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Abstract

Composite of electrochemically prepared nano titanium dioxide/reduced graphene
oxide/poly (methyl methacrylate) has been successfully synthesized. The homoge-
neous titanium dioxide nanoparticles (TiO, NPs) and reduced graphene oxide were
prepared individually and composites of titanium dioxide nanoparticles/reduced
graphene oxide (TiO,/RGO) in different ratios were then prepared under sonication.
Nano titanium dioxide/reduced graphene oxide/poly(methyl methacrylate) (TiO,/
RGO/PMMA) composite were prepared subsequently. The composites were charac-
terized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), scanning electron microscopy (SEM) and
electron dispersive spectrometer (EDS) for elemental analysis. Due to the long and
great research interest as well as importance of developing new and efficient tech-
niques in dyes degradation, methylene blue (MB) and Rhodamine B (RhB) were
selected as two candidate to examine photocatalytic performance of the composites
under 15 W UV-C lamp irradiation. Recovery of the TiO,/RGO/PMMA composite
also revealed slight decrease in photocatalytic performance after four cycles.
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Introduction

Dyes and colorant are routinely used in many different industries. Currently, it
is estimated that about 10-15 percent of the total produced dye is lost during he
dyeing processes [1]. Since dyes are stable to light and oxidizing agents, many
physical and chemical methods for their removal have proven to be unsuccessful
[2]. Development of effective methods for dye removal is still an ongoing chal-
lenge. There has been growing interest in applying advanced oxidation processes
(AOPs) as an efficient and applicable method for the complete degradation of dif-
ferent dyes in aqueous media [3-5]. Advanced oxidation processes include pho-
tocatalysts, ultraviolet or visible light irradiation and oxidants. The reaction pro-
ceeds by reactive species such as hydroxyl radicals (OH) and superoxide anion
(O,7), which are generated when a semiconductor is in contact with water and
oxygen and absorbs radiation, and will lead to quick and non-selective oxidiza-
tion of a broad range of dyes [6] and organic pollutants [7, 8].

Among different photocatalysts, titanium dioxide is the most popular. Titanium
dioxide is a promising semiconductor, which exists in three crystalline forms;
anatase, rutile and brookite, with band gaps of 3.2, 3.02, and 2.96 eV for the
anatase, rutile and brookite phases [9, 10]. Due to high physical and chemical
stability of TiO, in alkaline and acidic conditions [11], high photocatalytic activ-
ity, chemical and photo stability, reusability, availability, nontoxicity, rather low
cost and fast electron transfer to molecular oxygen, this semiconductor has been
widely researched [12, 13]. Beside the different advantages of TiO,, which have
made it a popular candidate in different research areas, there is a drawback that
can partly limit its applications. Due to rather wide band gap of titanium dioxide,
it mainly absorbs ultraviolet irradiation in the range shorter than 387 nm. Since
UV light in solar light is less than 5%, this can lower the efficiency of titanium
dioxide when sunlight is applied as the source of energy. Hence, great effort has
been focused on developing new titanium dioxide based photocatalyst with effi-
cient photoresponse in the range of visible light [14—19]. Besides, due to the
rapid recombination rate of photo generated electron—hole pairs within TiO, par-
ticles, the photocatalytic efficiency on a bare TiO, remains limited. Recently, gra-
phene based semiconducting nanocomposite made a way for solving the problems
of electron—hole recombination and shows acceptable affinity towards photocata-
lytic reactions of TiO, NPs. The graphene layers adhere to TiO, NPs retrieve the
induced electrons for photocatalytic reactions and prevent recombination with the
photo generated holes [20, 21]

There are various reports on dyes degradation by nano titanium dioxide/gra-
phene composites, including photocatalytic decolorization of methylene blue by
silver loaded P25 TiO,/RGO [22], degradation of rhodamine B by composite of
reduced graphene oxide/TiO, composite films [23], congo red and methylene blue
degradation by biphasic TiO, nanoparticles and its graphene nanocomposite [24]
and degradation of many other dyes including reactive brilliant red and reactive
orange 16 [25], amaranth azo dye [26]. To the best of our knowledge little work
has been done on photocatalytic degradation of dyes by nano titanium dioxide/
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poly (methyl methacrylate) composites, for instance decolorization of the methyl-
ene blue [27] photo degradation of phenol and methyl orange [28, 29], bleaching
of methylene blue [30].

