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Abstract: Metal oxide titanium dioxide (TiO2) nanoparticles were synthesized by using a simple and
economical sol-gel method. The prepared nanoparticles were used to evaluate methylene blue dye
degradation and as catalysts in the oxidation of benzaldehyde. The crystallite size of the titanium
dioxide nanoparticle was 18.3 nm, which was confirmed by X-ray diffraction analysis. The spherical
morphology was confirmed by scanning electron microscopy (SEM), and the elemental composition
of the nanoparticle was found by energy dispersive X-ray (EDAX) analysis. The anatase form of the
nanoparticle was confirmed by the bandgap 3.2 eV, which was measured using UV–DRS analysis.
The bond between metal and oxygen was confirmed by the peaks at 485 and 606 cm–1 analyzed by
Fourier transform infrared analysis (FTIR). The efficiency of the catalyst in dye degradation was
60.08, 68.38, and 80.89% with respect to 50, 75, and 100 mg catalyst weight. The yield % of benzoic
acid was 94%, and the reduction efficiency against 4-nitrophenol was 98.44%.

Keywords: benzaldehyde; degradation; metal oxide; methylene blue; nanoparticle; nitrophenol

1. Introduction

In the present era, nanotechnology and nanomaterials play significant roles in many fields,
with environmental applications, energy storage devices, and biological applications [1,2].

Nanomaterials possess unique optical, mechanical, and electrical properties due to
their size, shape, stability, chemical composition, crystal structure, surface area, etc. Metal
oxides such as TiO2, MoO3, WoO3, CuO, etc. are less toxic in nature and are used in diverse
applications. Among these, TiO2 is considered a promising candidate for these applications
due to its unique properties, such as a wide bandgap. These metal oxide nanoparticles can
be synthesized via both top-down and bottom-up approaches. Out of numerous synthesis
methods, the sol-gel method, has been verified as a superior route to control the bulk and
surface properties of the oxides at low temperature [3–5]. The sol-gel system is an efficient
and inexpensive technique used in nanoparticle fabrication. This method yields high crystal
oxides by allowing regulation of nanoparticles’ size and surface morphology, in addition to
phase arrangement in diverse concentration precursors, and it is simple to perform [6].

With increased industrialization and urbanization, water pollution has increased. Due
to water pollution, humans are affected by diseases, such as cholera, diarrhea, and hepatitis.
Organic dyes are also a major constituent present in polluted water, discharged from the
textile, food, and cosmetic industries. Among the discharged organic dyes, methylene
blue (MB) is considered one of the most toxic, causing eye irritation, vomiting, nausea,
and confusion [7]. Therefore, it is important to discover a suitable material to remove this
harmful dye from polluted water [8,9]. Numerous methods can be employed to remove
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organic pollutants present in the water, such as adsorption, photodegradation, flocculation,
coagulation, and electrocoagulation [10,11]. Of these methods, photocatalytic degradation
is an efficient method as the nanocatalyst oxidizes organic compounds into inorganic
matter, such as CO2 and H2O without any intermediate pollutants [12].

Oxidation of benzaldehyde to benzoic acid is an important process, as benzoic acid is
a valuable chemical and is highly used as a precursor in several other molecules. In ad-
dition to that benzoic acid is highly used in medicine, food, and chemical industries. For
environmental purification, the most familiar oxidation reactions are those that oxidize
organic composites [13,14]. Furthermore, the nanostructure is highly utilized as a cocatalyst
for H2O oxidation [15,16]. The heterogeneous catalyst offers an opportunity to degrade
organic compounds through either oxidation or reduction reactions. The outcomes show
the usefulness of a broad range of materials in the elimination of phenolic compounds
from water and wastewater. Nitro groups containing pollutants are of major concern, as
they are difficult to reduce due to their toxic behavior. Compounds such as 4-nitro phenol
(4-NP) and are toxic but also anthropogenic and inhibitory in nature, so their reduction
is an issue of major importance. For instance, 4-nitrophenol is a phenolic compound, con-
stituting one nitro group present on the benzene ring diagonally to the hydroxyl group.
Further, 4-NP causes eye irritation and inflammation. It interacts with blood and forms
methemoglobin, which results in methemoglobinemia causing cyanosis, confusion, and
unconsciousness. When ingested, it causes abdominal pain and vomiting. Moreover, 4-NP
and its byproducts are used for the synthesis of herbicides, insecticides, and pesticides
that threaten the environment as well as human beings [17]. Nitrophenols are among the
main organic pollutants in wastewater produced from agricultural and industrial sources.
Therefore, the increase in an efficient and environmentally friendly process to eliminate
them from water is highly significant [18].

