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Abstract. This study is designed to highlight pho-
tocatalytic activity of TiO, nanoparticles in methyl
orange (MO) dye degradation. Titanium dioxide TiO,
nanopowder was synthesized by conventional sol-gel
method and calcined in air atmosphere at different
temperatures 350°C, 550°C and 850°C. The prepared
TiO, nanoparticles then were subjected to a solid state
reaction with calcium hydride (CaH;) at the same
temperatures but calcined in argon atmosphere. X-Ray
Diffraction (XRD) measurements used for phase and
crystalline size identification showed that the obtained
samples have the same TiO, anatase phase, but the
crystalline size decreased after reduction treatment. The
electronic properties obtained via UV spectroscopy
showed the decrease in calculated energy gap from
3.3 eV for prepared TiO,-550 to 2.65 eV for reduced
TiO,-CaH2-550, which extend the absorption spectra
toward visible light region. Energy dispersive spectro-
scopy (EDS) and scanning electron microscope (SEM)
measurements revealed that the particle size decreased
after reduction treatment similar to the XRD crystalline
size. EDS results indicated that the deficient in oxygen
content relates to formation oxygen vacancies res-
ponsible for nonstoichiometric TiO, oxides formation.
The synthesized reduced TiO, showed an excellent
photo-catalytic activity in methyl orange dye degradation
under optimum condition: pH 4.5, 40 mg catalyst
loading and 10 ppm initial dye concentration.
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1. Introduction

Nanoparticles of TiO, have a wide range of
applications in the environmental and energy fields,
including wastewater treatment, hydrogen evolution,
photo electrochemical conversion and sterilization.'”
Photocatalysis represents one of the most commonly used
method for water treatment, which uses a catalyst to
accelerate the photo-reaction.” The photon absorption
ability of the catalyst from light induces the generation of
electron-hole pairs in the photo-reaction process. The
created electron at the conduction band (CB) of the
catalyst is used for reduction reaction. Also, the catalyst
holes at the valence band (VB) can be used for the
oxidation reaction. A photocatalytic process is extensively
used to produce hydrogen and oxygen via water splitting,”
degradation of dye’ and reduction of CO,.° One of the
widely used photocatalysts in the photocatalytic process is
titanium dioxide (TiO,). This is related to its chemical
stability, low cost, availability, and resistance to corrosion.
However, the use of TiO, as a photocatalyst is subjected
to some limitations. The wide band gap of TiO, makes it
active under UV light irradiation, therefore it is not
effective under sunlight, which consists of only about 4 %
UV light from the solar spectrum. Moreover, the high rate
of recombination process compared to chemical
interaction rate with the adsorbed species required for
redox reactions.’ While, the defects in TiO, includin% bulk
oxygen vacancies, surface oxygen vacancies and Ti>' can
prevent the recombination of photo-generated charges by
a trapping electron.® The Ti’" and surface oxygen
vacancies are generated together because one oxygen
atom deficient at bridging O site creates two surface Ti’"
exposed sites.” Incorporation of surface oxygen vacancies
and T’ in TiO, can be conducted using different ways
such as annealing TiO, under reduction condition or
vacuum atmosphere,'® high energy particle bombar-
dment, "and UV irradiation.’

In this work, we used solid state reduction reaction
to prepare reduced TiO, nanoparticles with oxygen
vacancies defects. The reduced TiO, nanoparticles sho-
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wed a good photocatalytic activity in methyl orange dye
degradation as compared with prepared TiO,.

2. Experimental

2.1. Chemical Materials

All chemicals used in this study (titanium
tetraisopropoxide TTIP 97 %, calcium hydride 99.99 %,
2-propanol 95.5 %, nitric acid 90 %, methyl orange dye
99.5 %) were purchased from Sigma-Aldrich and used as
received.

