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Abstract. In this paper, a powerful photocatalyst based on carbon nanocomposite is developed in order to obtain a new
material applicable in water treatment and especially for the discoloration of effluents used in the textile industry. For that, TiO»-
graphene nanocomposites have been successfully synthesized by a mixture of Functionalized Graphene Sheet (FGS) and
tetrachlorotitanium complexes to form FGS-TiO, nanocomposite. In the presence of an anionic surfactant, we used a new
chemical process to functionalize graphene sheets in order to make them an excellent medium for blocking and preventing the
aggregation of TiO, nanoparticles. The components of these nanocomposites are characterized by means of X-ray diffraction
(XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM), which confirms the successful formation of the FGS-TiO, nanocomposite. It was found that the TiO»
nanoparticles were dispersed uniformly on the graphene plane which possesses better charge separation capability than pure
TiO,. The FGS-TiO, nanocomposites exhibited higher photocatalytic activity compared to pure TiO, for the removal of three
dyes: such as Methylene Blue (MB), Bromophenol Blue (BB) and Alizarin Red-S (AR) in water. The removal process was fast
and more efficient with FGS-TiO, nanocomposite in daylight (in the absence of UV irradiation) compared to pure TiO,
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nanoparticles without and under UV in all pH range.
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1. Introduction

Nanocomposites come in several types based on their
matrix and nano material phases. The development of
nanocomposites also depends on their use. For exemple,
Carbon nanotubes (CNTs) and graphene nanoplatelets are
mainly used as reinforcing material as indicated in the
literature (Zerrouki et al. 2021, Heidari et al. 2021, Al-
Furjan et al. 2021, Bourada et al. 2020, ElI Haouzi et al.
2023, Aitbelale and Timesli 2023). Furthermore, other
type of nanocomposites are based on the existence of
porosities which can affect considerably of nanocomposites
for a more efficient manufacturing of these types of
materials and their technical design (Arshid et al. 2022).
There are also sandwich nanostructures (Bendenia et al.
2020, Al-Furjan et al. 2022a, 2022b, Timesli 2023). Another
type of nanocomposites based on FGS-TiO2 is studied in
this paper.

Currently, TiO; has become the most widely used
semiconductor in the photocatalytic processes. Generally,
TiO, nanoparticles considered as the most reliable for the
degradation of volatile organic compounds due to their non-
toxicity, low cost, physical and chemical stability, interesting
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specific area and high reactivity (Goodeve and Kitchener
1938, Hashimoto et al. 2005, Fujishima and Honda 1972,
Frank and Bard 1977, Tabatabaei 2019, Tabatabaei et al.
2019, Safavi et al. 2017). However, the use of TiO;
nanoparticles alone poses significant problems related to
water purification and waste produced after treatment
(Gottschalk and Nowack 2011, Farré et al. 2010). Among
the obstacles of using TiO, as a photocatalyst in the
photodegradation of pollutants is its very low adsorption
capacity of some dyes (Zhao et al. 1998) and other organic
pollutants (Torimoto et al. 1996, Xu and Langford 1995).
Thus, various approaches have been explored to extending
the photocatalytic activity of TiO, from the ultraviolet to the
visible region by modification (Kalathil et al. 2013, Khan et
al. 2014) or by doping with several elements such as C, N,
F, Pand S (Chang et al. 2005). One of the most favorable
way to overcome these problems is the immobilization of
TiO2 on solid support such as activated carbon (Foo and
Hameed 2010), glass (Serpone et al. 1986), ceramic (Sabate
et al. 1992), zeolite (Zhang et al. 2018), natural phosphate
(Naciri et al. 2016) and graphene oxide (Stengl et al. 2013),
which they give a profound advantages of straightforward
recovery, preservation of morphology and the improvement
of the stability. However, this support-TiO, bonding result
generally a significant decrease in photocatalytic activity
due to a decrease in accessible surface area available for
reaction and a limitation in mobilization compared to the
suspension of TiO, nanoparticles alone (Thiruvenkatachari
et al. 2008, Cunha et al. 2018). However, when TiO; nano-
particles are assembled with powerful photocatalyst, such as
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graphene, this problem does not arise and the separation
becomes easier (Padmanabhan et al. 2021). From 2004, the
synthesis of graphene sheets (GS) (Novoselov et al. 2004)
allowed to reveal the unique character electrical properties
of this material, such as the electron mobility under
ultrahigh vacuum (200 000 cm?V-1s?) (Lee et al. 2008). In
addition, the GS nanomaterial has interesting texture,
optical and thermal properties, highly flexible structure
(Allen et al. 2010), a large specific area (2630 m2/g) (Stoller
et al. 2008), a high transparency (97.7% of optical
transmission) (Nair et al. 2008), and a high thermal
conductivity of about 5000 Wm-K-! (Balandin et al. 2008).
Because of their unique structural and electronic properties,
graphene has gained a lot of considerable attention (Tu et
al. 2013).

