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Abstract: This work presents the immobilisation of titanium dioxide (TiO;) nanoparticles (NPs) and
reduced graphene oxide (rGO)-TiO, nanocomposite on glass sheets for photocatalytic degradation of
methylene blue (MB) under different radiation sources such as ultraviolet and simulated solar radia-
tion. The TiO; NPs and rGO-TiO; nanocomposite were synthesised through a simple hydrothermal
method of titanium isopropoxide precursor followed by calcination treatment. Deposition of prepared
photocatalysts was performed by spin-coating method. Additionally, ethylene glycol was mixed with
the prepared TiO, NPs and rGO-TiO, nanocomposite to enhance film adhesion on the glass surface.
The photocatalytic activity under ultraviolet and simulated solar irradiation was examined. Further,
the influence of different water matrices (milli-Q, river, lake, and seawater) and reactive species
(h*, *OH, and e ™) on the photocatalytic efficiency of the immobilised rGO/TiO; nanocomposite
was careful assessed. MB dye photocatalytic degradation was found to increase with increasing
irradiation time for both irradiation sources. The immobilisation of prepared photocatalysts is very
convenient for environment applications, due to easy separation and reusability, and the investigated
rGO/TiO,-coated glass sheets demonstrated high efficiency in removing MB dye from an aqueous
medium during five consecutive cycles.

Keywords: reduced graphene oxide; nanocomposite; photocatalysis; methylene blue; water matrix

1. Introduction

Microorganic pollutants are increasingly more commonly found throughout environ-
mental water systems. Although small in quantity, these unnatural elements could have
a harmful impact on living organisms in the ecosystem and can negatively impact the
ecological balance. The textile industry plays an important role in the developing world;
however, it is also associated with increased pollution. According to the latest research,
textile industry releases wastewater containing harmful chemicals such as dyes, acids,
alkalis, surfactants, hydrogen peroxide, etc., throughout several processing steps [1,2].
It is responsible for generation of 20% wastewater in comparison to remaining industry
sectors [3,4]. Hence, new processing solutions have been proposed in order to reduce
wastewater generation. The proposed solutions need to be improved due to generation of
toxic by-products [1]. Increasingly more attractive are purification processes that consider
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catalysts in the advanced oxidation processes (AOPs). These are especially effective against
organic macromolecules of contaminants commonly used as colouring agents. Most studied
is probably methylene blue, which is still widely used despite being carcinogenic [5].

Catalytic materials that can be applied in the AOPs for environmental remediation
are commonly graphene-based materials because of their characteristic high surface area,
physicochemical and mechanical strength, thermal and electron mobility, etc. [6-8]. A sim-
ple and low-cost approach to preparing graphene-based materials is to synthesise graphene
oxide (GO) from the chemical exfoliation of commercial graphite flakes. GO is an oxidised
form of graphene material with several oxygen functional groups such as epoxy, carbonyl,
carboxyl, and hydroxyl, which also assists the catalysis. The physicochemical properties of
GO can significantly change because the oxidation process also introduces defects into the
carbon structure [9,10]. Another related compound is reduced graphene oxide (rGO) which
has a lower content of oxygen functional groups than GO nanosheets, while the overall
properties are closer to graphene. Together with graphene-based material, researchers
also consider a composite which also includes nanosized semiconductors. AOPs of such
compounds depend on the interaction between both [11,12]. Two methods that are com-
monly considered for the purification of water, using these types of materials, are namely
absorption and photocatalysis [13-16]. While absorption is fast, organic pollutants cannot
be completely removed from aquatic environments if they have abounded. Thus, photo-
catalysis is more appropriate for the thorough degradation of organic pollutants [10,17-19].
rGO material in the TiO,-rGO nanocomposite can reduce the electron-hole recombination
in TiO,. Thus, the charge transfer rate of electrons increases as well as adsorbed amount of
materials at the surface, which contributes to the enhancement of the photocatalytic activity
of the nanocomposite compared to the pure TiO, nanoparticles [20,21].

