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Abstract: The use of graphene oxide (GO) in combination with mesoporous materials has
gained interest in the development of adsorbents. In this study, GO was impregnated into
zeolite at three concentrations (ZGO2.5, ZGO5, and ZGO10) through a simple thermal
process to enhance the adsorption of methylene blue (MB). Characterization of the result-
ing materials was performed using spectroscopic techniques such as UV-Vis and FT-IR
spectroscopy, SEM, and EDS, confirming the presence of GO on zeolite. Batch experiments
were conducted to evaluate their performance, analyzing contact time, pH effect, and
adsorption kinetics. Pseudo-first-order, pseudo-second-order, and Elovich kinetic models
were applied, and the adsorption mechanism was studied using Langmuir, Freundlich,
Temkin II, and Dubinin—-Radushkevich (D-R) isotherms at different temperatures. Opti-
mal adsorption was achieved at 273 K, 100 mg L~! of MB, adsorbent mass of 100 mg,
250 rpm, and pH 5-9, with 90% removal efficiency after 70 min. The pseudo-second-order,
Freundlich, and D-R models best described the process (R? > 0.98), suggesting a mixed
physisorption-chemisorption mechanism. The maximum adsorption capacity from the D-R
isotherm reached 119 mg g~ ! at 333 K. Thermodynamic studies showed that adsorption
was a spontaneous and endothermic process. These findings highlight the potential of
GO-impregnated zeolite as an effective adsorbent for MB.

Keywords: graphene oxide; zeolite; methylene blue; adsorption kinetics; thermodynamic
studies

1. Introduction

Nowadays, water quality is a global concern. As a result, clean water is a central focus
of the Sustainable Development Goals (SDGs), specifically SDG 6, i.e., Clean Water and
Sanitation. This goal aims to ensure access to safe drinking water for all, which is essential
for public health, environmental sustainability, and economic growth [1]. However, in
recent years, the development of the textile industry has been strengthened due to the
increase in the so-called fast fashion, which has caused an impact on the environment due
to the large amounts of water used in the different stages of production [2]. Many dyes
used in textile production contain toxic chemicals such as formaldehyde, phthalates, azo
dyes, and alkylphenols, along with heavy metals like lead, mercury, and cadmium. These
pollutants contaminate rivers, soils, and ecosystems, posing serious risks to communities.
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The most common dye in the industry is methylene blue (MB) (3,7-bis(dimethylamino)
phenothiazine chloride tetra methylthionine chloride). It is a synthetic cationic dye widely
used in the textile, pharmaceutical, plastics, paper printing, and food industries [3]. The
MB dye is a very stable molecule soluble in water and alcohol, not degradable under
natural conditions; the persistent presence of this dye even in low concentrations (<1 ppm)
harms the ecosystem, causing health alterations [4,5]. MB exposure can lead to serious
side effects including eye burns that may cause permanent damage and skin irritation, and
its ingestion may induce symptoms such as vomiting, diarrhea, gastrointestinal irritation,
shock, and mental confusion [6]. Given its high toxicity, especially compared to anionic
dyes, managing and removing MB from industrial effluents is a critical environmental
concern to prevent harm to both humans and aquatic life. Conventional wastewater
treatment to remove dyes employs a variety of physical and chemical methods [7]. The
physical methods include sedimentation, coagulation, filtration, ion exchange, adsorption,
and reverse osmosis [4-6,8]. On the other hand, the chemical methods include oxidation,
ozonation, photochemical degradation, and electrochemistry [9,10]. The adsorption method
as an alternative for the removal of methylene blue has been widely studied in recent
years due to its high yields and accessibility, and the development and functionalization
of new materials has improved the capacity to remove contaminants from water and
wastewater [3,5,6,11,12]. The effectiveness of adsorption depends on the strategic selection
of precursor materials and the optimized design of the adsorbent. An ideal material
should have a high surface area, well-defined porosity, specific functional groups, and a
robust structure to maximize its retention capacity. Additionally, it must be abundant, cost-
effective, insoluble, environmentally friendly, non-toxic, and easily regenerable [6]. In the
search for adsorbents with these characteristics, numerous researchers have developed and
studied materials such as activated carbon, clays, biomaterials, and zeolites [4,11,13-19].

Zeolites have emerged as crucial players in wastewater dye removal due to their
natural abundance, relatively low synthesis cost, unique structural features, and advanta-
geous surface properties. These characteristics closely align with the key requirements of
an ideal adsorbent, positioning zeolites as highly effective materials for wastewater treat-
ment [18,20]. The development of zeolite composites with enhanced adsorption capacity
has been the focus of recent studies. Among the materials investigated are zeolite NaA [21],
MFI zeolite nanosheets [19], MZA /RGO [22], and M-ZP [23], which have demonstrated
improved adsorption and ion exchange properties and, thus, increased effectiveness in
removing water contaminants.

Zeolites are crystalline aluminosilicates with a well-defined porous structure, which
can be either synthetically produced or naturally mined. Their unique crystalline structure,
composed of interconnected AlO4 and SiOy tetrahedra, forms a network of micropores
with a size range from 0.3 to 1 nm [24], providing a large specific surface area and excellent
cation exchange capacity [18]. Over 50 natural zeolite minerals have been identified, of
which analcime, chabazite, clinoptilolite, heulandite, natrolite, phillipsite, and stilbite occur
in significant quantities [24]. Clinoptilolite, one of the most abundant zeolites on earth, has
a 2D channel system featuring two parallel channels (a 10-membered ring of 7.2 A x 4.4 A
and an 8-membered ring of 4.7 A x41A) intersecting with a third 8-membered ring channel
(5.5 A x40 A) [23,25]. Its framework consists of SiO4 and AlO, tetrahedra with charge-
balancing cations (Na*, K*, Ca?*, Mg?*) [25]. It is commonly employed in wastewater
treatment, though it exhibits limited adsorption efficiency for cationic contaminants [22].
This limitation is attributed to its low ion exchange capacity, intrinsic to its crystalline
structure with a Si/ Al ratio generally ranging from 4 to 6. Since the above alkaline and
earth alkaline cations affect its adsorption capacity, acid treatments can be used to reduce
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its cation content, thereby improving the adsorption capacity [26]. However, they can
generate hazardous waste that poses a significant threat to the environment.

