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The direct release of untreated wastewaters from various industries and households results in the release of toxic pollutants to
the aquatic environment. Advanced oxidation processes (AOP) have gained wide attention owing to the prospect of complete
mineralization of nonbiodegradable organic substances to environmentally innocuous products by chemical oxidation. In
particular, heterogeneous photocatalysis has been demonstrated to have tremendous promise in water purification and treatment
of several pollutant materials that include naturally occurring toxins, pesticides, and other deleterious contaminants. In this work,
we have reviewed the different removal techniques that have been employed for water purification. In particular, the application of
TiO
2
-SiO
2
binary mixed oxide materials for wastewater treatment is explained herein, and it is evident from the literature survey

that these mixed oxide materials have enhanced abilities to remove a wide variety of pollutants.

1. Introduction

The energy demand is expected to be greater than 25 TW by
the year 2050.This increase is expected to pose undue burden
on natural resources and create challenges for sustaining
our environment and quality of human life. In addition to
energy, the demand for clean water is also expected to rise
rapidly due to increasing global population. In addition,
with the expeditious pace of industrialization, the disposal
of industrial effluents poses threats to the environment
and is becoming the biggest concern for the sustainable
development of human society. Wastewater reclamation and
recycling are essential goals to protect the global ecosystem
and improve the quality of the environment. Several meth-
ods have been utilized for the removal of pollutants from
contaminated water sources [1–9]. Among them, advanced
oxidation processes (AOP) have emerged to be promising,
efficient, economic, and reliable for the removal of pollutants
from aquatic environments [4, 9, 10]. Among the various
AOP methods, heterogeneous photocatalysis, using titanium
dioxide (TiO

2
) based photocatalysts, has emerged as a viable

process for degrading a wide variety of pollutants [11–13].

Although TiO
2
has several important properties, such as

ease of synthesis, excellent photostability, nontoxicity, and
valence bands that are located at high positive potentials,
there are several drawbacks that impair the performance of
TiO
2
in photocatalytic processes. The absorbance of TiO

2
is

limited to the UV region, and, thus, only a small fraction of
the solar spectrum is utilized. The fast recombination of the
photoinduced electron-hole pairs impedes the efficiency of
the overall photocatalysis reaction. In addition, the relatively
low surface area of TiO

2
limits the number of adsorptive

sites of the target pollutant molecule. To overcome these
aforementioned challenges, researchers have developed TiO

2

based mixed oxide materials that can provide large number
of adsorptive sites by dispersion of TiO

2
species into a

porous support with large surface area. Silica has been
widely employed as a robust and stable mesoporous sup-
port for immobilizing photoactive TiO

2
species. The TiO

2
-

SiO
2
mixed oxide photocatalysts have shown significantly

enhanced activities compared to pure TiO
2
for a number

of photocatalytic reactions for environmental remediation.
The improved photocatalytic performance over TiO

2
-SiO
2

mixed oxide materials can be accredited to the presence of
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highly dispersed TiO
2
species in the SiO

2
support, the better

adsorption of the pollutant, and the presence of Ti-O-Si
bonds that favor the activation of the organic pollutant [14].

In this review, we will first discuss the different types
of aqueous pollutants followed by a discussion of selected
removal techniques and their basic principles. Then, a brief
overview of the synthesis methods of titania-silica (TiO

2
-

SiO
2
) mixed oxides is presented. This is followed by an

extensive description of available characterization techniques
of periodic and aperiodic titania-silica catalysts. Following
this, the heterogeneous photocatalytic degradation of several
pollutants, in particular, organic materials in aqueous phase,
is discussed. Finally, the factors that influence the degradation
reactions are critically reviewed.

1.1. Aquatic Pollution. Clean water is the most important and
indispensable resource that maintains the demands for the
daily activities of every aspect of human society, such as
drinking, cleansing, industrial manufacture, and farm irriga-
tion. However, the squandering of clean water at discretion
and careless handling of wastewater to aquatic systems from
households and industries severely contaminate the quality
of natural aquatic environments. In general, the sources that
result in water pollution can be classified as point and non-
point sources [15].The former one contains pollutants that are
discharged from industries, septic materials, animal feedlots,
mines and oil industries, and so forth into water sources [16].
The latter one includes runoffs from agriculture, sediment,
animal wastes, and so forth [17]. Nonpoint sources, due to
their irregularity, aremore difficult to be tracked compared to
point sources [18]. However, according to the Environmental
Protection Agency (EPA), nonpoint sources are claimed to be
the major cause of aqueous pollutants. The existence of these
pollutants in water systems can cause serious environmental
issues and pose threat to public hygiene and health. For
instance, the contamination of groundwater by pesticides can
endanger aquatic ecosystems. As the fertilizer is discharged
into water sources, it can boost the multiplication of algae,
which interrupts the oxygen level and upsets the ecological
balance in the water system. Moreover, close contact or
drinking of the contaminated water can cause skin rashes and
other severe diseases like typhoid fever and stomach illness
in humans. Waste inorganic and/or organic chemicals, in
particular heavy metal ions, in the water may be ingested
by fish and may also cause infection in humans, who catch
and consume it. In the following section, themost commonly
occurring hazardous pollutants alongwith their effectswill be
discussed.

1.2. Hazardous Pollutants. The most commonly observed
hazardous wastes that threaten the global aquatic system can
be divided into four groups according to the classification
by the EPA: (i) hazardous wastes from nonspecific industrial
processes, (ii) hazardous wastes from specific industrial
sources, (iii) commercial chemical products, and (iv) toxic
wastes. The EPA estimates that the above-mentioned pollu-
tants have been increasingly detected during the past few
decades in rivers, lakes, and oceans. In the following part, we

will discuss the some important inorganic and organic wastes
in water.

1.2.1. Inorganic Wastes

Anionic Wastes. Phosphates (PO
4

3−) and nitrates (NO
3

−) are
the most prevalent pollutants in contaminated surface water
[19, 20]. Phosphorus (P) and nitrogen (N) are indispensable
elements used in fertilizers for agriculture. Application of
extensive amounts of P and N containing fertilizers on
arable lands causes extensive accumulation of the phosphate
(PO
4

3−) and nitrate (NO
3

−) in the soil. Due to the use of
manual irrigation and/or natural rainfall, phosphates and
nitrates can leach into ground and surfacewater sources, such
as rivers and lakes. In addition to the P and N containing
fertilizers, the manure from livestock is also a major source
of phosphate and nitrate contaminants in water systems.

The contamination of water by nitrates poses a threat to
the health of humans and other animals. Nitrate is found
to be extremely toxic at high concentrations in water. It has
been postulated to be the origin of methemoglobinemia in
infants and it can cause toxic effects on livestock. Although
phosphorus is not as toxic as nitrate in water, it can stimulate
the growth of algae in water along with nitrate pollutants.
Their excessive discharge to the surface water sources can
lead to severe eutrophication in surface water sources.
Eutrophication is the most widespread water contamination
in global aquatic systems and it brings about numerous
negative aftermaths to the environment and ecosystem. The
most commonly observed consequence of eutrophication is
that it causes the multiplication of algae and aquatic weeds,
which give bad odor and taste of water in the aquatic systems,
and prevents the use of such polluted systems as sources
for clean water for industry, agriculture, and humans. In
addition, eutrophication can induce the growth of phyto-
plankton and zooplankton in various aquatic environments.
Besides, eutrophication is considered to be the cause for the
disappearance of coral reefs and the extinction of several fish
species.

Cyanides are another important class of anionic pollu-
tants. Cyanides, which can be generated from either anthro-
pogenic or natural sources, commonly exist in the form
of cyanide salts, such as sodium cyanide and potassium
cyanide, or in gaseous phase as hydrogen cyanide. Cyanides
can be discharged into aquatic system from carelessly treated
industry sewage, coal gasification, electroplating operations,
and incomplete combustion of fuels. Cyanides cause severe
threat to human life as the cyanide anion (CN−) is recognized
to be highly toxic.The ingestion and/or inhalation of cyanide
anion (CN−) by humans can lead to low vitamin B

12
levels in

the human body and can be lethal.

CationicWastes.Themost commonly seen inorganic cationic
wastes in aquatic systems are heavy metal ions, such as
lead (Pb2+) [21], arsenic (As3+/5+) [22], mercury (Hg2+) [23],
chromium (Cr6+) [24], nickel (Ni2+) [25], barium (Ba2+), cad-
mium (Cd2+) [26], cobalt (Co3+) [27], selenium (Se2+) [28],
and vanadium (V5+) [25]. These above-mentioned heavy
metal ions can be introduced into aquatic system via diverse
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means [29]. For example, large amounts of heavy metal ions
are produced from natural processes, such as weathering,
volcano activities, and crustal movement. As in the modern
society, the major sources of heavy metal pollutants are from
human/industry activities, for instance, printed board and
semiconductor manufacturing, metal finishing and plating,
industrial dyeing processes, and so forth. Many heavy metal
ions, for example, Fe3+, Zn2+, Cu2+, Mn2+, Co3+, Ni2+, and
so forth, are actually essential trace elements (required in less
than 100mg per day) to maintain the daily metabolism of the
human body. However, these heavy metal ions exhibit fatal
toxicity and can poison humans and animals under excessive
exposure and close contact. The indication of heavy metal
poisoning in humans can be divided into acute and chronic
symptoms. Acute symptoms include fatigue, hallucinations,
headache, nausea, numbness, and abdominal pain. Chronic
symptoms contain anxiety, dyslexia, lack of concentration,
migraines, and so forth. Therefore, the removal of heavy
metal ion pollutants from aquatic system is indispensable.

1.2.2. OrganicWastes. Organic pollutants are toxic molecular
compounds and can cause significant diseases in humans,
when exposed to high concentration levels. These organic
compounds originate from a variety of industrial products
such as detergents, petroleumhydrocarbons, plastics, organic
solvents, pesticides, and dyes, and they can be found in
diverse environments. In addition, these organic pollutants
are a threat to wildlife and human, due to long-term
deleterious effect and chemical complexity. In particular,
thousands of persistent organic pollutants (POPs) are a
family of chemicals consisting of a diverse group of organic
substances, which are toxic, bioaccumulative, and prone to
long range of transport [30–33]. It was reported elsewhere
that POPs mainly differ in the level of chlorine substitutions
and persist in the environment with long lives particularly
in soils, sediments, and air [34]. They are released into the
environment via municipal and industrial wastes, landfill
effluents, agricultural practices, and so forth and undergo
various reactions that validate their prevalence. There are
a wide number of pollutants listed under the toxic and
hazardous categories and some of the main types are detailed
here.

Aliphatic organic compounds aremainly runoffs from the
surface and are particularly seen in urban areas. In addition,
the petroleum oils and the byproducts from the combustion
of oil also are mostly aliphatic compounds. A variety of
aliphatic organic compounds, that include alkenes, alkynes,
dichlorodifluoromethane, 1,2-dichloroethane, 2-propanol,
and tetramethylammonium ions, have been reported as
toxic pollutants from aquatic environment mainly from
surface runoffs. Polycyclic aromatic hydrocarbons (PAH)
are another type of organic substances released to the
environment from the incomplete combustion of organic
substances including wood, carbon, and oil.They are neutral,
nonpolar organic molecules consisting of two or more fused
benzene rings and reported as a priority pollutant by the EPA
[35]. The extensive use of polychlorinated biphenyls (PCBs)
in numerous industrial processes, electrical transformers,

capacitors, carbonless copy paper, and plastics increases their
penetration into the environment.

Surfactants are among themost versatile group of organic
compounds utilized in industrial, household, personal care,
and health products [36]. Owing to their existence in anionic,
cationic, nonionic, and amphoteric forms, they have the
ability to alter the physicochemical state of the natural habitat.
At high concentrations, they can form complexes in water
and cause harmful effects to microorganisms. Pesticides are
another type of organics found in diverse chemical structures
and are used for various agricultural and nonagricultural
applications such as herbicides, insecticides, fungicides, and
germicides. Dyes are colored substances that have strong
affinity for the substrate to which it is being applied. Dyes
are applied to numerous substrates such as textiles, leather,
plastic, and paper. Dyes can be classified under different
categories according to their application method, chemical
structure, usage, or the type of chromophore present in them
[37].

Phenol and phenolic compounds byproducts formed
from many industrial processes, such as the manufacturing
of herbicides, plastics, polymer precursors, photographic
developers, dyes, drugs, and pulp and paper industry [38].
In addition, incomplete mineralization of the phenolic com-
pounds ends up with natural organic byproducts that include
humic substances, lignins, and tannins, which are prevalent
in our environment. The toxicity of phenols and phenol
derivatives is mainly attributed to the ease of donation of
free electrons, forming phenoxy radicals and intermediates.
These phenoxy radicals can penetrate the cell and damage
membranes of endoplasmic reticulum, mitochondria, and
nucleus and also their components like enzymes and nucleic
acids. Furthermore, exposure to phenol may damage the skin
through its reaction with amino acids in the epidermis [39].

2. Removal Techniques

Continuous increase of pollutants in water bodies has
necessitated the need to develop cost-effective methods for
their removal. Destroying the pollutants to benign chem-
icals and/or removing these pollutants from contaminated
water is imperative for a green environment. There are
numerous treatment processes that have been applied for
pollutant removal from wastewater, such as electrochemical
oxidation [40], biodegradation [41, 42] membrane process
[43], coagulation [44, 45], adsorption [46–49], precipitation
[50], sonochemical degradation [51, 52], micellar enhanced
ultrafiltration, and AOP [4, 9, 10]. Though these methods
are considered as efficient methods for pollutant removal,
each method has its own benefits and drawbacks. In this
section, we will explain some of the most common methods
that are frequently used for pollutant removal and their basic
principles.

2.1. Electrochemical Oxidation. Electrochemical oxidation is
an efficient and economicmethod, suitable when the wastew-
ater contains nonbiodegradable organic pollutants. This
method poses several advantages since it does not require
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auxiliary chemicals, high pressures, or high temperatures.
In addition, owing to its versatility and cost-effectiveness,
electrochemical techniques have gained great attention for
the removal of pollutants. The process of electrochemical
oxidation mechanism is mainly based on the generation of
the hydroxyl radicals at the electrode surface.

Two different types of mechanisms have been elaborated
for electrochemical oxidation, such as direct and indirect
oxidation methods [53]. In direct electrochemical oxidation,
the degradation of organic compound occurs directly over
the anode material, where the hydroxyl radical ( ∙OH) or the
reactive oxygen species reactwith the organic compound.The
pollutants are first adsorbed at the surface of the anode and
are then degraded by an anodic electron transfer reaction as
given by

M + H
2
O → M (

∙OH) + H+ + e− (1)

In the indirect electrochemical oxidation, the organ-
ics are treated in the bulk solution by oxidants, such as
∙OH, Cl

2
, hypochlorite (ClO−), peroxodisulfate (S

2
O
8

2−),
and ozone (O

3
), which are electrochemically generated at

the electrode surface. Even though high removal efficiencies
are achieved by both the direct and indirect electrochemical
oxidation processes, their effectiveness strongly depends
on the treatment conditions including pH, current density,
types and concentration of pollutants, supporting electrolyte,
flow rate, electrode preparation method, and nature of the
electrode materials. Several electrode materials that include
Pt, PbO

2
, Ti-SnO

2
, Ti/Pt, Ti/Pt–Ir, Ti/PbO

2
, Ti/PdO–Co

3
O
4
,

Ti/RhO
𝑥
–TiO
2
, Ti coated oxides of Ru/Ir/Ta, IrO

2
, Ti/RuO

2
,

SnO
2
, PbO

2
, and so forth, and boron doped diamond (BDD)

[6, 54–73] have been listed as efficient electrodes for the
degradation of organics by electrochemical oxidation. Apart
from these anode materials, graphite anodes are also con-
sidered as efficient materials for anodic oxidation of several
organic pollutants [6, 62]. Particularly, the high oxygen over-
potential, high electrocatalytic activity, chemical stability,
long lifetime, and cost-effectiveness have been credited for
the high efficiency of these graphite electrodes. In a recent
publication, Govindaraj et al. investigated the electrochem-
ical oxidation of bisphenol A (BPA) from aqueous solution
using graphite electrodes [6]. The effect of the supporting
electrolyte (type and concentration), initial pH, and applied
current density on the performance was discussed in their
work. The oxidation of polyhydroxybenzenes was conducted
using a single-compartment electrochemical flow cell as
illustrated in Figure 1 [56]. Diamond-basedmaterial was used
as the anode and stainless steel was used as the cathode.

The effectiveness of this electrode was evaluated by
monitoring the concentration of BPA. Chemical oxygen
demand (COD) removal of 78.3%was obtained, when 0.05M
NaCl was used as the electrolyte at an initial pH of 5 and a
current density of 12mA/cm2. In a different study, the effect of
different types of supporting electrolytes in the degradation of
phenol using BDD electrode was studied by Alencar de Souza
and coworkers [70]. The electrochemical performance was
examined by measuring COD and the concentrations of all
phenolic compounds formed during the electrolysis process.

The oxidation kinetic constants using different electrolytes
were found to be in the following order: 𝑘Na

2
SO
4

≈ 𝑘Na
2
CO
3

>

𝑘H
2
SO
4

> 𝑘H
3
PO
4

. However, the addition of chloride ion to
the electrolyte solution caused a major change in the reaction
kinetics, and the rate constants were found to be in the
following order: 𝑘H

2
SO
4

> 𝑘Na
2
SO
4

> 𝑘Na
2
CO
3

.The difference in
the reaction kinetics was explained by the oxidationmediated
by the chloride ions, which was formed at low pH values.
Though the concentration of chloride ions helped to rapidly
increase the reaction rate, increment in the supporting
electrolyte concentration also assisted to improve the reaction
kinetics. Apart from the above-mentioned studies, there are
several reports describing the utilization of BDD for oxida-
tion of several organics such as salicylic acid [68], nitrophenol
[73], nitrobenzene [72], and tetracycline [66]. A brief review
regarding the application of BDD for incineration of synthetic
dyes towards environmental application [67] and another
review article by Mart́ınez-Huitle and Ferro providing clarity
for the electrochemical oxidation of organic pollutants are
available [53].

