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Abstract

This study is focused on synthesis of highly efficient Titania/reduced Graphene Oxide (TiO,/rGO) nanocomposites by means
of simple hydrothermal technique. The TiO,/rGO were synthesized in different ratios of 0.5, 1.0, 2.0, and 3% by varying
the concentration of rGO while the concentration of TiO, was kept constant and the obtained samples were designated as
TrGO.5, TrG1, TrG2, and TrG3 respectively. Different characterization techniques (SEM, TEM, HRTEM, XRD, EDX, TGA,
UV-DRS, PL, EIS, and BET) showed high crystallinity, small crystallite size (18.4 nm), high thermal stability, high purity,
low band gap energy (E, = 3.12 ¢V), and high surface area (65.989 m?/g) for the as-synthesized TiO,/rGO nanocomposite.
The efficiencies of TiO,/rGO were determined in terms of brilliant green (BG) dye degradation in aqueous media under UV
light. The results revealed that 2% TiO,/rGO (TrG2) showed high efficiency for BG degradation with the k,,, of 0.023 min~!
compared to TiO, alone (k,,, of 0.006 min~!). The rate of BG degradation was further synergised by the addition of peroxy-
monosulfate (PMS) to the system. The degradation of BG was improved to 99.4% by the incorporation of PMS in aqueous
media compared to TrG2 alone. Furthermore, the degradation of BG was also examined in various media (neutral, acidic,
and basic). The results revealed that by increasing pH of the medium from 3.85 to 8.2 the degradation of BG was enhanced
from 99.4 t0 99.9% with the corresponding k,,, of 0.0602 min™ !. Moreover, the photocatalytic degradation of BG followed the
pseudo-first-order kinetics. Radical scavenging experiments showed that ®OH and SO,®~ were the main species responsible
for the degradation of BG under UV light. Besides, for determining the efficiency of as-synthesized TrG2/PMS system, the
degradation of BG was also performed in various water types (distilled water, tape water, synthetic wastewater, and industrial
wastewater). The degradation products (DPs) of BG and their corresponding pathways were proposed, accordingly.

Keywords Wastewater - Contaminants - Advanced oxidation processes (AOPs) - Photocatalysis - Titania/reduced graphene
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Introduction

Advanced oxidation processes produce highly reactive
hydroxyl radical specie (|*OH) that readily attack on the
contaminant and cause its degradation in wastewater (S.
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Khan et al. 2019). Hydroxyl radicals strike the contaminants
non-selectively and rapidly. Because ®OH can be produced
in a variety of methods, these techniques can be classified
as multifunctional technologies. AOPs are considered more
effective tool that cause the degradation of highly hazardous
organic contaminants releasing from various industries
including pharmaceutical, textiles, and dye industries, etc.
Some of these processes work on pure light (sun light)
instead of using synthetic light resources i.e., Ultraviolet,
Visible, Mercury light etc. Although advanced oxidation
methods employ a variety of reactive systems, they are
all characterized by the formation of ®OH as a chemical
characteristic. ®OH, is a highly reactive specie that attacks
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the majority of contaminants present in aqueous media
with rate constant (kapp = 10°-10° M~! sec™!) (Ameta
et al. 2018; Arslan et al. 1999; Wang and Xu 2012). These
radicals attack the contaminants non-selectivity, which is
a desirable feature for a specie employed in the treatment
of wastewater and pollution control, particularly for the
breakdown of pollutants in aqueous media (Abdel Rahman
and Hung 2020; Jian et al. 2021; Trojanowicz et al. 2018; Yu
etal. 2021). Besides ®OH, the sulfate radical (SO,®")-based
advanced oxidation techniques are most widely used
nowadays. Due to the high selective nature of SO,®~ it
readily attack on the contaminants and cause its effective
degradations. Peroxymonosulfate (PMS) and persulfate
(PS) are the most common oxidizing agents employed for
the generation of SO,®~. These oxidants may get activated
by different methods (heat, light, and transitions metals) to
produce the SO,®~ (Khan et al. 2017).

Nowadays, the TiO, based photocatalysis is considered
one of the efficient technique for the degradation of contami-
nants especially aromatic hydrocarbons in aqueous media
under light irradiations (Szczepanik 2017). When UV/Vis
light is used to irradiate TiO, nanoparticles and composites,
it causes electron-hole charge-pair separation by the trans-
fer of electrons from the valence band (VB) of TiO, to its
conduction band (CB) (Nassar 2019). The photocatalytic
efficiency of TiO, is based on the formation of the electron-
hole pairs and rate of their recombination (Li et al. 2015).
By shortening the distance between the valance and con-
duction bands and delaying their rate of recombination, the
efficiency of catalytic nanoparticles can be improved (Simon
et al. 2016; Tian et al. 2018). This can be done either, by
doping the TiO, with transition metals such as Pt, Cu, Ag,
Bi, and AU into or by making its composites materials with
different semiconductors (Qi et al. 2017).

Currently, the introduction of Graphene Oxide (GO)
is the best and the most efficient way to enhance the effi-
ciency of TiO, toward the contaminant degradation in
aquatic media due to the high surface area of GO (Viet
et al. 2021). However, the molecular structure of GO con-
tains huge number of oxygens based groups i.e., epox-
ide and hydroxyl that are responsible for great decrease
of electronic properties. In order to produce the highly
effective GO based TiO, photocatalytic nanoparticles, the
reduction of GO is required. It is reported in the literature
that hydrazine and sodium borohydride are good reduct-
ants being used for reducing GO to rGO. However, due to
their toxic effects on both humans and environment, it is
very necessary to propose an eco-friendly technique for
titania-reduced graphene oxide nanocomposites synthe-
sis (Preetha et al. 2022). Different techniques are utilized
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for the preparation of titania-reduced graphene oxide that
includes; simple mixing and sonication technique, sol-
gel method, photochemical method, radiolytic reduction
method, and hydrothermal method (Gupta and Melvin
2017). Hydrothermal route is considered the most efficient
and easy way for titania-reduced graphene oxide synthesis
due to the good morphological properties of as-synthesized
nanocomposite material by this technique. (Balsamo et al.
2021) used one-pot method for the synthesis of TiO,-rGO
photocatalysts. Different characterization techniques like,
Raman, FTIR, UV-DRS, and nitrogen adsorption-desorp-
tion were employed for determining mechanical, optical,
and textural characteristics of TiO,-rGO. The synthesized
material was used for 2,4-Dichlorophenoxyaceticacid (2,4-
D) degradation in aquatic media under light irradiations.
Their findings revealed 97% removal of 2,4-p by as-syn-
thesized TiO,-rGO in 3 h showing the low efficiency of
TiO,-rGO toward 2,4-p degradation. Nada et al. (Nada
et al. 2018) synthesized titania-magnetic reduced graphene
oxide nanocomposites (MRGT) and utilized these materi-
als for the photocatalytic degradation of tartrazine (TZ)
in aquatic media. Their findings showed that under vis-
ible light irradiations for 3 h, catalyst amount of 0.2 g/L,
60 mL of 50 ppm dye, 95% of the selected dye, TZ was
successfully degraded that showed the high photocatalytic
efficiency of MRGT compared to magnetic reduced gra-
phene oxide and titania nanoparticles that showed 35 and
10% degradation of TZ respectively.

