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ABSTRACT: The increasing presence of recalcitrant organic pollutants in water bodies
has driven the development of advanced treatment technologies capable of promoting
effective degradation beyond conventional processes. In this study, a graphene oxide
(GO)-titanium dioxide (TiO,) composite was synthesized via a chemical route and
evaluated for photocatalytic degradation of methylene blue under UVC irradiation.
Graphene oxide was produced by electrochemical exfoliation of graphite, followed by
incorporation into TiO, at S wt.% to form the TiO,:GOS composite. Structural and
morphological characterizations by X-ray diffraction, scanning electron microscopy,
energy-dispersive X-ray spectroscopy, and FTIR confirmed the formation of anatase-
phase TiO, and successful integration of GO without secondary phase formation.
Photocatalytic performance was assessed by monitoring dye concentration decay over
S h of irradiation. The TiO,:GOS composite achieved more than 70% methylene blue
removal, reaching a final C/C, value of 0.28, compared to 0.29 for pure TiO, under
identical conditions. The degradation followed pseudo-first-order kinetics, with apparent
rate constants of 2.302 x 10" h” for the composite and 2.241 x 10" h™ for pure TiO,,
corresponding to a 2.7% increase in reaction rate. Enhanced initial adsorption and slightly
faster absorbance decay were observed for the composite throughout the irradiation
period. Although the performance enhancement is moderate, the incorporation of
graphene oxide improved charge separation and adsorption behavior without requiring
high-temperature calcination. These findings demonstrate that GO modification
represents a viable strategy to enhance TiO, photocatalytic activity under energy-
efficient synthesis conditions, highlighting its potential application in advanced water and
wastewater treatment systems.

Keywords: Graphene oxide-TiO, composite, Photocatalytic degradation, Advanced
oxidation processes, Organic pollutants, Environmental remediationy

1. INTRODUCTION

Population growth, accelerated urbanization, and the intensification of industrial
activities have collectively contributed to a substantial increase in effluent generation
and the contamination of water bodies by diverse organic pollutants, including dyes,
pharmaceuticals, pesticides, and aromatic compounds [ 1]. These anthropogenic pres-
sures pose significant threats to aquatic ecosystems and human health.

In this context, water treatment plants (WTPs) and wastewater treatment plants
(WWTPs) play a critical role in safeguarding public health and environmental integ-
rity. These facilities are designed to remove physical, chemical, and biological con-
taminants from water before it is released for human consumption or discharged into
natural water bodies [2, 3]. The effectiveness of these treatment systems is therefore
essential for maintaining water quality standards and preventing the propagation of
waterborne pollutants.

Despite the efficiency of conventional processes employed in water and waste-
water treatment plants, such as coagulation, flocculation, sedimentation, filtration,
and biological treatments, many recalcitrant organic pollutants are not completely
removed by these technologies [4]. According to Morin et al. (2021) [1], recent
literature widely confirms that urbanization, industrialization, and intensive agri-
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culture significantly increase the load of emerging organic con-
taminants in water bodies, and conventional treatment plants were
not designed to fully remove them. Persistent organic compounds,
including synthetic dyes and emerging micropollutants, may pass
through treatment systems and reach receiving water bodies, caus-
ing environmental and ecotoxicological impacts. This limitation
has driven the search for complementary or advanced treatment
technologies capable of promoting the effective degradation of
these contaminants.

Within this scenario, advanced oxidation processes stand out
as promising alternatives for application in water and wastewater
treatment plants, as they enable the degradation of organic pol-
lutants through the generation of highly reactive species, such as
hydroxyl radicals. Among advanced oxidation processes, heteroge-
neous photocatalysis has received increasing attention due to its
efficiency, environmental feasibility, and potential for integration
into existing treatment systems. Heterogeneous photocatalysis is
considered attractive because of its high efficiency in degrading
a wide range of contaminants, its environmental viability, since
it does not require continuous addition of chemical reagents and
can employ solar energy, and its potential integration into exist-
ing treatment systems, where it can operate as a complementary
step or as a final polishing stage in water and wastewater treatment
plants [S, 6].

Titanium dioxide (TiO,) is widely studied as a photocatalyst
for environmental applications due to its chemical stability, low
cost, and non-toxicity. However, inherent limitations of TiO,,
such as the rapid recombination of electron-hole pairs and low
absorption in the visible region, reduce its efficiency in degrading
organic pollutants present in treated water and wastewater [7].
To overcome these limitations, the formation of composites with
carbon-based materials, such as graphene oxide, has been inves-
tigated. Graphene oxide exhibits a high specific surface area and
oxygen-containing functional groups that favor the adsorption of
organic contaminants, in addition to contributing to improved
separation of photogenerated charges, which is an essential aspect
for environmental applications in water and wastewater treatment
systems [8].