Based on this observation, various researchers have tried
to improve the photo-activity of TiO, by developing
composites based on carbon allotropes. Lee et al. (2005)
developed TiO, doped with multi-walled carbon nanotubes
(MWCNTS). These authors hypothesized that the excited
electrons can be trapped at the interface between the TiO;
layer and MWNTs, also can be scavenged through the
conductive graphitic layers. These materials were found to
be very active, compared to pure TiO,. In the Krishna works
(Krishna et al. 2006, 2008), the addition of functionalized
C60 (polyhydroxyfullerene, PHF) to the TiO, showed an
improvement in the photocatalytic activity for dye
degradation. The generation of hydroxyl radicals was
detected using electron paramagnetic resonance spectro-
scopy and the results showed that the percentage of these
radicals increased from 20% in the case of the pure TiO; to
60% in the presence of PHF-TiO,. Hence, this recent work
makes it possible to consider the use of these systems (C-
TiOy) in order to improve the photocatalytic performance of
titanium oxide.

Compared with the C60 and CNTs (Timesli 2020,
2021), graphene has a structure sp2 hybridized carbon in
two dimensions with better conductivity and large surface,
it seems reasonable to consider that the TiO2-graphene
nanocomposites could be much more promising to improve
photocatalytic performance of TiO.. Furthermore, graphene
is easy to produce from natural graphite (Hummers and
Offeman 1958). The presence of oxygen functional groups
on the surface containing the graphene oxide (GO) make it
an excellent medium to block TiO2 nanocrystals (Nguyen et
al. 2020)

The dyes are present in the effluent of serious concern,
and can cause a harmful effect on humans and the
environment (Banat et al. 1996). In addition, the color dyes
are easily recognizable, even at very low concentrations,
making them highly visible and undesirable. Many
technologies have been devoted to the removal of dye from
aquatic environments, including physical, chemical, and
biological adsorption which is considered as economical
and sustainable processes (Houas et al. 2001). The rapid
development of nanotechnology sheds light on the
treatment of wastewater. Nanomaterials have been studied
for absorption of metal ions, dyes, and antibiotics. Although
it was discovered just a few years ago, graphene and its
derivatives have attracted immense research interest not

only in electronics and energy fields as well as in
environmental applications. For example, GO could be used
for the removal of heavy metals (Zhang et al. 2020). In
addition, the graphene composites, such as TiO2-graphene,
were used to remove pollutions and the dye (Dadvar et al
2017).

Herein, in this present work, we report a convenient
method for the in-situ preparation of FGS/TiO, nano-
composite and its application in the removal of three dyes:
Methylene Blue (MB), Bromophenol Blue (BB) and
Alizarin Red-S (AR). Graphene Sheet (GS) was synthesized
by exfoliation of Graphene oxide (GO) already prepared by
modified Hummers method and functionalized by a new
chemical method; thereafter titanium oxide (TiO2) was in-
situ supported on FGS. The synthesized heterogeneous
photocatalyst is well characterized by XRD, FT-IR, SEM
and TEM techniques. The FGS/TiO, nanocomposites were
successfully used as an absorbent for effective degradation
of the dyes compared to the TiO, alone. The removal
process has been found to be more efficient at higher and
lower pH values. Moreover, the catalyst was successfully
recycled for seven times.