In this study, we paid attention to synthesize the highly
efficient, light responsive Titania/reduced Graphene Oxide
nanocomposites (TiO,/rGO) by simple hydrothermal tech-
nique. For analysis of as-synthesized TiO,/rGO, differ-
ent characterization techniques (XRD, SEM, EDX, TEM,
HRTEM, TGA, UV-Drs, PL, EIS, BET) were employed
that confirmed the crystalline nature, good morphology,
high thermal stability, low band gap energy, high surface
area, and high concentration of ®OH formation by TiO,/
rGO. The photocatalytic efficiency of these materials were
determined toward brilliant green (BG) removal in differ-
ent water systems (deionized water, tape water, synthetic
wastewater, and industrial samples). The effects of differ-
ent parameters/factors like catalyst amount, initial solution
pH, and the role of oxidant like peroxymonosulfate (PMS)
in the contaminant degradation was also studied. Some
scavenger experiments were also performed in order check
the role of various reactive species (°OH, SO,®~, h*, and
0,%®") in BG degradation. Reduced graphene oxide (rGO)
was selected for making its composite with TiO, because
of the large surface area, very low water solubility, and
high electronic properties (M. Chen et al. 2013).
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Materials and methods
Chemicals

Titanium tetraisopropoxide (C,,H,30,Ti, 98%), sodium
nitrate (NaNO; 99.0%), perchloric acid (HCI1O,, 60%),
and terephthalic acid (CgH¢O,, 97%) were obtained from
Daejung Korea. Ethanol (C,H;OH, 99.8%), hydrogen per-
oxide (H,0,, 35%), and Oxone salt (KHSOs. 0.5KHSO,.
0.5K,S0,) were provided by Sigma-Aldrich. Glacial acetic
acid (CH,COOH, 99.8%), sulfuric acid (H,SO,, 98.0%),
sodium hydrogen carbonate (NaHCO;, 99%), potassium
permanganate (KMnO,, 99.0%), sodium hydroxide (NaOH,
extra pure), ter-Butanol (C,H,,0, 99.0%), and graphite pow-
der (99.0%) were purchased from Scharlau Spain. Sodium
chloride (NaCl, 99.5%) and potassium iodide (KI, 99.8%)
were supplied by Merck. Isopropanol (C;HgO, 99.9%) and
sodium carbonate (Na,CO3, 99.8%) were supplied by Acros
Belgium. Brilliant green (C,;H;,N,0,S, 93%) was provided
by Aldrich Chemical Company.

Synthesis of TiO, nanoparticles

TiO, nanoparticles were obtained by hydrothermal method.
For synthesis of TiO, nanoparticles, 20 mL of titanium
tetraisopropoxide was taken in an ice bath at 0°C. About 36
mL of glacial acetic acid was slowly added into it. The said
mixture was stirred for 20 min. After 20 min of continuous
stirring, 170 mL of distilled water was added into it. After
the addition of distilled water, the mixture was vigorously
stirred for 1 h followed by ultrasonication for 30 min. After
the completion of sonication process, the mixture was once
again vigorously stirred for 4 h. Afterwards, the mixture was
transferred to the Teflon jar that was put inside the stainless
steel autoclave. The autoclaves were put inside in an oven
and the samples were heated at 150°C for 12 h. After 12 h
of heating in an oven the autoclaves were taken out from
oven. The contents of the Teflon jars were splashed numer-
ous times with distilled water. After washing, the precipitate
was vacuum dried at 95°C for 3—-4 h (Collazzo et al. 2011).
The dried samples were taken out from oven and grinded
with the help of mortar and pestle. The grinded samples
were calcined in a furnace at four dissimilar temperatures
of 450°C, 550°C, 650°C, and 750°C at the ramping of 10°/
min for 3 h.

Synthesis of GO

Modified Hummer’s method was used for the synthesis
of Graphene oxide (GO) using graphite powder as pre-
cursor. For this purpose, 46 mL of H,SO, was taken in

500 mL volumetric flask. The volumetric flask was placed
over magnetic stirrer inside the ice bath and about 4 g of
NaNO; was added slowly into it with continuous stirring.
After the addition of NaNO;, 1 g of graphite powder was
poured slowly into the mixture and the stirring was done
for 60 min. After 60 min of continuous stirring 6 g of
KMnO, was added into it and the reaction mixture was
stirred for 30 min. The ice bath was detached after 30 min
and the mixture was kept on stirring at a temperature of
35°C till the brown colored paste was formed. The brown-
ish paste was left overnight. After that, 100 mL of distilled
water was added into the mixture followed by continuous
stirring for about 1 h at a temperature of 98°C. About 15
mL of H,0, was poured to the mixture after 1 h of con-
tinuous stirring that results in the formation of suspension.
The suspension was once again stirred for 10 min and was
diluted with distilled water so that the precipitate may get
settled down. The mixture was washed several times till
the formation of black precipitate occurred at pH 7. The
black precipitates were transferred to large Petri dish and
kept in vacuum oven at a temperature of 80°C for dryness.
After vacuum dryness the black sheet of GO was obtained
(Ambrosi et al. 2012).

Synthesis of titania/reduced graphene oxide
nanocomposites (TiO,/rGO)

Simple hydrothermal technique was utilized for vari-
ous percent TiO,/rGO (0.5%, 1%, 2%, 3%) synthesis by
changing the concentration of GO while the concentra-
tion of TiO, was kept constant during the experiments.
These samples were named as TrG0.5, TrG1, TrG2, and
TrG3 for 0.5%, 1%, 2%, and 3% TiO,/rGO nanocomposites
respectively. In order to prepare TrGO0.5, 2.5 mg of GO was
taken in a beaker and dissolved it in a 50 mL of distilled
using ultra sonicator for 20 minutes. The same process
was applied for the formation of TrG1, TrG2, and TrG3
composites formation by taken 5 mg, 10 mg, and 15 mg
of GO respectively. After the formation of GO solution,
500 mg of TiO, (calcined at 650°C) was poured slowly
into the mixture. Magnetic stirring was done for 2 h. After
2 h of continuous stirring, the mixture (H,O, GO, TiO,)
was transferred to Teflon autoclave and placed inside the
oven at a temperature of 150°C for a reaction time of 5 h.
After 5 h, the oven was turned off and the autoclave con-
taining as-synthesized material was taken out from it. The
obtained sample was recovered by centrifugation, splashed
numerous times with distilled water, followed by vacuum
dryness in an oven at a 60°C for 12 h. Different weight
percent TiO,/rGO were successfully obtained after 12 h of
vacuum dryness (P. Wang et al. 2013). The overall mecha-
nism of nanocomposite formation is depicted in Fig. 1
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Mixing of GO
and water

