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• GMS adsorbent attained 100 % 
removal of azo dye in a mere 30–
35 min.

• Mesoporous sponge-like GMS 
provides a large surface area for the 
adsorption of dye.

• Low quantities of GMS eliminated 
huge volumes of dye, minimizing the 
use of material.

• GMS demonstrated better adsorption 
of dye than pure graphene through
AIMD.

• Effective removal of dye enhances 
sustainability and decreases carbon 
footprint.
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Azo dyes are synthetic organic compounds widely used in industries such as textiles, printing, and phar-
maceuticals. Due to their chemical stability and extensive usage, they are significant environmental pol-
lutants, especially in wastewater. This study investigates the removal of azo dyes from aqueous solutions 
using a graphene mesoporous sponge (GMS), which is a high-surface sponge-like mesoporous structure 
predominantly composed of single-layer graphene walls with active sites for dye adsorption. Methylene 
Blue (MB) and Congo Red (CR) were used to evaluate adsorption performance in aqueous solutions sim-
ulating industrial effluents. The adsorption behavior, capacity, and kinetics were studied experimentally, 
showing that GMS efficiently removes both dyes. Complete decolorization occurred in 30–35 min for 
both dyes at an initial concentration of 1 mg L−1 . A relatively small quantity of GMS successfully removed 
significant amounts of dye, highlighting its potential to minimize material usage. This efficiency enhances
the process’s economic feasibility while contributing to environmental sustainability by reducing the
carbon footprint of adsorbent synthesis and usage. These results indicate that GMS is a promising
.
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material for wastewater treatment. The experimental results are also aligned with ab-initio molecular 
dynamics (AIMD) calculations, and they confirm the superior performance of GMS over pristine graphene
in dye adsorption.
© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC 

BY-NC-ND licens e (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction 

The excessive use of azo dyes in various industries like textile, 
leather, paper, printing, and cosmetics results in significant envi-
ronmental pollution due to frequent discharge into wastewater. 
Their complex molecular structures make dyes highly stable and 
resistant to degradation in water, which poses challenges to their
removal [1]. Azo dyes and their by-products formed after degrada-
tion harm both flora and fauna, and exhibit mutagenic or carcino-
genic effects on the human body [2]. Even small concentrations of 
these dyes in water are problematic because they impart a visible 
coloration, which hinders critical ecological processes such as sun-
light penetration, suppressing photosynthes is, and impairing the 
growth of aquatic organisms, making water unappealing and inter-
fering with its natural properties, also disrupting the solubility of
gases in water [3–5]. So far, almost 100,000 dyes have been com-
monly used and commercially available in the market with an 
approximate annual production of more than 7x105 tons/year
[6,7]. However, the worldwide total dye consumption is around 
100,000 tons/year, out of which almost 100 tons/year of dyes are 
entering the environment through the wastewater discharge [8– 
10]. Methylene Blue (MB) and Congo Red (CR) are common exam-
ples of industrial effluent dyes. MB, a cationic dye, is not consid-
ered highly toxic but can have adverse effects on humans and 
animals. Exposure may cause eye irritation, and ingestion can irri-
tate the gastrointestinal tract, leading to symptoms such as nausea,
vomiting, and diarrhea [11]. On the contrary, CR, an anionic dye, 
contains benzidine, a compound classified as a carcinogen, which 
has various toxic effects on organisms at different trophic levels
[12]. While the use of CR in the textile industry has largely been 
discontinued [13], it may still be a local contaminant in certain 
countries that do not recognize it as a hazardous material. Given 
their detrimental impacts on the environment and human health, 
the removal of azo dyes from wastewater is of paramount impor-
tance for ensuring ecological safety and public health.

Conventional wastewater treatment methods typically involve 
a combination of physical, chemical, and biological processes, cat-
egorized into preliminary, primary, secondary, and tertiary levels 
of treatment. Despite the effectiveness of conventional methods, 
they often struggle with the complete degradation or removal of 
persistent pollutant s, such as azo dyes, pharmaceutical drugs, 
and pesticides. In recent years, significant attention has been direc-
ted toward advanced oxidation processes (AOPs) as promising
alternatives for treating refractory pollutants. These methods
include the Fenton reaction [14,15], photolysis [15–17], photo-
Fenton [15,16,18–20], photocatalysis [17,21–28], ozonation 
[22,29], sonochemistry [15,30], microwave-assisted oxidation 
[31,32]. Fenton-like reactions (involving particle systems) 
[33,34], and adsorptio n [35–40]. 

While AOPs offer various advantages, with their own set of lim-
itations. For instance, sonochemical processes often require high 
energy input, making them energy-intensive; strict pH require-
ments constrain Fenton reactions [15]; photo-Fenton processes 
involve high water consumption; and highly effective adsorption 
methods can be cost-prohibitive for large-scale implementation. 
Despite these challenges, the ongoing development and optimiza-
tion of AOPs continue to enhance their feasibility and effectiveness
for wastewater treatment.
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Various adsorbents for dye removal in wastewater treatment 
include low-cost options like agricultural waste (orange peels, 
leaves) and natural clays (bentonite, zeolites) [41–44]. Polymer-
based adsorbents such as chitosan-based nanocomposite gels, gra-
phene oxide hydrogels, and cellulose-bas ed materials offer high 
adsorption capacities and tunable properties [45–47]. Nanomateri-
als, including carbon nanotubes, graphene, and metal–organic 
frameworks (MOFs), provide high surface areas and unique adsorp-
tion capabilities [48,49]. Geopolymer adsorbents, synthesized from 
industrial waste, offer a cost-effective solution for heavy metal
removal [50]. Magnetic adsorbents facilitate easy separation, while 
composite adsorbents combine materials for enhanced perfor-
mance [51,52]. The selection depends on dye type, wastewater 
composition, cost, and environmental factors, with ongoing 
research focusing on eco-friendly, high-capacity adsorbents [53– 
55]. Elevated-temperature adsorption, utilizing materials like 
MOFs and zeolites, is also employed in specific applications [56]. 
This variety of adsorbents addresses the critical need for efficient 
and sustainable wastewater treatment [57]. Specially, in dye 
adsorption, particularly for methylene blue (MB, cationic) and 
Congo red (CR, anionic), both mechanisms present challenges. 
Physisorption, relying on weak van der Waals forces, often results 
in low capacity and poor selectivity, making the process inefficient 
and reversible. Chemisorption, while stronger and more specific, 
creates an irreversible bond. This makes adsorbent regeneration 
nearly impossible, increasing costs and creating secondary waste,
while also sometimes being too slow for practical wastewater
treatment.