Many existing reactors involve suspension of prepared rGO/TiO; nanoparticles in an
aqueous medium, providing large surface area for the reaction, which is very effective. Fine
particles of photocatalyst can be used in the form of suspension or it can be immobilised
on various substrates by different methods. Different immobilisation routes have been
utilised to cover substrates by fine particles of photocatalyst such as glass [22], polymer [23],
zeolite [24], cellulose [25], ceramic [26-28], and magnetic particles [29-31]. Immobilisation
of fine particles of photocatalyst on the surface of the substrate eliminates the need for
complicated separation of the photocatalyst from the treated water.

The aim of this study is to optimise the suspension parameters of the spin-coating
method for rGO/TiO, nanocomposite immobilisation on the glass substrate. Methylene
blue (MB) dye aqueous solution was used as a model organic pollutant in milli-Q water
and three real environmental water samples (river water, lake water, and sea water). The
adsorption, as well as photocatalytic activity of prepared nanocomposite material, was
investigated in real environmental water samples. The criteria to meet the necessary require-
ments for practical application were strong adhesion on the glass substrate and effective
degradation performance. To investigate the effectiveness of immobilised photocatalyst in
the removal of MB dye, five successive cycles were employed. The immobilised rtGO/TiO,
nanocomposite exhibits an improved effective removal of MB as well as better adhesion
when compared with pure TiO; catalyst, which was also fixed on a glass substrate as a
reference. In addition, with this study we also revealed which functional groups assists the
degradation of MB more.

2. Materials and Methods
2.1. Materials

Acetylacetone (CH3(CO)CH,(CO)CH3) and methylene blue were supplied by VWR
Chemicals GmbH (Dresden, Germany). Hydrochloric acid (HCl, 37%), potassium per-
manganate (KMnQOy), sodium nitrate (NaNO3), hydrogen peroxide (H,O,, 30% w/v),
graphite flakes (<50 um), titanium (IV) isopropoxide (Ti(C3H5013)4, TTIP, 97%), i-propanol
(C3H;OH), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na), ethylene
glycol (CoHgO»), and silver nitrate (AgNO3) were purchased from Merck KGaA (Darm-
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stadt, Germany). The ultrapure water was produced in a LaboStar® PRO water purification
system (resistivity 18.2 M()/cm at 24.5 °C, 0.2 um sterile filter, Siemens).

2.2. Synthesis of GO, TiO;, and rGO/TiO,

The GO was prepared following the previously reported chemical synthesis [16].
Briefly, 3 g of graphite flakes was dispersed in 69 mL of sulfuric acid and 1.5 g of sodium
nitrate. After obtaining a homogeneous mixture and a temperature below 5 °C was
achieved in an ice bath, the 9 g of potassium permanganate was added gradually. Afterward,
the mixture was heated at 35 °C for 30 min and milli-Q water was slowly added. Then, the
temperature of the mixture was heated up to 98 °C and held for the next 15 min. At the end
of the reaction, the mixture was cooled at room temperature and 420 mL of milli-Q water
and 3 mL of hydrogen peroxide (30%) were added. The resultant material was centrifuged
(10 min, 3000 rpm) to remove the impurities and isolate the GO nanosheets. To purify the
GO nanosheets, the mixture was washed several times with hydrochloric acid (10 wt.%)
and milli-Q water until neutral pH was reached.

TiO, colloidal solution was prepared using the following reagents: titanium (IV)
isopropoxide as a precursor, i-propanol as a solvent, acetylacetone as a chelating agent, and
nitric acid as a catalyst [32].

According to the procedure previously reported and the obtained results [16], the
selected amount of the synthesised GO suspension (10 wt.%) was added to the TiO, sol.
To acquire homogeneous dispersion, the suspension was ultrasonicated for 15 min and
then transferred to the Teflon-lined autoclave for hydrothermal synthesis (6 h at 180 °C).
Afterward, resulting nanocomposite in the powder form was recovered by centrifuging at
3000 rpm from the supernatant and was washed with the ethanol and milli-Q water. For
comparison, the same procedure, as applied for the preparation of rGO/TiO,, was adopted
to prepare pure TiO; nanoparticles, but without adding GO. The synthesised pure TiO,
and rGO/TiO; nanocomposite was annealed at 300 °C with a heating rate of 3 °C/min and
2 h dwelling time, then cooled naturally to room temperature.