Centrifugation

Continuous heating

Vacuum drying of as-
synthesized TiO,/rGO

Fig. 1 Experimental procudure for step-wise synthesis of TiO,/rGO

Characterization of as-synthesized TiO, and TiO,/
rGO

The morphology of TiO, and TiO,/rGO was determined by
scanning electron microscopy (SEM) (JEOL, JSM-5910)
and transmission electron microscopy (TEM) (JEM-2100).
The elemental analysis and percent purity of as-synthesized
materials were determined by Energy-dispersive X-ray
(EDX) technique (EX-2300BU, JEOL). The X-ray dif-
fraction technique (XRD, PANanalytical) was carried out
for determining the crystallinity, phase composition, and
crystallite size using Rigaku D/max-RB instrument having
Cu-Ka radiation (A =1.54A), scan rate of 0.03°20 s™!' oper-
ated at 45 kV and 100 mA. To check the thermal stability of
as-synthesized nanoparticles, thermal gravimetric analysis
(TGA) was carried out on TG-DTA, Perkin-Elmer system.
For band gap energy (E,) determination, the ultra-violet dif-
fuse reflectance spectroscopy (UV-DRS) was carried out on
Perkin Elmer Lambda 35 UV-Vis spectrometer (PerkinElmer
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UV/VIS/NIR Spectrometer Lambda 1050) using BaSO, as
a reference material. The point of zero charge (PZC) was
determined by salt addition method. The production of
hydroxyl radicals (*OH) were confirmed by PL analysis of
irradiated photocatalysts in aqueous solution using fluores-
cence spectrometer (PerkinElmer LS 45). Electrochemical
impedance spectroscopy (EIS) was used for determining
resistance and lifetime of charge carriers and charge trans-
port using Corrtest Potentiate/Galvanostat (CS310). The sur-
face area of as-synthesized TiO, and TrG2 was determined
by BET analysis (Quantachrome® ASiQwin™- Automated
Gas Sorption Data, Acquisition and Reduction, 1994-2017,
version 5.21)

PL analysis
This technique was utilized for the confirmation of ®OH for-

mation during the photocatalytic process. For this purpose,
50 mL of 3.5 x 10~* M terephthalic acid (TA), 50 mL of 2
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x 1073 M sodium hydroxide (NaOH) and 10 mg of TiO,/
rGO nanocomposite was taken in pat dish. The same proce-
dure was performed for TiO, nanoparticles also except that
TiO, was taken instead of TiO,/rGO composite material.
The mixture in the Petri dish was placed under UV lamp
(UV-254 nm) for 100 min. Irradiation of TiO, and TiO,/rGO
produced ®OH (Eq. (1) and (3)) that on reaction with TA
produced 2-hydroxyterephthalic acid (TAOH) (Eq. (2) and
(4)). The fluorescence intensity has direct relation with the
concentration of TAOH produced during the process. Hence,
it confirmed that the ®OH have been successfully produced.

UV + TiO, — "OH )]
"OH + TA — TAOH )
UV + TiO,/rGO — ‘OH 3)
‘OH + TA - TAOH 4)

Point of zero charge (PZC) determination
for as-synthesized TrG2

Before performing the experiments in various media (acidic
and basic), the PZC of the as-synthesized TrG2 was deter-
mined by salt addition method. Figure 2 shows the PZC of
as-synthesized TrG2 by salt addition method. In a typical
experiment 40 mL of NaNO; (0.1 M) was taken in ten differ-
ent reagent bottles. pH of the solutions were adjusted from
3 tol2 by means of 0.1 M HNO; and NaOH respectively.

After pH adjustment, 20 mg of as-synthesized TrG2 was
added in each reagent bottle. The reagent bottles were then
placed inside a shaker at a speed of 150 rpm for 24 h. After
24 h of shaking, filtrations of all the ten mixtures were per-
formed. Once again, the pH of the filtrate was determined
accordingly. Then, by using Equation (5), ApH values were
determined. Finally, ApH values were plotted against pHi
values and the PZC of the material was determined accord-
ingly. In our case, the PZC of TrG2 was found to be 8.8
(Bakatula et al. 2018).

ApH = pHi — pHf 35)

Photocatalytic activity of as-synthesized TiO,, TiO,/
rGO, and TiO,/rGO/PMS in terms of brilliant green
degradation under UV irradiations

The efficiency as-synthesized materials were determined
toward the degradation of brilliant green (BG) in aque-
ous media both in the presence as well as in the absence
of PMS under UV irradiations. The photocatalytic reactor
comprised of closed opaque box having magnetic stirrer
(BANTE, MS300) in order to carry out the uniform mixing
of the mixture and to ensure unvarying glow of UV irradia-
tions over the mixture (Dong et al. 2022). For experimental
work, 100 mL (10 mg. L") of BG was taken in a 120-mL
Petri dish containing the as-synthesized material. Prior to
photocatalytic degradation of BG, the continuous stirring
of the mixture was carried out in dark for 30 min to attain

Fig.2 PZC determination of
as-synthesized TrG2 using salt 1
addition method.

-1

-2

ApH

13
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the adsorption and desorption equilibrium of BG over the
material surface. After 30 min of continuous stirring in dark,
the UV irradiation was allowed to strike the reaction mixture
to perform the photocatalytic degradation of BG dye. The
different initial concentrations of TrG2 (5 mg/100 mL, 10
mg/100 mL, 15mg/mL, 20 mg/mL) and PMS (0.1 mM, 0.5
mM, 1 mM, 1.5 mM, 2 mM) were used during the experi-
ments to find the optimum conditions. The degradation
experiments were also performed in various media (neutral,
acidic, basic) to find the effect of pH on the degradation
of BG. For pH adjustment HC1O, and NaOH were used.
The radical quenching experiments were carried out using
isopropanol (®OH scavenger), benzoquinone (0,®~ and O,
scavenger), EDTA (h* scavenger), and ethanol (®OH and
SO,®~ scavenger) for determining the role of various radi-
cal species involved in the degradation of the selected con-
taminant. Furthermore, in order to check the efficiency of
TiO, and TiO,/rGO, the degradation experiments were per-
formed in different types of water like deionized water (DI),
ordinary tape water (TPW), synthetic/lab made wastewater
(SWW), and industrial wastewater IWW) samples.

Quantitative analysis of BG

The quantitative determination of BG after photocatalytic
degradation was studied using SpectroVis Plus. For this pur-
pose, first calibration plots were drawn. After calibration
plot, degradation of BG under UV light using TiO, and
TiO,/rGO was recorded with the help of SpectroVis Plus.
At specific time interval (20 min each), 3 mL of sample was
taken from Petri dish, filtered with the help nylon syringe fil-
ter (0.45 pm). After filtration the sample was quantitatively
analyzed using SpectroVis Plus. The absorbance spectra
were obtained and from that spectrum, the concentration at
time “#” (C,) was calculated using straight line equation (y
= mx). The percent degradation of the BG after each time
interval was obtained using the degradation formula (Eq. 6).

% Degradation =

S0 =S 100
c. ©)
In Equation (6) “C,” is the starting concentration of the

contaminant (BG) and “C,” is its final concentration at time
“t” (Le and Tran 2020).

