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ABSTRACT

The effects of calcination temperature of titanium dioxide photocatalyst have been investi-
gated on the photocatalytic degradation of an azo dye, acid red 1. The photocatalytic activity
of the developed catalyst was greatly influenced by the mode of calcination. Photocatalysts
subjected to high calcination temperatures (500°C) were not as effective as those calcined at
lower temperature and those heat treated in a cyclic mode outperformed those which were
calcined in a straight run. The photocatalysts developed were characterized by X-ray diffrac-
tion, Fourier transform infrared spectroscopy, surface scanning electron microscopy, and N,
physisorption. Thus, it was found that the properties of the photocatalysts were significantly

responsible for their photocatalytic activities.
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1. Introduction

It is well established that the effluents, gaseous or
liquid produced by some of our industries are harmful
to the health and general well-being of human beings.
Liquid effluents can pose a severe threat to the imme-
diate recipients; most especially when undesirable sub-
stances are present in such effluents. Wastewaters from
various industries, factories, laboratories, etc. are seri-
ous problems to the environment and the discharged
wastes containing dyes are toxic to micro-organisms,
aquatic life, and human beings [1]. Setting aside the
deleterious effects of these toxic chemicals (dyes), the
color of effluent is very offensive to the eyes, and if
wastewater containing dyes must be released into
water channels, both the effect of toxicity and color
must be addressed before its eventual discharge into
water body. Efforts to combat these negative impacts
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on the environment have aroused much research in
recent times [2-9]. In an attempt to effect color removal
from wastewaters, many approaches have been devel-
oped, which include traditional physical techniques
(adsorption on activated carbon, ultrafiltration, reverse
osmosis, coagulation by chemical agents, ion exchange
on synthetic adsorbent resins, etc.) to remove dye pol-
lutants from wastewaters [10-14]. These methods only
succeed in transferring organic compounds from water
to another phase, thus creating secondary pollution.
This will require further treatment of solid wastes and
regeneration of the adsorbent, which will add more
cost to the process. Microbiological or enzymatic
decomposition [15], biodegradation [16], ozonation
[17], and advanced oxidation processes such as Fenton
and photo-Fenton catalytic reactions [10,18], H,O,/UV
processes [19] have also been used for dyes removal
from wastewaters.

The present-day environmental studies [20-24]
revealed that photocatalysis (one of the advanced
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oxidation processes) has been more effectively
employed in the removal of dyes from wastewater,
because it leads to a total mineralization of the target
pollutants. Photocatalysis is a reaction initiated by
absorption of a photon by a semiconductor catalyst,
which leads to a promotion of an electron (e”) from
the valence band of the semiconductor catalyst to its
conduction band, thus generating a hole (h*) in the
valence band. The activated electron will then react
with an oxidant to produce a reduced product, while
the generated hole will react with a reductant to pro-
duce an oxidized product. Materials such as zinc
oxide (ZnO) [25,26], titanium dioxide (TiO,) [27,28],
niobium oxide (NbyOs) [29], zirconium phosphate (Zr
(HPOy),) [30] etc. have been employed as semiconduc-
tor photocatalysts. Among all of these, TiO, is much
employed in photocatalysis, probably because of its
advantage of environmental friendliness and other
features [31].

Many reports are available which claimed that the
calcinations temperature which yielded the best type
of semiconductor photocatalyst, in particular TiO,-
based photocatalyst, has been either 400 or 500°C at
different calcination’s time. The present work was
therefore set-out to investigate the effect of calcina-
tions temperature on titanium dioxide photocatalyst
prepared by the sol-gel method. This was effectively
evaluated by employing each of the semiconductor
photocatalysts prepared at various -calcinations
conditions to degrade acid red 1 (AR1).

2. Materials and methods
2.1. Preparation of the photocatalysts

The pure TiO, was prepared by the sol-gel method
using Titanium (IV) butoxide [Ti(OBu)4] (97% reagent
grade obtained from Sigma Aldrich Chemicals) as the
precursor. Five milliliters of Ti(OBu), was dissolved in
20ml (95% laboratory R&M chemical, Essek, UK) etha-
nol under stirring and then 0.5ml HNO; (Merck,
Germany) solution (Vuno, : Vi,0 =1:1) was added
and allowed to stir for about 5min. Nitric acid and
water were added to the ethanolic solution to effect
hydrolysis of the titanium butoxide. Then, 1 ml of dou-
ble-distilled H,O was added drop by drop to the above
solution at a flow rate of 0.43 ml/min. The mixture was
vigorously stirred at room temperature until a trans-
parent sol was formed. The gel was obtained after
aging the sol for 24 h at room temperature. Thereafter,
the gel was dried at 80°C on a temperature-controlled
magnetic stirrer hot plate and ground into fine powder.