Metal oxide nanoparticles, such as iron oxide (Fe3O4), manganese oxide (Mn2O3), copper
oxide (CuO), nickel oxide (NiO), zinc oxide (ZnO), etc., act as photocatalysts, which play a sig-
nificant role in the removal of MB from polluted water [19–21]. For photocatalysis applications,
titanium is highly used, known as the ninth most abundant element present in Earth’s crust.
Since the photoinduced and electrochemically facilitated degradation of HO was reported
by Fujishima and Honda in the 1970s, titanium metal has been considered an attractive com-
pound, which possesses several promising applications in photocatalysis [22,23]. Titanium
dioxide (TiO2) exists in three forms—anatase, rutile, and brookite. It also exists in mixed
phases of rutile–anatase, anatase–brookite, and anatase–rutile–brookite. In a mixed phase, the
flow of electrons from the anatase to a lower-energy rutile-trapping site could limit charge
carrier recombination and efficiently establish catalytic hot spots. Only a few brookite reports
have been published due to low photocatalytic activity [24].

Both anatase and rutile have tetragonal structures, and brookite has an orthorhombic
structure. Rutile is the most stable, while anatase and brookite are metastable at ambient
temperature [22,25]. In comparison with rutile, anatase exhibits higher transparency in the
near-ultraviolet spectrum. Many researchers examine the TiO2 nanoparticle (TiO2 NP) due
to its less toxic nature, ease of handling, economical cost, and good resistance to chemical
and photochemical erosion [26]. These properties lead TiO2 NPs to play important roles in
sensors, solar cells, environmental remediation, self-cleaning, and hydrogen gas evolution.
The mobility of the electron is very high in anatase TiO2, and therefore, it is used as a
photoanode material in dye-sensitized solar cells [27]. A recent statistical analysis showed
that the research publications on the photocatalysis of TiO2 have reached 10,000 each
year since 2000. This proves that this material has broad applications due to its excellent
properties. Due to the surface-to-volume ratio of nanostructured TiO2, the rate of the
photocatalytic process is highly increased, compared with the bulk [28,29]. Owing to the
redox properties of TiO2, it is highly used in both oxidation and reduction reactions, such as
oxidation of organic contaminants and reduction of metals and organic pollutants [30,31].
Due to the faster recombination process of the photogenerated electron–electron, pure
TiO2 comprises restrained photocatalytic activities, and during the process, unproductive
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energies are released either in the form of photon production or heat [32,33]. In this study,
the TiO2 NP was synthesized by the sol-gel method. The synthesized nanoparticle was
analyzed by UV–DRS spectrophotometry, FTIR spectrophotometry, XRD, SEM, and EDX.
The efficiency of the material was verified in terms of MB dye degradation, conversion of
benzaldehyde to benzoic acid by the oxidation process, and 4-nitrophenol to 4-aminophenol
by the reduction process.

2. Experiment
2.1. Materials

Titanium tetra isopropoxide Ti[(OCH)(CH3)2]4 (97% purity) and glacial acetic acid
(CH3COOH) (100% purity) were used as precursor materials in TiO2 nanoparticles synthe-
sis. Benzaldehyde (99% purity), hydrogen peroxide (30% purity), and dimethylformamide
(99.5% purity) were used in the oxidation of benzaldehyde to benzoic acid. In addition,
4-Nitrophenol (99.5% purity) and sodium borohydride (NaBH4) (96% purity) were used in
the reduction process. Methylene blue dye was chosen as a pollutant for the degradation
process. The materials used for synthesis and application were purchased from Merck.
Double distilled water was used as a solvent during the synthesis and application process.