By-product analysis by chromatographic technique

Qualitative analysis of the BG by-products was performed
by Gas chromatography combined with mass spectrometry
using GC-MS, QP.2010 plus, Shimadzu, Japan with DB-
SMS column (30 m 0.25 mm 0.25 m). The operating condi-
tions were as followed: pressure = 68.9 kPa, total flow =
40 mL/min, column flow = 1.27 mL/min, linear velocity =
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40.7 cm/sec, purge flow = 7 mL/min, sample volume = 1
pL. The injection mode was splitless, the flow control mode
was linear velocity, the mobile phase was He gas, and the
injection temperature was 240°C. The oven temperature was
set to start at 40°C, increase to 80°C at a ramping rate of
10°C min~!, then increased to 280°C at a ramping rate of
4°C min~", and hold for 1 min. The range of m/z values were
from 40 to 800.

Results and discussion

Characterization of as-synthesized GO, rGO, TiO,,
and TrG2

The morphological characterization of as-synthesized TiO,,
rGO, and TrG2 were carried out using SEM analysis. The
SEM images of TiO, nanoparticles in Fig. 3(A) confirmed
its crystalline morphology with irregular shape crystals
in which some crystals are large while some are small in
size. Somewhere the agglomeration of particles can be
seen in SEM images. The particle size of TiO, was ranged
from 2 to 40 pm. The mean particle sizes calculated from
these images were found to be 6.4 um (Fig. 3(A) inset). In
the case of rGO, the large flower like sheets are observed
(Fig. 3(B)). These rGO sheets are randomly arranged some-
where agglomeration can also be seen. The porosity in rGO
sheets can also be found in these structures. The particle
size of rGO was ranged from 5 to 10 pm. The mean particle
size of rGO was found to be 7.8 pm (Fig. 3(B) inset). In
comparison to TiO, and rGO, the SEM images of the TrG2
material show sheet-like structures in which TiO, particles
are attached (Fig. 3(C)). The irregularity of particles and
porosity can also be seen in these images. Furthermore, the
random distribution of TiO, nanoparticles over rGO sheets
can also be observed. The particle size of TrG2 was ranged
from 10 to 100 pm having the mean particle size of 34.4 pm
(Fig. 3(C) inset).

The TEM analysis was performed to get more detailed
information of the as-synthesized TrG2 nanocomposite
material. Figure 4(A) and (B) shows the large rGO sheets
over the surface of which TiO, nanoparticles are attached.
Figure 4(A) and (C) confirms the unequal distribution of
TiO, nanoparticles over rGO sheets. TiO, nanoparticles
show variation in size. The agglomeration of TiO, nano-
particles over rGO sheets can also be seen in these images
(Fig. 4(A) and (D)). Furthermore, these images revealed
the porous nature of as-synthesized TrG2 nanocomposite
(Fig. 4(C)).

The XRD analysis of as-synthesized GO, rGO, TiO,, and
TrG2 are depicted in Fig. 5(A). The broad peak appeared
at 26 = 12.6° in the case of GO confirmed that GO has
been successfully synthesized with amorphous morphology
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Fig.3 SEM analysis of as-synthesized A TiO,, B rGO, C TrG2 (inset; particle distribution graphs).

(Hanifah et al. 2019). The JCPDS 00-032-1665 confirmed
that the GO sheet belongs to monoclinic system (o« =y =
90° # B). The small peak still observed at 26 = 26° indicates
that graphene oxide is not fully interconnected with oxygen
atoms. in the case of rGO, a broad peak appeared at 20 =
20-30°. The shifting of peak from 12.6 to 25.6° showed
that the GO has successfully reduced to rGO (Sun et al.
2018). The XRD spectra of TiO, nanoparticles in Fig. 5
showed the successful formation TiO, nanoparticles with
high crystallinity and tetragonal geometry (JCPDS 01-084-
1285 and 00-034-0180). The peaks at 25°, 27°, 38°, 48°,
54°,55°,62°, 69°, and 75° confirmed the anatase (25°,38°,
48°, 54°,62°, 69°,75°) and rutile (27°, 55°,75°) phases of
titania. The XRD pattern of as-synthesized TrG2 showed
the successful formation of nanocomposite material with
crystalline morphology (JCPDS 01-073-1764 and 00-034-
0180). The crystals belongs to tetragonal system (a ==y
= 90°). No extra peak for rGO in XRD spectra means that
the guest material (rGO) has gone into the interior of the

TiO, crystals and has made strong covalent bond with the
host material (TiO,) or it may be due to the small amount of
rGO in the composite material (Sher Shah et al. 2012). The
crystallite size (D) was obtained from these XRD spectra
using the well-known Scherrer’s equation (Eq. 7).

D = K2/BCos )

In Eq. 7 “K” is the coefficient (0.89), “D” is the average
crystallite size in nm, “6” is the maximum diffraction angle,
“p” is the full width at half maximum (FWHM) of the dif-
fraction peak, and “A” is the X-ray wavelength in nm. In our
study, the crystallite size of GO, rGO, TiO,, and TrG2 was
found to be 1.86, 1.10, 31.5, and 18.4 nm respectively. Fur-
thermore, high-resolution transmission electron microscopy
(HRTEM) image of TrG2 (Fig. 5(B)) clearly displays the lat-
tice spacing of 0.35 nm that belongs to (101) crystal plane of
the anatase TiO, and thus in good agreement with the XRD
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Fig.4 TEM analysis of as-synthesized TrG2.
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results (Nainani and Thakur 2016). The presence of such
anatase TiO, with dominant (101) facets in TrG2 sample
exhibits high photoactivity because the composite photo-
catalyst has O,*~ on its surface (Gul et al. 2020). Moreover,
the lattice spacing are not very much clear which is due to
the wrapping of rGO on the surface of TiO, nanoparticles
(Tolosana-Moranchel et al. 2019a).

The EDX technique was carried out for elemental anal-
ysis of as-synthesized TrG2 material. Details of the EDX
spectrum of the as-synthesized TrG2 values measured in
weight and atomic % are listed in Fig. 6 inset which shows
the percentage of titanium (Ti) (38.86%) followed by oxy-
gen (38.53) and carbon (18.41%). The presence of high per-
centage of titanium and oxygen confirmed the formation of
titanium dioxide while the high carbon content is attributed
to the reduced graphene oxide sheets in TrG2 nanocom-
posite material (Irshad et al. 2020). The small amount of
other elements like fluorine (3.76%), and silicon (0.43%)
can also be seen in the EDX spectrum that might be came
from the glassware used during material synthesis or impu-
rities present in chemicals that were utilized during sample
preparation.

The thermal stability of as-synthesized rGO, TiO,, and
TrG2 was determined by thermogravimetric analysis (TGA)
under argon gas at a ramping temperature of 30°C /min
from 25 to 900°C. Figure 7 shows the TGA analysis of as-
synthesized rGO, TiO,, and TrG2 respectively. In the case
of rGO, the initial decrease in weight (~ 8%) at 30-180°C
temperature attributes to the removal of physically adsorbed
water molecules. The second loss in weight (~ 13.6%) in
the temperature range of 180—400°C is attributed to the

loss of oxygenated groups (hydroxyl, carboxyl, and epox-
ides) attached with rGO sheets. The third weight loss after
400°C is due to the destruction of the carbon skeleton of
rGO sheets (Hu et al. 2012). The initial weight loss in the
case of TiO, (Fig. 7) attributes to the loss of alcohol (iso-
propanol) molecules followed by the dehydration of water
molecules (Kim et al. 2008). The third weight loss attrib-
utes to the loss of acetic acid that was utilized during mate-
rial synthesis (Pichon et al. 2006). These results revealed
that about 30.7% of the weight loss occurred during heat-
ing the sample from 25 to 900°C showing the high ther-
mal stability of as-synthesized TiO, nanoparticles. In the
case of TrG2 (Fig. 7), the initial weight loss attribute to the
evaporation of alcohols and water followed by the loss of
acetic acid. The third weight loss attributes to the loss of
rGO that occurred in the temperature range of 500-650°C
(Gavgani et al. 2014). These results revealed that during the
hydrothermal process the stability of graphene oxide being
thermally unstable increased and about 29.8% of the weight
loss occurred during heating the sample from 25 to 900°C.
The high thermal stability of rGO in the TrG?2 is due to the
strong contact of rGO with TiO, nanoparticles.