In the present study, we report modification of electrochemically prepared nano
titanium dioxide with RGO and PMMA. The structural properties of the prepared
composites were characterized using XRD, FTIR, SEM, EDS and TEM. The syn-
thesized composites were applied for photocatalytic degradation of RhB and MB in
aqueous solution.

Materials and methods
Reagents and apparatus

All chemicals including Sulfuric acid (H,SO,), nitric acid (HNO3), tetra pro-
pyl ammonium bromide ((C;H;),NBr), Crystalline poly(methyl methacrylate)
[CH,C(CH;)(CO,CH,)],,, acetone (C;H¢O), acetonitrile (CH;CN), tetrahydrofuran
(THF), toluene (C;Hg), ethanol (C,Hs;OH), rthodamine B (C,3H;,CIN,O5), meth-
ylene blue (C,4H,¢CIN;S), platinum foil, (thickness 1.0 mm, 99.99% trace metals
basis) and graphite rod (diameter 6 mm, 99.995% trace metals basis) were purchased
from Sigma-Aldrich chemical suppliers and were used as received.

The commercially pure titanium (grade 2) with diameters of 5 mm in the shape
of cylindrical bar was purchased from Shanghai Lushi metal materials limited com-
pany. The TiO, nanoparticle and prepared composites were characterized by vari-
ous techniques including scanning electron microscopy equipped with electron dis-
persive spectrometer (SEM-EDS, MIRA III-TESCAN Company) and transmission
electron microscopy (TEM, CM-120). A Fourier transform infrared spectrophotom-
eter (FT-IR, Nicolet iS 10). X-ray diffraction (XRD-X’Pert Pro) with a scan range of
5°-75°. Optical measurements were carried out on spectronic Helios Alpha Double-
beam UV-VIS scanning spectrophotometers. Ultra sound bath (Bandelin, DT 102
H) was utilized for dispersion and preparation of the composites.

Preparation of titanium dioxide nanoparticles and reduced graphene oxide

Titanium dioxide nanoparticles were synthesized by an electrochemical method as
follows [31]. Commercially available titanium rods with diameters of 5 mm were
cut, mechanically polished and then cleaned and degreased by sonicating in indi-
vidual solutions of acetone, ethanol and nitric acid for 10 min at room temperature
and subsequent rinsing with deionized water. In the overall process, the bulk metal
is oxidized at the anode, the metal cations migrate to the cathode and reduction
takes place with formation of metal or metal oxide. Generally, the reactions were
performed under agitation conditions by magnetic stirring in an open system. The
two electrodes (titanium rod was used as anode and a piece of platinum foil was
used as cathode) were placed parallel to each other in 3 cm apart connected to a DC
power supply under a constant 30 V anodic potential and were immersed in 100 mL
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of tetra propyl ammonium bromide (0.01 M) in acetonitrile/tetrahydrofuran (4:1) as
the supporting electrolyte. The obtained nanoparticles were centrifuged and washed
with THF to remove excess tetra propyl ammonium bromide and subsequently with
distilled water at 5000 rpm (3 X 10 min). The preparation of reduced graphene oxide
(RGO) was followed by electrochemical exfoliation process [32]. Briefly, a graphite
rod (anode) and platinum foil (cathode) were immersed in 0.5 M of sulfuric acid
solution as electrolyte. Electrochemical exfoliation process continued for 2 h by
applying DC bias on graphite electrode at 10 V potentials. The samples were cen-
trifuged and washed with deionized water several times then sonicated for 1 h and
dried at 50 °C.

Preparation of titanium dioxide composites with RGO and PMMA

TiO,/RGO composite were prepared by adding varied amount of TiO, to 5 mg of
RGO to get 1/40, 1/60, 1/80, 1/100, 1/120, 1/140, 1/160 and 1/180 w/w ratios. The
samples were grinded and mixed with a mortar and a blade then sonicated in a solu-
tion of absolute ethanol-deionized water (1:2) and dried subsequently. As shown in
Fig. S1, RGO adding caused gradual change in TiO, white color. In order to obtain
TiO,/RGO/PMMA composite, different amount of Poly (methyl methacrylate) were
dissolved in toluene, TiO,/RGO (1/180 w/w) composite were then added and soni-
cated for 45 min. the final composites were obtained by evaporating the solvent.