On the other hand, graphene oxide has shown promising results as an adsorbent
for pollutant removal due to its high adsorption capacity. This capacity is attributed
to its exceptional physicochemical properties, such as its large specific surface area and
the presence of various oxygen-containing functional groups in its structure [27]. The
Hummers method, introduced in the 1950s, remains one of the most widely used techniques
for synthesizing graphene oxide (GO) [28]. This process involves the strong oxidation
of graphite in a highly concentrated acidic medium, using a reactive mixture of sulfuric
acid, potassium permanganate, and hydrogen peroxide [29]. This oxidation introduces
oxygenated functional groups (carboxyl, hydroxyl, and epoxy groups) into the graphene
structure, facilitating its exfoliation into monolayers or few-layered sheets [30]. However,
the corrosive and toxic nature of the reagents employed generates harmful gases and ionic
waste, posing a significant environmental concern. To address this environmental challenge,
we previously reported [31] a scalable and environmentally friendly method for producing
GO, suitable for industrial-scale water treatment.

The integration of graphene oxide with other materials has proven to be a highly
effective strategy for enhancing its adsorption capacity [22,32]. This improvement arises
from the synergy between the complementary properties of the different components,
resulting in composite materials with optimized physical and chemical characteristics.
Specifically, the combination with porous materials, such as silica or activated carbons,
significantly increases the available surface area, thereby enhancing the adsorption capacity
for contaminants [11,22,33]. Different materials can exhibit varied adsorption mechanisms
(physical, chemical, or ion exchange), allowing for a more efficient interaction with a
broader range of contaminants. Furthermore, the functionalization of graphene oxide
through the addition of specific functional groups or the incorporation of other materials
can fine-tune the adsorbent’s selectivity towards certain dyes or metals. Additionally,
these combinations can improve the chemical and mechanical stability of the adsorbent,
increasing its durability and facilitating its reuse [34,35].

This research aims to enhance the adsorption capacity of clinoptilolite zeolite by
combining it with graphene oxide, a material known for its high adsorption capacity. This
process leads to the formation of zeolite—graphene oxide nanocomposites, synthesized
hydrothermally to improve the material’s surface area and ion exchange capacity. The
obtained nanocomposites are characterized using spectroscopic techniques (UV-Vis and
FT-IR spectroscopy, BET technique, SEM, EDS), and their adsorption capacity is evaluated
through batch experiments.

2. Materials and Methods
2.1. Materials

All materials were used as received. Graphite powder (<20 pm, 99%, CAS 7782-42-5)
was purchased from Sigma-Aldrich Laborchemikalien GmbH, St. Louis, MO, USA. Sulfuric
acid (HySO4, 95.0-98.0%), hydrochloric acid (HCl, 37.0%, CAS 7647-01-0), potassium
permanganate (KMnOQOy, >98.0%), and hydrogen peroxide (H,O,, CAS 7722-84-1) were
obtained from Merck (Rahway, NJ, USA). Natural zeolite (clinoptilolite, 85-95% purity,
14-40 mesh) was supplied by Watprosa S.A. (Quito, Ecuador).

2.2. Preparation of Graphene Oxide

In a typical experiment to obtain graphene oxide, the synthesis was carried out based
on [31] with some modifications, aiming to create a simple and effective process. Three
grams of graphite powder was introduced into a reaction flask, followed by the addition



Appl. Sci. 2025, 15, 2824

4 of 25

of 70 mL of concentrated sulfuric acid (H»SO4). The mixture was subjected to vigorous
stirring throughout the process. Subsequently, 9 g of potassium permanganate (KMnOy)
was added gradually and with caution to prevent the reactor temperature from exceeding
20° C, which was maintained using an ice bath. After 45 min, the reaction mixture was
transferred to an oil bath preheated to 50 °C, and the temperature of the solution was
maintained below 50 °C for an additional 30 min under vigorous stirring. Thereafter,
150 mL of distilled water was added dropwise, increasing the temperature to 90 °C and
maintaining it for another 20 min. Subsequently, 500 mL of distilled water was added,
followed by the slow dropwise addition of 15 mL of hydrogen peroxide (H,O;). At this
stage, the color of the solution transitioned from dark brown to yellowish, indicating the
formation of a graphite oxide suspension, which was washed with a 1:10 HCI solution.
The precipitate was further washed with distilled water several times, each for 15 min, by
means of centrifugation at 3000 rpm, until achieving a neutral pH (of approximately 6).
The precipitated material was recovered and dried at 90 °C for 24 h.

2.3. Preparation of Impregnated Zeolite and Graphene Oxide Composites

Three graphene oxide suspensions with concentrations of 2.5 mg mL~!, 5 mg mL !,
and 10 mg mL~! were prepared from the recovered material. Subsequently through a
simple thermal process, 1 g of zeolite was added to each suspension and submitted to
a sonication process for 30 min. The mixture was then subjected to magnetic stirring at
200 rpm under controlled conditions, at 70 °C for 4 h. Finally, the nanocomposites were
dried at 50 °C for 24 h. The prepared nanocomposites were named ZGO2.5, ZGO5, and
ZGO10. Each nanocomposite was characterized by FTIR, UV-visible spectroscopy, and
scanning electron microscopy (SEM).

2.4. Point of Zero Charge (PZC)

The pH of the point of zero charge (pHpzc) experiments was determined through a
Hanna 22001 potentiometer with temperature control.

A series of five 50 mL conical flasks were each charged with 20 mL of a 0.1 M sodium
chloride solution prepared in ultrapure, nitrogen-purged water. The pH of each solution
was adjusted to a specific value within the range of 2 to 10 using 0.1 M HCl and 0.1 M
NaOH solutions. Then, 25 milligrams of ZGO10 was added to each flask, and the mixtures
were stirred at a rate of 250 rpm for 12 h. The final pH of each solution was measured
and plotted against the initial pH (pH drift method) [36]. The point at which the curve
intersected the line representing equal initial and final pH values was the point of zero
charge (pHpzc) of the material adsorbent, according to the procedures previously described
by Riva and coworkers [37].

2.5. Solution Preparation

Analytical-grade reagents were used for all adsorption experiments. A 1000 mg L~! MB
solution was prepared in ultrapure water (18.3 M()-cm). Standard working solutions were
used in the tests through serial dilutions. The pH of the solutions was adjusted using 0.1 N
NaOH and HClI solutions and measured using a pH meter (HI221, from Hanna Instruments,
Woonsocket, RI, USA).