2.2. Synthesis of TiO2 Nanoparticles

Titanium tetra isopropoxide, glacial acetic acid, and double distilled water were used
to synthesize TiO2 nanoparticles as a starting material. First, 15 mL of acetic acid was
blended with 150 mL of double-distilled water and stirred continuously for 30 min under
0 ◦C, keeping the titania solution beaker in an ice-containing bowl. Then, 5 mL of titanium
tetra isopropoxide was added drop by drop and stirred vigorously for 5 h. To obtain a clear
solution, the above reaction mixture was ultrasonicated for 30 min, and it was kept in the
dark for up to 24 h without disturbance for the nucleation process. Then, the solution was
kept in a hot air oven at 80 ◦C for 10 h to obtain a gel. The obtained gel was kept in an oven
at 100 ◦C until completely dry. The dried material was finely powdered by using a mortar
and pestle and calcinated at 600 ◦C for 5 h to obtain the white color TiO2 nanoparticles.

2.3. Characterization

The crystallite size, plane, and phase of the TiO2 NPs were assessed using X-ray
diffraction analysis performed by an XRD spectrometer (Rigaku-Tokyo, Japan). Cu Kα was
used to perform the analysis with λ = 1.540 Å, 40 kV, and 30 mA, and D/teX Ultra was
used as a detector. The analysis was recorded in the range of 10–80◦ with the scan rate of
10 ◦/min. The crystallite size was measured by the Debye–Scherrer equation. The average
particle size and morphology were observed by scanning electron microscopy using Bruker.
The average particle size of the nanoparticle was calculated using ImageJ software. The
elemental composition, such as atomic and weight percentage, was identified by EDX
analysis. The functional group present in the nanoparticle was confirmed by FTIR analysis
by a Jasco spectrophotometer, and KBr was used as the standard for the preparation of
the pellet. The analysis was recorded in the range from 4000 to 400 cm−1. The optical
property of the nanoparticle was analyzed by a UV-2600 ISR 2600 PLUS spectrophotometer,
Shimadzu, Japan. The UV–DRS analysis was recorded in the range of 200–800 nm.

2.4. Photocatalytic Degradation Study

The photocatalytic degradation of MB was performed by using TiO2 NPs as an ef-
fective catalyst. The degradation study was carried out in a batch reactor system with an
open rectangular tray made of borosilicate glass. The tray consisted of 250 mL of a known
concentration (100 µM) of dye solution with a known weight of the catalyst. The pH of the
solution was maintained at 7 ± 0.1. Then, it was stirred with medium rotation per minute
(rpm) for 30 min in the dark to attain adsorption–desorption equilibrium. The absorbance
of the dye solution was measured at 665 nm using UV-Vis spectrophotometry before the
degradation process. Then, the degradation study was performed under direct sunlight
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irradiation. The intensity of the sunlight irradiation was measured frequently using a flux
meter, and it was observed to be in the range of 820–830 lx. The degraded solution was
collected at particular time intervals, and the collected solution underwent an absorbance
study to calculate the efficiency of the catalyst.

2.5. Oxidation of Benzaldehyde to Benzoic Acid

The oxidation reaction of benzaldehyde to benzoic acid was performed at room
temperature using TiO2 NPs as an effective catalyst. For the oxidation study, a 5 mL
benzaldehyde solution was taken as a precursor material, and 10 mg of catalyst was added
to the precursor. This reaction mixture was continuously stirred for 3 h at 60 ± 5 ◦C. To this,
12.5 mL of hydrogen peroxide was added drop wise, which acted as an oxidizing agent.
Then, the above reaction mixture was stirred for 3 h. After completion of the reaction,
the reaction mixture was cooled, filtered, washed, and dried. The obtained material was
recrystallized using dimethylformamide. The recrystallized product was taken as a final
product, and it was weighed accurately. Scheme 1 shows the oxidation of benzaldehyde to
benzoic acid in the presence of TiO2 NPs as a catalyst.