Results and discussion

The FT-IR spectrum of nano TiO, powder is shown in Fig. S2a. A broad peak at
3356 cm™! and a sharp peak at 1617 cm™! is related to stretching vibrations of O-H
and bending vibrations of adsorbed water molecules respectively and the broad
intense peak at 903.79 cm™! is due to Ti—O-Ti vibration [33, 34], as it is shown in
Fig. S2b, due to minute amount of added reduced graphene oxide, great changes
in peaks is not observed. Reduced graphene oxide adding formed vivid peak in
1438 cm™' due to C—C stretching vibrations and minute changes in broad peak
of 3356 cm™! and peaks below 1000 cm™'. In TiO,/RGO/PMMA spectrum, Fig.
S2 ¢, the peak at 1731 cm™! is due to the C=0 stretching vibration. The peak at
1447 cm™' is due to the C—H bending and the peaks around 1200 cm™! originate
from the C-O stretching of the ester group.

Fig. 1 shows the FESEM images of the TiO, nanoparticles (a), TiO,/RGO (b)
and TiO,/RGO/PMMA (c) nanocomposite. It can be clearly seen that titanium diox-
ide nanoparticles are in uniform distribution and rather spherical morphology with
slight agglomeration which is due to rather long time gap over preparation of the
desired samples and image taking. In order to get better insight of the structures,
extra FESEM images of the composites are also added to supplementary material
file (Fig. S3). TiO,/RGO in 5 um and 500 nm (b-1 and b-2), TiO,/RGO/PMMA (c-1
and c-2) in 1 pm and 500 nm.
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Fig.1 FESEM images of TiO, (a), TiO,/RGO (b) and TiO,/RGO/PMMA (c)

Transmission electron microscopy technique was also used to get better insight of
the size and morphology of TiO, nanoparticles (Fig. 2)

EDS spectrums of the TiO, (a), TiO,/RGO (b) and TiO,/RGO/PMMA (c) is
shown in Fig. S4. Existence of expected atoms can be confirmed by EDS analysis.
In EDS map of TiO, only titanium and oxygen peaks exist S4a, while in Fig. S4b
and S4c vivid carbon peaks and increase in oxygen weight percent confirms exist-
ence of reduced graphene oxide and poly(methyl methacrylate). More weight per-
cent of the carbon atom in TiO,/RGO/PMMA than TiO,/RGO composite is also due
to the addition poly(methyl methacrylate).

Fig. 3 shows the X-ray diffraction (XRD) patterns of TiO, (a) and TiO,/RGO
(b). It can be seen that native titanium dioxide nanoparticles with no annealing
in furnace, showed rather crystalline nature with 20 peaks at 25.6°, 38.3°, 47.8°,
54.6°, 62.9°, 69.2° and 75.3°, which coincides with 04-0477 standard and confirms
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Fig.2 TEM image of titanium dioxide nanoparticles

Counts

so| (a)

&

(b)

20

5 15 25 35 45 55 65 75
Position [ °2 Theta]

Fig.3 X-ray diffraction patterns of TiO, (a) and TiO,/RGO (b)
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existence of anatase phase as the major phase [35]. Crystalline phase of TiO, nano-
particles was nearly unchanged after modification by reduced graphene oxide. Apart
from two soft peaks at 20: 15° and 30° in TiO,/RGO XRD pattern, there are slight
difference between (a) and (b) in shape and position of the diffraction peaks, which
can be due to low amount of added RGO [36].

Photocatalytic degradation experiments

Generally, in order to evaluate the photocatalytic activity of the photocatalysts, deg-
radation of RhB and MB were measured in aqueous solution. All the photocata-
lytic removal processes were carried out at room temperature and UV irradiation
were provided by a 15 W mercury lamp, with wave length of 253 nm (Philips, Hol-
land). The light source was positioned on top of the solutions and all the samples
were irradiated under continuous stirring. In each experiment, in order to reach the
adsorption equilibrium, the solutions were kept in the dark for half an hour before
irradiation. The degradation efficiency was calculated by the following equation:

) . C,—-C
Degradation efficiency = C x 100
0

Here C, is the initial concentration of dye and C is the concentration at desired time.
All concentration values were obtained by the maximum absorption at 550 nm and
664 nm for rhodamine B and methylene blue in the absorption spectrum.