Figure 8 shows the UV-DRS spectra of as-synthesized
TiO, and TrG2 by plotting photon energy (hv) vs (ahv)*(eV
cm™)2. The spectra for TiO, and TrG2 were extrapolated at
x-axis and the point at which these spectra touches on x-axis
shows the bind gap energy (E,) of TiO, and TrG2, respec-
tively. It can be seen from Fig. 8 that upon the incorporation
of rGO in the TiO, system the E, of TiO, decreases from
3.38to 3.12 eV. The decrease in band gap energy in the case
of TrG2 is because of the incorporation of new energy band

Fig.6 EDX spectrum of as- 7 0001
synthesized TRG2 (inset; Show- -
ing the percent composition of
each element in as-synthesized 6.0 — 18.41 30.87
TrG2).
Ti | o | 38553 48.50
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‘7 3.0 : : :
=
=
—
- 2.0
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Fig. 7 TGA analysis of as-synthesized rGO, TiO,, and TrG2.

of rGO closed to the conduction band of TiO, (Tolosana-
Moranchel et al. 2019b)

Hydroxyl radical (®OH) formation during the photocata-
lytic process was confirmed by the PL analysis of as-synthe-
sized TiO, and TrG2. The PL analysis was carried out in the
wavelength range of 350 to 580 nm. Figure 9 shows the PL
analysis of as-synthesized TiO, and TrG2 respectively. The
appearance of broad peak in the case of TiO, and TrG2 con-
firmed that ®OH have been successfully produced during the
photocatalytic process. The high peak intensity in the case
of TrG2 is due to the high concentration of ®OH formation.
The high concentration of ®OH production in the case of
TrG2 indicates the decrease in electron-hole pair recombina-
tion because of the incorporation of reduced graphene oxide
sheet near the conduction band of TiO,. The rGO sheet act
as electron sink or electron reservoir for the photogenerated
electrons of the TiO, produced by the transfer of electrons
from the valence band (VB) of TiO, to the conduction band
(CB) of TiO, under UV irradiations (Pei et al. 2014).

The specific surface area, pore size, and volume distribu-
tions of the as-synthesized TiO, and TrG2 materials were

@ Springer

studied by BET analysis. Figure 10 shows the correspond-
ing N, adsorption-desorption isotherms for as-synthesized
TiO, and TrG2 materials. The results revealed that both TiO,
and TrG2 materials follow the type-IV isotherm with the
hysteresis loops at 0 < P/P, < 1, proving the mesoporous
nature of the as-synthesized materials (Khavar et al. 2018).
For each sample, the inset figure in adsorption-desorption
isotherms indicates the corresponding BJH pore size dis-
tribution curves that also confirm the mesoporous nature
of TiO, and TrG2 materials because the pores presents in
these samples are in the mesoporous range (2-50 nm) and
exhibit wide pore size distribution. Table 1 represents the
BET surface area (Sggp), pore volume (Vp), and pore diam-
eter (Dp) for as-synthesized TiO, and TrG2 materials. It can
be seen from the Table 1 that compared to TiO, materials,
the as-synthesized TrG2 possess high Sgpr (65.698 m%/g),
Vp (0.182 cm3/g), and Dp (13 nm). The increase in surface
area of TrG2 compared to TiO, is due to the successful
incorporation of rGO in the TrG2 material that significantly
improved the surface area (Khavar et al. 2018; Kovaci¢ et al.
2020; P. Wang et al. 2013).
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Fig.8 UV-DRS analysis of as-
synthesized TiO, and TrG2.
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Furthermore, the electrochemical impedance spectros-
copy (EIS) measurement was utilized to explore the charge-
transfer/recombination behavior of TiO, and TrG2 samples
(Fig. 11). The small semicircle diameter shown by TrG2

26 28 3.0
Energy (eV)

compared with the bare TiO, in the EIS Nyquist plot, indi-
cating the lower resistance of charge transfer (Ouedraogo
et al. 2022). The better electrical conductivity of TiO,/rGO
interface in TrG2 promotes the spatial charge separation and

Fig.9 PL analysis of as-synthe- )
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Fig. 10 BET analysis of as-synthesized TiO, (inset pore size distribution curve) (A). TrG2 nanocomposite (inset pore size distribution curve)

(B).

transfer. Moreover, the high ®OH concentration production
for TrG2 sample in PL analysis (Fig. 9) also supports the
decrease in electron-hole pair recombination rate because of
the incorporation of reduced graphene oxide sheet near the
conduction band of TiO,. Therefore, it could be anticipated
that TrG2 photocatalyst would show better photodegradation
property compared with the bare TiO,, due to the fast photo-
induced charge carrier’s separation, high electrical conduc-
tivity, and low resistivity that initiates from the combined
effect of rGO and TiO, in TrG2 sample (Mansingh et al.
2022; Rahman et al. 2018).

Mechanism of photocatalytic performance
of as-synthesized materials

The photocatalytic efficiencies of TiO, and TiO,/rGO sam-
ples were investigated toward brilliant green (BG) degrada-
tion under UV irradiations in aqueous media. Prior to this,
photolysis of BG was carried out in order to determine the
stability of BG under UV irradiations. Figure S1 (supporting
information) shows the degradations of BG in the presence
of UV irradiations. The results showed that under UV light
illumination for 100 min, only 7.7% degradation of BG (10

Table1 BET surface area, pore volume (V;), and pore size (Dp) of
TiO, and TrG2 nanocomposite.

Sample Sgpr (M%/g) Vp (cm®/g) Dp (nm)
TiO, 45.692 0.126 6.9
TrG2 65.698 0.182 13

@ Springer

mg.L~") was achieved that confirmed the high stability of
BG dye under UV irradiations (Sood et al. 2015).