Crystals 2021, 11, x FOR PEER REVIEW 4 of 17 
 

 

2.4. Photocatalytic Degradation Study 
The photocatalytic degradation of MB was performed by using TiO2 NPs as an effec-

tive catalyst. The degradation study was carried out in a batch reactor system with an 
open rectangular tray made of borosilicate glass. The tray consisted of 250 mL of a known 
concentration (100 µM) of dye solution with a known weight of the catalyst. The pH of 
the solution was maintained at 7 ± 0.1. Then, it was stirred with medium rotation per mi-
nute (rpm) for 30 min in the dark to attain adsorption–desorption equilibrium. The ab-
sorbance of the dye solution was measured at 665 nm using UV–Vis spectrophotometry 
before the degradation process. Then, the degradation study was performed under direct 
sunlight irradiation. The intensity of the sunlight irradiation was measured frequently us-
ing a flux meter, and it was observed to be in the range of 820–830 lx. The degraded solu-
tion was collected at particular time intervals, and the collected solution underwent an 
absorbance study to calculate the efficiency of the catalyst.  

2.5. Oxidation of Benzaldehyde to Benzoic Acid 
The oxidation reaction of benzaldehyde to benzoic acid was performed at room tem-

perature using TiO2 NPs as an effective catalyst. For the oxidation study, a 5 mL benzal-
dehyde solution was taken as a precursor material, and 10 mg of catalyst was added to 
the precursor. This reaction mixture was continuously stirred for 3 h at 60 ± 5 °C. To this, 
12.5 mL of hydrogen peroxide was added drop wise, which acted as an oxidizing agent. 
Then, the above reaction mixture was stirred for 3 h. After completion of the reaction, the 
reaction mixture was cooled, filtered, washed, and dried. The obtained material was re-
crystallized using dimethylformamide. The recrystallized product was taken as a final 
product, and it was weighed accurately. Scheme 1 shows the oxidation of benzaldehyde 
to benzoic acid in the presence of TiO2 NPs as a catalyst.  

 
Scheme 1. Oxidation of benzaldehyde to benzoic acid. 

2.6. Reduction of 4-Nitrophenol to 4-Aminophenol 
The TiO2 nanoparticle was used as a catalyst in the conversion of 4-Nitrophenol to 4-

Aminophenol (reduction reaction) with NaBH4 as a reducing agent, and the reaction was 
achieved at room temperature. In total, 5 mmol of 4-nitrophenol was dissolved using dou-
ble distilled water in a 100 mL standard flask. At the same time, 0.001 mmol of NaBH4 was 
dissolved in 4 mL of distilled water. Next, 20 mL of prepared 4-nitrophenol solution and 
sodium borohydride solution were added to a 100 mL beaker. Both the solutions were 
stirred for 15 min constantly. To the above reaction mixture, 0.5 mg of catalyst was added, 
and using the magnetic stirrer, the solution was stirred for 5 minutes. The optical density 
values were recorded using UV–Vis spectrophotometry for every 1-minute time interval 
for the above reaction mixture. 

 
 
 
 

Scheme 1. Oxidation of benzaldehyde to benzoic acid.

2.6. Reduction of 4-Nitrophenol to 4-Aminophenol

The TiO2 nanoparticle was used as a catalyst in the conversion of 4-Nitrophenol to
4-Aminophenol (reduction reaction) with NaBH4 as a reducing agent, and the reaction
was achieved at room temperature. In total, 5 mmol of 4-nitrophenol was dissolved using
double distilled water in a 100 mL standard flask. At the same time, 0.001 mmol of NaBH4
was dissolved in 4 mL of distilled water. Next, 20 mL of prepared 4-nitrophenol solution
and sodium borohydride solution were added to a 100 mL beaker. Both the solutions were
stirred for 15 min constantly. To the above reaction mixture, 0.5 mg of catalyst was added,
and using the magnetic stirrer, the solution was stirred for 5 min. The optical density values
were recorded using UV-Vis spectrophotometry for every 1-minute time interval for the
above reaction mixture.

3. Results and Discussion
3.1. XRD Analysis

Figure 1 shows the XRD pattern of TiO2 NPs. From the XRD analysis (Rigaku, Tokyo
Japan), the 2θ values were observed at 25.33, 36.01, 37.90, 48.06, 53.96, 55.06, 62.70, 69.01,
and 70.41◦ with respect to the planes (101), (103), (004), (200), (105), (211), (204), (116), and
(220). The diffraction peaks showed that the formed nanoparticles exhibited anatase phase,
which was confirmed by the JCPDS card No. 84-1285. The average crystalline size of the
TiO2 nanoparticles was calculated using Debye–Scherrer Equation (1) and was 10.88 nm.