The scope of this work focuses on the development of a
graphene oxide and TiO, composite obtained via chemical syn-
thesis, with emphasis on its application in the photocatalytic
degradation of organic pollutants, aiming at potential use as a
complementary technology in water and wastewater treatment
plants [9]. Graphene oxide is obtained from commercial graphite
using a chemical method adapted from Hummers, while TiO, is
synthesized under controlled conditions, seeking a material with
structural and morphological properties suitable for environmen-
tal treatment processes [10, 11]. The efficiency of the composite
is evaluated through the degradation of the methylene blue dye,
used as a model compound to simulate organic pollutants present
in liquid effluents. The research problem guiding this study con-
sists of verifying whether a graphene oxide and TiO, composite
obtained through a conventional chemical route exhibits adequate
photocatalytic performance for the degradation of organic pollut-
ants resistant to conventional treatments employed in water and
wastewater treatment plants. The analysis of this performance is
essential to assess the feasibility of the material as an alternative or
complementary step in existing treatment systems. The overall ob-
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jective of this work is to develop and evaluate a graphene oxide and
TiO, composite with potential application in water and wastewater
treatment plants, aiming at the photocatalytic degradation of organ-
ic pollutants. The relevance of this study lies in its contribution to
the development of photocatalytic materials applicable to advanced
water and wastewater treatment, especially as a complementary
technology in water and wastewater treatment plants.

2. METHODOLOGY

2.1. Materials. GO was synthesized by electrochemical ex-
foliation of graphite using a two-electrode cell, following the pro-
cedure reported by Pereira et al. (2023) [12]. The experiment was
carried out using two commercial graphite electrodes with dimen-
sions of 7.0 mm X 7.0 mm, connected to the positive and negative
terminals of an Instrutherm FA 3005 power supply.

2.2. Synthesis. The electrodes were arranged in parallel and
partially immersed in a 1 mol L sulfuric acid (H,SO,) solution,
prepared using Neon reagent with purity between 95% and 98%.
This electrolytic medium was used both for GO synthesis and for
the preparation of TiO,:GO composites.

After the addition of 120 mL of the H,SO, solution, an ini-
tial potential difference of 3 V was applied for 10 minutes. Subse-
quently, voltages of 7V, 9V, and 11 V were applied sequentially,
each for a period of 5 minutes. At the end of the electrochemical
process, the obtained material was subjected to successive wash-
ing steps with distilled water by filtration. After each washing step,
the pH was monitored using indicator strips until a neutral pH was
reached. The resulting material was then dried in an oven at 100
°C for 24 hours. For the preparation of TiO,: GO composites, 2
mL of titanium tetrabutoxide (Ti(OC4H,),, Sigma Aldrich, purity >
99%) was added to three separate beakers. Subsequently, masses of
0.000 g, 0.050 g, and 0.100 g of graphene oxide were incorporated,
corresponding to 0% and 5% by mass of GO, respectively. The com-
position containing 5% GO (TiO,:GOS) was defined based on the
mass ratio between graphene oxide and TiO,, corresponding to 5
wt.% of GO in relation to TiO,.

To each system, 30 mL of ethanol (ethyl alcohol, purity >
99.5%, Sigma Aldrich) was added. Titanium tetrabutoxide was
used as the precursor of titanium dioxide (TiO,), responsible for
the formation of the inorganic matrix of the composites. Ethanol
acted as both a solvent and a hydrolysis rate-controlling agent, fa-
voring the formation of more homogeneous mixtures. Graphene
oxide, incorporated in different proportions, was intended to
evaluate its influence on the structure and properties of the com-
posites, considering the presence of oxygen-containing functional
groups on its surface, which favor interactions with TiO,.

After solution preparation, the three samples were subjected to
an evaporation process to remove the solvent and promote TiO,
formation. For this purpose, the contents were transferred to a
round-bottom flask containing small glass beads, aiming to ensure
homogeneous heat distribution during heating. The system consist-
ed of a flask coupled to a heating mantle, a condenser, and a Dean
Stark apparatus with two joints, operating at the boiling temper-
ature of ethanol. After completion of the synthesis process, the
composites were filtered with distilled water using a funnel and
filter paper and subsequently allowed to dry. After this step, the
samples were stored in 1.5 mL microtubes for subsequent charac-
terization

J.Appl.Mat. and Tech. 2026, 7(2), 74-84


https://jamt.ejournal.unri.ac.id/index.php/jamt

Applied Materials and Technology

Jamt.ejournal.unri.ac.id -

Step 1: Graphene Oxide (GO) Synthesis Step 2: Ti0,2GO Composite Preparation Step 3: Characterization

Graphite Electrodes
+ Ethanol

R

GO Addition

| = Electrochemical (1 mol.‘L1 H 501)

[ m Filtration & Washing (pH Neulrulj}

= Drying at 100°C(24 h)

n0g
gﬁ : 0059
= Applied Potentials: =019
=3V =1lg
=7V s
=9V = ;
=11V { Evaporation & Hydrolysis ]
[ u Electrochemical Expliation
I -
H

¥
{ Graphene Oxide (GO) |

|
Tltanuum Tetrahutcuude = 1

XRD Phase Analysis }

-

SEM/EDS

Morphology & Composition

FTIR

Functional Groups

UV-Vis
Photocatalytic Tests

Figure 1. The diagram provides a clear and reproducible overview of the experimental procedure.

