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Abstract: This work presents the preparation of carbon (C), MoS, @C, and MoS, @ graphene oxide (GO) composites derived from spent
batteries for the efficient removal of phenol from aqueous solutions. The physicochemical properties of the synthesized materials were
characterized using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and transmission electron microscopy
(TEM). The adsorption performance was systematically evaluated through batch experiments by examining the effects of solution pH,
contact time, initial phenol concentration, and temperature. Among the investigated adsorbents, the MoS, @GO composite exhibited
the highest adsorption performance, achieving a phenol removal efficiency of 96% within 120 min. Kinetic analysis showed that the
adsorption data were best described by the pseudo-second-order model, whereas the equilibrium data were in good agreement with
the Langmuir isotherm, indicating monolayer adsorption on homogeneous active sites. The maximum adsorption capacities of C,
MoS; @C, and MoS, @GO were determined to be 13.05, 16.28, and 20.25 mg/g, respectively. Thermodynamic evaluation revealed that
the adsorption process was exothermic, while the calculated Gibbs free energy values indicated that adsorption was thermodynamically
non-spontaneous under the investigated conditions. In addition, the prepared composites retained satisfactory adsorption performance
during regeneration experiments, demonstrating good reusability. These findings highlight the potential of MoS; @GO synthesized
from spent batteries as an environmentally sustainable and economically attractive adsorbent for the treatment of phenol-contaminated
wastewater.
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1 Introduction

The increasing contamination of water resources has be-
come one of the most serious environmental challenges
due to its adverse impacts on ecosystems and public health.
Rapid industrialization and agricultural activities release
a wide range of organic and inorganic contaminants into
aquatic environments, making efficient wastewater treat-
ment essential before discharge [1,2,3]. Among these pol-
lutants, phenol and its derivatives are frequently detected
in effluents from petroleum refineries, resin manufacturing,
pharmaceutical industries, dye production, plastics, and
other chemical processes. Because of their persistence,
toxicity, and resistance to biodegradation, phenolic com-
pounds are classified as priority pollutants and are subject
to stringent environmental regulations [4,5].

Numerous treatment technologies have been developed
for the removal of phenol from wastewater, including
biological degradation, membrane filtration, catalytic ox-
idation, and advanced oxidation processes [6,7,8]. Al-
though these techniques can effectively reduce phenol
concentrations, many suffer from drawbacks such as high
operational costs, complicated treatment processes, and
limited efficiency under certain operating conditions. Con-
sequently, adsorption has emerged as one of the most
attractive alternatives owing to its high removal efficiency,
operational simplicity, low energy consumption, and en-
vironmental compatibility. Furthermore, adsorption min-
imizes the formation of secondary pollutants and can be
readily implemented in large-scale wastewater treatment
systems [9, 10]. The effectiveness of an adsorption process
is strongly dependent on the physicochemical properties of
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the adsorbent. Therefore, considerable research has been
devoted to developing highly efficient and economically
viable adsorbent materials. Conventional adsorbents such
as activated carbon, clays, zeolites, and metal oxides have
demonstrated excellent adsorption capacities. More re-
cently, advanced materials, including metal-organic frame-
works (MOFs), two-dimensional (2D) materials, metal
phosphides, and biomass-derived carbons, have attracted
increasing attention because of their unique structural
characteristics and enhanced adsorption performance [11,
12,13,14]. However, the relatively high production cost
of many commercial adsorbents limits their widespread
practical application. Consequently, the conversion of
waste materials into value-added adsorbents has become an
attractive and sustainable strategy that simultaneously ad-
dresses waste management and environmental remediation
[15,16].

Spent Eveready carbon dry-cell batteries constitute an
abundant source of carbonaceous materials that can be
recycled into functional adsorbents, thereby promoting
sustainable resource utilization while reducing environ-
mental pollution. Among the emerging adsorbent materials,
molybdenum disulfide (MoS,) has attracted considerable
attention because of its layered structure, abundant exposed
edge sites, and favorable physicochemical properties for
the adsorption of organic pollutants [17]. Nevertheless,
pristine MoS; is prone to aggregation during synthesis,
which reduces the accessibility of its active sites and con-
sequently limits its adsorption performance. To overcome
this limitation, carbonaceous materials and graphene oxide
(GO) have been widely employed as supporting matrices
to improve the dispersion, stability, and accessibility of
MoS, nanosheets. In particular, GO possesses a high
specific surface area and abundant oxygen-containing
functional groups that provide additional adsorption sites
and facilitate hydrogen bonding and 7-7 interactions with
aromatic pollutants such as phenol.