2.6. Adsorption Kinetics and Individual Material Adsorption Capacity

The contact time and adsorption kinetics of graphene oxide (GO) and zeolite were
studied to determine their individual MB adsorption capacities. All adsorption investiga-
tions were carried out in triplicate. In 250 mL Erlenmeyer flasks, 100 mL of a 100 mg L~!
MB solution was mixed with 100 mg of the adsorbent material. The mixture was stirred
at 250 rpm. Aliquots were taken every 3 min for the first 60 min, then every 10 min until
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180 min. MB concentration in each sample was analyzed by UV-vis spectroscopy. This
procedure was repeated for the ZGO2.5, ZGO5, and ZGO10 composites. The effect of pH
on MB adsorption was investigated using a batch test. The procedure was similar to the
one described above, with the MB solution pH adjusted from 2 to 10 using 0.1 N NaOH and
HCl solutions. Adsorption isotherm experiments were conducted at different temperatures
(298 K, 303 K, 313 K, and 333 K) using 10 mL of solutions at concentrations of 10, 25, 50,
75,100, 250, 500, and 1000 mg L L Adsorption was studied using a batch test at a fixed
pH of 6.5, using 10 mg of the nanocomposites. Methylene blue adsorption capacity (4t),
defined as the amount of adsorbed MB per unit mass of adsorbent, was determined using

the following equation [5,38]
_ (CO — Ce)v

where Cy (mg g’l) and Ce (mg L) are the initial and final methylene blue concentrations,

(1)

respectively. V (L) is the volume of the methylene blue solution, and W (g) is the mass of
the nanocomposite. In the adsorption equilibrium conditions, Ct = Ce and qt = ge. Ce is
the equilibrium concentration, and ge denotes the equilibrium adsorption capacity. The
removal efficiency (RE%) of the nanocomposite can be calculated as follows:

(Co—Ce)
0

RE% = x 100 (2)

2.7. Characterization

The composites were characterized by Uv-visible spectroscopy using a UV-vis spec-
trophotometer (Thermo Scientific, Evolution 220, Waltham, MA, USA), in the wavelength
range from 190 nm to 800 nm. For the analysis of natural zeolite, zeolite was sonicated for
15 min in ultrapure water, then the supernatant was analyzed over a wavelength range
from 190 nm to 800 nm [39]. Subsequently, an aqueous solution of GO was prepared at
a 1 mg mL~! concentration and further diluted for the UV-visible analysis. Finally, all
nanocomposites (ZGO2.5, ZGO5, and ZGO10) were sonicated in the same way as zeolite,
and then their UV-visible spectra were obtained. The FTIR analysis was carried out using
the Fourier transform infrared spectrometer Jasco FT/IR-4000 (Easton, MD, USA). The
structure and surface morphology were determined on a scanning electron microscope
(SEM, JSM-IT100 InTouchScope, JEOL, Musashino, Akishima, Tokyo, Japan) equipped with
a JEOL-made electron-dispersive X-ray spectrometer (EDS) with accelerating voltage of
9kV and 12 kV.

3. Results and Discussion

3.1. Synthesis and Characterization
3.1.1. UV-Visible Characterizations

GO was synthesized using the modified Hummers method for the subsequent im-
pregnation of natural zeolite. The initial material was analyzed using a UV-visible
spectrophotometer in aqueous solution for the characterization and identification of its
characteristic spectrum.

The UV-Vis spectrum of graphene oxide (GO), shown in Figure 1a, indicated that the
predominant absorption peaks were localized at a wavelength of 234 nm, corresponding to
the 71 — 71 * transitions of the aromatic C=C bond. Furthermore, a small shoulder at 301 nm
was identified, attributed to the n — 7t * transition of the C=O bond, explained by the pres-
ence of carboxylic groups in GO, in accordance with previously reported studies [29,31,40].



Appl. Sci. 2025, 15, 2824

6 of 25

T T ¥ T T 1 1 T T
0.7 4192 nm
2.04 (a) (b)
234 nm
5 1.6+ Uv-vis GO S 064 Uv-vis zeolite
s 8
§ 12 §
R 301 nm
©
s 3 054
= 2
[=] o
8 3
< 084 <
0.4
L B L ' r . : . . ;
200 250 300 350 400 200 250 300 350 400
Wavelength (nm) Wavelength (nm)

1.2 7

(c)

—2G010
2Go5

—2G025

0.8 4

Absorbance (a.u.)

06 \

J L T % T o ) =
200 250 300 350 400
Wavelength (nm)

Figure 1. (a) Uv-visible spectrum of graphene oxide; (b) Uv-visible spectrum of natural zeolite;
(c) spectra of natural zeolite impregnated with GO at a concentration of 10 mg mL~1 (ZGO10),
5mg mL~! (ZGO5), and 2.5 mg mL~! (ZGO2.5); all spectra were recorded in aqueous solution.

The spectrum depicted in Figure 1b belongs to natural zeolite; here, a peak appears at
192 nm corresponding to n — ¢* electronic transitions involving the oxygen-silicon charge
transfer, specifically (O>~ ® Si**) transitions, within the SiO, tetrahedral framework. This
indicates that the framework predominantly consisted of Si—O—Si bonds with minimal
Al substitution, which exhibit higher charge transfer energy compared to Si—O—Al bonds.
This fact explains the high-energy transitions occurring in the deep UV region.

Regarding the impregnated composite, Figure 1c shows the spectra of zeolite impreg-
nated with graphene oxide (ZGO2.5, ZGO5, and ZGO10). A peak is visible at 196 nm,
192 nm, and 194 nm, respectively, corresponding to the n—o* transition, as explained above
for the zeolite spectrum (Figure 1b). The peaks at 194 nm and 196 nm underwent a slight
redshift compared to those in the natural zeolite spectrum. Meanwhile, the peaks located at
233, 234, and 232 nm correspond to the GO 7t — 7t * transitions of the aromatic C=C bond.

Additionally, a shoulder around 300 nm is present, identifying the n — 77 * transition of the
C=0 bond.

