
Visible Light-Induced Reactive Yellow 145 Discoloration: Structural
and Photocatalytic Studies of Graphene Quantum Dot-Incorporated
TiO2
Syeda Kinza Fatima, Ansumana Sangi Ceesay, Muhammad Saqib Khan,* Rizwana Sarwar,
Muhammad Bilal, Jalal Uddin, Anwar Ul-Hamid, Ajmal Khan,* Nadia Riaz,* and Ahmed Al-Harrasi*

Cite This: ACS Omega 2023, 8, 3007−3016 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Visible light-induced photocatalytic treatment of organic waste is considered a green and efficient route. This study
explored the structural and photocatalytic performance of graphene quantum dot (GQD)-incorporated TiO2 nanocomposites to
treat reactive yellow 145 (RY145) dye. For the effective removal of the RY145, efforts were made to better understand the kinetics of
the process and optimization of the treatment parameters. Different GQD-doped TiO2 nanocomposites were synthesized employing
the sol−gel method. Physicochemical characteristics of the synthesized nanocomposites were studied through FTIR, XRD, UV−
visible spectroscopy, SEM, and EDX. Screening studies were conducted for synthesis and reaction optimization. The results
indicated that GQD−TiO2 significantly enhanced the photocatalytic discoloration for RY145 dye. Among the synthesized
nanocomposites, 15GQD−TiO2 calcined at 300 exhibited 99.3% RY145 discoloration in 30 min under visible light irradiation.
Following the pseudo-first-order reaction, the photocatalytic reaction constant Kapp progressively declined with an increase in the
concentration of RY145. The heterogeneous reaction system conformed to the Langmuir−Hinshelwood isotherm, as indicated by
the KC (1.08 mg L−1 min−1) and the KLH (0.18 L mg−1) values. O2

•− was found to be the major contributor in GQD−TiO2-300 to
decolorize RY154, while TiO2 and GQDs played a vital role in generation of electrons and holes. Additionally, after recycling to the
seventh cycle, only 9% decline in photocatalytic performance was observed for the synthesized nanocomposite.

1. INTRODUCTION
With the rapid increase in industrialization, urbanization, and
economic development, environmental pollution is becoming a
more serious problem for the human society. Discharge of
synthetic toxic pollutants such as dyes, pesticides, pharma-
ceuticals, and so forth, due to these anthropogenic activities, in
water is increasing and endangering humans and the entire
biosphere. As a result, it is vital to figure out a solution to the
major cause of water pollution control and purification.
Organic dyes are among the main contaminants released as
industrial effluents into waterways. Dyes are used as colorants
in the manufacturing of textiles, cosmetics, foods, pharmaceut-
icals, materials, paintings, pigments, prints, and papers.1 The
most popular and widely used synthetic dyes are azo dyes,2

which consist of a distinctive double bond between the two

nitrogen atoms in their chemical structure (−N�N−) with
other group associations such as sulfonic groups. These bonds
are not easily biodegradable, and the recalcitrant nature of the
dye is retained. Textile dyeing effluents contain 5−50% of
reactive dyes (azo dyes).3 Various reports showed that textile
effluents have detrimental effects on the growth rate of
vegetation which are ecologically important.4 Hence, water
purification is necessary for the textile effluents. Many
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traditional treatment processes are being used such as
biological,5 adsorption,6 oxidation,7 extraction,8 coagulation,
flocculation,9 and so forth; however, these conventional
methods are no longer successful due to advancements in
coloring technology and the complex dye structure. Therefore,
it is imperative to develop a treatment process that not only
eliminates these resistant textile pollutants but also enhances
water quality.

Graphene quantum dots (GQDs) have been recently being
focused on the field of nanotechnology for the environmental
remediation approaches because of their high stability,
anomalous physicochemical properties, and unique photo-
luminescence properties.10 GQDs have also been investigated
as a possible replacement of TiO2 (a widely used photo-
catalyst).11 TiO2 has significant popularity for eliminating dyes
from wastewater due to their larger surface area, adsorption
capacity, and faster equilibrium rates. However, due to the
wide band gap, TiO2 can only participate in photocatalytic
action when presented to UV light that comprises only 4% of
the visible region.12

However, to fully utilize the remediation properties of TiO2,
the alteration of TiO2 is necessary to improve the photo-
catalytic capabilities. A significant number of studies on TiO2
alteration to improve its photocatalytic capabilities have been
reported. These modifications include doping (metal/non-
metal),13 surface modification,14 dye sensitization,15 composite
synthesis with a variety of different materials,16 and
immobilization and stabilization on support structures.17

Recent studies have reported that due to their high catalytic
activity and almost 100% atom consumption, metal-based
atomically dispersed catalysts have gained increased atten-
tion.18 However, very little focus is given to the possible
potential of GQD−TiO2 combination. GQDs have been
reported as a sensitizer for semiconductor catalytic materials,
and they significantly improve the catalytic performance of
these materials19 through absorption of visible light.