Although MoS,, GO, and MoS,/GO-based adsorbents
have been extensively investigated for wastewater treat-
ment, most reported studies have utilized commercially
available graphite or synthetic carbon materials as the
supporting matrix. In contrast, the utilization of recycled
carbon recovered from spent batteries for the preparation
of MoS,-based composites remains largely unexplored.
Therefore, developing sustainable adsorbents that combine
waste valorization with high adsorption performance repre-
sents an important research challenge. The present study
addresses this gap by employing recycled carbon recovered
from spent Eveready carbon batteries as a precursor for the
synthesis of MoS; @C and MoS, @GO composites through
a hydrothermal method. The novelty of this work lies in
integrating battery waste recycling with the fabrication
of efficient adsorbents and systematically evaluating their
adsorption performance toward phenol through adsorption
kinetics, equilibrium isotherms, thermodynamic analysis,
and regeneration studies. This approach not only offers an
environmentally friendly route for recycling spent batteries
but also demonstrates the potential of recycled carbon-

based MoS, composites as sustainable and cost-effective
adsorbents for wastewater treatment.

The adsorption performance of the prepared materials
toward phenol was systematically evaluated by investi-
gating the effects of solution pH, contact time, adsor-
bent dosage, initial phenol concentration, and temperature.
In addition, adsorption kinetics, equilibrium isotherms,
thermodynamic parameters, and regeneration behavior
were analyzed to provide a comprehensive understanding
of the adsorption process. The results demonstrate that
the recycled MoS, @GO composite exhibits superior ad-
sorption efficiency compared with recycled carbon and
the MoS, @C composite, highlighting its potential as an
efficient and sustainable adsorbent for phenol removal from
contaminated water.

2 Experimental procedures

2.1 Chemicals and Reagents

All chemicals used in this study were of analytical grade
and were used without further purification. Sulfuric acid
(H2S0y4, 95%), ammonium hydroxide (NH4OH, 28% NH3
in H>0), potassium permanganate (KMnOy, 97%), sodium
hydroxide (NaOH, > 98%, anhydrous), sodium nitrate
(NaNO3, > 99.0%), hydrochloric acid (HCI, 37%), hy-
drogen peroxide (H,O,, 30% w/w in water), and absolute
ethanol (C,H50H, > 95%) were purchased from Merck
(Darmstadt, Germany). Phenol (C¢H50H, > 99%) and
ammonium heptamolybdate tetrahydrate (NH4)sMo7024 -
4H,0, 99.98% trace metals basis) were obtained from
Sigma-Aldrich. All solutions and preparations were made
using distilled water.

2.2 Synthesis of adsorbents

Three carbon-based adsorbents were prepared in this study,
namely recycled carbon (C), MoS, @C, and MoS, @GO
composites. GO was synthesized from graphite rods re-
covered from spent Eveready dry-cell batteries using the
modified Hummers method [16]. Prior to dismantling,
the batteries were completely discharged to ensure safe
handling. The graphite rods were manually separated, thor-
oughly washed with deionized water to remove residual
electrolyte and impurities, dried, and ground into a fine
powder.

For GO synthesis, 1.0 g of graphite powder was mixed
with 1.0 g of NaNOs, followed by the gradual addition of
23 mL of concentrated H,SO4 under continuous stirring
in an ice bath. Subsequently, 3.0 g of KMnOy4 was slowly
added while maintaining the temperature below 20 °C.
The mixture was then stirred at 40 °C for 2 h. Afterwards,
50 mL of distilled water was carefully added, followed
by 12 mL of H,O; to terminate the oxidation reaction.
After dilution with 260 mL of distilled water, the product
was collected by centrifugation, repeatedly washed with
distilled water until neutral pH was achieved, and dried at
100 °C for 24 h.

The MoS,; @C and MoS, @GO composites were syn-
thesized by a hydrothermal method adapted from previ-
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ously reported procedures [11,18]. Under hydrothermal
conditions, thiourea gradually decomposes to generate
sulfur-containing species (H,S/S?"), which react with the
molybdenum precursor to form MoS; nanosheets. Simulta-
neously, thiourea facilitates the reduction of Mo(VI) to
Mo(1V), promoting the formation of crystalline MoS,
uniformly on the carbonaceous supports [19].

For the synthesis of the MoS, @C composite, 0.20 g of
recycled carbon was dispersed in 50 mL of distilled water
and stirred for 1 h. An aqueous solution containing 0.26
g of ammonium heptamolybdate dissolved in 30 mL of
distilled water was then added, followed by stirring for
20 min. Subsequently, an aqueous solution containing 2.5
g of thiourea dissolved in 20 mL of distilled water was
introduced, and the mixture was stirred for an additional 1
h. The resulting suspension was transferred into a 100 mL.
Teflon-lined stainless-steel autoclave and heated at 180 °C
for 24 h. After cooling to room temperature, the product
was collected, washed, dried, and denoted as MoS, @C.
The MoS; @GO composite was synthesized using the
same hydrothermal procedure, with GO replacing recycled
carbon as the supporting material. During the hydrothermal
treatment, MoS; nanosheets nucleated and grew directly
on the GO sheets, producing the MoS, @GO composite
through strong interfacial interactions between MoS; and
the oxygen-containing functional groups of GO.