2.2. Biological Process. In the 1990s, biological processes were
used for the removal of heavy metal due to the reactive
ability of microorganisms with a variety of pollutants that
include organic and inorganic species. It was recognized that
the microorganisms influence the mobility of the metal by
modifying the chemical and physical characteristics of the
metals [93]. Recently, Lu et al. investigated a novel biological
filter with bacterial strain of P. putida immobilized in Ca-
alginate granules for removal of formaldehyde in the gas
phase [94]. The effects of inlet concentration, empty bed
residence time, and nutrient feeding rate on the performance
of the system were examined in their study. It was found
that the removal efficiency of the dripping biofilter system
increased from 68.6% to 93.5%, when the inlet formaldehyde
concentration was in the range of 0.2 to 1.34mg/m3. Among
the various technologies, such as adsorption [95], chemisorp-
tion, photocatalytic oxidation [96], and botanical filtration
[97], that have been tried for the removal of formaldehyde,
the complete removal is still a challenging problem due to
low kinetics, byproduct formation, and low efficiency using
any of the above-mentioned methods. However, biological
degradation technology with high removal efficiency has
been successfully applied in industries for effluents and
waste gas treatments. Even though biological processes have
been used for several applications that include heavy metal
ion removal and indoor air purification, its application has
not been intensely investigated for numerous reasons. Thus,
researchers have combined biological process with other
techniques such as chemical processes [98, 99], photocatal-
ysis [100], and AOP [74, 101, 102].

Combined biological and chemical degradation methods
were carried out to evaluate the effectiveness of mature
municipal landfill leachate in laboratory scale by Di Iaconi
and coworkers. The biological treatment was followed by
chemical oxidation for further removal of COD [98]. Higher
removal efficiency was obtained due to the use of chemical
treatment. In another study, a combined AOP and biological
process was carried out to remove pesticides in aqueous
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Figure 1: The pilot plant arrangement and illustration of electrochemical cell (reprinted with permission from [56]).
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Figure 2: Experimental setup for combined chemical and biological degradation: (1) chemical oxidation tank, (2) peristaltic pump, (3)

diffuser valve, (4) ozone generator, (5) UV emitting device, (6) excess KI trap, (7) ozone destruction device, (8) neutralizer, (9) biological
treatment tank, and (10) air sparger (reprinted with permission from [74]).

solution [74]. The experimental setup for their study is
illustrated in Figure 2. The chemical oxidation process was
carried out in the tank labeled as 1. The UV emitting device
(labeled as 5) consists of a stainless steel tube with a coaxial
mercury vapor lamp. Ozone was produced from air by an
ozone generator and was continuously fed into the oxidation
tank. Finally, the pH of the systemwas adjusted to 7, and then
the pollutant was fed to the biological treatment tank labeled
as 9.

It was found that O
3
and O

3
/UV oxidation treatment

was able to achieve 90 and 100% removal of the pesticide
deltamethrin, in a period of 210min. Utilization of ozone
with UV irradiation was found to enhance the degrada-
tion of pesticides. It has been well documented elsewhere
that the rate of pesticide removal mainly depends on both
the chemical nature of the pesticides being treated [103]
and the treatment conditions [104]. In a different study, a
sequential UV and biological degradation of a mixture of

4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol,
and pentachlorophenol were tested with an initial concen-
tration of 50mg/L [105]. Under their reaction conditions,
pentachlorophenol degraded faster compared with other
phenolic compounds and 4-chlorophenol degraded the slow-
est. A combined biological and chemical procedure was also
used as an ecologically and economically favorable remedia-
tion technique for 2,4,6-trinitrotoluene (TNT) reduction in
contaminated ground and surface water [106, 107]. It was
observed that the anaerobic transformation process resulted
in a faster reduction of TNT due to significant change in
the redox potential of the solutions under both aerobic and
anaerobic conditions. Biodegradation of organic pollutants
by halophilic bacteria was carried out by Le Borgne and
coworkers [108].

In a very recent study, wastewater from a pharmaceutical
formulation facility in Israel was treated with a biolog-
ical activated-sludge system followed by ozonation [101].
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This work was aimed at reducing the concentrations of
carbamazepine (CBZ) and venlafaxine (VLX), before their
discharge into themunicipal wastewater treatment plant, and
they achieved efficient removal of the drugs by this collective
method. The byproducts identified from the incomplete
oxidation of ozonation were likely to be more biodegradable
than the parent compounds; thus, a postozonation biological
treatment was endorsed for the efficient removal of these
toxic pharmaceuticals from the wastewater. A recent review
has discussed the chemical and biological treatment tech-
nologies for leather tannery chemicals and wastewaters [109].
It was concluded from the review that there has not been a
full scale application of emerging technologies using AOP
to remove xenobiotics present in tannery wastewater, and,
thus, there is an opportunity for researchers to explore this
aspect. In addition, adsorption process has been widely used
as an efficient technique for the removal of a variety of toxic
pollutants and this is discussed in Section 2.3.

2.3. Adsorption. Adsorption is an effective and well-known
process and has been widely explored as an alternate tech-
nique compared with the other waste removal methods due
to the lower cost, flexibility and simplicity of design, and
ease of operation. Moreover, adsorption does not result in
production of any harmful substances. Discharge of several
types of pollutants that include household wastes, phenolic
wastes [46], dyes [110–112], pesticides [113], herbicides, and
metal ions [114, 115] into the water body causes health issues
not only for humans but also for aquatic life.

Dyes have been identified as a major contaminant in
wastewater. Many industries, such as textile, leather, paper,
plastics, food, and cosmetics, use several dyes as coloring
materials [49]. Most of these dyes are very toxic, and when
released into the environment, they can be transported over
long distances in water sources resulting in their widespread
dispersal. More than a million tonnes of dyes and coloring
materials are produced annually, and the drinking water
quality is greatly affected by the unsafe release of these dyes
into the water body [44, 45]. In addition, the presence of
even very small amounts (<1 ppm) of dyes, in particular
the synthetic dyes, in water is undesirable. Therefore, the
presence of dyes in wastewater is a major concern for
toxicological and esthetical reasons.

Adsorption is a method that is capable of removing
nondegradable waste pollutants.There are several adsorbents
that include clayminerals [46, 116], activated carbon [82, 117],
coal [111], wood, fly ash [118, 119], and biomaterials [108, 120–
122] that have been listed for the removal of industrial wastes.
However, due to the lack of effective adsorbate-adsorbent
interactions, some of the above-mentioned materials are
found to be noneffective for the adsorption of pollutants.
Consequently, oxide materials, which are considered as
an important class of adsorbents, have been explored for
adsorption. In this regard, silica gels [123], zeolites [116, 124],
Al
2
O
3
[110], SiO

2
[81, 125, 126], and TiO

2
[14, 127] have

been studied as adsorbents for removal of color effluents.The
materials used and the factors influencing the adsorption will
be extensively discussed in this section.

First, a brief discussion about the principle and equa-
tions related to some of the adsorption isotherms is made.
Generally, the equilibrium adsorption capacity 𝑞

𝑒
(mol/g) is

estimated by using

𝑞
𝑒

=
(𝐶
𝑜

− 𝐶
𝑒
) 𝑉

𝑚
, (2)

where 𝐶
𝑜
is the initial concentration of the pollutant (ana-

lyte); 𝐶
𝑒
is the equilibrium concentration of the pollutant

(analyte); 𝑉 is the volume of the analyte solution; 𝑚 is the
adsorbent mass.

A wide variety of equilibrium isotherm models that in-
clude Langmuir, Freundlich, Dubinin-Radushkevich, Tem-
kin, Flory-Huggins, and Hill isotherms that have been clas-
sified under two parameter isotherms, and Redlich-Peterson,
Sips, Toth, Koble-Corrigan, Khan, and Radke-Prausnitz
isotherms grouped under three parameter categories [114,
128–130] are available. Among these, Langmuir, Freundlich,
andRedlich-Peterson isotherms are themost commonly used
models in adsorption studies and are detailed here.

The Langmuir isotherm has been applied to a variety
of pollutant sorption processes, which involve homogeneous
surfaces and negligible interaction between the adsorbed
molecules. In addition, monolayer adsorption on the adsorp-
tive site is the main assumption, in the Langmuir adsorption
process, and the saturatedmonolayer adsorption capacity can
be obtained using the following formula [128]:

𝑞
𝑒

=
𝑞
𝑚

𝐾
𝐿
𝐶
𝑒

1 + 𝐾
𝐿
𝐶
𝑒

, (3)

where 𝑞
𝑒
is the amount adsorbed per unit mass of adsorbent;

𝑞
𝑚
is the saturated monolayer sorption capacity; 𝐾

𝐿
is the

sorption equilibrium constant (Langmuir constant); 𝐶
𝑒
is

the equilibrium concentration of the solution. The above
Langmuir isothermequation can be arranged in four different
linear forms which are named as Langmuir-1, Langmuir-2,
Langmuir-3, and Langmuir-4. Among these, Langmuir-1 and
Langmuir-2 are widely used to find the adsorption capacity
[130]. The relevant equations are as follows:

𝐶
𝑒

𝑞
𝑒

= (
1

𝑞
𝑚

) 𝐶
𝑒

+
1

𝐾
𝐿
𝑞
𝑚

Langmuir-1,

1

𝑞
𝑒

= (
1

𝐾
𝐿
𝑞
𝑚

)
1

𝐶
𝑒

+
1

𝑞
𝑚

Langmuir-2,

𝑞
𝑒

= 𝑞
𝑚

− (
1

𝐾
𝐿

)
𝑞
𝑒

𝐶
𝑒

Langmuir-3,

𝑞
𝑒

𝐶
𝑒

= 𝐾
𝐿
𝑞
𝑚

− 𝐾
𝐿
𝑞
𝑒

Langmuir-4.

(4)

Freundlich expressed an empirical equation, known as
the Freundlich adsorption isotherm, in 1906.The relationship
between the concentration of the solute in equilibrium, 𝐶

𝑒
,

and the amount adsorbed, 𝑞
𝑒
, is a constant, 𝐾

𝐹
, and is

expressed as follows:

𝑞
𝑒

= 𝐾
𝐹

𝐶
𝑒

1/𝑛
. (5)
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The constants 1/𝑛 and 𝐾
𝐹
are calculated using the linearized

form by taking the logarithm of the Freundlich isotherm as
shown in the following equation:

log 𝑞
𝑒

= log𝐾
𝐹

+
1

𝑛
log𝐶
𝑒
. (6)

The Freundlich isotherm can be applied for nonideal adsorp-
tion as well as multilayer adsorption processes.

The Redlich-Peterson equation is another popular model
and has three different parameters commonly named as 𝐴,
𝐵, and 𝑔. The combination of the Langmuir and Freundlich
models is given by the Redlich-Peterson isotherm, and
the mechanism does not obey the monolayer adsorption.
Several authors suggest that this model is appropriate for the
sorption of metal ions over wide range of concentrations.
At high concentration, the Redlich-Peterson approaches the
Freundlich isotherm, and, at lower concentration, it follows
the Langmuirmodel.The Redlich-Petersonmodel is given by
the following equation:

𝑞
𝑒

=
𝐴𝐶
𝑒

1 + 𝐵𝐶
𝑔

𝑒

. (7)

By using the subsequent linearized form of the above equa-
tion, the constants 𝐴, 𝐵, and 𝑔 can be obtained:

𝐶
𝑒

𝑞
𝑒

= 𝐶
𝑔

𝑒

𝐵

𝐴
+

1

𝐴
. (8)

A large number of materials have been employed as
adsorbents for removal of pollutants and they include natural
materials, such as clays, coal, fly ash, zeolites and other
siliceous materials, biomaterials, agricultural and industrial
solid wastes, activated carbon, oxides, and mixed oxide
materials.

Natural materials are well known as adsorbents from the
beginning of recorded human development. In particular,
clays have been utilized as an adsorbent and as an ion-
exchange material for the removal of ions and organics
due to their low cost, natural abundance, high adsorption
capacity, and ion-exchangeable property [49, 131–134]. In the
past decades, clay minerals such as bentonite, diatomite, and
kaolin have garnered increasing interest due to their ability
to adsorb both inorganic and organic materials. In particular,
the adsorption of methylene blue (MB) dye molecule has
been extensively studied over different clay minerals [131,
133, 135–138]. Apart from these clay minerals, zeolites and
siliceous materials, such as silica, glass fibers, and perlite,
deserve specific attention for wastewater treatment, as a result
of their high availability and stability.

Fly ash is another type of natural material, which is
relatively abundant and inexpensive and is currently being
explored as an adsorbent for the removal of various organic
pollutants that are present in wastewater, such as phenolic
compounds, pesticides, and dyes. It has been documented
elsewhere that these contaminants can be effectively removed
by using fly ash as an adsorbent [49, 118, 119, 139]. In addition,
the efficiency of fly ash is improved by converting the fly ash
into zeolites [140] and mesoporous materials, such as MCM-
41 and MCM-42 [141].

Biomaterials are another type of natural materials, which
are mainly used for adsorption and degradation for water
treatment applications. A few publications have discussed the
adsorption of hazardous and toxic pollutants using biological
materials [142–144]. The use of biomass for water treatment
is gaining attention due to their availability in large quantities
at low cost, in particular, for the removal of heavy metals [93,
142, 143], dyes [145–148], and phenols [149]. Srinivasan and
Viraraghavan have examined various biosorbents including
fungi, bacteria, algae, chitosan, and peat for decolorizing dye
wastewaters and the mechanism(s) involved. In addition, the
effects of various factors that influence dye wastewater decol-
orization and also themethods for increasing the biosorption
capacity of the adsorbents are critically examined in this
review [5]. The removal efficiency of pollutants by these
biomaterials was enhanced by the attachment of polymers
[150].

Activated carbon is another important, efficient, and
commercially availablematerial that consists of a wide variety
of pores in it. Even though the adsorption process proceeds
through a sequence of diffusion steps from the bulk phase
into themesopores followed by diffusion into themicropores,
the major adsorption sites on activated carbon were reported
to be located in the micropores [151, 152]. The studies on the
adsorption of dyes using activated carbon and its derivatives
have been widely discussed, and the ability of intake on the
activated carbon was found to be increased, when adsorbates
with relatively higher molar mass and lower water solubility
were used [2, 151, 153, 154]. Annadurai and coworkers utilized
activated carbon for the adsorption of rhodamine 6G (R6G)
molecule [117]. The effects of particle size, temperature, and
solution pH on the adsorption were examined in their study,
and a maximum dye adsorption of 44.7mg/g was obtained
under their operating condition (temperature of 60∘C, pH of
7, and particle size of 0.5mm). It was observed that increasing
the temperature and decreasing the particle size influenced
the amount adsorbed, whereas little impact was noticed from
changes in the solution pH towards adsorption. In addition,
it has been noted that the intraparticle diffusion of dye
molecules within the adsorbents was the rate limiting step in
the adsorption process.

In a recent literature, Prola et al. used multiwalled carbon
nanotubes (MWCNT) and powder activated carbon (PAC)
for the adsorption of direct blue 53 dye from aqueous solution
[155]. The isothermmodel was best fit with the Sips isotherm
model and themaximumadsorption capacities were found to
be 409.4 and 135.2mg/g for MWCNT and PAC, respectively.
In addition to the dye molecules, adsorption of metal ions
was also achieved by using activated carbon as an adsor-
bent. Adsorption of copper ions [156, 157] and chromium
ions [158], from aqueous solutions by activated carbon, has
been documented in recent publications. Furthermore, the
influence of surface chemistry of activated carbon on the
removal of nitrate ions from water was analyzed by Ota
and coworkers [159]. Additionally, the removal of surfactants
was also carried out over the activated carbon surface [36,
160]. Apart from the applications of pure activated carbons,
modification methods and effects of activated carbon for
water treatment have been extensively clarified in some
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review articles suggesting the importance of activated carbon
for the uptake of pollutants from the water environment [161,
162]. Even though the above-mentionednaturalmaterials and
activated carbon have been used as adsorbents, owing to the
lack of effective adsorbate-adsorbent interactions, a number
of the above-mentionedmaterials are found to be inactive for
the adsorption of organics in the polluted water. Thus, only
moderate adsorption capacity can be achieved by using some
of these adsorbents.

Oxides constitute an important class of adsorbents, and,
in this regard, zeolites [163], silica gels [123, 164], SiO

2
[92,

165], Al
2
O
3
[110], and TiO

2
[166–170] have been established

as effective adsorbents for the removal of several water
pollutants. Microporous aluminosilicate materials (zeolites)
are three-dimensional structures with negatively charged
lattice. Owing to their high ion-exchange capability, relatively
high surface area, and low cost, zeolite materials are good
adsorbents and their usefulness has been reviewed by Gho-
barkar et al. [171]. Another naturally abundant oxidematerial,
silica, has earned much attention for pollutant removal due
to the presence of silanol groups [172, 173]. In addition to
high surface area and mechanical stability, the porous nature
of silica makes it attractive for decontamination applications.
However, due to its low resistivity towards the alkalinemedia,
the application of silica is limited below pH level of 8 [173].
Furthermore, the acidic silanol groups provide strong and
irreversible adsorption, in comparison with other surface
functional groups. Even though the silica materials have this
limitation, their high adsorption capacity for the removal
of pollutants compared with other oxide materials, TiO

2
,

Al
2
O
3
[14], and ZrO

2
[174] makes them attractive. Although

adsorption is viewed as a promising water treatment method
for industrial applications, it does not degrade the pollutant
since the adsorption process merely removes pollutants from
the aqueous phase and transfers them onto a solid matrix
[175]. Thus, AOP have emerged as efficient methods for the
mineralization of organic pollutants.

2.4. Advanced Oxidation Processes (AOP). AOP is an oxi-
dation technique, which typically uses ambient conditions
(room temperature and atmospheric pressure). Several AOP
techniques such as ozonation, H

2
O
2
photolysis, Fenton pro-

cess, photo-Fenton process, and heterogeneous photocatal-
ysis have been explored for the elimination of pollutants,
particularly from water sources. These AOP techniques
destroy the pollutants by chemical oxidation or reduction. In
particular, AOP relies on the production of hydroxyl radicals
(
∙OH), which are short-lived, extremely highly reactive

species and attackmost organicmolecules with rate constants
of 10−6 − 10−9M−1 s−1. Moreover, the versatility of AOP is
enhanced by different possible ways for the production of
hydroxyl radicals. It is beyond the scope of this review to
provide a review of all the AOP techniques in depth and the
methods and materials used. Instead, we will cover the basic
principles of selected AOP methods and their applications.
Our focus is directed towards the use of TiO

2
-SiO
2
materials

for pollutant removal, in this review.