Carbon materials, such as activated carbon, carbon nanotubes, 
graphene, and biochar, are frequently employed due to their 
adsorption capacity in wastewater treatment. This efficacy stems 
from their substantial surface area, porosity, and ability to attract
and retain dye molecules. Activated carbon [58,59], with its exten-
sive pore network, is especially effective in removing organic pol-
lutants, including dyes, from water. Carbon nanotubes [60], with 
their distinctive structure and large surface area, exhibit excep-
tional adsorption capacities, rendering them highly efficient for 
dye removal. Graphene-based materials [61] are highly recom-
mended due to their substantial surface area and their capacity 
for strong interactions with dye molecules. Biochar, a by-product 
of organic waste, is a sustainable and cost-effective alternative, 
offering a porous structure that enhances dye adsorption while
being environmentally friendly [62–64]. The employment of these 
carbon materials has been shown to yield substantial benefits, 
including high efficiency, recyclability, and the capacity for modifi-
cation to target specific types of dyes. This versatilit y renders them
highly valuable in water treatment.

In this study, we propose the application of GMS in wastewater 
treatment for dye removal through the adsorption process. The 
synthesis and characterization of GMS were published in our pre-
vious article [65]. GMS is a synthesized material characterized as a 
sponge-like mesoporous framework with a mean pore size of 
5.8 nm, consisting predominantly of coalesced single-layer gra-
phene sheets. This unique framework structure effectively pre-
vents graphene sheet stacking, resulting in an exceptionally large 
specific surface area of 1940 m2 g−1 . Additionally, the continuous 
graphene framework of GMS contains a minimal number of edge
sites, significantly enhancing its oxidation resistance. These

http://creativecommons.org/licenses/by-nc-nd/4.0/
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characteristics have not been simultaneously achieved in any pre-
viously reported nanoporous carbon materials.

Furthermore, the seamless single-layer graphene-based 
sponge-like structure endows the GMS with remarkable elasticity 
and mechanical toughness. These mechanical properties are 
unprecedented among mesoporous materials with small pore sizes 
(<10 nm), as conventional materials typically rely on rigid, brittle 
frameworks. The exceptional elasticity of GMS enables it to behave
as a nanoscale sponge capable of reversible deformation [66]. This 
property facilitates in situ adsorption control by applying mechan-
ical force, which allows for dynamic and efficient adsorption pro-
cesses. The unique combination of GMS properties, derived from 
its continuous single-layer graphene walls devoid of edge sites,
makes it a highly innovative material for environmental
applications.

Although there are various methods for the removal of dyes 
from aqueous solutions or wastewater, most are based on large 
amounts of adsorbents, which complicates processes and increases
material consumption [67–70]. The proposed approach using GMS 
overcomes these limitations by enabling the removal of high con-
centrations of dye from aqueous media with only a minimal 
amount of adsorbent, significantly reducing material requirements 
and operational costs. This not only enhances process efficiency 
but also contributes to environmental sustainability by reducing
the carbon footprint associated with the treatment process.

Experimental details 

Materials and methods 

Both azoic dyes, Methylene Blue and Congo Red, with molecular 
weights of 319.85 g mol−1 and 696.66 g mol−1 , respectively, were 
procured from Sigma-Aldrich, Poland, and used as received. The 
chemical structures of both dyes are shown in Fig. 1 [71,72]. The 
maximum adsorption wavelengths for MB and CR, as determined 
using a spectrophotometer, are 663 nm (∼665 nm) and 499 nm 
(∼500 nm), respectively [33,73]. To prepare the solutions, a stock 
solution of 1000 mg L−1 for each dye was prepared separately in 
amber bottles and stored at 15 ° C in a refrigerator to prevent evap-
oration and maintain consistent concentrations. For experimental
studies, these stock solutions were subsequently diluted with
Fig. 1. Chemical structure of (A) Methylene Blue (C16H18CIN3S) and (B) Congo Red 
(C 32H22N6Na2O6S2) dyes. 
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deionized (DI) water to achieve concentrations ranging from 10 
to 200 mg L −1 [34]. A concentration of 10 mg L−1 was used for batch 
studies, while a concentr ation of 100 mg L−1 was selected for kinet-
ics studies.

Synthesis of GMS 

The GMS was synthesized using a template-assisted chemical 
vapor deposition (CVD) technique. Aluminum oxide (Al2O3, SBa-
200) nanoparticles were employed as nanosized spherical sub-
strates for carbon deposition. Methane (CH4) was used as the car-
bon source, and the deposition was conducted at 900 °C for 2 h. 
During this process, the surface of the nanoparticles turned com-
pletely black, indicating a successful carbon deposition. Carbon 
deposition occurred exclusively on the surface of the Al2O3 

nanoparticles due to their catalytic activity, resulting in a uniform
thin carbon layer that covers the entire surface of the
nanoparticles.