The photocatalytic process of TiO2 and GQD−TiO2 is the
same; however, the difference lies in the improvement of the
efficiency. When exposed to visible light, GQDs photosensitize
TiO2 and contribute electrons to its conduction band. This
improves the TiO2−GQD nanocomposites’ capacity to absorb
visible light.20 Chinnusamy et al. attributed the higher
photocatalytic activity of GQD−TiO2 to the efficient charge
separation at the interface of GQD−TiO2.

21 Mechanistic
studies showed that the large energy difference between the
LUMO of the GQDs above the conduction band (CB) of
TiO2 drives the electron transfer from the CB of the GQDs to
the CB of TiO2.

22 Moreover, GQDs can serve as an electron
sink for photogenerated electrons due to their unique
electronic properties and high electronic conductivity, thus
facilitating electron donor−acceptor interaction between
GQDs and TiO2.

23 It is clear from the literature that doping
GQDs with photocatalytic improves their photocatalytic
capacity and shifts the reaction into the visible light range.

2. MATERIALS AND METHODS
All the chemicals utilized in this study were of analytical grade
and used without further refinement. The commercial-grade
reactive yellow 145 (RY145) were provided by Koh-i-noor
textile industry (Pakistan), and titanium tetraisopropoxide
(TIP), 98% purity, was purchased from Dae-Jung Chemicals
(South Korea), while citric acid (CA) and absolute ethanol
(98%) were obtained from Merck (Germany).

2.1. Synthesis of GQDs and GQD−TiO2 Nanocompo-
sites. Citric acid was pyrolyzed to obtain GQDs, as described
previously.24 In a typical procedure, a desired amount of citric
acid was heated on isomantle for 5 min at 200 °C. Initially, CA
was liquidated to colorless liquid, and after 5 min, the color
changed to orange. The resultant orange liquid was neutralized
with ethanol containing 10 mg L−1 NaOH. After neutraliza-
tion, the color changed to pale yellow, indicating GQD
formation.24,25

GQD incorporation @TiO2 was achieved through the
modified sol−gel method described in our previous study.26

37 mL TiO2 precursor, TIP was poured into 60 mL of ethanol.
In another solution 15 mL acetic acid, 20 mL absolute ethanol
and desired amount GQDs and 10 mL DI distilled water was
added. The GQD solution was gradually introduced to TiO2
precursor solution under vigorous stirring. The obtained gel
was aged overnight under ambient conditions (22 °C ± 1).
Afterward, the gel was dried in an oven at 90 °C for 24 h. The
dried powder was ground into powder and annealed for 60 min
at various calcination temperatures, that is, 300, 400, and 500
°C. The list of the synthesized nanocomposite is depicted in
the first column of Table 1.

2.2. Evaluation of Photocatalytic Performance. Photo-
catalytic discoloration studies were performed using the
synthesized nanocomposite, according to the protocol
described in ref 27. All the experiments were performed
under ambient conditions, temperature (21 ± 1 °C),
nanocomposite dosage (1 mg mL−1), and RY145 concen-
tration (30 mg mL−1); Prior to the addition of RY145 dye, the
synthesized nanocomposite was sonicated in DI distilled water.
Afterward, adsorption desorption equilibrium was achieved for
10 min before the exposure to visible light (wavelength: 400−
700 nm and intensity: 30,798 lux). Aliquots were sampled at
predefined intervals during the irradiation experiment to
measure the change in dye concentration, and each aliquot
was centrifuged and analyzed through a UV−vis spectropho-
tometer (PG Instruments Ltd., UK) at 419 nm. The following
equation (eq 1) was used to calculate the RY145 discoloration
performance (%).

