at
1348, 1398, and 1598 cm™ ', attributed to the bending vibra-
tions of methylene blue molecules adsorbed onto the GP-NC
surface.® Additionally, the narrowing of the OH vibration band
(3500-3664 cm 1) suggests modifications in hydrogen bonding
interactions, further confirming the successful adsorption of
MB molecules.*?

Fig. 4 illustrates the nitrogen adsorption-desorption isotherms
and mesopore size distribution, obtained using the BJH method,

2438 | Mater. Adv,, 2025, 6, 2435-2447

T T T T T T T
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Wave number (cnfl)

for natural clay (NC), and alkali-activated prepared (GP-NC).
Both samples exhibit hysteresis loops type IV, indicating the
presence of mesoporous characteristics based on the IUPAC
classification for mesoporous materials (Fig. 4a). The specific
surface area (Sggr) values for the NC, and the GP-NC are
provided in Table 1. The NC sample demonstrates a meso-
porous nature, which is further confirmed by the BJH curves
in Fig. 4b, showing specific surface area of 15.28 m”> g~
In contrast, the GP-NC sample, prepared with H,0,, exhibits
the presence of mesopores, with specific surface area of
30.23 m> g '. Notably, the porous alkali-activated prepared
with H,0, shows a significant enhancement in porosity,
approximately twice as high than that of Kao. Furthermore,
all samples demonstrate a maximum pore width ranging from
3 to 5 nm.

Fig. 5 presents the thermograms (TGA) and differential
thermal analysis (DTA) results for natural clay (NC), meta-NC,
and GP-NC as a function of heating temperature. The TGA
thermogram for NC shows an initial weight loss of 1.1% below
200 °C, primarily due to the removal of surface water from the
kaolinite sheets, followed by the loss of fixed water.>® A promi-
nent endothermic peak at 500 °C corresponds to the dehydr-
oxylation of kaolinite, leading to a 7.2% weight loss.®*?
In contrast, GP-NC shows a significant increase in mass loss
(11.2%) compared to both the natural clay and calcined frac-
tion. This increased loss is mainly attributed to the release of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific surface area Sger of NC and GP-NC

Sample Sger (m” g7
NC 15.28
GP-NC 30.23

physisorbed water from the porous structure and surface of the
prepared geopolymers, highlighting the development of key
characteristics such as porosity, which arise from the alkali-
activated synthesis conditions.**

Fig. 6 presents a comparative analysis of the structural
characteristics of natural clay calcined (meta-NC), alkali-
activated material (GP-NC) and alkali-activated after adsorption
of methylene blue (GP-NC@MB) based on SEM imaging.
Fig. 6a-c exhibit the characteristic platelet morphology of
metakaolin,”®*® as confirmed by XRD analysis. In contrast,
Fig. 6d-f reveal a significant morphological transformation in
GP-NC, with a well-developed network of systematically
arranged pores. This structural modification is primarily attrib-
uted to the effect of H,O, during the alkaline activation
process, which enhances porosity. The densification observed
in the microstructure of GP-NC compared to meta-NC is due to
the polymerization and polycondensation of aluminosilicate
phases, forming an integrated GP-NC network. Additionally,

dV/dlog(w) Pore Volume (cm?¥/g-A)
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(a) Nitrogen adsorption—desorption isotherms, (b) Mesopore size distribution curves determined by BJH method of NC, and GP-NC.