After photolysis, the photocatalytic efficiencies of as-
synthesized TiO, and different weight percent TiO,/rGO
(0.5%, 1%, 2%, and 3%) were evaluated toward BG degra-
dation in aqueous media at a reaction time of 100 min. Fig-
ure 12 shows the efficiency of as-synthesized photocatalytic
materials (TiO, and TiO,/rGO). The results revealed only
53% degradation of BG under UV irradiations, at a reac-
tion time of 100 min by as-synthesized TiO, with the k,
of 0.006 min~". In the case TiO,/rGO, the degradation of
BG increases significantly. It was observed that under UV
irradiations for 100 min, 84.4, 90, and 91.4%, degradation
of BG takes place with the kapp of 0.0164, 0.0203, and 0.023
min~! for as-synthesized TrG0.5, TrG1, and TrG2 respec-
tively. The photocatalytic efficiency of composite material
increases as the rGO content in the composite material
increases. The highest efficiency was observed for TrG2 with
the k,,,, of 0.023 min~! that could be attributed to its small
crystallite size (18.4 nm), high crystallinity, low band gap
energy (E, = 3.12 ¢V) and the decrease in electron hole pair
(e”, h*) recombination, compared to as-synthesized TiO,
nanoparticles. However, only 34.5% degradation of BG
was observed for TrG3 under UV irradiations for 100 min
with the k,,, of 0.0044 min~! (Fig. 12; inset). The low effi-
ciency in the case of TrG3 is because of the agglomeration
of particles (Fig. 12). The sheet-like structure was observed
instead of nanoparticles that reduced the photon penetration
power and act as shield for incoming photons (Nguyen-Phan
et al. 2011). Hence, the photocatalytic degradation of BG
decreased significantly for TrG3 nanocomposite material.
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Fig. 11 EIS analysis of as-
synthesized TiO, and TrG2.

Fig. 12 Photocatalytic perfor-
mance of the as-synthesized of
as-synthesized TiO,, TrGO0.5,
TrG1, TrG2, and TrG3. (inset;
corresponding k,,, values).
Experimental conditions were
the following: [BG], = 10
mg.L~!; catalyst amount = 10
mg/100 mL; radiation source
= UV lamp (15W); pH = 6.35;
irradiation time = 100 min.

600

480

120

. 0
--.-- TI02 "’
-- - Ter ',”,’r"
t."”,
,”;'
e
.
P
e
o’
%
..
5
A
.I
./'.
0 22 44 66 88 110

1.1
1.0
0.9 1
0.8 4
0.7 4
0.6 -
0.5
0.4 1
0.3 1
0.2
0.1
0.0

cic,

(Adsorption)

—o—TrG0.5
—A—TrG1

—v—TrG2
——TrG3

TiOy TrG0.5 TrG1 TrG2 TrG3

—3

$ 4

I
-30 -20 -10

I I ) 1 I
0 10 20 30 40 50

Time (min)

I I I I I
60 70 80 90 100

@ Springer



71038

Environmental Science and Pollution Research (2023) 30:71025-71047

Figure S2 (supporting information) shows the degrada-
tion of BG in aqueous media by as-synthesized TrG2 under
UV irradiations. The results revealed that after 80 min
complete decolorization of dye has been achieved. Figures
S3 and S4 (supporting information) show the correspond-
ing visible spectra of BG degradation by TiO, and TrG2
respectively. In the case of TiO,, the decrease in absorbance
occurred slowly, while in the case TrG2, this decrease in
absorbance occurred very fast showing the high efficiency
of TrG2 compared to TiO,.

Effects of operating factors in the photocatalytic
efficiency of as-synthesized TrG2

Effect of initial amount of TrG2

Because of the high efficiency of TrG2 in terms of BG deg-
radation compared to TiO,, TrGO0.5, TrG1, TrG2, and TrG2,
this composite material was selected for further degrada-
tion study. Once the best material was obtained, i.e., TrG2,
then, the next step was to find its best amount. For this pur-
pose, different amounts of the TrG2 (5, 10, 15, and 20 mg)
were taken and the photocatalytic degradation of BG was
performed under UV irradiations for 100 min. Figure 13
shows the effect of initial amount of TrG2 in BG degrada-
tion. It can be seen from the figure that by changing initial
amount of TrG2 from 5 to 10 mg/100 mL, the photocata-
lytic activity was increased. The high efficiency for 10 mg

Fig. 13 Effects of initial amount

of as-synthesized TrG2 is due to the availability of large
number of active sites that results in high adsorption of BG
molecules over TrG2 surface (Tanhaei et al. 2015). Hence,
the photocatalytic efficiency of TrG2 increases. However,
further increase in initial amount of TrG2 from 10 to 20 mg
decreases the photocatalytic efficiency for BG degradation
under UV irradiations. This decrease in efficiency might be
due to the shielding phenomenon that was observed in the
case of high amount of TrG2 that decreases the photon pen-
etration power to large extent hence (Augugliaro et al. 2006).
The kapp values for various initial amount of TrG2 (5, 10, 15,
and 20 mg) were obtained by applying pseudo-first-order
kinetic equation on data (Fig. 13; inset). The data revealed
that 10 mg of as-synthesized TrG2 possess high k,,, value
of 0.023 min~! compared to 5, 15, and 20 mg of TrG2. Fur-
thermore, it can be seen from Fig. 13 that the adsorption of
BG over TrG2 surface increases regularly with increase in
initial amount of TrG2 from 5 to 20 mg. The high adsorption
in the case of 20 mg of TrG2 may be the availability of large
number of active sites for BG adsorption.

Effect of peroxymonosulfate (PMS)

The photocatalytic efficiency of as-synthesized TrG2
toward BG degradation was also determined in the pres-
ence PMS in the reaction mixture. The SO,®~ were intro-
duced into the reaction mixture by means of PMS addition.
The effect of initial concentration of PMS (0.1-2.0 mM)

of as-synthesized TrG2 (5, 10,
15, and 20 mg) in terms of BG
degradation in aqueous media.
(inset; corresponding kapp val-
ues). Experimental conditions
were the following: [BG], =
10 mg.L_l; irradiation source
= UV lamp (15W); pH = 6.35;
irradiation time = 100 min.
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Fig. 14 Kinetic plots for BG by 0.045
as-synthesized TrG2 with differ- 64
ent PMS concentrations (inset; 0.0404 2
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in BG degradation is shown in Fig. 14. It can be seen from
Fig. 14 that by increasing the initial concentration of PMS
from 0.1 to 1.5 mM the efficiency of the photocatalytic
process increases and more than 90% degradation of BG
was observed at a reaction time of 40 min (Rehman et al.
2018). The k,,, values calculated by applying pseudo-first-
order kinetic equation on data were 0.023, 0.0251, 0.0341,
0.0372, 0.0438, and 0.0387 min"! for the initial concentra-
tion of PMS of 0.0, 0.1, 0.5, 1.0, 1.5, and 2.0 mM, respec-
tively (Fig. 14; inset). High concentration of PMS enhanced
the degradation of BG because of high concentration of
SO,® and ®OH production (Zhang et al. 2022). However,
further increase in PMS concentration after 1.5 mM showed
no significant increase in rate of BG degradation instead the
rate of degradation was decreased which might be due to the
following two reasons; Penetration power of UV irradia-
tions decreased upon further increase in concentration of
PMS which decreased the formation of radical species and
quenching of SO,®~ and ®OH by PMS in the case of high
concentration (Egs. 8, 9) (Shukla et al. 2010).

HSO;™ + SO, = SO,*” +SO;"™ + H* )

HSO5™ + "OH — H,0 + SO5™~ )

|
40 60 80 100
Irradiation time (min)

| I
120 140

Effect of initial pH of the solution

pH of the medium play a key role in photocatalytic process
because it affect the charge over the surface of catalyst,
adsorption-desorption of contaminants over the catalyst
surface and ionic state of the contaminant (Chekuri and
Tirukkovalluri 2017). For this purpose degradation of BG
was also carried out in various media i.e., neutral media,
acidic media, and basic media in order to examine the effi-
ciency of as-synthesized TrG2. For pH adjustment, HCIO,
and NaOH were utilized.