2.3. Characterization. Structural analysis of the materials
was performed by X-ray diffraction (XRD) using a high-resolution
X’Pert PRO diffractometer from PANalytical. The diffraction pat-
terns were obtained using Cu Ka radiation with A = 1.5406 A, in
the 26 range from 5° to 90°, with an angular step of 0.02° and an
acquisition time of 2 seconds per step.

Morphological characterization of the materials was carried
out by scanning electron microscopy (SEM) using a Carl Zeiss
EVO MA 15 microscope. Elemental chemical composition was
evaluated by energy dispersive X-ray spectroscopy (EDS) coupled
to the SEM system, allowing identification and distribution of the
constituent elements of the analyzed materials.

Fourier transform infrared spectroscopy (FTIR) was em-
ployed to identify the functional groups present in the samples.
The analyses were performed using a PerkinElmer Spectrum 65
FTIR spectrometer operating in the wavenumber range from 4000
to 600 cm™.

The optical properties of the composites were investigated by
ultraviolet visible spectroscopy (UV-Vis). The analyses were con-
ducted using a Kesvi UV Vis spectrophotometer, model K37, op-
erating in the spectral range from 190 to 1100 nm.

Figure 1 presents a schematic diagram illustrating the com-
plete preparation process of the photocatalyst, including graphene
oxide (GO) synthesis, TiO, formation, and TiO,:GO compos-
ite production. The diagram was designed to provide a clear and
reproducible overview of the experimental procedure. The sche-
matic representation summarizes all critical synthesis parameters
and processing steps, facilitating experimental reproducibility and
providing a clear visualization of the methodology adopted in this
study.

Using the absorbance curves and the linear fit obtained from
reference standards, the methylene blue (MB) concentration in
solution was quantitatively determined. This quantification ena-
bled the evaluation of two key parameters for all reactors: degra-
dation efficiency (DE) and degradation kinetics (k) [13,14]. Deg-
radation efficiency (DE) quantifies the fraction of contaminant
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removed from the solution during the degradation process, where
higher DE values indicate a more effective process. Degradation
efficiency was calculated according to Equation (1):

C 1100

DE(%)= C”;

i

(1)

Where C, represents the initial dye concentration in solution,
expressed in mol L or g L', and C, denotes the contaminant con-
centration at a given time t during the degradation process.

Degradation kinetics is also an important parameter for under-
standing how the contaminant degradation evolves. In this study,
the degradation kinetics were described using a first-order kinetic
model, expressed by Equation (2):

In| =2 S =kt
Cf

Where k is the apparent first-order rate constant, expressed in

©)

h?, and t is the irradiation or reaction time. The concentration of
methylene blue was determined from absorbance values using a
linear calibration curve obtained at 664 nm, according to the equa-
tion:

C=(1.4535+0.0210) x 107 Abs — (1.056 + 0.102) x 10,

Where C is the concentration in mol L. The calibration curve
showed excellent linearity, with an adjusted coeflicient of determi-
nation (Adj. R?) of 0.9965.

3. RESULT AND DISCUSSION

Figure 2 presents the X-ray diffraction patterns of the three
analyzed samples: graphene oxide (GO), pure TiO,, and the com-
posite containing S wt.% GO (TiO,:GOS), recorded in the 20
range from 5° to 80°.

The diffraction pattern of exfoliated graphene oxide exhibits
an intense and well-defined peak at 20 approximately 10.8°, corre-
sponding to an interplanar spacing of about 8.19 A, which is char-
acteristic of the functionalized structure of GO [15]. This increase
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Figure 2. X ray diffraction patterns of graphene oxide (GO), pure
TiO,, and the TiO,:GOS composite, showing the characteristic
GO peak and the predominance of the anatase phase in TiO,, as
well as the preservation of the crystalline structure after graphene
oxide incorporation.

in interlayer spacing is associated with the introduction of oxygen
containing functional groups, such as hydroxyl, epoxy, and carboxyl
groups, between the graphene layers, confirming the effective oxida-
tion of the graphite precursor.

