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ABSTRACT: In this study, a composite of Cu, N co-doped TiO.@SiO; aerogel as a photocatalyst
with enhanced optical absorption in the visible region as well as high specific surface area was synthesized
by sol-gel method and ambient pressure drying process for degradation of Ethylbenzene.
The physicochemical properties of the photocatalyst were examined by X-Ray Powder Diffraction,
Scanning Electron Microscope, Photoluminescence, Fourier Transform Infrared Spectroscopy, Diffuse
Reflectance Spectroscopy, Brouner Emmet Teller Isotherm/Barrett Joyner Halenda analysis.
The structure of samples consisted of titanium dioxide crystalline phases in the dominant phase of the rutile
and the amorphous structure of silica. The appearance of the Ti-O-Si peak confirmed the formation
of TiO,@SiO, composite. Based on the results of the characterization analysis, the type and concentration of
dopants can be effective on the crystalline structure, bandgap energy, particle size, specific surface area,
and the recombination of charge carriers. The sample contains 3 at. % of copper and nitrogen was able
to degrade Ethylbenzene more efficiently in comparison with mono-doped TiO.@SiO, hanocomposite
under visible-light irradiation. The synergistic effects of Cu and N co-dopants were responsible
for strong visible light absorption and effective separation of electron/hole.
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INTRODUCTION

One of the challenges in chemical processes, in order
to reduce environmental negative impacts, is the
development of processes based on renewable energies
such as sunlight [1]. TiO; (Titania) as the most studied
photocatalyst, is a typical ultraviolet active semiconductor.
This indicates that only a small fraction of the available
solar spectrum (3-5%) has sufficient energy to drive TiO;

photoexcitation [2, 3]. Hence, the sensitization of TiO»
to active under visible light as the main part of the solar
spectrum is a necessity [4]. On the other hand, regarding
the fact that the reactions mainly occur on the surface
of the photocatalysts, the specific surface area is one of
the main factors that affect the activity of photocatalyst [5, 6].
Considerable efforts have been devoted to reduce
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the energy of the bandgap and create energy levels to promote
electronic excitation into the visible light region [7-11].
lon doping (either metal or non-metal) of TiO, is one
of the most promising modification methods in this
field [12-15]. At small quantities of dopant, as-produced
impurity energy levels, not only cause redshift of the optical
absorption edge to the visible light region but also act
as trapping centers for electron-hole pairs, which is
beneficial for enhancing the efficiency of photocatalytic
reactions [16-19]. At higher concentration doping,
it was experimentally observed that the impurity levels
act as electron-hole pair recombination sites [20]. This is
while reducing the bandgap by using low concentrations
of doping is insufficient for the effective utilization
of visible solar light [20]. More recently, the co-doping
by non-metals in combination with transition metals
as a novel approach to enhance synergistically the visible-
light-driven photocatalytic activity of TiO2 has attracted
considerable interest [21-23].

Copper as one of the efficient transition metals
impurities has a low price, non-toxicity and environmental
acceptability [24]. Using Cu as co-dopants with various
non-metals such as I, S and N have been studied
for various photocatalytic applications [20]. Among
non-metal elements, nitrogen offers several advantages
due to its comparable atomic size with oxygen, high variety
of precursors, stability and low cost [25, 26]. Experimental
works on the co-doping of TiO2 have shown a significantly
better degradation rate of organic pollutants than the
mono-doped TiO: under visible light irradiation [20, 27].
Increased photocatalytic activity in the visible light region
regardless of the actual local arrangement of dopant atoms
was also observed in theoretical work on the co-doping
of TiO; anatase [23].

Furthermore, the activity of Titania is affected by its
surface area. SiO- aerogel is stable and non-toxic support
with high specific surface area and high porosity that
can increase the available surfaces of the photocatalyst
in adsorption of pollutant molecules and also improves the
dispersion of TiO, particles [28-30]. The supercritical
drying as a usual route for the production of silica aerogel
requires high pressure, elevated temperature and special
equipment to achieve these conditions. Hence, this method
is considered unsafe and costly [31]. Accessibility
of simple and safe synthetic approaches will incontrovertibly
provide flexibility and hence intensify large-scale
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industrial production of aerogels. Ambient pressure drying
which is carried out under low temperature and pressure is
an efficient technology [32].