= ×
i
k
jjjjj

y
{
zzzzz

C C
C

% RY145 decolorization 100to

o (1)

where Co is the RY145 initial concentration (mg L−1) and Ct is
the RY145 concentration at time (mg mL−1).

The effect of different reaction parameters such as reaction
pH, nanocomposite dose, and RY145 concentration was also
checked on the performance of the best screened nano-
composite.

Table 1. XRD Crystallite Size of Different Synthesized
Nanocomposites

nanocomposite
FWHM
(rad)

crystallite size
(nm)

band gap energy
(eV)

1GQD−TiO2-300 0.024 5.84 3.01
1GQD−TiO2-400 0.024 5.87 3.03
1GQD−TiO2-500 0.013 10.58 3.12
15GQD−TiO2-300 0.025 5.48 2.91
15GQD−TiO2-400 0.023 5.99 3.18
15GQD−TiO2-500 0.012 11.72 3.16

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05805
ACS Omega 2023, 8, 3007−3016

3008

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. Photocatalytic Kinetics. Photocatalytic discoloration
rate was explored by fitting the experimental data into the
Langmuir−Hinshelwood (LH) model28 using the following
LH expression

= + ×
[ ]r K K K

1 1 1 1
RY145o C C LH e (2)

Equation 2 corresponds to the relation of 1/ro and [RY145]e
concentration values. Moreover, Kc and KLH demonstrate the
effect of RY145 concentration on the equilibrium constant.

2.4. Characterization of the Synthesized Nano-
composite. The physicochemical properties of the synthe-
sized nanocomposite were studied using different character-
ization techniques; these included Fourier transform infrared
spectroscopy (FTIR; Alpha Bruker, Karlsruhe, Germany), X-
ray diffraction (XRD; Bruker, Billerica, Massachusetts, United
States), UV−visible spectroscopy (T80+ series PG Instruments
Ltd., UK), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS) (JEOL JSM-6510LA,
Tokyo, Japan).

2.5. Active Species Trapping Experiments. To under-
stand the mechanism and role of various active species in the
photocatalytic reaction, scavenging or active species trapping
studies were carried out as described previously.25 Before the
addition of the nanocomposite, various scavengers were used

in the reaction solution of RY145; these included isopropyl
alcohol (IPA), benzoquinone, and disodium ethylenediamine-
tetraacetate (EDTA) as scavenging agents for •OH, O2

•−, and
h+, respectively.

2.6. Durability Studies. Durability of the nanocomposite
was checked through recycling. Studies were conducted to
check the recycling potential of the synthesized nano-
composite. The photocatalytic reaction was carried out in
eight cycles, and after each cycle, 15GQD−TiO2-300 was
retrieved from the reaction solution through centrifugation
followed by washing and drying. All the experimental
conditions were kept the same for each experiment. The
discoloration (%) was determined using eq 1.

3. RESULTS AND DISCUSSION
3.1. Diffraction Analysis (XRD). The XRD patterns of

1GQD−TiO2 and 15GQD−TiO2 calcined at 300, 400, and
500 °C are depicted in Figure 1a−c. The characteristic
diffraction peaks that appeared at 25.33, 33.65, 47.45, 54.59,
and 76.81° are attributed to (1 0 1), (0 0 4), (2 0 1), (2 1 1),
and (1 8 4) planes of anatase TiO2 (JCPDS # 21-1272). In
addition, similar peaks were observed for all the GQD-
incorporated TiO2, and no phase transformation was observed
even at higher calcination temperature (500 °C). These results
demonstrate the inhibition of TiO2 phase change by GQD

Figure 1. Physicochemical properties of the synthesized nanocomposite: XRD analysis: (a) 1GQD−TiO2 and (b) 15GQD−TiO2; FTIR analysis:
(c) 1GQD−TiO2 and (d) 15GQD−TiO2; and UV−visible analysis: (e) absorption spectrum and (f) band gap estimation.
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Figure 2. SEM images of (a) 1GQD−TiO2-300 and (b) 15GQD−TiO2-300 and EDX spectrum of [a(1)] 1GQD−TiO2-300 and [b(1)] 15GQD−
TiO2-300, (c) TEM images of 15GQD−TiO2-300 and [c(1)] TEM particle size distribution.
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introduction. This inhibition of the phase transformation may
be caused by the Ti−O−C bond, which is thought to prevent
the transformation of the anatase octahedral spiral chain into
the rutile octahedral straight chain;29 the results of FTIR are
also in the favor of XRD findings. In addition, there is no new
diffraction peak in GQD−TiO2, indicating that GQDs were
successfully decorated on the TiO2 surface without altering the
crystalline structure of TiO2. No diffraction peak of carbon
(GQD) was recorded in the XRD pattern which can be due to
the high dispersion and low concentration of carbon contents
in TiO2; however, the carbon content presence were detected
in the EDS mapping and FTIR analysis of these sample-
s.25Table 1 shows the comparison of crystallite size of different
synthesized nanocomposites.

