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Abstract: Although photocatalysis is an extraordinary and tremendously explored topic, there is
a need to find new ways to encourage the production of composite materials that are economical,
efficient and with limited environmental impact. Nanocatalysts may benefit from appropriate
support material for many reasons. In this study, TiO, was deposited on SiO;, so that the silica
not only provides the macroscopic structure on which the TiO, is formed, but it positively affects
the photocatalytic activity as well. This is because of the greater specific surface area which favors
the adsorption of pollutants near the photocatalyst, the higher amount of surface-adsorbed water
and hydroxyl groups and the inhibition of the photogenerated electron-hole recombination. The
choice of preparing the Ti-precursor starting from titanium shavings and to directly deposit TiO; on
micrometric-sized silica by a simple hydrothermal method highlights the process sustainability. The
results showed that it is possible to produce a photocatalytic composite from secondary materials,
exhibiting excellent photocatalytic properties, comparable to the pristine one, and opening the
possibility for large-scale production.
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1. Introduction

The main strength of environmental photocatalysis is that it can mineralize dangerous pollutants
in harmless compounds, ideally without the expenditure of energy. However, researchers have to keep
in mind how to optimize the process in order to obtain the most effective, efficient, stable, inexpensive
and sustainable photocatalyst. Since it is not always possible to achieve all these characteristics
simultaneously, it is necessary, instead, to look for compromises that do not excessively undermine
one, or more, of these.

Among different photocatalysts, titanium dioxide (TiO;) is one of the most investigated materials
in the last decades, because of its chemical and mechanical stability, high-efficiency, nontoxic nature,
and it is relatively inexpensive. However, the production costs for titanium dioxide are relatively
high [1]. The sulfate and the chloride routes are two industrial processes to produce TiO, pigments
from the ilmenite mineral, and they are demanding in terms of chemical reagents, energy, and waste
products [1,2]. The synthesis of nanostructured titanium dioxide for photocatalytic applications can be
pursued by different methods: Sol-gel; chemical and physical vapor deposition; hydrothermal and
solvothermal; spray pyrolysis; sonochemical and microwave-assisted vapor deposition; electrophoretic
deposition; Ti-metal oxidation; and electrochemical anodization. It is noted that a few of the listed above
processes allow obtaining a nanostructured TiO, directly over a titanium metallic support. However,
with consequent economic and process improvements, the deposition of TiO, over a different support
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material, in order to improve the adsorbing properties of the composite, is generally restricted by
using different titania precursors. As the nano-titania particles have a diameter of tens of nanometers,
it is necessary to have an appropriate matrix to support them. Moreover, the formation of chemical
bonds between the titania and the substrate may result in a enhanced photocatalytic activity and a
broader spectral response [3-6]. Furthermore, the higher specific surface area of the support material
results in a more efficient photocatalytic process, as the pollutant is adsorbed into the vicinity of the
photocatalyst. For these reasons, the support material plays a fundamental role in the overall process
in terms of costs, efficiency, reliability, and sustainability.

Silicon dioxide (S5i0;) is a widely diffused, low-cost, resistant to high temperatures, adsorbent,
non-toxic material. The publication in 1968 by Stober et al. on the controlled growth of monodisperse
silica spheres in the micron size range [7] fueled the research of silica-coated catalysts, leading to an
exponential growth of the scientific literature on the subject (Figure S1, in the supplementary file).
Since the production cost of silica is lower than that of titania, the realization of composite material
makes it possible to obtain a cheaper photocatalytic material, which benefits from the de-polluting and
self-cleaning properties of titania, and the adsorptive and mechanical properties of silica.

Table 1 reports some of the most relevant research focused on the removal of specific pollutants,
with different SiO,/TiO; synthesis methods.

Table 1. A comparison of the synthesis type and relative precursor for relevant studies about
5i0,/TiO, composites.

