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Abstract: A set of titania–silica mixed oxide materials were prepared by a cosolvent-induced gelation
method using ethanol and toluene as solvent and cosolvent, respectively. These materials were
extensively characterized by utilizing several characterization techniques and assessed for phenol
degradation under UV illumination. The degradation of phenol follows first-order kinetics, and
fragmented products formed during the phenol degradation were qualitatively identified by using
high performance liquid Chromatographic (HPLC) and atomic pressure chemical ionization mass
spectroscopic (APCI-MS) techniques. The complete mineralization of phenol was further evidenced
by the measurement of the total organic contents that remained in the solution after irradiation.
The pore diameter of the materials was found to be the key factor for phenol degradation, whereas
surface area and pore volume play a role among the mixed oxide materials. In addition, in the mixed
oxide system there was an inverse correlation obtained with the particle size of the materials and the
degradation efficiency. The smaller particle size of titania in the mixed oxide material was found to
be a requirement for an effective degradation of phenol.

Keywords: titania–silica; Phenol; OH radical; HPLC; APCI-mass spectroscopy

1. Introduction

Aquatic pollution is one of the major concerns that directly impact the health of the
ecosystem, mainly due to waste mismanagement [1–3]. Toxic organic pollutants generated
from industrial processes released directly into the environment eventually affect water
worldwide. In addition, these toxic organic pollutants, depending upon their different
occurrences in nature, toxicity, and persistence, pose a threat to humans through contami-
nation of drinking water supplies. In particular, phenols and their derivatives are listed as
major environmental hazards due to their bio-recalcitrant and acute toxicity in the priority
pollutant list by the US Environmental Protection Agency (US-EPA) [4]. The toxicity of
phenolic compounds is mainly attributed to the ease with which free electrons contribute
to the formation of phenoxy radicals. These radicals can penetrate the cell and damage
membranes of the endoplasmic reticulum, mitochondria, and nucleus [5,6]. In addition,
the interactions of the hydrophobic type of phenolic compounds are leading to necrosis of
the skin, the kidneys, liver, muscle, and eyes [7]. Furthermore, some pollutants, such as
drugs, pesticides, persistent organic pollutants (POPs), etc. are found to be a major health
concern even at low concentrations, due to their endocrine- disrupting potency. These
validate the necessity for the removal of such phenolic contaminants and minimization of
their long-term existence and accumulation. Consequently, considerable efforts have been
devoted to achieving an effective removal of these pollutants from the polluted aquatic
environment. The conventional wastewater purification methods, such as adsorption,
membrane filtration, coagulation, and flocculation, generate undesirable secondary waste
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pollutants during the process [8–14]. Thus, these methods are not cost effective and are
extremely sensitive to several experimental conditions, due to the need for additional steps
to completely remove the pollutants.

The advanced oxidation processes (AOP) have been documented as an efficient route
for the degradation of wide variety of toxic pollutants [1,15,16]. In particular, the het-
erogeneous photocatalytic oxidation (HPO) process employing semiconductor materials,
such as TiO2 in the presence of UV irradiation, has been utilized as an effective method
to mineralize the persistent organic pollutants (POPs) and produce biodegradable and
less toxic substances, such as CO2 and H2O. The highly active hydroxyl (•OH) radicals
formed during the heterogeneous process are the key elements for the conversion of a wide
spectrum of toxic organic compounds into relatively innocuous end products. Even though
TiO2 has been considered as an effective semiconductor in the heterogeneous technique
due to its photostability and hydrophilic nature, the application of the TiO2-mediated
photodegradation presents several technical challenges that include inefficient visible light
harvesting, catalyst deactivation due to the rapid recombination of the electron-hole pairs
generated during the irradiation process, and the separation of the TiO2 catalyst after water
treatment [17]. Thus, to overcome these challenges, mixed oxide semiconductor materials
containing TiO2 as an active center have been explored and utilized for the mineraliza-
tion of organics [18–22]. In particular, titania loaded on a silica support has gained more
attention due to the durability and high surface area of silica [23]. These materials have
proven to be better catalysts for the photo- induced mineralization of organic and inorganic
pollutants [24–29]. In this regard, we have developed a cosolvent-induced gelation method
to prepare mixed titania–silica materials with an equimolar ratio of Ti:Si [30] and explored
their potential in the degradation of organic pollutants [31,32]. As an extension of the
previous work, we have altered the titania–silica ratio in the synthesis route to prepare a
set of materials with a different Ti:Si composition and harness them for phenol degradation
in this study.