2. Experimental
2.1 Materials

All chemicals were obtained commercially and used
without further purification. Natural graphite flakes
(diameter 5-10 um, thickness4-20 nm, layers <30 and purity
>99.5 wt %) and Titanium chloride (TiCl4, 99.90%) were
purchased from Sigma-Aldrich. Concentrated Sulfuric acid
(H2S04, 98%), concentrated Hydrochloric acid (HCI),
concentrated Nitric acid (HNO3) and Hydrogen Peroxide
(H202, 35%) were obtained from Fisher. Potassium
Permanganate (KMnO4) was purchased from Merck. All
the reagents are of analytical grade. The solutions were
prepared by using pure distilled water. Characteristics and
molecular structures of dyes (MB, MR and TR) are shown
in Table 1.

UV-visible absorption spectra of MB, BB and AR were
obtained by spectral scanning of a 100mg.L-1 solution dye
(concentration 100mg.L-1) between 450 and 800 nm. The
result shows that the maximum wavelengths absorption for
each dyes are 663nm, 592nm and 558nm respectively.

2.2 Synthesis of graphene sheets

Graphene oxide was synthesized by the oxidation of
graphite powder using Hummers method (Hummers and
Offeman 1958). In a typical procedure, in a round bottom
flask, between 0 and 5°C, 6g of graphite flakes and 3 g of
sodium nitrate (NaNQOs) were mixed in 140 ml of sulfuric
acid (H2S0O.). After homogenization of the mixture, 18g of
potassium permanganate (KMnQOg4) was added slowly. The
solution is kept at room temperature under constant stirring
for 12 hours. Thereafter, 250mL of deionized water was
added to the suspension. After that, the suspension was
treated with a solution of hydrogen peroxide slowly till the
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Table 1 Summary of reactor performance

Dyes name Linear formula Mw(g/mol) Purity (%) CAS
Methylene Blue C16H18CIN3S3H20 373.90 98.0 61-73-4
Bromophenol Blue C19H10Br40sS 669.96 98.8 115-39-9

Alizarin Red S C14H7NaO7S 342.25 99.4 1934-21-0

ﬁ H.50,, NaNO, " Somicatios, N;H,, / i \ 1

% K\MzO, = ~ Acid Functionalization ¢ 7
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Fig. 1 Schematic representation of the synthesis of FGS-TiO, nanocomposites

color of the solution turned to bright yellow and then
filtered. The filter is re-dispersed, washed with hydrochloric
acid solution to reduce the residual manganese ions and
then washed several times with distilled water until the pH
of solution becomes neutral to remove residual salts and
acids. The graphene oxide was obtained after filtration and
drying in an oven. The exfoliation is an important step in
the production of graphene nanosheets. Exfoliation
techniques either in solvents or thermally at high
temperature remain the two preferred synthesis routes; in
the case of exfoliation in the presence of solvents, the
hydrophilic nature and the large interlayer spacing of
graphene oxide can make easer exfoliation in water using a
mechanical treatment such as ultrasonic treatment or
mechanical agitation at concentrations up to 3mg.mL™. This
technique allows obtaining stable colloidal suspensions of
graphene oxide nanosheets from graphene oxide. To
proceed to the exfoliation step, a mass of 100mg of
graphene oxide was suspended in 250mL of water in
presence of 10 ml of hydrazine hydrate and dispersed by
sonication for 1 hour 30 minutes. After 12 hours of heating
at 100°C, the reduced graphene will be washed with
distilled water several times and dried under vacuum.

2.3 Synthesis of functionalized graphene sheets
0.1g of Graphene Sheet (GS) was dispersed in a mixture

of concentrated acids (0.3 g of sulfuric and nitric acids) in
10 ml of distilled water. The mixture was stirred for 24h at

room temperature, after that, the suspension was treated by
an equimolar amount of NaOH in distilled water (10 mL) to
neutralize the residual acids and filtered. The filter is
washed several times with distilled water until the pH of
solution becomes neutral and treated with a solution of
ethanol. The final precipitate of FGS was centrifuged,
washed with H20/ EtOH and finally dried under vacuum in
an oven.