2.4.1. Ozonation. Ozone is unstable inwater and the chemical
properties of ozone rely on the experimental conditions.
The molecular ozone can react as a dipole, electrophile, or
nucleophile due to the two different resonance structures.
In addition, depending on the pH, temperature, and con-
centration of organic and inorganic compounds in water,
the half-life of ozone varies from a few seconds up to a few
minutes. Ozone is a powerful oxidant and it can oxidize
a large number of organic and inorganic materials. Ozone
reacts either directly or indirectly with aqueous compounds.
In the direct reaction, the molecular ozone directly reacts
with the compounds, whereas the ∙OH radicals resulting
from the decomposition of ozone (expressed in the following
equations [12–15]) react with the compounds in the indirect
reactions [176]:

−OH+O
3

→ O
2

−
+ HO

2
(9)

O
2

−
+ O
3

→ O
3

−
+ O
2

(10)

O
3

−
+ H+ ←→ HO

3
(11)

HO
3

→
∙OH+O

2
(12)

The direct reactions are very slow and solute selective,
whereas the indirect radical reactions are fast and nonse-
lective. Additionally, the direct reactions are dominant in
acidic solutions, while the indirect reactions occur mostly
at basic pH values. It was reported elsewhere that catalytic
ozonation significantly enhanced the rate of oxidation more
than noncatalytic ozonation [177], and, thus, catalytic ozona-
tion has received much attention in wastewater treatment for
removal of pollutants, such as phenolic compounds [177, 178].
Turhan and Uzman have reported the removal of phenol
from water using ozone [179]. Ozonation of phenol gave
catechol, hydroquinone, 𝑝-benzoquinone, 𝑜-benzoquinone,
maleic acid, and oxalic acid as the ring cleavage intermediate
products and it was noticed that some of the intermediates
such as catechol, hydroquinone, and 𝑝-benzoquinone can be
destroyed completely using ozone to CO

2
andH

2
O.However,

destruction requires long ozonation time and high dosage
of ozone. It was reported by Hoigné and coworkers that the
hydroxyl radicals are the active species in the decomposition
of organics. Furthermore, they have reported that the amount
of ∙OH radicals determined the ozonation efficiency and the
effect of these ∙OH radicals in the reaction kinetics during
ozonationwas examined by utilizing ∙OH radical scavengers.
However, studies towards the direct determination of the
amount of ∙OH radical produced during the ozonation
process are scarce [180].

Einaga and coworkers carried out catalytic oxidation of
benzene with ozone over several support materials, such as
Al
2
O
3
, SiO
2
, TiO
2
, and ZrO

2
, and they found that the surface

area of the catalysts is one of the important factors that
affect the reaction. In addition, they carried out oxidation of
benzene with ozone over several Mn ion-exchanged zeolite
catalysts, such as Mn-Y, Mn-b, Mn-MOR, and Mn-ZSM-5 to
investigate the effect of catalyst support on the reaction [181].
Mn-Y catalyst exhibited high activity for complete oxidation
of benzene and formed COx without release of any organic
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byproducts under moderate conditions. However, formic
acid was formed with supported manganese oxide catalysts,
Mn/SiO

2
and Mn/SiO

2
-Al
2
O
3
[182]. Recently, Einaga et

al. have reported the effect of catalyst composition and
preparation conditions on catalytic properties of Mn-based
oxides for benzene oxidationwith ozone. In their studies, they
have compared the catalytic properties of several Mn oxides,
from the standpoint of activity, product distribution, and
efficiency of ozone utilization [183]. Even though chemical
oxidation with ozone is considered as one of the effective
techniques for treatment of wastewater, in some cases, ozone
is used in combination with other treatments, particularly
with biological treatment, to improve the degradation rate of
pollutants [74, 101, 102, 104, 184, 185].

2.4.2. UV/H
2
O
2
Treatment. H

2
O
2
treatment in AOP also

involves the formation of ∙OH radicals generated by the
photolysis of H

2
O
2
in the presence of UV irradiation and

is very effective for the degradation of most of the organic
pollutants. Owing to the higher molar absorption coefficient
of the peroxide anion, the photolysis rate has been found to
be pH dependent and increases at high pH values [186–188].
It was documented elsewhere [186] that the generated ∙OH
radicals react with the organic substrate by three different
mechanisms as listed below:

Hydrogen abstraction HO∙ + RX → R∙ + H
2
O (13)

Electrophilic addition HO∙ + RX → HORX (14)

Electron transfer HO∙ + RX → XR∙ + HO− (15)

Owing to the commercial availability, thermal stability, infi-
nite solubility in water, storage, and ease of formation of
hydroxyl radical, the use of hydrogen peroxide as an oxidant
has received significant attention for water purification.
However, the rate of formation of hydroxyl radicals influences
the oxidation of organic contaminants and this has been
noted as the main disadvantage of the UV/H

2
O
2
treatment

process. Several studies have utilized the UV/H
2
O
2
process

for degrading organic compounds in aqueous media. Cater
et al. used UV/H

2
O
2
treatment to remove methyl tert-butyl

ether (MTBE), a pollutant commonly found in gasoline
contaminated in groundwater [187]. In their study, they have
examined the effectiveness of UV/H

2
O
2
treatment in the

oxidation of MTBE. The degradation of MTBE was found to
obey pseudo-first-order kinetics and showed good efficiency
with the figure-of-merit electrical energy per order (EEO)
in the range of 0.2–7.5 kWh/m3/order. In another study,
removal of naproxen, a nonsteroidal anti-inflammatory drug,
was carried out by UV/H

2
O
2
process by Felis et al. [189].

A 93% removal of naproxen was achieved after 3min. of
treatment with UV/H

2
O
2
at pH = 6. In addition, they

have obtained lower rate, when naproxen was subjected
to aerobic or anaerobic treatment prior to the UV/H

2
O
2

treatment. Wu et al. achieved a 100% removal of dimethyl
sulfoxide (DMSO) when used with H

2
O
2
/UV treatment after

3 hours of degradation at pH = 3 [190]. In this study, the
DMSO concentration was kept at 1,000mg/L, and the H

2
O
2

concentration was kept the same as that of DMSO with
5.5mW/cm2 UV irradiation intensity at a temperature of
25∘C. In contrast, a lower decomposition (83%) was attained
at a pH of 10, at the same temperature and the same period
of time. According to this study, an acidic medium is more
effective for the degradation of DMSO.

There are a large number of organic pollutants, such as
phenols and phenolic compounds, benzene and substituted
benzene, salicylic acid, proline, pyridine, and dyes [191],
that have been degraded or mineralized using UV/H

2
O
2

treatment. However, this treatment method is not the focus
of this study. In addition to the UV/H

2
O
2
treatment for

oxidation of pollutants, another process involves the use of
O
3
/UV. Even though H

2
O
2
increases the generation of ∙OH

radicals in the ozone process, the cost of this process is
too high due to the combination of two different processes,
O
3
/UV and O

3
/H
2
O
2
. Shu and Chang utilized this combined

process for the decoloration of textile dye C.I. Direct Black
22 [191, 192]. From their findings, it was noticed that the
ozonation process took less time to remove the color than the
H
2
O
2
/UV process. The H

2
O
2
/UV method removed 99% of

total organic carbon (TOC) from the effluent. Consequently,
a combination of both methods was proposed in order to
achieve good efficiency. It has been noted that this combined
method is mainly used for the removal of color effluents from
wastewater due to its high efficiency for removal of both TOC
and color [193].

2.4.3. Fenton Reaction. Fenton reaction is a homogeneous
catalytic oxidation process that uses a mixture of hydrogen
peroxide (H

2
O
2
) and ferrous ions. Due to its simplicity and

the availability of chemicals, this oxidation is considered as
an advanced technique for waste removal. In acidic envi-
ronment, H

2
O
2
and Fe2+ ions in the contaminated solution

produce hydroxyl radicals expressed as follows:

H
2
O
2

+ Fe2+ → Fe3+ + OH− + HO∙ (16)

The decomposition of H
2
O
2
is initiated by the ferrous ion

and results in the formation of hydroxyl radical (HO∙). These
hydroxyl radicals, which are powerful oxidizing agents, then
attack substrates and chemically decompose them. However,
these hydroxyl radicals can be scavenged by reaction with
Fe2+ and/or H

2
O
2
, by the following equations:

HO∙ + Fe2+ → OH− + Fe3+ (17)

HO∙ + H
2
O
2

→ H
2
O + HO

2

∙ (18)

In addition, Fe3+, which is formed during the reaction,
regenerates Fe2+ ions by reacting with H

2
O
2
as per the

following equations:

Fe3+ + H
2
O
2

←→ Fe − OOH2+ + H+ (19)

Fe − OOH2+ → HO
2

∙ (20)

Fe2+ + HO
2

∙
→ Fe3+ + HO−

2
(21)

Fe3+ + HO
2

∙
→ Fe2+ + H+ + O

2
(22)
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An extended Fenton reaction, named photo-Fenton reac-
tion, takes advantage of UV irradiation for the formation
of hydroxyl radicals in addition to the above-mentioned
equations and is described by (23) and (24). Under these
irradiation conditions, Fe2+ is regenerated by the photolysis
of the Fe3+ ions/complex. Consider

H
2
O
2

+ UV → HO∙ + HO∙ (23)

Fe3+ + H
2
O + UV → HO∙ + Fe2+ + H+ (24)

There are several reports that have examined the appli-
cations of Fenton and photo-Fenton reactions. For example,
Gutowska et al. studied the degradation mechanism of
Reactive Orange 113 in aqueous solution by using H

2
O
2
/Fe2+

[194]. In another report, a comparative study of Fenton
and photo-Fenton oxidative decolorization was carried out
against Reactive Black 5 (RB5). The pH, H

2
O
2
, and Fe2+

dosage, dye concentration, and initial concentration ratios
between [Fe2+] : [H

2
O
2
] : [RB5] were varied in their study.

The optimal ratios were found to be [H
2
O
2
]/[RB5] of 4.9 : 1

and [H
2
O
2
]/[Fe2+] of 9.6 : 1, with pH of 3. Even though both

the Fenton and photo-Fenton reactions effectively decol-
orized the RB5 dye with 97.5 and 98% efficiency, the TOC
removal rates were found to be significantly different. A
significant removal (46.4%) was obtained with photo-Fenton
reaction, whereas only 21.6% TOC removal was observed
with the Fenton reaction. This result indicates that UV
irradiation plays an important role in the mineralization of
the RB5 dye. Elmolla and Chaudhuri degraded antibiotics
amoxicillin, ampicillin, and cloxacillin in aqueous solution
by the photo-Fenton process and examined the effects of
UV irradiation, H

2
O
2
/(COD) and H

2
O
2
/Fe2+ ratios, pH,

and the initial concentration of antibiotics. They obtained
complete degradation within 2min., under the following
optimal conditions:H

2
O
2
/CODmolar ratio of 1.5,H

2
O
2
/Fe2+

molar ratio of 20, and pH of 3 [195]. Even though there
are several reports that acknowledge the applicability of the
Fenton and photo-Fenton oxidation for a variety of organics,
large-scale industrial operations seem to be lacking; however,
pilot plant studies show promise.

2.4.4. Heterogeneous Photocatalysis. Heterogeneous photo-
catalysis is a process, which embraces a large variety of
reactions such as oxidation, dehydrogenation, metal depo-
sition, organic synthesis, water splitting, photoreduction,
hydrogen transfer, isotopic exchange, disinfection, anticancer
therapy, water detoxification, and gaseous pollutant removal
[196, 197]. Heterogeneous photocatalysis is considered as
an effective AOP technique, particularly for air and water
purification treatment. Heterogeneous photocatalysis can be
carried out in gas or liquid phases, and the overall process
can be explained by five different reactions: (i) transfer of the
reactants in the fluid phase to the surface, (ii) adsorption of
at least one of the reactants, (iii) reaction in the adsorbed
phase, (iv) desorption of the product(s), and (v) removal
of the products from the interface region [75]. Commonly,
the heterogeneous photocatalysts are semiconductors, such
as titanium dioxide (TiO

2
), which can produce electron-hole

Volume recombination

Surface

h�

recombination

⊖

⊖ ⊕

⊕
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Figure 3: Recombination of electrons and holes within a semi-
conductor particle in the presence of acceptor (A) and donor (D)
(reprinted with permission from [75]).

pairs by the illumination with photons whose energy is equal
to or greater than the bandgap of the semiconductor as shown
by

TiO
2

h]
→ e−CB + h+VB (25)

The electron-hole pairs then dissociate into free photoelec-
trons in the conduction band and holes in the valence band
are produced [75, 196, 198, 199]. The photoefficiency can
be reduced by the surface or volume recombination of the
electron-hole pairs either in the bulk or at the surface as
depicted in Figure 3. Thus, recombination is undesirable and
is detrimental to the photocatalytic activity.

In this photocatalysis process, the contaminant molecule
gradually breaks down by its reaction with highly reactive
oxidative species (ROS), such as HO∙, O

2

∙−, and HOO∙,
which can be generated during the illumination process by
the following equations [197, 200–203]:

h+VB + OH−ads → HO∙ads (26)

h+VB + H
2
O → HO∙ + H+ (27)

2HO∙ → H
2
O
2

(28)

2H+ + O
2

+ 2e− → H
2
O
2

(29)

2H
2
O + 2h+VB → H

2
O
2

+ 2H+ (30)

H
2
O
2

h]
→ 2HO∙ (31)

e−CB + O
2(ads) → O

2

∙− (32)

O
2

−
+ 2H+ + e−CB → H

2
O
2

(33)

O
2

∙−
+ H
2
O
2

→ HO∙ + HO− + O
2

(34)
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O
2

∙−
+ H+ → HOO∙ (35)

O
2

∙−
+ h+VB → O

2
(36)

O
2

∙−
+ HOO∙ + H+ → O

2
+ H
2
O
2

(37)

Among all these ROS, it has been widely noted that hydroxyl
radicals are the most potent and important species respon-
sible for the degradation of pollutants. Table 1 shows a
comparison of the various removal techniques.

Frank and Bard have reported the heterogeneous pho-
tocatalytic oxidation of cyanide and sulfite in the presence
of several semiconductors that include TiO

2
, ZnO, CdS,

Fe
2
O
3
, and WO

3
, in aqueous medium under sunlight [204].

It was noticed that TiO
2
, ZnO, and CdS showed good activity

for cyanide oxidation, and no oxidation was seen using
Fe
2
O
3
and WO

3
. In addition, the rates of the photocatalytic

oxidation were found to be greater for sulfite than cyanide.
Among these oxides, titanium dioxide (TiO

2
) is an effective

semiconductormaterial that has been explored for numerous
applications including adsorption [168, 169], heterogeneous
photocatalysis for splitting of water [205, 206], solar cell
applications [207], and degradation of pollutants.

The removal of inorganic anions that include cyanide
[208–210], nitrite [211], and sulfite [204] has been studied in
the presence of TiO

2
. In addition, the degradation of variety

of pollutants that include several dye molecules [11, 13, 212–
216], phenol and phenol derivatives [12, 46, 217, 218], and
salicylic acid [219, 220] has also been researched.

Even though TiO
2
has been utilized as a photocatalyst

for the degradation of a number of pollutants, its efficiency
towards degradation is partly limited owing to its poor
adsorptive property. In order to improve the efficiency of
titania, researchers have prepared mixed oxide materials that
can provide greater number of adsorptive sites; furthermore,
by generating highly porous structures with large surface
areas, effective dispersion of titania can also be achieved
[221, 222]. Among the variousmixed oxides, titania-silica has
met the expectations of several researchers, due to the high
surface area and the hydrophobic nature of silica [14].

3. Titania-Silica (TiO2-SiO2) Mixed Oxides

As discussed in the previous section, the presence of various
inorganic and organic hazardous pollutants in the aquatic
system poses a huge threat to public hygiene and human
health. Hence, effective and economic means of remediating
the polluted water sources need to be developed. Several
conventional methods for removal of hazardous materials
from wastewater, such as physical adsorption, condensation,
biofiltration, and catalytic destruction [7], show varying
degree of efficiencies in wastewater treatment. However,
these above-mentioned traditional wastewater treatment
techniques face several drawbacks or limitations: (i) physical
adsorption method only immobilizes the pollutants onto
solid adsorbent instead of degrading them into harmless
materials, (ii) the condensation and/or biofiltration methods
show relatively low efficiency and only a limited number of
pollutants can be treated in this manner, and (iii) catalytic

destruction processes are normally carried out under harsh
conditions, such as extremely high temperatures (sometimes
as high as 900∘C). Therefore, an improved technique that
presents high remediation efficiency that can be carried
out under moderate conditions is desired. AOP, which are
applicable at ambient temperature and pressure conditions,
are recognized to be an ideal technique for environmental
remediation. Extensive research interest has been devoted
into heterogeneous photocatalysis and promising results
have been obtained for the removal of highly toxic and
nonbiodegradable pollutants that are commonly found in
industrial wastewaters.

The following sections will briefly provide an overview
of the synthesis of TiO

2
-SiO
2
mixed oxides and an extensive

discussion about the applications of TiO
2
-SiO
2
mixed oxide

materials towards the degradation of aquatic pollutants will
also be carried out. A variety of synthetic methods have
been reported for the preparation of periodic mesoporous
materials, which are materials with uniform, regular, and
well-arranged pores, and aperiodic TiO

2
-SiO
2
mixed oxide

materials that have randomly arranged pores. Thus, some
of the main preparation methods followed by the structural
characterization of titania-silica are presented here. Finally,
the photocatalytic activity of these TiO

2
-SiO
2
materials will

be elaborated in great depth. Consequently, the factors that
influence the photocatalytic activity such as the structural
properties of the photocatalysts, pollution type and concen-
tration, and pH will also be reviewed.