2.2. Synthesis of TiO, Nanoparticles

TiO, nanoparticles were prepared via the sol-gel
method using titanium tetraisopropoxide (TTIP), 2-pro-
panol, and deionized water.” 2-Propanol was mixed with
deionized water in weight ratio (2-propanol : TTIP : H,O =
=1:2:12) and was added dropwise to TTIP solution under
continuous stirring. After that the aqueous solution was
acidified with nitric acid (pH = 2.0) and kept under stirring
overnight. A suspension solution was formed and the
solution was separated into two layers. The upper layer was
the organic by-product of the hydrolysis and the titanic acid
gel occupied the lower layer of the solution mixture. The
precipitate gel was filtrated and dried in an oven at 110°C
overnight. Dry block yellow crystals were ground into fine
powder and the sample was assigned as TiO,-110. Further
calcination at (350, 550 and 850°C) has been done for 4 h
and the prepared TiO, was assigned as Ti0,-350, TiO,-550
and TiO,-850, respectively.

2.3. Synthesis of Reduced TiO;
Nanoparticles

Solid state reactions were used to prepare reduced
TiO, nanoparticles. 1 mole of prepared TiO, nanoparticles
was mixed carefully with 1 mole of CaH,, the mixture
was grounded thoroughly and placed in a quartz tube
furnace. Argon gas (99.99 %) was used as an atmosphere
with steady flow rate of 50 cm’/min. The temperature in
the tube furnace was rapidly raised up to 350, 550 and
850 °C, the process continued for four hours and then the
furnace was turned off to cool down. Finally, the product
was carefully collected and washed with deionized water
and methanol several times to remove unreacted reducing
agent. The resulted nanoparticles were assigned as TiO,-
CaH,-350, TiO,-CaH,-550 and TiO,-CaH,-850.

2.4. Characterization

Analytical Philips diffractometer (Cu target Ka
radiation, A = 1.541 A) was used to measure the phase and
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crystalline size. The XRD data were collected at 26 (10°
to 80°). Scanning Electron Microscope (als2300 Ang-
strom) was used to get SEM images of the samples by
employing a high-energy beam of electrons. Energy
dispersive X-ray spectrometer (EDS) was combined with
SEM to investigate the composition of the samples. The
band gap energies of the prepared and reduced TiO, were
measured by diffuse reflectance spectra using an UV-VIS
spectrophotometer. The UV-VIS spectra were collected
for the dry pressed disk samples equipped with an
integrating sphere assembly, and BaSOy as a reflectance
reference. Surface area of the samples was determined by
micromeritics Auto Chem Chemisorption analyzer
depending on nitrogen adsorption/desorption isotherm.

2.5. Photocatalytic Activity
Measurements

Photochemical immersion reactor equipped with
medium pressure Mercury Lamp 400W MVL41-SAIC
was used in this work to perform the photocatalytic
experiments. Methyl orange (100 mL) solution was used
in the photoreactor for photocatalytic activity measu-
rements. A mixture of dye solution and the photocatalyst
was stirred in the dark (20 min) to reach the adsorption
equilibrium on the photocatalyst surface, and then the
solution was irradiated. The mixture solution was filtrated
at different time intervals to collect the photocatalyst
particles, then centrifuged for 10 min and finally filtered
by cellulose membrane (0.45 pm). The absorbance of MO
dye was measured by UV-Vis spectrophotometer at
465 nm to determine the degradation percent. The degra-
dation efficiency of the MO dye percentage was calcu-
lated according to the equation below:

Degradation efficiency, % =[1 — (C/Cp)] * 100 % (1)
where C, is the concentration after time ¢ and C is the
initial concentration of the dye.

3. Results and Discussion

3.1. Phase and Crystalline Size Features

X-ray (XRD) analysis has been performed for
prepared and reduced TiO,. The XRD patterns of the
prepared TiO; at 350 °C, 550 °C and 850 °C are shown in
Fig. 1. The diffraction signals for TiO, anatase phase were
clearly observed for calcined samples at 350°C and 550 °C
(JCPDS Card No. 00-021-1272), while TiO; rutile phase
signals were recorded for calcined samples at 850 °C
(JCPDS Card No. 00-021-1276). The XRD peak located
at 20 =25.28° often represents the characteristic peak of
TiO, anatase (101) plane. The signals related to the
anatase (101) appeared at 26 =25.16° and 25.54° for
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TiO,-350 and TiO,-550, respectively (Table1). For
TiO,-850 sample, the characteristic signal appeared at
20 = 27.32° related to TiO; rutile phase.

