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Titanium dioxide (TiO,) nanoparticles (NPs) were synthesized by a simple sol-gel technique. The pre-
pared sample was characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), field emission scanning electron microscopy (FESEM), and

Brunauer—Emmett-Teller (BET). The results showed that the prepared TiO, NPs have agglomerated spherical
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shapes with anatase and rutile phases, TiO; consists of Ti 2p and O 1s regions. The average anatase and rutile

TiO; crystallite size were estimated to be 32.38 nm and 37.37 nm, respectively. The BET result showed that
TiO, had a surface area of 33.36 m, g_l. Doses of different TiO; nanoparticles (5, 10, 15, 20, and 25 mg)
were used to study the photocatalyst degradation of methylene blue (MB) under UV light. The dose of 15 mg
was the optimal dose to degrade 68.39% of the dye within two hours.
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1. Introduction

Due to industrial advancement, the quantity of water pollu-
tion created by human activities has increased dramatically
in recent decades. During the same historical, the need for
clean water for human use such as industry and agricul-
ture expanded dramatically [1]. While dyes are known as a
source of water contamination, the textile industry continues
to use dyes widely. Depending on how they are disposed of,
dyes can pollute land and water when released. Therefore,
it is crucial to treat these dye effluents to maintain clean,
land, and water [2].

The photocatalytic process is the most efficient way to pu-
rify water since it is inexpensive and can be performed at
atmospheric pressure and room temperature [3—-5]. Many
studies have found that titanium dioxide (TiO5) is the best
photocatalytic material for the degradation of an organic
dye like MB, due to the electron-hole pair generated by
light exposure’s low rate of recombination. Irradiating TiO»
nanoparticles with ultraviolet (UV) light wavelengths gen-
erates pairs of electrons and holes [6]. TiO, stands as a
frequently employed photocatalyst material for the degrada-
tion of organic pollutants in water. This preference arises

from its distinctive characteristics, including high photo-
catalytic activity, cost-effectiveness, chemical stability, and
non-toxic nature [7]. In contrast, the morphology and crys-
talline structure of TiO; can significantly impact its photo-
catalyst efficiency [8—10].

TiO; presents in three crystalline phases: anatase, rutile, and
brookite [11]. Each phase has different chemical and physi-
cal characteristics, resulting in different performances in de-
vices made from them [12]. Many different synthesis meth-
ods have been employed to synthesize TiO», such as polyol
solvothermal [13], hydrothermal [14], chemical vapor depo-
sition (CVD) [15], microwave [16], electro-spinning [17],
sol-gel [18] and others. Although all of these described
technologies may produce significant quantities of nanoma-
terial, the sol-gel process is more common than the others
[19-21], due to its simplest, economical, and most widely
used way to produce TiO, nanoparticles. TiO, nanostruc-
tures can be prepared with different morphologies, such as
nanorods [22], nanotubes [23], nanowires [24], nanobelts
[25], nanospheres [26], hollow-sphere [27], and others. The
morphologies and crystal structures of TiO, can be con-
trolled by the synthesis conditions.
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TiO, photocatalytic activity is typically determined by a
variety of factors, including phase [28], surface area [29],
minimum crystal size [30], and catalysis dose [31]. In this
paper, TiO; nanoparticles were prepared via a sol-gel pro-
cess. The photocatalytic performance of the prepared TiO;
nanoparticles with different doses under UV irradiation was
studied by the decomposition of an aqueous MB solution.

2. Experimental

2.1 Materials

All of the components used in the synthesis process were not
purified. Titanium (IV) Isopropoxide (TTIP, Ti(C1,H»804),
97%) used as a TiO, precursor material and purchased from
Sigma-Aldrich, pure ethanol (C2HgO, 99.9%), Hydrochlo-
ric Acid (HCI, HCIO3, 36.5 - 38.0%) were purchased from
J. T. Baker and Deionized water (DI, H,O, High degree of
purity) to the preparation process of the product. A target
pollutant in an aqueous solution was methylene blue (MB,
C16H15CIN3S, 99%).

