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ABSTRACT. TiO2-CaO and TiO2-CaO-Fe203 photocatalysts have been synthesized through the surfactant-assisted sol-gel
method. The catalysts were characterized using XRD, FTIR, SEM-EDS and BET surface area. XRD pattern showed the formation
of anatase TiO2 crystal phase both in TiO2-CaO and TiO2-CaO-Fe203. The TiO2-CaO has higher crystallinity than TiO2-CaO-
Fe203. Based on the peak refinement using Rietveld, there are two peaks identified as Fe2O3 hematite in the sample TiO2-CaO-
Fe20s. BET surface area analysis showed that the average pore size of TiO2-CaO and TiO2-CaO-Fe2Os3 catalysts are 8.04 and
8.41 nm respectively, indicating both catalysts are mesoporous. FTIR spectra show that the vibration of Ti-O, Ca-O, and Ca-
TiO2 were observed in both catalysts. SEM images confirm that both catalysts are porous material. The catechol removal using
TiO2-CaO and TiO2-CaO-Fe203 improved with the increase of catalyst concentration. After 360 minutes of UV radiation, the
removal of catechol using TiO2-CaO-Fe2Os reached 46.0%, 48.3%, and 69.2%, while when using TiO2-CaO, it reached 22.1%,
36.8%, and 57.0% for 0.1 g, 0.15 g, and 0.2 g of catalysts, respectively. The photocatalytic activity of TiO2-CaO-Fe20s is not
so strong compared to TiO2-CaO catalyst but the catechol adsorption property of TiO2-CaO-Fe20s3 is higher than that of TiO2-

CaO cotalyst.
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INTRODUCTION

Titanium oxide (TiO,) is one of the most well-known
materials for photocatalytic activity because TiO2 has low
cost, high oxidizing ability and chemical stability, non-
toxic and safety for environment characteristics (Cao et
al., 2000; Tseng, Lin, Chen, & Chu, 2010). TiO; has
three polymorphic forms i.e. anatase, brookite, and
rutile, but the anatase phase has been proved to be a
higher activity of photocatalytic material (Phattepur,
Siddaiah, & Ganganagappa, 2019). However, it is
necessary to get enough light intensity that possesses the
energy to overcome TiO; anatase band gap energy (3.2
eV) for photocatalytic reaction to proceed. In recent
years, many transition metal ion-doped TiO, have been
studied to improve the photocatalytic activity of such as
Pt, Au, Pd, Ru and Fe (Tseng et al., 2010) and shows
good results. While other researchers also have
investigated the photocatalytic property of Ca doped-
TiO, (Fatimah, Rahmadianti, & Pudiasari, 2018; Liu,
Min, Hu, & Liu, 2014) and showed good ability to
remove thiophene and methylene blue under light
radiation. Besides TiO3, there is some semiconductor

that has been investigated as photocatalyst i.e. ZnO,
GaP, SiC and Fe,O3 (R. Hoffmann, T. Martin, Choi, &
W. Bahnemann, 2002). Moniz et al. have synthesized
Fe2O3-TiO2 nanocomposite and it shows remarkable
enhancement in photocatalytic activity for removal of
contaminant herbicide (Moniz, Shevlin, An, Guo, &
Tang, 2014).

In this research, TiO2-CaO and TiO2-CaO-Fe,O3
catalysts were synthesized by surfactant-assisted Sol-gel
method. It becomes interesting to investigate the
influence of adding Fe;Oj; into the structure of TiO,-
CaO. Composite Fe;O3 is  well-known for its
photocatalytic activity but it also has good affinity to
phenol derivate compound (Malligavathy,
lyyapushpam, Nishanthi, & Padiyan, 2016), so by
adding Fe;O3 into TiO2-CaO structure, the removal of
phenol derivate compound could be enhanced.

The catalyst is synthesized by sol-gel method. It can
be implemented under the mild condition to produce
material in various sizes, formats and shapes (Tseng et
al., 2010). The sol-gel method has several advantages
(Tseng et al., 2010) such as (1) inexpensive and easy to
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be conducted, (2) lower temperature of preparation, (3)
better purity from raw material, (4) better mixing for a
system of multi-component, etc. The use of surfactants
to assist the synthesis of catalysts via the sol-gel method
has been widely carried out (Anderson & Binions, 2014;
Galkina, Vinogradov, Agafonov, & Vinogradov, 2011;
Phattepur et al., 2019; Torres-Romero, Cajero-Juérez,
& Contreras-Garcia, 2017), and the use of tween
surfactant has been proven to increase photocatalyst
activity and absorption of harmful organic substances
(Anderson & Binions, 2014).