2.3 Characterization

The crystallinity of the materials was investigated by X-
ray diffraction (XRD) using a Bruker D8 advanced X-ray
diffractometer (monochromatic Cu-Ko radiation source,
A=0.15406 nm) running at 40 kV. Functional groups were
identified through Fourier-transform infrared spectroscopy
(FTIR). The FTIR spectrum was recorded in the 4000-
400 cm™! region at a resolution of 2 cm™! on a Nicolet
spectrophotometer (model 6700) by using the KBr pellet
technique. The surface morphology and microstructure
were evaluated using a field emission scanning electron
microscope (SEM, JSM-6610, JEOL, Japan) and a trans-
mission electron microscope (TEM, JEM-2100F, JEOL,
Japan) operating at an accelerating voltage of 200 kV. The
concentration of NH4* ions in solution was measured using
a spectrophotometric method.

2.4 Adsorption Study

Phenol adsorption was carried out in a 300 mL flask under
a magnetic stirrer. Using the batch adsorption method, the
effects of solution pH (2-12), contact time (10-120 min),
adsorbent dosages, and initial phenol concentration (10-
200 mg/L) on the adsorption effectiveness of the produced
C, MoS, @C, and MoS,; @GO materials were examined.
In each experiment, 20 mL of phenol solution was mixed
with 0.05 g of individual materials and agitated for varying
contact times. 0.1 M HCl and 0.1 M NaOH solutions were
used to change the pH of the solution. After the adsorption
experiment, the suspensions were centrifuged to separate
the adsorbent. An aliquot of the clear supernatant was
mixed with FeCls solution to develop the characteristic vio-
let ferric-phenolate complex. After allowing sufficient time

for colour development (e.g., 5-10 min), the absorbance
was measured at 540 nm using a Hitachi UV-2900 UV-Vis
spectrophotometer against a reagent blank. The residual
phenol concentration was determined from a calibration
curve prepared using standard phenol solutions treated
under identical conditions. The removal percentage (R%)
was calculated using Eq. 1 [13]:
Ci—Cy
=~ x 100 (1)

1

R (%)

The amount of phenol adsorbed ge (mg/g) was calculated
from the mass balance equation as given by Eq. 2.
(Ci—Cy)
= ——"=V 2

q W 2)
Where Ci and Cf are the initial and equilibrium phenol
concentrations, respectively. W (g) is the mass of adsorbent,
and V is the phenol volume (L).

2.5 Adsorbents regeneration

Desorption experiments were conducted to evaluate the
reusability of the C, MoS, @C, and MoS, @GO composites.
Briefly, 0.1 g of each adsorbent was mixed with 20 mL
of a 50 mg/L phenol solution and magnetically stirred
for 90 min at 25 °C. After adsorption, the phenol-loaded
adsorbents were separated by centrifugation, dried, and
then immersed in 20 mL of 0.1 M NaOH solution. The
suspension was magnetically stirred for 90 min at 25 °C
to facilitate the adsorption of phenol. No sonication or
external heating was applied during the desorption process.
After desorption, the solution was separated from the
regenerated adsorbent, and the concentration of desorbed
phenol was determined. The regenerated adsorbents were
subsequently washed several times with deionized water
until neutral pH, dried, and reused in the next adsorption
cycle. The adsorption-desorption procedure was repeated
for five consecutive cycles to evaluate the reusability
of the prepared adsorbents. All adsorption experiments
were performed in triplicate under identical experimental
conditions.

3 Results And Discussion

3.1 Characterization of the adsorbents

The XRD patterns of the prepared materials are presented
in Fig. 1. The diffraction pattern of the recycled car-
bon (Fig. 1a) exhibits diffraction peaks at 20 values of
18.45°, 20.85°, 23.56°, 40.19°, 42.71°, 53.24°, 72.51°,
and 77.43°, corresponding to the (111), (200), (210),
(321), (400), (430), (540), and (542) crystallographic
planes, respectively. The XRD pattern of the MoS, @C
composite (Fig. 1b) displays diffraction peaks at 20 =
5.73°,18.21°, 23.50°, 32.70°, 46.30°, and 56.00°, which
can be indexed to the (111), (333), (550), (102), (006),
and (110) planes of hexagonal 2H-MoS, (JCPDS No. 37-
1492) [20]. The observed broad diffraction peaks indicate
the nanocrystalline nature of the deposited MoS, and
suggest the formation of few-layer MoS, nanosheets on the
recycled carbon support. No additional diffraction peaks
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corresponding to impurity phases were detected, indicating
the successful formation of the MoS; phase.