2.2 Preparation of TiO, nanoparticles

First, 10 mL of TTIP was added dropwise to the beaker con-
taining 50 mL of ethanol (EtOH) under vigorously stirred
at 600 rpm for 10 minutes. After the titration process was
completed, the solution’s color changed from clear to milky
white, suggesting the production of TiO, NPs. Next, a mix-
ture of 50 mL ethanol, 10 mL H,O, and 1 mL HCI was
added dropwise to the solution under continued stirring for
30 min. The final solution will keep immobile for two nights
until the formation of the gel.

Then the drying process takes place, where the sample is
placed in the oven for about 60 hours at a temperature of
75°C to get rid of unwanted materials. After this step,

Jameel Neama et al.

the powder was obtained by manually grinding the sam-
ple. Then the sample was annealed using an oven under an
ambient atmosphere at 450 °C for 2 hours to improve the
crystallinity. as shown in Fig. 1.

2.3 Characterization methods

A variety of methods were used to analyze the obtained
sample, including X-ray diffraction (XRD) to examine the
structure of the prepared powder and the recording of X-ray
diffraction profiles analysis pattern using an X-ray Diffrac-
tometer Model-XRD Philips PW 1730 with Cu Ko radiation
for A = 0.15406 nm. For a 20 angle scanning range of 10
— 80°, step width of 0.02°, 40 mA, and X-ray operation
of 40 KV, the diffraction data was acquired. The surface
properties of the sample were characterized by using the
XPS BESTEC EA10 spectrometer instrument. The spectra
obtained were fitted by CASAXPS software (Casa XPS
Version 2.3.16 PR 1.6) using a Shirley background. The
TEM Philips EM 208S microscope observed the shape and
particle size of the prepared sample. Further study about
the sample morphology was achieved using FESEM with
an operating voltage of about 20 kV and an image magnifi-
cation is (35, 135) kx.

Finally, the surface area of the sample was calculated using
the BET BELSORP Mini II device by subjecting it to Nj
adsorption at a temperature of 77 K.

2.4 Photocatalysis

Using UV light (Xenon lamp, 250 W, 365 nm wavelength)
maintained at room temperature with a stationary evacua-
tor to prevent any heat catalytic effect, the photocatalytic
degradation of MB was studied. Various weights (5, 10,
15, 20, and 25 mg) of the generated catalyst were mixed

TTIP + EtOH
10:50
10 min stirring

HCI + EtOH +H,0
1:50:10

l

Sol
30 min stirring

!

Aging for 2 days ]

!

Drying process ]

[ Annealing for (2) hr. at (450)°C

—

TiO, powder

Figure 1. Flow chart of TiO, preparation using sol-gel.
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for ten minutes in a beaker with 100 mL of MB at 10 ppm
concentration. The mixture was then left in the dark for
30 minutes to establish adsorption and desorption equilib-
rium. The reacted materials were then subjected to UV
radiation to evaluate photodegradation behavior. A specific
amount (4 mL) of liquid was taken out every twenty min-
utes during the irradiation operations. Then the solutions
were centrifuged for 10 minutes at 4000 rpm to remove the
catalyst. These solutions of deterioration (K,p,) and pho-
todegradation efficiency (PDE), the formulas below applied
[32]:

Co
In & = Kappt (1)

poE = =5 100 2
Go
where Cy and C; are the MB concentrations before and after
UV irradiation exposure respectively. C; was calculated by
drawing the calibration curve. Consequently, the apparent
rate constant (K,,,) may be determined by computing the
slope of a plot of In(Cy/C;) vs. time (¢) [33].