3.2. Functional Group Analysis (FTIR). FTIR analysis
was also performed to further understand the physicochemical
properties of the nanocomposites and effect of different
synthesis parameters. Figure 1c,d shows the FTIR spectra of
1GQD−TiO2 and 15GQD−TiO2 calcined at 300, 400, and
500 °C. The O−C−O asymmetric and symmetric vibrations
were recorded at ∼1593 and ∼1416 cm−1, respectively, while
the C�O group existed at ∼1090 and ∼990 cm−1, and the C−
O−Ti peak was around 2131 cm−1.30 The stretching vibrations
of Ti−O−Ti were observed around the 400−900 cm−1

range.31,32 Moreover, the increase in annealing temperature
from 300 to 500 °C reduced the intensity of the corresponding
absorption peaks.

3.3. Band Gap Analysis. UV−visible spectroscopy was
employed to estimate the band gap of the synthesized
nanocomposites. Figure 1e depicts the absorption spectrum
of the synthesized nanocomposites, and corresponding band
gap energies are given in Figure 1f. Absorption of visible light
was recorded for 1GQD−TiO2-300 and 15GQD−TiO2-300
compared to other GQD loadings and calcination temper-
atures. Previous studies demonstrated that the excitation of
electrons from the valence band (VB) to the conduction band
(CB) is caused by the sharp absorption edge at 390 nm.33 The
band gap was estimated through Tauc’s plot by plotting (F(R)
hv)1/2 versus band gap energy. The band gap of TiO2 is 3.19
eV, while the band gap calculated for GQDs used in this study
was 2.20 eV (Figure S1, Supporting Information). The results
depicted reduction in the TiO2 band gap of 2.91 eV after
decoration of 15GQD−TiO2-300. Our results are consistent
with previous studies which show reduction in band gap upon
the introduction of metals or nonmetal moieties into the lattice
structure of TiO2.

25,32

3.4. Surface Morphology Analysis (SEM). Figure 2a,b,
depicts the morphological characteristics of the best perform-
ing nanocomposite calcined at 300 °C, that is, 1GQD−TiO2
and 15GQD−TiO2, and the corresponding EDS analysis is
shown in Figure 2a(1),b(1). In both nanocomposites,
dispersed particles were observed; however, there is a
noticeable variation in the crystallinity. These results agree
with the XRD findings, where clear anatase peaks were
observed for 15GQD−TiO2-300, while no such crystalline
peaks were observed for 1GQD−TiO2-300. The major
chemical components obtained through EDS element mapping
were Ti, C, and O over the entire region. According to these
findings, coating-like heterojunctions are formed between
GQDs and TiO2 with a firm and close contact.22 The
synthesized GQD/TiO2 nanocomposites analyzed using TEM
[as in Figure 2c(1)] indicated spherical agglomerated

morphology, with an average particle size of ∼2.73 ± 0.35
nm and dispersion in the form of sheet.

3.5. Screening and Optimization Studies. 3.5.1. Effect
of Calcination Temperature and GQD Loading. Reaction
studies were conducted for the selection of the best
combination of calcination temperature and GQD loading.
The discoloration efficiency (%) for each nanocomposite is
depicted in Table 2. The results revealed that the best

combination was 15 mol % GQD loading and 300 °C
calcination temperature with a discoloration efficiency of
99.8% in 30 min of reaction. Any increase in calcination
temperature and GQD loading resulted in reduced photo-
catalytic efficiency. The higher calcination temperature might
result in the loss of carbon (GQD) contents, which are visible
in the FTIR analysis, showing less intense IR peaks upon
calcination. Moreover, at higher GQD loading, the surface
contact between TiO2 and RY145 can decrease due to which
less production of free radicals and charge carrier dissipation
by trapping above a certain level of GQD loading occur.34 In
addition, the photons are obscured by GQDs, preventing the
charge transfer and OH radical production,22 ultimately
reducing the photocatalytic efficiency. Furthermore, higher
GQD content in the composite results in GQD aggregation,
which inhibits the GQD and TiO2 interaction, resulting in
lower photocatalytic activity.21