In this work, Cu, N co-doped TiO.@SiO, aerogel
photocatalysts active under visible light irradiation
were synthesized by sol-gel technique followed by ambient
pressure drying, using the cheapest industrial silica source
(sodium silicate).

Ethylbenzene (EB) is widely used as a solvent (e.g.,
for organic synthesis and equipment cleaning) and also
usually as a chemical raw material in numerous chemical
productions [33]. Therefore, this material exists in
petroleum products refinery and chemical industry
wastewater. Due to improper waste disposal practices,
accidental fuel spills and leaks in underground storage
tanks and pipelines, EB is among the most common
organic contaminants [34]. This pollutant has adverse
effects on kidney, liver, blood and central nervous systems
and International Agency for Research on Cancer (IARC)
has classified EB as group 2B carcinogens [35, 36].
Adsorption systems has been identified as one of the most
effective technologies for the removal and control
the emission of VOCs such as benzene. However, adsorbents
transfer pollutants to another media instead of destroying
them. Another solution is bioremediation, which is a slow
process and also has problems with activated sludge,
including bulking. Mild operating conditions, lower
operating costs, especially in the presence of visible light
irradiation and higher degradation rate are the advantages
of photocatalytic degradation over conventional treatment
techniques.

In this study, the photocatalytic performance of
synthesized Cu, N co-doped TiO.@SiO, aerogel were
tested in the photodegradation efficiency of ethylbenzene
in aqueous media under visible light. The present work
focuses on selecting the best molar concentration of dopant
for co-doped TiO.@SiO; visible light active aerogel
photocatalyst and also comparing the activity of mono
and co-doped photocatalysts.

EXPERIMENTAL SECTION
Materials

All chemical reagents were consumed as purchased
from the manufacturer without further purification.
Hexane (85% C¢H,,) and Methanol were purchased
from Dr. Mojallali Industrial Chemical Complex Co. (Iran).
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Scheme 1: A flow chart of the preparation method for Cu-N- co-doped TiO.@SiO2 aerogel nanocomposites.

Absolute Ethanol was obtained from Zakaria Jahrom Co. (Iran).
Nitric acid (65% HNOs) was bought from Kian
Kaveh Azma Pharmaceutical Chemicals Complex Ltd.
(Iran). Ammonium hydroxide solution (25% NH4OH),
Sodium silicate solution (SiO2/Na,0=3.24),
Trimethylchlorosilane (TMCS) (C3HsSiCl), Titanium (1V)
butoxide (Ti (OCH.CH2CH,CHjs)s), Triethylamine
(N (CH2:CHs)3) and Hydrated copper nitrate (1)
(Cu (NOs)2.3H20) were purchased from Merck Co.
(Germany). Double distilled water was used for
the preparation of the photocatalyst.

Preparation of photocatalysts

The Cu, N co-doped TiO,@SiO, aerogel composite
was prepared using sodium silicate and titanium (I1V)
butoxide as Si and Ti precursors, respectively according
to literature with some modifications [20, 37]. A flow chart
of the preparation process is shown in Scheme 1.

Initially, synthesis and characterization of Cu-doped
specimens (mono doped TiO,@SiO;) were performed.
After determining the best molar concentration of copper,
co-doped samples were also prepared and studied.
Inatypical run, titanium (1) butoxide was added to absolute
ethanol at a molar ratio of 1:14 and mixed for 1h using
a magnetic stirrer to form a homogeneous mixture (Solution 1).
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Similarly, a mixture of absolute ethanol and de-ionized
water at a molar ration of 1:5 was prepared (solution 2).
To prepare Cu doped TiO2, hydrated copper nitrate (I1)
was dissolved in Solution 2, while for N doped TiO,
triethylamine (N (CH2CHs)3) was mixed with Solution 1.
Afterward, solution of water—alcohol was added dropwise
into alkoxide solution under constant stirring about 60
min. To enhance the homogeneity, the mixture was further
stirred for 1h at room temperature.