The resultant dried samples were then calcined in
an ISUZU Muffle furnace (Seisakusho Ltd., Tokyo,

Japan). The calcinations of the samples were carried
out in two modes, viz. direct heat treatment and heat
treatment in a cyclic mode. In the cyclic mode heat
treatment, the catalysts were calcined at 300°C in the
furnace programmed for 2h at a heating rate of 7.5°C/
min and were allowed to cool to 105°C in 2.9 h. After
the first cycle was completed, the second cycle was run
for 1.6 h. The direct heat treatment was undertaken by
programming the furnace to the required calcination
temperature and set-calcination-time using the same
heating and cooling rates as in the cyclic heat treatment,
respectively. The calcinations were then carried out at
different temperature and time to evaluate their respec-
tive effects on photocatalytic activity of the catalyst. It
must also be noted that the sample used for these tests
was prepared in the same batch, but only divided at
the point of calcinations.

2.2. Catalysts characterization

Nitrogen adsorption-desorption isotherms of the
developed photocatalysts were collected on ASAP
2020 V3.02 H Micromeritics surface area and porosity
analyzer at 77 K. Prior to the analysis, the sample was
degassed for 2h under vacuum at 300°C. Subse-
quently, the sample was transferred to the analysis
system where it was cooled in liquid nitrogen. The
Brunauer-Emmet-Teller (BET) surface area was calcu-
lated from the linear part of the BET plot. The pore
size distribution plots were obtained by using the Bar-
ret-Joyner-Halenda (BJH) model. Powder X-ray dif-
fraction (XRD) patterns of the catalysts were
measured by D8 Advanced X-ray solution. A step
angle of 0.034° and a step time of 71.6s were adopted,
while the measurements started at 20=10° and ended
at 90°. The microstructure and morphology of the pre-
pared catalysts were observed using Philips XL30S
model surface scanning electron microscopy (SEM).
The active surface functional groups present in the
catalysts were determined by the Fourier transform
infrared (FTIR) spectroscopy. The spectra were

recorded in the range of 4,000-400cm ™.

2.3. Photocatalytic activities of the photocatalysts

The photocatalytic activities of the photocatalysts
were performed in a 400ml jacketed glass reactor fit-
ted with a 9W 5” long Philips (PL-S 9W/10/2P Hg)
bulb made in Poland. Three hundred milliliters of the
required concentration of AR1 was poured into the
photoreactor (which was placed in a black box to
shield the researcher from direct contact with the UV
light) and after the addition of 0.20 g of the catalyst to
it, the light was switched on. Samples were
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withdrawn from the irradiated solution at preset time
intervals, filtered with 0.45 um Whatman PTFE filter,
and analyzed for the concentration of the ARI in the
solution at the maximum absorbance of the dye which
was at the wavelength of 505nm using a computer
software attached to UV-Vis Spectrophotometer,
UV-1700 PharmaSpec, Shimadzu. The degradation
efficiency (% degradation) was calculated for every
considered reaction as: % degradation = (C,—Cy)/
Co, x 100, where C, and C; are the dye concentrations
at time t=0 and any time ¢.

The confirmation of the degradation of the organic
pollutant (AR1 dye) was made by the determination of
total organic carbon (TOC) of the AR1 before and after
degradation. The TOC instrument (TOC-VCSH Ana-
lyzer, Shimadzu) was configured to measure the total
carbon (TC) and the inorganic carbon (IC). The instru-
ment was first calibrated for TC and IC using their
respective standard solutions. Then the TC and IC in
the sample solution were measured by correlating sig-
nals obtained to TC and IC calibration curves, respec-
tively. The TOC in the sample solution was calculated
by taking the difference between the TC and IC.