In addition, residual peaks are observed at approximately 20 =
26.4° 42.3°, 44.4°, and 54.4°, indicating the presence of graphitic
structures. The diffraction pattern of pure TiO, exhibits well-de-
fined reflections at approximately 26 = 25.3°, 37.8°, 48.0°, 54.0°,
and 62.7°, in agreement with the crystallographic standard JCPDS
No. 01-071-1168, confirming the predominance of the anatase
phase [16].

The identification of anatase is particularly relevant, as the
photocatalytic performance of TiO, is strongly phase-dependent.
Among its polymorphs, anatase is widely recognized as the most
active phase for the degradation of organic pollutants due to its fa-
vorable band structure, reduced electron—hole recombination rate,
and higher surface reactivity. Therefore, confirming its predomi-
nance allows a direct correlation between crystalline structure and
the degradation efficiencies and kinetic constants obtained. More-
over, since the synthesis was conducted under relatively low-tem-
perature conditions, the formation of anatase demonstrates that
the adopted chemical route can produce the most photocatalyt-
ically active phase without requiring high thermal energy input.
No reflections associated with rutile or brookite were detected,
indicating the selectivity of the synthesis route toward anatase for-
mation.

For the TiO,:GOS nanocomposite, a diffraction profile simi-
lar to that of pure TiO, is observed, with preservation of the main
anatase reflections, indicating that GO incorporation did not sig-
nificantly alter the crystalline structure of the semiconductor [17].
An additional peak at approximately 20 = 26.4° is detected and
attributed to the graphitic structure of GO, confirming its pres-
ence in the composite. The absence of the characteristic GO peak
at approximately 20 = 10.8° suggests good dispersion of graphene
oxide within the TiO, matrix, possibly due to interfacial interac-

77

tions between TiO, nanoparticles and GO sheets, which disrupt
the typical lamellar organization of GO.

A slight reduction in peak intensity and subtle broadening of
TiO, reflections are observed in the composite, which may indi-
cate a decrease in apparent crystallinity associated with interfacial
interactions between the phases, without compromising structural
integrity. The absence of additional crystalline peaks suggests that
GO is mainly present in an amorphous or highly dispersed state
and does not interfere with the TiO, crystalline framework.

Based on these results, the successful exfoliation of graphene
oxide and the efficient formation of anatase TiO, in both the pure
and composite samples are confirmed, with no evidence of sec-
ondary phase formation. The incorporation of GO, evidenced by
graphitic reflections, may contribute to improved electronic prop-
erties by facilitating charge separation, which can enhance photo-
catalytic performance in the degradation of organic pollutants for
water and wastewater treatment applications [18].

Figure 3 presents scanning electron microscopy images of GO,
pure TiO,, and the TiO,:GOS composite, obtained at a magnifica-
tion of 10,000x.

The micrograph in Figure 3a (GO) reveals thin, overlapping
sheet-like structures with a lamellar and wrinkled morphology,
which are characteristic of graphene oxide. This morphology indi-
cates successful exfoliation, resulting in well-defined two-dimen-
sional layers, as reported in the literature [19, 20]. According to
Wau et al. (2022) [21], the high surface area-to-volume ratio of GO
sheets favors interfacial interactions, making GO a suitable support
material in composite systems. Review studies further emphasize
that the combination of high surface area and abundant surface
functional groups makes GO particularly attractive for structural
composites and membrane-based applications [22, 23].

Figure 3b (pure TiO,) shows micrometric agglomerates with
average dimensions of approximately 6 um. These agglomerates
exhibit a predominantly rounded morphology and rough surface
texture, indicating heterogeneous particle distribution. Smaller
particles are observed within the agglomerates, which may corre-
spond to anatase crystallites formed during synthesis. Hierarchical
structures composed of nanometric anatase crystallites assembled
into micrometric aggregates are often explored to combine high
specific surface area with enhanced light scattering, benefiting
photocatalytic and dye-sensitized solar cell applications [24].

Figure 3c (TiO,:GOS) evidences the coexistence of GO
sheets and TiO, particles, confirming successful incorporation of
the oxide into the carbonaceous matrix. Compared to pure TiO,,
reduced agglomeration is observed, suggesting improved particle
dispersion. This behavior may be attributed to interfacial interac-
tions between TiO, nanoparticles and GO sheets, in which the
two-dimensional structure of GO acts as a physical support that
limits nanoparticle growth and aggregation [25].

Such improved dispersion is relevant for photocatalysis, as it
increases interfacial contact between phases, enhances accessi-
bility to active sites, and favors adsorption and surface reactions.
According to Zhang et al. (2025) [26], intimate contact between
TiO, and GO can broaden light absorption and improve pollutant
adsorption capacity.

Figure 4 presents the energy-dispersive X-ray spectroscopy
(EDS) spectra obtained for GO, pure TiO,, and the TiO,:GOS
composite during scanning electron microscopy analyses.