D =
Kλ

βcosθ
(1)

where K is constant, λ = wavelength of X-rays, and β Full width at half maximum (FWHM).
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Figure 1. XRD analysis of TiO2 nanoparticles.

The (101) plane of anatase TiO2 was represented by the strongest diffraction peak
situated at 25.33◦. The peaks other than 53.96 and 55.06◦ are accountable to the anatase
structure, and 53.96 and 55.06◦ are responsible for the rutile structure. This suggests that
the major crystal phase present in the TiO2 nanoparticles was anatase, and some rutile
phases were present in the synthesized sample with minimum quantity. From the XRD,
the broad peaks displayed that the particles were nanometer size. These results are in
good agreement with the previous investigation by Liu et al. [34]. Dubey et al. synthesized
TiO2 NPs, which displayed anatase phase with main diffraction peaks at 25 and 48, with
no impurities present in the sample. This suggested that the TiO2 NPs had a tetragonal
anatase structure with trigonal planar and octahedral geometry [35].

3.2. SEM–EDX Analysis

The morphology of the TiO2 NPs was identified as spherical and rod with slight
agglomeration. The average particle size of the TiO2 NPs was 121 nm. Figure 2a,b show the
SEM analysis (Bruker, Karlsruhe, Germany) of TiO2 nanoparticles at 1 µm and 500 nm, re-
spectively. Agglomeration of nanoparticles is due to the adhesion of particles to each other
by weak forces leading to (sub) micron-sized entities and high surface energy. Depend-
ing on the synthesis conditions such as environmental factors, temperature, and surface
chemistry, the nanoparticles tend to form soft or hard agglomerates. Figure 2c shows the
EDX analysis (Bruker, Karlsruhe, Germany) of the TiO2 nanoparticles. Similarly, irregular
and spherical TiO2 NPs with aggregation were obtained by the sol-gel method [36]. Chu
et al. reported that TiO2 NPs displayed regular particles with ammonium fluoride rather
than water, and the as-prepared particles were nanowire in morphology. The material
with water revealed an irregular shape, and the nanoparticles showed mixed morphology
such as rod, sphere, and ellipsoid. According to Chu’s report, ammonium fluoride acted
as a shape-controlling agent, which directed the decomposition of nanowires into regular
particles [37]. The elemental atomic percentage of the Ti, O, and C were 26.4%, 69.48%, and
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4.12%, respectively. The weight percentage of the Ti, O, and C were 44.35%, 41.65%, and
14%, respectively, which was determined through EDX analysis.
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3.3. UV–DRS Analysis

The absorption maximum of the TiO2 NP was 386 nm, determined by UV–DRS spec-
trophotometry (ISR 2600 Plus, Shimadzu, Tokyo, Japan). By using the Tauc plot (Equation (2)),
the bandgap energy of the synthesized TiO2 NP was calculated as 3.2 eV, and it was an indirect
bandgap [38]. Figure 3a shows the UV–DRS spectrophotometry and b the Tauc plot. In our
study, the undoped TiO2 NP exhibited absorption at less than 387 nm, as compared with the
previous study of iron, silver, cobalt doped titanium oxide nanoparticles, due to the inherent
bandgap of anatase TiO2, and it was accredited to the band-to-band transition reported by
Babji et al. [39]. The decreasing particle size increased the bandgap of the material, and the
absorption edge was transferred to higher energy, which was blueshift. In this regard, the
bandgap of the semiconductor material was size dependent [40].