For the MoS,; @GO composite (Fig. 1c), diffraction
peaks were observed at 20 = 20.58°, 38.13°, 46.80°,
60.19°, 64.98°, and 76.71°, which are indexed to the (111),
(103), (123), (224), (333), and (442) planes, respectively.
Compared with the MoS, @C composite, several MoS;
diffraction peaks exhibit lower intensity or become less
distinguishable. This behavior is attributed to the high
dispersion of few-layer MoS, on the GO sheets, together
with the relatively low MoS, loading and reduced crystal-
lite size, which decrease the diffraction intensity. These
observations are consistent with the formation of well-
dispersed MoS; nanosheets on the GO support without
evidence of undesirable crystalline impurity phases.

_|® Cl=s| M MoS,@C
: EM‘[ o

0 10 20 30 40 S0 60 70 80 O 10 20 30 40 50 60 70 80
2-theta (degree) 2-theta (degree)

(c) MoS,@GO

Intensity (a. u)

0 10 20 30 40 50 60 70 80
2-theta (degree)

Fig. 1: XRD of (a) C, (b) MoS,@C, and (c) MoS, @GO
composites.

The FTIR spectra of the prepared materials are pre-
sented in Fig. 2. The spectrum of C (Fig. 2a) exhibits
a broad absorption band centered at 3500 cm’!, which
is attributed to the O—H stretching vibration of hydroxyl
groups and adsorbed water molecules. The bands observed
at 2919-3000 cm™! correspond to the stretching vibrations
of aliphatic C—H bonds.

For the MoS, @C composite (Fig. 2b), the absorption
band at 1379 cm™! is assigned to aliphatic C—H bending
vibrations, while the bands between 1399 and 1022 cm’!
are attributed to C-O stretching vibrations of oxygen-
containing surface functional groups, including carboxyl
species. These oxygen-containing functionalities are likely
formed through the partial oxidation of the recycled carbon
during battery use, sample purification, and the hydrother-
mal synthesis process. Such surface groups are commonly
present on defect-rich carbon materials and promote the an-
choring of MoS; nanoparticles while providing additional
adsorption sites for phenol molecules. The characteristic
absorption bands observed at 2100, 1650, 1390, and 1140
cm’! are consistent with those reported for MoS,.

The FTIR spectrum of the MoS, @GO composite
(Fig. 2c) displays the characteristic functional groups of
GO and MoS,. A broad absorption band at 3413 cm’!
is assigned to the O—H stretching vibration of hydroxyl
groups and adsorbed water molecules. The band at 1716
cm™! corresponds to the stretching vibration of carbonyl
(C=0) groups, while the peak at 1576 cm™! is attributed
to the skeletal vibration of graphitic C=C bonds. The
bands between 1399 and 1022 cm! are assigned to C—
O stretching vibrations of oxygen-containing functional
groups. These surface functional groups, together with the
graphitic carbon framework and MoS, active sites, are
expected to enhance phenol adsorption through hydrogen
bonding, 7-7 interactions and van der Waals interactions.
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Fig. 2: FTIR of (a) C, (b) MoS, @C, and (c) MoS, @GO
composites.

The morphology of the prepared MoS,@C and
MoS, @GO composite materials was investigated using
TEM, and the images are presented in Fig. 3. The TEM
images reveal that both composites exhibit irregular and
aggregated morphologies, which are commonly observed
for hydrothermally synthesized carbon-based and MoS,-
based nanomaterials. For the MoS, @C composite, the
TEM images before phenol adsorption (Fig. 3a) display
large, aggregated, non-uniform particles composed of
smaller primary units clustered together to form irregular
agglomerates. In contrast, after phenol adsorption (Fig.
3b), the composite exhibits a more sheet-like or flake-like
morphology, indicating surface coverage by adsorbed
phenol and possible structural rearrangement. Similarly,
the MoS, @GO composite before adsorption (Fig. 3c)
shows compact aggregates with limited exfoliation. After
phenol adsorption (Fig. 3d), the structure appears more
transparent, suggesting enhanced dispersion and strong
interfacial interaction between phenol molecules and
the layered composite. The observed morphological
changes after adsorption further support the successful
interaction of phenol with the active surface of the prepared
composites.
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(a)

N 2 o

Fig. 3: TEM images of the synthesized MoS,@C and
MoS,; @GO composites before and after phenol adsorption:
(a) MoS; @C before adsorption, (b) MoS, @C after adsorp-
tion, (c) MoS; @GO before adsorption, and (d) MoS, @GO
after adsorption.