2.3. Preparation of Immobilised TiO» and rGO/TiO, Nanocomposite

The transparent glass sheets (20 mm x 25 mm X 1 mm) were treated in isopropanol
and milli-Q water for 15 min in an ultrasonic bath to eliminate impurities from the glass
surface. Then, the glass sheets were dried in an oven at 50 °C for 1 h. The prepared catalyst
and ethylene glycol were mixed in the appropriate ratio. The mixture was stirred and
transferred into an ultrasonic bath at room temperature for 15 min to obtain a homogeneous
suspension, which was drop-casted on the surface of a glass and immobilised by spin-
coating (WS-400-6NPP Laurell Technologies, USA) technique at 1500 rpm for 20 s. The
glass substrates covered with catalysts were dried in an oven at 105 °C for 15 min. The
homogeneous surface coverage of glass substrate was achieved after three layers of catalyst.

2.4. Characterisation

Morphology and surface analysis was conducted with a scanning electron micro-
scope] EOL JSM-7600F. UV-Vis diffuse reflectance spectra (DRS) were obtained in the mea-
surement range of 200-700 nm at room temperature. The samples were analysed with a
UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan) equipped with a reflectance sphere.

2.5. Photocatalytic Experiment

The MB solution was prepared using milli-Q water. The initial concentration was
5mg/L. In total, 30 mL of the prepared MB solution was added to a quartz reactor with
immobilised glass substrates. The adsorption-desorption equilibrium was conducted in
the dark for 1 h. Then, the irradiation was turned on and aliquots (220 uL) were collected
in intervals of 30 min and the absorbance was monitored by UV-Vis spectroscopy on a
Lambda 950 UV /VIS/NIR spectrophotometer (PerkinElmer, Waltham, MA, USA) in the
400-700 nm range using quartz cuvette (Hellma Analytics, Stuttgart, Germany) with a path
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length of 10 mm. The photocatalytic activity was investigated under ultraviolet A (UV-A)
lamp (Supratec 18W /73, Osram) with a specified wavelength between 300 and 400 nm and
a simulated solar lamp (Osram Ultra Vitalux 300W). The solution was stirred continuously
with magnetic stirrer at 350 rpm for better homogenisation at a 15 cm distance from the
light source.

To determine the influence of possible catalytic species on the degradation process,
different scavengers were utilised: 10 mol L~! of EDTA-2Na, silver nitrate (AgNO3), and
isopropanol (IPA) was added to the MB solution to catch hydroxyl radical hole (h*), electron
(e7), and (*OH), respectively [33,34].

To better simulate realistic conditions for possible water remediation, we also investi-
gated the process in different water environments which were collected from river, lake,
and sea. River water was collected at the source of the So¢a river. Lake water was taken
from Bled and seawater was collected on the coast near the city of Piran.

The ability to reuse the glass functionalised with nanocomposite for removal of MB
from the aqueous medium was evaluated after five consecutive cycles. After each per-
formed photocatalytic test, the immobilised rGO/TiO, nanocomposite was washed with
absolute ethanol and milli-Q water and then dried at room temperature over the night.

3. Results and Discussion

To evaluate the adhesion of the immobilised photocatalyst on glass sheets, immobilised
photocatalyst was exposed to milli-Q water under stirring over the night. No visual
leaching of photocatalysts into the water was observed. The immobilised glass sheets with
rGO/TiO; nanocomposite (A) and pure TiO; (B) are shown in Figure 1.

Figure 1. Picture of immobilised (A) rGO/TiO, nanocomposite and (B) pure TiO;.