Simultaneously, after adding 11.85 ml sodium silicate
solution into de-ionized water at a volume ratio of 1:1
under constant stirring for 15 min and further stirring for
10 min, the resulting solution was added to 50 mL of 2M
HNO3 and mixed for 30min. The strong acidic sodium
silicate solution was added into the preformed TiO; sol
under vigorous stirring for 30 min. The pH of TiO.@SiO;
sol was adjusted to ~3.5 by dropwise addition of
ammonium hydroxide solution in order to form a strong
solid gel which was aged at 70 °Cfor 2 h and kept
in the oven for 12 h to slowly reach its temperature to ambient
temperature. After washing the gel by hexane to remove
Nat ions, the solid gel was placed in ethanol for 12 h.
The hydrogels were removed from ethanol and placed
in a hexane/TMCS (20 vol %) mixture for further
solvent exchange and surface modification for 6 h.

527



Iran. J. Chem. Chem. Eng.

Shirzad Taghanaki N. et al.

Vol. 40, No. 2, 2021

Water inlet

/ T'o air pump \
/

7

Ve Water outlet
o

Quartz holder

visible lamps

— Pyrex glass

NG

J

Fig. 1: Schematic diagram of the circular type photocatalytic reactor system.

The alcogels were removed from the mixture, washed
with hexane and then dried at 80 °C for 3 h and heat-treated
at 400 °C for 1.5 h. In this study, TiO2 was doped with Cu
and N using three different concentrations (1, 3 and 5 at. %)
and these were dubbed the “atomic percent of Cu-atomic
percent of N-TiO,@SiO,”; for example, the sample with 3
at. % of Cu and 3 at. % of N was labeled 3Cu-3N-
TiO@SiOx.

Photocatalytic experiments

Photocatalytic degradation of EB aqueous solution
(50 ppm) was carried out in homemade Pyrex photoreactor
under visible light irradiation using 0.4 g of photocatalyst
at neutral pH (Fig. 1). Four quartz tubes, symmetrically
embedded along the axis of the reactor, were used as pods
to hold visible lamps (Philips, 60 W). The temperature
was controlled through a cooling jacket around the reactor
in the range of 20-25 °C. Injection of air into the reactor
was carried out using an aquarium pump in order to provide
the dissolved oxygen needed to carry out the photodegradation
process and create mixing conditions to achieve uniform
photocatalyst distribution. Since ethylbenzene is a volatile
material, therefore, during the degradation process,
all seams of the reactor were blocked and the maximum
volume of reactor was used to prepare the sample
contaminant solution.

Prior to irradiation, the powder suspension was stirred
for 60 min under a constant rate of aeration in the darkness,
until adsorption/desorption equilibrium was reached.
Then, 10 ml samples were taken from the reactor at
different intervals. In order to prevent the catalyst
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interfering with the reading of the spectrophotometer,
samples were first centrifuged and the supernatant
was analyzed using a UV-Vis spectrophotometer.
With purpose minimizing the possibility of evaporation
at this stage, all the volumes of the falcons were completely
filled with solution and their lids tightened and insulated
around the lid. There was no significant change in the mass
of photocatalysts, where the photocatalyst was collected
after each use of the reactor and used again for subsequent
testing. In other words, the amount of particles
in the treated solution was low.

The photodegradation of EB was monitored via
its normalized intensity of the absorption band at around
Amax =250 nm based on Eq. (1), where Co and C; are
initial and final EB concentration (after 90 min
irradiation), respectively:

%Degradation=[(Co-C;)/Co]*100 (8]

Prior to photocatalytic experiments, a test was performed
similar to the photocatalytic degradation test, but without
adding photocatalyst, to ensure that EB photolysis does not
occur under visible light exposure. Based on the data
obtained from the UV-Vis absorption spectra, the change
in the concentration of EB was negligible.

A series of controlled experiments using radical
scavengers were carried out to understand the probable
reaction mechanism for the photocatalytic degradation
of EB over synthesized photocatalyst. Two sacrificial agents
were added to reactor for removing the corresponding
active species, methanol (MeOH) for removing °‘OH
and ethanol (EtOH) as e scavenger.
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Characterization

The crystal structures were characterized via X-Ray
Diffraction (XRD) analysis (Bruker, D8) with Cu-
Ka radiation (A= 0.1546 nm). The specific surface area,
average pore diameter and the structure of pores
were derermined by the nitrogen physisorption isotherms,
and Brunauer-Emmett-Teller and Barrett-Joyner-Halenda
(BET-BJH) analyses (Belsorp, mini Il). The UV-Vis
absorption spectra were recorded using a UV-Vis
spectrophotometer (Shimadzu, UV-1650PC).
Photoluminescence (PL) study was carried out using
a fluorescence spectrophotometer (Varian; Cary eclipse).
The Diffusive reflectance Spectra (DRS) of the samples
were recorded by a UV-Vis Spectrophotometer (Avantes,
Avaspec 2048 TEC). The structures of the aerogels
were observed with a scanning electron microscope
(VEGA; TESCAN-XMU). A Fourier transform infrared
Spectrometer (Shimadzu, 8400 S) was used to determine
the functional groups of the photocatalysts.