Subsequently, Al2O3 nanoparticles were removed through 
chemical etching by hydrofluoric acid, leaving behind a carbon 
mesosponge with a spherical mesoporous structure. The carbon 
structure was further subjected to high-temperature heat treat-
ment at 1800 °C for 1 h in Ar (1 atm), which facilitated the crystal-
lization of the carbon sheets into graphene. The resultant material,
which is similar to a nanosponge, was termed Graphene Mesos-
ponge (GMS).

Please note: For detailed synthesis procedures, refer to the arti-
cle published by our group elsewhere [74]. 

Computational modeling and methodology 

The additional information regarding the way of interaction of 
the studied azo dyes with the surface of the adsorbent material 
and the stability of azo dye–GMS material hybrid structures was 
evaluated at the atomic level using a modeling approach. For the 
study, the idealized model of GMS material (G57) was prepared
from the ideal graphene structure containing 6-membered rings
– G6 (Fig. 2), involving topological defects with the 5, 7-
membered rings in the structure detected in the GMS structure
[74] to have a compromise between the real structure and compu-
tational demand. The G6 model was used to compare adsorption 
effectiveness with the G57 model (GMS). Hybrid structures with
azo dyes were labelled MB-G6, CR-G6, MB-G57 and CR-G57.

The initial computational cell of the proposed models had lat-
tice vectors a = 19.648 Å and b = 34.032 Å. The c vector had an ini-
tial size of 30 Å for all four models to preserve the vacuum sorption
surface models.

The computational method based on the Density functional the-
ory (DFT) implemented in the ab initio VASP program [75] was 
used for optimization involving the D3 scheme for correction of 
dispersion forces [76] at the gamma point because of the model’s 
size, using an energy cut-off of 400 eV. Further, the ab initio molec-
ular dynamics (AIMD) was applied. The Verlet velocity algorithm
[77] was chosen for a numerical solution of equations of motion 
using a time step of one fs. The finite temperature calculations 
were carried out on a canonical (NVT) ensemble, applying the
Nosé-Hoover thermostat procedure [78,79] at the simulation tem-
perature of 300 K to equilibrate the structure and use the MD 
length of ten ps.

The adsorption energy, Eads, as a measure of azo dyes-G6/G57 
hybrid systems’ stability, was calculated from the respective total 
energies, Etot, according to the schemeEads = REtot(products) − 
R Etot(reactants), where the lower the Eads value, the higher the hybrid
system’s stability.
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Fig. 2. Structure of pristine graphene, G6 (left), and graphene with topological defects, G57 (right).
Results and discussion 

Initially, stock solutions of known concentrations (1000 mg L−1 ) 
were prepared for both dyes. Further, these stock solutions were 
diluted to obtain 1–200 mg L−1 concentrations in deionized (DI) 
water. The diluted solutions were analyzed using a UV–visible 
spectrophotometer to generate calibration curves by plotting con-
centration against absorbance at 665 nm for Methylene Blue (MB)
and 570 nm for Congo Red (CR), respectively.

Characterization and instrument details 

The morphology of the GMS before and after adsorption was 
characterized using an EM/FIB-Zeiss Crossbeam 350 (Germany). 
FTIR transmittance spectra were obtained using an FT/IR-4700 
spectrometer equipped with a TGS detector (JASCO). Samples were 
prepared using potassium bromide as a matrix material and were 
mixed at a proportion of approximately 1 mg of the sample to 
200 mg KBr. Pellets were prepared using Specac® Atlas 15 T man-
ual hydraulic press under a pressure of 10 tons/cm2 with a barrel 
13 mm in diameter. Measurements were performed at room tem-
perature. For each spectrum, 64 scans in the spectral range of 
4000–400 cm−1 were taken with a resolution of 4 cm−1 . Data 
was processed using the Jasco software package; baseline correc-
tion was applied. X-ray diffraction (XRD) analysis was performed 
by a Philips PW1830 diffractometer operating with an X-ray tube 
emitting CuKa radiation, with 40 kV acceleration voltage at 
30 mA current to evaluate changes in the material’s crystallinity 
before and after dye adsorption. Size of the GMS was determined
in a Nano ZS dynamic light scattering (DLS) apparatus (Malvern
Instruments, Malvern, Worcestershire, UK) with a 4 mW He-Ne
laser source (k = 633 nm). Additionally, an Edinburgh FS5 spec-
trophotometer was employed to obtain the absorption spectra of
the azo dyes at their maximum wavelength.

Batch adsorption study 

The batch adsorption study was conducted using variable 
adsorbent concentrations. The experiments were performed in a 
stirred conical flask, where the adsorbent concentration was varied 
from 0.1 to 1 % (w/v) with a dye concentration of 20 mg L−1 for 
both dyes. The concentration of 20 mg L−1 was selected because 
it falls within the typical range of azo dye concentratio ns (5– 
30 mg L−1 ) found in industrial effluents. The reaction solution 
was mechanically stirred at room temperature (20 °C), and sam-
ples were collected at different time intervals using a micropipette.
Immediately after sampling, the samples were centrifuged at 5000
RPM for 10 min to prevent further adsorption during contact time.
4

The supernatant was analyzed for dye concentration using UV–vis-
ible absorption spectroscopy with an FS5 spectrophotometer at 
665 nm for Methylene Blue (MB) and 500 nm for Congo Red (CR).