TiO, Si0,

Author Year Synthesis Type Precursor Precursor Objective Ref.
Anderson et al. 1997 sol-gel TTIP TEOS Decorppgsﬂlgn of [8]
salicylic acid
Dutoit et al. 1995 sol-gel TTIP T™MOS Epoxidation of olefins. [9]
Fu et al. 1996 sol—gel TTIP TEOS Oxidation of ethylene [10]

Aguadoetal. 2006 sol-gel TTIP TEOS Oxidation of [11]
potassium cyanide

Kochkaretal. 1997 sol-gel TTIP TEOS Epoxidation of [12]
cyclohexene

Lietal 2013 sol-gel TTIP TEOS Degradation of MB [13]

Degradation of azo
Guo et al. 2014 sol-gel TBOT TEOS dyes and phenol [14]
Dong et al. 2007 sol-gel TTIP TEOS Degradation of RhB [15]

. . . Degradation of

Lietal. 2005 sol-gel TiCly Na,SiO3 benzene [16]
Beyers et al. 2009 sol-gel TTIP TEOS Degradation of Rh6G [17]
Van Grieken 2002 sol-gel TTIP SiO,, TEOS Cyanide oxidation [18]

amination of phenol
Itoh et al. 1974 sol-gel TiCly TEOS and hydration of [19]

ethylene.
aoa . degradation of Congo

Nilchi et al. 2010 sol-gel TiCly TEOS Red (CR) azo dye [20]

1ol Degradation of MB,

Sovgel RhB, methyl violet,

hydro-calcination, naphthol ereen B
Yang et al. 2016 co-precipitation, TBOT TEOS Phthot green b, [21]
. basic fuchsin,
solid-phase .
. malachite green, and
synthesis

methyl red
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Table 1. Cont.

. TiO, SiO; L
Author Year Synthesis Type Precursor Precursor Objective Ref.
Zhang et al. 2005 sol-gel TTIP TEOS Degradation of [22]
methyl orange
Xie et al. 2004 sol-gel TBOT TEOS Oxidation of heptane [23]
NOx abatement and

Bellardita et al. 2010 Impregnation TiCly SiO;, flyash for 4-nitrophenol [24]

photodegradation
Belhekar et al. 2002 Impregnation TBOT TEOS Degradation of MB, [25]
Leboda et al. 1999 CVD TiCly SiO; [26]
Zhijie et al. 2005 hydrothermal TBOT TEOS Decomposition of MB [27]
Anpo et al. 1986 coprecipitation TiCly TEOS [28]
He et al. 2010 templating TBOT TEOS Degradation of Rh6G ~ [29]

method

. Decomposition of
Inumaru et al. 2005 precipitation P25 TEOS alkylphenols [30]

. . . . decomposition of
Pausova et al. 2014 Wet mixing TiCly SiO, Acid, MB, hexane [31]
Smitha et al. 2010 sol-gel TiOSO4 TEOS Degradation of MB [32]
Alaoui ot al. 2009 SiO,-entrapment P25 S9§1um Degradatlog of indigo [33]

method silicate carmine
Hiranoetal. 2004  hydrothermal ~ TiOSO, TEOS Degradation of MB, 3y
Precipitation Catalyst of
Montes et al. 1997 ccipriation, TiCls TEOS n-butane-hydrogen [35]
hydrolysis .
reactions

Titanium isopropoxide (TTIP), tetrabutyl titanate (TBOT), tetraethoxysilane (TEOS), tetramethyl orthosilicate
(TMOS), rhodamine B (RhB), rhodamine 6G (Rh6G), methylene blue (MB), nitrogen oxide (NO).

As it is possible to observe, the sol-gel method is the most adopted method. Among the different
preparation methods, sol-gel hydrolysis allows to control the textural and surface properties of the
mixed oxides. However, the use of silica precursors, which allows to have a controlled growth
of silica particles, moves away from the principle of minimizing production costs, and it is not an
easily scalable method for larger productions, such as the building industry. Similarly, the use of
titanium precursors, such as titanium isopropoxide (TTIP) [8-13,15,17,18,22] tetrabutyl orthotitanate
(TBOT) [14,21,25,27], titanyl sulphate (TiOSOy) [32,36,37], titanium tetrachloride (TiCly) [16,20,24,26,31],
titanium(III) trichloride (TiCl3) [35] are unsuitable as well, due to their cost or difficulty in the preparation
method. While tetraethoxysilane (TEOS) is the preferred precursor to obtain a controlled distribution of
silica particles, a few authors have investigated different methods to achieve a cost-effective composite,
such as using sodium silicate [16,33], a commercially-available silica [18,24,26,31] or fly ashes [24]. As
the process for producing nano-sized TiO; is energy-intensive, a few authors studied the life cycle of
the TiO,-nanoparticles manufacturing process [38-40], with a particular focus on the energy streams.
As sustainability is the main concern, the use of secondary raw material, or waste material, is to be
preferred instead of a pristine one.