RESULTS AND DISCUSSION
Cu mono doped TiO2@SiO2 composite

In order to determine the best concentration of copper
in mono doped composite, Cu-TiO,@SiO, using three
different concentrations of Cu were prepared. According
to the X-ray diffraction patterns (Fig. 2), Cu-TiO.@SiO>
photocatalysts consisted of both crystalline and amorphous
phases. The hump in the range from 15° to 30° suggests
the presence of amorphous SiO; [38]. The crystallite size
calculated from the Debye-Sherrer equation using
the prominent peak of anatase (101) and rutile (110) phases
and phase fraction determined by the Spurr and Myers
equation is presented in Table 1.

Results indicated that rutile was the predominant
crystalline phase in synthesized samples. As can be seen,
acidic pH of the reaction medium provided conditions
for the formation of a rutile phase in ambient temperature
as a predominant phase. According to the Cu-precursor
(Hydrated Copper (l1) nitrate), Cu?* should be formed
in the solution. According to results, increasing the
concentration of copper from 1 to 3 at. %, the crystallite
size was increased. As the Cu dopant concentration
increased from 1 to 3 at%, the Wg and crystallite size also
increased. Increasing the crystallite size could indicate
an improvement in the crystallinity of the sample structure.
However, by reaching the amount of copper up to 5 at. %,
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the crystallite size, and Wr were reduced. Cu?* can replace
Ti** in the substitutional sites or be incorporated
in the interstitial sites. In some cases, it may separately
accumulate on the surface of TiO2 [39].

Munir et al. [40] have described that at low dopant
concentrations, the prominent substitutional doping
increases the crystallinity of the sample. However,
at a high amount of dopant, interstitial doping predominates
the substitutional doping. On the other hand,
the substitution of Ti** by Cu®* increases the oxygen vacancy
concentration which is responsible for anatase to rutile
phase transition [39]. So it is possible that increasing
dominant substitution doping by increasing the amount of
copper from 1 to 3 at% leads to an increase in Wr and
crystallite size. Whereas with increasing concentration
of copper from 3 to 5%, interstitial doping predominates
the substitutional doping, and hence the conversion of phase
from anatase to rutile has been less. Also, the accumulation
of excess copper ions near the boundary can prevent
the growth of crystals [27].

Optical properties of Cu-TiO.@SiO, were studied
by measuring optical spectra in diffuse reflectance mode.
Tauc plot is presented in Fig. 3 which was used to evaluate
the bandgap energy of synthesized photocatalysts. With
increasing Cu concentration from 1 to 3 at%, the bandgap
was shifted from 2.9 to 2.82 eV. By reducing the band gap
of semiconductors, a larger number of charge carriers
can be formed which in turn can improve the degradation
efficiency of the photocatalysts.

With increasing the concentration of Cu up to 5 at%,
the bandgap was blue-shifted to 2.86 eV. The blue shift
in the absorption spectra can be explained by the Burstein-
Moss (BM) effect [41]. When the dopant concentration
increases from a certain value, the excess amount of
the charge carries causes the Fermi level lying inside
the conduction band. Thereafter, the additional exciting
electrons can only be excited into the conduction band
above the Fermi level. This Condition leads to the
widening of the semiconductor bandgap [40, 42].

Data related to the weight fraction of the rutile phase,
bandgap and EB photodegradation efficiency by Cu-
TiO.@SiO, samples are summarized in Table 1. A comparison
of obtained values shows that the best degradation
efficiency was obtained in the presence of 3Cu-TiO,@SiO;
photocatalyst which has the smallest bandgap and the highest
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Table 1: Effect of Concentration of dopant in mono doped TiO2@SiO2 aerogel on EB photodegradation.