As illustrated in Fig. 2 and Table 1, the characte-
ristic peak signal of samples reduced with CaH, at 350 °C
and 550°C shifted toward higher values and appeared at
20=25.36° and 25.74° for TiO,-CaH,-350 and TiO,-
CaH,-550, respectively. Similarly, for the TiO, sample
reduced at 850 °C the characteristic peak signal showed
higher 20 value and appeared at 27.52° for TiO,-CaH,-
850.

However, at 20 values approximately all reduced
samples at different temperatures showed a noticeable
shifting and peaks broadening to higher values due to the
formation of oxygen vacancies.'* Scherrer equation was

employed to calculate the mean crystallite sizes (D) by
using XRD data."
__Kn , )
BcosO

where D is the mean crystallite size in nm, 4 is wavelength
of the X-ray radiation (0.15405 nm for Cu ka), K is the
Scherrer constant (0.89) which depends on the shape of
the crystal, £ is the full width of half-maximum (FWHM)
intensity.

Table 1 shows the crystallites size were 11.82 nm,
16.29 nm and 16.86 nm for TiO,-350, TiO,-550 and TiO,-
850, respectively. After reduction treatment the crys-
tallites size of TiO, decreased to 11.15 nm, 14.69 nm and
16.42 nm for TiO,-CaH,-350, TiO,-CaH,-550 and TiO,-
CaH,-850, respectively.
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Fig. 1. XRD patterns of the as prepared TiO, at 350°C, 550°C and 850°C
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Fig. 2. XRD patterns of the reduced TiO, at 350°C, 550°C and 850°C
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Table 1. XRD patterns data and mean crystallite size (D) for prepared and reduced TiO,
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Sample Phase Miller indices (4 k [) 20 (°) FWHM (°) D (nm)
Ti0,-350 Anatase 101 25.16 0.650
Anatase 200 48.01 0.696 11.82
Anatase 105 53.44 0.819
Ti0,-550 Anatase 101 25.540 25.540
Anatase 200 48.310 48.310 16.29
Anatase 105 53.840 53.840
Ti0,-850 Anatase 110 27.32 0.497
Anatase 101 36.04 0.472 16.86
Anatase 211 54.22 0.525
TiO,-CaH,-350 Anatase 101 25.36 0.662
Anatase 200 48.16 0.735 1115
Anatase 105 53.64 0917 '
TiO,-CaH,-550 Anatase 101 25.740 0.478
Anatase 200 48.540 0.557 14.69
Anatase 105 53.860 0.749 '
TiO,-CaH,-850 Rutile 110 27.52 0.501
Rutile 101 36.18 0.500 16.42
Rutile 211 54.42 0.532 '
Table 2. Lattice parameters for prepared and reduced TiO; at 350°C, 550°C and 850°C
Sample Cell parameters (a, b) A Cell parameter (c) A Cell volume A’
Ti0,-350 3.786 9.894 141.81
TiO,-CaH,-350 3.774 9.532 135.76
Ti0,-550 3.764 9.205 130.41
Ti0,-CaH,-550 3.746 8.993 126.19
Ti0,-850 4.611 2.958 62.89
TiO,-CaH,-850 4.579 2.950 61.85

However, the reduction treatment was not the only
factor that affected the crystallite size; the another factor
was temperature and the samples reduced at high
temperature had large crystallite size as compared with
samples reduced under low temperature.'® The lattice
parameters (a and c¢) collected from the XRD data using
Bragg’s law by the relation applied for the tetragonal
crystal symmetry as given below.

(U =[P (i) (3)
where 4, k and [ is Miller indices while dj, is the inter
planar spacing of the crystal lattice.

The standard values of lattice parameters and cell
volume of anatase TiO, (JCPDS Card No. 00-021-1272)
are: a=3.7852A, ¢=9.5139A and Cell Volu-
me = 136.31 A’; for rutile TiO, (JCPDS Card No. 00-021-
1276) a=4.5933A, ¢=29592A and Cell Volu-
me = 62.43 A°.