3.1. Periodic TiO
2
-SiO
2

Mixed Oxide Materials. Among
numerous semiconductormaterials, there has been consider-
able interest in the use of TiO

2
as a photocatalyst to degrade

a variety of pollutants in water [196, 223–225]. However,
the photocatalytic performance of TiO

2
is significantly con-

strained by the fast recombination of the photogenerated
electron-hole pair. In addition, its large bandgap energy
(3.2 eV in anatase), low adsorption efficiency, surface area,
and porosity restrict the widespread application of TiO

2

photocatalysts.
In order to promote AOP in practical applications, TiO

2

based photocatalysts with large specific surface area and
porosity that is conducive to adsorption of aquatic pollutants
need to be developed. A common strategy is to incorporate
TiO
2
into periodic mesoporous support materials such as

SiO
2
. Periodic mesoporous SiO

2
materials possess high

surface area, tunable pore size, and large pore volume that
facilitate good dispersion of TiO

2
and adsorption of pollutant

molecules as well.
In recent years, TiO

2
has been incorporated into highly

ordered mesoporous siliceous materials such as SBA-15,
MCM-41, and MCM-48. These periodic mesoporous sili-
ceous supports with very high surface area and long-range
ordered array of mesopores are recognized to be robust and
stable supports for immobilizing TiO

2
species. In addition,

the large surface area of mesoporous SiO
2
enables the high

dispersion of TiO
2

species. With the above-mentioned
merits, TiO

2
containing periodic mesoporous materials are

expected to achieve markedly enhanced efficiencies for the
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Table 1: Different removal techniques and its advantage(s) and disadvantage(s).

Removal techniques Advantage(s) Disadvantage(s)

Electrochemical oxidation Does not require auxiliary chemicals, high
pressures, or high temperatures. Low selectivity and low reaction rates.

Biological process Ecologically favorable process.
High capital and operational cost.
Handling and disposing the secondary sludge
pose problems.

Adsorption

Cost-effective method.
Easy availability and operation.
Most profitable process and more efficient than
the conventional methods (i.e., precipitation,
solvent extraction, membrane filtration, etc.).

Merely removes the pollutants from one phase
(aqueous) to another (solid matrix).
Expensive process for regeneration especially if
the pollutants are strongly bound to the
adsorbents.

Advanced oxidation processes (AOP)

(i) Ozonation Powerful oxidation technique oxidizes a large
number of organic and inorganic materials.

More complex technology and requires high
capital/operational cost.
High electric consumption.

(ii) UV
An effective method that typically does not
leave any byproducts which are harmful to the
environment.

Less effective if the wastewater has high
amounts of particulates which can absorb UV
light.

(iii) UV/H2O2

An effective technique in the oxidation and
mineralization of most organic pollutants.
Ease of formation of ∙OH radicals.

Less effective, when the wastewater has high
absorbance.
High operational cost.

(iv) O3/UV/H2O2

Most effective process due to the fast
generation of ∙OH radicals.
Can treat a wide variety of contaminants.

Needs to compete with high turbidity, solid
particles, and heavy metal ions in the aqueous
stream.
High operational cost.

(v) Fenton reaction Simple process.
Easy availability of chemicals.

Production of sludge iron waste and handling
the waste pose logistical problems.

(vi) Photo-Fenton reaction
Reduction of sludge iron waste compared to
original Fenton reaction.
Effective and fast degradation.

Needs a controlled pH medium for better
performance.

(vii) Heterogeneous photocatalysis

Long-term stability at high temperature.
Resistance to attrition.
Low-cost and environmentally benign
treatment technology.

Could form byproducts that can be harmful to
the environment.
Requires efficient catalysts that can absorb in
the visible region.

photocatalytic degradation of aqueous wastes in comparison
with nonsupported TiO

2
.

In this section, the commonly conducted synthetic meth-
ods for the preparation of TiO

2
containing periodic SiO

2

mesoporous materials will be discussed. In addition, typical
characterization techniques along with examples in which
TiO
2
containing periodic SiO

2
mesoporous materials are

used as photocatalysts for degradation of aqueous pollutants
will also be covered.

3.1.1. Ti-SBA-15. SBA-15 is an important mesoporous mate-
rial that is prepared by the using of triblock copolymers as
structure directing agents. Because of its relatively large pore
size (>6 nm) and thick pore walls, it has been used as a
support to disperse TiO

2
.

Synthesis. The synthetic methods for the incorporation of
TiO
2
into SBA-15 mesoporous materials are mainly based on

sol-gel reactions that include the hydrolysis, condensation,
and precipitation of both titania and silica sols. A variety

of synthetic procedures have been designed and developed.
Several experimental variables that include solvent, pH, tem-
perature, nature of silica and titania precursor, and surfactant
type have been varied with a purpose of obtaining TiO

2

species in different phases and/or immobilizing them in
different locations in SBA-15 support. These are discussed in
the following section.

(1) Coprecipitation Method. In this synthetic route, the
titania and silica precursors are introduced to the synthesis
pot and they undergo hydrolysis simultaneously. In a
typical synthesis, desirable amounts of silica precursor,
for instance, tetraethyl orthosilicate (TEOS) or trimethyl
orthosilicate (TMOS) along with titania precursor, such
as tetraethyl orthotitanate, tetraisopropyl orthotitanate, or
tetrabutyl orthotitanate, are added to a solution containing
a triblock copolymer such as Pluronic P-123 (poly(ethylene-
oxide)

20
-poly(propylene-oxide)

70
-poly(ethylene-oxide)

20
).

After sufficient stirring, the suspension is transferred to
a Teflon-lined autoclave and subjected to hydrothermal
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reaction at temperatures ranging from 100 to 250∘C for as
long as 24 h. Compared to the synthesis procedures under
ambient conditions, the use of higher temperature and
pressure in the hydrothermal synthesis ensures the complete
hydrolysis of both the silica and titania precursors as well
as the successful formation of the hexagonal phased SBA-15
material. In addition, the hydrothermal synthesis also results
in the homogeneous distribution of the titania species in the
SBA-15 siliceous support and often leads to the establishment
of Ti-O-Si heterolinkages that are reported to be highly active
in various photocatalytic reactions. After the hydrothermal
reaction, a washing procedure is necessary to remove any
unreacted precursors. Eventually, the materials are calcined
in order to eliminate the surfactant.

(2) Postimpregnation Method. Compared to coprecipitation,
the postimpregnation method has been studied more fre-
quently. The merits of utilizing the postimpregnation syn-
thetic method for the preparation of titania incorporated
SBA-15 can be summarized as follows. First, the hexagonal
phase of SBA-15 is more robust to withstand the conditions
utilized for the coprecipitation method. Second, by postim-
pregnation method, titania species can be grafted onto the
pore wall or surface of the mesopores of the SBA-15 meso-
porous materials rather than to the framework positions.The
anchored titania species on the pore walls have a greater
probability to interact with reactant molecules that infiltrate
the pores of SBA-15. In addition, via the postimpregnation
method, a relatively large amount of titania can be loaded in
the preformed SBA-15 mesoporous support. Therefore, more
available active sites can be generated with higher loadings of
titania.

The synthesis of SBA-15 mesoporous materials has been
established and well documented [226]. In a typical syn-
thesis route, an appropriate amount of triblock copoly-
mer Pluronic P-123 (poly(ethylene-oxide)

20
-poly(propylene-

oxide)
70
-poly(ethylene-oxide)

20
) is added and dissolved in a

mixture solution of water and hydrochloric acid. After the
addition of silica precursor, for instance, tetraethyl orthosil-
icate (TEOS), the mixed solution is transferred to Teflon-
lined autoclave and subjected to hydrothermal synthesis.The
solid product then undergoes filtration, washing, and drying
steps and is finally calcined in air to decompose the triblock
copolymer to obtain SBA-15. During the postimpregnation
synthesis, a variety of titania precursors can be immobilized
into the preformed SBA-15 hexagonal structuredmesoporous
material. A certain amount of preformed SBA-15 is sonicated
in isopropanol and this is followed by the addition of the
required amount of titania precursor with stirring. Water is
then added slowly to the resulting mixture to initiate the
hydrolysis of the titania precursor. After the completion of
the hydrolysis of titania precursor, the solid is recovered by
centrifugation and calcined in the presence of air to give Ti-
SBA-15.

3.1.2. Ti-MCM-41 and Ti-MCM-48. MCM-41 and MCM-
48 belong to the M41S series of mesoporous materials
that were originally developed by Mobil research scientists.

These mesoporous materials have been widely employed as
supports to disperse TiO

2
.

Synthesis. Compared to Ti-SBA-15, the syntheses of titania
incorporated into MCM-41 and MCM-48 periodic meso-
porous materials require careful control of experimental
conditions.The relatively small pore diameters (1.8 to 2.5 nm)
and thin pore walls (1.2 to 2 nm) in MCM-41 and MCM-
48 make the synthesis of these materials a little challenging.
The successful formation of the hexagonal phased mesopores
of MCM-41 and the cubic phased mesopores of MCM-48
is extremely sensitive to experimental conditions such as
reaction temperature, time, surfactant concentration, pre-
cursor concentration, pH, and solvent used in the reaction.
The syntheses of titania loaded MCM-41 and MCM-48
mesoporous materials are also based on sol-gel chemistry
and can be mainly divided into two categories including
coprecipitation and postimpregnation method.

(1) Coprecipitation Method. The coprecipitation method of
synthesis of Ti-MCM-41 and Ti-MCM-48 is performed
similar to Ti-SBA-15. However, instead of using triblock
copolymer Pluronic 123, the structure directing agent used in
the MCM-41 and MCM-48 synthesis is a cationic surfactant
such as cetyltrimethyl ammonium bromide (CTAB). In a
typical synthesis, a certain amount of CTAB is dissolved in
a solution of water and alcohol. The synthesis gel contains
titania and silica precursor, cationic surfactant, ethanol, and
aqueous ammonia. Under basic conditions (pH > 8), the
silica species exist as polyanions. The cooperative interaction
between the silicate anionic species (I−) and the cationic
surfactant (S+) induces a phase separation. With time, the
silicate moieties undergo polymerization which decreases
their charge density. Concurrently, the surfactant molecules
undergo rearrangement to match the charge density at the
surfactant-inorganic interface. The final mesophase formed
is based on the structure having the lowest interface free
energy or chemical potential. Meanwhile, the titania precur-
sor undergoes hydrolysis and condensation to form either
Ti-O-Ti or Ti-O-Si linkages. The gel is then transferred to a
Teflon-lined autoclave and is typically held at 110∘C to carry
out the hydrothermal synthesis for as long as 48 h. After
filtration, washing, and calcination to remove the surfactant,
titania incorporated in MCM-41 or MCM-48 is obtained.

(2) Postimpregnation Method. Apart from the coprecipita-
tion method, postimpregnation method is widely conducted
for the synthesis of titania modified MCM-41 and MCM-
48 mesoporous materials. The postimpregnation method is
favored in the preparation of Ti-MCM-41 and Ti-MCM-48
photocatalysts for the ease of synthesis and the preservation
of highly ordered hexagonal (MCM-41) or cubic (MCM-
48) mesoporous structures. The method is similar to that
discussed previously for Ti-SBA-15.

3.1.3. Structural Characterizations. The important techniques
to characterize the titania containing mesoporous materials
are discussed in this section.
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Powder X-Ray Diffraction (XRD). Powder X-ray diffraction
(XRD) is an informative technique to verify the periodic
nature of themesoporous structures in SBA-15,MCM-41, and
MCM-48 materials and, additionally, the crystallinity and
phases of the embedded titania species may also be inferred
from powder XRD studies.

Figure 4 shows the low-angle XRD patterns of a series
of titania loaded SBA-15 mesoporous materials [76]. In all
of the XRD patterns for the TiO

2
/SBA-15 samples, it can

be observed that, in the range of 2𝜃 between 0.8∘ and 2∘,
three well-resolved peaks are observed. These are ascribed to
the reflections due to 𝑑

100
, 𝑑
110

, and 𝑑
200

and demonstrate
the characteristic hexagonal space group P6mm in SBA-15
periodic mesoporous materials. With the addition of various
amounts of titania, the intensity of the peaks due to intrinsic
reflections in SBA-15 materials decreases subtly. This small
decrease in the peak intensity in the titania loaded samples
can be explained by the incorporation of titania in the
mesopores of the SBA-15 that results in the less scattering
contrast between the pores and pore walls. However, the
relatively inappreciable change in the 𝑑

100
, 𝑑
110

, and 𝑑
200

reflections indicates that the SBA-15 is a robust and stable
support for immobilizing titania species.

Apart from the low-angle XRD, long-range XRD analysis
was also carried out to investigate the nature of the titania
species in the Ti-SBA-15 mesoporous materials. Figure 5
presents the wide-angle XRD patterns for a series of titania
incorporated SBA-15 samples and a pure SBA-15 as reference
[77]. It can be seen that the pure SBA-15 sample shows a
broad peak at around 2𝜃 = 25

∘. This peak is due to the
presence of amorphous silica that is the predominant phase
in SBA-15. In addition, at relatively low loadings of titania
(from 7% to 22%), as shown in Figures 5(b) to 5(e), the
XRD patterns only show a broad peak at 2𝜃 = 25

∘ due
to SBA-15. This phenomenon is most likely due to the high
dispersion of the titania species in the large surface area SBA-
15 mesoporousmaterials. Titania clusters are confined within
the mesosized pores of SBA-15 and/or maybe amorphous in
nature. However, with further increase of the titania loading
(26% to 31%), peaks due to bulk TiO

2
can be perceived. This

indicates that, in the materials at these two loadings, titania
clusters have aggregated to form larger particles on the SBA-
15 support.

Similar observations can also be found from the powder
XRD analysis for titania incorporated into MCM-41 and
MCM-48 mesoporous materials. Kasahara et al. performed
powder XRD analysis for titania incorporated MCM-41
mesoporous materials [227]. Typical Bragg reflections of
the MCM-41 mesoporous materials with P6mm hexagonal
symmetrywere observed from the low-angle XRDpatterns in
all samples. In the wide-angle XRD plot, a characteristic peak
due to only amorphous silica located at 2𝜃 = 25

∘ was found.
This indicates the high dispersion of titania in the MCM-41
mesoporous support.Thus, low- andhigh-angle powderXRD
experiments are useful in identifying themesoporous and the
titania phase (at high loadings).

Nitrogen Physisorption. In order to investigate the textural
properties, such as surface area, pore volume, and pore size
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Figure 4: Small-angle XRD patterns of TiO
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/SBA-15 samples
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Figure 5: Wide-angle XRD patterns of TiO
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/SBA-15 mesoporous

samples with different loadings of TiO
2
: (a) bare SBA-15, (b) 7%
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, (d) 18% TiO

2
, (e) 22% TiO

2
, (f) 26% TiO

2
, and

(g) 31% TiO
2
(reprinted with permission from [77]).

of titania incorporated into periodic mesoporous materials,
nitrogen physisorption studies are carried out.

Figure 6(a) depicts the nitrogen adsorption-desorption
isotherms for a series of titania containing MCM-41 meso-
porous samples [78].

All the isotherms indicate type IV classification that
is typical for mesoporous materials. In addition, a steep
inflection that occurs at relative pressure values from 0.2 to
0.4 is an indication of the periodic array of the mesopores in
the samples. Figure 6(b) presents the pore size distribution
plots of the same batch of samples. The plots exhibit a very
narrow pore size that is centered at around 28 Å indicating
their uniformity.
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(reprinted with permission from [78]).

Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES).Depending on the various synthetic and process-
ing methods, the amount of the titania species in the final
mesoporous materials may be different from the amount
added or expected. This may be due to some unreacted
titania precursor or due to loss of weakly adsorbed titanyl
species during thewashing process. It is important to estimate
the actual amount of titania retained in the final meso-
porous material. ICP-AES is a commonly adopted analytical
technique to accurately determine the actual contents of
titania species in the final titania loaded periodicmesoporous
materials. Tian et al. performed the ICP-AES analysis for a
series of titania loaded MCM-41 samples with variable Ti
concentrations [228]. The results indicate that only about
one-tenth of the titania content was preserved in the final
materials compared with the initially introduced Ti pre-
cursors in the synthesis gel. Since there can be significant
differences between the amount of titania actually retained
in the mesopore matrix and the amount added, it is crucial to
estimate the real titania loading in the sample and ICP-AES
analysis is an important technique in this regard. It should
be pointed out that atomic absorption spectroscopy (AAS) is
less useful in comparison to ICPmethod for determination of
titania since refractorymaterials such as titania are difficult to
be quantified by the AAS method.

UV-Vis Diffuse Reflectance Spectroscopy (DRS). DRS is a
sensitive tool in understanding the optical properties and the
local environment and coordination of Ti4+ ions in titania
containing periodic mesoporous materials. Also, one can
estimate the bandgap and particle sizes of TiO

2
by the DRS

method. Figure 7 shows theDRS of a set of Ti-SBA-15 samples
that contain different Ti amounts [79]. It can be seen that
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Figure 7:Diffuse reflectanceUV-Vis spectra of Ti-SBA-(x)materials
with varying titania loadings corresponding to (a) Ti-SBA-(6), (b)
Ti-SBA-(9), and (c) Ti-SBA-(12) (reprinted with permission from
[79]).

the Ti-SBA-15 samples exhibit absorption only in the UV
region (<400 nm). Besides, the absorption onset shifts to
higher wavelength with an increase of the titania content
in the sample. This is due to the formation of the relative
large clusters of titania at higher loadings. Apart from the
absorption onset, there is an extra band near 214 nm in the
sample with the least amount of TiO

2
. This band is due to

the ligand-to-metal charge-transfer (LMCT) from the O2– to
Ti4+ due to the presence of spatially isolated and tetrahedrally
coordinated Ti4+ in the Ti-SBA-15 sample. With an increase
of TiO

2
content in the sample, this band also displays a red
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shift, which indicates that a portion of Ti4+ undergoes poly-
merization to form octahedrally coordinated Ti4+. Hence,
by conducting the DRS study, a better understanding of the
optical properties and chemical environment of the titania
species in the mesoporous materials can be obtained.