The degradation of phenol or phenolic compounds depends on several factors that
include the following; the solution pH, concentration and type of organic substrate, light
intensity, oxidant concentration, composition of catalysts, and calcination temperatures,
which have been investigated in various reports [33–35]. However, the scarcity of reports
may be due to the competitive and collective effect of the physicochemical properties of
the photocatalyst against the activity. To the best of our knowledge, only one report [36]
explains the differences in the activity of phenol degradation with a series of materials
prepared with the different composition of titania–silica. Even though the previous reports
linked the structural properties and the effective mineralization, the followings points are
identified as major gaps in the existing literature: (i) systematic variation in the titania–silica
composition for the preparation of TiO2–SiO2 aperiodic mixed oxide materials prepared by
the sol–gel method, (ii) an extensive characterization of the textural properties of the TiO2–
SiO2 materials, (iii) a detailed study on the effect of textural properties of the TiO2–SiO2
materials for the photocatalysis, (iv) comprehensive identification of mineralized aromatic
and carboxylic acid by-products during the phenol photodegradation over titania–silica
mixed oxide materials using mass spectroscopic analysis, and (v) the role of hydroxyl
radical in the degradation rate.

Thus, this study mainly aims to evaluate and summarize the influence of different
titania–silica compositions on the textural properties of the materials and their degradation
efficiency in the mineralization of phenol under UV illumination. A set of titania–silica
mixed oxide materials was prepared by a cosolvent-induced gelation method. In this
method, non-polar solvents, such as toluene, were used to modulate the hydrolysis of the
alkoxide precursor. The hydrolysis of tetraethylorthosilicate is much slower in comparison
to titanium tetraisopropoxide. This creates uncontrolled precipitation and poor dispersion
of titania. Aromatic cosolvents, such as toluene, act as weak donor solvents for titanium
alkoxide and slow down the hydrolysis process, hence allowing for hydrolysis rates of
the starting two alkoxides to be similar. This allows for better dispersion of titania and
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enhanced crystallinity over the silica support, as indicated in our previous study. The
synthesized materials have been extensively characterized by using several techniques
and utilized for phenol degradation under UV illumination. The degradation of phenol
follows first-order kinetics, and the intermediates formed during the degradation process
were qualitatively identified by using high-performance liquid Chromatography (HPLC)
and atomic pressure chemical ionization mass spectroscopy (APCI-MS) techniques. In
addition, the remnant total organic contents were also evaluated by Total Organic Carbon
(TOC) measurements, and, thus, the complete removal of phenol was evidenced. Moreover,
the formation of the highly reactive •OH radical species was qualitatively elucidated
by the fluorescence studies. We believe that this study provides the detailed guidance
to understand the optimal structural property requirements for an efficient catalyst by
comparing a set of materials prepared under similar experimental conditions with different
titania–silica ratios.

2. Results and Discussion

The X-ray diffraction patterns of the mixed oxide materials prepared with different
Ti:Si ratios of 1:4, 1:1, 2:1, and 3:1 and labelled as TS-25, TS-50, TS-67, and TS-75, respectively,
show noticeable differences in diffraction peak intensities and explain the variation in the
crystallinity of the materials. Figure 1 depicts the XRD patterns of the mixed oxide materials
prepared in the presence of an ethanol–toluene solvent–cosolvent mixture along with the
material that contains only titania (TS-100).
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Figure 1. X-ray diffraction pattern of the TiO2–SiO2 mixed oxide system prepared with different Ti:Si
ratio in the presence of ethanol–toluene solvent mixture.

The material TS-100 displays high-intensity peaks, suggesting the high crystallinity
of the titania phase. In comparison to TS-100, TiO2–SiO2 mixed oxides materials show
low diffraction contrast in the anatase phase of TiO2 due to the presence of amorphous
silica. However, all the materials exhibit the peaks due to d101, d004, d200, d105, d211, d204,
d116, and d220 at 2θ values of 25.5◦, 37.9◦, 48.3◦, 54.3◦, 55.2◦, 62.9◦, 69.1◦, and 75.4◦ degrees.
These confirm that the TiO2–SiO2 mixed oxide materials contain TiO2 only in the anatase
phase, and the increase in the silica amount resulted in the peak broadening in the final
materials. Raman studies (figures are not shown here) further supported the presence of
a pure anatase phase and the crystalline nature of the TiO2 phase. All samples display
the peaks at 638, 510, 391, and 143 cm−1 for TiO2. There was an additional shoulder at
197 cm−1 observed in all Raman spectra, which may be due to the Eg symmetric modes.
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Thus, both the XRD and Raman studies confirmed that the crystallinity of titania is affected
by silica incorporation and also that the crystallite size of titania is altered depending on the
silica amount. The crystallite sizes of titania in the mixed oxide materials are also affected
by the incorporation of silica. The crystallite size of the pure TiO2 material was obtained
using the Scherrer formula by considering the d101 peak, and it was found to be larger
(12.6 nm), whereas the crystallite size of the other mixed oxide materials lies in the range of
8.1 to 11.1 nm. A decreasing trend was observed among the mixed oxide materials when
the amount of silica decreases, which may be due to the variation in the dispersion of titania
in the silica support. Further, TEM studies of the selected mixed oxide materials, TS-50,
and TS-100, which have a 1:1 and 1:0 Ti:Si ratio, respectively, show the presence of lattice
fringes due to the titania phase that is illustrated in Figure 2. The higher crystallinities of
TS-100 than TS-50 indicate that the incorporation of silica lowers the crystallinity of the
materials. In addition, the surface topography of the TiO2–SiO2 mixed oxide materials was
recorded using Scanning Electron Microscopy (SEM), and representative images are shown
in Figure S1 for TS-50 and TS-100. It was observed that the mixed oxide particles aggregate
and form larger secondary particles micrometers in size.
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Figure 2. Transmission electron microscopic (TEM) image of the TiO2–SiO2 mixed oxide system with
different (A) TS-50 (Ti:Si ratio of 1:1) and (B) TS-100 (Ti:Si ratio of 1:0) prepared in the presence of
ethanol–toluene solvent mixture.