The calculated lattice parameters and cell volume
are shown in Table 2; there is a good agreement between
the calculated lattice parameters and cell volume with
standard values for anatase and rutile TiO,. However, a
significant decrease in lattice parameters and cell volume
was observed after reduction treatment, as a result of

oxygen vacancies formation. This slightly reduces the
crystallite size and induces lattice contraction.'®

3.2. UV—VIS Diffused Reflectance
Spectra

The optical properties of the TiO, nanoparticles
were characterized by UV-Vis diffuse reflectance spectra
(DRS). The absorption spectra are shown in Figs. 3 and 4.
The DRS spectra show that the absorption edge is around
370 nm, 375 nm and 430 nm for prepared TiO,-350, TiO,-
550 and TiO,-850, respectively. However, the reduced
TiO, samples absorb at longer wavelengths and the
absorption edges are around 450 nm, 467 nm and 501 nm
for TiO,-CaH,-350, TiO,-CaH,-550 and TiO,-CaH,-850,
respectively. This means that all reduced TiO, samples
absorb in the visible light region compared to the prepared
samples, which absorb mainly in the ultraviolet region.

To more understand the optical properties, the
energy gaps (£,) were calculated for all TiO, samples at
different temperatures using Tauc plot, according to the
following equation."’

ahv=A(hv — Ep)'" (4)
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where a is the absorption coefficient, 4 is the constant. E,
values calculated by using extrapolating the tangent line
of the (ahv)"? plot drown vs. hv.

The Tauc plots are shown in Figs. 5 and 6 and the
calculated energy gaps are listed in Table 3. The energy
gap values are 3.35 eV, 3.3 eV and 2.88 eV for TiO,-350,
Ti0O,-550 and TiO,-850, respectively. As compared with
the prepared TiO,, all reduced TiO, nanoparticles show
notable decrease in the energy gaps which take the
following values: 2.7 eV, 2.65¢V and 2.4 eV for TiO,-
CaH,-350, TiO,-CaH,-550 and TiO,-CaH,-850, respec-
tively. Because of the wide energy gap of TiO,, it can
absorb only the UV light; if one oxygen atom is lost
during the reduction process, the optical properties of

TiO, can be modulated by introducing oxygen vacancies
and advancing the TiO, absorption from UV to the visible
light region. Local states are below the conduction band
minimum as a result of oxygen vacancies formation and
these new vacancy states could contribute to a new
photoexcitation process. As the electrons in the valence
band can be excited to the oxygen vacancy states with the
energy of visible light, this leads to a typical excitation in
the visible light region of the spectrum.” In addition, the
electrons lifted in the oxygen vacancies can be interacted
with adjacent Ti*" to produce the Ti®" defect species. As a
result, shallow donor levels for Ti"™ defect are formed
below the conduction band, which also attributes to
absorption of visible light.*'
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Fig. 3. DRS spectra of prepared TiO, at 350°C, 550°C and 850°C
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Fig. 4. DRS spectra of reduced TiO, at 350°C, 550°C and 850°C
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Fig. 5. Tauc plot for as prepared TiO, at 350°C, 550°C and 850°C
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Fig. 6. Tauc plot for reduced TiO, at 350°C, 550°C and 850°C

Table 3. Calculated energy gaps (eV)

Sample Energy gap (eV)
Ti0,-350 3.35
TiO,-CaH,-350 2.7
TiO,-550 33
TiO,-CaH,-550 2.65
Ti0,-850 2.88
TiO,-CaH,-850 247

3.3. Scanning Electron Microscope
(SEM) Coupled with Energy Dispersive
Spectroscopy (EDS)

Surface morphological properties of prepared and
reduced TiO, nanoparticles are characterized by scanning