( Crystallite size (nm) EB degradation efficiency (%)
Sample name Wgr Bandgap (eV)
Anatase Rutile
1Cu-TiO,@SiO, 0.658 2121 18.23 2.90 65
3Cu-TiO,@SiO, 0.792 21.22 31.94 2.82 78
_ 5Cu-TiO,@SiO, 0.720 18.18 17.08 2.86 35 )
. ® Rutile
m Anatase
------ 1Cu-TiO,@Si0,
/::\ —— 3Cu-Ti0,@Si0,
8 ’:T --- 5Cu-Ti0,@Si0,
2 &
] 2
c <
- <

15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 2: XRD patterns of a) 1Cu-TiO2@SiOz b) 3Cu-TiO2@SiO2
and c¢) 5Cu-TiO@SiO2 samples.

weight fraction of rutile phase. The 5Cu-TiO.@SiO;
sample also has a smaller energy bandgap and a higher Wr
than the 1Cu-TiO@SiO, sample. However, it
was shown a weaker photocatalytic performance.
As discussed already, the dopant concentrations play
an important role in photocatalytic activity. At higher molar
concentration, these impurities themselves increase
the charge carrier recombination. Thus, the presence of larger
amounts of copper can reduce the degradation efficiency
of the 5Cu-TiO.@SiO, sample through reducing
the lifetime of photogenerated electron/hole pairs.
On the basis of these results, 3 at. % of Cu was selected
for the synthesis of co-doped TiO.@SiO, samples in the next
section.

Cu, N co-doped TiO2@SiO2 composite

According to the XRD patterns of co-doped
TiO,@SiO, samples presented in Fig. 4 as well as,
the information provided in Table 2, with increasing
the amount of nitrogen up to 3 and 5%, the main anatase peak
removed from the XRD patterns. In this research,
Cu (NOg), has been used as a source of copper, so Cu?* is formed
in the reaction medium. On the other hand, based
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Fig. 3: Tauc plot of Cu-TiO2@SiO2 samples with three different
concentrations of dopant.

on the truth of the Hume-Rothery rules in relation
to the copper and titanium ionic radius, this is most probably
that Cu?* dissolves into TiO; crystal lattice [43]. However,
the relatively small difference between the ionic radius
of Cu?* (0.086 nm) and Ti* (0.0745 nm) can cause
the variation in the lattice dimension of TiO- [44]. In addition,
the replacement of oxygen with nitrogen atoms creates
oxygen deficiency in TiO, lattice. The simultaneous
presence of both these features in co-doped samples allows
the rearrangement of Ti** and Oy ions in the TiO; lattice
to favor the anatase to rutile phase transformation [20].
Fig. 5 shows the Tauc plot of co-doped samples.
The results indicated that the addition of N dopant from 1 to 3 at. %
narrowed the bandgap of composite from 2.71 to 2.6 eV.
However, increasing the amount of nitrogen up to
5 at. % resulted in a blue shift in the energy gap (2.68 eV)
of the photocatalyst. Valentin et al. [45] demonstrated that
due to different structures and densities, high levels
of N-doping have opposite effects on the photoactivity
of anatase and rutile, leading to a redshift and a blue shift,
respectively, of the absorption band edge. In both
polymorphs, the doping is accompanied by the appearance
of N 2p localized states just above the top of the O 2p
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Fig. 4: XRD patterns of a) 3Cu-1N-TiO2@SiO2 b) 3Cu-3N-
TiO2@Si0:2 and c¢) 3Cu-5N-TiO2@Si0O2 samples.

valence bond, but in rutile, the shift of the top of
the valence band towards lower energies leads to an overall
increase of the optical transition energy [46].

Photocatalytic activities of co-doped TiO,@SiO;
samples under visible light irradiation were also
determined. Among them, 3Cu-3N-TiO,@SiO, which
compared with the other two samples has the narrowest
band gap and more weight fraction of the rutile phase than
the 3Cu-1IN-TiO,@SiO; (Table 2), exhibited the highest
photocatalytic activity (90%). The 3Cu-5N-TiO.@SiO-
sample also has a higher Wr and a narrower bandgap
energy than the 3Cu-1N-TiO.@SiO; specimen.