J.Appl.Mat. and Tech. 2026, 7(2), 74-84
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Figure 3. Scanning electron microscopy images of graphene oxide (GO) (a), pure titanium dioxide (TiO,) (b), and the TiO,:GOS com-
posite (c), recorded at a magnification of 10,000 times, highlighting morphological differences and the effect of graphene oxide incorpora-
tion on particle dispersion.
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Figure 4. Energy dispersive X ray spectroscopy spectra of (a) graphene oxide (GO), (b) pure titanium dioxide (TiO,), and the (c)
TiO,:GOS composite, showing the elemental composition and confirming the successful incorporation of TiO, into the graphene oxide
matrix.
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The EDS spectrum of the GO sample (Figure 4) predomi-
nantly exhibits peaks associated with carbon (C) and oxygen (O),
confirming the characteristic chemical composition of graphene
oxide. Carbon is observed as the most intense peak, which is ex-
pected since GO retains the basal structure of graphene, composed
mainly of carbon atoms, even after the oxidation process. The pres-
ence of oxygen, evidenced by a peak of lower intensity compared
to carbon, is associated with the incorporation of oxygen con-
taining functional groups, such as hydroxyl, epoxy, carbonyl, and
carboxyl groups, on the surface and edges of the graphene sheets.
These functional groups are responsible for the material function-
alization and confer increased chemical reactivity and hydrophilic-
ity to GO, favoring its interaction with inorganic phases, such as
TiO,, in the formation of composite materials.

For the TiO,:GOS composite, the EDS spectrum reveals the
simultaneous presence of titanium (Ti), oxygen (O), and carbon
(C), confirming the successful incorporation of titanium dioxide
into the graphene oxide matrix. The detection of carbon together
with the characteristic peaks of Tiand O provides clear evidence of
composite formation, with no detectable introduction of foreign
contaminants.

The relative intensity of the Ti peaks is lower than that ob-
served for the pure TiO, sample, which can be attributed to the
lower mass fraction of the metal oxide in the composite and to its
dispersion over the GO sheets. The combined analysis of EDS and
SEM results indicates that TiO, particles are well distributed on
the GO surface, favoring eflicient interfacial interactions between
the phases. This interfacial interaction is particularly relevant for
photocatalytic applications, as the presence of GO can act as an
electron acceptor, reducing the recombination of photogenerated
electron-hole pairs in TiO,. In addition, the absence of extraneous
elements in the EDS spectra confirms that the functional perfor-
mance of the composite is associated exclusively with the synergy
between TiO, and GO.

For the pure TiO, sample, the EDS spectrum presents well-de-
fined peaks corresponding to titanium (Ti) and oxygen (O), with
no significant signals from impurities, indicating high purity of the
synthesized material. The qualitative ratio between Tiand O peaks
is consistent with the expected stoichiometry of titanium dioxide.
The absence of residual elements further reinforces the efficiency
of the synthesis route employed, in agreement with the X-ray dif-
fraction results, which indicate the predominant formation of the
anatase phase. Overall, the EDS results corroborate the structural
and morphological analyses, confirming the purity of the sam-
ples, the effective formation of the TiO,:GOS composite, and the
chemical compatibility between the phases, which are fundamen-
tal aspects for the photocatalytic performance of the material.

Figure S presents the FTIR spectra of the TiO, and TiO,:GO
materials, obtained to identify the functional groups present and to
evaluate the chemical interactions established between graphene
oxide (GO) and titanium dioxide.

The FTIR spectrum of TiO, shows a broad band in the region
between 3200 and 3600 cm ™, which is attributed to the stretching
vibrations of hydroxyl groups (*OH) adsorbed on the surface, as
well as to the presence of physically adsorbed water molecules, re-
flecting the interaction of water with the material surface. Intense
bands observed below 800 cm™ correspond to the stretching vi-
brations of Ti-O-Ti bonds, which are characteristic of the TiO,
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Figure 5. FTIR spectra of pure TiO, and the TiO,:GO compos-
ite, highlighting the characteristic vibrational bands and the effect
of graphene oxide incorporation on surface functional groups and
interfacial interactions.

crystalline network, particularly the anatase phase, widely recog-
nized for its high photocatalytic activity. FTIR studies indicate that
the density of surface hydroxyl groups can significantly modulate
the photocatalytic properties of TiO,, since these groups act as ac-
tive sites for adsorption and for the generation of hydroxyl radicals,
which are essential for photocatalytic processes [27].

For the TiO,:GO material, in addition to the bands typical
of TiO,, additional signals associated with the oxygen containing
functional groups of GO are observed. Notably, a band around
3400 cm™ is related to the stretching of hydroxyl groups, a band
near 1720 cm™ is attributed to the stretching of carbonyl groups
(C=0) from carboxylic functionalities, and a band around 1620
cm™ is associated with vibrations of the aromatic C=C skeleton of
GO and or with the bending deformation of adsorbed water mol-
ecules. Furthermore, bands in the range between 1050 and 1250
cm™ can be related to C-O stretching vibrations from epoxy and
alkoxy groups, confirming the presence of graphene oxide in the
composite matrix [28].