3.1.2. FTIR Characterizations

The FTIR spectra presented in Figure 2 illustrate the characteristic vibrational modes of
graphene oxide (GO), natural zeolite, and the synthesized GO-zeolite composites (ZGO2.5,
ZGO5, and ZGO10). The GO spectrum (green) exhibits a broad peak at 3359 cm™*, cor-
responding to hydroxyl (O-H) groups and adsorbed water molecules within the GO
interlayers. The peak at 1720 cm ! is attributed to carboxyl groups, while the absorption
at 1631 cm~! corresponds to aromatic C=C stretching vibrations, characteristic of sp?-
hybridized carbon domains. Additionally, ether (C-O) groups are observed at 1034 cm ™!
and 1061 cm ™!, confirming the presence of oxygen-containing functional groups that en-
hance GO hydrophilic properties [29,32,41,42]. The FTIR spectrum of natural zeolite (pink)
displays a broad absorption band at 3483 cm ™!, associated with O-H stretching vibrations
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from the hydroxyl groups. The peak at 1627 cm ! is linked to the bending vibrations of
water molecules coordinated with Na* and Ca2* ions in the zeolite framework. The strong
band at 1021 cm ! corresponds to Si-O-Si stretching vibrations, which are indicative of the
presence of silicate tetrahedra. The peak at 788 cm~! represents the symmetric stretching
of 5i-O-S5i bonds, confirming a well-ordered crystalline structure typical of clinoptilolite
zeolites [43,44]. The spectra of the nanocomposite materials (blue, red, and black) exhibited
similarities, with variations primarily due to the interaction between GO and zeolite. O-H
stretching vibrations are present at 3417 cm ™!, 3400 cm !, and 3395 cm !, corresponding
to the contributions of the hydroxyl groups from both zeolite and GO. The characteristic
C=C vibrations of GO, initially at 1631 cm~!, appear shifted slightly to 1629 cm~! and
1627 cm™!, indicating possible interactions between the GO functional groups and the
zeolite framework. This small redshift (~4 cm~!) suggests electron density alterations in
sp? carbon domains, likely due to weak interactions such as hydrogen bonding or Van der
Waals forces. Additionally, the peaks at 1028 cm ! and 1040 cm ! in the composite spectra
correspond to aromatic carbon ring vibrations, confirming the presence of benzene-like
structures from GO. The peak at 789 cm™~!, initially present in the natural zeolite spec-
trum, experienced a redshift, indicating no significant structural disruption in the zeolite
framework but rather surface-level interactions with GO.

—GO
—— Zeolite
—2ZG02.5
—ZGO05
—ZGO10

16311720

Transmittance (%)

1629
789 3395

| ! | ! | ! | ' | ' I !
1000 1500 2000 2500 3000 3500
Wavenumber (cm‘1)

Figure 2. FTIR spectra of GO, zeolite, and the ZGO2.5, ZGO5, and ZGO10 nanocomposites.

3.1.3. SEM Characterizations

The morphology of GO, zeolite, and the nanocomposites was analyzed using scanning
electron microscopy (SEM). Figure 3a displays a micrograph of GO, revealing layers ex-
ceeding 10 pum in size, arranged as wrinkled veils stacked atop one another. This wrinkled
appearance is a distinctive characteristic of GO, resulting from the presence of functional
groups that induce deformation as they strive to achieve electronic configuration stability.
Additionally, this feature signifies a transition from sp? to sp® hybridization, highlighting
structural changes in the material.
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Figure 3. (a) Graphene oxide (GO) morphology; bar, 10 um; (b) natural zeolite; bar, 20 um;
(c) nanocomposite of zeolite and graphene oxide, bar, 10 pm.

Figure 3b reveals the morphology of natural zeolite, where the presence of pores is
evident at high magnification (bar, 20 pm). Zeolite exhibited a pellet-like morphology,
with pellet dimensions ranging from 1.4 mm to 400 pm. The whitish color was attributed
to its aluminosilicate composition. Additionally, some grains were measured, obtaining
a size range between 69.51 pm and 1631.65 pm (Figure S1), in concordance with the
technical specifications.

Figure 3c illustrates the ZGO nanocomposite with a GO concentration of 10 mg mL~!
at the same magnification as that of GO (bar, 10 pm). It is evident that the morphology
underwent significant changes. Meanwhile, the wrinkled veils of GO remain visible, and
zeolite can also be observed deposited onto the material. The 3D morphology of zeolite was
altered due to the incorporation of the GO layers within the zeolitic domains. This is seen
in several areas of the image that exhibit higher contrast and brightness—characteristic of
heavier elements compared to carbon, such as aluminosilicates. Additionally, the character-
istic whitish color shifted to a grayish tone, indicating ionic exchange due to the interaction
with GO.
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3.1.4. EDS Characterizations

Figure 4a shows the EDS spectrum of GO, which mainly revealed carbon (51.46%) and
oxygen in GO composition (46.51%), confirming the added functional groups in graphite
basal plane, forming GO. Despite the high percentages of these elements due to the presence
of functional groups, we observed a small sulfur contribution (2.03%), likely originating
from the synthesis process of graphene oxide [31]. In Figure 4b, the EDS spectrum of natural
zeolite reveals that its chemical composition consisted mainly of oxygen (66.56%), silicon
(23.64%), and aluminum (6.16%), with lower proportions of sodium (0.67%), potassium
(1.46%), and calcium (1.51%). On the other hand, in Figure 4c, the EDS spectrum of the
ZGO nanocomposite indicates that it was composed of oxygen (53.76%), carbon (20.90%),
silicon (18.17%), aluminum (4.41%), sulfur (1.03%), potassium (1.06%), and calcium (0.69%).
The presence of carbon within the nanocomposite structure suggests a redistribution of
the percentage concentrations of elements such as silicon and aluminum, indicating an
adjustment in the material’s composition.
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Figure 4. (a) Electron-dispersive spectroscopy (EDS) spectrum of graphene oxide; (b) EDS spectrum
of natural zeolite (bar, 100 um) (c) EDS spectrum of nanocomposite formed of natural zeolite and
graphene oxide (ZOG).



Appl. Sci. 2025, 15, 2824

10 of 25

The determination of surface area and pore size distribution was performed using the
Brunauer-Emmett-Teller (BET) technique with an ASAP 2020 Plus system (Micromeritics
Instrument Corp., Norcross, GA, USA) and liquid nitrogen (77 K). Figure S2a demonstrates
an increase in the specific surface area of the ZGO material (1020 m? g~!), which was
attributed to the incorporation of graphene oxide (GO). The pore size distribution analysis
revealed a heterogeneous structure, characterized by a higher proportion of mesopores
(1.7-60 nm) and the presence of macropores (>60 nm, Figure S2b). This heterogeneity was
likely due to the homogeneous dispersion of GO within the zeolitic matrix

3.2. Effects of Various Parameters on MB Removal
3.2.1. pH Influence

The determination of the point of zero charge (pHpzc) is crucial for assessing the
adsorption capacity of a material. In the case of zeolite (ZGO10), a calculated pHpzc of 4.60
(Figure 5a) indicated that at a pH above this value, the material would acquire a net negative
surface charge. This is attributed to the deprotonation of surface functional groups, such as
carboxyl, epoxide, and hydroxyl groups, resulting in the generation of negatively charged
sites. Consequently, the material exhibited enhanced adsorption capacity for methylene
blue (MB), a cationic dye, due to strong electrostatic interactions. The pK of MB is 3.8,
implying that at pH values greater than 3.8, the dye predominantly exists in its deproto-
nated, cationic form [45]. The electrostatic attraction between the negatively charged zeolite
surface and the positively charged MB molecules will maximize the adsorption efficiency.