2.4 Synthesis of FGS/ TiO2 nanocomposite

The in-situ preparation of binary nanocomposite of
graphene and titanium dioxide nanoparticles was prepared
as follows: Under stirring, to an aqueous solution of SLES
(sodium lauryl ether sulfate) 0.01M as an anionic surfactant,
a solution of FGS already dispersed and ultrasonicated in
absolute ethanol during an hour was slowly added. The
purpose to use an anionic surfactant is to avoid the
aggregation of TiO; nanoparticles on the graphene surface.
The mixture is placed in an ultrasonic bath for 2h, stirred
vigorously for 1h by a magnetic stirrer. After that, a solution
of titanium tetrachloride TiCis (0.05M) was added, after
30min of stirring, a solution of ammonia (0.2M) was slowly
added with constant stirring until the pH is maintained at 8.
After 30 min of stirring and sonication, nitric acid (1M) is
added until the pH is equal to 2. This final solution was
placed in an autoclave and heated at 150°C for 3h and
washed successively with ethanol and water. The product
was preserved in a desiccator and calcined at 600°C for 3h
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Fig. 3 XRD pattern of: (a) functionalized graphene sheets
(FGS) and (b) functionalized graphene sheets-TiO2 nano-
composite (FGS-TiO2)

to obtain the functionalized graphene sheets-titanium
dioxide nanocomposite (FGS-TiO2). A stepwise schematic
representation of the synthesis is shown in Fig. 1.

2.5 Catalyst characterization

FT-IR spectra were used for each sample to examine the
bonding interactions before and after oxidation and
functionalization processes. FT-IR spectra were recorded
with a FTLA2000-102 Spectrometer (commercialized by
ABB Bomem Company) equipped with ATR (Attenuated
Total Reflexion). The spectra are scanned between 260 and
4000 cm-1. A resolution of 4 cm-1 is considered optimal for
obtaining good spectrum quality in ATR mode. The FTIR
calibration is performed daily and automatically according
to a procedure based on a band of water vapor absorption in
the ambient air. The contact pressure of the sample on the
diamond crystal is controlled manually using a fixation
system which allows to optimize the contact and to have
quality spectra. XRD was used to characterize the atomic
arrangement of the crystalline structure. XRD spectra of
graphite and graphene materials were collected using a
Bruker AXS D-8 Advanced diffractometer with a copper

target at the wave length of A= 1.5406 A, a tube voltage of
40 kV and a Bragg-Brentano geometry ( ©, 20) in the range
of 5-100°. SEM (Scanning electron microscopy) was used
to observe the texture of graphite oxide and graphene
obtained after complete exfoliation of graphite. The
microstructural characterization of materials provides
several informations relating to morphology, component
distribution, crystallography and composition. SEM image
was obtained using "Quanta 200" from FEI Company,
which can achieve a resolution of 3.0 nm at voltage of
30kV. The morphology of FGS-TiO, nanocomposite was
observed using the Transmission electron microscopy
(TEM), the TEM image was obtained using Philips FEI
SIRION-200 operated at 30kV for a resolution of 1.2nm.

2.6 Photocatalytic experiment

The photocatalytic activity of the three dyes (MB, BB
and AR) on FGS/TiO, nanocoposite was evaluated in
daylight without using an UV lamp. For this purpose, an
amount of catalyst nanocoposite was suspended in 20 mL of
each dyes solutions of initial concentration CO (3-50 mg.L"
). The pH of the solutions was adjusted using hydrochloric
acid (0.1mol.LY) or sodium hydroxide (0.1mol.LY)
solutions. The series of closed Erlenmeyer is arranged on a
multi-station stirring plate at room temperature. A vigorous
agitation by a magnetic bar at 250rpm allows a good contact
of the solution with the catalyst. The analysis of the initial
or residual dye concentration is performed by UV-Visible
adsorption spectroscopy using a Micrometrics ASAP 2020.

3. Results and Discussion
3.1 X-ray diffraction study

Fig. 2 shows the XRD patterns of graphite (a), graphene
oxide (b) and graphene (c). The X-ray diffraction analysis
shows that graphite is well crystallized and presents a single
intense line at 26.5° (inter-sheet distance: 3.4 A)
corresponding to the reticular plane (002) of graphitic
carbon. After oxidation by the optimized Hummers method,
the graphitic phase disappears while a new line at 10.8°
accompanied by a broad band at 23° appears confirming the
oxidation of graphite to graphene oxide (GO). Indeed, the
inter-sheet distance increases from 3.4 A for graphite to 8.3
A for graphene oxide as a result of inter-sheet expansion
due to the incorporation of water and oxygenated groups
during the oxidation process (Mallakpour et al. 2014). In
addition, the broad diffraction line at 23° with low intensity
can be attributed to the presence of residual unexfoliated
and poorly crystallized graphene sheets. After sonication,
the peak of GO at 10.8° disappears; this signifies the
formation of graphene sheets from graphene oxide.