3.5.2. Effect of Irradiation Time. Figure 3a depicts the effect
of irradiation time on the discoloration efficiency of the
15GQD−TiO2-300 nanocomposite. The reaction was con-
ducted for 60 min; however, 99.8% RY145 discoloration was
achieved in first 30 min of visible light irradiation. In our
previous study, the reaction time was 60 min with different
metals (Fe, Cu, and Ni) for the degradation of RY145;27

however, GQD introduction into the TiO2 reduced the
reaction time to 30 min. This can be attributed to better e−/
h+ transfer at the optimum GQD loading and generation of
OH radicals. Based on these results, the irradiation time was
set for 30 min in the rest of the study.

3.5.3. Effect of Nanocomposite Dose. The effects of
nanocomposite dose on RY145 discoloration efficiency of
15GQD−TiO2-300 are depicted in Figure 3b. The nano-
composite dose was varied from 0.25 to 2.0 mg L−1 for a
reaction volume of 60 mL. The discoloration efficiency for
15GQD−TiO2-300 was initially decreased with increasing
nanocomposite dose; maximum efficiency was observed when
the nanocomposite dose reached 1 mg mL−1. However, as the
nanocomposite dose increased, the discoloration efficiency
decreased. These results are contrary to the usual observation
that increasing the active sites through increasing the
nanocomposite contents should increase nanocomposite

Table 2. Effect of Calcination Temperature and QD
Loading on Discoloration of RY145

discoloration (min−1)

GQD loading (mol %) 300 °C 400 °C 500 °C
TiO2 5.50 × 10−3 5.20 × 10−3 7.10 × 10−3

1GQD−TiO2 1.38 × 10−1 1.97 × 10−2 1.43 × 10−2

5GQD−TiO2 1.26 × 10−1 1.77 × 10−2 1.43 × 10−2

10GQD−TiO2 1.38 × 10−1 1.68 × 10−2 1.44 × 10−2

15GQD−TiO2 1.54 × 10−1 1.18 × 10−2 1.61 × 10−2

20GQD−TiO2 3.00 × 10−2 2.71 × 10−2 1.96 × 10−2

30GQD−TiO2 2.31 × 10−2 1.63 × 10−2 1.56 × 10−2
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efficiency, however, as a heterogeneous photocatalytic reaction
depends on the availability of photons, and increasing the
nanocomposite dose causes the reaction solution to become
turbid, which prevents the photons from reaching the
nanocomposite surface and reduces the efficiency of the
nanocomposite. Similar findings are reported in previous
heterogeneous photocatalytic studies.35−37 The rest of the
study was conducted using an optimum dose of 1 mg mL−1.

3.5.4. Effect of Initial Dye Concentration. The effect of
initial dye concentration was investigated for 5, 10, 20, 30, 40,
50, 60, and 100 mg L−1 of the RY145 (Figure 3c). During the
experiment, the initial dye concentration was varied, while
other reaction conditions such as an ambient temperature of
21 ± 1 °C, 1 mg L−1 nanocomposite dose, and working pH
were kept constant. Higher discoloration efficiency was
achieved at lower initial RY145 concentrations, but after
reaching an optimal concentration level (40 mg L−1), the
nanocomposite efficiency significantly reduced, and at higher
dye concentrations, the RY145 reaction solution becomes
blurry and photons cannot reach the nanocomposite surface,
and very few free radicals are produced, which in turn lowers
the efficiency.