In this study, nanosized anatase TiO, has been deposited on macroscopic silica. The uniqueness
of this study is that a Si0,/TiO, composite was produced using an alternative sulfate method, starting
from metallic titanium shavings and silica gel, and the composite was tested for the degradation
of characteristic gaseous compounds. The choice of using a waste material (the titanium shavings)
and a low-cost one (the silica) can be explained by the need to produce a composite to be used for
photocatalytic mortars and plasters [41]. For this reason, commercially available silica is an effective
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support material on which the deposition of a few TiO; layers is maximized, resulting in a lowered
amount of titania required. Moreover, rapid reactions may be achieved by using porous catalyst
support, offering a high density of active surface sites and fast molecular transport.

2. Materials and Methods

2.1. Composites Preparation

In a typical experiment, the required amount of titanium shavings (99.9% purity) was dissolved in
concentrated sulfuric acid solution in a 1:10 (w/w) ratio, in an ultrasonic bath. The formed titanium (III)
sulfate precursor, was firstly filtered with an acid-resistant filter paper and then mixed with a proper
amount of water-saturated silica (in order to obtain three different TiO,/SiO, ratios). The solution
directly precipitated by hydrolysis was dried for a few hours in a sand bath and calcinated at 600°C
in a mulffle for 1 hour. Three different titania/silica ratio were obtained: 3%, 7%, 12% (w/w), and the
composite samples were named, respectively: A3, A7, and A12. The same procedure was previously
used by the authors to deposit TiO; on natural clays [42]

To compare the characteristics and the photocatalytic activity of the samples obtained by
hydrothermal method, a commercially available photocatalyst, Evonik Aeroxide (formerly Degussa)
P25®was added to the silica in aqueous solution, at low pH, in order to enhance the electrical
attraction [40]. TiO, amounts were varied in order to obtain the same ratios for the samples obtained
by the hydrothermal method, and they were named W3, W7, W12.

2.2. Composite Characterization

The pictures of every sample have been obtained by using a Keyence Digital Microscope, VHX-5000
series, jointly with a VH-Z100T Wide-range Zoom Lens (100-1000X). A SEM was performed with
a Sirion200 Field-emission Scanning Electron Microscopy. An X-ray diffractometric analysis was
performed using a Philips PW 1730 X-ray diffractometer. The XRD spectrum was taken from 5.0 to
50.0 26.

The texture properties such as surface area, pore volume, pore size distribution were tested and
analyzed by an Accelerated Surface Area and Porosimetry System (ASAP2020). The system utilizes
the static volumetric technique to obtain nitrogen adsorption/desorption isotherms at liquid nitrogen
temperature. The surface area is calculated based on the Brunauer-Emmett-Teller (BET) equation,
and pore size distributions are obtained according to the Barrett-Joyner-Halenda (BJH) theory. The
experimental error of the ASAP apparatus is mainly caused by temperature and pressure transducers.
The accuracy of temperature transducer is +0.02 °C, while pressure is approximately 0.1%.

The adsorption kinetics and isotherms of testing samples on water vapor were carried out in a
constant temperature and humidity chamber. The chamber can supply constant air condition with
deviations of +0.5 °C for temperature and +3% for relative humidity. Before each test, the samples were
dried at 150 °C in an oven for 4 hours. Thermal stability was earlier assessed by thermogravimetric
analysis (TGA, Supplementary Material, Figure S2). The weights of the samples were recorded
at set intervals by an electronic balance with an accuracy of 0.001g. To fit the experimental data,
pseudo-second-order kinetics was adopted [43,44].

t 1 1

— =4t 1

o )
where g, is the amount of adsorbate (mg/g) at equilibrium, g; is the amount of adsorbate (mg/g) at
any time t, and / is the initial adsorption rate (mg/g min) as q;/t approaches 0. In Equation (1), the
pseudo-second-order model constants can be determined experimentally by plotting % against t.
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2.3. Photocatalytic Activity

The composites photocatalytic activity were assessed both by a standardized test (UNI 11247) for
the nitrogen oxides (NOx) removal and by a batch test, in which methyl ethyl ketone (MEK) was used
as a target volatile organic compound (VOC), representative of the indoor environments.