αhµ = Ed(hµ − Eg)1/2 (2)

where α = optical absorption coefficient, hµ = photon energy, Eg = direct band gap, and
Ed = constant.
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3.4. FTIR Analysis

Figure 4 shows the FTIR analysis (Jasco, Tokyo, Japan) of TiO2 NPs. The Ti-O bond
formation was confirmed by the peak appearing at 485 and 606 cm−1. This suggests that
the formed nanoparticle was anatase in structure [41,42]. The band that appeared at
1632 cm−1 was attributed to the absorption of water molecules, present in the atmosphere,
by nanoparticles during the analysis. The hydroxyl group present in the synthesized TiO2
NP was confirmed by the band appearing at 3431 cm−1. From the analysis, the peak that
appeared at 1632 and 3431 cm−1 indicates the hydroxyl group was present on the surface of
the TiO2 nanoparticles. The band appearing at 2919 cm−1 was attributed to the existence of
the asymmetric C-H group in the nanoparticles [43]. According to Samira et al., the absence
of a band around 2900 cm−1 is due to the complete elimination of organic molecules at
high calcination temperatures [44]. The organic molecules present in the nanoparticles
were removed by calcination.
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3.5. Photocatalytic Degradation of the Dye Solution
Effect of Catalyst Weight

Metal oxides, such as CdS, Mn2O3, ZnO, ZrO2, Fe3O4, etc., act as better catalysts due
to their remarkable bandgap and high photocatalytic activity. In this study, TiO2 NP was
used as an efficient catalyst in the degradation of MB dye solution of known concentration
(100 µM) with different catalyst weights of 50 mg, 75 mg, and 100 mg at pH 7 ± 0.1. The
efficiency percentage was calculated using Equation (3). The absorption spectrum of the
degraded solution steadily decreased as the reaction time increased, which may be due
to the degradation of the chromophore present in MB. The efficiency percentage of the
degradation of MB dye solution using TiO2 NP was 60.08, 68.38, and 80.89%, with respect
to the catalyst weights 50, 75, and 100 mg. The photodegradation of MB dye by TiO2 NP
is shown in Figure S1 (in Supplementary Materials). Figure 5a shows the plot of time
vs. absorbance, Figure 5b shows the plot of time vs. % degradation, Figure 5c shows
the linear regression graph with respect to time vs. ln (c0/ct), and Figure 5d shows the
degradation % with respect to the number of cycles. The highest response can be clearly seen
at 100 mg with the first run. The correlation coefficient (R2) of the degradation of MB dye with
different catalyst weights 50, 75, and 100 mg was 0.7945, 0.9550, and 0.9598, respectively. The
rate constant (k) for degradation of the dye solution with different catalyst weights 50, 75, and
100 mg was 15.3 × 10−3, 19.1 × 10−3, and 27.5 × 10−3 min−1, respectively. The photocatalytic
degradation reaction of MB increased with an increase in catalyst weight, due to the increased
number of active sites present on the surface of the catalyst. If the active site of the catalyst is
higher, it increases the number of photons adsorbed, which allows a higher number of dye
molecules to be mineralized. The absorbance and % degradation of the dye with respect to
time in presence of different weight catalysts are shown in Supplementary Data (Table S1).

Degradation % = (A0 − At/A0) × 100 (3)

where A0—absorbance at the initial time, and At—absorbance at different time intervals.
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The photocatalytic activity of TiO2 NPs was enhanced by the spherical morphol-
ogy and small crystallite size. The TiO2 hollow nanofiber showed higher photocatalytic
efficiency at 0.75 g/L and moderate at 1.0 g/L, as reported by Jafri et al. [45]. In this
degradation process, the nanoparticle had higher active sites at the optimum weight of the
catalyst, and there was a gradual decrease in active sites of the nanoparticle as the weight
of the catalyst exceeded the optimum weight. This may be caused by the agglomeration of
the photocatalyst, which led to a decrease in the precise surface area of the nanoparticle,
and owing to the screening effect of a large amount of catalyst, the number of photons
received by the active site was decreased [46,47]. According to Muthee et al., the mixed
anatase–rutile phase acts as a highly active photocatalyst [48]. The recycling and reusability
of the catalyst are important in commercial uses. After the degradation reaction, the catalyst
was collected from the dye solution and washed with double distilled water several times,
and dried in an oven at 80 ◦C. The collected catalyst was further used for a reusability study.
After two runs, the efficiency of the catalyst decreased, as shown in Supplementary Data
(Table S2). The decrease in the photocatalysis activity could be attributed to the following:
(1) Material losses might occur in the revival step (washing and drying), which would lead
to a lower quantity in the successive cycle, thereby decreasing the surface catalytic activity
and degrading the performance; (2) the properties of nanoparticles such as aggregation
(this effect can reduce the effective surface area and decrease the number of active sites)
might change during the three cycles; (3) the adsorptive catalytic surface activity of the
catalyst gradually decreased because of the obstruction of the pores and the active sites.
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The related degradation reaction of MB using nanoparticles as an efficient catalyst is shown
in Table 1 [49–52]. Sarigul et al. synthesized a hybrid amino acid–TiO2 nanoparticle for
photocatalytic activity and compared its efficiency with commercial TiO2 (P25). The amino
acid with TiO2 nanoparticle increased the photocatalytic activity against MB degradation
under visible light, compared with the commercial P25. This is because the hybrid materials
are more stable against both degradation and leaching. Considering the commercial TiO2,
which is P25 (Degussa/Evonik/Nippon Aerosol), a highly used commercial photocatalyst,
the degradation time for P25 is 240 min, while our results showed a degradation time of 60
at an even higher concentration [53].