Fig. 3 illustrates the time required for complete dye removal as 
a function of adsorbent concentratio n. GMS demonstrates rapid 
adsorption of Methylene Blue (MB) (Fig. 3A), even at low adsorbent 
concentrations. However, the adsorption of Congo Red (CR)
(Fig. 3B) took slightly longer compared to MB. This difference sug-
gests that GMS has a more favorable adsorption affinity for cationic 
dyes like MB, likely due to the availability of free functional groups 
(–OH/–CH) on the GMS surface. In contrast, the adsorption of CR, 
which involves interactions with (–NH/–CN) functional groups, 
proceeds at a slower rate of adsorption. Ghaedi et al. 2013, showed 
the adsorption of MB using activated carbon prepared with a low-
cost locally available material, peanut stick wood, and demon-
strated that the activated carbon takes almost 45 min to reach
almost 95 % removal of dye [68]. Ojedokun, et al. 2017, demon-
strate the use of activated carbon based on guava leaf for CR 
adsorption and reveal that CR adsorption takes almost 150 min 
to fully adsorb with the initial concentration of 10 mg L−1 [80]. 
However, the synthesized GMS takes less time compared to acti-
vated carbon. Also, the amount of 10 mg L−1 of activated carbon 
and 1 mg L−1 of the GMS, respectively, makes it more effective with
less carbon footprint in the environment.

Note: All experiments were repeated three times to ensure reli-
ability and accuracy. The average values from the triplicate mea-
surements were used for data analysis, with deviations from the 
average concentration falling within the range of 5–10 %.
Adsorption kinetic studies 

The adsorption kinetic studies were carried out, and the adsor-
bent–adsorbate solution was collected at specific intervals, cen-
trifuged to avoid direct contact time during the measurement, 
and the concentration of the solution was measured using a UV-
spectrophotometer. The amount adsorbed at time t, q(t) (mg/g),
was calculated using Eq. (1). The adsorption kinetics of dye on 
adsorbent were investigated using pseudo-first-order and 
pseudo-second-order methods, respectively , to understand the real 
adsorption phenomena of the dye concerning GMS.

q  t  Co C e 

W 
V 1

Here, (mg L−1 ) is the initial concentration of dyes, and is the 
concentration of dyes once the equilibrium is reached. V (L) is the 
volume of MB solution in the flask, and W (g) is the mass of acti-
vated carbon used in each experiment.

Co Ce 
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A. Jain, C. Kumar, P. Škorňa et al. Journal of Advanced Research xxx (xxxx) xxx

Fig. 3. Effect of adsorbent concentration on the dye removal; A) For MB dye and B) For CR.
The dynamics of the dye adsorption process can be described 
using various kinetic models. Specifically, the pseudo-first-order 
adsorption kinetics is calculated and validated using the linear
form of Eq. (2). In contrast, the pseudo-second-order kinetics is 
evaluated using the linear form of Eq. (3). These models help to 
understand and quantify the rate and mechanism of the adsorption
process.

q  t  qe 1 e k1t 2 

q  t  k2q2 
e t 

1 k 2qet 
3 

where (1/min) and (g/mg/min) are the pseudo-first-order and 
pseudo-seco nd-order adsorption rate constants.

The kinetic models were fitted to the experimental data.
Figs. 4A and 4B represent the kinetic model fitting for MB, and
Figs. 4C and 4D for CR dye, respectively, and Table 1 shows the fit-
ting parameters of the experimental data. The results indicate that 
MB and CR adsorption follow pseudo-second-order kinetics, which 
suggests a higher amount of dye adsorption on the GMS and rapid
dye uptake.

Adsorption isotherm studies 

The adsorption isotherms help to understand how the adsorp-
tion molecules are allocated between the liquid and the solid phase 
when the adsorption process reaches an equilibrium state. The 
analysis of the experimental isotherm data with the fitting of the 
various adsorption models is important to find a suitable model
that can be useful for design procedures [81]. 

The applicability of different isotherm models is evaluated by 
comparing their correlation coefficients (R2 values), with higher 
R2 indicating a better fit to the experimental data.

Fig. 5 typically shows the adsorption isotherm of the MB and CR 
dyes on the GMS. Isotherms describe how the solute interacts with 
the adsorbent and help to use and optimize the adsorbent applica-
tion. Adsorption isotherm studies were performed with the three 
well-known isotherms, Langmuir, Freundlich, and Temkin models. 
These models very well define the adsorption mechanism of the
phases, as the correlation coefficient ranges from 0.5 to 1 for both
dyes (see Table 2).

Langmuir Isotherm 

The Langmuir model was developed by Irving Langmuir in 1916 
and is one of the most widely used models to describe adsorption

k1 k2 
5

processes, particularly in the context of gas adsorption on solid 
surfaces or solute adsorption from liquid solutions. It described 
the adsorption of a monolayer of molecules onto a homogeneous 
surface. Langmuir isotherm assumes monolay er adsorption onto 
a surface containing a finite number of adsorption sites of uniform 
strategies of adsorption strategies with no transmigration of adsor-
bate in the plane of the surface [82]. Equation (4) shows the linear 
mathematical form of this model.

1 
qe 

1 
Qm 

1 
KLQ m 

1 
C e

4

Here, where is the Langmuir constant related to the energy of 
adsorption (l/mg), and is the maximum amount of adsorption 
corresponding to complete monolayer coverage on the surface
(mg/g).

Freundlich Isotherm 

The Freundlich isotherm is a versatile and widely used model 
for describing adsorption on heterogeneous surfaces, especially in 
systems where the Langmuir assumptions do not hold. However, 
it is empirical and does not provide a theoretical basis for under-
standing adsorption mechanisms. The Freundlich isotherm model 
assumes heterogeneous surface energies, in which the energy term
in the Langmuir equation varies as a function of surface coverage
[82,83]. Equation (5) shows the linear mathematical form of this 
model.

lnqe lnKF 
1 
n 
lnCe 5 

where is roughly an indicator of the adsorption capacity, and is 
the adsorptio n intensity.

