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Effects of Calcination Temperature on TiO2 Nanoparticle
Photocatalyst for Methylene Blue Dye Degradation
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Dye pollutants are hazardous compounds, highly toxic, and have low biodegradability, thus
remain a long time in the environment. Therefore, the removal of dyes prior to discharge into the
environment is essential. Recently, photocatalytic degradation using semiconductor
photocatalysts has been extensively studied for dye removal. In this study, titanium dioxide
(TiO2) nanoparticle photocatalyst was synthesized for photodegradation of methylene blue (MB)
dye under ultra-violet (UV) light. TiO, nanoparticles were synthesized using the sol-gel method
and characterized using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and high resolution transmission electron
microscopy (HRTEM). The photocatalytic activity was tested for MB degradation. 75.00% MB
was successfully degraded under UV light using synthesized TiO; after calcination at 400°C.
The degradation rate was reduced to 38.60% and 7.05% using TiO; calcined at 600°C and 800°C,
respectively. This was probably due to their nanosize particles, low crystallinity, and anatase

phase structure of synthesized TiO, after calcination at 400°C for 2 hours.
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Environmental organic pollutants such as dyes mainly
come from the textile and painting industries. Dyes
and their effluents are not only aesthetic pollutants by
the nature of their color, but may interfere with light
penetration in water, and thereby disturbing biological
activities of aquatic animals and plants [1-4]. In
addition, with chemicals polluting water, all living
organisms on Earth including humans, animals, and
plants receive huge negative impacts from it.

Many precautions have been taken to overcome
this issue including laws enforced by the government,
development of green chemistry by scientists, water
treatments, and public awareness. Nonetheless, to this
day, water still being polluted and most people are
ignoring the importance of water pollution prevention.
To make matter worse, the textile industry keeps
expending and more dangerous chemicals are thrown
into rivers because they are not disposed of properly.
The elimination of color from dye-bearing
wastewaters is becoming one of the major
environmental problems since most dyes are stable to
light and oxidizing agents [5,6].

Recently, advanced oxidation processes (AOPS)
have been developed and gained great attention for
decolorization and degradation of textile dyes under
ultra-violet (UV) light with the presence of titanium
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dioxide (TiO,) photocatalyst. However, the available
TiO; has low photocatalytic activity due to its large
particle size [7,8]. In this study, nanosize TiO, was
prepared using the sol-gel method, since it is a
versatile solution method for making ceramic
materials. In general, the sol—gel process involves the
transition of a system from liquid ‘sol” which is mostly
in colloidal form converted into solid ‘gel’ phase [9,
10]. And the thermal treatment of TiO, during the sol-
gel preparation step provides a facile route to control
the grain size, particle morphology, microstructures,
phase composition, and surface photoelectrochemical
properties [11,12]. For TiO. photocatalyst, surface
area is a crucial factor that affects the photocatalytic
activity. Large surface area can bring about more
reactant adsorption—desorption sites for the catalytic
reaction, and provides more efficient transport
channels for the reactant molecules. However, the
achievement of perfect crystallized TiO, structure
usually conflicts with the achievement of large surface
area, because elevated calcination temperature applied
to crystallize TiO, may cause further growth or
agglomeration of TiO, nanoparticles and finally
reduces the specific surface area. Therefore, the aim of
this study was to investigate the effects of calcination
temperature on the surface area, crystallite size, and
photocatalytic activity of TiO, nanoparticles
synthesized using the sol-gel method.
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EXPERIMENTAL
1. Preparation

Titanium tetraisopropoxide, Ti(OCsH7)s was used as
the precursor for the sol-gel synthesis of TiO;
nanoparticles. Ti(OCsHy)s and distilled water were
mixed with molar ratio of 1:4 and the pH of the
mixture was adjusted using hydrochloric acid (HCI) of
0.2 molarity for restrain of the hydrolysis process of
the solution. The solutions was stirred continuously at
low speed for 40 min and then the obtained gel was
dried at 80°C for 4 hours. Finally, the dried powder
was calcined at different temperatures of 400, 600, and
800°C for 2 hours to acquire the desired TiO;
nanoparticles.

2. Characterization

FTIR analysis was done at 400 to 4000 cm™
wavelength number using Perkin ElImer Spectrum 100
FTIR spectrophotometer. X-ray powder diffraction
(XRD) was scanned at 10 to 90° of 20 in step of
0.2°/second using Bruker D8 Diffractometer with Cu-
Ka (A = 1.54021 A) and the crystallite size (D) was
calculated from the Scherrer equation [13]. JOEL JSM
6360 LA and Philips CM12 were used for SEM and
TEM image capture. High resolution transmission
electron microscope (HRTEM) was used for phase
identification of the samples.