3. Results and discussion
3.1. Characterization of the photocatalysts

The prepared photocatalysts were subjected to
XRD measurement (using D8 Advanced X-ray

6000

solution) to determine their crystal phase composi-
tions. The results in Fig. 1 show the XRD pattern of
catalysts calcined at various temperatures. Anatase
phases TiO, (00-021-1272(x)) and TiO, (01-078-2486
(C)) were formed for the TiO, calcined at 300°C in
straight and cyclic modes, respectively, but the sample
calcined at 400°C for 4h had another anatase phase
TiO,: 01-073-1764 (A). A close observation of Fig. 1
revealed that some peaks, which are not present in
any of the samples calcined at 300°C, were noticed at
20=27.9° and 36.6° in the spectrum of the catalyst cal-
cined at 400°C for 4h. These two peaks are identified
as rutile phase in this catalyst. Although it seems as if
two peaks are present at 20=54.3° and 55.5° in the
catalysts calcined at 300°C, they were not developed
into distinct peaks, but two distinct peaks are
observed for the sample calcined at 400°C for 4h. The
pattern of the XRD spectrum of the catalyst calcined
at 500°C for 5h was entirely different from all others.
01-075-1537 (A) and 00-002-0494 (D) phases belonging
to anatase and rutile, respectively, are present in it.
More rutile peaks were identified in the spectrum of
this sample, though it retained all the anatase phase
peaks present in the other samples. Nevertheless,
there was a reduction in the anatase peaks’ intensity.
These invariably offer explanations for the photocata-
lytic properties of the various catalysts. Since there
were mixed crystal phases in the sample calcined at
both 400 and 500°C, the relative compositions of ana-
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Fig. 1. XRD of TiO; calcined at: (a) 500°C for 5h in a straight mode; (b) 400°C for 4h in a straight mode; (c) 300°C for
3.6h in a cyclic mode [2]; and (d) 300°C for 2h in a straight mode [2]; C—rutile phase; V—anatase phases.
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tase and rutile present in these samples were calcu-
lated by employing the formula:

1

We=— -~
BT (14081, /1)

(4.5)

where Wy, is the rutile phase composition in the crystal,
I5 and Iy are the intensities of the strongest peaks of
anatase (101) at 20 =25.4° and rutile (110) at 20=27.4°.
The evaluations revealed that 80.1 and 19.9% anatase
and rutile phases are present in the sample calcined at
400°C, while their respective compositions are 67.3 and
32.7% in the sample calcined at 500°C.

With these observations, it is clear that atomic
transformation and surface structural rearrangement
of the photocatalyst calcined at 400°C for 4h and 500°
C for 5h have been greatly affected by the heat treat-
ment and as such resulted in lower photocatalytic per-
formance than those calcined at 300°C. The developed
catalysts’ crystal analysis is presented in Table 1. All
the catalysts, except the one calcined at 500°C for 5h,
had almost the same cell volume. The sample calcined
at 500°C had two cell volumes, 130.36 (A% and 61.88
(A% representing the cell volume for the anatase and
rutile phases, respectively.

The BET surface area analysis for the developed
catalysts revealed that the catalyst calcined at 300°C
for 2h straight had a higher surface area (116.34 m?/ g)
than the sample calcined at 300°C for 3.6h in cyclic
mode whose surface area was 90.45m?/g. The nitro-
gen physisorption curve (figure not shown) indicated
that at a relative pressure range of 0.4-1.0, the
isotherms for both catalysts calcined in straight and
cyclic modes exhibit type IV nitrogen adsorption-
desorption isotherms with type H2 hysteresis loops,
which is a typical characteristic of mesoporous materi-
als [32]. The BJH analysis of the powder reveals that
the TiO, calcined at 300°C for 2h contains mesopores

Table 1
Developed catalysts” crystal analysis

87

in a smaller range of 2.55-3.96 nm, while the TiO, sub-
jected to cyclic calcination at 300°C for 3.6h contains
mesopores in a wider range of 1.81-6.45. This wider
range of pore size distributions in the catalyst, which
was calcined at 300°C for 3.6h in cyclic mode, pro-
vided an enhancement in its photocatalytic perfor-
mance as against those calcined at 300°C for 2h in a
straight mode. The BET surface area and the pore size
distributions for the photocatalysts developed in the
present work are presented in Table 2.