Comparison between the spectra reveals shifts and intensity
changes in some TiO, bands after GO incorporation, especially in
the low-frequency region. These modifications indicate the occur-
rence of chemical and interfacial interactions between the oxygen-
ated functional groups of GO and the TiO, surface. The presence
of a band or shoulder in the region between approximately 800
and 1000 cm™ in the TiO,:GO composite can be associated with
the formation of Ti-O-C bonds, suggesting chemical anchoring
of TiO, onto the GO sheets rather than a simple physical mixture
[29].

These chemical interactions are particularly relevant for the
photocatalytic activity of the TiO,:GO material, since the forma-
tion of Ti-O-C bonds and the strong interfacial interaction favor
the transfer of photogenerated charges, reducing electron-hole
recombination and consequently improving photocatalytic per-
formance. In addition, the functional groups of GO contribute to
an increase in surface area and enhance the adsorption of reactive
species, further promoting photocatalytic efficiency [30, 31]
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Figure 6. Absorbance spectra of the methylene blue (MB) solu-
tion at different irradiation times under UVC light in the presence
of the TiO,: GO composite, showing the progressive decrease in
absorbance associated with photocatalytic degradation.

The photocatalytic performance of the TiO,:GO compos-
ite and pure TiO, under UVC irradiation was evaluated through
the degradation of methylene blue, as shown in Figures 5 and 6,
respectively. A comparative analysis of these results provides im-
portant insights into the role of graphene oxide incorporation,
particularly considering the relatively low calcination temperature
employed during TiO, synthesis.

For the TiO,:GO composite, Figure 6 shows a pronounced
and continuous decrease in the absorbance intensity of methylene
blue in the spectral region between 660 nm and 665 nm as the ir-
radiation time increases from 1 h to S h. An initial reduction in ab-
sorbance is observed even before irradiation, indicating significant
adsorption of the dye on the composite surface.

This behavior is associated with the high specific surface area
of graphene oxide and the abundance of oxygen containing func-
tional groups, which promote strong interactions with the aro-
matic structure of methylene blue through electrostatic attraction
and 7 -7 interactions [18]. Upon UVC irradiation, the progressive
decrease in absorbance confirms an efficient photocatalytic degra-
dation process, with low residual absorbance after S h.

In contrast, Figure 7 shows the absorbance spectra obtained
during methylene blue degradation in the presence of pure TiO,
under identical irradiation conditions. Although a gradual decrease
in absorbance at approximately 664 nm is observed with increas-
ing irradiation time, the overall reduction is less pronounced when
compared to the TiO,:GO composite. This behavior can be attrib-
uted to the lower crystallinity of the pure TiO, sample, which was
calcined at relatively low temperature. Insufficient thermal treat-
ment may lead to a higher density of structural defects and sur-
face states, which act as recombination centers for photogenerated
electron hole pairs, limiting the formation of reactive species such
as hydroxyl radicals and superoxide anions [32]. The incorpora-
tion of graphene oxide mitigates these limitations by promoting
efficient interfacial charge separation. Due to the intimate contact
between TiO, particles and GO sheets, graphene oxide acts as an
electron acceptor and transport pathway, reducing electron-hole
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recombination and enhancing photocatalytic activity [33]. This
synergistic effect allows high photocatalytic activity to be achieved
without the need for high-temperature calcination, representing a
significant advantage from energetic and economic perspectives.

In addition, the TiO,:GO composite exhibits enhanced adsorp-
tion of methylene blue before irradiation, increasing the local concen-
tration of the pollutant near the photocatalytically active sites. This
adsorption, combined with improved charge transfer dynamics, ex-
plains the superior degradation performance observed for the com-
posite system [34]. The absence of significant shifts in the maximum
absorbance peak for both systems suggests that the degradation pro-
cess occurs predominantly through mineralization of the dye, rather
than through reversible structural transformations.

The moderate increase in degradation rate suggests improved in-
terfacial charge transfer promoted by GO incorporation. This find-
ing highlights the potential of the TiO,:GO composite as a cost-ef-
tective and energy-eflicient photocatalyst for wastewater treatment
applications, where reducing synthesis temperature without com-
promising performance is a critical advantage. Figure 8 shows the
degradation efficiency of methylene blue as a function of irradiation
time for the TiO, and TiO,:GO systems, expressed by the dimen-
sionless ratio C/Cy, where C is the initial dye concentration and C
is the concentration at irradiation time t.