Fourier Transform-Infrared (FT-IR) Spectroscopy. FT-IR spec-
troscopy is widely applied to elucidate the surface environ-
ment of the titania containing periodic mesoporous mate-
rials. Figure 8 presents the FT-IR spectra of a series of Ti-
MCM-41 samples with different Si/Ti ratios [80]. From the
FT-IR spectra, an absorption peak appearing at 960 cm−1 is
observed that may be assigned to the vibration of Ti-O-Si.
With an increase of Ti content in the Ti-MCM-41 sample,
the peak is observed to be more conspicuous. However, one
should be careful in assigning this peak to Ti-O-Si since this
vibration is also widely attributed to the presence of Si-O-
H group. Thus, the use of FT-IR spectroscopy to infer the
presence of Ti-O-Si bond is challenging.Other than this peak,
three additional peaks at 440, 800, and 1060 cm−1 are due to
the stretchings from the Si-O-Si support.

Raman Spectroscopy. The crystal phase of titania plays a
critical role in photocatalytic reactions. Hence, Raman spec-
troscopy has been largely conducted to investigate the phase
of titania in the periodic mesoporous materials. Figure 9
illustrates the Raman spectra of a series of Ti-SBA-15 samples
[77]. In the samples with 26 and 31 wt.% of TiO

2
and pure

TiO
2
, Raman bands at 640, 520, 400, and 150 cm−1 with an

additional shoulder at 200 cm−1 can be observed. The peaks
at 640, 200, and 150 cm−1 can be assigned to 𝐸

𝑔
symmetric

mode, the peak at 520 cm−1 is due to the combination of both
B
1 g and A

1 g symmetry, and the peak at 400 cm−1 is due to
B
1 g symmetry. The Raman spectra indicate that titania exists

in the anatase phase in these materials. For the Ti-SBA-15
samples with the TiO

2
loading lower than 22wt.%, the peak

intensities drop significantly indicating the presence of small
sized and/or amorphous titania species. This is caused by the
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samples (reprinted

with permission from [77]).

high dispersion of the titania species in the high surface area
SBA-15 support at relatively low TiO

2
content.

X-Ray Photoelectron Spectroscopy (XPS). XPS is a useful tech-
nique to elucidate the oxidation states of the titania and silica
species and to also identify the presence of Ti-O-Si linkages
from the peak positions of the binding energies. Figure 10
shows the XPS spectra of O 1s core-level of TiO

2
/SBA-15

mesoporous samples [77]. As can be seen, all of the samples
show a clear peak at a binding energy of 532.8 eV. This peak
can be assigned to oxygen in bulk silica (Si-O-Si). Apart from
the peak appearing at the binding energy of 532.8 eV, an extra
peak in the range of 530.0–530.6 eV can also be observed in all
studied samples. This peak can be ascribed to the presence of
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oxygen from Ti-O-Ti bonds. In addition, the intensity of the
oxygen peak in the Ti-O-Ti species increases with the loading
of titania in the samples.

Transmission Electron Microscope (TEM). TEM studies are
widely conducted to illustrate the degree of the periodicity
and morphologies of the mesoporous structures in various
support materials, such as SBA-15, MCM-41, and MCM-48.
Although powder XRD and nitrogen adsorption isotherms
provide clues regarding the degree of periodicity of the pores,
TEM studies can provide unequivocal evidence regarding the
uniformity of the pores. Also, TEMcan be used to identify the
crystallinity and the phase of the titania species within the
ordered mesoporous silica support. Figure 11 shows the TEM
images of a representative Ti-SBA-15 mesoporous material
[83]. Figures 11(a) and 11(b) indicate the highly periodic
nature of the SBA-15 mesoporous materials indicating hexag-
onal phased pores in the materials after the incorporation
of titania species. In order to elucidate the nature of titania
species, high resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)
studies were carried and the results are shown in Figures
11(c) and 11(d). The 𝑑-spacings were determined to be 3.5122,
2.4000, 1.8947, and 1.7561 Å, which correspond to 𝑑

101
, 𝑑
103

,
𝑑
200

, and 𝑑
202

planes of anatase phase, respectively. Hence,
the TEM results indicate that titania is in the form of anatase
within the pores of SBA-15 periodic mesoporous materials.

Field Emission-Scanning Electron Microscope (FE-SEM). FE-
SEM is an instructive instrument to understand the surface

morphologies of the titania loaded periodic mesoporous
materials. Figure 12 presents the SEM images of a sequence
of titania incorporated SBA-15 materials with two different
morphologies [83]. As can be clearly seen from the SEM
images, the sample labelled Rod-SBA-15 exhibits uniform rod
shaped materials and the length of the rods is fairly similar
(∼1mm). However, the Normal-SBA-15 shows “wheat” like
shape. After the incorporation of titania, both types of SBA-15
samples preserve their original morphologies. This indicates
that SBA-15 is a very stable and robust support material for
accommodating titania species.

3.1.4. Photocatalytic Reactions. In this section, we will discuss
the photocatalytic reactions explored using titania incorpo-
rated into periodic mesoporous materials.

Photocatalytic Degradation of Dyes. Photocatalysis is an effec-
tive way to decompose dyes, which constitute an important
class of pollutant. Among them, the degradation of MB
dye has been explored extensively. During the photocatalytic
processes, MB can be converted into gaseous CO

2
and

inorganic ions such as SO
4

2−, NH
4

+, and NO
3

−. Yang et
al. investigated the photocatalytic performance of the Ti-
SBA-15 mesoporous materials for the degradation of MB
[229].The removal efficiency of MB was correlated with their
adsorption on TiO

2
/SBA-15 mesoporous materials. The dark

adsorption study indicated that the uptake amount of MB
increased with the surface area of TiO

2
/SBA-15 materials. In

addition, the samplewith higher surface area presented better
photocatalytic performance in the degradation of MB. It is
well known that, besides the surface area of the catalyst, other
factors, such as crystal phase, crystallite size, and crystallinity
of the titania species, also impact the photocatalytic activity.
However, the photocatalytic activity is a balance between the
surface area and crystallinity. Thus, the TiO

2
/SBA-15 sample

with 30% loading of TiO
2
showed the highest photocatalytic

activity among all samples due to the high surface area
without sacrificing too much crystallinity of TiO

2
. Similar

observations can be seen from the works reported by Sahu
et al. [226], Zhu et al. [79], and Acosta-Silva et al. [77], in
which the anatase TiO

2
nanospecies were incorporated in

SBA-15 mesoporous materials to realize the photocatalytic
decomposition of MB. The photocatalytic activity of TiO

2
-

SBA-15 was shown to be significantly higher than that of pure
TiO
2
.

In addition to the structural properties of the photo-
catalysts, the experimental conditions also had a dramatic
influence on the photocatalytic decolorization of MB. Suraja
et al. investigated the effect of the reaction time, concentra-
tion of MB, and the pH environment over the photocatalysis
process [8]. With time, the photocatalytic degradation rate
of MB increased due to the larger exposure under the light
source. Regarding the concentration of MB, the photocat-
alytic degradation capacity stayed more or less identical at
relatively low (<25mg/L) initial dye concentration. However,
after the initial concentration of MB exceeded 25mg/L,
a sudden decrease in the activity was noticed. This can
be explained by the fact that, at high concentrations of
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(a) (b)

(c) (d)

Figure 11: TEM images of (a) SBA-15 along [81] direction, ((b) and (c)) TiO
2
/SBA-15 along [81, 82] direction (inset shows the SAED pattern),

and (d) a typical HRTEM image of TiO
2
nanoparticle encapsulated in the channel of SBA-15 (reprinted with permission from [83]).

MB, irreversible adsorption of MB takes place. The lack of
desorption of MB molecules from the surface prevents MB
molecules in solution to adsorb at the surface and, thus,
the degradation is low at high concentrations of MB. The
pH of the solution in the photocatalytic reaction showed a
significant impact on the MB degradation efficiency. Either
acidic or basic conditions were proven to be detrimental
for the MB degradation. The highest efficiency was achieved
under neutral conditions.

Besides the hexagonal SBA-15 mesoporous materials,
TiO
2
containing cubic MCM-48 mesoporous materials have

also been studied for MB photodegradation. Liou and Lai
developed TiO

2
/MCM-48 composite materials and evalu-

ated their performance for photocatalytic decomposition
of MB [230]. Their results indicate that lower loadings of
TiO
2
enhanced both adsorption of MB and photocatalytic

activities. This was mainly due to the fact that, at high
loadings, aggregation of TiO

2
caused clogging of the pores in

MCM-48 and brought down their uptake of MB molecules.

At lower TiO
2
contents, high dispersion of titania in the

MCM-48 mesoporous materials enabled more efficient con-
tact and reaction with MB molecules.

Rhodamine dyes (R6G and B (RhB)) are also commonly
seen as pollutants in the aquatic environment and they can
be decomposed by titania incorporated into periodic meso-
porous materials. De Witte et al. tested the photocatalytic
performance of titania loaded SBA-15 for the photodecom-
position of R6G [231]. The TiO

2
/SBA-15 sample with larger

pore diameters presented superior photocatalytic activity
compared to the rest of the samples. This can be explained
by the fact that the larger pore sized material facilitated
better diffusion of R6G molecules and ensured good contact
with TiO

2
. Beyers et al. also confirmed the observation that

large pore sizes in TiO
2
/SBA-15 sample are conducive for

the photocatalytic degradation of R6G [232]. In addition, the
location (inside or outside of the SBA-15 channels) of the
TiO
2
species in the TiO

2
/SBA-15 samples and its influence

on the photocatalytic activity were studied as well. Tian
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(a) (b)

(c) (d)

Figure 12: SEM images of (a) Rod-SBA-15, (b) TiO
2
/Rod-SBA-15, (c) Normal-SBA-15, and (d) TiO

2
/Normal-SBA-15 (reprinted with

permission from [83]).

et al. examined the photocatalytic degradation of RhB by
using titania loaded MCM-41 mesoporous materials [228].
It was suggested that the photocatalytic performance was
based on both the loading and the position of the titania
species. Compared with the pure TiO

2
sample, TiO

2
/MCM-

41 exhibitedmarked enhanced photocatalytic activity for RhB
degradation.

Li et al. investigated the photocatalytic properties for
methyl orange (MO) degradation over the TiO

2
/SBA-15

mesoporous materials with different morphologies [83]. The
rod-like SBA-15 supported sample presented higher photo-
catalytic activity than that of regular TiO

2
/SBA-15. It was

proposed that the rod-like SBA-15 mesoporous materials
possessed smaller particle size and shorter channel than the
regular SBA-15. In addition, the rod-like SBA-15 particles
were arrayed in an ordered manner compared to the ran-
dom distribution in the regular SBA-15 particles. All these
properties in the rod-like SBA-15materials facilitated the high
dispersion of small particles of TiO

2
. Hence, the TiO

2
/SBA-

15 with rod-like structure exhibited better photocatalytic
activity for MO degradation.

Anandan conducted the photocatalytic degradation of
MO by using titania incorporated MCM-41 mesoporous
materials and the role of peroxomonosulphate (PMS), per-
oxodisulphate (PDS), and H

2
O
2
as electron accepters was

examined in the photocatalytic reaction [233]. Ti-MCM-
41 photocatalysts presented dramatically higher activity for
MO degradation compared with bare TiO

2
. The enhanced

efficiency can be ascribed to the large surface area ofMCM-41

support that realized the high dispersion of TiO
2
photoactive

species and facilitated the adsorption of MO. Among the
electron accepters, PMS displayed the best performance in
photodegradation of MO. It was proposed that the presence
of PMS effectively brought down the photoinduced electron-
hole recombination in TiO

2
and realized the enhanced

formation of hydroxyl radicals (OH∙) for the decomposition
ofMO. PDS showed lower activity due to its limited reactivity
with only photogenerated electrons onTiO

2
. H
2
O
2
was found

to be inert in the photocatalytic process for MO degradation
due to its scavenging of hydroxyl radicals (OH∙).

Ding et al. observed that Ti-SBA-15 exhibited enhanced
photocatalytic activity for the degradation of indigo carmine
(IC) than anatase titania [234]. The enhanced photocatalytic
activity in Ti-SBA-15 sample was mostly due to its high
porosity and specific surface area and presence of more
accessible photooxidative sites. Jyothi et al. developed titania
incorporated into hexagonal MCM-41 and cubic MCM-48
mesoporous materials as photocatalysts for the photodecol-
oration of IC [235]. It was found that the hexagonal Ti-MCM-
41 sample showed higher activity for the photodegradation of
IC than that over the Ti-MCM-48 sample. This was ascribed
to the smaller pore size (2.3 nm) in the MCM-41 mesoporous
materials that confined the titania species into relatively small
sizes. In contrast, the larger pore size (4.1 nm) of the MCM-
48 support resulted in the growth of relatively large titania
species. Hence, the MCM-41 sample with smaller titania
clusters possessed higher dispersion of titania, which resulted
in better photocatalytic performance.
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Bhattacharyya et al. applied Ti-MCM-41 materials for
the photocatalytic decoloration of Orange II dye [236]. The
optimal loading of titania was determined to be 50wt.%, at
which the best adsorption capacity for Orange II dye and
appropriate crystallinity and particle size of TiO

2
can be

reached. Tseng et al. evaluated the activity of TiO
2
/SBA-15

for the photodecomposition of Acid Red 1 (AR1) dye [237].
The photocatalytic results indicated that TiO

2
/SBA-15 was

an effective catalyst for the photodegradation of AR1 and
improved overall photocatalytic efficiency can be found over
TiO
2
/SBA-15 compared with pure TiO

2
. The highest activity

was achieved from the sample with 30wt.% loading of TiO
2
.

The nanoscale sized TiO
2
clusters that were confined by the

pores of SBA-15, the Ti-O-Si linkages, and the strong surface
acidity of SBA-15 were considered to be the threemain factors
for an enhancement in the photocatalytic decolorization of
AR1.

Photocatalytic Degradation of Phenolic Compounds. Phenols
constitute another important class of pollutants. Alvaro et
al. compared the photocatalytic activity of TiO

2
/MCM-

41 and TiO
2
/SBA-15 for phenol degradation [238]. In the

TiO
2
/MCM-41 series of materials, the photocatalytic activity

increased with increasing content of titania in the samples.
However, in the SBA-15 based samples, the photocatalytic
activity was maximum at an optimal concentration of titania
and then decreased with an increase in titania loading.
Comparing the phenol degradation efficiencies between
TiO
2
/MCM-41 and TiO

2
/SBA-15 sample, it was observed

that, in general, MCM-41 based samples showed higher
activities than the SBA-15 based samples for the same loadings
of titania. This can be attributed to the higher surface area
of the MCM-41 support that enabled efficient dispersion of
titania specieswhen compared to SBA-15.Wang et al. assessed
the phenol degradation efficiency by using TiO

2
/SBA-15

mesoporous materials [76]. It was found that the photocat-
alytic efficiency improved with the loading of TiO

2
in the

sample. The higher activity of the TiO
2
/SBA-15 sample than

that of commercial TiO
2
was attributed to the high specific

surface area of the SBA-15 support that favored the diffusion
of phenol as well as its good contact with the catalyst.

Adams et al. designed TiO
2
/SBA-15 catalysts in different

morphologies (thin film and powder form) to study their
activity for the photodegradation of 2,4-dichlorophenol (2,4-
DCP) [239]. Under identical experimental conditions, the
thin films were able to degrade 2,4-DCP approximately half
as fast as compared to the suspension form. The lower
activity from the thin film sample was rationalized by its
lower absorption of light compared to the powder sample.
Despite inefficient photon capture, the thin film sample
presented a promising prototype for the design for highly
active photocatalysts. Orlov et al. tested the activity of
a series of TiO

2
/SBA-15 samples for p-chlorophenol pho-

todegradation [240]. Among all of the catalysts, the one
containing the highest concentration of spatially isolated,
tetrahedrally coordinated Ti4+ ions showed the best activity
for p-chlorophenol degradation.This can be explained by the
generation of long-lived photoinduced electron-hole pairs in

the tetrahedrally coordinated Ti4+ ions that enhanced the
overall photocatalytic efficiency.

Do et al. developed a set of Ti-MCM-41 sampleswith vari-
able TiO

2
loading for the photodegradation of 4-nitrophenol

(4-NP) [80]. It was observed that, initially, the photocatalytic
activity increased with an increase of the TiO

2
loading in

the Ti-MCM-41 sample. The highest activity was achieved
from the sample with Si/Ti ratio of 20. Further increase in
the TiO

2
loading in the sample caused a drop in the activity.

The decrease in the activity was attributed to the aggregation
of TiO

2
in nonframework positions of the MCM-41 support.

Artkla assessed the photocatalytic degradation of poly-
phenols (gallic acid) by using TiO

2
/MCM-41 catalysts [78].

Several parameters, such as the loading of TiO
2
and the pH,

were investigated to establish a structure-activity relationship.
It was observed that using MCM-41 as support for titania
significantly enhanced the photocatalytic activity for gallic
acid degradation. Increase of the TiO

2
loading (>10 wt.%)was

found to be detrimental for the photocatalytic reaction. This
was explained by the formation of bulk TiO

2
(anatase) that

caused pore clogging and precluded efficient contact between
reactants and active sites in the MCM-41 mesoporous mate-
rials.