Although there was a lack of silica peaks in the mixed materials evidenced by the
XRD patterns, the FT-IR analysis specifies the presence of heterolinkages in the materials
(Figure 3). The bands at the wavenumbers of 437, 579, and 1027 cm−1 are due to the
bending vibration of Ti–O–Ti, Si–O–Si and the stretching frequency of Si–O–Si, respectively.

In addition, a shoulder is recorded at 956 cm−1 and assigned to Si–O–H groups.
Although the band in the region between 930 and 960 cm−1 can be attributed to the
presence of Ti–O–Si heterolinkages, pure silica materials also indicate a band at this region
and confirm the presence of a Si-O-H group. A peak at 783 cm−1 was observed, particularly
in the pure TiO2 sample (TS-100) assigned to the Ti-O vibration, where the oxygen atom is
in the non-bonding state [37].

The nitrogen isotherms of TiO2–SiO2 mixed oxides materials are shown in Figure 4A.
All these materials exhibit the type IV isotherm, which is characteristic for the mesoporous
materials taking place via multilayer adsorption followed by capillary condensation. Thus,
initially the adsorption process is similar to the macroporous solids. Changes in hystere-
sis loops were observed in these mixed oxides, which may be due to the presence of a
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different amount of silica. The materials TS-25, TS-50, and TS-67 show the hysteresis
loop classification H3 that are typical for materials that consist of aggregates of plate-like
particles forming slit-like pores. TS-75 exhibits parallel and horizontal branches, and this
corresponds to the H4-type hysteresis loop.
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size distributions of the materials.

It was observed that the surface area and pore volume of the mixed oxide materials
increased with the increased amount of silica. The sample TS-25 exhibits a broad pore size
distribution that is centered at ~164 Å with an additional peak at 26 Å (Figure 4B). Thus,
this material shows the pore diameter of 96 Å, derived from the desorption branch of the
nitrogen physisorption by applying the BJH equation. TS-50 also shows a broad pore size
distribution, while the TS-67 results in a multimodal distribution with the pore size of 62 Å.
A fairly narrow and unimodal distribution at 25 Å was obtained for the sample TS-75, and
the unimodal center was shifted to a larger value for the pure TiO2 material TS-100. In
addition, the peak for TS-100 was not found to be as sharp as the peak observed with the
material TS-75, which may be due to the influence of silica in the TS-75 material and the
effect of cosolvent in the pure TiO2 material, TS-100.

The absorbance spectra of the TiO2–SiO2 mixed oxide materials were obtained using
the UV-Visible diffuse reflectance spectroscopic analysis and are depicted in Figure 5A.
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The electron transitions from the valence band to the conduction band of the materials
were attained by the absorption below the wavelength of 400 nm. The band gap energies
were calculated from the transformed Kubelka–Munk function versus the light energy plot,
shown in Figure 5B. All the mixed oxide materials have the band gap in the range of 3.2 and
3.4 eV, similar to that of the pure TiO2 bandgap energy. Table 1 illustrates all the structural
properties of the materials along with the rate constants.
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Table 1. Textural properties and rate of degradation of TiO2–SiO2 mixed oxides prepared using
different Ti:Si ratios.

Sample %
Ti

SSA
(m2/g)

PV
(cm3/g) PD (Å)

Crystallinity
(Intensity of d101)

Particle
Size (nm)

Rate
(×10−4)

(s−1)

TS-25 25 672 1.61 96 610 2.7 4.59
TS-50 50 423 0.73 68 551 3.3 2.54
TS-67 67 409 0.64 62 505 3.2 2.41
TS-75 75 295 0.27 37 431 4.2 2.10

TS-100 100 65 0.23 141 729 ND 5.39

TS refers to titania–silica and the numbers convey the % amount of titania present in
the materials. SSA refers to specific surface area, PV to pore volume, and PD to BJH pore
diameter, which was determined by applying the BJH equation to the desorption isotherm.