Fig. 3 shows the XRD patterns of Functionalized
Graphene Sheets (FGS) and FGS/TiO2 nanocomposite
(FGS-TiO2). The TiO; nanoparticles were prepared in-situ
with FGS in the presence of SLES (sodium lauryl ether
sulfate) as surfactant and calcined at 600 °C. The
characteristic peak appear almost show diffraction patterns
corresponding to the anatase phase of TiO, (at 25° (101),
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Fig. 4 FT-IR spectra of: (a) graphite, (b) graphene oxide
(GO) and (c) functionalized graphene sheets (FGS)

37° (103), 48° (200), 54° (105), 55° (211), 63° (118) and
69° (116)). While, the XRD patterns of FGS- TiO; exhibited
an uniform dispersion of TiO, nanoparticles on both the
graphene sheets as shown in the SEM image in the SEM
analysis section.

3.2 FT-IR analysis

FT-IR spectra of graphite (a), GO (b) and functionalized
graphene sheets (c) are plotted in Fig. 4. Comparing to the
neat graphite, the GO spectrum shows the typical
vibrational modes of the oxygenated functional groups after
the oxidation process: thus, the oxide functional groups give
rise to a band at 1100 cm-1 corresponding to the elongation
vibration mode of the C-O bond. In addition, a shoulder at
3220 cm-1 could correspond to the (O-H) vibration mode of
the hydroxyl and carboxyl groups (Aitbelale et al. 2019,
2022bh).

Aliphatic Sp2 and Sp3 C-H stretching are observed
around 2920 and 2850 cm-1 respectively. whereas the bond
at 1720 cm™ comes from the C=0 stretching groups of
carboxylic acids, that prove the oxidation process, while no
significant peak was found in the pure graphite. Finally, the
hydroxyl groups are characterized by a band at 3420 cm™
originating from the (O-H) vibration mode. While a band at
1160 cm-1 comes from a C-O-C elongation vibration. The
carboxyl groups give rise to a band at 1410 cm-1attributed
to COH elongation vibrations while the band at 1720 cm™?
comes from the C=0 bond elongation vibration mode.

Finally, the hydroxyl groups are characterized by a band
at 3420 cm™ originating from the (O-H) vibration mode.
Other vibrational bands can also be detected at 1640 cm-1
(vibration (C=C)) and at 2850 and 2920 cm? (C-H
elongation vibration of sp3 and sp2 species respectively).

Concerning the functionalization of the graphene sheets,
we noticed that the main characteristic bands of the GO are
still present in the FGS but with a higher intensity and, also,
a slight shift to higher values of the wavenumbers, which
allows observing other new bonds, especially at lower
wavenumbers. The bands at 1396 cm-1 and at about 1080
cm-1 characterize respectively (C-O-0) and (C-O) vibrations.

The presence of a broad band around 3420 cm attributed
to the (OH) stretching bands of hydroxyl and carboxylic
acid proved the successful functionalization process by the
acid mixture.

3.3 SEM analysis

Fig. 5 shows the SEM images of graphene oxide (GO)
graphene and TiO, nanoparticles in different magnifications.
Compared to GO (Fig. 5(a)), graphene (Fig. 5(b)) reveal a
very thin layers due to the exfoliation process of GO. The
remarkable decrease in the thickness of layers after
exfoliation can be attributed to the elimination of inter-
laminar interactions between the basal graphene layers,
which subsequently results the appearance of single
graphene sheets. Furthermore, graphene shows a sheet-like
structure with smooth surface compared to the GO
morphology.

Concerning the TiO2 nanoparticles (Fig. 5(c)) the direct
synthesis method of TiO, nanoparticles allows having
different size of TiO, anatase form. The TiO, nanoparticles
tend to agglomerate at the end of this method even if the
sizes are lower than 20nm. This among the causes
conducted to develop a functionalization process in
presence of a surfactant.

3.4 Transmission electron microscopic analysis

Generally, the property improvement of FGS-TiO;
nanocomposites is strongly related to the size of TiO;
nanoparticles and to their dispersion form on graphene
layers. Thus, transmission electron microscopy (TEM) can
provide additional information on the dispersion quality of
graphene nano-sheets and their interaction with TiO5.