Photocatalytic Removal of Inorganic and Minor Organic
Wastes. Aguado et al. prepared titania incorporated MCM-
41 and SBA-15 mesoporous materials for photooxidation
of free cyanides and iron (III) cyanocomplexes [241]. The
TiO
2
/MCM-41 and TiO

2
/SBA-15 samples presented higher

activity than that of pure TiO
2
(anatase) for photooxidation

of CN−. TiO
2
/SBA-15 was found to be almost as active

as commercial Degussa P25, which exhibited the highest
activity. TiO

2
/SBA-15 was further adopted and studied for

photooxidation of iron (III) cyanocomplexes. The efficient
photocatalytic performance from TiO

2
/SBA-15 can be ratio-

nalized by reduction of screening effect compared to bare
titania particles, the prevention of the formation of Fe(OH)

3
,

and the presence of silica support that provided adsorption
sites for the iron species resulting from the breakage and
reaction of the complex. A similar observation can also be
found from a work reported by López-Muñoz et al., who
developed a series of TiO

2
/SBA-15 for photooxidation of free

cyanide and hexacyanoferrate (III) [242].
Artkla et al. assessed the activity for photocatalytic

degradation of tetramethylammonium (TMA) ions over
TiO
2
/MCM-41 mesoporous materials [243]. TiO

2
/MCM-41

presented enhanced activity for photodegradation of TMA
compared to bareTiO

2
sample. Among all of theTiO

2
/MCM-

41 with various TiO
2
contents, the sample with 10wt.% of

TiO
2
exhibited the highest activity. In addition, the optimal

photocatalytic efficiency was attained under neutral pH envi-
ronment. Xu andLangford incorporated titania intoMCM-41
mesoporous support to study the photocatalytic degradation
of acetophenone [244]. It was established that the preparation
method used for immobilizing titania species into MCM-41
support had a significant impact on the performance of the
catalysts. The crystallinity of TiO

2
was an overriding factor

that governed the photocatalytic activity of TiO
2
/MCM-41 in
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this study. The sample with more crystalline titania species
showed higher activity.

3.2. Aperiodic TiO
2
-SiO
2
Mixed Oxide Materials. Aperiodic

titania-silica binary mixed oxides are commonly synthesized
using the sol-gelmethod.Aperiodicmesoporousmaterials do
not possess uniform and periodic arrangement of pores. Sev-
eral reported methods of preparation that include coprecip-
itation, impregnation, hydrothermal, flame hydrolysis, and
chemical vapor deposition (CVD) have been implemented to
tune the structural features of themixed oxides by optimizing
the synthetic procedures. In a recent review article, we have
successfully discussed the different synthetic methodologies
to prepare TiO

2
-SiO
2
mixed oxidematerials [245]. To provide

better transition and clarity to the readers, a brief discussion
of the synthesis methods and the characterization techniques
is elaborated herein.

3.2.1. Synthesis of Aperiodic TiO
2
-SiO
2
Mixed Oxides. The

sol-gel synthesis of TiO
2
-SiO
2
materials usually involves the

hydrolysis and condensation of titanium and silicon alkoxide
precursors that lead to the formation of polymeric gels.
By changing the experimental conditions, that include the
amounts and types of precursors and solvents, water, pH,
and temperature, the structural properties of the materials
can be tailored. Furthermore, the porosities of the materials
can be tuned by using an appropriate drying method. In a
typical synthesis of xerogels materials, appropriate amounts
of silica precursors and titania precursors are mixed with
an alcoholic solvent, that include ethanol, methanol, or
isopropanol, under vigorous stirring at ambient conditions.
The sol is allowed to gel at ambient conditions and the
solvent is allowed to evaporate. The dry powder obtained
is then calcined. Generation of homogeneous gel is critical
due to the unequal hydrolysis and condensation rates of the
two different titanium and silicon alkoxide precursors. The
unequal hydrolysis rates of these two alkoxide precursors
can be explained by the differences in the partial charge
of Si (+ 0.32) and Ti (+ 0.61). Due to their higher partial
charge, titanium alkoxides undergo more rapid hydrolysis
than silicon alkoxides, and this may lead to inhomogeneous
distribution of titania in the mixed oxide materials. Thus,
prehydrolysis of silicon alkoxides is necessary [246].

Preparation of TiO
2
/SiO
2
nanomaterials was attained

from the hydrolysis and polycondensation of tetrabutyl
orthotitanate and tetraethyl orthosilicate via a sol-gel process
by Cheng et al. [165]. Various amounts of silica doped
with nanocrystalline titania powders were prepared and the
influence of dopant concentration on the phase transition
and grain growth was analyzed in their work. In addition,
a constant dopant concentration of the sample was utilized
to investigate the effect of calcination temperature on the
photoactivity of titania. Spherical titania/silica particles with
higher surface area, ranging from 400 to 700m2/g, and pore
volume of 0.9–1.4 cm3/g were prepared via the combination
of emulsion and gelation of mixed sols [247]. The emulsion
and gelation processes were carried out in the presence of
dodecanol or hexane to the acid mixed sols prepared by
mixing the prehydrolyzed silicon and the titanium alkoxides.

The polar nature of dodecanol provides suitable equilibrium
composition of the biphasic system and controls the hydroly-
sis rate, whereas direct emulsion formation took place in the
presence of hexane.

Homogeneous hydrolysis and condensation can also
be achieved as discussed thereafter. The silicon alkoxide
is hydrolyzed in an alcohol solution in the presence of
concentrated acid, for example, HNO

3
, HCl, or H

2
SO
4
, and

water with vigorous stirring to create silanol groups [248–
251], or the silicon alkoxide can be refluxed at 80∘C in the
presence of HCl or acetic acid [252, 253]. Then, these silanol
groups undergo condensation process with the titanium
alkoxide in the presence of water and form the active Ti-O-Si
heterolinkages. Furthermore, acetic acid (AcOH) is utilized
as a modifying agent to decrease the hydrolysis of titanium
alkoxide in aqueous solutions via bridging of the acetate
ligand with the terminal isopropoxyl groups present on the
titanium alkoxide precursor [254, 255]. Acetylacetone (acac)
has also been utilized to modify titanium alkoxides in several
studies. acac can form chelated titanate species and decreases
the hydrolysis rate of titanium alkoxide by increasing the
coordination of titania from four to five [256–260]. 2-
Methoxyethanol, a polar protic alcoholic solvent, was used as
solution medium by Pirson et al. and can serve as a stabilizer
of the titanium alkoxide towards the hydrolysis and conden-
sation reactions [261]. In another study, isoamyl alcohol was
used as a stabilizer for tetraisopropyl orthotitanate to reduce
its rate of hydrolysis. Even though enhanced homogeneity
of the gel was achieved by prehydrolysis of silicon alkoxides,
the hydrolysis and condensation reactions were found to be
slow and incomplete under ambient conditions. In addition,
the ambient procedure requires long processing time to form
a gel (a week to a month period of time) [91, 262]. Hence,
reaction conditions, such as temperature and pressure, have
been modified to overcome these challenges.

The hydrothermal treatment has been utilized by several
researchers to achieve complete hydrolysis and condensation
of the silica and titania precursors in a short period of
time [263]. In this method, the reaction mixture containing
the silica and titania precursors is placed in an autoclave
reactor and heated to temperatures typically in the range of
100 to 200∘C for a period of up to 24 h. Even though the
hydrothermal synthesis method has been found to be a facile
synthetic method to prepare crystalline and relatively stable
materials, additional steps of washing, filtering, and drying
are unavoidable.These additional steps can be avoided by the
use of a supercritical dryingmethod. Supercritical drying has
been attempted to produce aerogels materials with enhanced
porosities and high surface areas [263, 264]. Although these
hydrothermal and supercritical drying methods result in
materials with high crystallinity of the titania phase and high
surface area, these are energy-intensive methods that require
either extra processing steps or the use of expensive high-
pressure equipment.

Different synthetic recipes have been attempted for the
preparation of TiO

2
-SiO
2
materials in order to attain desir-

able structural properties that are responsible for enhanced
photocatalytic activity. Use of appropriate solvents, acids,
or bases, and effective metal precursors in the synthesis



22 Journal of Nanomaterials

procedure leads to the formation of materials with enhanced
porosities and surface area. TiO

2
-SiO
2
xerogel materials with

different pore sizes and surface areas have been prepared
with a constant 1 : 4 molar composition of Ti : Si by simply
changing the amounts of water, acids, or bases and hydrolysis
procedure [265]. Gels formed in basic conditions possessed
larger mesopores and lower surface area in comparison to
the gel prepared in acid conditions due to lower pore collapse
during drying. The partial hydrolysis of the silicon alkoxide
in basic medium followed by the mixing of titanium alkoxide
produced microporous xerogels owing to the high collapse
of pores. However, even after the treatment in air at 600∘C,
the titania phase was amorphous. Pirson and coworkers have
reported the synthesis of SiO

2
-TiO
2
xerogels by a sol-gel

method in the presence of polar protic solvents [261]. It
was noticed that the alcoholic solvents act as stabilizers for
titania and control the reactivity of the titania precursor.
The gels were found to be microporous, and calcination at
temperatures above 350∘C diminished the pores in these
materials.

Avendaño and coworkers developed an experimental
strategy to obtain mesoporous ZrO

2
-SiO
2
and TiO

2
-SiO
2

mixed oxides via the sol-gel process [174].The surface acidity
was examined by adsorbing pyridine. A simple acid-catalyzed
sol-gel process without the addition of any chelating agents
or prehydrolysis step was utilized to synthesize microporous
titania-silica mixed oxides [266, 267]. The materials showed
a narrow unimodal pore size distribution centred near
0.7 nm. A high dispersion of titania in the silica matrix was
obtained by first mixing titanium alkoxide with TEOS in
alcoholic solution and aqueous hydrochloric acid followed
by calcination of the resulting solid material. However,
the resulting materials were found to be amorphous. The
surface area varied as a function of Si/Ti ratio. Budhi et al.
synthesized a series of TiO

2
-SiO
2
xerogels [268]. Addition of

nonpolar cosolvents, such as toluene, p-xylene, and mesity-
lene, resulted in materials with enhanced gelation rates and
enlarged pores. The resulting materials have been utilized
for phenol degradation and the TiO

2
-SiO
2
xerogels showed

higher activity in comparison to a sample prepared by the
hydrothermal method due to better adsorptive and highly
reactive TiO

2
sites.

It has been postulated that, by improving the hydrophobic
nature of titania-silica, one can enhance the adsorption of
organic compounds on them compared to bare TiO

2
. Larsen

and coworkers tried to enhance the hydrophobicity of titania-
silica materials using noncyclic silicon precursors [269].
These materials were prepared by acid prehydrolysis of TEOS
and dimethyldimethoxysilane in ethanol medium, followed
by the addition of TiCl

4
in isopropanol [270]. In another

study, Mariscal et al. enhanced the hydrophobic nature of
TiO
2
-SiO
2
xerogels bymixing the titanium and silicon alkox-

ides with a hexane solution of trimethylchlorosilane (TMCS)
inN
2
atmosphere [271]. Dagan and coworkersmodified silica

with methyl and phenyl moieties to control the polarity,
hydrophobicity, ion-exchange capacity, and concentration of
silanol groups on the surface of TiO

2
-SiO
2
xerogels [272].The

resultant modified silica sols were mixed with ethanol and
addition of titanium alkoxide formedmixed oxide gels.These

methyl and phenylmoieties provide better adsorptive sites on
the TiO

2
-SiO
2
mixed oxide materials.

TiO
2
/SiO
2

composite nanoparticles were prepared
directly from the acidic precursor solutions of TiOSO

4

and TEOS by hydrolysis under hydrothermal conditions
by Hirano et al. [273]. An increasing surface area with
increasing silica content was attained with the materials
prepared in their study. Enhanced photocatalytic activity
was obtained with these materials in comparison to
pure TiO

2
for the removal of NO gas. In another study,

nanophase silica-titania particles were prepared by sol-gel
and hydrothermal processing [250]. The textural properties
of these materials such as surface area, particle size,
crystallinity, and crystallographic phases were controlled
by varying the calcination temperature and the molar
ratio of Si and Ti. It was noticed that the crystallite sizes
of SiO

2
-TiO
2
decreased when the mole fraction of silica

increased and this behaviour was explained by the fact
that the silica suppresses the growth of titania [89, 274].
In a following study, a similar method has been utilized
by the same group, for the preparation of silica embedded
nanocrystalline TiO

2
powders [89]. The crystal phase of

titania was found to be strongly dependent on the silica
content and the solvent composition. In addition, the silica
embedded titania materials exhibit a strong inhibition
for the formation of rutile phase. Thus, these materials
show efficient photocatalytic activity, about 1.2 times better
than the commercially available Degussa P25. The role of
crystallinity of the titania phase in TiO

2
-SiO
2
prepared

by a cosolvent induced gelation method was examined
towards the degradation of phenol by our group [84]. It
was found that addition of cosolvents enhanced the gelation
process and the crystallinity of the titania phase, resulting
in the formation of mesoporous TiO

2
-SiO
2
with higher

photocatalytic activities for the degradation of phenol.
Li and coworkers synthesized silica-modified TiO

2
by

utilizing hydrothermal methods [275]. Formation of Ti-O-
Si bond with strong interaction between SiO

2
and TiO

2
in

the materials was proven by XPS and FT-IR analysis. The
silica content in thematerials affected the crystallinity and the
nature of the titania phase. Furthermore, these mixed oxide
materials showedbetter photocatalytic activity in comparison
to pure TiO

2
.

Another approach to significantly enhance the porosities
and surface area is preparation of aerogels under supercritical
conditions. In this method, the wet gel prepared by the
same procedures explained above is slowly heated to critical
temperature (Tc) and critical pressure (Pc) of the solvent
employed. The solvent is then removed once the appropriate
supercritical conditions of temperature and pressure are
attained. Removal of solvent under such conditions prevents
the formation of both the liquid-vapormeniscus and capillary
pressure in the pores.Thus, pore collapse is prevented and the
final materials possess relatively large pores.

Dutoit et al. synthesized mesoporous titania-silica aero-
gels with highly dispersed titania by a sol-gel process [276,
277]. An acidic hydrolysant (doubly distilled water and
hydrochloric acid, 37 wt.%) was added to the solution of
acetylacetonate modified tetraisopropyl orthotitanate and
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tetramethyl orthosilicate in isopropanol solvent. The gel
formed was subjected to different drying conditions includ-
ing conventional drying, high-temperature supercritical dry-
ing, and supercritical CO

2
drying. It was noticed that the

textural properties were affected by the drying conditions
employed and the pH used for initiating the hydrolysis
reactions [278]. A drop in mesoporosity and surface area
was noticed in the materials, which contained low amounts
of titania. In addition, it has been noted that the use of
acidic conditions for sol-gel method leads to materials with
substantial amounts of micropores [279].

Deng et al. synthesised TiO
2
-SiO
2
aerogel materials with

different TiO
2
contents [263]. Anatase microcrystallites were

obtained after supercritical drying in ethanol. In addition, the
photocatalytic degradation of phenol using these aerogels was
examined andmaximum activity was observed at molar ratio
of TiO

2
/SiO
2
= 1. Crack-free titania-silica aerogels with high

titanium content, Ti/Si = 1, were successfully prepared by Cao
and coworkers by simply adjusting the hydrolysis rate of the
titanium and silicon alkoxide precursors [280]. Tailoring the
interconnectivity of the pore network in the aerogel materials
was found to improve the physicochemical characteristics of
these materials. In their work, well-dispersed, nanometer-
sized anatase crystal domains were crystallized by high-
temperature supercritical drying in ethanol medium. In
addition, the crystalline domains contained Ti-O-Si bonds.

Kim et al. synthesized titania-silica binary aerogel with
1 : 1 molar ratio of Ti to Si by first modifying tetrabuty-
lorthotitanate (TBOT) with acetylacetone in methanol solu-
tion followed by the addition of TEOS [281]. In addition,
a nonalkoxide sol-gel route for the synthesis of TiO

2
-SiO
2

aerogelmaterials was also done by addition of TiCl
4
and SiCl

4

in a methanol medium. High surface area titania and titania-
silica aerogels were obtained by the nonalkoxide sol-gel route
and by a subsequent carbon dioxide supercritical drying step.
However, the surface area of the resulting aerogel was found
to be similar to that of the aerogel prepared by alkoxide sol-gel
route.

The influence of the preparation method on the physic-
ochemical properties of titania-silica aerogel materials was
assessed by Brodzik and coworkers [222] using four different
synthesis procedures: (i) modified titania precursor, (ii)
fully hydrolyzed silica precursor, (iii) titanium and silicon
precursors that were hydrolyzed and gelled without any
modification, and (iv) impregnation of a preformed silica
gel by a modified titania precursor. Anhydrous ethanol and
methanol were used as solvents and the gel formation was
induced by adjusting the pH of the system with ammonia.
Finally, highly porous aerogels were obtained and the pres-
ence of anatase crystallites was inferred fromXRD studies. In
addition, the amount of water present in the reactionmixture
was found to play a key role in formation of titania-silica
lattice and strongly influenced the resulting photocatalytic
activity. Furthermore, the impregnation and simultaneous
hydrolysis methods resulted in highly active photocatalysts.

In summary, the synthetic routes for preparation of
the binary aperiodic mixed oxide materials significantly
influence the structural properties of the materials, which
ultimately affect their photocatalytic activity. The following

section will provide a brief discussion of several characteri-
zation techniques.

3.2.2. Characterization of Aperiodic TiO
2
-SiO
2
Mixed Oxides

Powder X-Ray Diffraction. X-ray diffraction (XRD) is a
nondestructive analytical technique that is routinely used
for the structural characterization of titania-silica materials.
A typical peak near 2𝜃 = 25

∘ in the wide range XRD
profile indicates the presence of TiO

2
anatase phase in the

mixed oxide materials due to 𝑑
101

crystallographic plane. In
addition, peaks at 2𝜃 near 36∘, 37∘, 39∘, 48∘, 54∘, 55∘, 63∘, 69∘,
70∘, 75∘, and 76∘ that corresponded to 𝑑-spacings of 𝑑
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,
respectively, are due to anatase phase of TiO

2
and peaks at

2𝜃 = 27∘, 37∘, 39∘, 41∘, 54∘, 55∘, 63∘, 68∘, 70∘, 75∘, and 76∘
correspond to 𝑑-spacings of 𝑑
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, respectively, for the rutile phase
of TiO

2
. However, addition of silica prevents the formation of

rutile peaks [165].
In most of these TiO

2
-SiO
2
mixed oxide materials the

X-ray patterns show a broad amorphous peak due to the
presence of silica. However, with an increase in the calcina-
tion temperature and/or use of cosolvents, the crystallinity
can be modulated as depicted in Figure 13. It can be clearly
seen that the crystallinity of the peaks is improved either
by the addition of aromatic cosolvents or by the increase in
the calcination temperature. Furthermore, different phases of
TiO
2
may be obtained by adjusting the pH of system or by

changing the ethanol (solvent) to water ratio [89].