At the initial time (0 h), C/C, = 1 for both systems. After 1 h
of irradiation, the values decrease to approximately 0.83 (TiO,)
and 0.82 (TiO,/GO), indicating that about 17-18% of the dye has
already been degraded. At 2 h, the values reach approximately 0.68
(TiO,) and 0.66 (TiO,/GO), showing continuous progress of the
process. After 3 h, C/C, = 0.60 (TiO,) and 0.58 (TiO,/GO) are
observed, while at 4 h the values decrease to approximately 0.50
(TiO,) and 0.49 (TiO,/GO). At the end of 5 h, the relative con-
centration reaches about 0.29 for TiO, and 0.28 for TiO,/GO. Both
photocatalysts promote a progressive degradation of the dye over
the irradiation period, as evidenced by the continuous decrease in
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Figure 7. Absorbance spectra of the methylene blue (MB) solu-
tion recorded between 500 and 750 nm at different irradiation
times under UVC light in the presence of pure TiO,, showing the
progressive decrease in absorbance associated with photocatalytic
degradation of the dye.
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Figure 9. Pseudo-first-order kinetic plots for methylene blue
degradation under UVC irradiation in the presence of pure TiO,
and the TiO,:GO composite, used to determine the apparent rate

constants k.

the C/Cyratio. After 5 h of irradiation, both systems reach high deg-
radation levels, with final C/C, values close to 0.30, corresponding
to removal efficiencies higher than 70 percent. These results confirm
the effective photocatalytic activity of both materials under the ap-
plied experimental conditions.

These results confirm that both materials exhibit high photo-
catalytic activity. However, the composite shows slightly superior
performance during the entire experiment, suggesting a synergistic
effect between TiO, and GO. The improved performance can be at-
tributed to enhanced electron transport and reduced recombination
rates, leading to more efficient generation of reactive oxidative spe-
cies responsible for dye degradation.

A comparative analysis reveals that the TiO,:GO composite ex-
hibits slightly lower C/C, values than pure TiO, throughout most
of the experimental time, particularly between 2 h and 4 h of irradi-
ation, indicating a marginally superior photocatalytic performance.
This enhancement can be attributed to the presence of graphene
oxide, which acts as an electron acceptor and transport medium,
reducing the recombination of photogenerated electron-hole pairs
in TiO, and consequently favoring the formation of reactive species
such as hydroxyl radicals and superoxide species, which are respon-
sible for dye oxidation [33].

In addition to improved charge separation, graphene oxide con-
tributes to increased surface area and enhanced adsorption of meth-
ylene blue on the photocatalyst surface, intensifying the interaction
between the pollutant molecules and the active sites [35]. This
combined effect of improved adsorption and more efficient charge
transfer explains the higher degradation efficiency observed for the
TiO,:GO composite, particularly at shorter irradiation times.

Although the difference between the two systems is less pro-
nounced at the final irradiation time, the kinetic trend observed
throughout the process clearly indicates that the TiO,:GO compos-
ite presents superior photocatalytic efficiency, especially during the
initial stages of degradation. These results demonstrate that the in-
corporation of graphene oxide is an effective strategy to enhance the
photocatalytic performance of TiO,, even under low temperature
calcination conditions, reinforcing the potential of this composite
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material for application in the photocatalytic treatment of aqueous
effluents. Figure 9 presents the pseudo-first-order kinetic fitting for
methylene blue degradation using the TiO, and TiO,:GO photocat-
alysts, obtained from the linear relationship between In(C,/C) and
irradiation time.

The experimental data exhibited strong linear correlation for
both systems, indicating that a pseudo-first-order kinetic model ad-
equately describes the degradation process. From the linear fitting,
the apparent rate constants were determined, yielding k = 2.241
x 10" h* for pure TiO, and k = 2.302 x 10" h for the TiO,:GO
composite. The TiO,:GO system therefore exhibits a slightly higher
kinetic constant than pure TiO,, indicating a higher degradation rate
of methylene blue over time.

The increase in the k value for the TiO,:GO composite can be
attributed to the synergistic interaction between TiO, and graphene
oxide, which promotes more eflicient separation and transport of
photogenerated charges, reducing electron hole recombination [36].
As a consequence, a higher availability of reactive oxidizing species,
such as hydroxyl radicals and superoxide species, is achieved, en-
hancing the degradation of methylene blue. In addition, the higher
surface area and adsorption capacity provided by graphene oxide in-
tensify the interaction between the pollutant molecules and the ac-
tive sites of the photocatalyst, further contributing to the improved
kinetic performance.

Although the difference between the k values is not large, the
kinetic behavior clearly confirms the enhancement of photocata-
lytic performance promoted by graphene oxide incorporation into
TiO,. These results are consistent with the degradation efficiency
trends observed in Figures S to 7 and reinforce the potential of the
TiO,:GO composite for application in photocatalytic treatment of
aqueous effluents, particularly under low temperature synthesis and
calcination conditions.