3 — -
(a) — 1004 ®
4 ./ o
2 /
4 o NS
1= g
o
- —H— ApH E
i
0 l 1 l./ I 1 l L] l 1
2 4;/ 6 8 10
1 ——
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Figure 5. (a) Point of zero charge of ZGO10; (b) effect of pH on the equilibrium adsorption capacity
of the composite ZGO10 towards MB.

Figure 5b illustrates the pH dependency of methylene blue (MB) adsorption onto
ZGO. The adsorption capacity showed a significant increase within the pH range of 5 to 9,
reaching a maximum efficiency of approximately 92%. This trend is primarily attributed to
the electrostatic interactions between the negatively charged ZOG surface (pHpzc = 5.3)
and the cationic MB species (pKa = 3.8).

At pH values below 5, electrostatic repulsion and ionic competition reduced the
adsorption efficiency, resulting in a lower removal rate of 73%. Conversely, at pH values
above 10, the formation of complexes between hydroxide ions and MB molecules decreased
the availability of the dye for adsorption. Based on these observations, a working pH of 6.0
was chosen to optimize MB adsorption.
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3.2.2. Effect of Contact Time

In this study, the optimal contact time for the removal of the methylene blue (MB) dye
using the ZG0O2.5, ZGO5, and ZGO10 nanocomposites was determined. The efficiency of
these composites was compared to that of their individual components graphene oxide
and zeolite. To achieve this, the decrease in MB concentration (100 mg L~!) was monitored
as a function of the contact time.

A significant reduction in the concentration of methylene blue (Ce) was observed
upon contact with graphene oxide (GO). This decrease occurred mainly during the first
30 min, reaching equilibrium at around 50 min (Figure 6a). The adsorption capacity of GO
(qt) approached 90 mg g~ ! (Figure 6b).
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Figure 6. Contact time dependence of (a) MB concentration (Ct) and (b) adsorption capac-
ity (qt) for pristine zeolite and GO; (c¢) MB removal efficiency (RE%) vs. contact time for the

composite adsorbents.

In contrast, pristine zeolite allowed for a slower and less efficient reduction in Ct
during the first 60 min. The minimum methylene blue concentration in the solution was
reached at approximately 120 min, with an adsorption capacity of qt = 37 mg g~ .

The difference in adsorption efficiency between GO and pristine zeolite is attributed
to their distinct porous structures and physicochemical properties. Due to its laminar
structure and high specific surface area [46], GO exhibits a superior adsorption capacity
compared to pristine zeolite.

The compounds ZGO2.5, ZGO5, and ZGO10 exhibited adsorption kinetics interme-
diate between those of pristine zeolite and GO, reaching equilibrium in approximately
70 min. In all three cases, dye removal was close to 90%. The enhanced adsorption capacity
compared to that of pristine zeolite suggests a synergy between GO and zeolite in these
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compounds. This synergy could be attributed to a greater availability of active sites and
a possible cooperative interaction between the two materials, facilitating faster and more
efficient dye adsorption.

3.3. Adsorption Kinetics Studies

The experimental data were fitted to the pseudo-first-order, pseudo-second-order, and
Elovich kinetic models to describe the adsorption kinetics of the materials.

The pseudo-first-order kinetic model assumes that the rate of adsorption is directly
proportional to the number of active adsorption sites on the adsorbent surface. This model
can be mathematically expressed as follows [38]:

dq
ditt =k (qe - qt) 3)

k
log (4. — q) = logq, — 555t 4)

where k; is the rate constant of the pseudo-first-order sorption process (min~!), qt is the
adsorption capacity at a specific time (t), and qge represents the equilibrium adsorption
capacity (mg g~ 1).

The pseudo-second-order kinetic model assumes that the rate of adsorption is propor-
tional to the square of the number of unoccupied active sites. This model is described by
the Ho equation [47]:

dq b
B o (a, - a) ®)
t 1 1

it kg + q—et (6)
where ge and qt are the concentrations of MB per unit mass at equilibrium and time
(t), respectively.

The Elovich model describes the heterogeneous adsorption of an analyte by chemisorp-
tion, assuming no interactions between the adsorbed species. It is expressed by the follow-
ing equation [48]:

4 = (é)ln(aﬁt—i—l) %

where « is the initial adsorption rate (mg.g~!-min~!), and B is a constant (mg g~') de-
pending on the number of sites available for adsorption and desorption, related to surface
coverage and activation energy.

The kinetic analysis presented in the Figure 7 illustrates the fit of the pseudo-first-order
and pseudo-second-order models, both achieving a coefficient of determination (R?) greater
than 0.9, indicating their potential suitability. However, the pseudo-first-order model
required longer contact times to reach equilibrium (plateau) compared to the pseudo-
second-order model. Consequently, the pseudo-second-order model exhibited a better fit
and aligned more closely with the data. In contrast, the Elovich model demonstrated a
significantly poorer fit, as indicated by its low R? value, and was therefore excluded from
further consideration. A comparison of the pseudo-first-order and pseudo-second-order
models, based on the sum of squared errors (SSE) criterion, revealed that the pseudo-
second-order model provided a more precise representation of the data.
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Figure 7. Adsorption kinetics of MB on ZGO2.5, ZGO5, and ZGO10 as a function of contact time (up
to 120 min). (a) Pseudo-first- and -second order models; (b) Elovich model.

Graphene oxide, due to its large surface area, significantly enhanced the adsorption

capacity of zeolite for methylene blue ions. This effect was attributed to 7t-7r interactions

between the aromatic ring of the dye and the graphene oxide structure [49], as well as to

hydrogen bonding between the ammonium groups of methylene blue and the carboxylic
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groups present in graphene oxide. This synergy greatly enhanced the adsorption capacity
of the composite material.

As shown in Table 1, the theoretical (qtcal) and experimental (qtexp) values of the max-
imum adsorption capacity aligned closely. However, increasing the proportion of graphene
oxide did not lead to a proportional enhancement in the composite material’s adsorption
capacity. This observation suggests that, while graphene oxide contributed additional
active sites, its integration into the zeolite structure was limited, thereby restricting the full
realization of its adsorption potential.

Table 1. Kinetic parameters of the pseudo-first-order model, the pseudo-second-order model, and the
Elovich kinetic model.