the micrographs display capillary pores distributed throughout
the GP-NC matrix, indicating that the blowing agent influences
both the macro- and microstructure of the GP-NC. Notably, the
presence of cracks and capillary pores on the surface of GP-NC
provides accessible pathways for adsorbates, facilitating their
diffusion toward active sites within the framework during the
adsorption process.>*> The GP-NC@MB sample, obtained
after methylene blue adsorption (Fig. 6g-i), exhibits a more
homogeneous surface with decreased porosity compared to
the initial material (GP-NC). Additionally, EDS analysis of the
GP-NC@MB sample, as presented in Table 2, detects the
presence of carbon (C) and sulfur (S), confirming the effective
adsorption and stable fixation of methylene blue molecules on
the surface and within the pores of the GP-NC sample. Exam-
ining the TEM images in Fig. 7a and b for meta-NC, a clear
illustration of the lattice morphology characterizing the meta-
kaolin is observed.*® TEM analysis of the GP-NC reveals the
presence of nanoparticles within two distinct gel-phase morpho-
logies at the nanometer scale (Fig. 7c and d). The first corre-
sponds to the amorphous gel phase, characteristic of the alkali-
activated material (GP-NC) matrix, while the second consists of
crystalline nanoparticles, likely remnants of unreacted precursor
minerals such as quartz and muscovite that did not fully
participate in the geopolymerization reaction.*” These findings
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Fig. 5 TGA/DA curves of NC, meta-NC, and GP-NC.
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Fig. 6 SEM and TEM micrographs of meta-NC (a—c), GP-NC (d-f), and GP-NC@BM (g-i).

Table 2 EDS atomic percentage of, meta-NC, GP-NC, and GP-NC@MB

Sample o Si Al K Na C Ti Fe N S

meta-NC 57.40 13.08 11.30 1.39 0.68 14.96 0.24 0.94 —
GP-NC 55.08 12.01 7.15 0.76 3.03 21.32 0.16 — —
GP-NC@BM 57.92 17.66 8.44 0.92 3.25 9.64 — — 1.48 0.69

are consistent with XRD results, further confirming the coex-
istence of both amorphous and crystalline phases in the alkali-
activated material structure.

3. Adsorption studies

3.1. Effect of the adsorbent dose, contact time and pH on the
MB dye adsorption

The effect of adsorbent concentration on MB removal is pre-
sented in Fig. 8a. This experiment was conducted under the
following conditions: stirring time of 120 min, [MB] =
100 mg L', temperature = 25 °C, and pH = 6. The removal
percentage (%R) and the amount of adsorbed dye (g.) at the
remaining concentration were calculated using the following
equations (eqn (1) and (2)), respectively.

Co— Ce V
Gods = % (1)
g (Co= CCZ) » 100 @)

while C, (mg L") and C. (mg L") are the initial and equili-
brium concentrations of MB solution, respectively; M (g) is the

2440 | Mater. Adv, 2025, 6, 2435-2447

mass of adsorbent; and V (L) is the volume of adsorbate
solution.

Fig. 8a illustrates the equilibrium adsorption capacity as a
function of adsorbent dose. The results indicate that the
percentage of MB removal increases with increasing adsorbent
concentration. This can be attributed to the larger specific
surface area and the greater number of available adsorption
sites, which enhance dye uptake. However, beyond a concen-
tration of approximately 3 g L', saturation is reached.
As shown in Fig. 8a, the MB removal efficiency reaches
99.45%, while the maximum adsorption capacity is approxi-
mately 35.47 mg g~ at this optimal GP-NC dose. Based on
these findings, an adsorbent concentration of 3 g L™" will be
used in subsequent studies.

The effect of contact time on the removal rate of methylene
blue (MB) was investigated over a range of 5 to 180 minutes,
and the variation in adsorption capacity is presented in Fig. 8b
in this experiment, an initial MB concentration of 100 mg L™,
a sorbent dose of 3 g L%, a temperature of 25 °C and pH of 6
were employed to evaluate the influence of contact time under
ambient conditions. Fig. 8b illustrates the variation in MB
adsorption as a function of contact time. The experimental
data reveal that the amount of MB adsorbed increases with
increasing contact time, reaching equilibrium at approximately
60 minutes, which signifies the saturation of available adsorp-
tion sites on the sorbent surface. More specifically, the max-
imum adsorption capacity was recorded at 60 minutes, with a
value of 32 mg g~ ". The initial rapid increase in the removal
rate can be attributed to fast external mass transfer, followed
by a slower adsorption phase as equilibrium is approached.

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

This latter phase is likely governed by internal mass transfer
mechanisms, corresponding to the diffusion of MB molecules
into the porous structure of the adsorbent.