Table 1. Degradation reaction of MB using nanoparticles as an efficient catalyst.

S. No Catalyst Pollutant Reduction % Reference

1 α-Fe2O3

MB 95%

49
Methyl orange 94%
Bromo green 94%
Methyl red 76%

2 Fe2O3/Mn2O3 MB

3 NiFe2O4

MB 89%

51
Methyl orange 92%
Bromo green 93%
Methyl red 78%

4 Fe3O4/TiO2 MB 97% 52

5 TiO2

MB
50 mg catalyst
75 mg catalyst

100 mg catalyst
4-nitrophenol
0.5 mg catalyst

60.08%
68.38%
80.89%
98.44%

Present work

3.6. Oxidation of Benzaldehyde to Benzoic Acid

The oxidation of benzaldehyde to benzoic acid was completed by using TiO2 NPs as a
catalyst. Figure 6a,b show the FTIR spectrum of the oxidation of benzaldehyde to benzoic
acid without and with the catalyst. We performed the conversion of benzaldehyde to
benzoic acid using H2O2 in the presence of the catalyst, and the same reaction was carried
out without the catalyst using H2O2. The characteristic peak appearing at 1696 cm−1 was
attributed to the existence of the C=O stretching vibration. A peak value was observed
at 2863 cm−1 with respect to the –COOH group present in the product, which confirmed
the aldehyde converted to acid. The presence of the C=C aromatic stretching vibration
was confirmed by the peak observed at 1428 cm−1. The aromatic C-H group was present
in the product, as confirmed with the peaks at 684 and 531 cm−1. A peak appeared at
925 cm−1 with respect to the presence of the O-H bending vibration in the benzoic acid,
and a peak appeared at 1299 cm−1 corresponding to the C-O stretching vibration. The
characteristic peak that appeared at 1695 cm−1 was attributed to the existence of C=O
stretching vibration. The peak value observed at 2836 cm−1 with respect to the –COOH
group present in the product confirms the aldehyde converted to acid. The presence of
C=C aromatic stretching vibration was confirmed by the peak observed at 1430 cm−1. The
aromatic C-H group was present in the product was confirmed with the peak 683 and
529 cm−1. The peak appearing at 927 cm−1 with respect to the presence of O-H bending
vibration in the benzoic acid, together with the peak appearing at 1291 cm−1, corresponds
to C-O stretching vibration. The time taken for conversion of benzaldehyde to benzoic
acid without and with a catalyst was nine hours and six hours, respectively. From this, we
confirmed that the addition of the catalyst increased the rate of the reaction. The yield of
benzoic acid was measured as 3.18 g. The yield % was calculated by following Equation (4).
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Yield (%) = (Actual weight/Theoretical weight) × 100 (4)

The mechanism of the oxidation reaction of benzaldehyde to benzoic acid with hydro-
gen peroxide as an oxidizing agent and TiO2 NPs as a catalyst is shown in Figure 7. The
H2O2 was activated on the surface of the catalyst, which occurred through the reaction
between the H2O2 and –OH group present in the catalyst. This reaction led to the formation
of TiO2-OOH peroxo surface species. Then, the O-O bond was polarized in the species,
which led the nucleophilic aldehyde to be attacked by the hydroxyl group and formed
benzoic acid as a major product [54].
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3.7. Reduction of 4-Nitrophenol to 4-Aminophenol