3.1. Composition and Morphology

Figure 2 presents the SEM images of the surface of the photocatalysts coated on glass
sheets before the photocatalytic tests. The rough surface morphology of immobilised photo-
catalysts and appearance of assembled agglomerates of as-prepared photocatalysts of pure
TiO, and rGO/TiO; nanocomposite are observed as shown in Figure 2A,B, respectively.

The optoelectronic properties were measured by DRS in the UV-Vis, as shown in
Figure 3. The band gap energy (E,) is calculated using Kubelka-Munk transformation:

(F(R) x hv)% = C(hv — Eg), where n is the constant for the type of optical transition and
its value is 2 for permitted indirect transition [35]. The E; values are determined from
plotted graphs. Eg of the pure TiO, was determined to be 3.18 eV (Figure 3A), whereas
the band gap for the rGO/TiO; nanocomposite was 2.87 eV (Figure 3B). The observed
reduction in the band gap energy is a result of the inclusion of rGO material into the
nanocomposite. These results indicate that the optical characteristics of TiO, are strongly
influenced by the presence of rGO nanosheets and an increased amount of rGO narrows
the band gap in nanocomposite materials. According to the literature, this result can
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be assigned to the formation of Ti-O-C covalent bonds in the nanocomposites during
hydrothermal synthesis [35,36].
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Figure 3. Diffuse reflectance UV-Vis spectra of (A) pure TiO; and (B) rGO/TiO, nanocomposite.
Insets are corresponding plots of transformed Kubelka-Munk function versus the energy of the light
for as-prepared photocatalysts.

3.2. Photocatalytic Performance

The results of the photocatalytic activity of the two different samples are presented next.
Comparison of obtained results of adsorption, photolysis, and photocatalysis degradation
of MB dye from an aqueous medium (milli-Q water) under simulated solar light irradiation
and also under UV-A irradiation are presented in Figure 4A. Photolytic and photocatalytic
performance for the degradation of MB over immobilised rGO/TiO; nanocomposite, bare
TiO,, and without catalyst under ultraviolet and simulated solar irradiation is presented.
To clarify the effect of direct photolysis of MB dye, the photolytic tests were performed
under both sources of irradiation. It can be seen from Figure 4B that only ~11.5% of MB
dye is degraded from an aqueous medium (milli-Q water) after 120 min of simulated
solar irradiation without presence of catalyst. There is no photolytic degradation of MB
dye under UV-A irradiation. The UV-A irradiation did not provide enough energy to
degrade a complex organic pollutant such as MB dye. On the other hand, when the MB
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dye was exposed to the photolysis with the simulated solar irradiation, it exhibited a slight
degradation. The simulated solar irradiation is probably more efficient by providing a
higher energy density and is therefore more suitable for the degradation of complex organic
pollutants such as MB [37].
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Figure 4. (A) Adsorption, photolytic and photocatalytic degradation of MB from an aqueous medium
(milli-Q water) under ultraviolet-A (UV-A) and simulated solar irradiation (S) as a function of
irradiation time. (B) photodegradation efficiency of photolytic and photocatalytic degradation of
MB after 120 min. (C) the —In [MB]/[MB], versus reaction time, and (D) kinetic rate constants of
photocatalytic reactions by immobilised rGO/TiO, nanocomposite photocatalyst.

It can be seen that the adsorption of MB for immobilised pure TiO, photocatalyst was
negligible, while slight adsorption capacity of MB on the surface of immobilised rGO/TiO,
photocatalyst was observed (approximately 10%) after 60 min stirring in the dark. This
phenomenon can be attributed to the strong n— interactions between the benzene rings of
MB structure and the aromatic surface of rGO nanosheets, which clearly contribute to the
pollutants” adsorption [38].

After 120 min of UV-A irradiation, the photodegradation efficiency of bare TiO, and
rGO/TiO, photocatalysts is about 41.9% and 55.8% for MB dye from an aqueous medium
(milli-Q water), whereas the same photocatalyst shows increased photodegradation ef-
ficiency under simulated solar irradiation to about 46.6% and 92.7%, respectively. The
obtained photodegradation results demonstrate that the immobilised rGO/TiO; nanocom-
posite has superior photocatalytic activity, particularly under simulated solar irradiation.