3. Photocatalytic Degradation

Photodegradation was carried out by adding 0.1 g of
prepared samples into 100 ml of 20 ppm MB dye
solution in closed box system under UV light for 180
minutes. The aqueous solution was magnetically
stirred throughout the experiment. At every 30
minutes interval, 5 ml of MB solution was taken out
and transferred to a square cuvette and consequently
placed in the sample holder of the UV-Vis
spectrophotometer. Absorption spectra were recorded
via the UV-Vis spectrophotometer (Perkin Elmer
Lambda 35 UV-Vis) and the percentage of MB
degradation was calculated using the formula in
Equation 1.

Degradation (%) = Co-C; x 100
Co

Equation 1

Where, Cyis the initial absorption of MB and C:is the
absorption of MB after the reaction at time t at 663
nm wavelength. Prior to photocatalytic degradation,
an aliquot of 5 ml of the dye was withdrawn without
the presence of any samples and recorded as blank.
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RESULT AND DISCUSSION

Figures 1(a)-1(c) show the FTIR spectra of
synthesized TiO, calcined at different temperatures
(400°C, 600°C, and 800°C). In all spectra, a broad
band was observed between 3600 — 3100 cm®
attributed to O-H vibration due to the existence of H,O
molecules on the TiO; surface [14]. Water molecules
were still present in the synthesized TiO; even after
calcination at 800°C probably due to the hydrophilic
property of TiO,, therefore O-H stretching vibration
could still be seen in the spectra. Meanwhile, bending
modes of O-H were found at narrow regions in the
range of 1620 — 1635 cm*, which can be observed in
all studied samples. These two bands proved the
existence of water molecules on the surface of the
TiO, photocatalyst. This condition occurred due to
hydrophilic property of TiO or large consumption of
water during the preparation of the photocatalyst.
Besides, the spectra also provided the information
regarding Ti-O stretching band that was analyzed
below 1100 cm™ region. Since there was Ti-O-Ti
vibration, thus stretching could be observed. Based on
the FTIR results, it could be observed that the
calcination temperature did not affect the existence of
functional groups in TiO,. However, the calcination
temperature would affect the intensity of the peak for
each TiO2 compound. The summary of the FTIR
analysis of the synthesized TiO, at different
calcination temperatures is shown in Table 1.

Figure 2 shows the XRD pattern of TiO,
photocatalyst calcined for 2 hours at different
temperatures. At 400°C, the TiO2 sample in 100%
anatase attributed to the existence of broad peaks at
25.14,37.90, 48.44, 53.70, 55.21, 63.11, 68.88, 70.21,
75.04, and 82.76° [9] (Figure 2(a)). While at 600°C, a
mixture of anatase and rutile phase was observed
(Figure 2(b)). Whereas, only rutile phase was present
at 800°C (Figure 2(c)). Based on the XRD results
obtained, it could be concluded that when the samples
were calcined at higher temperature such as 600°C and
800°C, the anatase TiO, was transformed into rutile.
Anatase is metastable phase and transformed to rutile
after calcination at higher temperature as rutile phase
is the most thermally stable. According to the Kinetics
studies, the transformation from anatase to rutile phase
needs high activation energy to overcome both strain
energy for oxygen ions and break Ti-O bonds as
titanium ions redistribute [15]. The crystallite size of
the samples was calculated using Scherer equation and
the results obtained are shown Table 2. The crystallite
size increased with the increment of calcination
temperature attributed to particles aggregation which
accelerated the growth of crystallite size [16].

Table 1: The FTIR analysis of synthesized titanium dioxide calcined at different temperatures

Wavelength number (cm™)
3600 — 3100
1650 - 1620
Below 1100

Assignment
O-H stretching
O-H bending
Ti-O stretching
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Figure 1. FTIR spectra of synthesized titanium
dioxide calcined at (a) 400, (b) 600, and (c) 800 °C for
2 hours.

26(°)

Figure 2. XRD pattern of synthesized titanium
dioxide calcined at (a) 400, (b) 600, and (c) 800 °C
for 2 hours.

Table 2. Crystallite size of synthesized TiO photocatalyst calcined at
(a) 400°C, (b) 600°C, and (c) 800°C for 2 hours.

Calcination temperature (°C)

Crystallite size (nm)

400 8.6
600 124
800 15.8

Table 3. BET surface of synthesized TiO; photocatalyst calcined at
(a) 400°C, (b) 600°C, and (c) 800°C for 2 hours.