2.1. Photocatalytic Degradation

A simple, toxic, and highly water-soluble (Solubility of 8.3 g/100 g of water at 20 ◦C)
compound, phenol with an initial concentration of 2 × 10−4 M was chosen as a model
pollutant. The quantification of the total remnant organics after irradiation was completed
by TOC and HPLC analysis. More than 94% of total organic content removal was attained
from the TOC analysis with all the mixed oxide materials, whereas a complete removal
(100%) was achieved with the pure TiO2 material, TS-100, at that time. It is well known
that the photocatalytic activity of a semiconductor material is mainly dependent on surface
and structural properties, such as crystal phase and composition, surface area, crystallite or
particle size, porosity, band gap, and surface hydroxyl density.

In this study, it can be seen that the phenol degradation follows first-order kinetics, as
illustrated in the normalized concentration plot (Figure 6A) and the kinetic plot (Figure 6B),
where the concentration of phenol at time t is denoted as C and the initial concentration is
noted as C0. The rate constants (Table 1) were obtained from the linear natural logarithmic
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plot ln(C/C0) vs. t by considering its slope. Notably, surface area, pore volume, and the
pore diameter of the materials seem to influence the degradation efficiency. The variation
in the amount of silica present in the mixed oxide materials was found to alter the textural
properties. A relatively high surface area of 672 m2/g was recorded for the material, TS-25,
prepared with high loading of silica (Ti:Si = 1:3). The high silica loading may provide better
dispersion of titania crystallites, and this may be important for its ability to degrade phenol
effectively in comparison to other titania–silica materials prepared in this study.
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In addition, the high pore volume of 1.61 cm3/g, and the larger pore diameter of
96 Å could also be reasons for the higher activity of TS-25 in comparison to the other
mixed titania–silica oxide materials used in this study. An increase in the amount of
titania decreases the surface area of the mixed oxide materials from 672 m2/g (TS-25)
to 295 m2/g (TS-75). Likewise, the pore volume and pore diameter also decrease as the
amount of titania in the mixed oxides increases. Even though titania acts as an active
photocatalytic site, the photocatalytic activity was found to decrease with an increase in
loading of TiO2. This may be attributed to the greater influence of textural properties such
as surface area, pore volume, and pore diameter that effectively provide enhanced mass
transport or effective molecular trafficking of reactants, intermediates, and products. In
addition to the textural properties of these materials, formation of Ti–O–Si heterolinkages
also modifies the TiO2–SiO2 interface and yields unique catalytic properties in the mixed
oxide materials [38,39]. In order to understand the role of Ti–O–Si linkages, XPS studies
were carried out. Figure 7 indicates the de-convoluted O 1s spectra.

The percentage of Ti–O–Si surface content was calculated from XPS analysis by us-
ing the procedure stated in the previous reports. Briefly, the O 1s transition was fit to
two peaks near 530 eV [40] and 532 eV [41]. Then the broad bands between 530 and 532 eV
were de-convoluted to three additional peaks. The Ti–O–Si species was quantified using
Gaussian/Lorentzian shape GL (30:70) curves with equivalent electron volts (eV) at the full-
width-half-maximum (fwhm) by considering the band near 531.7 eV [40,42,43]. Figure 7
shows the de-convoluted O 1S spectra of all TiO2–SiO2 materials prepared with different
Ti:Si ratios and the calculated percentage of all the species, such as Ti–O–Si, Ti–O–Ti, Si–O–
Si, Ti–O–H, and Si–O–H, which are listed in Table S1 in the supplementary section. It was
noted that the percentage of Ti–O–Si species increases until the titania content increases
up to 67% in the mixed oxide materials, and then it decreases with the further increase
of titania. The increase in the Ti–O–Si heterolinkages from TS-25 to TS-67 may simply be
attributed to an increase in the amount of titania in the mixed oxides. This is also sup-
ported by a concomitant increase in Ti–O–Ti and decrease in Si–O–Si bonds, as indicated
in Table S1. Regarding the material, TS-75, the percentage of Ti–O–Si heterolinkage seems
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lower in comparison to TS-67 and the reason for this observation may be due the difference
in dispersion of titania in this material, driven by the synthesis method. These findings
suggest no correlation between the Ti–O–Si linkage and the degradation efficiency in the
mixed oxides prepared with different loadings of titania–silica. Thus, one needs to be
cautious in linking the factors that impact the activity.
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2.2. HPLC Analysis

There are several intermediates of degraded phenol that have toxicity in the envi-
ronment reported in the existing literature [44]. In particular, the addition of hydroxyl
radical resulted in hydroxy benzenes, and these intermediate species can further oxidize
and lead to the highly substituted intermediates and the acidic intermediates after the
cleavage of the ring [45–47]. The HPLC results provide a broader picture regarding the
intermediates that formed under our experimental conditions, and it was further validated
by the APCI-MS studies explained in the subsequent section. Notably, the di- (CC and HQ)
and tri- (PG and HHQ) hydroxy benzenes were found to be the major intermediates. The
keto-enol tautomerism of these hydroxy benzenes resulted in the intermediates HBQ and
BQ. However, CC formation was found to be more favorable than HQ, and this may be due
to the intramolecular hydrogen bonding between the ortho disubstituted hydroxyl groups
on the benzene ring. Among the quinones that can be in equilibrium with the dihydroxy
benzene products under acidic conditions, p-benzoquinone was identified as a dominant
intermediate in our studies compared to o-benzoquinone, which implies instability of this
intermediate in the aqueous medium [48].