Fig. 2a and b shows the SEM images of TiO, cal-
cined at 400°C for 4h and 500°C for 5h in direct
modes, respectively. The SEM images of the samples
calcined at 300°C for 2h in a direct heat treatment
mode and 300°C for 3.6h in a cyclic mode heat treat-
ment have already been reported [2]. The results
showed that the surfaces of the catalysts are made up
of a large number of aggregates of catalyst particles
agglomerated together. The results also revealed the
porous nature of the catalyst. The results revealed that
the pure TiO,, which was treated at 300°C for 2 h, was
less porous than its counterpart that underwent a cyc-
lic heat treatment at the same temperature, but for 3h
36min. Again, the samples calcined at 400°C for 4h
had very fine crystals as can be seen in Fig. 2a, while
those calcined at 500°C for 5h had bigger crystals and
are less-porous than others. This may offer an explana-
tion for their performances. Samples, which are more
porous, will easily adsorb dye molecules onto the pore
sites available; hence, the sample that underwent cyclic
calcinations at 300°C for 3.6h which appeared to be
more porous performed better than other samples.

The FTIR results, Fig. 3, revealed that there are
some absorption bands in the regions of 480-547,
1,500-1,628, 2,340-2,357, and 3,714-3,825cm ' of the
spectra. Previous works [33,34] revealed that the
absorption bands in the region of 3420-3450 and
1630-1640cm ™' are, respectively, assigned to the

Sample Crystal Structure  Lattice parameters (A) Crystal ID Wavelength  Cell
form number (nm) volume
a b c (A%
TiO, calcined at 300°C for Anatase Tetragonal 3.7852 3.7852 9.5139  00-021-1272 (*) 1.5406 136.31
2 h straight
TiO; calcined at 300°C for Anatase Tetragonal 3.7845 3.7845 9.5143 01-078-2486 (C) 1.5406 136.27
3.6h cyclic
TiO; calcined at 400°C for Anatase  Tetragonal 3.7760 3.7760 9.4860 01-073-1764 (A) 1.5406 135.25
4h straight
TiO, calcined at 500°C for Anatase/ Tetragonal 3.7300 3.7300 9.3700 01-075-1537 (A) 1.5406 130.36
5h straight rutile Tetragonal 4.5800 4.5800 2.9500 00-002-0494 (D) 1.5406 61.88

*Unidentified number.
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Table 2

BET surface area and pore size distributions of the developed catalysts

S/N Parameter Catalyst sample
Pure TiO,-straight calcination Pure TiO,-cyclic calcination
1 BET surface area (m*/g) 116.34 90.45
2 BJH mean pore size (nm 3.041 3.222
3 Pore size range (nm) 2.55-3.96 (1.41) 1.81-6.45 (4.64)
4 Pore volume (cm®/g) 0.0906 0.0770

stretching and bending vibrations of the hydroxyl on
the surface of TiO, catalysts, and that the absorption
bands in the region of 520-580cm ™' are assigned to
the stretching vibration of Ti-O. Therefore, the absorp-
tion bands in the region of 1500-1628 cm ™' are attrib-
uted to the bending vibration of the hydroxyl on the
surface of TiO, catalysts, while the bands in the region
of 3,714-3,825cm™" may be assigned to the stretching
vibration of the hydroxyl on the surface of the cata-
lysts, since there were no absorption peaks in the
region of 3,420-3,450cm™'. The absorption bands in
the region of 480-547 cm ™' are assigned to the stretch-
ing vibration of Ti-O. Some distinct differences are

(b)

Mag = 100.00 K X ™"

Fig. 2. SEM images of pure TiO, calcined at (a) 400°C for
4h straight and (b) 500°C for 5h.

noticeable in the FTIR results. Peaks, though minimal,
were observed in the regions of 1,500cm ' and
1,504 cm ™" for catalysts calcined at 500°C for 5h and
400°C for 4h, respectively. Such peaks were not obvi-
ous for the other catalysts. Also, well-established
peaks, which were missing in the catalysts calcined at
lower temperatures, were observed for catalysts cal-
cined at 500°C for 5h and 400°C for 4h at 2,340 and
2,347 cm ™!, respectively. Literature [35] revealed that a
band at 2,920cm ™" is as a result of stretching vibration
of C-H; therefore, since there was no other band from
2,000 to 3,000cm™! apart from the 2,340 and
2,347 cm !, this band can therefore be attributed to C—
H stretching vibration. It has already been mentioned
that the bands in the region of 3,714-3,825 cm ™! may
be assigned to the stretching vibration of the hydroxyl
on the surface of the catalysts. It is then clear that the
bands at 3,714-3,817 cm ™!, which were found in cata-
lysts calcined at higher temperatures, were the stretch-
ing vibration of the hydroxyl on the surface of the
catalysts. These slight differences noticed could be
responsible for the poor performance of the catalysts
calcined at higher temperatures.