The experimental apparatus is illustrated in Figure 1. The reactor has a volume of 3L, and it
consists of a Pyrex glass cylinder. A thin aluminum plate is positioned inside on which the powder
sample is positioned. The UV lamp is located at the center of the reactor, over the sample, outside
the reactor. The lamp is a UVA metal-halogen quartz lamp with mercury vapor, peak at 360 nm and
adsorbed power of 400 W. The irradiance, which was measured with a photoradiometer (Delta Ohm
HD 2102.2), is kept constant at 20 W/m?. The probe of the photoradiometer is centered in the field
of UVA with a resolution of 0.001 W/m?2. The NOx flux inside the reactor is kept constant with a
dilution system (Calibrator 8188) which is alimented with a NOx tank (499 ppb NO). The dilution is
obtained by mixing with atmospheric air at room temperature (20 °C + 2 °C) and relative humidity
between 40-50%. NOx concentrations are determined using a chemiluminescent analyzer (Monitor
Labs, Nitrogen oxides analyzer model 8841).

UV Lamp
irinl
Airinlet %%5 O-ring
Air outlet
\ ) ~ Sample

Sample holder

Figure 1. A schematic representation of the reactor used to determine the photocatalytic activity in
NOx removal.

The concentrations were monitored in dark and light conditions. NO and NOy reduction
efficiencies were evaluated as follows:

dark _ light
NO removal = au 2)

Nodurk

NO% _ NOYSH

Nodurk
light

where N Od”rk, N Oi"’k are the initial concentrations of NO and NOx in dark condition, N O“ght, NO,
are the concentration of NO and NOx while the UV light is turned on, and « is a correcting factor
(between 0 and 1) accounting the powder exposed surface.

Methyl-ethyl-ketone (MEK) oxidation experiments have been carried out in a batch reactor. The
scheme of the reactor is reported in Figure 2.

The photocatalytic reactor consists of a glass chamber having a total volume of about 1.05 L. Inside
the reactor, a UV LED is present with a peak at 365 nm and adsorbed power of 1 W. The distance
between the LED and the sample was taken according to the value of irradiance fixed at 7 W/m?.

NOy removal = «

®)

Magnetic stirring guarantees air recirculation continuously. The temperature was kept constant by
immersing the reactor in a thermostatic bath. The powder sample was placed into a glass watch, below
the LED. The air samples inside the box were collected and analyzed by a photoacoustic transducer
system (Briiel and Kjaer Multi-gas Monitor Type 1302) equipped with UA 0982, UA 0984, UA 0987,
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SB 0527 filters. The initial amount of MEK injected into the test box was 5 pL. The data collection
starts 30sec after the initial injection, in order to account the full vaporization of MEK. The test was
conducted in dark and UV-light condition for every sample. The collected data were treated and fitted
as apparent second-order kinetics [44], by using Equation (1).

Air sample inlet i
Air sample outlet

Sample holder

UVLED

i
La—
Sample

/
;: A Watch glass

Magnetic stirrer
@ZP’""‘ Thermostatic bath

W

Figure 2. A schematic representation of the reactor used for the methyl ethyl ketone (MEK) removal
efficiency in the batch test.

3. Results

3.1. Characterization of the Composite

In Figure 3, the first picture (a) shows the raw silica particles, (b) the silica particle after the TiO,
hydrothermal deposition (A3), (c) the aggregated particles of TiO, P25 and (d) the same over the silica
surface (W3, P25 agglomerates are highlighted by the arrows).

Figure 3. Magnifications of raw silica (a), A3 (b), P25 (c), W3 (d).

A magnification of sample A3 obtained by SEM is reported in Figure 4a,b, where TiO, particles,
within the size of dozen of nanometers, are displaced over the silica surface (See Figure S3, in the
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supplementary material, for the primary particle size distributions). The XRD diffractogram for the A3
sample highlights the presence of titanium dioxide in the anatase form.