Continuous attack of hydroxyl radicals in the primary intermediates results in ring-
opening products that include Maleic acid (MA), Fumaric acid (FA), Oxalic acid (OA),
Malonic acid (MAL), and Acetic acid (AA), which have been reported thus far as ring-
opening products [46,47,49–52]. The observations for the formation of these isomeric forms
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(MA and FA) were also confirmed by the mass spectroscopic characterization. In addition
to MA and FA, there are some other acidic products identified by the APCI-MS studies
elaborated in the following section. Furthermore, the solution mixture pH was recorded to
be approximately seven after six hours of irradiation, and the neutral pH value supported
the complete degradation and/or presence of mild acidic nature in the final solution. The
quantitative calculations of the intermediates from the HPLC studies follow a Gaussian
trend; moreover, all the samples prepared with different Ti/Si ratios have similar patterns
during the degradation process.

2.3. APCI-MS Analysis for the Fragmented Products

The MS analysis was carried out to identify the fragmented products of phenol with
two selected mixed oxide catalysts, TS-50 and TS-100, which were prepared with a 1:1 and
1:0 Ti:Si ratio, respectively. The hydroxyl radical produced during the irradiation initiates
the fragmentation of phenol. Even though several intermediates were identified according
to their m/z values from the mass spectroscopic studies, the HPLC analysis could not
detect all the intermediates obtained from the mass spectroscopy because of the detection
limitations, as explained in the previous section. The major intermediates, which include
CC, HQ, BQ, HBQ, and PG, were identified from the HPLC studies, and these intermediates
were also detected in the MS analysis (Figures S2–S12).

The mass spectrum for the initial phenol solution shows the peaks at m/z = 95 (the
parent peak), 77, and 59. This indicates that there is probably an autoionization in the
parent molecule due to atomic pressure chemical ionization. The peak at m/z = 77 belongs
to the benzene ring, and the peak at m/z = 59 recorded may be due to the formation of a
C2H5CHOH molecular ion. Further, the UV irradiation resulted in several other peaks for
the different intermediates because the addition of hydroxyl radical followed the keto-enol
tautomerism, which formed carboxylated products from the oxidation.

HPLC studies indicated that CC formed as the most predominant intermediate com-
pared to the HQ species. The peak detected at m/z = 111 was due to the ortho, meta and/or
para-attack of the •OH radical, and the tautomerism gives the corresponding keto products
of those hydroxy phenols at m/z = 109. However, it has been noted from the HPLC studies
that there was no formation of resorcinol (RC) under our experimental conditions. Thus,
the structures predicted herein for the m/z values of 111 and 109 have been only considered
as ortho and para substitutions. An addition of •OH radical on the benzoquinones resulted
in hydroxy benzoquinones at m/z values of 125. Following oxidation, a peak ensued at
m/z = 153 for the di-oxo benzoic acid derivatives as intermediate products during the
phenol degradation, as illustrated in Scheme 1.

In addition, the disubstituted intermediates, such as hydroxy benzaldehydes, formyl
benzoic acids, and benzene dicarboxylic acids (ortho- and para-phthalic acid) were also
detected at the m/z values of 123, 151, and 167, respectively, and are illustrated in Scheme 2.
Even though all the plausible structures for the corresponding m/z values are listed herein,
the ortho-substituted products are predicted to be the most favored ones due to the in-
tramolecular hydrogen bonding between the ortho substitutions. In addition to the dis-
ubstituted products, formation of trisubstituted derivatives was also evidenced by the
MS studies with the m/z values of 139 and 183. The m/z value of 139 may be due to
the formation of dihydroxy benzoic acid derivatives, such as 2,4-dihydroxy benzoic acid
and 3,4-dihydroxy benzoic acid. The hydroxy-benzene dicarboxylic acids (i.e., 2-hydroxy-
1,4-benzenedicarboxylic acid, 4-hydroxy-1,2-benzenedicarboxylic acid, or 3-hydroxy-1,2-
benzene dicarboxylic acid) form a peak at m/z = 183, and this may imply the formation of
trisubstituted products due to the H-bonding between the carboxylic and hydroxy groups
at the ortho positions. Nonetheless, trihydroxy benzene, i.e., pyrogallol, evidenced from
the HPLC studies was not recorded in the mass spectroscopic study, but trihydroxy ben-
zoic acid derivatives (i.e., Gallic acid or Phloroglucinol carboxylic acid) were detected as
intermediatea at an m/z value of 170, as illustrated in Scheme 2.
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MS analysis.