The photodegradation rate constant (k) can be calculated by extrapolating time-
dependent degradation function in a logarithmic relation i.e., of —In (c/cp) versus ir-
radiation time (t) as shown in Figure 4C. The obtained results for UV-A irradiation were as
follows: 0.00452 min~! and 0.00677 min~" for pure TiO, and rGO/TiO, nanocomposite,
respectively. The obtained linear correlation coefficient (R?) was 0.9874 and 0.9991 for pure
TiO; and rGO/TiO; nanocomposite, respectively. The obtained results for simulated solar
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irradiation were as follows: 0.005 min~! and 0.0171 min ! for pure TiO; and rGO/TiO,
nanocomposite, respectively (Figure 4D). The obtained linear correlation coefficient (R?)
was 0.9788 and 0.9859 for pure TiO, and rGO/TiO, nanocomposite, respectively. The pho-
todegradation rate constant of all tested materials follows the first-order kinetic rate. The
obtained values of the first-order rate constant and the photocatalytic degradation efficiency
decrease in the following order: rGO/TiO, > TiO, for both irradiation sources (ultraviolet
and simulated solar light). The enhanced photocatalytic degradation of MB dye from an
aqueous medium (milli-Q water) at natural pH may be due to the high light intensity of
simulated solar irradiation where the intensity of the UV was 4.90 + 0.1 mW cm~2 at a
distance of 15 cm from the light source. On the other hand, the intensity of the UV-A lamp
was significantly lower, 0.98 + 0.05 mW cm ™~ for the same experimental setup.

Several authors have reported the photocatalytic capabilities of rGO/TiO, nanocom-
posite in the form of suspension for the degradation of persistent organic pollutants such
as dyes under different types of irradiation sources. Furthermore, they reported the
high photocatalytic effectiveness of the rGO/TiO, nanocomposite in several studied sys-
tems [1,14,20,33,39,40].

Zouzelka et al. [10] studied the photocatalytic degradation of 4-chlorophenol while
using immobilised TiO, /rGO nanocomposite under UV irradiation. The authors reported
degradation around 80% for 4-chlorophenol after 300 min irradiation, respectively. In
another study, Viet et al. [41] investigated the capability of immobilised rGO/TiO, for
degradation of MB under UV light irradiation. It was found that according to optimised
experimental parameters, the photodegradation of MB was complete after 120 min.

Thus considered, our results for the immobilised rGO/TiO, nanocomposite are in good
agreement with the reported studies. Moreover, immobilised rGO/TiO, nanocomposite in
this study shows a high potential for photocatalytic application due to the possible use of
natural sunlight irradiation. Furthermore, the use of immobilised rGO/TiO, photocatalyst
is more cost-effective than in the form of suspension due to the high cost of separation.

Advanced oxidation processes are effective for the removal of organic pollutants, but
the oxidation rates of the compounds may be mainly affected by the composition of the
water matrix. The water matrix can play a crucial role in the rate of photodegradation
reactions. Dissolved inorganic and organic species can act as promoters and/or inhibitors in
the photocatalytic processes [42—44]. Adsorption and photocatalytic efficiency of MB dye in
several water environments were investigated. The obtained results for MB dye degradation
using immobilised rGO/TiO; nanocomposite, under solar-like irradiation, in milli-Q water,
river water, lake water, and seawater, are shown in Figure 5. It can be observed that the
adsorption efficiency of MB on the surface of immobilised rGO/TiO, nanocomposite was
higher in all monitored water matrices (river, sea, and lake) than in milli-Q water. The
obtained adsorption of MB was ~10%, 20%, 21%, and 24% for milli-Q water, lake water,
river water, and sea water, respectively (Figure 5A). In all the samples, almost complete
photodegradation of MB dye was observed after 120 min. At the end of the photocatalytic
reaction, 92.7%, 96.1%, 93.3%, and 84.9% of MB dye concentrations were removed from
milli-Q water, river water, lake water, and sea water, respectively, as shown in Figure 5B.
As noted, a significant increase of MB dye degradation was observed in the sample of river
water using immobilised rGO/TiO, nanocomposite under simulated solar irradiation. The
enhanced degradation of MB in the river water matrix may be due to a small amount of
ions that can affect the photodegradation of MB dye [43,45]. It was found that degradation
of MB dye in lake and milli-Q water samples is very similar. The lowest photodegradation
of MB was obtained in the seawater sample. Seawater usually contains a large amount of
inorganic salts (especially NaCl) which can have a negative impact on the photocatalyst
activity. The deactivation of the photocatalyst by inorganic species in the seawater matrix
has been connected with free radicals and the active sites on the catalyst surface are thus
terminated [42,46]. The reaction rate constant (k) was calculated again from the slope of a
plot between In(C/Cy,) and reaction time () as shown in Figure 5C,D. The obtained results