3.2 Adsorption Studies

3.2.1 Effect of pH

The effect of pH on phenol adsorption by C, MoS, @C,
and MoS, @GO composites was investigated by varying
the solution pH from 2 to 10 using a phenol concentration
of 50 mg/L at 25 oC. As shown in Fig. 4, the highest
phenol removal efficiency was achieved under strongly
acidic conditions, and the adsorption efficiency gradually
decreased with increasing pH. This behavior is attributed to
the combined effects of phenol speciation and the surface
chemistry of the adsorbents. At pH values below the
pKa of phenol (/9.9), phenol exists predominantly in
its neutral molecular form (C¢HsOH), which facilitates
adsorption through 7-7 interactions between the aromatic
ring of phenol and the carbonaceous surface, together with
hydrogen bonding involving oxygen-containing surface
functional groups. Under acidic conditions, protonation of
the adsorbent surface also reduces the density of negatively
charged surface sites, thereby favoring these intermolec-
ular interactions. As the pH increases, phenol is progres-
sively deprotonated to phenolate ions (CgHsO™), while
the adsorbent surface becomes increasingly negatively
charged due to deprotonation of its functional groups
[21]. Consequently, electrostatic repulsion between the
negatively charged surface and phenolate ions, together
with the stronger hydration of phenolate species, reduces
the adsorption efficiency. Since the natural pH of the phenol
solution was approximately 6, this pH was selected for all
subsequent adsorption experiments.

3.2.2 Effect of initial phenol concentration

The effect of phenol concentration on the adsorption
process was evaluated by varying the initial concentration
in the range of 10-200 mg/L at 25 oC. Fig. 5a illustrates

& MoS,@GO
g‘?‘* 100 ® NMoS,@C
~ *C
= 80
z
E 60
L 3
~ 40
]
~9
20 A

Fig. 4: Effect of pH on the removal efficiency. [m= 0.05 g,
V =20 mL; Co =50 mg/L, t = 25 oC].

how the three adsorbent materials (C, MoS,@C, and
MoS, @GO) reduce phenol removal efficiency when the
initial phenol concentration rises. Such reduced removal
effectiveness can be explained by the fact that the number
of adsorbent sites was fewer, producing a low surface area
for adsorption and thus decreasing the adsorption efficiency.
For C, MoS, @C, and MoS,; @GO composites, the highest
removal efficiency values were 59.31%, 88.73%, and
98.53%, respectively.

S
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Fig. 5: Effect of (a) phenol concentration and (b) contact
time on the removal efficiency. [m= 0.05 g, V = 20 mL,;
pH=6, Co =50 mg/L, t =25 oC].

3.2.3 Effect of contact time

The influence of contact time on phenol adsorption was
investigated, and the results are presented in Fig. 5b. The
adsorption efficiency of phenol increased rapidly during
the initial stage of the process due to the abundance of
readily accessible active sites on the adsorbent surface.
As the contact time increased, phenol molecules progres-
sively diffused to these active sites and were adsorbed
mainly through 7-7 interactions between the aromatic
ring of phenol and the carbonaceous surface, together
with hydrogen bonding and hydrophobic interactions. As
adsorption proceeded, the number of available active sites
gradually decreased because they became occupied by
phenol molecules, resulting in a slower adsorption rate
until equilibrium was reached. The MoS, @ GO composite
exhibited the shortest equilibrium time among the inves-
tigated adsorbents, indicating faster adsorption kinetics,
which can be attributed to its higher accessibility of active

© 2026 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

188 %NSI’)

M. Ali et al.: Recycling Spent Batteries into High-Efficiency MoS...

sites and improved dispersion of the MoS; nanosheets on
the GO support.

3.2.4 Effect of temperature

Fig. 6a illustrates the effect of temperature on phenol
removal by our prepared samples. The experiments were
performed by mixing 0.05 g of each adsorbent with 20 mL
of phenol solution, with an initial concentration fixed at
50 mg/L. Then, the mixtures were kept under a magnetic
stirrer for 90 min at a temperature range of 25 oC to 85
oC. As can be seen from Fig. 6a, the removal efficiency de-
creased with increasing temperature, which indicates that
the adsorption of phenol is spontaneous and exothermic
[22]. The partial loss of phenol molecules occurs due to
the weakening of the physical link between the adsorbent
and adsorbate with increasing temperature.

100 120
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%
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=
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Fig. 6: Effect of (a) temperature and (b) amount of
adsorbent on the removal efficiency. [pH=6, m= 0.05 g,
V =20 mL; Co =50 mg/L, temp: 25 oC].