3.6. Adsorption Studies. Studies were conducted to
assess the adsorption behavior of the synthesized nano-
composite. Results depicted in Figure 4 revealed that the
nanocomposite decorated with GQDs had higher adsorption
capacity compared to TiO2. TiO2-300, TiO2-400, and TiO2-
500 showed adsorption capacities of 0.0503, 0.0587, and
0.0372 mg g−1, respectively, compared to GQD−TiO2
nanocomposites. 15GQD−TiO2-300 and 1GQD−TiO2-300
demonstrated maximal adsorption capacities of 0.1218 and
0.1142 mg g−1, respectively, in 60 min of batch reaction. In
addition, it was found that adsorption capacity decreased with
the increase in calcination temperature. Previous research

demonstrated that the decoration of graphene on TiO2
increases the pore size and surface area, which ultimately
increase the adsorption capacity38,39

3.7. Kinetic Studies. Kinetic studies are important in
terms of understanding the reaction and reaction rate. The
discoloration data obtained at different concentrations using
the 15GQD−TiO2-300 nanocomposite were fitted into
different kinetic models including first-order (FO), pseudo-
first-order (PFO), zero-order (ZO), and second-order (SO)
models for quantitative assessment. The best fit model was
selected based on R2. The PFO kinetic model is presented in
Figure 5, while the other kinetic models are presented in
Figure S2a−c. The rate constant (K) for different kinetic
models is depicted in Table 3. The photocatalytic discoloration

Figure 3. Effect of different reaction parameters on discoloration of RY145: (a) reaction time, (b) nanocomposite dosage, and (c) initial RY145
dye concentration.

Figure 4. Adsorption studies of the synthesized nanocomposites.
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reaction of RY145 using 15GQD−TiO2-300 fits to PFO
reaction kinetics.

3.7.1. Heterogeneous Photocatalytic Isotherm Studies.
The photocatalytic reaction mechanism of the discoloration of
RY145 dye through 15GQD−TiO2-300 was studied using the
Langmuir−Hinshelwood (LH) isotherm. The reaction rate
(min−1) was determined for each concentration and is
depicted in Figure 6. The results showed that the effectiveness
of the 15GQD−TiO2-300 nanocomposite for RY145 dye
discoloration decreased as dye concentration increased.
Moreover, a significant effect was observed on the reaction
rate with increasing dye concentration, and lower RY145 dye
concentrations showed a faster reaction rate, while higher
concentrations showed a slower reaction rate. The slower
reaction rate can be explained by the fact that at higher
concentrations, more RY145 molecules are adsorbed on the
surface of the 15GQD−TiO2-300 nanocomposite and fewer
photons reach the nanocomposite’s surface, which ultimately
reduces the nanocomposite’s photocatalytic efficiency. Similar
findings are reported in refs 40−4142. The Figure 6 inset
shows the LH expression by plotting the reciprocal of apparent
rate constant against initial RY145 concentration. The KLH
value obtained was 0.18 L mg−1, while KC was 1.08 mg L−1

min−1. Furthermore, theoretical evaluation of the photo
discoloration of RY145 can be obtained by applying the
value obtained from the LH model to eq 3

=
[ ]

+
r
1 0.195

RY145
0.923

o O (3)

3.8. Recycling Studies. Stability and durability studies are
important from an economic point of view, as it determines the
widespread concern related to future application of the as-
synthesized nanocomposite. In this regard, the recycling
potential was measured with multiple cycles to assess

15GQD−TiO2-300 nanocomposite reusability. After each
reaction cycle, the utilized nanocomposite was recovered by
centrifugation followed by washing and drying. The results
depicted in Figure 7 show multiple cycles of RY145

discoloration. The as-synthesized 15GQD−TiO2-300 nano-
composite showed only lost 9% in RY145 discoloration
efficiency and was durable until the seventh cycle, and a slight
decline of 7% was observed in the eighth cycle (84%
discoloration). These results indicate that the GQD addition
to the TiO2 is much stable compared to other metal/nonmetal
dopants.25,43

3.9. Photocatalytic Mechanism Studies. As photo-
catalytic reaction is governed by reactive species including
•OH, −O2, e−, and h+, to determine their role in the reaction,
scavenging or trapping experiments were conducted using

Figure 5. PFO reaction kinetics for the discoloration of RY145 using
15GQD−TiO2-300.

Table 3. Rate Constants of Different Kinetic Models Using the 15GQD−TiO2-300 Nanocomposite

concentration (mg L−1) PFO (mg L−1 min−1) ZO (mg L−1 min−1) FO (mg L−1 min−1) SO (mg L−1 min−1)

10 0.0808 0.0281 −0.0808 11.083
20 0.097 0.0463 −0.097 13.787
30 0.1325 0.0109 −0.1325 115.89
40 0.0111 0.0177 −0.0111 0.0338
50 0.0113 0.0317 −0.0113 0.0281
100 0.0097 0.044 −0.0097 0.0097

Figure 6. Effect of RY145 initial concentration on the discoloration
rate using 15GQD−TiO2-300, inset 1/Kapp of discoloration against
initial dye concentration.