Intensity (a.u.)

10 20 30 40 50 C

Figure 4. SEM pictures (a,b) and XRD diffractogram (c) of the samples A3.

Nitrogen isotherms and pore size distributions were presented, respectively, in Figures 5 and 6.

From Figure 5, for the silica-containing samples, Type IV isotherms with hysteresis loops are obtained,
indicating the dominance of mesopores in these samples. The hysteresis loops of pure silica and titania
start near relative pressures of 0.45 and 0.85, respectively. However, due to the mutual contribution of
pure silica and titania, the hysteresis loops of composites obtained by hydrothermal method (Figure 5a)
ranged between the silica and titania ones, while the isotherms of the samples obtained by wet mixing
were not strongly affected by the P25 amount.

Volume adsorbed (cm’ g™

Volume adsorbed (cm3 g"nm")

500 T T T T
__ 500
400 o
“E 400
°
300
3 300
£
200 3
& 200
@
()
100 £ 100
=
o
0 | L > 0 ) N
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Relative Pressure (p/p,) Relative Pressure (p/p,)
(a) (b)
Figure 5. Nitrogen adsorption isotherms: A-series (a) and W-series (b).
0.10 , 0.10 y
—o—Raw TE —4—TiO,
| < 0.08} —e— W3 |
0.08 o ——W7
® —e— W12
0.06 | E/ 0.06 |- —0o—Raw
k)
@
004} £ 0.04r .
1]
kS
L 0.02 | E
0.02 o
g
1 10 100 > 1 10 100
Pore width (nm) Pore width (nm)

(a) (b)

Figure 6. The pore size distributions: A-series (a) and W-series (b).
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In Figure 6a,b, the pore size distributions of silica-titania composites are similar to pure silica, since
titania has a much smaller mass portion. Moreover, a decrease of the volume of nitrogen adsorbed by
the smaller porosity is observed, which is slightly more accentuated in the samples obtained by the
hydrothermal method.

It can be seen for all the samples the water vapor adsorbed increases sharply during the initial
stage (50% of the total capacity in the first 3 min), while it grows slowly as the samples reach saturation.
The experimental data reported in Figure 7 has been fitted according to Equation (1) in order to obtain
two parameters for easy comparison. Those values are reported in Table 2.

250

O sio2
5 A P25
O A3
E’ 200+ o ° e w3
= . o O A7
B ® w7
8 1504 N s $ o A2
S . 2 ® s ® w12
© ce © © o 8]
T 100{ o @ ° °
(o] O o]
S g o6 o ©
© o 3No)
Z 50q0°
Q A A A A
© A
= o : . . : :
20 40 60 80 100
Time (min)

Figure 7. Water vapor adsorption kinetic.

Table 2. The surface area, pore parameters and water vapor adsorption kinetic parameters of
prepared samples.

Texture Properties Water Vapor Adsorption Kinetic
BET Surface Average Pore
Samples Area Pore Volume Diameter 1 h
m? g1 emd g1 nm mg g1 mg g~ min—1
SiO, 327 0.74 9 222 24
TiO, 54 0.30 22 42 15
A3 258 0.64 10 98 13
A7 241 0.62 10.4 165 15
A12 210 0.57 10.9 117 27
W3 314 0.77 9.8 165 30
W7 302 0.76 10 111 26
W12 288 0.72 10 152 25

The fastest kinetic and capacity of water vapor adsorption belongs to the raw silica sample.
The modification of the silica samples mainly lead to a decrease in the maximum capacity, ge, at the
equilibrium of water vapor adsorbed. The samples obtained by the hydrothermal method are the most
affected. This aspect is also shown by the decrease of the BET surface area, while /1, which is related to
the rate constant of sorption, is not strongly influenced by the titania addition.