Adsorbents
Parameters 7G0O2.5 7GO5.0 7ZGO10
Pseudo-first-order model
Je(exp) (Mg g’l) 90.92 91.28 97.95
Qe(cal) (Mg g~ 1) 92+2 90 +2 9342
ki (min—1) 0.21 4 0.020 0.105 + 0.009 0.14 +0.01
R? 0.9764 0.9805 0.9755
SSE 221 185 241
Pseudo-second-order model
Qe(cal) (Mg gfl) 101 +4 101 £2 104 £3
k(g mg1 min~1) 0.0028 + 0.0006  0.0013 + 0.0002  0.0018 + 0.0004
R? 0.9503 0.9864 0.9833
SSE 169 129 164
Elovich model
a (mg g ! min~?) 153 + 80 29+6 58 + 10
b (g mg‘l) 0.068 0.052 0.055
R? 0.8536 0.9457 0.9313
SSE 152 57 75

These findings validated the proposed model and suggested that the adsorption mech-
anism was based on a chemisorption process, involving significant chemical interactions
between the adsorbate and the active sites of the material.

Intraparticle Diffusion Study

To elucidate the adsorption and mass transfer mechanisms of the dye onto ZGO, the
Weber-Morris intraparticle diffusion (IPD) model was applied. The results revealed that
the adsorption process involved multiple diffusion stages at varying rates, as reflected
in the distinct linear regions of the plot. Each of these regions can be described by the
following equation [38,50]:

qt = kpt'/2+C (8)

where kp is the intraparticle diffusion (IPD) rate constant, and C represents the inter-
cept at qt = 0, which is a constant related to the process. Thus, the linearized plot of qt
(mg g71) as a function of t'/2 (min'/2) provides key insights into the different stages of the
adsorption mechanism.

The contribution of the first diffusion step could be evaluated using the characteristic
ratio, known as the initial adsorption ratio (Ri), defined by the following equation:

— Yref +C
Aref

R; ©9)
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where qgref is the adsorption capacity at the longest time, and C can be related to the
boundary layer thickness. The parameters of the IPD model are summarized in Table 2.

Table 2. Parameters of the intraparticle diffusion (IPD) model for MB adsorption on ZGO2.5, ZGO5,
and ZGO10.

Adsorbents Kp (mg g1 min—12) C(mgg Ri R?

ZG0O2.5 29+3 1.2 +£0.6 0.98 0.9287
ZGO5.0 17 +1 6.2+ 1.3 0.93 0.9888
ZGO10 22 4+2 55+1.5 0.92 0.9006

The diffusion of MB onto the three different composite materials, as observed in
Figure 8, was concentrated in the initial stage (i), characterized by a high adsorption rate
within the first minutes. This was attributed to the diffusion of the dye towards the external
surface of ZGO and its subsequent fixation on the surface active sites. Subsequently, a
second linear region (ii) was observed, indicating an intraparticle diffusion process, where
the dye penetrated into the pores of the adsorbent following a concentration gradient. The
final stage (iii), corresponding to the equilibrium region, was characterized by a very slow
diffusion rate, probably due to the filling of the micropores and interactions between the
adsorbed molecules. The value of the initial adsorption factor in the three materials fell
within the range of 1 > Ri > 0.9, indicating weakly initial adsorption [50].

100 —

[] - —
i 3 = ———
=l |
80 — p
<60 —
(@))
g -
::40—
U -
m ZGO10
20 4 e ZGO5
A 7G025
L | ' | ' | ' | v | y |
2 4 6., 8 10 12
Time = (min)

Figure 8. Intraparticle diffusion plot showing three regions of linearity (Co = 100 mg L1, T = 298 K).

3.4. Adsorption Isotherm

To describe the adsorption process in the composite materials at four different tem-
peratures (298, 318, 323, and 333 K), the experimental data were fitted to the Langmuir,
Freundlich, Temkin II and Dubinin—-Radushkevich models. The Langmuir model assumes
that adsorption occurs in a single molecular layer on a uniform surface, where the adsorp-
tion sites are energetically equivalent, and the adsorbed molecules do not interact with each
other. The maximum adsorption capacity, representing the maximum amount of adsorbate
that can be retained by the adsorbent per unit mass, is determined through the Langmuir
equation [38,51].

_ quLCe

%= T1KC (10
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where qm (mg g~ 1) represents the maximum adsorption capacity, and K. (L mg~1) is the
Langmuir constant, which is related to the adsorption free energy.

The Freundlich model assumes that adsorption occurs on a surface with a heteroge-
neous distribution of energy at the active sites. This implies that the adsorption capacity
varies across different regions of the surface. This model is described by equation [5]

logq, = KFCel/n (11)

where K is the adsorption capacity (mg L™!), and n is the surface heterogeneity and
intensity of adsorption.

The Temkin II model studies the linear decrease in the heat of adsorption as the surface
coverage increases in an adsorption process, considering the interactions between the
adsorbed molecules; this model is represented by the following equation [52,53]:

ge = qr In(1+ K1C,) (12)

where qT = qm/f, with f being a dimensionless constant given by the sum of the exponential
factors of the adsorption and desorption first-order rate equations, and Kr their ratio [53,54].
The Dubinin-Radushkevich (D-R) model, a temperature-dependent model, is used to
describe the adsorption mechanism, whether chemisorption or physisorption, on heteroge-
neous surfaces. It is based on the assumption of a Gaussian energy distribution [55]. The
Dubinin—-Radushkevich isotherm is represented by Equation (13) [54]

G = dpe PRIE (13)
where B is a constant related to the mean free energy of adsorption E = 1/,/28, Cs is
the solute solubility, R is the universal gas constant (8.314 ] mol~!-K~1!), and T is the
absolute temperature.

Methylene blue adsorption isotherms onto ZGO10 at several temperatures are reported
in Figure 9.

The experimental data showed an increase in adsorption capacity with the temperature,
clearly indicating that the adsorption process was endothermic. Therefore, a high and
positive entropy change was expected to occur, driving the adsorption process.

For the fitted models, it was observed that the determination coefficients (R?) were
greater than 0.94 in all cases, except at 298 K, where the values were below 0.92.

However, the Langmuir model described the experimental data the worst. This was to
be expected due to the inherently heterogeneous nature of the composite material used as
an adsorbent. In fact, all the other isotherm models accounted for a certain heterogeneity of
the adsorbent surface, with different binding sites belonging to the zeolitic fraction and the
GO graphite fraction. The fitted parameters for each isotherm model are reported in Table 3.
The estimated maximum adsorption capacity using the Langmuir model was around
58 mg g~ ! at room temperature and up to 83 mg g~ ! at 323 K. In the Freundlich model,
the non-linear power parameter “n” assumed a mean value of 0.28 £ 0.06 (Table 3), which
remained consistent across the tested temperatures and within the standard deviation,
indicating goodness of fit.
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Figure 9. Fitting of the experimental isotherm data at different temperatures using the isotherm
models of (a) Langmuir; (b) Freundlich; (c) Temkin; (d) Dubinin—-Radushkevich.