3. Results and discussion

3.1 XRD analysis

Figure 2 shows the XRD pattern of the prepared powder.
X-ray diffraction pattern of TiO, NPs peaks is related to
two phases (anatase and rutile mixed phase). The stronger
peaks located at 20 = 27.76°, 36.33°,39.48°, 41.46°, 44.45°,
56.89°, 64.29°, 69.70°, and 70.03° correspond to the (110),
(101), (200), (111), (210), (220), (310), (301) and (112)
planes, respectively. The resulting peaks agreed well with
the standard results data of the rutile phase (ICDD 01-088-
1173 TiO,). The peaks located at 20 = 25.54°, 38.14°,
48.30°, 54.59°, 63.13° and 75.13° responded to the (101),
(112), (200), (211), (204) and (215) planes, correspond-
ingly [34]. They are highly compatible with the standard
results data of the anatase phase (ICDD 00- 002-0406 TiO,)
[35]. The stronger peak appeared in the XRD test agreeing
with the (110) plane appearing at 27.76° of the diffraction
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Figure 2. The produced powder’s X-ray diffraction patterns
of TiO,.
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patterns, indicating the formation of the TiO, tetragonal
Rutile phase. The average crystallite size of anatase and
rutile TiO, were estimated to be 32.38 nm and 37.37 nm,
respectively by using the Scherrer equation for domain peak
(110).

3.2 X-ray photoelectron spectroscopy (XPS) analysis

TiO, NPs survey XPS spectra for the whole binding energy
area are shown in Fig. 3. The typical peaks of C 1s, O 1s,
and Ti 2p were observed from the spectra. The photoelec-
tron peaks were calibrated using the 284.8 eV value for the
C 1s binding energy.

Usually, since carbon is typically present as adsorbed mate-
rial on any XPS sample measured, it serves as a convenient
reference [36]. The peak position of TiO, was located
at 284.50 eV which in comparison with standard C 1s ob-
served (~ —0.30 eV) deviation.

Figure 4 displays the Ti 2p region spectra of TiO, NPs.
The appearance of the two major photoelectron peaks of
TiO, NPs with binding energies of 458.20 and 464.05 eV,
respectively, indicated Ti (IV) 2P/, and 2Py ,. The peak
of Ti (IV) 2P3 ), at 458.20 eV is ascribed to the titanium
metallic (Ti®) meanwhile the other peak Ti 2Py ; at 464.05
eV [37]. There is a split orbital of about 5.85 eV due to the
metallic state of TiO; representing the standard Ti** state
of the anatase TiO, [38].

Figure 5 shows two peaks, one at 529.15 eV and the other
at 530.19 eV, which can be seen in the O 1s characteristic
of TiO, NPs. These peaks are ascribed to surface-adsorbed
oxygenated species (OS) and lattice oxygen (LO), respec-
tively [39].

Table 1 displays the outcomes of the XPS analysis con-
ducted on the entirety of the sample after applying the devi-
ation from the standard, encompassing both atomic ratios
and the precise determination of peak positions.

3.3 TEM analysis

TEM images were utilized to demonstrate the shape, particle
size, and particle size distribution of TiO, nanoparticles as

DELL
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Figure 3. TiO, NPs surface survey XPS spectra.
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Figure 4. Ti 2p, XPS region spectra of TiO, NPs.

shown in Fig. 6. Because of the aggregation of original
particles consisting of either single particles or clusters of
particles, the TiO, particles had an uneven shape. The
average size and size distribution of nanoparticles were
calculated from TEM pictures using Image tool software,
with at least 100 particles from the sample considered. It is
observed that the TiO, nanoparticles were spherical. The
average particle size and the size range of the TiO, were
~ 31 nm.

3.4 FESEM analysis

The morphology of the prepared sample was investigated
using FESEM as shown in Fig. 7. The results revealed
that the structure of the prepared TiO, has agglomerated
non-uniform spherical NPs with an average particle size of
~ 27.93 nm. The agglomeration occurs due to the TiO»
being unstable in the nanoparticle form so they will tend to
join each other until they are relatively stable. These results
agreed well with previously published work [40].

3.5 BET analysis

The surface area of the photocatalyst sample is an impor-
tant factor that affects dye degradation activity [41]. Fig. 8
depicts the N; adsorption-desorption curve of the produced
TiO, NPs. The relative isotherms were a type IV isotherm
with an H1 hysteresis loop [42], the adsorption and desorp-
tion isotherms of TiO, nanoparticles split into four zones.
The isotherms showed a steady rise in adsorption in region
i with a relative pressure (P/Fp) less than (0.3), indicating
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Figure 5. XPS region spectra of TiO; at O 1s.

that the samples have micropores with a smaller size (2
nm). The relative pressure in region ii was between (0.3
and 0.8), and the isotherms displayed mild hysteresis loops,
indicating that the samples include intermediate pores with
sizes ranging from (2 nm to 30 nm) [43]. The isotherms
demonstrate a distinctive capillary focus in region iii when
the relative pressure is between (0.8 and 0.93) [44].