Figure 15 shows the degradation of BG by as-synthe-
sized TrG2 aided PMS under UV irradiations in differ-
ent media (acidic, neutral, and basic). The efficiency of
TrG2 for BG degradation was in the order of the follow-
ing: acidic < neutral < basic with the kapp values of 0.017,
0.0438, 0.0521, and 0.0602 min~! (Fig. 15; inset) for pH
3.85, 6.35, 6.8, and 8.2 respectively. The low efficiency
of BG degradation in acidic media may be due to the fol-
lowing reasons;

1. Upon the introduction of HCIO, in aqueous media, the
formation of *H occurred that react with the generated
®0OH to produce water molecules (Kim et al. 2021). As
here the concentration of ®OH decreases therefore, the
rate of BG degradation decreases in acidic media.

@ Springer
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Fig. 15 Photocatalytic perfor- 1.1 =
mance of as-synthesized TrG2
in acidic, basic, and neutral 1.0 - 0.06-
media. (inset; corresponding -
kypp values). Experimental 094 '
conditions were the following: E
[BG], = 10 mg.L~!; catalyst 0.8 4 = 004
amount = 10 mg/100 mL; &
irradiation source = UV lamp 0.7 4 xm
(15W); pH = 3.85-8.2; irradia- 0.02-
tion time = 100 min. 0.6 -
Oo 0.5
~ —&— Neutral media (pH 6.35)
O 044 —e— Acidic media (pH 3.85)
—A— Basic media (pH 6.8)
0.3 —v— Basic media (pH 8.2)
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*OH + *H - H,0 (10) of BG degradation which is in good agreement with our

2. The *H produced in acidic media scavenge the SO,®~
produced by the addition of PMS (Huang et al. 2009).

SO, + *H — HSO,"” (11

3. Upon the introduction of *H in media the positive charge
develop on catalyst surface which decreased the adsorp-
tion of BG (cationic dye) over the catalyst surface that in
turn decreased the rate photocatalytic degradation of BG
(Chen et al. 2008). The enhance degradation of BG was
observed in basic media. The high rate of BG degrada-
tion in basic media may be due to the following reasons;

1. Upon the addition of NaOH, the hydroxide ions (TOH)
were produced that reacts with the positively charged
holes (h*) in the material which results in ®OH forma-
tion that in turn increased the rate of BG degradation
(Chen et al. 2008).

~OH +h* — ‘OH (12)

2. High adsorption of BG over material surface as the pH
of the medium was increased which results in high rate

@ Springer

PZC results.
Effect of different radical scavengers

For determining the role of various active species (®OH,
S0,®", h*, and 0,®") responsible for BG degradation,
some scavenger experiments were performed using etha-
nol (®OH, and SO,®" scavenger), isopropanol (®*OH scav-
enger), benzoquinone (0,®~ and O, scavenger) and EDTA
(h* scavenger). Figure 16 shows the effects of various
scavengers in the degradation of BG by as-synthesized
TrG2 in aqueous media. The results revealed that in the
presence of ethanol the percent degradation decreased
from 99.4 to 49.4%. In the case of isopropanol, the per-
cent degradation reached to 64%. For benzoquinone and
EDTA the percent degradation was found to be 75.8 and
81.2% respectively. The rate of BG degradation followed
the order of the following: without scavenger > EDTA
> benzoquinone > isopropanol > ethanol (Fig. 16) with
the k,,, of 0.0438, 0.0249, 0.0112, 0.0086, and 0.0062
min~! respectively (Fig. 16; inset). These results con-
firmed ®OH, and SO,®~ as the main species responsible
for BG degradation (Sayed et al. 2020). The visible spec-
tra of BG degradation in the presence of benzoquinone,
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Fig. 16 Role of scavengers in 11
photocatalytic performance of 0.05- 0.0438
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isopropanol, and ethanol are depicted in Fig. S5(C) (sup-
porting information) which shows that in the presence
of ethanol the absorbance value decreased very slowly

Fig. 17 Photocatalytic perfor-
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that confirmed its high scavenging ability for sulfate
and hydroxyl radicals compared to isopropanol and
benzoquinone.
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Effect of different water systems

The efficiency of as-synthesized TrG2 for BG degradation
was also examined in tape water, synthetic wastewater, and
BG-contaminated industrial wastewater besides distilled
water. Figure 17 shows the photocatalytic degradation of
BG by TrG2 added PMS in different water systems. The
efficiency of TrG2 for BG removal followed the order of
the following: distilled water (DIW) > tape water (TPW)
> industrial wastewater 1 IWW (1)) > synthetic waste-
water (SWW) > industrial wastewater 2 (IWW (2)) with
the k,,,, of 0.0438, 0.0176, 0.0127, 0.014, and 0.010 min~!
respectively (Fig. 17; inset). The decreased rate of BG deg-
radation in the case of TPW is due to the presence of small
amount of dissolved carbonate (CO3_2), sulfate (SO42_),
and chloride (C17) ions that acts as scavengers for ®0OH and
SO,® (Rehman et al. 2021).

"OH+CO,% - 0, + "OH k=39x10°M~'s™"  (13)

SO, +CO; ™% + CO;""SO,* k=421 x 10°M~'s~!
(14)

"OH + SO,”” = SO, + “OH k =3.5x 10°M!s™! (15)

SO, +80,7 = 8,04" +¢” k=271 x 10°M's™!
(16)

*OH + Cl~ - Cl,” + CIOH"™ k =4.31 x 10°M~!s™! (17)

SO, +CI” - CI' +S0,* k=2.6x10°M"'s!  (18)

The low percent degradation of BG (76.2%) in the case of
SWW is because of the high concentration of FeSO,.7H,0
(2 mg/100 mL), NaHCO, (22 mg/100 mL), NaCl (2 mg/100
mL), MgSO,.7H,0 (1.5 mg/100 mL), CaCl, (1 mg/100 mL),
NH,CI (5 mg/100 mL), and EDTA (2 mg/100 mL) (Pelaez
et al. 2011). In the case of IWW (1), 82.3% degradation of
BG was observed that might be due to the very high con-
centration of NaCl compared to DIW and SWW. In the case
of IWW (2), the percent degradation reached to 60% that
could be attributed to different types of contaminants (salts,
alcohols, dyes) beside BG dye that are present in IWW (2)
sample (Chakrabarti and Dutta 2004).

Photocatalytic stability of as-synthesized TrG2

The most important characteristic of the photocatalyst is
its reusability toward the elimination of the targeted con-
taminants. For determining the photocatalytic stability of
the as-synthesized TrG2, the recycling experiments were
performed. At the end of each experiment the TrG2 nano-
composites were recovered by the process of centrifugation
(7000 rpm). The recovered nanocomposites were washed

Fig. 18 Recycling experiments
showing the photocatalytic
performance of as-synthesized
TrG2 toward BG degradation
after each cycle in aqueous
media. Experimental conditions
were the following: [BG], = 10
mg.L™!; catalyst amount = 50
mg/100 mL; PMS concentration
= 1.5 mM; radiation source =
UV lamp (15W); irradiation
time = 100 min.