Temkin Isotherm 

The Temkin adsorption isotherm is a model used to describe the 
adsorption of molecules onto a solid surface, considering the 
effects of adsorbate–adsorbate interactions and the heterogeneity 
of the adsorption surface. Unlike the Langmuir and the Freundlich 
isotherms, the Temkin model assumes that the heat of adsorption 
decreases linearly with increasing surface coverage due to these 
interactio ns. This makes it particularly useful for systems where
adsorbate–adsorbate interactions are significant [83]. Equation 
(6) shows the linear mathematical form of the isotherm.

Qe B lnKT B lnCe 6

KL 

Qm 

KF 
l 
n 
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Fig. 4. Pseudo first and second order kinetics for the adsorption; A, B for MB and C, D for CR dye, respectively.

Table 1 
Kinetic model fitting parameters for dyes.

Model Parameter Methylene Blue Congo Red 

Pseudo-first-order 97.4 95.4 
2.68 45.54 
0.021 0.099 
0.11 0.87 

Pseudo-second-order 97.4 95.4 
99.5 97.27 
5.84 x 10−3 9.36 x10− 3 

0.99 0.99

Qeexp

Qecal

K1

R2

Qeexp

Qecal

K2

R2
Here is the amount of dye adsorbed per unit weight of adsorbe nt
(mg/g), the equilibrium concentration of dye solution (mg L−1 ), 
and B is the constant related to the free energy of adsorptio n (mg
L−1).

Note: All the isotherm models used in this work are in the linear 
form for easy estimation.

The Freundlich isotherm model is the best fit for MB with an 
excellent R2 of 0.95. The result is strongly suggestive of the fact 
that the adsorbent surface is heterogeneous in nature, and the pro-
cess of adsorption is non-uniform in nature. The Freundlich model 
is an empirical isotherm that is equivalent to a non-uniform, or 
heterogeneous, distribution of adsorption sites with varying affini-
ties. This is in direct contradiction with the monolayer assumption
of the Langmuir model. The fact that the Langmuir model has a

, Qe 

Ce 
6

comparatively lower R2 of 0.86 is a confirmation that the MB mole-
cules do not adsorb onto the homogeneous surface in a pure, single 
layer. Instead, the adsorption energy for MB is not uniform but 
heterogeneous across the surface, presumably due to differences 
in the chemical nature or physical texture of the active sites. The 
Freundlich exponent value (n = 1.56) above one also indicates that 
the adsorption is a highly favorable process and that the dye mole-
cules interact strongly with the adsorbent. The adsorption of CR is 
best described by the Temkin isotherm model with a very good R2 

of 0.98. The outcome gives yet another perspective on the hetero-
geneity of the adsorbent surface. The Temkin model is different 
from the others in that it considers the effect of adsorbate–adsor-
bate interactions by assuming that the heat of adsorption 
decreases linearly with coverage of the surface. This means that 
as additional CR molecules adsorb onto the surface, they begin to 
interact with one another, and it becomes energetically less favor-
able for additional molecules to bind. This is quite a different 
behavior from a simple monolayer or multilayer formation 
described by other models. The very poor agreement of the Lang-
muir model (R2 = 0.56) for Congo Red greatly rejects the concept 
of a homogeneous surface and monolayer adsorption for this dye. 
The data also reveals a higher Temkin constant for CR compared
to MB, indicating a much higher binding tendency of Congo Red
for the adsorbent surface. This difference in affinity is likely to be
the result of the molecular structure and charge differences of
the two dyes and how they interact with the provided active sites
of the adsorbent. Overall, the best-fit models for both dyes high-
light that even on the same adsorbent, the process of adsorption
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Fig. 5. Langmuir, Freundlich, and Temkin isotherms for the adsorption of direct dye on GMS A, B, and C for MB and D, E, and F for CR, respectively.

Table 2 
Isotherm fitting model for dyes.

Model Parameters Methylene Blue Congo Red 

Langmuir 14.985 31.777 
0.337 0.213 
0.86 0.56 

Freundlich 5.152 354.17 
4.192 1.520 
0.95 0.46 

Temkin 8.074 44.76 
1.717 1.070 
0.84 0.98

Qm

KL

R2

Kf

l n
R2

btem
KT

R2
is significantly dependent on the nature of the adsorbate. The 
lower Qm for CR shows that GMS might achieve equilibrium much 
faster, making it suitable for rapid water treatment applications 
where short contact times are crucial. Furthermore, its optimal 
dose might be lower, preventing the particle aggregation often 
seen with higher doses of other adsorbents, thereby maintaining 
a higher efficiency per unit mass. This rapid, efficient performance,
combined with potentially lower production costs, makes GMS a
viable alternative despite its lower overall capacity.

Interparticle diffusion analysis 

The mass transfer of MB and CR into the interior of the GMS 
adsorbent is characterized by an intraparticle diffusion coefficient. 
This process, which can involve surface diffusion, pore diffusion, or 
a combination of both, may serve as the rate-determining step for 
the overall adsorption process. To describe this mass transfer 
mechanism, the Weber-Morris intraparticle diffusion model is
applied. This model, based on Fick’s second law, is widely used in
7

adsorption studies to evaluate the rate-limiting step. The linear 
form of the model is expressed as:

qt kidt0 5 C 7 

Here, qt (mg/g) is the adsorption capacity at time t (min). The intra-
particle diffusion rate constant, kid (mg/g min0.5 ), and the boundary 
layer thickness constan t, C (mg/g), are determined from the slope 
and intercept, respectively, of a linear plot of qt versus t0.5 (see
Fig. 6). This model suggests that intraparticle diffusion is the sole 
rate-controlling step if the plot of qt versus t0.5 is linear and passes 
through the origin (C = 0) Ref. [19].