Capillary condensation became noticeable at elevated rel-
ative pressure (P/B), as indicated by the noticeable incre-
ment in adsorption volume observed in the upper segment
of isotherms once the pores have become saturated with
Ny-liquid [45]. Finally, a little hysteresis existed in re-
gion iv with a maximum relative pressure greater than (0.9)
reflecting the fact that the pores were filled with N gas.
The computed BET surface area from the N; isotherm was
33.36 m’g~!. The cumulative pore size curve for the BJH
desorption is represented in the inset figure in Fig. 8 and
verifies the existence of uniform pores (10.25 nm).

3.6 MB degradation

According to extensive research, the amount of catalyst
used in photocatalytic degradation plays a significant
influence in the degradation of organic compounds or
dyes. To achieve the maximum photocatalytic activity, the
amount of catalyst must be optimized. The experiment
was performed with different doses of TiO; (5, 10, 15, 20,
and 25 mg), with an initial dye concentration of 10 ppm
(10 mg/L), under UV-light irradiation for 2 hours. Fig. 9
shows the absorption spectra of MB under UV irradiation.

Table 1. Spectral features of TiO, NPs.

Element/Transition Peak energy (eV) Concentration (at. %) Peak assignment
C Is 284.80 adventitious carbon
o Is 529.15 lattice oxygen in TiO;
Ti 2P3 )5 458 Ti (IV) in TiO,
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Figure 7. TiO, NPs FESEM micrographs, at various magnifications, including (a) 70 kx and (b) 135 kx.

Generally, it was observed that as the irradiation time
increased, the intensities of the maximum absorption peaks
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Figure 8. N, adsorption-desorption isotherm BET of TiO,,
the inset is average pore diameter TiO».

decreased. Because of the tiny crystal size of the TiO»,
the absorption peaks of MB were slightly blue-shifted.
This process is evident in the increase of electron and hole
reduction and oxidizing potentials, respectively [46].
Figure 10 displays the C/Cy concentration ratios of MB
(at 664 nm) with the degradation time (¢#). The rate of
decomposition raised with an increasing dose of catalyst
and then decreased after a certain dose of catalyst. The
catalyst dose of 15 mg TiO; showed the highest degradation
efficiency of methylene blue under UV-light irradiation
conditions. At 20 and 25 mg, the degradation efficiency of
methylene blue was reduced due to a rise in solution opacity
generated by increased doses of TiO, particles, which
resulted in a decrease in light penetration. After 120 min of
ultraviolet irradiation, the maximum removal performance
of methylene blue with catalyst loading (15 mg) for a given
time was 68.3%, indicating that the prepared TiO, showed
significant photocatalytic activity. This is due to the strong
reduction and oxidation power in electrons and holes which
increased the rate of photodegradation [47].
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Figure 9. UV-Vis absorption spectra of TiO, samples after photocatalysis of MB solutions.

4. Conclusion

TiO, nanoparticles were prepared at room temperature
using a sol-gel method with ethanol as a solvent and TTIP
as the precursor. The XRD technique indicated that the
average crystallite size of the prepared TiO; nanoparticles
was 32.38 nm and 37.37 nm for anatase and rutile phases,
respectively. Through XPS, the surface components are
revealed, which are Ti 2p and O 1s regions. The FESEM
and TEM images show that the material has agglomerated
to produce spherical shapes. The BET surface area and
pore width of the TiO, nanosphere are 33.36 m?g ™! and 11
nm respectively. The results of the degradation process of

MB using different doses of TiO, photocatalyst showed
that the weight (15 mg) of the catalyst was the best dose
for degrading MB dye and reached approximately 68.39%
within 120 minutes.
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