Overall, the combined results obtained from structural, mor-
phological, chemical, optical, and photocatalytic analyses provide
consistent evidence of the successful synthesis and enhanced per-
formance of the TiO,:GO composite. X-ray diffraction confirmed
the effective formation of the anatase phase in both pure TiO, and
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the composite, while the absence of additional crystalline phases in-
dicated good structural compatibility between TiO, and graphene
oxide. Scanning electron microscopy and energy dispersive X-ray
spectroscopy revealed improved dispersion of TiO, particles on the
graphene oxide sheets, with homogeneous elemental distribution
and no detectable contaminants. FTIR analysis demonstrated the
presence of oxygen containing functional groups from graphene ox-
ide and suggested the formation of interfacial Ti O C bonds, indicat-
ing strong chemical interaction between the phases.

The optical and photocatalytic evaluations further corroborated
the advantages of graphene oxide incorporation. UV Vis absorb-
ance measurements showed efficient degradation of methylene blue
under UVC irradiation, with the TiO,:GO composite exhibiting
higher adsorption capacity and faster absorbance decay compared
to pure TiO,. Degradation efficiency and kinetic analyses confirmed
that both systems were active photocatalysts, although the com-
posite consistently presented superior performance, particularly at
shorter irradiation times and in terms of apparent rate constant. Im-
portantly, this enhanced activity was achieved despite the relatively
low calcination temperature employed during TiO, synthesis, sug-
gesting that graphene oxide effectively compensates for limitations
associated with reduced crystallinity by promoting charge separa-
tion and suppressing electron-hole recombination.

Taken together, these results demonstrate that the TiO,:GO
composite enables efficient photocatalytic degradation of organic
pollutants under mild synthesis conditions, highlighting its potential
as a cost-effective and energy-efficient material for advanced water
and wastewater treatment applications.

4. CONCLUSION

This work aimed to develop and evaluate photocatalytic mate-
rials based on titanium dioxide (TiO,) and graphene oxide (GO
for application in the degradation of organic pollutants in water
and wastewater treatment systems. The results demonstrated that
the synthesis route employed was effective for obtaining exfoliat-
ed graphene oxide, TiO, predominantly in the anatase phase, and
TiO,:GO composites with adequate integration between the phas-
es. The proposed synthesis route proved to be effective, as demon-
strated by the photocatalytic performance results. The TiO,:GO
composite achieved methylene blue removal efficiencies higher
than 70% after S h of UVC irradiation, reaching a final C/C, value
close to 0.30. In addition, the degradation process followed pseu-
do-first-order kinetics with an apparent rate constant of 2.302 x 10!
h!, slightly superior to that of pure TiO, (2.241 x 107'h™"). These
quantitative results confirm that the adopted chemical synthesis
method successfully produced a structurally integrated composite
with enhanced photocatalytic activity, validating its effectiveness for
advanced water treatment applications.

X ray diffraction analyses confirmed the formation of anatase
TiO, and the successful incorporation of graphene oxide into the
composite, with no evidence of secondary crystalline phase forma-
tion.

Scanning electron microscopy images showed that the presence
of graphene oxide promoted a more homogeneous dispersion of
TiO, particles, with a significant reduction in agglomeration com-
pared to the pure TiO, material. The expected chemical composi-
tion of the samples was confirmed by energy dispersive X ray spec-
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troscopy, with no detection of relevant impurities, indicating the
efficiency and reliability of the synthesis process.

FTIR spectra revealed the presence of characteristic function-
al groups of graphene oxide and indicated chemical interactions
between TiO, and graphene oxide, possibly associated with the
formation of Ti O C bonds. These interfacial interactions play an
important role in enhancing charge transfer processes, reducing the
recombination of photogenerated electron hole pairs and contribut-
ing to improved photocatalytic performance.

Photodegradation experiments using methylene blue as a model
pollutant demonstrated that both pure TiO, and TiO,:GO com-
posites are photocatalytically active under UVC irradiation. How-
ever, the composite containing S percent by mass of graphene oxide,
TiO,:GOS, exhibited superior performance, with higher dye re-
moval efficiency over time. This enhancement is attributed to the in-
creased initial adsorption capacity provided by graphene oxide and
to the more effective utilization of photogenerated charge carriers.

Overall, the results indicate that modification of TiO, with
graphene oxide is an effective strategy to enhance its photocatalyt-
ic properties. The TiO,:GOS composite presented the best balance
between structural characteristics, interfacial interactions, and pho-
tocatalytic performance, identifying it as the most promising mate-
rial for application in advanced water and wastewater treatment pro-
cesses, particularly under low temperature synthesis and calcination
conditions.
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