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ABSTRACT

The photocatalytic activity of methyl orange (MO) in aqueous solution was studied using
the hydrothermal synthesis of activated carbon-loaded TiO, at different weight ratios. The
hydrothermal process was conducted at a temperature of 180°C for 12 h in order to obtain a
high surface area and porosity for the purpose of degradation activity. The results indicated
that TiO,-PEG-Ac (0.50%) exhibited better photocatalytic performance compared to other
prepared photocatalysts. The photodegradation process was observed to be pH dependent,
since almost 100% of MO removal was possible in an acidic medium. In contrast, the
degradation activity seems to be diminished in basic media. The overall photocatalytic
activity of TiO, was enhanced due to the presence of porous activated carbon as co-catalyst

and support.
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1. Introduction

Photocatalytic =~ degradation of environmental
pollutants via semiconductor photocatalyst has been
extensively researched over the last decade. Numerous
semiconductor oxides have been introduced into the
catalytic system by means of advanced oxidation
process; the main goal being to eliminate the contami-
nant in polluted water systems effectively [1]. Among
various semiconductor oxides, titania (TiO,) was
found to be the most promising, due to its high
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chemical stability, non-toxicity, cost effectiveness, as
well as excellent photoresponse activity towards
ultraviolet (UV) light [2-5]. Moreover, mesoporous
materials such as titania are of great interest due to its
high surface area and ability to interact with atoms,
molecules, and ions, not only at their surfaces, but
throughout the bulk matrices of the material [6,7].
Theoretically, a photocatalytic reaction happens when
the organic substrates are attacked by radical species,
such as ‘OH, ‘O, , and HOOH, which are produced on
the surface of titania nanoparticles via the reduction of
dissolved oxygen in aqueous solution and/or
oxidation of surface hydroxyl of TiO, [8-12].
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For the selected contaminant to be degraded, it is
vital that the catalyst is active via light absorption for
both UV and visible regions. Since anatase titania pos-
sesses a large band gap energy of 3.20 eV, the catalyst
is capable of adsorbing light, mainly photons, in the
UV region (1<387nm), in order to experience
photoexcitation of electrons and holes. Nevertheless,
high consumptions of energy from the UV-light lamp
rendered the photocatalysis system to suffer from
higher implementation costs. Therefore, it is important
that the available and cheap solar light be used as the
energy source to treat contaminated water. The invisi-
ble region, or solar light, only contain about 5% of UV
energy, caused a problem for the current titania
produced. In order to overcome this problem, an
improvement is in order via the modification of the
surface of anatase titania and its band gap energy so
that the catalyst will be effective for the absorption of
photons in solar light (4 > 400 nm) [13-15].

Previously, a number of approaches for titania
modification have been introduced, such as doping
with transition metals (Cu, Mn, Mo, Fe, V, Nb, Co, Cr,
Ni, Au, Ag, Ru, and Pt) and non-metals doping (C, N,
S, P, I, F, and B) [15-21]. The surface modification of
titania is crucial, as it increases the catalytic efficiency
by increasing its specific surface area, pore size, and
adsorption ability towards the degradation of organic
pollutants. Recently, research discovered that activated
carbon (Ac) possesses all these characteristics, and
have been recognized as one of the promising material
to be incorporated into the surface of the titania
nanoparticles. The combination greatly affected the
efficiency of the photocatalyst by presenting high
reactivity and chemical stability in water recovery pro-
cess due to the synergistic effect between the activated
carbon and titania itself [22-27].

In this study, we examined the morphology and
structure of meso-TiO,-loaded activated carbon via
various characterization techniques. The mesoporous
titania was synthesized by a combination of simple
sol-gel and hydrothermal method, and the addition of
activated carbon was done according to different
weight ratios. The catalytic efficiency was tested in the
photocatalytic degradation of aqueous methyl orange
(MO) with UV lamps.

2. Experimental
2.1. Materials

Titanium isopropoxide (Ti[OCH(CHj),ly, TTIP,
97%) was purchased from Sigma-Aldrich, and used as
the titanium precursor for the preparation of meso-
porous titania. Activated carbon was obtained from a
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commercial brand (Aldrich). Absolute ethanol (99.9%)
was purchased from Merck KgaA, and used as the
solvent to assist in the hydrolysis of TTIP and for the
preparation of all sols and solutions. MO was pur-
chased from Merck and used as the substrate for
photocatalytic activity measurement.