electron microscope (SEM); the resulted images
are given in Fig. 7. High dispersive, spherical aggregated
nanoparticles have been observed for all samples before
and after reduction treatment; this indicates there is no
morphology change and after the reduction treatment the
particles have the same shape. However, the important
change was noticed for the mean particle sizes (D), which
clearly decreased after reduction treatment. As illustrated
in Table 4, the mean particle size of TiO,-350, TiO,-550
and TiO,-850 are 64 nm, 84 nm and 118 nm, respectively.
These values gradually decreased after reduction treat-
ment and obtained values were 61 nm, 72 nm and 95 nm
for TiO,-CaH,-350, TiO,-CaH,-550 and TiO,-CaH,-850,
respectively. On the other hand, as the oxygen vacancies
concentration increased, the particle size of reduced TiO,
nanoparticles decreased.”
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Fig. 7. SEM images of TiO,-350 (A); TiO,-550 (B); TiO,-850 (C);
TiO,-CaH,-350 (D); TiO,-CaH,-550 (E); TiO,-CaH,-850 (F)

Also, TiO;, samples treated at 850 °C possess a
larger particle size as compared with samples treated at
350 °C and 550 °C, which is attributed to the effect of
temperature.” As compared with XRD crystallite size, the
mean particle size has larger value; this difference is
attribgged to the polycrystalline nature of TiO, nanopar-
ticles.

Table 4. Mean particles size (D) obtained from SEM
measurements

Sample D (nm)
Ti0,-350 64
TiO,-CaH,-350 61
Ti0,-550 84
TiO,-CaH,-550 72
Ti0,-850 118
TiO,-CaH,-850 95

Energy dispersive X-ray spectroscopy (EDS) combi-
ned with SEM was used to investigate the elemental
composition of TiO, samples; the obtained spectrums are
shown in Fig. 8. These spectra clearly show only Ti and O
peaks in EDS spectra. Thus, the experimental results prove
the purity of the prepared and modified TiO, nanoparticles.
Also, the atomic and weight ratios (insets in Fig. 8) confirm
the above results about the purity of all samples.

However, the atomic and weight percentages
(Fig. 8) can be used to estimate the stoichiometry and
oxide formula for the resulted TiO, samples. One can see
from Table 5 a significant deviation from the stoichio-
metry for the reduced TiO,; the (O/Ti) ratio of TiO,
before the reduction treatment is close to typical ratio
(2:1). As the reduction treatment was performed, the
deviation from stoichiometry tendency increased and the
oxides of TiO,, formula were formed. However, the
relatively small amount of oxygen element in reduced
TiO, indicate that more oxygen vacancies were created.”
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Fig. 8. EDS spectrums of TiO,-350 (A); TiO,-550 (B); TiO,-850 (C); TiO,-CaH,-350 (D);
Ti0,-CaH,-550 (E); TiO,-CaH,-850 (F); insets represent the elemental weight and atomic percentage

Table 5. Oxides formulas calculated from EDS weight
percentage

Sample Oxide formula
Ti0,-350 TiO,
TiOZ-CaH2-350 Ti01.957
Ti0,-550 TiO,
TiOZ-CaHz-SSO TiO 1.945
Ti0,-850 TiO) 996
TiOZ-CaHz-SSO Ti01.933

3.4. Photocatalytic Activity and Factors
Affecting MO Dye Photodegradation

3.4.1. Effect of Catalyst Loading

To study the impact of TiO, catalyst loading on the
photodegradation of MO dye, different amounts (10-70 mg)
of TiO, were used at pH = 4.5 and MO dye concentration
of 10 ppm. The effect of TiO, dosages on degradation is
shown in Figs. 9-11. The percent of degra-