Calcination temperature (°C) Surface area
(m?g)
400 108.55
600 61.80
800 25.82

Figure 3 shows the SEM images of TiO»
calcined at 400°C, 600°C, and 800°C for 2 hours.
The morphology of the anatase TiO, gave
homogenous small particles at 400°C (Figure 3(a)).
After calcination at 600°C, the particles
agglomerated to form heterogenous bulk particles
(Figure 3(b)) and they were more dominant after
calcination at 800°C (Figure 3(c)). Generally, once
the calcination temperature was raised, the
dehydration process of TiO, photocatalyst was
increased, thus causing the particles to grew and
formed larger particles [17,18]. The particles were

aggregated due to the agglomeration process taking
place as the calcination treatment temperature
increased because high heat energy applied would
accelerate the crystal growth. This would reduce the
surface area of the particles as larger particles
possessed low surface area, as reported previously
by Razali et al. (2017) [19]. Table 3 shows the BET
surface area of the synthesized samples at different
calcination temperatures. It was found that the
surface area decreased with the increment of
calcination temperature due to the agglomeration of
TiO; particles.
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Figure 3. SEM images of synthesized TiO, photocatalyst

calcined at (a) 400°C, (b) 600°C, and (c) 800°C.

Based on the SEM images, synthesized TiO;
calcined at 400°C was characterized using TEM to
measure the particle size of TiO, photocatalyst. The
particle size of TiO, was found to be within 20-30
nm, which was in nanosize range (Figure 4(a)).
Further analysis using high resolution transmission
electron microscopy (HRTEM) was done for phase
identification. Based on the HRTEM micrograph in
Figure 4(b), the lattice fringes of the samples were
clearly observed, which indicated that these
samples had high phase purity and the distance
between the lattice (d spacing) was about 0.35 nm,
corresponding to the (1 0 1) plane of anatase TiO;
[20]. The results of this investigation were
consistent with the XRD results as discussed earlier.
Figure 4(c) shows the SAED ring pattern of TiO;
nanotubes calcined at 400°C which exhibited five
diffraction rings that could be identified as (0 1 1),
(101),(200),(211),and (00 2), corresponding
to five fringe patterns with spacing of 3.512 A,
2.293 A, 1.841 A 1.626 A, and 1.442 A, consistent
with of anatase TiO; (h k I) index.

Figure 5 shows the photocatalytic activity of
synthesized TiO, photocatalyst after calcination at
different temperatures for methylene Dblue
degradation. For comparison, control experiment
which was methylene blue solution irradiated with
UV light without photocatalyst was carried out as
well. From the results obtained, TiO, calcined at
400°C was the most effective photocatalyst, which
managed to degrade 75% of methylene blue (MB)
after 3 hours reaction. This was attributed to its
small particle size, low crystallinity, and anatase
phase structure. Meanwhile, the degradation rate of
MB were 38.6% and 7.05% using synthesized TiO»
calcined at 600°C and 800°C, respectively. Only
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SAED ring pattern of synthesized TiO,.
after calcination at 400°C for 2 hours.

1.64% of MB was degraded for control experiment,
suggesting that MB is a stable compound in the
environment. It could be concluded that when the
calcination temperature of the synthesized TiO, was
increased, the degradation rate of methylene blue
was decreased. This was because the surface area of
TiO, declined and reduced the active sites for MB
degradation as the calcination temperature
increased. According to Razali et al., (2012), the
physical properties of catalysts such as porosity,
size, and surface area are influenced by the
calcination temperature [21]. While in another
study, researchers reported that increasing the
calcination  temperature  would affect the
photocatalyst as it would cause aggregation and
growth of the crystalline size, thus decreased the
specific surface area [22,23]. The reduction in
surface area will reduce the active sites on TiO;
photocatalyst for catalytic degradation of MB. On
top of that, the lower photocatalytic activity of TiO;
photocatalyst calcined at higher temperature could
be attributed to changes of TiO, phase structures. It
has been reported in some research works that the
photocatalytic activity of rutile phase was lower
than anatase phase [13,24].

CONCLUSION

TiO, nanoparticles were successfully synthesized
by simple sol-gel synthesis. The size of synthesized
TiO; particles was found to be 20-30 nanometers
with  irregular  shapes.  Synthesized TiO;
nanoparticles contained 100% anatase phase of
TiO; and demonstrated high degradation rate of MB
dye (~75%) after 3 hours irradiation under UV
light.

Figure 4. (a) TEM, (b) HRTEM micrographs, and (c)
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Figure 5. Photocatalytic activity of synthesized TiO photocatalyst calcined at 400°C, (b) 600°C, and (c) 800°C

for methylene blue degradation.
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