3.2. Photocatalytic Activity

The samples photocatalytic activity is summarized in Figure 8 and reported in the supplementary
material, Table S4. The experimental data were fitted by using equations 1, 2, 3, respectively to
determine the MEK, NO and NOx removal rates. The latter two are reported in Figure 8a, where it
is possible to distinguish a different trend for the two composites. For the composite obtained by
hydrothermal method, a photocatalytic activity maximum is found for the composite having the 3% in
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mass of TiO,, decreasing with increasing TiO, load, while for the reference composite, the efficiency
increases with increasing the amount of P25 in the sample. Similarly, all the samples having the 3% of
TiO, belong to the fastest MEK removal kinetic, both under dark (with the only adsorption) and light
(with photocatalysis) conditions. By increasing the amount of TiO,, both adsorption and photocatalysis
are negatively affected.

20 —CO—A_NO 12 O~ A_PCO
. - A_NOX il (- A_Ads
3 W NG —@-W_PCO
g 15 @ W NOX @ W _Ads
2 ~ 091
2 =
g 10 E
3 x
- g os
= E
o) 5 =
=z 0.3
@]
Z 9 : : : ; ;

0 3 6 9 12
TiO,/Si0, (% m/m) TiO,/SIO, (% WAv)
(a) (b)

Figure 8. (a) NO (solid line) and NOx (dashed line) removal efficiencies for the A (blue) and W (red)
composites as a function of the TiO, amount. (b) MEK removal rate under dark (dashed line) and UV
(solid line) conditions for the A (blue) and W (red) composites as a function of the TiO, amount.

4. Discussion

After the hydrothermal treatment, the XRD pattern confirms the presence of TiO, in anatase
crystalline form, associated with a decrease of the BET surface area. The BET surface area’s decreasing
trend, with the increasing TiO, content, is in accordance with the work of other authors [8,16,36,45],
and it is due to the partial covering of the porosity by the titania layer formation. Generally, a slight
decrease of the TiO,/SiO, surface area implies a good deposition of the TiO, particles on the silica gel
surface. In this case, for both samples set, a reduction of the volume adsorbed by smaller pores is
observed. However, only to the sample obtained by the hydrothermal method corresponds a reduction
of the final volume of nitrogen adsorbed. This is because only in the latter one, the titania well covers
the silica surface, affecting the composite porosity, while, for the samples obtained by wet mixing, the
porosity loss is due to the increasing presence of P25 at the expense of the silica. While balancing the
loss of porosity with the acquired photocatalytic properties, it is possible to determine the optimum
amount of TiO, needed, which, in our study, is close to the 3% w/w.

The synthesized SiO,/TiO, composites exhibit a higher water vapor adsorption kinetic than
the TiO, only, but lower to the silica one. Due to the significant daily and seasonal variation of the
indoor humidity levels, porous adsorbent materials can act as a buffer in controlling humidity levels,
without adding energy costs to the building due to their hygroscopic abilities. However, an excessive
amount of water vapor adsorbed may result in mold growth and biological organisms proliferation.
Therefore, TiO, can be used both to tune the adsorptive capacity and to provide an antibacterial
effect [46].The enhanced adsorption of MEK under dark conditions by the composites can be due both
to the formation of new acid sites in the TiO,-SiO; mixed metal oxide [47] and, additionally, to the

sulfate modification [48].

5. Conclusions

In this study, a photocatalytic silica/titania composite has been prepared by the hydrothermal
method, starting from titanium metal shavings and, through to the development of the acid precursor,
titanium dioxide was formed on the silica surface, demonstrating an alternative simple and sustainable
route for composite production.
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The synthesized composite has excellent hygrometric and adsorptive properties with a
photocatalytic activity comparable to the commercial nano-TiO,. The highest performing composite
was the one with the 3% in weight of titania, which implies a dramatic decrease in the amount of
raw titanium needed. A fortiori, the use of inexpensive materials, easily available or resulting from
secondary manufacturing processes, allows to lower the final cost of the photocatalytic composite,
paving the way for its utilization in the building industry. As indoor air quality is a major concern [49],
future developments include the investigation of such composites as functional aggregate in plasters
and concrete for the indoor air quality enhancement [50] and the partial substitution of silica with fly
ashes [51].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/6/8/87/s1,
Figure S1: Time distribution of 768 selected publications about silica/titania composites, Figure S2: TGA analysis
of the samples, Figure S3: The primary particle size distributions measured from SEM images for the sample A3,
Table S4: Photocatalytic properties of the samples.
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