Phenol derivate compounds have many benefits for
industrials like textile, chemical and petrochemical,
pharmaceutical, mining, and pulp (Malligavathy et al.,
2016). Catechol is one of the phenol derivate
compounds. Around 20 thousand tons of catechol
annually are synthetically produced for organic chemical
commodities such as flavorings, fragrances (vanillin),
pharmaceuticals, and especially (around 50%) are used
as precursors of pesticides (Fiege et al., 2000). Because
of the very large use of catechol, the level of catechol
pollution to the environment also increases (Canadian
Ministers of the Environment and of Health, 2008). To
reduce the impact of pollution by catechol, it is necessary
to research the degradation of hazardous pollutant
chemicals. In this research, the process of degradation
of catechol has been investigated through the
mechanism of photodegradation and adsorption.

EXPERIMENTAL SECTION
Materials

Titanium (IV) butoxide (Ti(OC4H1o)4), calcium oxide
(CaO), hydrochloric acid (HCI), iron (lll) chloride

anhydrous (FeCls), tween 80, ethanol, catechol
(CsH4(OH),), 4-aminoantipyrene, potassium
ferricyanide  (KsFe(CN)s), ammonia (NH3), and

ammonium chloride (NH4Cl) were purchased from
Merck. Distilled water was used throughout experimental
procedures. All Glass tools were purchased from Iwaki.
Micropipette miniPCR was used for measuring of the
sample in pl scale.

Synthesis of Materials

TiO2-CaO-Fe;O3 photocatalyst was synthesized by
surfactant-assisted sol-gel method using a precursor of
Titanium (IV) butoxide with molar ratio of Ti : Ca : Fe is
7 : 1 : 1. Prepare solution 1 dan solution 2 as follows.
Solution 1 was composed of 4 mL of ethanol mixed with
2 mmol CaO. Solution 2 was composed of 8 mL of
ethanol mixed with 4 mL titanium (IV) butoxide, 2 mmol
FeClz, tween 80 0.5 mL and 0.3 mlL concentrated
hydrochloric acid.

Solution 1 and 2 were mixed and stir vigorously for
30 min until the gel formed. Then the gel was dried at
90 °C for 12 hours in a hot air oven. The dried solid was
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ground and subjected to calcination from 27 °C to 500
°C with heating rate 5 °C per 30 seconds and maintain
at 500 °C for 3 hours. The catalyst TiO2-CaO-Fe, O3 was
cooled until reached room temperature for 1 night. The
TiO2-CaO photocatalyst was synthesized with the same
procedure but without FeClz. The molar ratio of Ti : Ca
is7:1 (Livetal, 2014).

Characterization of materials

The structural characterization of TiO,-CaO-Fe;O3
and TiO,-CaO photocatalysts were carried out using X-
ray diffractometer (XRD) Empyrean with refinement using
Rietveld analysis (Lutterotti & Scardi, 1990), scanning
electron microscopy-energy dispersive spectroscopy
(SEM-EDS) to see the particle size and the atomic
composition, Fourier transform infra-red (FTIR) to see the
atomic bonding vibration of catalysts, and Brunauver —
Emmet — Teller (BET) surface area analyzer.

Photocatalyst Reactor Set Up

The simple photocatalyst reactor was set up as showed
in Figure 1. It consists of three UV lamp (total 49 W,
wavelength 254 nm), a multi-position magnetic stirrer.
The walls of the reactor container are coated with
aluminum foil to minimize the absorption of UV light on
the walls of the container. A sample solution containing
100 mL of 100 mg/L catechol was filled into an
Erlenmeyer flask capacity of 100 mL. The magnetic bar
has also been placed in the flask for stirring at 100 rpm
when the UV lamp was turned on.