The pH of the solution plays a critical role in the adsorption
process, as it influences the surface charge of the adsorbent, the
speciation of the dye molecules, and the overall adsorption
mechanism. pH adjustments were made using 0.1 M hydrochloric
acid (HCI) for acidification and 0.1 M sodium hydroxide (NaOH)
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for alkalization. The effect of pH on MB adsorption was studied
over a range of 2 to 10 under controlled conditions: [MB] =
100 mg L', m=3gL !, T=25°C, and ¢ = 60 min. The results,
presented in Fig. 8c, show that MB adsorption increases in
alkaline conditions, reaching a maximum at pH 10 (pHp,~ 5.7,
Fig. 8d). This enhanced adsorption is primarily attributed to
electrostatic interactions between the cationic MB dye and the
negatively charged surface of the alkali-activated GP-NC
adsorbent.*® This result can be explained by the creation of new
adsorption sites due to an increase in the negative charge density
on the GP-NC surface. This increase is induced by the deprotona-
tion of M—-OH species under the influence of OH™ entities present
in a basic medium, according to the following reaction.

M-OH + OH™ - M-O~ + H,0 (M = Si ou Al)

Similar observations have been reported in previous studies,
indicating that at higher pH values, deprotonation of the
adsorbent surface enhances cationic dye adsorption due to
increased electrostatic attraction. Conversely, at lower pH
values, MB removal efficiency decreases due to the protonation
of adsorption sites, leading to electrostatic repulsion between
the positively charged surface of GP-NC and the cationic MB
molecules. Based on these findings, an equilibrium pH of 6 will
be maintained for all subsequent experiments.

3.2. Adsorption kinetics

In order to study the mechanism of the adsorption process, The
adsorption kinetics experiments of GP-NC were carried under
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controlled conditions: time = 5-180 min, [MB] = 100 mg L™,
m (GP-NC) =3 g L', T =25 °C, t = 60 min and pH = 6.
To analyze the kinetic data, different kinetic models like the
pseudo first order, and pseudo second order, Intra-particle
diffusion were followed. The three models followed using these
equations (eqn (3), (4) and (5)), respectively:

e =ge (1 — exp™™) (3)
K2‘]ezt

= 4

qt 1 + K>qet ( )

qt = Kint\/z + C (5)

while g. and g, are the adsorbed amounts at equilibrium and at
times ¢, respectively. The equilibrium rate constants K; (min™?),
K, (g mg " min™ "), and K, (mg g " min °®) pertain to the
adsorption kinetics of pseudo first order, pseudo second order,
and intra-particle diffusion, respectively. The constant C
(mg g™ ") provides insights into the boundary layer thickness.

As shown in Fig. 9a, the adsorption capacity of GP-NC
increased rapidly within the first 60 minutes, followed by a
slower rise until it reached a relatively stable value. After
60 minutes, no significant changes in adsorption capacity were
observed, indicating that equilibrium was achieved at this
point. To analyze the adsorption kinetics, the data were fitted
to pseudo first order, pseudo second order, and intra-particle
diffusion models using nonlinear equations. The fitting curves
for these models are presented in Fig. 9a, with the corres-
ponding parameters summarized in Table 3. Among the
models, the pseudo second order model provided the best fit
for MB adsorption onto GP-NC, as indicated by its higher
correlation coefficient (R”> = 0.997) compared to the pseudo
first order model (R* = 0.988) and intra-particle diffusion
(R* = 0.504).

3.3. Adsorption isotherms

To further understand the mechanism of adsorption of MB dye
onto GP-NC, three classical adsorption models, i.e., the Langmuir,
Freundlich, and Dubinin-Radushkevish isotherm models were
applied. The three models were followed using these equations

45
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Table 3 Kinetic parameters of GP-NC for MB removal