As illustrated in Fig. 6, the adsorption plot for MB and CR onto 
GMS shows linear interaction. This linear section is attributed to 
the intraparticle diffusion of dye molecules into the pores of the 
GMS adsorbent. The linearity of this section confirms that this
stage of the process is controlled by diffusion.

Adsorption mechanism 

We performed the SEM analysis to examine the morphological 
changes in the carbon surface before and after dye adsorption to 
understand the structural change in the adsorbent surface, as
shown in Fig. 7. Before adsorption, the carbon surface appeared 
highly porous, with a rough and irregular texture, indicating the 
presence of well-developed micro- and mesopores. These struc-
tural features suggest a high surface area favorable for adsorption. 
After dye adsorption, noticeable changes were observed in the sur-
face morphology. The previously visible pores appeared less 
prominent or partially blocked, suggesting the successful attach-
ment of dye molecules onto the carbon surface and within its 
pores. Additionally, the surface exhibited a smoother appearance, 
likely due to the formation of a dye layer that covered the carbon
structure. In some cases, agglomeration of dye particles was evi-
dent, particularly at higher dye concentrations, further confirming
the adsorption process. These morphological changes support the

move_f0030
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Fig. 6. Mass transfer model analysis (A) for MB and (B) for CR.

Fig. 7. SEM images of adsorbate before and after treatment, A) pure GMS, B) after MB dye treatment, and C) after CR dye treatment.

Table 3 
DLS and ELS results of GMS before and after dye adsorption.

S. No. Sample T (°C) Size (nm) 

1 GMS 25 2016 ± 606 
2 GMS + CR 25 3032 ± 433 
3 GMS + MB 25 5578 ± 2 900 
efficiency of the carbon material in dye removal and align with the 
adsorption performance observed in other characterization
techniques.

Further, to get more insight, we performed the DLS and ELS 
analysis of the GMS before and after the treatment. The corre-
sponding results are shown in Table 3. The size measurements 
were performed using Dynamic Light Scattering (DLS) techniques. 
The instrument utilizes a He/Ne laser with a wavelength of 633 nm 
as the light source, and measurements were taken at a scattering 
angle of 173°. The number of parallel measurements and runs for 
each measurement was optimized using the integrated algorithm
of the Zetasizer Nano software (v3.30) to ensure accuracy and
reliability.

The continuous increase in the size of the GMS indicates the for-
mation of aggregates, which occurs due to changes in surface 
charge, leading to particle aggregation. This size increase is approx-
imately 1.5 times for the anionic dye and 2.8 times for the cationic 
dye, clearly demonstrating the more favorable and faster adsorp-
tion of the cationic dye onto the GMS surface compared to the
anionic dye.

Further, XRD analysis was performed to examine the structural 
changes in GMS due to dye adsorption, which also helps in under-
standing the type of adsorption. Fig. 8A presents the XRD analysis 
of GMS before and after treatment with both dyes. X-ray diffrac-
tion measurements were conducted using a Philips PW 1830 
diffractometer equipped with a Cu anode (operating at 40 kV volt-
age and 30 mA cathodic current). A Ni filter was used to absorb 
CuKb radiation. The diffraction patterns reflect the interaction of 
X-ray photons with the carbon framework, resulting in (i) a broad
and intense X-ray scattering and (ii) three characteristic diffraction
8

bands due to constructive interference within the ordered crys-
talline structure of GMS. The XRD bands appear at diffraction 
angles of 26.0°, 42.7°, and 78.5°, corresponding to d-spacings of 
3.45 Å, 2.11 Å, and 1.22 Å, respectively. Based on previous studies 
of GMS, these bands correspond to the 002, 10, and 11 crystalline
planes [88]. The relative peak intensities do not show significant 
variation, indicating that dye adsorption does not alter the nano-
structural features of the adsorbent. This further supports the 
occurrence of physisorption, where the dye molecules adhere to
the adsorbent surface without affecting its structural integrity.

Additionally, FTIR analysis was performed to confirm the type 
of adsorption and to understand the arrangement of bonds on
the adsorbent surface. Fig. 8B presents the FTIR analysis of GMS 
before and after dye treatment, following the same methodology. 
The FTIR spectrum shows the valuable insight into the molecular 
interactions occurring within the GMS and its interactions with 
MB and CR. One of the most prominent features is the broad band 
around 3400 cm−1 , which corresponds to O–H stretching vibra-
tions. This suggests the presence of hydroxyl groups, possibly from
residual water or surface hydroxyl functionalities on the Graphene
framework, which are involved in hydrogen bonding (notable
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Fig. 8. (A) XRD analysis of the adsorbent before and after dye adsorption, (B): FTIR analysis of the GMS before and after the treatment.
changes in the left shoulder of the peak). Another key feature 
appears around 2950 cm−1 , which is associated with C–H stretch-
ing vibrations, likely due to alkyl groups from any surface function-
alization or residual organic species on the graphene structure.
Fig. 9. The C–HMB CG6/G57 hydrogen bonds (gold dash) in t