dation of MO dye increases with increasing TiO, amount
till 40 mg and then decreases. A sufficient catalyst amount
can supply an adequate number of active sites, which
means the increase in electron-hole pairs concentration
and enhanced percent of degradation. However, the de-
crease in photocatalytic activity is observed at high ca-
talyst loading related to the recombination of electron-hole
pairs on the TiO,surface.26 As shown in Fig. 12, under
different catalyst loadings the photodegradation rate
constant of MO dye reaches the maximum value under
40 mg catalyst loading in a similar trend with photodegra-
dation percent. However, a significant difference in the
rate constants of the same catalysts prepared at different
temperatures was recorded; the rate constants at 40 mg
catalyst dosage were 0.027, 0.041 and 0.026 K-1 for TiO,-
CaH,-350, TiO,-CaH,-550 and TiO,-CaH,-850, respec-
tively (Table 6TiO,-CaH,-550 exhibits larger degradation
rate constant than TiO,-CaH,-850, despite the latter has a
smaller energy gap. The best explanation is that the
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TiO,-CaH,-850 nanoparticles exhibit rutile phase, the
lower photocatalytic activity of rutile TiO, belongs to its
fast electron-hole recombination, intrinsic defects, low
specific surface area, and the location of conduction band
minimum.27 Also, the TiO,-CaH,-550 shows a higher
catalytic activity than TiO,-CaH,-350, despite the latter
has a larger surface area. This can be related to the
increase in oxygen vacancies content in TiO, reduced at
550 °C if compared with the sample reduced at 350°C, as
demonstrated by EDS measurements. The electron
donor’s property of oxygen vacancies in reduced TiO,
improves charge transport and shifts the Fermi level of
TiO, toward the conduction band, as well as accelerates
the charge isolation.”* Thus, photocatalytic activity of
TiO,-CaH,-550 is better to compare with TiO,-CaH,-350.
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Fig. 9. Effect of TiO,-CaH,-350 dosage
on the degradation % of MO at pH=4.5
and initial MO conc. 10 ppm
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Fig. 10. Effect of TiO,-CaH,-550 dosage
on the degradation % of MO at pH=4.5
and initial MO conc. 10 ppm
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Fig. 11. Effect of TiO,-CaH,-850 dosage on the degradation %
of MO at pH = 4.5 and initial MO conc. 10 ppm
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Fig. 12. Effect of TiO, loading
on the degradation rate of MO

3.4.2. Effect of Initial pH

The impact of pH on the photodegradation of MO
was carried out at different pH levels (4.5, 7.1, and 9). The
pH was adjusted using H,SO4 and NaOH for the acidic
and alkaline solutions respectively. The initial MO dye
concentration was 10 ppm and the catalyst dosages 40 mg.
Figs. 13-15 illustrate the pH effect on the photodegra-
dation efficiency of MO dye; it is clearly observed that the
photodegradation percent decreases with the increase in
pH value, and the highest degradation efficiency was
recorded at pH 4.5. According to the results represented in
Table 7, it can be demonstrated that the photocatalytic
efficiency at pH 4.5 after 60 min irradiation was 85 %,
95 % and 84 % for Ti0,-CaH,-350, TiO,- CaH,-550 and
TiO,-CaH,-850, respectively. However, the surface
charge of the photocatalyst and the ionic nature of the dye
(cationic or anionic) represent the key factors, which play
an important role in the pH effect on the photodegradation
process.”’ The adsorption of MO dye onto the TiO,
surface is changed at different pH values; the point of zero
charge (pzc) of TiO, is around pH 6.2.%' In the acidic so-
lution, the TiO, catalysts are positively charged at pH < 6.2;
so, the electrostatic attraction of the negatively charged
MO dye with positively charged TiO, creates a strong
adsorption between the MO dye and the TiO, catalyst. At
alkaline pH levels the process is inversed because of the
Columbic repulsion of negatively charged TiO, with
negatively charged MO dye, which decreases the adsorp-
tion of dye molecules on the surface of TiO, catalyst and
finally decreases the photocatalytic activity.

100
aS 80
£ 60
= —+ PH 4.5
£ 40
o ~& PH7.2
o
s 20 PH 9

0 u
0 20 40 60
Time (min.)

Fig. 13. Impact of initial pH on the percent of MO
photodegradation with TiO,-CaH,-350
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Fig. 14. Impact of initial pH on the percent of MO
photodegradation with TiO,-CaH,-550
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Fig.15. Impact of initial pH on the percent of MO
photodegradation with TiO,-CaH,-850