2.2. Hydrothermal synthesis of meso-TiO; loaded activated
carbon

The mesoporous titania was loaded with activated
carbon, and synthesized by a simple hydrothermal
process. In a typical preparation, 1.7 mL of titanium
isopropoxide (97%) was mixed in a drop wise manner
with 9 mL of absolute ethanol [28]. This solution was
denoted as a pure solution to prepare mesoporous
titania, and the solution was stirred for 1h to make
sure the precursor was completely dissolved. Poly-
ethylene glycol (PEG6000) (0.010 kg/L) was added
into the first solution as a template to tune the poros-
ity and surface area of the titania [29]. The second
solution was prepared by adding the commercial acti-
vated carbon according to weight ratios of 0.25, 0.50,
and 1.00%. In this solution, the calculated amount of
activated carbon was dispersed in 9 mL of absolute
ethanol and 18 mL deionized water, and sonicated for
30 min. After the dispersion process, the second solu-
tion was mixed with the precursor solution (with and
without PEG6000), and stirred for several hours. Later,
the solution was transferred into a 50 mL Teflon-lined
autoclave, and undergo hydrothermal treatment at
180°C for 12 h. The solution was washed with deion-
ized water several times, centrifuged, and dried in the
oven at 80°C overnight.

2.3. Characterization

The fine powder of synthesized mesoporous titania
loaded activated carbon was subjected to X-ray
diffraction (XRD) and Raman analyses to determine
the crystal phase composition and crystalline size of
the mesoporous materials. Fourier transform infrared
spectroscopy (FTIR) studies were carried out in the
400-4,000 cm™" frequency range in order to determine
the chemical bondings of the catalysts’ structure. For
the infrared absorption spectra, the samples were
formed into pellets with KBr, and the spectra were
recorded on a BRUKER FTIR Spectrometer.

2.4. Photocatalytic activity

The photocatalytic reaction was conducted in a
150 mL quartz cylindrical glass, at room temperature
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Fig. 1. The photocatalytic reactor
degradation.

designed for MO

and pressure. Irradiation was provided by an UV
lamp with wavelength of 365 nm, located at the center
of the quartz glass. A magnetic stirrer was placed at
the bottom of the cylindrical glass to achieve an effec-
tive dispersion. The air was bubbled into the working
solution from the bottom of the glass to ensure a con-
stant dissolved O, concentration (Fig. 1). To evaluate
the photocatalytic efficiency, the meso-TiO,/Ac, and
pure meso-TiO, powder was also tested. The amount
of catalyst powder chosen was 0.5 g/L. The initial
concentration of MO was 10 mg/L, and 100 mL was
used for the photodegradation process. The adsorption
process was performed in the presence of a catalyst
under dark conditions for about 15 min prior to pho-
todegradation activity. A sample solution of about
5mL was withdrawn at selected time intervals, and
the absorbance was measured using UV-vis spec-
trophotometer (UV-2501PC Shimadzu).

From the photocatalytic experiments, the percent-
age of MO degraded by the prepared photocatalysts
was determined from the following equation (Eq. 1):

-G
0

C
% of methyl orange degradation = 0 x100 (D)

where Cj is the initial concentration of MO and C; is
the concentration of MO after { min.

3. Results and discussion

3.1. Synthesis and characterization of mesoporous TiO,-
loaded activated carbon

The spectra showed that all synthesized catalysts
are of the anatase phase, as reported in literature. The
wavenumber appearing in the spectra is tabulated in
Table 1. Comparing the Raman spectra obtained with
the reference TiO, was reported elsewhere [30], and it
was clear that the Raman bands shift towards higher
wavenumber have been observed (Fig. 2).

10861
Table 1
The wavenumber of the samples (cm ™)

E, E, By A, E

TiO,-PEG 150 - 405 516 637
TiO,-without PEG 151 - 405 515 637
TiO,-PEG-Ac (0.25) 154 - 401 515 640
TiO,-PEG-Ac (0.50) 154 - 395 515 634
TiO,-PEG-Ac (1.00) 154 - 401 512 634
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Fig. 2. Raman spectra of (a) TiO,-PEG; (b) TiO,-without
PEG; (c) TiO,-PEG-Ac (0.25%); (d) TiO,-PEG-Ac (0.50%);
(e) TiO,-PEG-Ac (1.00%).
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Fig. 3. FTIR spectra of (a) TiO,-PEG; (b) TiO,-without
PEG; (c) TiO»-PEG-Ac (0.25%); (d) TiO»-PEG-Ac (0.50%);
(e) TiO,-PEG-Ac (1.00%).
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Fig. 3 illustrates the FTIR spectra for all prepared
photocatalysts used for the degradation of MO in
aqueous solutions. Generally, all catalyst samples
showed peaks corresponding to the stretching
vibration of O-H and bending vibrations of adsorbed
water molecules around 3,200-3,400 cm™! and
1,600 cmfl, respectively. The broad intense band in
the range of 450-700 cm™' is due to the bending
vibration of Ti-O-Ti bonds [31,32]. There are peaks
observed at 2,900 cm ' for all catalyst samples
regarding the C-H stretching band, which means that
there are some organic compounds remaining in the
catalysts’ structure [33,34].