9

After dye’s adsorption, the peak position is red shifted by 
approximately 12 cm−1 , and its intensity decreased, indicating 
involvement of the C–H and N–H bonds in the interaction. The 
strong absorption at 1740 cm−1 corresponds to C=O stretching,
he MB-G6 (up) and MB-G57 (down) hybrid structures.
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indicating the presence of carbonyl groups, which may arise from 
surface oxidation or functional groups introduced during synthesis. 
A significant change is observed around 1640 cm−1 , where the 
introduction of MB and CR alters the intensity and position (red 
shift) of this band. This region corresponds to C=C stretching in aro-
matic rings or conjugated systems, which is a key feature of both 
graphene structure and the aromatic frameworks of MB and CR. 
The increased intensity in this region suggests strong interactions 
between the dyes and the graphene sponge, likely through p–p 
stacking or electrostatic interactions. Further down the spectrum, 
bands around 1450 cm−1 correspond to C–H bending, while the 
absorption near 1100 cm−1 is associated with C–O stretching vibra-
tions, likely due to oxygen-containing functional groups on the 
graphene surface. The intensity of this band decreased after the 
dye’s adsorption, and the position is blue-shifted, indicating some 
strengthening of this band. These features indicate the presence of 
structural modifications or surface functionalization, which were 
induced by the adsorption behavior of MB and CR. When the three 
spectra were compared, the pure GMS sample served as a baseline, 
displaying characteristic bands for the oxygenated functional 
groups and the graphene framework. However, when MB and CR 
are introduced, significant changes emerge, particularly in the
1640 cm−1 region. These shifts suggest that the dyes interact with
the mesoporous graphene surface, supposedly through p–p stack-
ing, hydrogen bonding, dispersion interactions and/or stronger
electrostatic attractions. Although the core graphene structure
remains intact, these interactions highlight the effective adsorp-
tion of MB and CR onto the GMS, influencing the overall spectral
profile.
Fig. 10. The C-HCR CG6 (gold dash) and N-HCR CG6/G57 (red dash) hydro
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Hydrogen bond analysis and structural stability of hybrid structures

In the study of the interactions of both azo dyes with the surface 
of pristine (G6) and modified carbon surface (G57), the focus on 
hydrogen bonds acting in the structures was conducted. It should 
be mentioned that, except for hydrogen bonds, also stronger elec-
trostatic, weak van der Waals, p–p and dispersio n interactions are 
present in both structures, supporting the statement mentioned in 
previous paragraphs. All these mentioned interactions play an 
important role in the stabilization of the MB/CR-G6/G57 hybrid
systems. In the case of G6, with the adsorbed MB dye, the graphene
layer remained almost unchanged (Fig. 9, up). On the other hand, 
the adsorption of CR caused a slightly curved deformation of the
graphene sheet (Fig. 10, up). It should be caused by the larger size 
of the CR molecule and the different distribution of electron den-
sity due to a twofold number of heteroatoms and more aromatic 
rings in the CR molecule than in the MB one, i.e. large number of 
weak van der Waals, dispersion and p–p interactions are acting 
in the system. Topological defects in the MB-G57 and CR-G57
model structures caused the waving of the modified graphene sur-
face (Figs. 9, 10, down) and attraction of azo dye molecules 
towards these defects, acting as reaction centers due to the redis-
tribution of electron density at the surface compared to the pris-
tine graphene.

The strength of hydrogen bonds was evaluated according to the 
criteria published by Desiraju & Steiner [76], and the D-H A (D-
donor, H- hydrogen, A- acceptor) hydrogen bonds for both azo 
dyes, as an example, are summarized in Table 4. All these hydrogen 
bonds are of weak strength. For both systems with adsorbed MB
gen bonds in the CR-G6 (up) and CR-G57 (down) hybrid structures.
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Table 4 
Comparison of the current approach with the available literature.

Dye Adsorbents Removal (%) Time (min) Concentration (mg/L) References 

MB Nanocomposite 99 30 10 [25] 
MB MCuOPNs 92.1 20 10 [26] 
CR AgNPs 100 120 5 [34] 
CR Cashew nut shell 98.52 120 20 [84] 
MG ZnONPs-coated cotton fabric 100 120 6.25 [27] 
MB CoFe2O4-yeast 99 120 20 [19] 
CR Mixed Fish Scales 99 60 20 [85] 
MB NC-based aerogels 90 −— 10 [  

— 60 50 [  

— 1  0 [  

45] 
CR Fly ash (FA) − 73] 
CR Coagulant (Surjana seed powder) 98 60 25 [86] 
CR Fex Co3-x O4 86.12 − 67] 
CR ZPG 78.89 480 20 [87] 
MB GMS 100 32 1 This work 
CR GMS 100 35 1 This work 

Fig. 11. % removal of dyes by recycling of the GMS in the removal process.
dye, only one type of weak hydrogen bond interaction was identi-
fied between the C–H functional group of MB and the carbon atoms 
of the G6 and/or surface, respectively. In the MB-G6 system, two 
very weak hydrogen interactions of 3.67 Å and 3.79 Å were identi-
fied, which suggests that the adsorption of MB dye on the G6 sur-
face is not so effective, and mainly dispersion and p–p interactions 
are present in the system. On the other hand, for the system with 
topological defects, G57, the much more hydrogen bond interac-
tions, of weak strengths, are identified with a median value of
3.26 Å. The MB dye was attracted by topological defects, 5- and
7-membered rings, due to the higher electron density [74]. Adsorp-
tion of CR dye on the G6 and G57 surfaces is more effective due to 
the presence of a larger amount of the weak van der Waals, disper-
sion and p–p interactions and supported by two different types of
hydrogen bonds (Table 5). 

The first type is among the C–H functional groups of CR and the 
carbon atoms of the G6/G57 surfaces. The second one is among the 
N–H functional groups and the G6/G57 carbon atoms. All types of 
interactions are slightly stronger, as in the case of MB-G6/G57 sys-
tems, but still of weak strength. For the CR-G6 system, two C–H C 
hydrogen bond interactions with the value of 2.92 Å and 2.99 Å 
were identified, as well as three N–H C ones reaching values of 
2.61 Å, 2.85 Å and 2.98 Å. Similarly, as in the case of MB-G6, the 
adsorption of CR dye onto the surface of pristine G6 will not be pre-
ferred. Furthermore, modified G57 with adsorbed CR formed more 
of weak C–H C hydrogen bonds with a median value of 2.82 Å,
and only one N–H C hydrogen bond with a value of 2.97 Å. The
CR dye was also attracted by more reactive topological defects as
in the MB systems.