Effect of different parameters in degradation process
Effect of RGO and PMMA ratio in composites for dye degradation

In order to get optimum ratio in composites, different samples of TiO,/RGO (1/40,
1/60, 1/80, 1/100, 1/120, 1/140, 1/160, 1/180 w/w, a fixed amount of reduced gra-
phene oxide was added to varied amount of titanium dioxide nano particles) and
TiO,/RGO/PMMA composites (1/40, 1/60, 1/80, 1/100, 1/120, 1/140, 1/160, 1/180
w/w, a fixed amount of prepared TiO,/RGO were added to varied amount of poly
(methyl methacrylate) were added to RhB solution (100 mL, 3 mg L7h.

The proposed mechanism is shown in Fig. 4, RGO has no photocatalytic activity
and photocatalytic reaction occurs due to titanium dioxide existence. UV irradia-
tion, excites titanium dioxide nano particles, after oxygen insertion, radical interme-
diate species are formed, which are responsible for degradation. Excess amount of
RGO covers titanium dioxide active surface and decreases photocatalytic activity
of nano particles. The least degradation of the RhB dye occurs in the highest ratio
of RGO (1/40), the best ratio revealed to be 1/80 and in lower amount of RGO,
slight increase in degradation was observed. Increase in PMMA ratio both covers
and shields nano particles surface against irradiation, and induces more aggregation
which will lead to more decrease in dye degradation (Figs. S5 and S6).
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Fig.4 Proposed mechanism of UV irradiation of titanium dioxide

Initial dye concentration and photocatalyst dosage effect

To examine initial concentration effect, 100 mL of RhB solution in desired concen-
trations (varying from 2 to 8 mg L™!) were taken in a 250 mL beaker, and 1 g L™! of
solid TiO, catalyst was added into the solution and shaken for half an hour in dark.
In order to determine degradation efficiency, after specific time intervals, about
2 mL of dye solution were taken out, centrifuged and concentration of the dyes were
analyzed by UV-VIS spectrophotometry afterwards (Fig. S7). The same procedure
was conducted to determine optimum initial concentration for methylene blue.

The effect of photocatalyst dosage in the range of 0.5-2.5 ¢ L™! in RhB degra-
dation was also investigated (Fig. S7 inset). Increase in photocatalyst dosage from
0.5 to 1 g L™! resulted in tangible increase in degradation, while in higher catalyst
dosage, boosting in degradation efficiency was not observed, thus 1 g L™! was set as
photocatalyst dosage in the degradation experiments.

Time effect in RhB and MB degradation

Figs. 5 and 6 show the degradation rate of RhB and MB without photocatalyst and
using different prepared photocatalysts. In the presence of no catalysts, when dye
solutions are just UV irradiated, almost no degradation occurs. When dye solu-
tion is stirred in the presence of photocatalyst under no irradiation (in the dark),
due to adsorption, decrease in dye concentration occurs. For instance, stirring the
RhB solution for 10 min in the dark led to 13.5% decrease and in around 80 min, it
increased to 26% (Fig. 5). Accordingly, for MB degradation (Fig. 6), after 10 min
and 80 min 16.3% and 25.1% decrease were observed. Stirring continued to ensure
equilibrium is occurred and no more dye will be absorbed. In the same time, when
solutions were irradiated increase in degradation were noticeable.
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Fig.5 Residual concentration (C/C) vs. time of RhB degradation (100 mL of 3 mg/L dye solution, pho-
tocatalyst dosage: 1 g/L)
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Fig.6 Residual concentration (C/C,) vs. time of MB dye degradation (100 mL of 5 mg/L dye solution,
photocatalyst dosage: 1 g/L)

In other words it can be suggested that the photocatalytic process was primar-
ily responsible for RhB and MB degradation and presence of both catalyst and UV
light are indispensable for an effective degradation. After irradiation of 60 min, the
degradation efficiency of RhB and MB is found to be 80% and 83% for pristine tita-
nium dioxide, while in TiO,/RGO there is an increase in degradation rate. Generally,
graphene can act as an acceptor of the photo generated electrons. UV irradiation
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of TiO,, excites electrons from valence bond to conduction bond, electrons flow
toward the graphene sheets, delocalization of electrons suppress recombination of
electron—hole pair and improves photocatalytic performance (the process is shown
in the following equations):

TiO, + hv — ¢ (CB) + h*(VB) - RGO(e™) + h*
. . HZO .
TiO,(ecy) + O, = O + TiO,— 'OH + TiO,

H,0
RGO(e™) + O, — O; + RGO—— "OH + RGO

‘OH + dyes ——— degradation

As presented in the time effect diagrams, the degradation of RhB and MB under
UV light increases in the order of TiO, < TiO,/RGO < TiO,/RGO/PMMA.