3.2.5 Effect of adsorbent dose

Fig. 6b illustrates the effect of adsorbent dosage (0.01—
0.11 g/20 mL) on the removal of phenol by C, MoS, @C,
and MoS; @GO. For all adsorbents, the removal efficiency
increased with increasing dosage due to the greater number
of available adsorption sites and larger effective surface
area. The enhancement was most pronounced between
0.01 and 0.05 g, where the removal efficiency increased
rapidly. Beyond 0.05 g, only a slight increase was observed,
indicating that most phenol molecules had already been
adsorbed and that additional adsorption sites remained
underutilized because of the limited phenol concentration.
Throughout the investigated dosage range, MoS, @ GO
exhibited the highest removal efficiency, reaching approxi-
mately 92% at 0.11 g, followed by MoS, @C (~=80%) and
C (=64%). The superior performance of MoS; @GO is
attributed to the synergistic effect of GO and well-dispersed
MoS; nanosheets, which provide a larger specific surface
area and a higher density of accessible active sites for
phenol adsorption. Considering both adsorption efficiency
and adsorbent consumption, 0.05 g was selected as the
optimum dosage for subsequent experiments.

3.2.6 Adsorption kinetics

Several kinetic models, specifically pseudo-first order and
pseudo-second order models were used to investigate the
kinetic behavior of phenol adsorption by C, MoS,; @C, and
MoS, @GO composites. The pseudo-first order (Eq. 3) and
pseudo-second order (Eq. 4) mathematical expressions are

as follows [23,24]:

In(g. —q;) = Ing. — kit 3)
t t 1
—=—+4+— ()
4 qe kg2

Where, q. (mg/g) is the adsorption capacity at equilib-
rium, ki (min™') and k; (g/(mg-min)) are the adsorption
rate constants for pseudo-first order and pseudo-second
order, respectively. t (min) is the contact time. The kinetic
parameters presented in Table 1 indicate that the pseudo-
second-order kinetic model provides a better fit to the
experimental data for phenol adsorption onto the prepared
composite materials, as evidenced by the higher correlation
coefficient (R?) values compared with those of the pseudo-
first-order model (Fig. 7). This result suggests that the
pseudo-second-order model more accurately describes the
adsorption kinetics under the investigated experimental
conditions. However, the kinetic fitting alone is insuffi-
cient to conclusively establish the adsorption mechanism.
Therefore, the adsorption process is more appropriately
attributed to the combined effects of 7-7 interactions,
hydrogen bonding, and hydrophobic interactions between
phenol molecules and the adsorbent surface, as discussed
in the pH study, rather than solely to a chemisorption
mechanism involving electron exchange [25,26].
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Fig. 7: Linearized plots of the pseudo-first-order (a)
and pseudo-second-order (b) kinetic models for phenol
adsorption onto C, MoS; @C, and MoS, @GO composites.

3.2.7 Adsorption isotherms

The adsorption isotherm is essential for explaining
adsorbent-adsorbate interactions [24]. The Freundlich
and Langmuir isotherm models are the most widely used
isotherms to describe solid-liquid adsorption systems. The
Langmuir isotherm model explains the adsorption of a
single molecular layer onto a surface that contains a finite
number of active sites [24,27]. This model assumes that
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each site on the adsorbent surface has the same energy and
that there are no interactions between adsorbed molecules.
The Langmuir isotherm can be represented in its linear
form by Eq. 5 [28].

c, G, 1
Co ey s)
qe qm  Kirgm

Where C. (mg/L) is the equilibrium concentration, gmax
(mg/g) is the maximum adsorbate amount, and Ky, (L/mg)
is the Langmuir constant related to the adsorption affinity
of the binding sites. The Freundlich isotherm model effec-
tively characterizes adsorption on heterogeneous surfaces
that possess a variety of active sites with different energy
levels [29]. It is based on the assumption that the amount
of phenol adsorbed onto the surface is proportional to the
equilibrium concentration of the solute in the solution,
raised to a power denoted by the Freundlich exponent (n).
The Freundlich isotherm is mathematically expressed by
Eq. 6.

1
logg. = log Ky + - logC, (6)

Where ge and Ce are the same as those mentioned above in
the Langmuir equation, K¢ (L/g) and n are the Freundlich
constants, which represent the adsorption capacity and
intensity, respectively. The linear isotherm curves are
shown in Fig. 8, and their parameters are listed in Table 2.
As shown in Fig. 8, the adsorption of phenol best fits the
Langmuir model (R > 0.99), indicating the formation of a
monolayer of phenol. In addition, the Ky, values were in the
range of 0.001-0.036, which implies favourable adsorption
of phenol under the optimized parameters.

3.2.8 Thermodynamic analysis

The thermodynamic behaviors for the adsorption of phenol
over the prepared materials were investigated. Gibbs free
energy, AGo (kJ/mol), enthalpy change, AHo (kJ/mol),
and entropy change, ASo (J/(mol-K)) were calculated using
Eqgs. 7-9 [22].