Models Parameters
Pseudo first order R 0.988
K; (min™") 0.366
ge (mg g™) 31.19
Pseudo second order R 0.997
K, (g mg™" min™") 0.026
go (mg g™ 32.09
Intra-particle diffusion R? 0.504
Kine (mg g~! min%?) 1.721
C(mgg) 15.71
(eqn (6), (7) and (8)), respectively:*>>
4mK1.C
e = 1 = K Cev (6)
+ KpLCe
ge = I(fcelln (7)
1 2
e = {m €XP <_KDR (RT]H(I +F)) ) (8)
€

The mean free energy of adsorption, E (k] mol ') is derived
from the following equation (eqn (9)):

1
E=—n

V2Kpr

To differentiate between physical and chemical sorption, the
mean free energy (E) per molecule of the adsorbate serves as a
crucial indicator. If E < 8 k] mol ™, the process is categorized
as physisorption, whereas E > 16 kJ mol ' signifies chemi-

sorption. When 8 k] mol™" < E < 16 k] mol ™", the adsorption
51,52

9

mechanism is primarily governed by ion exchange.

Where C, is the equilibrium concentration of dye (mg L),
g (mg g~ ') is the quantity adsorbed at equilibrium, ¢, (mg g )
is the maximum adsorption capacity for complete monolayer
coverage, Ky is Langmuir isotherm constant (L mg™ '), Kz is
Freundlich isotherm constant (mg g™ '), n refers to adsorption
intensity. Kpr (mol” kJ7?) is Dubinin-Radushkevich constant,

@ Original data ® Original data
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Fig. 9 (a) adsorption kinetics, (b) adsorption isotherms.
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Table 4 Isotherms parameters for the adsorption of MB onto GP-NC

Isotherm models Parameters

Langmuir R? 0.994
Ky (L mg™") 0.005
qm (mg g™") 98.95

Freundlich R? 0.927
K (mgg ") (Lmg )" 2.23
n 1.73

Dubinin-Radushkevish R? 0.967
Kpgr (mol® K] %) 4037.65
gm (mgg™* 56.55
E (KJ mol ™) 0.011

T is the absolute temperature (K), and R is the universal gas
constant, 8.314 J mol ' K.

The adsorption equilibrium experiments of GP-NC were
conducted by stirring 3 g L™' of GP-NC in MB solutions with
varying initial concentrations (50-300 mg L") at 25 °C and pH
6 for 60 minutes. As depicted in Fig. 9b, the adsorption capacity
of GP-NC exhibits a rapid increase with the rise in the initial
MB concentration within the range of 50-200 mg L™, after
which it plateaus, indicating saturation of available active sites.
The adsorption capacity optimization from 17 to 55 mg g ' is
attributed to the balance between the number of available
adsorption sites and the initial MB molecules in solution.
The adsorption isotherm models fitted to the experimental
data indicate that the Langmuir model provides the best fit,
as indicated by its higher R* value compared to the Freundlich
and Dubinin-Radushkevich models (Table 4). This suggests
that the adsorption of MB dye onto GP-NC occurs primarily
through monolayer adsorption on a homogeneous surface,
confirming the strong affinity between MB molecules and GP-
NC active sites. The saturation behavior at higher concentra-
tions implies that once the monolayer coverage is complete, no
further significant adsorption can occur, reinforcing the Lang-
muir model’s applicability to this system. Additionally, the
calculated mean free energy (E) of 0.011 kJ mol™" confirms
that the adsorption of MB onto GP-NC follows a physisorption
mechanism. This suggests that the process is predominantly
driven by electrostatic interactions and van der Waals forces.

3.4. Adsorption performances and mechanism

The comparison of GP-NC’s maximum adsorption capacity,
along with its advantages and disadvantages relative to other
adsorbents for MB dye removal, demonstrates its superiority.
GP-NC shows significantly higher adsorption of MB dye com-
pared to many other adsorbents. This superior performance is
mainly due to key characteristics, such as surface charge and
pore structure. These properties are further evidenced in the
interaction mechanisms involved in MB adsorption. The
adsorption of MB onto GP-NC involves multiple mechanisms,
including electrostatic attraction, hydrogen bonding, and n-n
interactions.?® The negatively charged surface of GP-NC, pri-
marily from the aluminum (Al) atoms, attracts the positively
charged MB molecules via electrostatic forces. Additionally,
hydrogen bonding can occur between the hydroxyl groups on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the GP-NC surface and the amine groups in MB. n-n interac-
tions between the aromatic rings of MB and the silicate/
aluminosilicate framework of the material further stabilize
the adsorption process. Together, these mechanisms contri-
bute to the efficient removal of MB dye, making GP-NC an
effective adsorbent for wastewater treatment. These results
highlight GP-NC’s exceptional ability to remove cationic dyes,
demonstrating the highest adsorption capacity among the
materials tested (Table 5).