The catalytic efficiency of TiO2 nanoparticles was studied for the reduction of 4-nitrophenol
as a pollutant. In this reduction process, 4-nitrophenol was reduced to 4-aminophenol, and
this process was carried out at room temperature. During the process, 4-nitrophenol was
changed to phenolate ion as an intermediate, and finally, the intermediate was changed
to 4-aminophenol [55]. Figure 8 shows the mechanism of conversion of 4-nitrophenol to
4-aminophenol by the reduction process. The conversion reaction was completed within
20 min, and the absorption was recorded for every 1 minute during the reduction process.
A sharp peak with high intensity around 400 nm was observed, which can be accredited to
4-nitrophenol at 0 min, and a broad peak was observed at 300 and 230 nm, which can be
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accredited to 4-aminophenol at 20 min. The TiO2 nanoparticles showed a reduction efficiency
of up to 98.44% at the nine-minute interval, and the R2 value was 0.9492. Figure 9a shows the
plot of Time vs. % Reduction, while Figure 9b shows the linear regression coefficient. Table 2
shows the absorbance and % Reduction with respect to time for 4-nitrophenol reduction.
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Table 2. Absorbance and % reduction with respect to time for 4-nitrophenol reduction.

S. No Time (min) Absorbance % Reduction ln (c0/ct)

1 0 2.7234 0 0
2 1 2.1887 19.63 0.0949
3 2 1.4367 47.24 0.2776
4 3 1.0410 61.77 0.4176
5 4 0.8030 70.51 0.5304
6 5 0.5890 78.77 0.6650
7 6 0.3753 86.21 0.8607
8 7 0.2143 92.13 1.1041
9 8 0.1082 96.02 1.4009
10 9 0.0423 98.44 1.8124

3.8. Reusability Study

The reusability of the catalyst is important in industrial aspects. After the completion
of the reaction, the catalyst was separated using a separating funnel. The separated catalyst
was further washed with double distilled water several times to remove the product and
impurities and dried at 80 ◦C till completely dry. Then, the separated TiO2 NP was further
used for oxidation reaction to verify the reusability of the catalyst, and the same reaction
was carried out. The efficiency of the catalyst decreased during five runs, 94, 87, 78, 69, and
64% for benzaldehyde oxidation. Figure 10 shows the yield % of benzoic acid in different
cycles. With each cycle, the % yield decreased due to the leaching of the nanoparticle during
the washing and drying after every cycle. Therefore, for the first cycle, the efficiency was 94%,
and then with each cycle, it decreased until 64% efficiency was achieved in the fifth cycle.
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4. Conclusions

The anatase TiO2 NPs were successfully synthesized by a simple sol-gel method. From
XRD analysis, the formed nanoparticle showed the anatase structure confirmed with JCPDS
card No. 84-1285. The crystallite size of the synthesized nanoparticle was 18.3 nm with
spherical morphology. The bandgap (3.2 eV) revealed that the formed nanoparticle was
in anatase form. The bond formation between metal and oxide was confirmed by FTIR
analysis. The efficiency of degrading the dye solution decreased with the increased use of
the catalyst in the reusability study. The yield percentage of conversion of benzaldehyde
to benzoic acid also decreased with the increased number of cycles for the same reaction.
In the reduction process, 98.44% of 4-nitrophenol was converted to 4-aminophenol. Hence,
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it was shown that the TiO2 NPs were efficient catalysts in the degradation of methylene
blue, the oxidation of benzaldehyde, and the reduction of 4-nitrophenol.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11121456/s1, Figure S1: Photodegradation of methylene blue dye by TiO2 nanoparticles
for 50 mg, 75 mg and 100 mg; Figure S2: Mechanism of oxidation of benzaldehyde to benzoic acid;
Table S1: Absorbance and % degradation of dye with respect to time in presence of different catalyst
weight; Table S2: Reusability study of photocatalyst.
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