Table 6. Rate constants values for MO degradation different catalysts dosages

Catalyst TiO,-CaH,-550
Rate constant (min™) 0.014 0.018 0.022 0.041 0.028 0.015 0.012
Dosage (mg) 10 20 30 40 50 60 70
Catalyst Ti0,-CaH,-350
Rate constant (min™) 0.011 0.014 0.017 0.027 0.020 0.012 0.010
Dosage (mg) 10 20 30 40 50 60 70
Catalyst Ti0,-CaH,-850
Rate constant (min™) 0.010 0.014 0.016 0.026 0.020 0.012 0.009
Dosage (mg) 10 20 30 40 50 60 70
Table 7. Photodegradation percentage of MO with different pH values
pH4.5 pH7.1 pHO pH4.5 pH7.1 pHO pH4.5 pH7.1 pHO
Time (min) TiO,-CaH,-550 TiO,-CaH,-350 TiO,-CaH,-850
Deg. % Deg. % Deg. %
0 0 0 0 0 0 0 0 0 0
10 55 48 40 45 38 30 44 37 29
20 61 54 46 51 44 36 50 43 35
30 68 61 53 58 51 43 57 50 42
40 77 70 62 67 60 52 66 59 51
50 85 78 70 75 68 60 74 67 59
60 95 88 80 85 78 70 84 77 69
3.4.3. Effect of OG Initial Concentration in MO dye concentration has several reasons. For

To determine the impact of the MO dye concent-
ration on the photodegradation process different concent-
rations (5, 10, 15, 20, 25, 30 ppm) were studied. The plots
between In C,/C, and the irradiation time are shown in
Figs. 16-18 and the calculated rate constants and the
degradation percents are summarized in Table 8. Accor-
ding to these results, the optimum MO concentration
responsible for the high degradation percent is 10 ppm for
all TiO, catalysts; the degradation percents at 10 ppm MO
concentration were 85, 95 and 84 % for TiO,-CaH,-350,
TiO,-CaH,-550 and TiO,-CaH,-850, respectively. Howe-
ver, there was a significant decrease in the MO degra-
dation rate constant as the initial dye concentration
increased above 10 ppm within 60 min of irradiation. This
decrease in rate constant with the increase

example, the increase in the initial MO dye concentrations
means more dye molecules are adsorbed on the TiO,
catalyst surface. Therefore, a large amount of UV radia-
tion is absorbed by the MO dye molecules rather than by
the TiO, catalyst and hence, a decrease in the light pene-
trating to the surface of the TiO, catalyst is observed.”> As
the active sites were occupied by more MO dye
molecules, the generation of reactive hydroxyl radicals
decreased.”® Since the amount of catalyst and irradiation
time are constant, the formation of OH radicals upon the
surface of TiO, is also constant. So, with the increase in
MO dye concentration the surface requirements of catalyst
for the degradation process increases and therefore the
relative number of free radicals, which attack dye mo-
lecules, decreases.”
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Table 8. Rates constants at different MO concentrations

Fig. 16. Plot of In (C,/C,) vs. reaction time
at different initial concentrations of MO
(TiO,-CaH,-350 = 40 mg, pH 4.5)

35 -
3] .
_2.5 1 » +5ppm
9.2 . ®10ppm
g 1.5 -
E 1 415 ppm
0.5 w » 20 ppm
0 T T )
| £25ppm
05 0 20 40 60 u30pp
L m
Time (min.) i

Fig. 17. Plot of In (C,/C,) vs. reaction time
at different initial concentrations of MO
(TiO,-CaH,-550 = 40 mg, pH 4.5)

+5ppm

=10 ppm
415 ppm
* 20 ppm
125 ppm

© 30 ppm

Time (min.)

Fig. 18. Plot of In (C,/C,) vs. reaction time
at different initial concentrations of MO
(TiO,-CaH,-850 = 40 mg, pH 4.5)

4. Conclusions

The aim of this work was to prepare reduced TiO,
nanoparticles for the degradation of methyl orange dye