35

30

25
TiO at 400°C for 4h

20

TiOz at 500°C for 5h
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Fig. 3. FTIR of TiO, calcined at various temperatures.
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3.2. Photocatalytic activity of the catalysts

The experimental results, Fig. 4, show the effects
of calcinations temperature on the TiO, prepared in
this study. It is clear from the results that catalysts
calcined at higher temperatures (500 and 400°C at
various times) did not perform well in the photocata-
lytic experiments. Using the same initial concentra-
tions, it took 120min UV irradiation time to attain
4.03, 46.05, 42.23, and 36.71% degradations for
samples calcined at 500°C for 5h, and at 400°C for 4,
3, and 1h, respectively. The results seemed to show
that there was increase in the activity of catalysts cal-
cined at 400°C with increase in calcinations time.
Nevertheless, when the calcinations temperature was
reduced to 300°C, the activity of the catalysts was
seen to have tremendously improved (Fig. 5). At this
temperature, the performance of the catalyst was
found to increase with calcinations time from 1 to
2h, and then progressively decreased when the calci-
nations time was further increased to 4h. At the
same referenced irradiation time of 120 min, the per-
centages degradation for catalysts calcined at 300°C
for 1, 2, 3, and 4h calcinations time was, respec-
tively, 65.63, 68.04, 61.55, and 59.48%. These results
prompted a trial on cyclic heat treatment with the
best performed catalyst; that is, the catalyst calcined
at 300°C for 2h. The results of the cyclic heat-treated
catalyst showed a fantastic shift from the initial
records as there was 98.21% degradation at the same
irradiation time of 120min. This trend of behavioral
pattern could be due to structural rearrangements
and possible dislocation of atoms in the TiO, synthe-
sized catalysts as would be expected. In fact, atomic
transformation must have occurred being controlled
by the temperature of calcination.

—+—500°C for 5h —m—400 °C for 4h
—— 400 °C for 3h =400 °C for 1h|

08
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Fig. 4. Degradation of AR1 with catalysts calcined at various
temperatures; AR1 initial concentration =25mg L L
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Fig. 5. Performance of catalysts calcined at 300°C
compared with the best at 400°C for the degradation of
25mgL~" initial AR1 dye concentration.

To fully elucidate that the process (or reaction) here
was photocatalytic, blank experiment (irradiation of
dye solution without catalyst) and adsorption experi-
ment (catalyst and dye solution allowed to stir in the
dark) were conducted. The results (not shown) indi-
cated that there was no degradation at all for the 90-
min irradiation of the solution without the catalyst,
while just 2.3% dye removal was achieved in a 60-min
dark experiment to establish adsorption-desorption
equilibrium. The assurance of mineralization of dye
solution, and not just color removal, was obtained by
TOC measurement of the dye solution before and after
photocatalytic degradation. Using TOC-VCSH, Shima-
dzu Analyzer, the TOC of the solution before and after
photocatalytic degradation (using the TiO, catalyst cal-
cined at 300 °C for 3.6 h in cyclic mode) were 4.225mg/
1 and 2.094mg/1, respectively. This shows that more
than 50% of the TOC present in the dye solution was
removed through the TiO, photocatalytic process.

The results obtained in this work indicated that
depending on the samples to be calcined, temperature
as low as 300°C is better for the photocatalytic
processes. It further showed that the synergetic effects
of accumulated heat of cyclic heating enhanced the
performance of the photocatalyst.

4. Conclusion

The effects of calcination temperature on TiO,
prepared by sol-gel method have been investigated.
The most effective catalyst in the photocatalytic
degradation of an azo dye, AR1, is the set of TiO,
which were subjected to cyclic calcination at 300°C for
3.6h. The percentage degradation of ARl by this
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catalyst at 120 min irradiation was 98.21% as against
59.48% by TiO, calcined at the same temperature for
4 h. There was a synergetic effect of the cyclic heat treat-
ment which resulted in a better surface porosity of the
catalyst; hence, there was an enhancement in the photo-
catalytic potentiality of the catalyst as against others. At
higher temperature also, there was a distortion in the
atomic structural arrangements of the catalyst and this
reduced its photocatalytic activity.
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