The benzene dicarboxylic acid derivatives formed during the degradation products
were followed by the formation of bicyclic products, and those were detected at m/z = 149,
165, and 121, corresponding to the intermediate products (Scheme 3), which include ph-
thalic anhydride, 3-hydroxyphthalic anhydride, and phthalane (1,3-dihydro-2-benzofuran),
respectively.
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Scheme 3. The possible bicyclic fragmented products of phenol detected in APCI-MS analysis.

Further, the attack with •OH radicals resulted in ring-opening acid fragments (Scheme 4),
such as 2,5-dihydroxy-3-hexenedioic acid (m/z = 177), 2,5-dioxo-3-hexenedioic acid (m/z = 173),
2-oxo-3-hexynedioic acid (m/z = 157), 3-hexenedioic acid (m/z = 145), 2,3-dihydroxyfumaric
acid or 2,3-dihydroxymaleic acid (m/z = 149), 2-oxosuccinic acid (m/z = 133), fumaric acid
or maleic acid (m/z = 117), 2-butynedioic acid (acetylene dicarboxylic acid) (m/z = 114/5),
2-hydroxyethanoic acid (glycolic acid) (m/z = 77), 2-oxyethanoic acid (glyoxylic acid) (m/z = 75),
and acetic acid (m/z = 60/1).
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Scheme 4. The possible ring-opening fragmented products of phenol detected in APCI-MS analysis.

It is noteworthy to mention here that both selected catalysts show similar fragmented
products in the mass spectroscopic analysis, and thus the formation of different intermediate
products was found to depend on the formation of reactive oxygen species (ROS) during
the irradiation. It is well known that in a heterogeneous photocatalysis the ROS play
an important role in degrading the organics. To evaluate the formation of ROS, •OH
trapping experiments were carried out. These radicals can react with terephthalic acid
(TPA) and form fluorescent 2-hydroxyterephthalic acid (2-HTPA). The formation of 2-HTPA
is proportional to the amount of •OH formed. Figure 8 shows a plot of fluorescence
intensity for 2-HTPA vs. time for all the catalysts used in this study.

It can be seen from Figure 8 that the production of •OH radical at the initial stage is
high in the sample TS-100, which contains only TiO2, and is followed by TS-25, TS-50, TS-67,
and TS-75. A similar trend was observed until 80 min. of irradiation, and this may explain
the differences in the rate of degradation. The sample TS-75 was found to produce lower
amount of hydroxyl radicals, and it further supports its least activity among all the samples
used in this study. These results suggest that the •OH radicals play an important role in
the phenol degradation, and the degradation of phenol was found to be highly affected by
hydroxyl radicals generated by irradiation.
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3. Materials and Methods
3.1. Materials

Readily available Tetraethylorthosilicate (TEOS, Acros 98%), Titanium isopropox-
ide (Ti(iOPr)4, Acros 98+%), Anhydrous ethanol (Pharmco-AAPER, ACS/USP grade,
200 proof), toluene (ACS grade), and conc. nitric acid (HNO3) were used as received
for the preparation of the TiO2–SiO2 mixed oxides. Commercially available Phenol (Acros,
Waltham, MA, USA, ACS Grade, 99+%), hydroquinone (Sigma, St. Louis, MO, USA >99%),
benzoquinone (TCI America, Gardena, CA, USA 98%), Maleic acid (Alfa Aesar, Tewks-
bury, MA, USA), Acetic acid (Fisher), Fumaric acid (Acros), Pyrogallol (Alfa Aesar, ACS
Grade, 99%), Catechol, and methanol (Acros, Waltham, MA, USA 99.9% HPLC grade) were
used without further purification. Nano pure water (resistivity > 18 mΩ.cm) was used to
prepare the solution mixtures. Terephthalic acid (TPA, Acros, Waltham, MA, USA, 98%)
was used as received for the scavenging experiments.

3.2. Synthesis of TiO2–SiO2 Mixed Oxides

TiO2–SiO2 mixed oxides with different TiO2:SiO2 molar ratios (1:4, 1:1, 2:1, and 3:1)
were prepared by simultaneous hydrolysis and condensation of TEOS and Ti(iOPr)4 in the
presence of an ethanol–toluene solvent–cosolvent combination by following a procedure
similar to that previously reported by us [30]. The blank titania sample (TS-100) was
obtained by the hydrolysis and condensation of Ti(iOPr)4 in the presence of an ethanol–
toluene solvent mixture. The obtained gels were then hydrothermally treated at 120 ◦C for
12 h. Finally, the mixed oxide powders were ground and calcined by heating in static air at
500 ◦C for 6 h with the heating rate of 3 ◦C/min. The resultant samples were then named
as TS-25 (1:4), TS-50 (1:1), TS-67 (2:1), TS-75 (3:1), and TS-100 (blank Titania), respectively.