The XRD patterns of prepared photocatalysts used
in this study are presented in Fig. 4. The spectra
showed that the introduction of carbon material did
not affect the structure of the catalyst for the
formation of anatase TiO, in the catalyst’s structure.
However, the intensity of the peaks decreased, proba-
bly due to a change in the crystallinity of the catalysts,
in part because of the carbon compound’s distribution
on TiO;,’s surface. The average crystallite size of all
prepared catalysts was calculated using the Debye-
Scherer equation according to the XRD data obtained
(JCPDS #086-1157), and is tabulated in Table 2.

3.2. Photocatalytic activity

Prior to the photodegradation process, the calibra-
tion curve of the targeted dye has been performed. The
calibration curve was plotted according to the various
concentrations of the selected dye, ranging from 1 to
10 mg/L. From this calibration plot, the linear equation

Intensity (a.u)

PR S IS AU RS R !
10 20 30 40 50 60 70 80

2-Theta (degree)

Fig. 4. XRD patterns of (a) TiO,-PEG; (b) TiO,-without
PEG; (c) TiO,-PEG-Ac (0.25%); (d) TiO,-PEG-Ac (0.50%);
(e) TiO,-PEG-Ac (1.00%).
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Table 2
Crystallite size of photocatalysts prepared via hydrother-
mal method

Catalyst Average crystallite size (nm)
TiO,-PEG 141.61
TiOp-without PEG 148.74
TiO,-PEG-Ac (0.25%) 118.30
TiO,-PEG-Ac (0.50%) 81.36
TiO,-PEG-Ac (1.00%) 101.06

1.4

Equation y=a+b*x
7|Adj.R-Square 0.99953 n
1.2 Value StandardError

Absorbance(a.u) Intercept 0

0.06207 3.01466E-4

Absorbance(a.u) Slope

Absorbance (a.u)

0.0 T T T T T T T T
0 5 10 15 20
Concentration (mg/L)

Fig. 5. Calibration plot of MO with concentration range of
1-20 mg/L.

has been determined, and can be used to evaluate the
photocatalytic degradation efficiency by the prepared
photocatalysts. The absorbance of each sample was
measured to determine the concentration after the
photodegradation process was completed (Fig. 5).

3.2.1. Effect of various type of photocatalysts

The photocatalytic activity of MO (10 ppm) was
performed using six different types of photocatalysts,
and irradiated under UV-light lamp (1 = 365 nm) for a
period of 60 min. From Fig. 6, the mesoporous TiO,
photocatalyst synthesized with the addition of PEG
exhibited the poorest performance, where it only
resulted in a 73% of MO degradation. On the contrary,
TiO, synthesized without the addition of PEG resulted
in a 84% degradation, while TiO,-PEG-Ac (0.25), TiO,-
PEG-Ac (0.50), and TiO,-PEG-Ac (1.00) yielded a final
percentage of 83, 85, and 79%, respectively. Further-
more, the TiO, photocatalyst loaded activated carbon
without the addition of PEG resulted in 58, 54, and
55% of MO degradation, respectively. It can be con-
cluded that the best photocatalyst in this study was
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Fig. 6. (A) Percentage of photocatalytic degradation of MO
for 60 min by using photocatalyst of (a) TiO,-PEG; (b)
TiO,-without PEG; (c) TiO,-PEG-Ac (0.25%); (d) TiO,-PEG-
Ac (0.50%); (e) TiO,-PEG-Ac (1.00%); (f) TiO-Ac (0.25%);
(g) TiO-Ac (0.50%); (h) TiO,-Ac (1.00%) and (B) reduced
concentration of the MO by those photocatalysts, [MO]
=10 ppm; Ayy = 365 nm.

TiO,-PEG-Ac (0.50%), since it exhibited better perfor-
mance (~85%) from the start until 60 min of reaction
times (Table 3).