PMMA existence made slight increase in degradation (as it can be deduced from
the diagrams in Figs. 5 and 6), in other words, due to a minor increase in the degra-
dation efficiency in the presence of TiO,/RGO/PMMA in comparison to TiO,/RGO,
it can be concluded that PMMA does not have crucial role in improving degradation
and act as something like paste, but it was observed that the recovery of photocata-
lyst by centrifugation was faster and easier in the presence of PMMA degradation
efficiency by TiO,/RGO for RhB after 20, 80 and 140 min were 0.74, 0.86 and 0.92
while in the same times for TiO,/RGO/PMMA, the degradation efficiencies were
0.79, 0.89 and 0.94.

Rhodamine B and methylene blue both have vivid peaks in 550 nm and 664 nm.
(Due to some noises below 300 nm, starting wave length in RhB (Fig. 7a) was set at
300 nm) so the color change in dyes solution were readily monitored using UV-VIS
spectrophotometer (Fig. 7). The decrease of absorbance value of the samples at A,

(a) 0.7 (b) 12
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0 min 1 0 min
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g " g
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5 03 160 min £ 160 min
2 2
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Fig.7 Absorption versus wave length of RhB (100 mL of 3 mg/L dye solution, photocatalyst dosage:
1 g/L) (a) and MB (100 mL of 5 mg/L dye solution, photocatalyst dosage: 1 g/L) (b) in varied irradiation
time in the presence of TiO,/RGO/PMMA composite
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of the dyes, after irradiation in different time intervals indicates the rate of decolori-
zation and photocatalyst activity under illumination.

The kinetics of the photocatalytic degradation rate of most organic compounds is
described by pseudo-first order kinetics:

d
= ke ®

Here 7 is time, C is the concentration, and k,,, is the apparent rate constant. By inte-
grating the above mentioned equation with the initial condition C(0)=C,, the fol-
lowing equation could be obtained:

C
In <C—O> = _kuppt

Kinetic analysis based on the pseudo first-order reaction for photocatalytic degra-
dation of the dyes at optimum conditions were conducted, a plot of In (Cy/C) versus
the irradiation time (t) is reported in Figs. S8 and S9 for RhB and MB, respectively.
The linear plot confirms that degradation of dyes by the prepared photocatalysts fol-
low the pseudo-first order.

Photocatalyst reusability

Fig. S10 indicates the results of RhB degradation (100 mL of 3 mg/L dye, 1 g/L
photocatalyst) under UV-C irradiation by TiO,/RGO/PMMA composite nano com-
posite. After desired time, the photocatalyst was separated, washed and used for
subsequent run. No noticeable loss in photo degradation was observed after three
cycles, suggesting that the photocatalyst is stable during the photocatalytic reactions.

Conclusion

In summary, TiO,/RGO/PMMA nano composite (photocatalyst) was synthesized.
TiO, nanoparticles were prepared by electrochemical method and the composites
with reduced graphene oxide was conducted by the help of sonication. Composites
were characterized by various techniques including XRD, FTIR, TEM, FESEM, and
EDS. X-ray diffraction patterns confirmed existence of anatase as the main phase of
the TiO, nanoparticles. In order to get better insight of TiO, morphology and size,
TEM images of TiO, nanoparticles were prepared which confirmed spherical and
uniformed shape of nanoparticles. EDS analysis were applied for monitoring char-
acteristics peaks of titanium and carbon in native titanium dioxide and composites.
In order to evaluate photocatalytic activity of the composites, decolorization of
two common dyes naming RhB and MB were tested in aqueous medium. Although
PMMA adding did not resulted in tangible increase in dye degradation, it helped to
easier recovery and shorter centrifuge time. Degradations were tested with different
composites and the best results were obtained by the final composite (TiO,/RGO/
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PMMA) under UV illumination. The photocatalyst also revealed no noticeable loss
in photo degradation after four cycles.
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