Raman Spectroscopy. Raman spectroscopy is widely used to
identify the phase of titania along with XRD. The Raman
study of a TiO

2
-SiO
2
mixed oxide showed peaks near 638,

519, 399, 197, and 144 cm−1 corresponding to E
1 g, B1 g, B1 g,

E
1 g, and 𝐸

𝑔
symmetry modes, respectively [282]. A

1 g, B1 g,
and 𝐸

𝑔
modes are the active modes for anatase crystals [267].

Fourier Transform-Infrared (FT-IR) Spectroscopy. FT-IR tech-
nique is utilized for analyzing the stretching and bend-
ing vibration frequencies in the mixed oxide materials. In
addition, this technique provides information regarding the
presence of surface hydroxyl groups. The FT-IR spectrum of
the titania-silica composites shows mainly four peaks with
thewavenumbers of 780, 970, 1090, and 1200 cm−1 as depicted
in Figure 14 [85]. The peaks at the wavenumbers of 1090 and
780 cm−1 are assigned to the symmetric and asymmetric
stretching vibration of Si-O-Si in silica, respectively.The peak
in the range of 920–970 cm−1 is commonly attributed to Ti-
O-Si vibrations [257]. However, these bands also overlap with
vibration involving Si-O-H bonds. Thus, FT-IR cannot be
used to infer the presence of Ti-O-Si linkages and other
techniques such as XPS spectroscopy need to be performed
for the quantitative calculation of Ti-O-Si linkages. The peak
near 400 cm−1 is commonly assigned for Ti-O-Ti bending.

N2 Physisorption. Textural properties that include sur-
face area, pore volume, and pore diameter of the mixed
oxide materials are commonly investigated using nitrogen
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Figure 14: The FT-IR spectra of (a) calcined mesoporous silica, (b)
titania modified silica with Ti/Si = 10, (c) Ti/Si = 2.5, and (d) Ti/Si =
5 (reprinted with permission from [85]).

physisorption studies. The typical isotherms show a slow
increase with the amount of N

2
adsorbed at low relative

pressure values due to monolayer adsorption. As the relative
pressure value increases, multilayer adsorption occurs and
this is followed by capillary condensation. The mesoporous
materials show type IV isotherms as evidenced by a hysteresis
loop [283].

The nitrogen physisorption patterns of a series of mate-
rials with different Ti/Si amount are illustrated in Figure 15
and are compared with the isotherms of pure titania and
silica synthesized under similar conditions. The materials
labelled as X-Ti-01 and X-Si-06 contain only titania or silica,
respectively, and show H2 type hysteresis loops, which are
usually found inmaterials with a cross-linked porous system.

The isotherm of the titania-silica mixed oxide material with
Ti/Si ratio of 1 (X-Ti-02) also showsH2 type of hysteresis with
a relatively low surface area and pore volume in comparison
with the rest of the mixed metal oxides.

On the other hand, the mixed oxide xerogels with higher
silica contents, such as 1 : 2, 1 : 3, and 1 : 4 ratios of Ti : Si (X-
TiSi-03, X-TiSi-04, and X-TiSi-05), exhibit H3 type loops that
are not leveled off at relative pressure that are very close to
that of saturation vapor pressure. The pore size distribution
plots for the corresponding mixed oxide materials are shown
in Figure 16. The pure silica material shows a broader pore
size distribution than pure titania. In addition, a narrow
unimodal distribution of pore sizes is observed with the
mixed oxide materials that contain lower amounts of silica.

UV-Vis Diffuse Reflectance Spectroscopy (DRS). DRS has been
widely employed in the characterization of aperiodic titania-
silica mixed oxide materials. Bandgap estimates of the mixed
oxides are derived from DRS studies. The electron transition
from valence band to conduction band is mainly attributed
to the absorption of the materials below the wavelength of
400 nm and it is well documented that the absorption near
the band edge follows the expression of 𝛼ℎ𝜗 = 𝐴(ℎ𝜗 − 𝐸

𝑔
)
𝑛/2,

where 𝛼, ℎ, 𝜗, 𝐴, 𝐸
𝑔
, and 𝑛 are the absorption coefficient,

Planck’s constant, light frequency, constant, bandgap energy,
and integer, respectively [284]. The bandgap values reported
for TiO

2
anatase in TiO

2
-SiO
2
mixed oxide materials differ

due to use of different preparation methods, the presence
of trace amounts of impurities or dopants in the crystalline
network, or the particle size of TiO

2
. The bandgap energies

are commonly calculated from the plot of Kubelka-Munk
function versus the energy as illustrated in Figure 17. How-
ever, some reports also determine the bandgap energies from
the Tauc plot, which is the derivation of the Kubelka-Munk
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Figure 15: Nitrogen physisorption properties of TiO
2
-SiO
2
xerogel materials: (a) pure titania (X-Ti-01) and pure silica (X-Si-06) and (b)

TiO
2
-SiO
2
mixed oxides with Ti/Si ratio of 1 : 1 (X-Ti-02), 1 : 2 (X-Ti-03), 1 : 3 (X-Ti-04), and 1 : 4 (X-Ti-05) prepared in ethanol-toluene solvent

system (reprinted with permission from [86]).
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0.4

0.2

0.8

0.6

0.0

d
�
(lo

gd
)

(c
c/

g)

(b)

Figure 16: Pore size distribution of TiO
2
-SiO
2
xerogel materials: (a) pure titania (X-Ti-01) and pure silica (X-Si-06) and (b) TiO

2
-SiO
2
mixed

oxides with Ti/Si ratio of 1 : 1 (X-Ti-02), 1 : 2 (X-Ti-03), 1 : 3 (X-Ti-04), and 1 : 4 (X-Ti-05) prepared in ethanol-toluene solvent system (reprinted
with permission from [86]).

function. Aguado et al. used the Kubelka-Munk function
(Figure 17) to calculate the bandgap energy of titania in their
mixed oxide materials [87].

As the content of Si in themixed oxides increases, the UV
absorption edge shifts to higher energies. Furthermore, a blue
shift was observed in the titania-silica mixed oxides prepared
using different cosolvents and this shift was explained by

changes in the crystallite size of the anatase TiO
2
[84]. In

addition to the bandgap the particle size of TiO
2
can also be

determined by DRS studies using the Brus equation.

Scanning Electron Microscopy (SEM). The information
regarding the morphology of the materials can be obtained
from SEM studies. Due to the irregular arrangements of
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materials and (b) the corresponding Kubelka-Munk function plot (reprinted with permission from [87]).

(a) (b)

Figure 18: Typical scanning electron micrographs of (a) silica particles and (b) titania coated silica particles (reprinted with permission from
[88]).

the pores in the aperiodic mixed oxide materials, the diffe-
rences in the size and the morphologies are best obtained
from SEM studies rather than TEM. Alaoui et al. and
Cetinkaya et al. prepared TiO

2
-SiO
2
particles with different

sizes respectively [285, 286]. SEM studies indicate that
TiO
2
powder is randomly distributed in the silica matrix.

Wilhelm and Stephan utilized SEM technique to characterize
silica spheres that were coated with titania as illustrated in
Figure 18 [88].

The SEM image illustrates that the silica particles have
spherical shape and smooth surface. The coating was carried
out by the gradual addition of titania sol into the aqueous

dispersion of silica which resulted in the attachment of
small titania particles on the silica surface. The SEM image
illustrates that, after coating, there is a loss in the smoothness
of the silica surface.

Transmission Electron Microscopy (TEM). TEM is a powerful
technique for structural characterization. The TEM image of
TiO
2
-SiO
2
mixed oxide materials prepared with 20 mole%

silica embedded with TiO
2
is illustrated in Figure 19.The size

of the silica embedded TiO
2
particle prepared in the ethanol-

rich solvent was found to be 7 nm and the high resolution
TEM image shows the lattice fringes of TiO

2
[89]. The high
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(a) (b)
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Figure 19: TEM images of TiO
2
nanoparticles prepared with different silica content and solvent composition: (a) pure TiO

2
(ethanol to water

= 4 : 1), (b) pure TiO
2
(ethanol to water = 1 : 8), (c) 0.2 SiO

2
-0.8 TiO

2
(ethanol to water = 4 : 1), and (d) high resolution TEM (HRTEM) image

of (c) (reprinted with permission from [89]).

resolution TEM analysis offers information regarding the
phase of titania via providing the 𝑑-spacing values from
the presence of lattice fringes in the mixed oxide materials.
However, it was noted that it is very challenging to obtain
the TiO

2
lattice fringes in the materials with higher silica

loadings.

X-Ray Photoelectron Spectroscopy (XPS). XPS studies provide
information on the binding energies of the titania and
silica species in the mixed oxide materials. In addition,
the interaction between SiO

2
and TiO

2
species can also be

understood by comparing the peak positions of Si and Ti
in the TiO

2
-SiO
2
mixed oxide with pure titania and silica.

The XPS spectra obtained for themixed oxides prepared with
different Ti : Si ratios show a peak at the binding energy of
459.2 eV due to Ti (2p3/2), which is slightly higher than that
observed in TiO

2
anatase (458.8 eV). In addition, a shift in

the Ti (2p3/2) peak positions towards lower binding energies

was observed, when the silica amount increases in the mixed
oxide (Figure 20) [90].

In a different study, the O 1s peak was found to be shifted
to the lower binding energy with an increase in the TiO

2

content (Figure 21) in a TiO
2
-SiO
2
material. At higher TiO

2

contents, two O 1s bands were observed at around 530.5 and
532.5 eV indicating phase separation with titania-rich regions
(Ti-O-Ti) and silica-rich regions (Si-O-Si) [91]. A further
study evaluated the effect of calcination temperature to better
understand the interaction between silica and titania species
in the mixed oxide materials [287]. Li et al. experimentally
found that the binding energies of Ti (2p1/2), Ti (2p3/2),
and O 1s of titania-silica mixed oxide were shifted to higher
values in the mixed oxide materials in comparison to pure
TiO
2
[275]. This behavior was attributed to a decrease in

the coordination number of Ti and a shortening of the Ti-O
bond. The bond shortening resulted in the insertion of Ti4+
cations into the tetrahedral sites of the silica network to form
Ti-O-Si linkages.
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3.2.3. Photocatalysis. Semiconductor binary mixed oxides
have emerged as promising materials for photocatalytic
degradation of pollutants and photosplitting of water and,
among them, TiO

2
-SiO
2
has been quite well studied.

Various types of aquatic pollutants that include inorganic
ions, aliphatic hydrocarbons, such as alkanes and alkenes and
their substituted derivatives, benzyl compounds, dyes, phe-
nolic compounds, and pesticides were experimented using
advanced oxidation process. This section will review the

various photocatalytic reactions that have utilized aperiodic
TiO
2
-SiO
2
materials.

Photocatalytic Degradation of Inorganics. A comparative
study using titania-silica xerogels and aerogels was carried
out for the photocatalytic degradation of cyanides from the
wastewater by Ibrahim and coworkers [288]. A decrease in
the cyanide removal efficiency from80% to 70%was obtained
with an increase in the calcination temperature from 100 to
400∘C. A removal of 82% was achieved at the calcination
temperature of 500∘C. Further increase in the calcination
temperature reduced the removal efficiency. The decrease in
activity was explained by the formation of greater amounts
of rutile phase. In contrast, higher removal efficiency (∼98%)
was attained with the aerogel materials and the efficiency has
been credited to the larger surface area of aerogel materials.
In addition, the supercritical drying time was not found
to be a major factor in the photocatalytic performance of
the aerogel materials since all the materials showed similar
activity when subjected to different drying times. However,
the heating time in the drying process was found to affect the
photoactivity, since the crystallinity of the titania phase in the
aerogel materials was found to vary.

Removal of cyanide ions using TiO
2
-SiO
2
aerogel as

photocatalysts has been examined in a separate study by
Ismail et al. [289]. The molar ratio of Ti : Si was varied to
find the optimum removal efficiency and the best degradation
efficiency of 98% was achieved for the catalyst with the molar
ratio of Ti : Si equivalent to 6 : 1. The higher efficiency of this
material was explained by the larger specific surface area
value of 850m2/g that allowed for effective dispersion of the
photoactive titania species. Even though the cyanide removal
in the wastewater has been carried out for water treatment,
a survey of the literature indicates no reports for removal of
other inorganic ions using TiO

2
-SiO
2
aerogels.

Photocatalytic Degradation of Aliphatic Compounds. Photo-
catalytic reactions of alkenes and alkynes in water were inves-
tigated byAnpo et al. over titania-silica oxides photocatalysts.
The photocatalytic activity in the mixed oxide system was
found to be higher at low TiO

2
content due to a decrease

in the radiationless energy transfer between titania and silica
[290]. In a different study, the photocatalytic decomposition
of dichlorodifluoromethane was carried out on various metal
oxides that include CaO, zeolite, silica-alumina, and titania-
silica [252]. Among these, titania-silica exhibited the best
performance due to the presence of strong acid sites which
enhanced the decomposition of dichlorodifluoromethane. It
was found that deactivation of the catalyst occurred rapidly
due to the attack of fluorine on silicon in titania-silica.
In addition, a combined mixture of titania-silica and CaO
reacted with fluorine more readily in comparison to silica
and protected the titania-silica catalyst from corrosion by
fluorine, and it was found that the lifetime of this catalyst
was longer than that of the bare titania-silica. The presence
of acidic sites on titania-silica mixed oxide was found to be
favorable for the decomposition of 1,2-dichloroethane [291].
Titania coatings have been deposited on silica by hydrolysis of
titanium alkoxide precursors and examined as photocatalysts
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for the dehydration of 2-propanol [292]. Preformed silica was
used as the support for titania and the nature of titania coating
was controlled by the ratio of titanium alkoxide to water. 2-
Propanol dehydration was used as a probe reaction. Propene
formationwas found to be directly correlatedwith the anatase
surface area. However, when the titania-silica samples were
heated to temperatures less than 400∘C, no correlation was
obtained between the surface area and propene formation.
This may be due to the presence of amorphous titania.

Photocatalytic degradation of tetramethylammonium
(TMA) ions in water was studied with pure TiO

2
and silica-

loaded TiO
2
[293]. An improved activity was attained with

the catalyst of Si/Ti atomic ratio of 18%. In addition, the cal-
cination temperature was noted as one of the factors affecting
the degradation. The increased thermal stability of TiO

2
in

themixed oxide prevents the formation of the less active rutile
phase, and thismay be the reason for the higher photoactivity
of silica-loaded TiO

2
. Loading silica onto titania created a

highly negative surface and this enhanced the adsorption of
cations such as TMA and, as a result, its degradation was
enhanced.

Catalytic reactions that include epoxidation of olefins
and selective oxidation of saturated hydrocarbons have been
carried out by utilizing amorphous microporous titania-
silica mixed oxide materials by Klein and coworkers [266].
The materials show catalytic activity for selective oxidation
reactions and also for selective epoxidation of olefins due
to their distinct microporosity. A decrease in epoxidation
activity was observed with an increase of TiO

2
in the

materials. However, the hydrophilicity of these amorphous
binary oxides was found to be different in comparison
to their zeolitic analogues. This was proven by adsorption
experiments of water and octane.

Photocatalytic Degradation of Benzyl Compounds. Photo-
catalytic decomposition of 1,4-dichlorobenzene was mon-
itored using TiO

2
/SiO
2
nanoparticles [89, 250]. The rate

constant for the degradation reaction was found to be higher
for TiO

2
/SiO
2
than that of Degussa P25. However, it was

found that 20mol% of silica was the optimum loading.
Various adsorbent supports were evaluated for the mineral-
ization of 3,5-dichloro-N-(3-methyl-1-butyn-3-yl)benzamide
(propyzamide) in aqueous solution [294]. Zeolite, silica, and
activated carbonwere used as adsorbent supports for dispers-
ing TiO

2
. It was found that the TiO

2
/SiO
2
system showed

better adsorptive properties and increased themineralization
of propyzamide in comparison with bare TiO

2
.

Decomposition of benzyl trimethyl ammonium chloride
(BTMA) and propionic acid was carried out over SiO

2
loaded

TiO
2
under UV irradiation. Propionic acid showed lower

degradation rate due to the presence of more negative charge
on the surface of TiO

2
-SiO
2
at pH 6 [295]. The influence

of pH on the surface charge of silica-loaded TiO
2
materials

was studied by Vohra and Tanaka for the photocatalytic
activity of cationic, neutral, and anionic pollutants [296].
An enhanced photocatalytic activity was achieved with the
cationic pollutants due to the presence of silica that increased
the surface area and introduced Si–O− groups, which facili-
tated the adsorption of the cationic pollutant species on the

surface of the catalyst. However, due to the occlusion of the
active sites, the efficiency of the supported catalysts was found
to decrease with an increase in the substrate concentration.
Furthermore, it was interesting to note that anionic and
nonionic compounds such as acetate and phenol remained
unaffected during the degradation process.

Photocatalytic Degradation of Phenols. Phenols and phenolic
compounds are released into the aquatic environment along
with several industrial wastes and have gained attention
from researchers for their removal from water bodies.
Photocatalytic degradation of phenol over silica supported
titania catalysts was carried out by Alemany et al. and
the intermediates and products formed during the process
were also identified in their study [297]. Hydroquinone and
maleic acid were found to be the two major intermediates
that were later oxidized to acetic acid and formic acid
on prolonged irradiation. A high selectivity to the partial
oxidation products was observed for the catalysts containing
0.5 and 1.0 monolayers of titania which were formed by the
homogeneous precipitation of titania on the silica support.
CO
2
was found to be the dominant final product for all

the catalysts. The study also focused on finding the optimal
titanium content, and it was found that there should be an
optimal particle size for the effective photodegradation of
phenol. Higher loadings greater than 30% of titania on the
silica materials limit the photoefficiency due to the presence
of larger sized titania particles.