Figure 7. Recycling studies of the best performing nanocomposite
(15GQD−TiO2-300).
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different scavenging agents, as discussed earlier in Section 2.5.
The photocatalytic performance of 15GQD−TiO2-300 was
markedly reduced to 87% in the presence of BQ which
indicated strong participation of superoxide radicals (O2

•−) or
the photogenerated electrons. Moreover, 71 and 51%
reduction were observed in the presence of EDTA (h+) and
IPA (•OH), respectively (Figure 8). These findings indicate
that although all reactive species were involved in the
photocatalytic reaction, however, superoxide played a vital
role in discoloration of RY145 dye.

The photocatalytic mechanism is further confirmed through
determining the energy positions of the conduction band (CB)
and valence band (VB). The Mulliken electronegativity and
corresponding band gap value were used to derive the
nanocomposite’s CB and VB positions using the following
equation.

=E E E0.5CB
e

g (4)

=E E EVB CB g (5)

ECB and EVB are the band gap CB and VB potential of the
conduction and valence band, respectively, Ee is the energy of
free electron versus hydrogen, and χ is the geometric mean of
the Mulliken electronegativity constituent.44 χ was calculated
as

=[ · · ] + +x A x B x C( ) ( ) ( )a b c a b c1/ (6)

where a, b, and c are the number of atoms in the compound.
The CBTiO2 and CBGQDs were −1.05 and 0.36 eV, respectively,
while VBTiO2 and VBGQDs were 2.13 and 3.16 eV versus normal
hydrogen energy (NHE), respectively. The band positions are
shown in Figure 9. In visible light irradiation, the energy of the
excited photon can super pass the energy gap of GQDs and
TiO2 to produce e− and h+ pairs. As the CB and VB of TiO2
are higher than the CB and VB of GQDs, the electrons
generated in GQDs shall pass on to the CB and VB of TiO2.
Since the CBTiO2 is more negative, the photoexcited electron
on the CB of TiO2 (−1.05 eV) will react with H2O
(EHd2O/

•OH = 2.38 eV) or OH− (EOH−/•OH = 1.99 eV) to
produce hydroxyl radicals (•OH) (2.38 V) and superoxide
anion radicals (O2

•−) (EO2/O2
•− = −0.33 eV). The proposed

mechanism is supported by the scavenging experiments and
the strong role of O2

•− in the discoloration of RY145.

■ CONCLUSIONS
This study reports the textile wastewater purification through a
green and efficient route of the advance oxidation process
using GQD-anchored titanium dioxide at the lab-scale
photocatalytic reactor under visible light. Different-weight-
percent-GQD-embedded TiO2 nanocomposites were synthe-
sized via pyrolysis and the sol−gel method. The structural and
photocatalytic performance of the synthesized nanocomposites
against RY145 dye discoloration was studied using UV−visible
spectroscopy, FTIR, XRD, SEM, and EDX. To select the best
performing nanocomposite, screening studies were conducted
for different GQD loadings and calcination temperatures.
Physicochemical studies indicated that GQD−TiO2 greatly
improved the photocatalytic discoloration efficiency for RY145
dye. The best combination of GQD loading and calcination
temperature was 15 and 300 °C, respectively, with RY145
discoloration of 99.3% in 30 min of visible light irradiation.
Moreover, the photocatalytic reaction followed the PFO. In
addition, the heterogeneous modeling (Langmuir−Hinshel-
wood isotherm) showed the dominant KC value of 1.08 mg L−1

min−1 over the KLH value (0.18 L mg−1). The photocatalytic
reaction mechanism studies were conducted to study the role
of different active species and demonstrated that the
superoxide (O2

•−) generated at the conduction band of the
nanocomposite is the main active species in the GQD−TiO2-

Figure 8. Effect of different scavenging agents on the photocatalytic
performance of 15GQD−TiO2-300.

Figure 9. Proposed photocatalytic mechanism of 15GQD−TiO2-300 for RY145 dye discoloration.
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300. Additionally, the nanocomposite maintained its efficiency
until the seventh cycle with a slight decline of 9% performance
in the final cycle.
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