Conc. of MO (ppm) . }"iOz-CaHz-SSO . }"iOz-CaHz-350 . }"iOz-CaHz-SSO

K (min™) Deg. % K (min™) Deg. % K (min™) Deg. %

5 0.0342 91 0.0241 81 0.0154 64

10 0.0418 95 0.0273 85 0.0264 84

15 0.0303 88 0.0221 78 0.0234 80

20 0.0227 79 0.0174 69 0.0209 76

25 0.017 68 0.014 60 0.0198 74

30 0.0124 55 0.0103 47 0.0174 69
2 1 with an activated visible light. Solid state reaction of TiO,
5 | p— with a reducing agent (CaH,) in an inert argon atmosphere
i 10 ppm represents a facile approach to prepare reduced TiO,. The
5 | 415 ppm crystalline phase of TiO, was not changed after the
0 | ; . 20 ppm reduction reaction, while the crystalline size and lattice
s 0 20 40 60 +25ppm parameters were changed toward lower values as a result
Time (min.) *30 ppm of the reduction treatment. The energy gap of TiO,
showed a red shift that enhanced the absorption in the

visible light region. Oxygen deficient oxides (TiO,)
formed as a result of the reduction conditions, were
confirmed by the energy X-Ray dispersion spectroscopy.
The reduced TiO, catalyst (TiO,-CaH,-550) showed
excellent photocatalytic activity in the degradation of MO
dye, with 95 % degradation.
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POTOKATAJITUYHA AKTUBHICTD JE®@EKTHOI'O
TiO, 4JIA OYUMIIEHHA BOJAU/PO3KIAY
BAPBHUKA METHJIOBOI'O OPAHKEBOI'O

Anomauyis. Memorw ybo2o O00CHIONCEHHS €  BUBUEHHS
gomoxamanimuunoi axmuenocmi nanouacmunok TiO; 6 po3knadi
6aperura memunosozo opamdicegozo (MO). Harnonopowok diokcu-
oy mumany TiO; 6y8 cunme306anull 36ULALIHUM 30/b-2€lb MEMO-
oom | KaibYuHOBaHUIl 8 ammocghepi nosimpsi 3a pisHux memne-
pamyp (350°C, 550°C i 850°C). Ilomim cunmesosani manouac-
munku TiO, niooaganu meepooghasniti peaxyii' 3 Kanvyitl 2iopudom
(CaH,) 3a mux owce memnepamyp 6 ammocgepi apeowny. Bumipio-
eanHsi penmeeniscokoi ougpparyii (XRD), euxopucmani ons ioem-
mucikayii ¢hazu ma pomipy Kpucmaiie, nokKazau, wo oOmpumani
3pasku maloms 0OHakogy gasy amamasy TiO, ane posmip
KDUCMAI@ 3MEHUUBCS NICsl GIOHOBMIO8WILHOI 00pobKu. Enexm-
DOHHI 61aCmMuU80CHIL, ompumani 3a 0onomozoio Y -cnexmpockonii,

NOKA3AMU ~ 3MEHULEHHA — PO3PAXOBAHO20 — eHEP2eMUUHOZ0
npomidicky 3 3,3 eB ons odeporcanozo TiO»550 do 2,65 eB ons
sionoenenozo TiO,-CaH>-550, wo poswupioe cnekmpu noenunanms
0o obnacmi euoumozo ceimia. Bumipiosanhs 3a 00nomoeoio
enepeemuynoi oucnepciinoi cnekmpockonii (EDS) i ckanysanvhol
enekmponnoi mikpockonii (SEM) noxkazanu, wo posmip 4acmuHox
3MEHULYEMbCSL NICIsL BIOHOBMIOBWILHOI 00po6KuU, nodioHo 0o XRD
posmipy kpucmanie. Pezynomamu EDS nokasanu, wo necmaua
emicmy OKcueeHy nos ’a3ana 3 ymeopeHHAM OKCULEHOBUX 6AKAMCIL,
SKI € NpuuuUHOl0 ymeopenns necmexiomempuunux oxcudie TiO,.,.
Cunmesosanuii gionosnenuii TiO, noxazaeé uyoogy ¢homokama-
JIMUYHY aGKMUSHICHb ) PO3KIAOI OAPEHUKA MEMUIOBO20 OPAHIICe-
6020 3a onmumaneHux ymos: pH 4,5, 3asammadicenna xamanisa-
mopa 40 me i nouamxkosa konyenmpayis baperuxa 10 m.u.

Knrouosi cnosa: CaH, gomoxamanimuuna axmusHicmo,
okcueenogi eaxancii, meepouii cman, TiO,.