The walls of the reactor container are coated with
aluminum foil to minimize the absorption of UV light on
the walls of the container. A sample solution containing
100 mL of 100 mg/L catechol was filled into an
Erlenmeyer flask capacity of 100 mL. The magnetic bar
has also been placed in the flask for stirring at 100 rpm
when the UV lamp was turned on.

Catechol Photodegradation

Catechol photodegradation was carried out by
preparing 100 mL of 100 mg/L catechol solution into
Erlenmeyer flask with a capacity of 100 mL and adding
a variety of weight the TiO,-CaO-Fe;O3 and TiO,-CaO
catalysts. The mixture was stirred for 60 minutes in dark
conditions aimed at achieving a steady state, then the
UV light is turned on. The system is maintained, and
every 60 minutes, about 5 mL samples are taken, then
filtered using a microfilter nylon syringe with a pore
diameter of 0.45 nm. A total of 500 pL of sample filtrate
was taken and added with 7000 ulL of distilled water,
2000 pL of ammonia buffer, 300 puL of 2%
aminoantipyrine solution and 200 pL of 8% KsFe(CN)
solution and stirred evenly. Leave the mixture for 15
minutes at room temperature to react and form pink
color. The absorbance of this dye was measured using
a spectrophotometer BK-UV 1000 Biobase at a
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wavelength of 460 nm (Lili, Li, Wang, Wang, & Lig,
2016). Blank is a sample of catechol solution replaced
with 500 plL distilled water. Calculation of the catechol
photodegradation efficiency which is similar to catechol
removal efficiency is carried out using equation 1:

PE = (Ao — A)/A; x 100 ..... (1)

Where A, = absorbance at time zero hours.

A = absorbance at time t hours.

RESULTS AND DISCUSSION
X-ray diffraction patterns and refinement with Rietveld.
XRD patterns peak at 20 = 25.53°, 37.33°, 48.27°,
54.24°, 55.36°, and 62.86° confirm the TiO, anatase
phase in TiO,-CaO, and peak at 26 = 25.43°, 37.43°,
48.34°, 54.19°, 55.03°, and 62.70° confirm the TiO2
anatase phase in TiO2-CaO-Fe;O3 catalysts.
The refinement of XRD shows sample TiO;-CaO-
Fe:Os; contains 91.78% weight percentage of TiO»

aonatase and 8.22% weight percentage of Fe,O;
hematite. The hematite phase was exhibited by
peaks at 26 = 33.25° and 35.72°. X-ray diffraction
pattern showed the formation of anatase TiO, crystal
phase in both catalysts. The TiO2-CaO showed
higher crystallinity than TiO,-CaO -Fe;O;. According
to Malliga vathy et al. the increased crystallite size
could cause the decrease of the band gap, and it
has a direct relation to the increase of removal
efficiency (Malligavathy et al., 2016). Therefore,
decreasing crystallite size in TiO,-CaO-Fe;O3  could
probably cause a decreasing of photocatalytic
efficiency.

Catalyst TiO,-CaO contains single-phase TiO,
anatase with the crystal structure parameters listed in
Table 1. Catalyst TiO2-CaO-Fe;O3 contains (i) TiO-
anatase and (ii) Fe2O3 hematite with the crystal structure
parameters listed in Table 2.

UV lamp 25 Watt
UV lamp 11 Watt
UV lamp 11 Watt

Flask filled with
100 mg/1L catechol and
catalyst

Multi positions
magnetic stirrer

Figure 1. The simple photocatalyst reactor.
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Figure 2. The XRD pattern of TiO2-CaO and TiO,-CaO-Fe;O3
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Figure 3. Rietveld Refinement profiles of (a) TiO,-CaO and (b) TiO,-CaO-Fe,Os.

Table 1. Lattice parameters of TiO2-CaO

Chemical Name:

TiO2, Anatase

Crystal system: Tetragonal
Space group: 14,/amd
Density (g/cc): 3.92

Lattice Parameters:

a = b(A): 3.771 c(A): 9.43

Table 2. The lattice parameter of TiO2-CaO-Fe,O3

Chemical Name: TiO2, Anatase

Crystal system: Tetragonal
Space group: [4,/amd
Density (g/cc): 3.92

Fe2O3, Hematite
Trigonal
R-3c:R

5.26

Lattice Parameters:

a =b(A): 3.771 c(A): 9.43

a=b=cA): 543 a=8=y(): 55.28

Scanning Electron  Microscopy-Energy  Dispersive
Spectroscopy (SEM-EDS)