3.5. Limitations, challenges, and future research
recommendations

The modified GP-NC adsorbent demonstrates significant
potential for removing organic pollutants, such as methylene
blue, from contaminated water. Natural clays, as precursors of
alumino-silicate materials for GP-NC preparation, offer several
advantages. They are abundant, widely available, and cost-
effective compared to industrial waste materials like fly ash
or slag. The chemical composition of natural clays, particularly
their alumino-silicate minerals, makes them highly reactive
when treated, promoting effective geopolymerization. However,
practical application in wastewater treatment systems presents
some challenges. The presence of complex pollutant mixtures
and competing ions in real-world conditions may reduce
adsorption efficiency, highlighting the need for further studies
under more realistic scenarios. While GP-NC shows high
adsorption capacity, issues such as regeneration and reusability
could limit long-term performance and cost-effectiveness.
Structural degradation over multiple adsorption-desorption
cycles and potential leaching of modification agents poses
concerns for environmental safety. To address these limita-
tions, future research should focus on enhancing material
stability through surface modifications or the incorporation
of functional nanomaterials to boost adsorption efficiency and
durability. Additionally, embedding GP-NC in stable support
matrices, such as polymer composites or encapsulated beads,
could minimize material loss during regeneration and simplify
handling in aqueous environments. Advanced fabrication tech-
niques, like 3D printing, could also be explored to create
structured adsorbents with optimized porosity and mechanical
stability. Lastly, a life cycle assessment should be conducted to
evaluate the environmental impact and long-term sustainabil-
ity of GP-NC, ensuring its viability for large-scale wastewater
treatment applications.

4. Conclusion

This study explores the effectiveness of porous alkali-activated
material (GP-NC) synthesized through geopolymerization, with
the addition of hydrogen peroxide as a pore-forming agent, for
removing MB cationic dye. XRD and *°Si and *’Al MAS NMR
analyses confirmed the successful formation of alkali activated.
FTIR results provided interesting evidence of the activation of
natural clay by the activation solution. Meanwhile, DTA/TGA
and BET confirmed the porosity enhancement. The performed
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adsorption experiments demonstrated that GP-NC offers excel-
lent performance in eliminating MB from the solution. The
adsorption test findings revealed several important points.
Firstly, there is a direct correlation between the dose of
GP-NC and the efficiency of MB removal; with higher concen-
trations leading to increased removal percentages due to
enhanced availability of adsorption sites. The optimal GP-NC
dose is determined to be 3 g L', achieving an impressive
99.45% removal efficiency. Secondly, the effect of contact time
suggests equilibrium for MB adsorption is reached at approxi-
mately 60 minutes, implying both external and internal mass
transfer mechanisms play roles in the adsorption process.
Thirdly, pH significantly influences MB adsorption, with alka-
line conditions enhancing adsorption capacities due to electro-
static forces. The pseudo second order kinetic model and the
Langmuir isotherm model provided the best fit for the sorption
process, with a maximum adsorption capacity of 98.95 mg g~ "
at 25 °C. Furthermore, the calculated mean of free energy (E)
from the Dubinin-Radushkevich model confirms that the
adsorption of MB onto GP-NC follows a physisorption mecha-
nism. Comparisons with other adsorbents from literature
underscore GP-NC’s superior performance in MB dye removal,
attributed to its unique surface charge and pore structure. In
summary, GP-NC demonstrates exceptional efficacy in waste-
water treatment, positioning it as a highly promising adsorbent
material for cationic dye removal.
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