The Temkin model also fitted the experimental data well and supported the idea of
a non-uniform surface. This model assumes a distribution of adsorption energies on the
adsorbent and considers that the adsorbed molecules interact with one another, affecting
the adsorption energy of subsequent molecules [54,55].

The Dubinin—Radushkevich (D-R) model provided additional insights into the adsorp-
tion mechanism. This model showed an adequate fit (R?) at temperatures above 298 K,
suggesting that the adsorption process occurred in pores and was dominated by energy
heterogeneity and diffusion. This behavior was supported by the intraparticle diffusion
analysis of Weber-Morris, where the final stage corresponded to diffusion within the pores.
The maximum adsorption capacity (qm) estimated by the D-R model ranged from 84 to
119 mg g~ !, exceeding the values determined by the Langmuir model. Considering the
nature of the process, the 3 parameter from the D-R model allowed for the calculation
of the mean free energy (E = 1/ \/273), with values in the range of 9.4 to 13.0 kJ mol 1.
These results suggested a chemisorption mechanism [56]. As the temperature increased,
the adsorbate molecules acquired greater kinetic energy, increasing their mobility, which
facilitated their dispersion into the pores and enhanced their fixation at the active sites of
the adsorbent.
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Table 3. Parameters of the Langmuir, Freundlich, Temkin and D-R isotherm adsorption models,

considering different temperatures.

Isotherm Temperatures

Parameters 298 K 318 K 323 K 333K
Langmuir model

KL (L mg~1) 0.0085 £ 0.001  0.023 £0.005 0.020 £ 0.005 0.023 = 0.005
gm (mg g~ 1) 58 £6 65t4 81+£5 8 +£5
R? 0.92371 0.9433 0.9401 0.9487
SSE 149 143 233 215
Freundlich model

ff/ff)ng(l Vg™ 43419 11.3+14 135+23 151422
n 0.37 £ 0.07 0.27 £ 0.02 0.26 £+ 0.02 0.25 £ 0.03
R? 0.8310 0.9686 0.9545 0.9620
SSE 329 79 177 159
Temkin II model

qr (mgg~1) 14+3 12+1 15+2 14+1
Kr (Lmg™!) 0.053 £+ 0.03 0.35 £ 0.11 0.28 £ 0.12 0.35+0.14
R? 0.9077 0.9828 0.9681 0.9754
SSE 229 62 172 144
Dubinin—

Radushkevich

model

gm (mg g~ 1) 84 £14 95 +4 117 £ 9 119+ 7
B x 1077 (mol?j~2) 5.68 + 1.01 3.41+0.22 3.34 £0.33 298 +£0.26
E (kj mol™1) 94+17 12.1 £ 0.6 122 +09 13.0 £0.8
R? 0.8998 0.9873 0.9714 0.9776
SSE 248 46 155 131

The adsorption mechanism of methylene blue (MB) onto ZGO can be explained
through a synergistic process involving the following components: (1) electrostatic interac-
tions; (2) -7 interactions; (3) hydrogen bonding; (4) cation exchange; (5) diffusion within
the microporous structure (Figure 10). MB* is electrostatically attracted to the negatively
charged sites of zeolite and the functional groups of GO. Simultaneously, n-7t stacking
interactions occur between the aromatic rings of MB and the graphenic regions of GO,
stabilizing the adsorption. Additionally, the hydroxyl (-OH) and carboxyl (-COO™) groups
of GO form hydrogen bonds with MB, facilitating its immobilization. The ion exchange
capacity of zeolite, involving the exchange of cations (e.g., Na*, K*, Ca?*) with MB* from
the solution, further enhances adsorption. Finally, MB can diffuse into the micropores of
zeolite, where it becomes trapped through physical and chemical interactions, increasing
the stability of the adsorption process. This combination of mechanisms grants ZGO a high
capacity for removing cationic dyes from aqueous solutions.

The mechanism can be represented as follows:

(1) ZGO™ +MB" = ZGO — MB;

(2) m— minteractions : ZGO- — - — MB;

(3) ZGO —OH — — — MB;

(4) MB(solutions) — diffusion — retention in ZGO micropores;
(5) ZGO —Mnt +MB" = ZGO —MB' +Mn*™.
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Figure 10. Illustrative diagram of the adsorption mechanisms of MB* onto ZGO including arrows

identifying distinct material regions (surface and pores).

Mn* is an exchangeable cation present in zeolite (Na*, K*, Ca®*).

It is important to highlight the significant increase in methylene blue (MB) adsorption

when incorporating graphene oxide into the zeolite structure. The contact time analysis

showed that pristine zeolite had an adsorption capacity of qt = 37 mg g~! to 120 min,

which increased with the addition of graphene oxide (Figure 6). This composite material

achieved a maximum adsorption capacity (qm) of 119 mg g~ !, which is a competitive value

compared to those of other adsorbents used in industrial applications (Table 4). Moreover,

this performance underscored the feasibility of using zeolite, a low-cost material, as a

base for developing advanced adsorbents. The combination with graphene oxide may not

only enhance its efficiency but also expand its potential applications in various industrial

processes, reinforcing its promise as an effective and economical adsorbent.

Table 4. Maximum adsorption capacities of ZGO10 in relation to other adsorbents.