The SEM-EDS results of TiO2-CaO catalyst are shown
in Figure 4. SEM image indicates the morphology of
TiO2-CaO as a porous material, but the particle size is
larger than 5 pm. The EDS analysis shows the mass ratio
of Ti:Ca:O is 43.6 : 3.6 : 46.3. The SEM-EDS results of
TiO2-CaO-Fe; O3 catalyst are shown in Figure 5. SEM
image indicates the morphology of TiO2-CaO-Fe,O3
also as a porous material, but the particle size is larger
than 5 um. The EDS analysis shows the mass ratio of
Ti:Ca:O:Fe is 36.9 : 8.5:43.1 : 3.6.

The SEM images show that there is a difference
between the surface structure of TiO2-CaO and TiO,-
CaO-Fe,Os3 catalyst. It could be observed many holes in
the surface of TiO,-CaO catalyst. These holes are
caused by the removal of an organic molecule such as
ethanol and tween 80 during the calcination process.
The hole surface structure is not observed in TiO,-CaO-
Fe;O; catalyst because of the presence of Fe®* in
solution. Fe3* ion interacts with surfactant tween 80 as a
chelating agent (Kyzas, Peleka, & Deliyanni, 2013;
Suah, Faiz Bukhari Mohd, Musa Ahmad, 2017) and
could slow down the oxidation rate during calcination so
the hole surface does not form.
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Figure 5. SEM and EDS results of TiO2-CaO-Fe; O3 catalyst

144



Synthesis and Characterization of TiO2-CaO

Absorbance

4000 3400 2800

2200

Candra Yulius Tahya,et al.

1600

1000

Wavenumber [cm™)

m—Ti0-Ca0

— Ti0z-Ca0-Fea0s

Figure 6. FTIR spectra of TiO2-CaO and TiO;-CaO-Fe, O3 catalysts

Table 3. BET Surface area result of TiO,-CaO and TiO2-CaO-Fe; O3 catalysts

Sample BET specific surface Average pore size, Pore volume, Average particle
area, m?/g nm cm?/g size, nm
TiO2-CaO 84.78 = 1.360 8.04290 0.170 70.7746
TiO2-CaO-Fe; O3 60.63 = 0.879 8.41036 0.127 98.9625
Isotherm Linear Plot Isotherm Linear Plot
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Figure 7. Nitrogen (N2) physisorption isotherms of (a) TiO2-CaO and (b) TiO2-CaO-Fe,O3 catalysts

Fourier Transform Infrared Spectroscopy

The FTIR spectra of TiO2-CaO-Fe;O3 catalysts show
several important peaks. The wavenumber of 519 ¢cm™!
corresponds to the stretching vibration of Ti-O-Ti
bonding. The wavenumber of 1041 cm*! corresponds to
the vibration of Ca-O bond (low peak because of the
low content of CaQO (Liu et al., 2014)). The wavenumber

of 1398 cm! corresponds to the vibration of Ca-TiO,
which is absent for pure TiO; (Liv et al., 2014). The
wavenumber of 1627 cm”' and 3412 cm™' correspond
to the O-H vibration of surface-absorbed water. The
stretching vibration of Fe-O bonding would be present
in 573 — 579 cm™' (Benjwal, Kumar, Chamoli, & Kar,
2015; Zhang et al., 2017). Fe-O vibration band is not
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clear observed because it coincides with the Ti-O
vibration in wave number below 600 cm'.

The FTIR spectra of TiO2-CaO catalysts show several
important peaks. The wavenumber of 507 cm’!
corresponds to the stretching vibration of Ti-O-Ti
bonding. The wavenumber of 1036 cm™' also appears
which corresponds to vibration of Ca-O bond. The
wavenumber of 1412 ¢cm™' corresponds to vibration of
Ca-TiO,. The wavenumber of 1627 cm™ and 3412 cm-
! correspond to the O-H vibration of surface-absorbed
water.