TEM images of 1% FGS-3% TiO, nanocomposites are
shown in Fig. 6. The TEM images of FGS-TiO;
nanocomposites are presented in Figs. 6(a)-(d) while the
Fig. 6(e) shows the TEM image of non-functionalized
graphene-TiO2 nanocomposites. The first images show the
presence of large graphene sheets, and at high
magnification confirm that the TiO, nanoparticles are very
well dispersed on the FGS sheets and retain their
morphology. The diameter of TiO, nanoparticles is about
10-20 nm while in the case of using non-functionalized
graphene (Fig. 6(e)), TiO, nanoparticles appear as
aggregates suggesting that the graphene-TiO2 interaction
remains partially ineffective to disperse TiO,. This
demonstrates that the functionalization of graphene
influences strongly the TiO nanoparticles dispersion.

3.5 Photocatalytic activity

The photocatalytic efficiency of FGS-TiO2 nano-
composite was evaluated under daylight for aqueous
solutions of MB, BB and AR dyes. A stock solution of each
dye at concentrations of 1000 mg. I-1 was prepared by
mixing an appropriate amount of dye with distilled water.
The stock solution was suitably diluted by distilled water to
prepare the different desired initial concentration Cy.
Thereafter, an amount of catalyst was added in 20mL of
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Fig. 6 TEM images of: (a)-(d) FGS-TiO and (e) non-functionalized graphene-TiO, nanocomposites

prepared solution at room temperature without using UV
irradiation. The samples were collected every 15 minutes to
measure the rate of degradation.

The determination of kinetics of the reactions and the
influence of some physicochemical parameters on the
Kinetics is an important step in the design and optimization
of industrial systems. The study of the kinetics of
photocatalytic reaction of the dye as a function of the initial
concentration was carried by varying the initial
concentrations of dyes (10-50mg.L™) at pH initial. When
the materials are added (FGS, TiO; or FGS-TiO, nano-
composites) in the solution, the time required for
decolonization depends on the initial concentration.
Furthermore, higher initial dye concentration takes much
longer time to be decolorized. Photocatalysis with our

materials, especially FGS and FGS-TiO., is a suitable
system for the degradation of pollutants in very low
concentrations in aqueous medium.

The kinetics degradation of Methylene Blue (MB),
Bromophenol Blue (BB) and Alizarin Red-S (AR) in water
is done over time by colorimetric analysis. In Fig. 7, we
present the results of degradation of methylene blue using:
photolysis (UV irradiation only), photocatalysis (using
FGS-TiO2 + UV irradiation,) and in daylight (using FGS-
TiO, without UV irradiation). The results obtained showed
the efficiency of graphene alone in absence of UV
irradiation in the degradation of the dye. This shows that
irradiation by ultraviolet radiation is not important in the
presence of graphene and its derivatives. Fig. 8 shows the
results of the kinetics study of (1) MB, (2) BB and (3) AR
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Fig. 7 Kinetics degradation of Methylene Blue using:
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dyes photodegradation from aqueous solutions with: pure
FGS, FGS-TiO, (without UV irradiation) and pure TiO;
nanoparticles (with UV irradiation). A significant
degradation is observed at the first contact between the FGS
and FGS-TiO, for each dye, but when using pure TiO;
nanoparticles alone, a weak degradation was noticed which
means that the TiO, nanocomposite is not an efficient
catalyst for the photodegradation compared to the FGS and
FGS-TiO2 nanocomposite. On the other hand, compared
to the pure FGS, the rate of decomposition enhanced
significantly when using the FGS-TiO, nanocomposite. In
other word, the use of FGS-TiO, nanocomposite shows
effectiveness degradation much better than that observed
when using the pure FGS or pure TiO2 nanoparticles.