The utilization of TiO
2
-SiO
2
aerogels for the photocat-

alytic degradation of phenol pollutant was investigated by
Deng and coworkers and it was noticed that the aerogels
contained anatase microcrystallites after supercritical drying
in ethanol [263].These binary aerogel materials showedmore
superior activity than the commercial TiO

2
and the pure

TiO
2
aerogels. The aerogel with 1 : 1 molar ratio of TiO

2

and SiO
2
showed optimum photocatalytic performance. The

photocatalytic activity of the aerogels increased with the SiO
2

content at first and came to a maximum at molar ratio = 1 : 1.
Malinowska and coworkers chose three different phe-

nol para-derivatives, such as p-chlorophenol, p-nitrophenol,
and 4-hydroxybenzoic acid, as model compounds for the
photodegradation processes over TiO

2
-SiO
2
aerogel mate-

rials synthesized by a sol-gel technique [298]. Even though
the aerogels prepared in their studies showed reasonable
photocatalytic activity, it was comparatively less than that
of TiO

2
aerogels. This was explained by the segregation of

titania and silica phases and their poor contact that hindered
the photocatalytic activity. The photocatalytic degradation
of phenol over a series of TiO

2
-SiO
2
mixed oxide mate-

rials prepared by sol-gel hydrothermal treatment has been
reported recently [299]. The higher photocatalytic activities
of the binary mixed oxide materials prepared using nonpolar
solvents were attributed to a combination of factors such as
higher apparent surface coverage of Ti-O-Si heterolinkages,
larger pore sizes, and higher crystallinities of the titania
phase. In particular, high crystallinity of the titania phase
seemed to be critical for the complete mineralization of
phenol in this study. Larger pore sizes permitted better
transport of phenol and photodegradation products that were
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formed during the mineralization to and from the active sites
and higher crystallinity of TiO

2
enhanced the degradation

efficiency by minimizing the electron-hole recombination in
these photocatalysts.

Photocatalytic Degradation of Dyes. The runoffs from several
industries such as textile, leather, and paper are a major
contributor to this type of pollutants in the water body. In
particular, removal of dyes from several colored effluents
involves processes that produce compounds that are very
toxic to the environment [285].Thus, it is necessary to remove
these colored pollutants from the environment. Anderson
and Bard have studied the effect of incorporation of SiO

2

on TiO
2
photocatalyst prepared by a sol-gel technique [14].

It has been well documented that the efficiency of TiO
2
can

be improved by preventing the recombination of the photo-
generated electrons (e−) and holes (h+) pairs by the addition
of charge-transfer catalysts on the TiO

2
surface. Alternately,

one can increase the photocatalytic activity by incorporation
of effective adsorption sites on the photocatalyst surface. The
second approach has been espoused in their studies in the
preparation of TiO

2
/SiO
2
composites with different ratios of

Ti/Si.
The application of photocatalysts with different Ti/Si

ratios for the photodecomposition of R6G has been inves-
tigated and it has been noted that a Ti/Si ratio of 30/70
produces a catalyst about three times more active than
commercially available Degussa P25 due to the enhanced
adsorption of the dye. However, it has been noticed that the
presence of larger amounts of SiO

2
decreases the activity.

In a following study, Anderson and Bard have utilized two
different binary mixed oxides TiO

2
/SiO
2
and TiO

2
/Al
2
O
3

for the photodecomposition of salicylic acid and phenol
[92]. It was observed that the TiO

2
/Al
2
O
3
system gave

improved activity for the decomposition of salicylic acid
relative to bare TiO

2
. Moreover, TiO

2
/SiO
2
materials show

higher activity thanTiO
2
/Al
2
O
3
andTiO

2
towards the photo-

catalytic decomposition of phenol.The schematic diagram in
Figure 22 illustrates the photocatalysis mechanism of the two
mixed oxide catalysts TiO

2
/Al
2
O
3
and TiO

2
/SiO
2
that have

been utilized in their study.
It was noticed by Cheng and coworkers that the addition

of silica in the titania-silica mixed oxides increases the
photoactivity by suppressing the phase transformation of
titania from anatase to rutile, and this has been also reported
by several other researchers [165, 300, 301]. Also, the addition
of silica facilitates the formation of oxygen vacancies in
titania [165]. Yang and coworkers investigated the effect of
addition of silica to titania, on the crystalline growth and the
transformation of anatase to rutile phase [300]. It has been
observed that the suppression in the crystallite size enhanced
the surface area and resulted in a blue shift in the onset
of absorption edge in the mixed oxide materials compared
to pure titania. The photocatalytic activity of these silica-
modified materials was evaluated by decolorization of MO
solutions under UV-visible light irradiation and it was found
that the silica content, calcination temperature, H

2
SO
4
, and

presence of oxidants such as KIO
4
, (NH

4
)
2
S
2
O
8
, and H

2
O
2

greatly influenced the decolorizing process.
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Figure 22: Schematic representation of the TiO
2
/SiO
2

and
TiO
2
/Al
2
O
3
photocatalysts with no interaction between the TiO

2

and SiO
2
or Al
2
O
3
phases (reprinted with permission from [92]).

Photodegradation of two different dyes, reactive 15 (R15)
and cationic blue X-GRL (CBX), was carried out over differ-
ent surface bond conjugated TiO

2
/SiO
2
materials prepared

by impregnation method [302]. The material with 30wt.% of
TiO
2
/SiO
2
shows higher activity due to the smaller particle

size of TiO
2
on the sample. It was found that silica gel plays

a key role in dispersion of TiO
2
. In another study, pho-

tocatalysts were prepared by surface functionalization with
thiol, cyano, and thiocyano groups on silica and silica-titania
catalysts and these were investigated for the photocatalytic
degradation of MB [81]. The adsorption of MB on these cata-
lysts is significantly altered due to the surface modification
and varies with the type of functional group bound to the
surface. In addition, all these functional groups are very stable
to UV and the surface bond TiO

2
/SiO
2
materials provide

good photocatalytic activity for the decomposition of MB.
The photocatalytic degradation of a RhB with TiO

2
[303]

and TiO
2
/SiO
2
in aqueous dispersion was investigated by

several researchers under visible and UV irradiation [303–
305]. Rasalingam et al. studied the deethylation of RhB
dye molecule in the presence of both TiO

2
and TiO

2
/SiO
2

under visible and UV irradiation. The detailed mechanism
for the deethylation process of RhB was investigated by
high performance liquid chromatograph (HPLC) and liquid
chromatograph-mass spectrometry (LC-MS) techniques. It
was reported that RhB adsorbs on the surface of TiO

2
/SiO
2

particles by the positively charged diethylamino group,
whereas adsorption was achieved through the negatively
charged carboxyl group on TiO

2
at pH of 4.3. Similar

adsorption behavior of RhB dye molecule over TiO
2
-SiO
2

mixed oxide materials prepared under ambient conditions
was recently studied by our group and it was concluded that,
apart from the surface charge of the mixed oxide materials,
the pore volume of the material also plays a key role in the
adsorption of the dyemolecule over the catalytic surface [86].



Journal of Nanomaterials 31

In addition, our group has investigated the influence of Ti-
O-Si heterolinkages on the TiO

2
-SiO
2
xerogel materials for

the degradation of RhB dye [305]. The active heterolinkages
(Ti-O-Si) were credited for the higher rate of degradation.
The effect of cosolvent in increasing the surface area of these
photocatalysts was reported by Budhi et al. [268]. Titania
coated silica spheres prepared by heterocoagulation method
were utilized as catalyst in the photodegradation of RhB dye
in aqueous solution [88]. The experiments showed complete
degradation of RhB without any photobleaching.

In another recent study, a series of aperiodic titania-silica
photocatalysts was prepared in ethanolic solutions of polar
aprotic cosolvents such as ethyl acetate (EtOAc), acetonitrile
(ACN), acetone (ACT), andN,N-dimethylformamide (DMF)
using sol-gel procedure by our group [304]. The use of polar
aprotic solvents was found to be a feasible approach tomodify
the textural properties of the materials, such as surface areas
and pore sizes, without the need to use expensive templates.
Dark adsorption and degradation of RhB dye molecules on
these titania-silica materials revealed that the pore volume
of the mixed oxide mainly influenced the adsorption, while
pore diameters enhanced the initial degradation rate. The
larger pores permit the organics to diffuse in and out of
the mesostructure to enhance their effective photocatalytic
degradation under visible light irradiation.

Degradation of acid orange 7 (AO7) using TiO
2
/SiO
2

composites, which were prepared by coating the SiO
2
surface

with nano-TiO
2
by hydrolysis of TiCl

4
, was examined by

Cetinkaya and coworkers [286]. An improved adsorption
of AO7 was attained with nano-TiO

2
on the surface of

SiO
2
under UV light. Furthermore, the effect of calcination

temperature on the photocatalytic degradation was also
examined. A degradation efficiency of 40% was achieved
with the sample calcined at 600∘C. The high activity of this
material was explained by the presence of a mixture of rutile
and anatase phase in the structure that minimized electron-
hole recombination.

Photocatalytic Degradation of Pesticides. Photocatalytic deg-
radation of organophosphorous pesticides that include dich-
lorvos, monocrotophos, parathion, and phorate was inves-
tigated by using floating TiO

2
/SiO
2
photocatalyst beads

prepared by dip coatingmethod [306]. Complete degradation
was attained after 420min. of sunlight irradiation. They
have found that the addition of small amount of electron
scavenger, Cu2+, escalates the photodegradation efficiency
of organophosphorus pesticides via reduced electron-hole
recombination and increased formation of hydroxyl radicals.
The formation of these hydroxyl radicals on the TiO

2
surface

is favored in acidic and alkaline solutions. Furthermore,
an effective conversion of phosphate ester into trimethyl
phosphate ester, formic acid, and acetic acid was achieved in
the presence of acids and bases.The trimethyl phosphate ester
is then photocatalytically degraded into PO

4

3− and formic
acid. Even though Cu2+ increases the degradation efficiency,
higher concentrations of Cu2+ lead to the formation of
[Cu(H

2
O)
4
]2+ complex ions that absorb UV light and reduce

the photoefficiency. Phanikrishna Sharma and coworkers

utilized titania-silica composite materials prepared using a
styrene-acrylic acid emulsion as a latex polymer template,
for the degradation of isoproturon (𝑁,𝑁-dimethyl-𝑁-[4-
(1-methylethyl)phenyl]), identified as a hazardous class III
herbicide. Effective degradation was obtained at an optimal
loading of 5 wt.% TiO

2
under solar light. Furthermore, a

similar approach was successfully used for the degradation of
commercially available pesticides such as imidacloprid and
phosphadium [307, 308]. In a recent study, remediation of
dimethyl phthalate, which is used in pesticides, plastics, safety
glasses, rubber coating agents, and insect repellants, using
hollow glass microsphere (HGM) coated with photocatalytic
TiO
2
has been carried out by Jiang and coworkers [309].

In their study, they have optimized the condition for the
formation of hydroxyl radicals by using terephthalic acid as
hydroxyl radical trapper. Three different variables, such as
the loading ofHGM-TiO

2
, concentration of terephthalic acid,

and irradiation time, were investigated on the photocatalysis.
It is worth mentioning here that the HGM-TiO

2
catalyst is

available in market for the removal of aqueous pollutants as
well as gaseous pollutants.

4. Factors Influencing Photocatalytic
Degradation Using TiO2-SiO2 Mixed Oxides

It is noted that the photocatalytic activity of TiO
2
-SiO
2

mixed oxides is closely related to their structural properties,
such as crystallinity and crystallite size of titania, crystal
composition, surface area, particle size distribution, porosity,
bandgap, surface hydroxyl density, dispersion of TiO

2
, and

Ti-O-Si linkages.The use of a high surface area silica support
provides good dispersion of titania. Also, the silica support
increases the hydrophobic nature of the mixed oxide. This
helps to adsorb a wide variety of organic pollutants and
concentrate them close to the reactive TiO

2
centre [272].

The crystallite or particle size of titania plays a key role in
degradation. Silica support confines the TiO

2
particles in the

nanosize range due to quantum size effect, and the smaller
titania particles in general show enhanced photocatalytic
activity. This is explained by a decrease in the rate of volume
charge carrier recombination of the electron-hole pairs in
smaller sized titania particles. The photocatalytic activity is
maximum at an optimal particle size at which the volume
and surface charge carrier recombination of the electron-
hole pairs is minimized. However, at very small particle
sizes, surface charge carrier recombination is enhanced, and,
thus, the resulting photocatalytic activity will decrease. In
addition to the particle size, the photocatalytic activity also
depends on the amount of titania.The photocatalytic activity
is usuallymaximumat an optimal loading of titania. At higher
loadings of titania, larger aggregates of titania are formed
that occlude the pores and limit the diffusion of the reactant
molecules, and, thus, the photocatalytic activity is lowered.
Also, the crystallinity and the nature (phase) of titania are
important factors that profoundly affect the photocatalytic
activity. Mixed oxide materials that contain highly crystalline
titania show enhanced activities. This is because amorphous
materials in general contain larger number of defects that
enhance electron-hole recombination. In the mixed oxide
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material, the silica support prevents the phase transformation
of the more active anatase phase to rutile on calcination. In
addition to these factors, the chemical property of the TiO

2
-

SiO
2
binary oxide materials is modulated by the addition of

SiO
2
into the TiO

2
network, and the formation of Ti-O-Si

heterolinkages has been implicated to play an important role
in the photocatalytic activity.

The porous properties such as pore volume and pore size
of the mixed oxide materials influence the adsorption of the
pollutant. In particular, larger pore sized materials provide
better transport (molecular trafficking) of the pollutants and
the product(s), in and out from the active sites, and contribute
to enhanced degradation. It is generally observed that the
rate of degradation increases with an increase in the pollutant
concentration to a certain level. However, further increase
in the pollutant concentration results in a decrease in the
degradation rate. Among the various ROS, ∙OH radical is an
important species in the degradation processes and the rate of
degradation depends on both the probability of the formation
of ∙OH radicals on the catalyst surface and the reactivity of
∙OH radicals with the pollutants. Thus, the enhancement in
activity will rely on the probability of the reaction between
the pollutant and these oxidizing species. However, the
degradation efficiency decreases beyond a particular level
of pollutant concentration. This is due to the inhibition of
∙OH radical generation via the coverage of active sites on the
catalysts by the pollutantmolecules/ions. In addition, another
reason that was reported for the low activity particularly for
dye pollutants was the UV-screening effect by the dyes. At
high dye concentrations, a significant amount of UV light
may be absorbed by the dye molecules rather than by the
semiconductor particles and this reduces the efficiency of the
catalytic reaction by reducing the generation of ∙OH radical
and superoxide radical (O

2

∙−).
The characteristic features of the pollutant in the wastew-

ater differ with the variation in the solution pH [310].
The pH of the medium may lead to changes in solubility,
stability, hydrophobicity, and also the color of the substance
(applicable to dyes). In addition, the pH of the medium
can also change the surface charge of the photocatalysts and
degree of ionization of the organics. An organic compound
remains in the neutral state at pH below its pKa value and
is negatively charged when the pH exceeds the pKa value.
Furthermore, electrostatic interactions between the semicon-
ductor surface, solvent molecules, pollutant substrate, and
the ROS formed during photocatalytic oxidation vary with
solution pH.Thus, these variations in the pH play a vital role
in the photocatalytic degradation efficiency.

A comparative table is provided in the supplementary
section (in the Supplementary Material available online at
http://dx.doi.org/10.1155/2014/617405) to indicate the various
classes of compounds that have been examined for removal
for contaminants.

5. Conclusions

This review has attempted to cover awide range of wastewater
effluent removal techniques for water treatment. The reader
can get an idea about the various types of removal methods

and the basic principles behind each technique. Heteroge-
neous photocatalytic oxidation (HPO)has garnered extensive
attention due to its effective removal of toxic compounds
fromwaste effluents.TheHPO process employs several oxide
and mixed oxide catalysts, mainly for water purification.
Among these materials, TiO

2
-SiO
2
mixed oxides have been

found to be more active than the other mixed oxides for
the degradation of organics. In this work, we have covered
the degradation of organics by utilizing TiO

2
-SiO
2
binary

mixed oxide materials and the factors that influence the
degradation have been discussed. Furthermore, this review
briefly explains the synthetic procedures and the main char-
acterization techniques of the two main types of TiO

2
-SiO
2

binary mixed oxides, periodic and aperiodic oxides. Even
though these binary mixed oxides show better activity than
pure TiO

2
materials inmost instances, the utilization of these

TiO
2
-SiO
2
mixed oxides is limited for the mineralization of

selected pollutants.
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[61] N. Borràs, R. Oliver, C. Arias, and E. Brillas, “Degradation of
atrazine by electrochemical advanced oxidation processes using
a boron-doped diamond anode,” Journal of Physical Chemistry
A, vol. 114, no. 24, pp. 6613–6621, 2010.

[62] M. Govindaraj, M. Muthukumar, and G. Bhaskar Raju, “Elec-
trochemical oxidation of tannic acid contaminated wastewater
by RuO

2
/IrO
2
/TaO
2
-coated titanium and graphite anodes,”

Environmental Technology, vol. 31, no. 14, pp. 1613–1622, 2010.
[63] M. Murugananthan, S. S. Latha, G. Bhaskar Raju, and S. Yoshi-

hara, “Anodic oxidation of ketoprofen-An anti-inflammatory
drug using boron doped diamond and platinum electrodes,”
Journal of Hazardous Materials, vol. 180, no. 1–3, pp. 753–758,
2010.

[64] S. Song, L. Zhan, Z. He et al., “Mechanism of the anodic oxi-
dation of 4-chloro-3-methyl phenol in aqueous solution using
Ti/SnO

2
-Sb/PbO2 electrodes,” Journal of Hazardous Materials,

vol. 175, no. 1–3, pp. 614–621, 2010.
[65] N. Bensalah, B. Louhichi, and A. Abdel-Wahab, “Electrochemi-

cal oxidation of succinic acid in aqueous solutions using boron
doped diamond anodes,” International Journal of Environmental
Science and Technology, vol. 9, no. 1, pp. 135–143, 2012.

[66] C. I. Brinzila, M. J. Pacheco, L. Ciŕıaco, R. C. Ciobanu, and
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“Removal of cyanides in wastewater by supported TiO

2
-based

photocatalysts,” Catalysis Today, vol. 75, no. 1–4, pp. 95–102,
2002.
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