AG®° = —RT K, (7)

AG® = AH° —TAS° (8)
AH® AS®

Ink, = — 9

nK; [RT ] +[ > ] ©)

Where k., is the distribution coefficient for adsorption, T is
the absolute temperature, and R is the gas constant (8.314
J/(mol-K)). From the Van’t Hoff plots (Fig. 9), the values
of AHo and ASo were determined from the slope and inter-
cept, respectively, while A Go was calculated using the ther-
modynamic relationship. As summarized in Table 3, the
adsorption of phenol onto C, MoS, @C, and MoS,; @GO
is exothermic, as indicated by the negative AHo values (-
1.233 to -1.873 klJ/mol). The relatively low magnitudes of
AHo (<40 kJ/mol) suggest that the adsorption process
is predominantly governed by physisorption [30]. The
negative ASo values (-2.251 to -4.099 J/(mol-K)) indicate
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Fig. 8: Linear plots of the Langmuir (a) and Freundlich (b)
adsorption isotherm models for phenol adsorption onto C,
MoS,; @C, and MoS, @GO composites.

a decrease in randomness at the solid-liquid interface due
to the ordered arrangement of phenol molecules on the
adsorbent surfaces [31]. The positive AGo values (0.669-
1.466 kJ/mol) at all investigated temperatures indicate
that the adsorption process is thermodynamically non-
spontaneous under the studied conditions [32]. Moreover,
the increase in AGo with increasing temperature sug-
gests that adsorption becomes less thermodynamically
favorable at higher temperatures, which is consistent with
the exothermic nature of the adsorption process. Among
the investigated adsorbents, MoS, @GO exhibited the
highest AGo and the most negative ASo, indicating greater
molecular ordering at the adsorbent surface.

3.2.9 The reusability of adsorbents

The reversibility of phenol adsorption and the regeneration
performance of C, MoS,; @C, and MoS, @GO adsorbents
were evaluated using 0.1 M NaOH. As shown in Fig. 10,
only a slight decline in removal efficiency was observed
over five successive cycles, with MoS, @GO retaining over
90% of its initial capacity, MoS, @C about 80%, and C
around 70%. The observed decrease is mainly due to the
conversion of phenol into water-soluble sodium phenoxide
upon interaction with NaOH, which promotes effective des-
orption. The regeneration efficiency of NaOH arises from
three synergistic mechanisms: (1) hydrolysis of oxygenated
surface groups and interaction with the hydroxyl group of
phenol, (2) increased solubility of phenol in alkaline media,
and (3) electrostatic repulsion between deprotonated acidic
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Fig. 9: Van’t Hoff plots of phenol adsorption onto phenol
over C, MoS,; @C, and MoS; @GO composites.

groups on the adsorbent surface and adsorbed phenol
[33]. These results demonstrate the excellent reusability
and stability of the prepared adsorbents, underscoring
their promise for sustainable and cost-effective wastewater
treatment [33,34].

100
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Fig. 10: Regeneration of C, MoS,; @C, and MoS, @GO
composites.

3.2.10 Proposed adsorption mechanism

The adsorption of phenol onto the prepared adsorbents is
governed by the combined effect of multiple non-covalent
interactions. Structural characterization confirmed that
the MoS, @GO composite possesses abundant oxygen-
containing functional groups, graphitic domains, and well-
dispersed MoS, nanosheets, providing numerous active
adsorption sites. At the natural solution pH (x6), phenol
exists predominantly in its neutral form (pKa = 9.9),
favoring adsorption through 7-7 interactions, hydrogen
bonding, hydrophobic interactions, and weak van der
Waals forces. The superior performance of the MoS; @ GO
composite is attributed to the synergistic effect of GO
and MoS,, where GO provides a high surface area and
abundant functional groups while preventing the aggrega-
tion of MoS, nanosheets. The pH-dependent adsorption
behavior, together with the kinetic and thermodynamic

results, supports this mechanism. Although the pseudo-
second-order model best described the adsorption kinetics,
it does not by itself imply chemisorption. Instead, the
relatively low A Ho values indicate that phenol adsorption
is predominantly a physicochemical process governed
mainly by physical interactions.