3.3. Characterization

The TiO2–SiO2 mixed oxides were characterized by using several techniques. Powder
X-ray diffraction patterns were recorded at room temperature on a Rigaku Ultima IV
instrument with Cu Kα radiation (λ = 1.5408 Å) and with 40 kV accelerating voltage,
44 mA emission current, and two theta angles (2θ) from 20◦ to 80◦ with 0.02◦ step size and
1◦/min. scan rate. The obtained diffraction patterns were analyzed using PDXL software
provided by Rigaku. A Quantachrome Nova 2200e surface area analyzer was used for the
nitrogen physisorption studies. The samples were dried overnight at 70 ◦C prior to the
analysis, followed by an extensive degassing at 100 ◦C, and then N2 adsorption–desorption
isotherms were recorded at 77 K. The Brunauer–Emmett–Teller (BET) equation was used
to calculate the surface area within the relative pressure P/P0 range of 0.05–0.30. The
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pore volume was obtained from the nitrogen amount adsorbed at the highest relative
pressure P/P0 ≈ 0.99. The pore diameter and pore size distribution plots were determined
by applying the Barrett–Joyner–Halenda (BJH) model to the desorption isotherm. The
synthesized mixed oxides were further analyzed by using Scanning Electron Microscopy
(SEM, FEI 450) and Transmission Electron Microscopy (TEM, Hitachi H-7000FA). SEM
images were typically recorded at 20 kV and 2 × 10−6 Torr. The TEM images were recorded
on a Hitachi H-7000 FA instrument operating at 100 kV. The samples (~5 mg) were first
dispersed in ethanol (~20 mL) by sonication for 10 to 15 min. The dispersed solution
(2 to 3 drops) was deposited on C film-coated Cu TEM grids (200 mesh) and allowed to
air-dry overnight prior to the TEM analysis. Raman spectra were obtained with a Horiba
Jobin Yvon LabRamARAMIS spectrophotometer with an internal HENE (633 nm) excitation
laser. The unfiltered beam of scattered laser radiation was focused onto the sample through
a microscope objective (×50) for an acquisition time of 10 s and repetition of 10×. The
radiation was then dispersed by an 1800 line/mm grating onto the CCD detector. The
diffuse reflectance spectra (DRS) spectra of the samples were recorded in the range of
200–800 nm using a Cary 100 Bio UV-Vis spectrophotometer equipped with a Harrick DR
praying mantis accessory. Fourier Transform-Infrared (FT-IR) spectra of the TiO2–SiO2
mixed oxide materials were recorded using a Bruker instrument model ALPHA equipped
with an ATR platinum diamond module of spectral range capabilities from 50,000–50 cm−1.
The crystal type is automatically recognized by the spectroscopy software OPUS 6.5 and
optimal measurements were obtained at 24 scans with a resolution of 4 cm−1. X-ray
Photoelectron Spectroscopy (XPS) studies were carried out using a custom-designed Kratos
Axis Ultra system to interpret the chemical environment of the oxide species present on the
surface of the photocatalysts. Survey scans were collected with the following parameters:
energy scan range of 1200 to 25 eV, pass energy of 160 eV, and the step size of 1 eV. High-
resolution spectra were attained in the region with an energy window of 20–40 eV, pass
energy of 20 eV, and step size of 0.1 eV. The absolute energy scale was calibrated to the C 1s
peak at a binding energy of 284.6 eV, since this minimizes any errors in sample charging
effects. The deconvolution of the XPS peaks was completed using CASA XPS software, and
a Tougaard-type background was subtracted from each spectrum to minimize the scattered
electron noise.

3.4. Photo Degradation

The photocatalytic activity of the mixed oxide materials was carried out in the follow-
ing procedure. An appropriate amount of TiO2–SiO2 mixed oxide materials was dissolved
in 2 × 10−4 M phenol in a quartz cylindrical jacket reactor to make a 1 mg/mL suspension.
The initial pH of the solution was recorded in the range of 4 to 6. The suspension was
purged with molecular oxygen (60 mL/min) and stirred at 300 rpm in the dark for 30 min.
to establish the adsorption–desorption equilibrium. The reaction temperature was kept
constant at 25 ± 2 ◦C by routing water between the double-wall reactor. After 30 min, the
Xenon lamp (Newport 1000 W) was turned on to provide the irradiation through a Pyrex
glass filter cut of 280 nm. These experimental conditions were maintained throughout the
whole experiment. Of the reaction mixture, 15 mL was withdrawn in 30 min. time periods,
and it was centrifuged at 3200 rpm for 15 min. Finally, it was filtered through a 0.45 µm
Millipore filter membrane and the clear filtrate was used for analysis.