100{ 96.7

% Degradation
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away numerous times with ethanol and distilled water fol-
lowed by vacuum dryness in an oven at a temperature of
80°C for 5 h. After dryness, the sample was used for 2",
31 4™ and 5™ cycles respectively by applying the same
procedure. Figure 18 shows the high stability of the as-
synthesized TrG2 material. It can be seen from Fig. 18 that
up to 5™ cycle the TrG2 material showed good response
toward BG degradation (more than 80% of BG removal).
Besides, the percent degradation of BG by as-synthesized
TrG2 decreases from 96.7 to 82.3% at the end of 5" cycle
that might be due to the loss of catalyst material during the
recovery process. The weight loss of TrG2 material after
each experiment could be one of the possible reasons. (Abdi
et al. 2020). The second possible reason of low catalytic
activity may be due to the poisoning of catalyst material by
BG by-products that results in its low photocatalytic activity
(Chan et al. 2020).

Mechanism of photocatalytic degradation of BG
by as-synthesized TrG2 added PMS system (TrG2/
PMS)

The proposed mechanism of photocatalysis is expected to
be as follows;

In TrG2 the valence band (VB) and conduction band
(CB) of TiO, are positioned at 2.96 and -0.16 respectively
(Fig. 19) (supporting information; S6). Upon irradiating the
TiO, surface with UV irradiations, the electrons transfers
from its VB to the CB_As a result of this electrons transfer
holes are generated in the VB. (Kumar et al. 2015) The
excited electrons in the CB of TiO, migrate toward the newly

UV light \

‘\‘ -0.16 eV
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1 <N
1
1

¥
1
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1
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1
1
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! rGo
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formed rGO sheets lying near the CB of TiO, (Fujisawa
et al. 2017). The as-synthesized rGO act as electron sink or
electron reservoir for these photogenerated electrons (Xu
et al. 2018). Hence the problem of electron-hole pair recom-
bination became solved effectively by the incorporation of
rGO in TiO, system. The photogenerated electrons from the
rGO sheet attack the peroxymonosulfate molecules (PMS)
and produce the highly reactive SO,®~ and ®OH (Antoniou
et al. 2018). On the other hand, the (h™) that are produced in
the VB band of TiO, upon UV irradiations attack the H,O
molecules and cause the formation of ®OH (Ghaly et al.
2011). Besides, the PMS is also get activated by UV irradia-
tions to produce SO,®~ and ®OH. All these generated radi-
cals (SO,®~ and ®OH) directly attack the BG molecules and
cause its degradation followed by mineralization (formation
of CO, and H,0) (Fig. 19).

By-product analysis and proposed degradation
pathways

For by-product analysis, the photocatalytic degradation of
BG was performed in TrG2 added PMS system under UV
irradiation for 100 min. GC-MS analysis was carried out
for qualitative determination of degraded by-products. The
GC-MS results of BG indicate five degradation products
(DPs) that were formed during the photocatalytic process
due to the attack of SO,®~ and/or ®OH on BG dye. The detail
of these DPs is summarized in Table 2. The possible degra-
dation pathways of BG are also depicted in Fig. 20 accord-
ingly. The main mechanisms by which SO,®~ and/or ®OH
attack BG are addition to unsaturated bonds, elimination,

Brilliant Green

=

Radical attack on BG

@/

4+ <Mineralization

'

o-O-9

Fig. 19 Proposed mechanism for the photocatalytic degradation of BG by as-synthesized TrG2 added PMS system.
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Table 2 Details of by-products produced during the photocatalytic degradation of BG by as-synthesized TrG2 added PMS system (TrG2/PMS)

S.No | Chemical Chemical Abbreviated | m/z
Structure Formula Form value
1 P e C27H34N204S BG 475.6
l i
I
I
”/\CHg
2 HyC—0 C,HsNO; DP1 75.07
X
HN
\
3 o C4H1004S DP2 154.19
HiC—\ 7 —”— 7
.Ij! ¥CH3
4 Hac\n/o\‘/\rcm CsHi1602 DP3 144.2
s} CH, Ctiy
5 HsC \‘ |/ CHy CoH200; DP4 160.25
HiC
CH,
6 o C7H140; DP5 130.18
)J\ Pk W W
HaC 0

hydrogen abstraction, and processes involving the transfer
of electrons and substitution. SO,®~ frequently attacks using
an electron transfer mechanism and ®OH frequently attacks
via hydrogen abstraction and addition processes (Gul et al.
2021). Figure 20 shows that the production of DP1 (m/z =
75.07) could be due to the detachment of one of the nitrogen
segments of BG at “N” position, which may possibly be
attributed to ®OH or SO,®" attack. The degradation product

@ Springer

DP2 (m/z = 154.19) is mainly resulted from HSO,~ of BG,
where one ethyl group became attached to each singly
bonded oxygen atom. This HSO,~ group of BG is basically
a counter ion for the cationic portion of BG. The forma-
tion of DP3 (m/z = 144) is due to the ring opening of BG
at various positions that might be due to the attack of ®OH
and/or SO,®". The degradation product DP4 (m/z = 160.25)
and DP5 (m/z = 130.18) might be attributed to ®OH and/or
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Fig.20 Proposed pathways of BG degradation by as-synthesized TrG2 in the presence of PMS.

SO,® attack on DP3. It can be seen that these degradation
products (DP4 and DP5) could be produced due to the rear-
rangement, addition, and removal of some groups in DP3.

Conclusions

In this study, the light responsive titania/reduced graphene
oxide nanocomposites (TiO,/rGO) were synthesized by
simple hydrothermal method by changing the concentra-
tion of graphene oxide (GO) while the concentration of
TiO, was kept constant. Different techniques (SEM, TEM,
HRTEM, XRD, EDX, TGA, UV-DRS, PL, EIS, and BET)
were used for the characterization of as-synthesized rGO,
TiO,, and TiO,/rGO that revealed the high crystallinity,
small crystallite size (18.4 nm), high thermal stability, low
band gap energy (3.12 eV), and decrease electron-hole
pair recombination for as-synthesized TiO,/rGO. The effi-
ciency of as-synthesized TiO, and TiO,/rGO nanocompos-
ites were determined in terms of BG degradation under
UV irradiations. The results revealed that TrG2 (2% com-
posite material) showed high efficiency for BG removal
i.e., more than 90% degradation was achieved within 60
min of time with the k,,, of 0.023 min~!. The rate of BG
degradation was further improved by the incorporation of
PMS in aqueous media. The pH experiments showed the
high performance of as-synthesized TrG2 in basic media.
Furthermore, the radicals scavenging experiments revealed
®0OH and SO,®" as the major species involved in BG deg-
radation under UV irradiations. Besides, the degradation

of BG by as-synthesized TrG2 added PMS was also per-
formed in different water matrices that revealed the high
efficiency of TrG2 for BG degradation. Thus, the proposed
UV/TrG2/PMS system can be a novel perspective for the
effective removal of contaminants from aqueous media.
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