Intramolecular interactions among the C–H and N–H functional 
groups and the carbon atoms of both dyes, stabilizing the dye 
molecules, contributed to the overall stability of all four studied 
systems. In the figures, these interactions are marked in tiny gold
dashes.

The overall structural stability of the studied systems correlates 
well with the strength of hydrogen bonds and is supported by dis-
Table 5 
The D–H A hydrogen bond (minimal; median; maximal) for studied structures.

Models Bond type D–H A (Å) 

MB-G6 C–HMB CG6 3.67; 3.79 

MB-G57 C–HMB CG57 2.92; 3.26; 3.68 

CR-G6 C–HCR CG6 2.92; 2.99 
N–HCR CG6 2.61; 2.85; 2.98 

CR-G57 C–HCR CG57 2.65; 2.82; 2.92 
N–HCR CG57 2.97 
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persion and p–p interactions. Calculated adsorption energy ( Eads), 
according to Equation (1) follows the strength of hydrogen bonds 
in the systems. For MB dye, the − 41.0 kJ/mol (MB-G6) and 
− 112.1 kJ/mol (MB-G57), and for CR dye, − 267.7 kJ/mol (CR-G6) 
and − 292.5 kJ/mol (CR-G57) values clearly favour the G57
structure (GMS material) for effective removing MB and CR azo
dyes.

Reusability of GMS 

The reusability of the GMS catalyst was examined by comparing 
its ability to reuse with both dyes under identical conditions
shown in Fig. 11. After the completion of the first run, the catalyst 
was recovered through centrifugation and taken directly to the 
second batch without any additional processing, as shown in the 
figure below, to evaluate its complete reusability. Two further runs 
were conducted, and the results showed a consistent loss in the 
catalytic activity with every reuse. Based on these findings, the 
GMS catalyst can be effectively used for only one to two (in CR) 
continuous cycles before performance losses are evident. For a
greater number of cycles, catalyst regeneration will be needed to
restore its activity level.

Conclusions 

This study demonstrates the effective removal of azo dyes from 
aqueous solutions using a GMS as an efficient adsorbent. The 
adsorption of Methylene Blue (MB) and Congo Red (CR) onto
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GMS was systematically evaluated through experimental and the-
oretical characterization techniques, confirming the material’s 
high adsorption capacity and rapid kinetics. The GMS demon-
strated the complete adsorption of both azo dyes within a short 
time frame (30–35 min) with a minimal amount of 1 mg L−1 , which 
is in contrast to the findings in other available literature. This 
advancement provides a step forward for the use of carbon without 
leaving a large carbon footprint on the environment. The FTIR anal-
ysis provided critical insights into the interactions between the 
dyes and GMS, revealing characteristic peaks at 1640 cm−1 associ-
ated with C=C functional groups and aromatic p–p interactions, 
which also play a key role in adsorption, as confirmed also by the-
oretical modeling of these systems at the analysis of acting interac-
tions in the structures. XRD patterns confirmed the structural 
integrity of the graphene framework, highlighting the mesoporous 
nature of GMS, which is unaffected by dye adsorption on the GMS 
surface. Furthermore, ELS measurements indicated a highly nega-
tive zeta potential, suggesting strong electrostatic interactions 
with cationic MB and effective adsorption of anionic CR through 
surface functionalization. SEM images further validated the porous 
architecture of GMS, showing a high surface area with intercon-
nected mesopores that facilitate efficient dye uptake. The adsorp-
tion kinetics followed a pseudo-second-order model, indicating 
chemisorption as the dominant mechanism. Isotherm studies 
revealed that MB adsorption was best described by the Freundlich 
model, indicating multilayer adsorption on heterogeneous surface 
sites, while CR adsorption followed the Temkin model, suggesting 
adsorption driven by indirect interactions and uniform binding 
energy distribution across the surface. The different mechanisms 
were indirectly confirmed also by the values of calculated adsorp-
tion energies. The presence of 5, 7-membered rings caused the 
almost three times stronger adsorption of MB dye and ‘only’ by 
∼20 kJ mol−1 higher adsorption energy of the CR one in comparison
with the pristine graphene. The results obtained demonstrate that
GMS is a highly effective and sustainable adsorbent for azo dye
removal. The material’s superior adsorption capacity, fast kinetics,
and eco-friendly nature make it a promising candidate for wastew-
ater treatment applications. The combination of using both exper-
imental and theoretical approaches for structural characterization
and adsorption studies underscores the potential of GMS in miti-
gating industrial dye pollution, contributing to a cleaner and more
sustainable environment.

Future scope: The regeneration and reusability of adsorbents 
play a crucial role in reducing operational costs and enhancing 
the sustainability of wastewater treatment processes. Preliminary 
trials have indicated that GMS can be effectively regenerated using 
ethanol as a solvent following dye adsorption, suggesting its poten-
tial for multiple reuse cycles. However, further detailed investiga-
tion is required to fully assess the regeneration efficiency, 
adsorption capacity retention, and long-term stability of GMS 
under repeated use. Optimizing regeneration conditions, evaluat-
ing structural integrity post-regeneration, and exploring alterna-
tive eco-friendly desorption methods are recommended as future 
study priorities. The establishment of a reliable regeneration strat-
egy will not only enhance the economic viability of GMS but also
contribute to the minimization of secondary waste generation,
thereby further reinforcing its potential as a sustainable adsorbent
for large-scale wastewater treatment applications.
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