However, 3Cu-1IN-TiO.@SiO, had a better
photocatalyst performance. Chemical absorption of
nitrogen on the 3Cu-5N-TiO.@SiO surface may cause
a decrease in its photocatalytic activity. Because increasing
the molar concentration of nitrogen can cause its chemical
absorption at the photocatalyst surface. Absorbed nitrogen
on the surface, covers the surface of the sample
and reduces the number of active sites available for pollutant
molecules, water and oxygen and, consequently, decreases
the photocatalytic degradation efficiency [28, 47].
Therefore, the dopant concentrations of 3 at. % for Cu
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4 Crystallite size (nm) Bandgap (eV) EB degradation efficiency (%) h
Sample name Wgr
Anatase Rutile
3Cu-IN-TiO,@SiO; 0.84 12 31.90 271 82
3Cu-3N-TiO,@SiO; 1 31.93 2.60 90
Y 3Cu-5N-TiO,@SiO; 1 30 2.68 70 )
°
o Rutile

------ 3Cu-1N-TiO, @510,
—— 3Cu-3N-TiO,@Si0,
-== 3Cu-5N-Ti0,@Si0,

(Ahv)®S (a.u.)

1.60 2.20 2.80 3.40 4.00 4.60
ho (eV)

Fig. 5: Tauc plot of Cu, N co-doped TiO2@SiO2 samples.

and 3 at. % for N was selected for co-doping of TiO.@SiO,
as the best molar concentrations.

Comparison of optimum mono and co-doped TiO2@SiO2

Fig. 6 indicates the curves of nitrogen adsorption-
desorption and the pore size distribution diagrams for two
optimum mono and co-doped nanophotocatalysts. One
of the goals of this work was to produce a photocatalyst
at ambient pressure with a high specific surface area.
The BET surface area for 3Cu-3N-TiO.@SiO, and
3Cu-TiO,@SiO; were 493.87 and 469.76 m?/g, respectively.

The N adsorption-desorption isotherms displayed a type
IV isotherm with a type H1 hysteresis loop [48]. The Type
IV isotherm is a good indication of the mesoporosity of these
samples and the presence of H1 type depicted the presence
of cylindrical pores [48]. Average pore diameter about
4.8-5.2 nm was obtained by the curves of pore size distributions,
which were plotted using data estimated by BJH method.
Continuous condensation of end —OH groups during the wet
gel drying under ambient pressure can be prevented
by solvent exchange and surface modification. Solvent exchange
process was performed by placing the solid gel in ethanol
to eliminate remaining water from the pores. Reductions

531



Iran. J. Chem. Chem. Eng.

0.18 ADS
-~
600 | =012 ‘- = DES
3 X
3 0.06 - =
o 450 b
> o + S y
o 1 10 100 ':,P
= )
o 300 S __.-'f*“
™ = A
5 o
~ - -
AU e ==
adh
&
0 '
0 05 1
p/po

Shirzad Taghanaki N. et al.

Vol. 40, No. 2, 2021

0.18
- ~ ADS
600 .= 012 “~ = DES
g \
% 0.06 '..
o 450 o OO
= 1 10 100
& r,/nm o -
L 300 e
E e
S I
S 150wt
3
b b
0 .
0 0.5 1
P/po
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Fig. 7: SEM images of a) 3Cu-TiO2@SiOz and b) 3Cu-3N-TiO2@SiO2 samples

of surface tension can be done by replacing the hydrophilic
—OH groups on the surface of the gel backbone with
unreactive Si—CHs species using silane coupling agents
(TMCS and hexane). A comparison of the obtained surface
area indicated that the nitrogen dopant had a positive effect
on the increase of the specific surface area. A similar result
has been reported in previous studies [20, 49].

The structure of 3Cu-3N-TiO@SiO, and 3Cu—
TiO,@SiO, were investigated by SEM and depicted
in Fig. 7. This figure revealed that the particle aggregation
in the 3Cu-3N-TiO,@SiO, sample with an average particle
size of ~38.07 nm was less than that of 3Cu-TiO.@SiO.
with an average particle size of ~47.25 nm. Triethylamine
is a tridentate ligand that forms a stable complex
with titanium. This complex plays an important role
in the stability of nanoparticles and prevents their growth
and aggregation. This may be the reason for the particle size
reduction of 3Cu-3N-TiO.@SiO. compared to another
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[48, 49]. As a result of the particle size change, the size
of the crystallites is also affected as seen in the XRD
analysis results, which the size of rutile phases in optimum
co-doped sample was smaller than mono-dope.