3.2.11 Comparison of phenol adsorption capacities

Table 4 compares the maximum adsorption capacity of the
prepared MoS,; @GO composite with those of previously
reported adsorbents for phenol removal. The prepared ad-
sorbents exhibited maximum adsorption capacities ranging
from 13.05 to 20.25 mg/g, with the MoS, @ GO composite
showing the highest capacity (20.25 mg/g). This value is
higher than those reported for several conventional and
low-cost adsorbents, including GO-cellulose composites
(6.20 mg/g), magnetic palm kernel biochar (10.84 mg/g),
activated layered double hydroxide clay (12.00 mg/g),
and natural clinoptilolite (7.98 mg/g). Recent studies have
demonstrated that advanced graphene-based and function-
alized carbon nanocomposites can achieve considerably
higher adsorption capacities through enhanced surface area,
tailored pore structure, and abundant oxygen-containing
functional groups that promote 7-7 interactions, hydro-
gen bonding, and hydrophobic interactions with phenol
molecules. Reported adsorption capacities include approx-
imately 20.2 mg/g for GO, 23.47 mg/g for GO-coated
biochar, 84 mg/g for poly(acrylic acid)-modified GO (GO-
PAA), and over 190 mg/g for magnetic GO-based compos-
ites under optimized experimental conditions. Although the
adsorption capacity of the present MoS,; @ GO composite
is lower than that of highly engineered graphene-based
adsorbents, it remains competitive with many conventional
materials while offering the advantages of a simple synthe-
sis route, good structural stability, and improved surface
functionality resulting from the synergistic combination
of MoS; and GO. The incorporation of GO enhances
the dispersion of MoS; nanosheets and increases the
availability of active adsorption sites, facilitating phenol
adsorption through 7-7 interactions, hydrogen bonding,
and hydrophobic interactions. Therefore, the developed
MoS,; @GO composite represents a promising adsorbent
for phenol removal and compares favorably with many
reported adsorbents while providing a cost-effective and
facile alternative for wastewater treatment applications.

Table 1: Kinetic model parameters for phenol adsorption
onto C, MoS, @C, and MoS,; @GO composites.

Sample Pseudo-first-order Pseudo-second-order

Qe (mg/y) ky(min™")  R*  qe(mglp) kp(¢/(mg-min))  R?
C 0.46 0.00005 0.9808 10.45 0.0304 0.9990
MoS,@C 5.97 0.00015 0.7075 30.21 0.0003 0.9490
MoS, @GO 2.87 0.00017 0.8519 23.98 0.0012 0.9940
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Table 2: Parameters of the Langmuir and Freundlich
adsorption isotherm models for phenol adsorption onto
C, MoS, @C, and MoS,; @GO composites.

Sample Langmuir model Freundlich model

Qmax (mg/g) K, (L/mg) R? 1/n  K; (mg/g)(L/mg)l/” R?
C 13.05 0.035 0.995 0.577 1.196 0.961
MoS,@C 16.28 0.328 0.985 0.382 3.419 0.979
MoS, @GO 20.25 1.860 0.997 0315 6.841 0.981

Table 3: Thermodynamic parameters for the adsorption of
phenol.

AHo ASo
Adsorbents KJ/mol  J/(mol.K)

AGo (kJ/mol)
298 313 328 343 358
C -1.233 -2.251 0.669 0.703 0.737 0.771  0.805
MoS,@C -1.784 -3.720 1.108 1.162 1.218 1.274 1.330

MoS, @GO -1.873 -4.099 1219  1.281 1342 1.404 1.466

Table 4: Comparison of phenol adsorption capacities

(6] max)~
Adsorbent Qmax (Mg/g) Ref.
MoS, @GO composite 20.25 This work
GO-cellulose composite 6.20 [35]
Magnetic palm kernel biochar 10.84 [36]
Activated layered double hydroxide clay 12.00 [37]
Clinoptilolite (natural zeolite) 7.98 [38]
Polyacrylic acid-modified graphene oxide (GO-PAA) 84.03 [39]
N-doped graphene oxide aerogel (NGOA) 108.19 [40]

4 Conclusion

The study confirmed that MoS; @GO is an effective adsor-
bent for phenol, achieving 93% removal efficiency. Batch
experiments assessing factors such as contact time, adsor-
bent dosage, initial phenol concentration, and temperature
significantly influenced the adsorption process. Isotherm
analysis showed strong linear correlations for both Lang-
muir and Freundlich models, indicating that phenol ad-
sorption onto MoS,; @GO likely involve both monolayer
coverage and heterogeneous surface interactions. Adsorp-
tion isotherms verified that the Langmuir isotherm model
governed the adsorption of phenol onto C, MoS,@C,
and MoS; @GO composites, with an estimated monolayer
capacity of 13.05, 16.28, and 20.25 mg/g, respectively. The
kinetic studies demonstrated that the adsorption process
of phenol onto C, MoS,;@C, and MoS, @GO compos-
ites followed the pseudo-second-order model, suggesting
chemisorption. Thermodynamic analysis revealed that the
adsorption of phenol was spontaneous and feasible, as
indicated by the negative enthalpy change (AHo), and the
process was exothermic. Overall, the findings support the
use of MoS, @GO as a highly efficient, eco-friendly, and
low-cost alternative to conventional methods for phenol
removal from wastewater.
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