Adsorption Capacity

Adsorbents 1 References
(mg g1

Ag-Fe304—polydopamine 45 [57]
Magnetic carboxyl functional 58 58]
nanoporous polymer

Nanosheet-MFI zeolite (NZ) 476 [19]
NaA 65 [21]
Zeolite-A /reduced graphene oxide 667 [22]
Magnetic zeolite 10 [23]
Activated carbon 114 [59]
Citrus hystrix-rGO 276 [60]
Eco-friendly rGO 122 [5]
ASAC 37 [14]
B-cyclodextrin/MGO 94 [51]
ZGO10 119 This work
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3.5. Adsorption Thermodynamics

To analyze the energy variations associated with the adsorption of MB onto ZOG10
nanosheets, thermodynamic parameters such as the standard Gibbs free energy change
(AGY), enthalpy change (AH'), and entropy change (AS°) were calculated using Equation
(14) and the van’t Hoff Equation (15), which expresses the changes of the equilibrium
constant with the temperature [61]

AG? = —RTInK, (14)
dinK.  AH’
aT ~ RT (15)

For proper application of the van’t Hoff equation, the equilibrium constant, Ke, must
be dimensionless. Since Ke represents the thermodynamic equilibrium constant, it is
derived from the distribution coefficient Kd of MB, related to MB distribution between the
adsorbent and the aqueous phase (Figure S3). Using the linear portion of the adsorption
isotherm data at four different temperatures, Kd (L mg ') is determined by fitting the data
to Equation (16) [62]

9o = KqCe (16)

To obtain a dimensionless equilibrium constant suitable for the van’t Hoff equation,
the following conversion (Equation (17)) was employed:

_ KgM, * 1000
Ye

Ke (17)
where Ma represents the molar weight of MB (319.85 g mol~!), and e is the activity
coefficient (dimensionless) of MB in solution [63], which, in the infinite dilution scale, ap-
proaches unity (ve = 1) [64]. Thus, the entropy (AS") and enthalpy (AH?) parameters can be
determined from Equation (17), which is a combination of Equations (14) and (15) [63,65],
by fitting the data of InK, vs. T~! and assuming that the standard enthalpy change is
independent of T in the small temperature interval considered (Figure 11):

K. AS? AH

e

13 -
xll)
£ 12 4
11 | ' | ' | . | . |
3.0 3.1 3.2 3.3 3.4
T 'x1000 (K™

Figure 11. van’t Hoff regression for determining the thermodynamic parameters of MB adsorption
onto ZOG10.
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The adsorption process is classified as physisorption when the AG® values range from 0
to —20 kJmol !, while AG® values between —80 and —400 kJmol ! indicate a chemisorption
process. However, the distinction between these two categories is not entirely precise [5].
The calculated AG® values, ranging from —29.1 to —35.5 kJmol~!, indicated that the
adsorption of MB onto ZGO10 occurred through a hybrid mechanism involving both
physisorption and chemisorption. The spontaneity of this process at different temperatures,
evidenced by the negative AG® values, suggested a strong interaction between the MB ions
and the ZGO10 surface, which was driven by the relatively high entropy change associated
to the adsorption process (Table 5). This could be due to an ion exchange mechanism
between MB and the cations contained in the composite material.

Table 5. Thermodynamic parameters for MB adsorption on ZGO10.

T (K) K4 (L mg-1) AG® (kfmol-1) AH? (kjmol-1) AS?(J mol-1K-1)
298 0.22 4+ 0.02 —29.14+0.2
318 0.78 & 0.09 —326+0.5
+1 228 £6
323 0.95 £ 0.12 —339+05 40
333 1.14 £0.19 —35.54+0.9

On the other hand, the determined value of AH® provided insights into the adsorption
mechanism. Enthalpy values between 2.1 and 20.9 kJmol ! are characteristic of physical
adsorption, dominated by low-energy interactions such as van der Waals forces, whereas
values in the range of 80 to 200 k] mol ! are typical of chemisorption processes, involving
stronger chemical bonds. Therefore, a AH® of 40 kjmol ! suggested that the predominant
mechanism was a physico-chemical adsorption process, where physical and weak chemical
interactions coexist, in line with the previously discussed Gibbs free energy values [61,66].

3.6. Regeneration of ZGO Analysis

The regeneration and stability of zeolite with graphene oxide (ZGO) were evaluated
through successive cycles of desorption and readsorption. Desorption was performed
using 10 mL of 0.1 N HCI under agitation at 200 rpm for 4 h. Subsequently, the material
was separated, washed, and dried before being subjected to readsorption in 10 mL of
a methylene blue (MB) solution at 10 mg L~!, with agitation at 250 rpm for 3 h. This
procedure was repeated for five cycles.

The results indicated that, during the first three cycles, the adsorption capacity of
ZGO remained nearly unchanged, with MB removal slightly decreasing from 98% to 96%.
However, from the fourth cycle onward, a slow decline in efficiency was observed, reaching
84% in the fifth cycle (Figure 54). This trend suggested a gradual loss of adsorption capacity,
possibly due to incomplete desorption, leading to residual MB accumulation within the
zeolite pores, thereby reducing the accessibility of active sites and partially blocking the
adsorption channels. Additionally, repeated exposure to the acidic medium could induce
structural modifications in zeolite, such as cation leaching, and alter the functionalization
of GO, ultimately impairing its long-term performance.

The obtained results demonstrate the remarkable stability and reusability of ZGO
in multiple cycles of MB adsorption. The high removal efficiency observed, even after
several cycles, suggests that ZGO exhibits excellent adsorption properties for MB and
strong potential for application in wastewater treatment systems.

4. Conclusions

This study successfully improved the adsorption capacity of natural zeolite by form-
ing a nanocomposite with graphene oxide. A simple thermal process was used to modify
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the material’s structure, resulting in the nanocomposites ZGO2.5, ZGO5, and ZGO10.
Characterization techniques such as UV-Vis and FTIR spectroscopy, SEM, BET technique,
and EDS confirmed the impregnation of graphene oxide onto zeolite. These analyses
also revealed an increased surface area and enhanced stability, further supported by the
presence of graphene oxide’s characteristic functional groups. The significant increase in
adsorption capacity is attributed to the presence of these functional groups and the n-7t
interactions between the aromatic ring of methylene blue (MB) and the structure of the
zeolite-graphene oxide nanocomposite (ZGO). Adsorption experiments were conducted in
a pH range of 5 to 10, observing that the adsorption capacity increased with temperature. A
maximum adsorption capacity of 119 mg g~! was achieved at 333 K. The adsorption mech-
anism was best described by the pseudo-second-order kinetic model, while the adsorption
isotherms showed the best fit to the Freundlich and D-R models. The thermodynamic
analysis revealed that the adsorption process was physico-chemical in nature, spontaneous,
and endothermic. Thanks to the improved adsorption capacity provided by the combi-
nation of zeolite and graphene oxide, this composite material emerges as a low-cost and
highly efficient alternative for the treatment and removal of dye contaminants in industrial
wastewater. Additionally, the material demonstrated high reusability, maintaining its
adsorption performance for up to five cycles, with minimal capacity loss.
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in ZGO10. Figure S3. Linear fit of adsorption isotherm data section. (a) 298 K; (b) 313 K; (c) 323 K;
(d) 333 K. Figure S4. Reusability study of the solution containing 10 mg of ZG10 in 10 mL of MB
solution (10 mg mL™1), using 10 mL of 0.1 N HCl as the desorption liquid at 298 K for 3 h.
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