3.5. Analytical Techniques

The obtained filtrate was immediately tested using a Shimadzu TOC-V CSH total
organic carbon analyzer and High-Performance Liquid Chromatography (HPLC) in a
SP8800/8810 LC Pump equipped with a Spectra 100 UV-Vis detector to explore the catalytic
activity of TiO2–SiO2 mixed oxide materials. A reversed phase C18 5 µ, 250 mm length
and 4.6 mm internal diameter column was used for the separation of reactant and the
intermediates. A mixture of 40% methanol and 60% deionized water with 1% glacial acetic
acid was used as the mobile phase and argon gas was purged into the mobile phase to
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minimize the auto-oxidation of the products. The mobile phase was infused at a rate of
1.0 mL/min and the detection wavelength was kept at 254 nm. The reaction intermediates
were confirmed by the coinjection of the commercial standards at the same operating
conditions. Quantities of the intermediates were calculated by using the calibration plots
of maleic acid (MA), fumaric acid (FA), pyrogallol (PG), hydroquinone (HQ), catechol
(CC), benzoquinone (BQ), and phenol (PhOH). The stock solutions of these samples were
prepared in the concentration of 2 × 10−4 M and serial dilution was made to prepare the
test solution in the range from 1.25 × 10−5 M to 2 × 10−4 M for the calibration plot. The
BQ calibration plot was used to find the quantity of hydroxy benzoquinone (HBQ), due to
the unavailability of the HBQ standard.

The Varian 500-MS Ion Trap Mass Spectrometer was used for the identification of the
degraded products of phenol during the photocatalysis process. Ionization was completed
by an atomic pressure chemical ionization (APCI) source in positive mode to separate
the fragments on the basis of their mass-to-charge ratio (m/z). The test samples were
infused in the rate of 100 µLmin−1, whereas the other parameters were kept as follows:
Spray shield voltage = 600 V, Capillary voltage = 80 V, Needle voltage = 5000 V, Dry-
ing gas temperature = 400 ◦C, Nebulizer pressure = 10 psi, and the electron multiplier
voltage = 1360 V. The peak pattern was recorded in the m/z range of 50–200.

3.6. Scavenging Experiment

The amount of •OH formed on the surface of TS materials was evaluated by apply-
ing the fluorescence technique. Terephthalic acid (TPA) was used as a fluorescence trap
for the •OH radicals. It is well known that the •OH radicals react readily with TPA to
produce highly fluorescent 2-hydroxyterephthalic acid. In a typical experiment, 20 mg of
photocatalyst were added into 5 × 10−4 M TPA solution prepared in 2 × 10−3 M NaOH.
The suspension was stirred well in the dark for 20 min, and then the suspension was
irradiated with UV light. Every 20 min, 5 mL aliquots were drawn and filtered through a
0.45 µm Millipore filter membrane. Finally, the clear solution was analyzed for fluorescence
emission intensity of the 2-hydroxyterephthalic acid with the excitation wavelength at
315 nm. The intensity of the peak at 425 nm was predicted to be proportional to the amount
of •OH formed.

4. Conclusions

Highly active TiO2–SiO2 mixed oxides have been successfully synthesized by the
hydrothermal synthesis through a cosolvent-induced gelation method. During the photo-
catalysis process, the illumination of a titania–silica (TiO2–SiO2) semiconductor catalyst
with ultraviolet (UV) radiation activates the catalyst, creating a redox environment, which
is necessary for degradation. The cosolvents facilitate dispersion of anatase in the silica
framework. The textural properties of the titania–silica mixed oxides seemed to play an
important role. The proposed mechanism of this degradation process proceeds through
the CC pathway, and there is a small contribution from the HQ pathway. Our mechanism
provides the evidence for the formation of CC, HQ, BQ, HBQ, and PG as major intermedi-
ates. In addition, MA and FA were found as minor intermediates during the degradation
process. TOC and LC results suggest that phenol is converted into CO2 and H2O. This
study provides guidance regarding intermediates formed during the degradation of PhOH
using these mixed oxide catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12020193/s1, Table S1. The percentage surface contents
of TiO2–SiO2 mixed oxide materials; Figure S1: Scanning electron microscopic (SEM) image of the
TiO2–SiO2 mixed oxide system with different (A) TS-50 (Ti:Si ratio of 1:1) and (B) TS-100 (Ti:Si ratio
of 1:0) prepared in the presence of ethanol–toluene solvent mixture; Figure S2: APCI-MS Spectrum of
pure Phenol; Figure S3: APCI-MS Spectrum of phenol under dark condition with the catalyst TS-50;
Figure S4: APCI-MS Spectrum of phenol after 1h of irradiation with the catalyst TS-50; Figure S5:
APCI-MS Spectrum of phenol after 2 h of irradiation with the catalyst TS-50; Figure S6: APCI-MS
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Spectrum of phenol after 3 h of irradiation with the catalyst TS-50; Figure S7: APCI-MS Spectrum
of phenol after 6 h of irradiation with the catalyst TS-50; Figure S8: APCI-MS Spectrum of phenol
under dark condition with the catalyst TS-100; Figure S9: APCI-MS Spectrum of phenol after 1 h of
irradiation with the catalyst TS-100; Figure S10: APCI-MS Spectrum of phenol after 2 h of irradiation
with the catalyst TS-100; Figure S11: APCI-MS Spectrum of phenol after 3 h of irradiation with
the catalyst TS-100; Figure S12: APCI-MS Spectrum of phenol after 6 h of irradiation with the
catalyst TS-100.
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