for different water matrices were as follows: 0.0216 min—?, 0.02732 min—!, 0.02232 min 1,
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[MBJ/IMB]g

-In [MBJ/[MB],

and 0.01601 min~—! for milli-Q, river, lake, and seawater matrices, respectively (Figure 5D).
It was observed that immobilised rGO/TiO; nanocomposite can play an important role in
the efficient and fast photocatalytic degradation of MB dye in several aquatic matrices.
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Figure 5. Effect of different water matrices (milli-Q water, river water, seawater, and lake water) on
the (A) adsorption (stirring in the dark) and photodegradation efficiency of MB dye using rGO/TiO,
nanocomposite under solar-like irradiation, (B) degradation efficiency of MB, (C) the —In [MB]/[MB],
versus reaction time, and (D) kinetic rate constants of photocatalytic reaction in different environ-

mental water matrices.

The improved photocatalytic activity of the immobilised rGO/TiO; photocatalyst may
be described by an increased establishment of radicals leading to a better separation of
charge carriers. These conditions can be created by the presence of rGO material repressing
the recombination of the charge carrier. The recombination may be achieved over the
graphene surface due to the high mobility of electrons. Furthermore, freed oxidative holes
can directly react with the organic pollutant compounds or indirectly through the OH
radicals, which are strong oxidants [39,47]. Active components such as hydroxyl radical
(*OH), hole (h*), and electron (e ™) play different roles in the photodegradation of organic
dyes. For example, the reduction of e~ may demolish the double bond in the structure of or-
ganic dyes [33,48]. To investigate the role of different hydroxyl radical in the photocatalytic
degradation of MB in an aqueous medium (milli-Q water), identical catalytic experiments
have been carried out in the presence of isopropanol (IPA), AgNOs, and EDTA-2Na, as
shown in Figure 6. IPA rapidly reacts with hydroxyl radical and because these radicals are
terminated, we can determine the role of hydroxyl radical in photocatalytic reactions [47].
In this case, it was observed that the photodegradation efficiency increases with the pres-
ence of isopropanol; to be precise, with 0.01 mol L~ of isopropanol, the process efficiency
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increases by 4.5% after reaction duration of 120 min compared to the MB degradation with-
out the presence of active species. If hydroxyl radicals were the primary species leading
to the degradation of MB during immobilised rGO/TiO, photocatalyst, the addition of
isopropanol should inhibit the photodegradation. The minimal level of increase observed
upon addition of hydroxyl radical indicates that the hydroxyl-radical-based oxidation path-
way does not play a significant role in the degradation of MB with immobilised rGO/TiO,
nanocomposite photocatalyst under simulated solar irradiation [49-52]. To determine the
presence of h* and e~ in photodegradation of MB, EDTA-2Na and AgNOj3; were used as an
active species. The inhibition of MB degradation in the presence of EDTA-2Na is decreased
by 11% compared with the photodegradation efficiency of MB without addition of active
species. This suggests that holes are an important factor in our catalytic process. On the
other hand, addition of AgNO; is less effective and even slightly increases the degradation
by 0.7%. The photodegradation rates changed regarding the active component which
is added in the photocatalytic process. The active species of photocatalytic activity for
immobilised rGO/TiO; follows the order: h* > none > e~ > *OH. It can be concluded that
only addition of EDTA-2Na, a hole scavenger, inhibited the photocatalytic degradation of
MB using immobilised rGO/TiO, nanocomposite. Based on obtained experimental results,
the decreased photodegradation efficiency suggested that the photocatalytic activity of
immobilised rGO/TiO; nanocomposite under simulated solar irradiation for removal of
MB is driven by the presence of a hole, similarly as in [33,52-55].
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Figure 6. Effects of scavengers on the degradation of MB dye in milli-Q water with scavenger dosage
of 0.01 mol L~ after 120 min of simulated solar irradiation.