A possible explanation is that the low degradation rate
shown by pure TiO, powder is essentially due to the
absence of electron peer generation, that mean the absence
of UV light irradiation. The improvement in photocatalytic
activity in presence of FGS is probably due to synergistic
effect between FGS and TiO, which leads to: (1) an
enhancement in the surface area by providing the active
sites for redox reactions; (2) an enhancement use of visible
light instead of using ultraviolet; (3) a decrease in global
exciton recombination, due to high electron transport on the
graphene surface (Zhang et al. 2010, Liang et al. 2012).
Fig. 9 proposes a mechanism explaining the synergistic
effect between FGS and TiO.. Under visible light
irradiation, the photocatalytic surface of the FGS and TiO;
matrix produces photogenerated electrons. The photo-
promoted electrons are injected to the aromatic structure of
FGS from the conduction band of TiO», due to the positive
position of its Fermi level, which makes FGS like an
electron reservoir (Xia et al. 2019). These electrons, which
are present on the surface of FGS, react with dissolved
oxygen or adsorbed oxygen to form superoxide radicals and
participate in the photocatalytic process. Moreover, the
mobility of charge carriers also promotes electron transfer
and thus improves the overall efficiency of the various
photocatalytic applications.
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Fig. 8 Kinetic study of the degradation of various organic
pollutants: (1) Methylene Blue (MB), (2) Bromophenol
Blue (BB) and (3) Alizarin Red-S (AR) in water with

images (a) before and (b) after degradation process

Furthermore, the electron-hole pairs would be generated
and separated from the FGS- TiO, matrix under the effect of
the congestion created by the electronic charge. Then, the
generated electrons would migrate to the conduction band
generated electrons would migrate to the conduction band
leading to the formation of the same number of holes in the
valence band. These holes would be used to form a
superoxide anion radical 05" when the conduction band
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Fig. 9 Hypothetical catalytic reactions with TiO, supported
FGS for degradation process of dyes.
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Fig. 10 Kinetics of MB photodegradation from aqueous
solutions at different pH by FGS-TiO, hanocomposite
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Fig. 11 Kinetics of MB dye photodegradation from
aqueous solutions at different pH values by FGS-TiO;
nanocomposite

electron reacts with O, which oxidize the organic
compounds according to the Eq. (1).

B = B.e; + B,e; (1)

The valence band hole reacts with the adsorbed water or
hydroxyl anions to produce hydrogen peroxide (Eg. (2)):

h* + H,0 - OH + H* 2

h* + OH™ - OH A3)

These further splits and produces hydroxyl radicals (Eq.
(3)), which is a powerful oxidizing agent and attacks
organic molecules adsorbed onto the catalyst present in
solution.

The pH is an important factor in any study of adsorption
and degradation. This parameter characterizes the waters
and its value will depend on the origin of the effluent.
Processing technique to be adopted will depend strongly on
the pH value. That is why, in any study on the adsorption
optimization, the adsorption capacity with pH is unavailable.
In our study, we monitored the effect of pH on adsorption
for an initial concentration of 50mg.L%. The acidification
was carried out by adding a few drops of hydrochloric acid
(0.1 mol.L™). The sodium hydroxide (0.1 mol.L™) was used
to make the pH basic. The results obtained (i.e. degradation
of methylene blue (50mg.L™Y)) in presence of FGS-TiO;
(1%) are shown in Fig. 10.

The curves in Fig. 10 show a rapid decrease in dye
concentration in both acidic and basic environments. We
can therefore conclude that the molecular form is more
retentive than the anionic form. This shows that the
degradation of organic pollutants by our nanocomposites is
not influenced by the hydrophilic or hydrophobic character
of organic compounds. Our materials present the advantage
to be reusable after washing with methanol or water. Fig. 11
shows that the catalytic activity of FGS-TiO2 remains
almost unchanged after seven cycles.

4. Conclusions

The graphene-TiO, hybrid material was investigated for
its catalytic photodegradation efficiency concerning three
organic dyes, namely Methylene Blue (MB), Bromophenol
Blue (BB), and Alizarin Red-S (AR), which were utilized as
representative models of organic pollutants present in
wastewater. This investigation was aimed at the advancement
of a novel generation of TiO,-based nanocomposites
incorporating functionalized graphene sheets. In order to
achieve optimal dispersion of TiO, nanoparticles, ionic
surfactants were introduced. The incorporation of TiO; into
the FGS structure exhibited a positive impact on their
intrinsic  photodegradation  performance. Notably, a
substantial enhancement in photocatalytic activity was
discerned in materials containing FGS-TiO, compared to
individual FGS or TiO, components. This observed
enhancement is largely attributed to the synergistic
interplay between graphene and TiO..
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