BET Surface Area Analysis

The average pore size of TiO2-CaO and TiO,-CaO-
Fe,O3 were 8.04 and 8.41 nm respectively, indicate that
both catalysts were mesoporous. The mesoporous
TiO,/Fe;O; photocatalysts were also reported by
Palanisamy et al. which was synthesized through sol-gel
methods (Palanisamy, Babu, Sundaravel, Anandan, &
Murugesan, 2013). Nitrogen (N2) physisorption
isotherms of both catalysts shown in Figure 7. Both
catalysts show the adsorption-desorption isotherm as
type IVa with H2(b)-type hysteresis loop (Thommes et al.,
2015). TiO2-CaO has a higher specific surface area
(84.78 = 1.360 m?%/g) than TiO,-CaO-Fe,O3 (60.63 +
0.879 m%/g).

Photocatalytic Activity of TiO,-CaO and TiO;-CaO-
Fe,O; for Removal of Catechol

The photocatalytic activity of TiO2-CaO and TiO,-
CaO-Fe;O3 were evaluated by degradation of 100
mg/L catechol solution in natural pH and the result was
shown in Figure 8. The photocatalytic efficiency of TiO,-

CaO and TiO;-CaO-Fe;O3 is improved with the
increasing of catalyst concentration. After 360 minutes
of UV radiation, the removal of catechol by using TiO,-
CaO-Fe;Os reached 46.0%, 48.3%, and 69.2% for 0.1
g, 0.15 g, and 0.2 g of catalysts respectively.
Meanwhile, for TiO2-CaO, the removal of catechol
reached 22.1%, 36.8%, and 57.0% for 0.1 g, 0.15 g,
and 0.2 g of catalysts respectively. Catechol solution
without catalyst was used as control. The removal of
catechol without a catalyst is less than 2%. Figure 8
showed the adsorptions of catechol by the surface of
catalysts in dark condition. To investigate the catechol
adsorption property of TiO;-CaO and TiO;-CaO-
Fe,O3, the catechol removal in dark condition and in
light was calculated. The results are shown in Figure 9.

Based on Figure 9, the photocatalytic activity of TiO,-
CaO-Fe;O3 is not so strong compared to TiO,-CaO
catalyst. Without UV radiation, TiO2-CaO-Fe;O3 could
remove the catechol until 62.8% after 360 minutes of
reaction. Whereas under UV radiation, the catechol
removal is 69.2%. The photocatalytic activity of TiO,-
CaO-Fe;O3 improves after 360 minutes whereas the
TiO2-CaO showed that the photocatalytic activity was
observed from the first 120 minutes. However, the
catechol adsorption property of TiO3-CaO-Fe O3 is
higher than that of TiO,-CaO catalyst. The intercalation
of Fe2O3 in the structure of TiO2-CaO catalyst has been
created which decreases the crystallite size of TiO2-CaO-
Fe;Os (as observed in XRD result). Because the Fe;Os
has a strong affinity toward catechol, the removal of
catechol from solution is higher than in TiO,-CaO
catalyst.
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Figure 8. Effect of TiO2-CaO and TiO2-CaO-Fe; O3 on photocatalytic degradation of catechol at
natural pH. Catechol concentration is 100 mg/L. Dosage: 0.1 g, 0.15 g, and 0.2 g per 100 mL

solution for each catalyst.
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Figure 9. Effect of TiO2-CaO and TiO2-CaO-Fe, O3 on catechol removal at natural pH in
dark condition compared to light condition. Dosage: 0.2 g catalyst per 100 mL solution.

CONCLUSIONS

The photocatalysts of TiO2-CaO and TiO,-CaO-
Fe,Os have been successfully synthesized through the
sol-gel method. XRD pattern showed the formation of
anatase TiO; crystal phase both in TiO2-CaO and TiO,-
CaO-Fe;0s. FTIR spectra show that the vibration of Ti-
O and Ca-O were observed in both catalysts. The
average pore size of TiO2-CaO and TiO,-CaO-Fe, O3
catalysts are 8.04 and 8.41 nm respectively, indicating
both catalysts are mesoporous. These catalysts exhibit
photocatalytic and adsorption activities for removal of
catechol. The TiO2-CaO-Fe;O3 could remove the
catechol until 62.8% and 69.2% after 360 minutes of
reaction in dark and UV radiation, respectively.
Meanwhile, TiO2-CaO could remove the catechol until
38.6% and 57.0% after 360 minutes of reaction in dark
and under UV radiation, respectively.
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