For the reusability investigation of the immobilised photocatalyst, the photoactivity
was carried out by five consecutive cycles of MB removal from an aqueous medium (milli-
Q water) within 30 min intervals for 120 min of irradiation using simulated solar light.
Figure 7 shows the results of the immobilised rGO/TiO, photocatalyst. After five cycles,
the photodegradation of MB is slightly decreased, 92.7%, 92.9%, 92.5%, 92.6%, and 91.3%,
respectively. The obtained results show very high reusability of immobilised rGO/TiO,
photocatalyst for removal after each cycle. The reason for such robust appearance is proba-
bly due to the strong interaction between photocatalyst and adhesive material (ethylene
glycol) where the photocatalyst remained attached to the substrate after five consecutive
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cycles. The obtained results clearly indicate the high chemical and operating stability of
the immobilised rGO/TiO, photocatalyst and point towards significant reusability as a
photocatalyst. Moreover, these results are in striking contrast to our previous report where
the rGO/TiO, powder photodegradation efficiency was decreased because the amount of
catalyst was lost between the consecutive cycles [56].
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Figure 7. The recyclability of immobilised rGO/TiO, photocatalyst during removal of MB from an
aqueous medium (milli-Q water) using simulated solar irradiation.

The proposed mechanism of photocatalytic degradation by rGO/TiO, nanocomposite
is shown in Figure 8. rGO material in the rGO/TiO, nanocomposite can improve photocat-
alytic degradation of MB by promoting separation and charge transfer. The electron-hole
pairs have been excited within the TiO, molecule after UV-Vis irradiation. The electrons
(e™) can be quickly shifted from the conductive band (CB) of the TiO, molecule to the
surface of the rGO material. Then, transferred electrons in combination with present oxy-
gen will favour the radical O,*~. Produced O,°*~ has the potential to react with H,O/H*
to form *OH radical, which is the primary radical in the degradation of MB dye. In the
meantime, the holes (h*) on the valence band (VB) of the TiO, molecule have the potential
to oxidise H,O/OH™ to also form *OH radicals [33,57,58].
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Figure 8. The photocatalytic mechanisms of rGO/TiO, nanocomposite for MB dye degradation.

4. Conclusions

In the framework of this work, a simple and efficient approach to preparing rGO/TiO,
immobilised nanocomposite is presented. The photocatalytic activity of immobilised
rGO/TiO; nanocomposite was verified by the photodegradation of methylene blue (MB)
dye in aqueous solution under UV-A and simulated solar irradiations. It was found that the
rate of MB photocatalytic degradation is higher by immobilised rGO/TiO, nanocomposite
in comparison with immobilised pure TiO,.

It was found that photocatalytic degradation of MB dye under solar-like irradiation in
investigated water matrices follows the order: river > lake > milli-Q > seawater.

It was determined that holes (h") play an important role in the photocatalytic activity
of immobilised rGO/TiO, nanocomposite under simulated solar irradiation for the removal
of MB dye.

The obtained photodegradation results show that the optimised immobilisation
method shows promising result for the immobilisation of rGO/TiO, nanocomposite on a
glass substrate with high photocatalytic performances for multi-cycle use (five cycles) up
to 90%, which is of utmost significance for their implementation under real conditions.
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