The results indicated that the addition of PEG6000
into the precursor solution enhanced the performance
of the photocatalyst loaded with activated carbon. It is
believed that the addition of PEG could tune up the
porosity and surface area of those photocatalyst, hence
exhibiting better photoactivity performance than tita-
nia alone (with or without the addition of PEG). This
statement is consistent with the degradation results
obtained by the optimum photocatalyst of TiO,-PEG-
Ac (0.50). The interfacial contact between the carbon
and titania is the main factor affecting the photocat-
alytic activity of titania-loaded activated carbon [28].
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Table 3

Percentage of degradation of MO by various photocata-
lysts of (a) TiO»-PEG; (b) TiO,-without PEG; (c) TiO»-PEG-
Ac (0.25%); (d) TiO,-PEG-Ac (0.50%); (e) TiO,-PEG-Ac
(1.00%); (f) TiO-Ac (0.25%); (g) TiO,-Ac (0.50%); (h) TiO,-
Ac (1.00%), [MO] = 10 ppm; Ayy = 365 nm

Percentage of degradation (%)

Reaction time (min) a b C d e f g h

0 o o o o0 o0 o o0 o

10 15 19 23 29 18 9 8 12
20 27 36 39 42 31 20 18 21
30 40 52 53 54 46 31 28 30
40 52 65 66 68 57 41 38 39
50 64 75 72 77 68 49 45 47
60 73 8 83 8 79 58 54 55

Nevertheless, adding too much or lesser amounts of
activated carbon into the precursor containing PEG
solution would result in lower percentages of
degradation. This study showed that the photocat-
alytic performance of titania-loaded activated carbon
was also influenced by the preparation method. The
difference in the preparation method resulted in dif-
ferent structural composition and synergistic interac-
tion between titania, PEG, and activated carbon. This
phenomenon significantly contributed to the different
lifetime of photogenerated electron and hole pairs.

3.2.2. Effect of initial pH on MO degradation

The experimental results of MO degradation with
varying pH of the solution in the range of 2-10 are pre-
sented in Fig. 7. The best condition for the degradation

100

O

\

u}

—
80 - D

60

40 4

20

Percentage of Degradation (%)

Fig. 7. The effect of various initial pH of MO solution by
using 0.05g of TiO,-PEG-Ac (0.50%), [MO] =10 ppm;
;LUV =365 nm.
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of MO compounds was obtained at pH 2 (97%) in
60 min of irradiation times. At nearly pH 6 (original
pH), the percentage of degradation was reduced to
85%. In the case of TiO,-PEG-Ac (0.50%) system, the
percent degradation of MO was increased as the pH
was decreased from 6 to 2. Nevertheless, increasing
the pH of the solution (>6) diminished the degradation
ability of the respective catalyst towards MO com-
pounds, therefore reducing the catalytic activity. More-
over, the color of MO changed from yellow to orange,
and then to red in acidic conditions, due to the forma-
tion of hydrazone resonance in the structure [35].

According to Uddin et al. [36], since most of the
semiconductor oxides exhibit amphoteric behavior, the
pH of dispersion is the important parameter that
should be accounted for in the reaction taking place on
the catalyst’s surface. This is because it would influ-
ence the surface charge properties of the respective
catalyst used in the study. Generally, at lower pH
(acidic), the surface of the catalyst is positively
charged, but at higher pH (basic), it becomes nega-
tively charged. Thus, the charged surface of the respec-
tive photocatalyst might influence the catalytic activity
in degrading organic compounds, such as MO.

An article that supported these findings was
reported by Kansal et al. [37], who studied the
degradation of two commercial dyes (MO and
Rhodamine 6G) using TiO,, SnO,, and ZnO catalysts.
The alteration of the pH values of the solution
influences the properties of the semiconductor-liquid
interface, mainly related to the acid-base properties of
the metal oxide’s surface. It can be explained in terms
of the zero point of charge (zpc) of the respective
photocatalyst. The formation of electron hole, to adsorb
the anions, is favored under conditions of pH < pH,..

The higher pH value reduced the number of
positively charged sites and raised the number of
negatively charged sites, creating electrostatic repul-
sion between the negatively charged surface of the
TiO,-PG-Ac and the anionic MO molecules. As a
result of this, there was a significant degradation of
MO from the solution. Moreover, the presence of some
alkali metal oxides in low vibrational modes (LVM)
also provided an abundance of hydroxyl anions when
the material was in contact with water, and these
anions competed with the anionic MO molecules for
adsorption sites, which resulted in lower degradation
of MO in basic conditions [38].

4. Conclusions

The effect of various catalysts prepared via
hydrothermal method assisting with PEG on the
photocatalytic degradation of MO was studied. The
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TiOy-loaded activated carbon showed significant
improvement in reactivity as compared to TiO, alone,
prepared by the same method. The better photoactiv-
ity of titania loaded activated carbon nanocatalysts
could be attributed to the smaller grain sizes and
improved UV-light adsorption. Overall, loaded TiO,
nanoparticles were found to be superior photocatalysts
for rapid degradation of recalcitrant compounds, such
as MO, in wastewater using UV-light as the energy
source.
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