The PL measurements have been widely employed
in order to investigate the efficiency of charge carrier
trapping, migration, transfer, and separation of electron—
hole pairs in semiconductor particles, since PL signals
in TiO, originate from the radiative recombination
of photogenerated charges [20, 50]. Fig. 8 shows
the emission peaks in violet (420 nm), blue (485 nm)
and green (528) regions for both, mono-doped and co-doped
samples. The peak observed at 420 nm occurs by band-to-
band recombination through the transition along the band
edge [51]. The second and third peaks originate from
the intraband transitions within the energy level traps or
surface defects [20, 52]. According to the signals,
the intensity of these peaks for 3Cu-3N-TiO.@SiO>
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Fig. 8: Photoluminescence emission spectra of 3Cu-TiO-@SiO2
and 3Cu-3N-TiO@SiO2 samples.

has been reduced compared with the sample without nitrogen.
Reducing the recombination rate improves the photocatalytic
activity since in this case, more photogenerated charge
carriers can participate in the photocatalytic degradation
process [53]. This result is in good agreement with the result
of the photodegradation of EB by these composites.

The 3Cu-TiO@SiO; and 3Cu-3N-TiO,@SiO»
samples were further investigated with FT-IR spectra
shown in Fig. 9. The absorption peaks in the region
wavenumber of 500-700 cm™ correspond to the stretching
vibration of Ti-O-Ti [54]. The absorption bands assignable
to rocking vibration, symmetrical and asymmetrical
stretching vibration of Si—-O-Si can be seen at 468 cm™,
780-815 cm and 10801090 cm?, respectively [37, 49, 55].
The existence of the peak at 950-960 cm™ corresponds
to the vibration of hetero-linkage Ti—O-Si bond indicates
the incorporation of TiO- into SiO, to form binary SiO,-TiO;
systems [56-58]. The absorption peaks at 3000-3740 cm*
and 1524-1691 cm™ assigned to the hydroxyl groups
as a result of physically adsorbed water by the composite
aerogel photocatalysts [37, 58, 59].

The absence of absorption bands corresponding to
Si-CHs groups in the spectra of synthetic samples may be
due to the thermal decomposition of methyl groups and
the formation of hydroxyl groups during the thermal process
around 400 ° C [60]. However, the peaks at 28502975 cm™
and 1400 cm™ attributable to C—H groups which in some
cases are stable up to 800 ° C which is inevitable [5, 37].

In a heterogeneous photocatalytic process, degradation
of organic pollutants such as EB occurs by reacting
the adsorbed pollutants on the surface of the photocatalyst
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Fig. 9: FTIR spectra of a) 3Cu-TiO@SiO2 and b) 3Cu-3N-
TiO2@SiO2 samples.

with oxidizing agents (O~ and OHe radicals) produced
by photogenerated charge carriers in photocatalyst from
absorbed O, and H;O [17]. Therefore main factors,
including surface area, bandgap of the photocatalyst,
the separation efficiency of electron—hole pairs and also which
are of effective parameters for the efficient degradation
reaction. High surface area can be effective in increasing
the absorption of the reactants on the active sites [20, 61].
Narrowing of the band gap can increases the efficiency
in visible light photons absorption that contributes
to the higher number production of charge carriers
thus increasing the degradation rate of pollutants. Determining
the best amount of dopant is important because
at concentrations above this value the same trapping sites
operate as the recombination centers. This can be a reason
for reducing the photocatalytic activity at high
concentrations of Cu and N doping in TiO.@SiO;
composite aerogel photocatalysts.

In other hands, the particle size of nanocrystalline
photocatalysts plays an important role in the dynamics
of the electron/hole recombination process. A decrease
in particle size can improve the photonic efficiency through
increasing the interfacial charge carrier transfer rate [62].
According to the explanations presented, it can be concluded
that 3Cu-3N-TiO,@SiO, shows higher photocatalytic
activity for the degradation of EB as compared
with the 3Cu-TiO.@SiO, mainly due to the synergistic
effects of reduced electron-hole recombination, higher
specific surface area and reduced bandgap.

From the comparison of the degradation efficiency,
it was observed that by addition of methanol to the photodegradation
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process, the efficiency of EB degradation was decreased,
indicating that the hydroxyl free radicals have played
an important role in EB degradation by the synthesized
photocatalyst.

Based on the absorption spectrum, the absorption peak
of aromatic derivatives for none of the final solutions
was observed. In addition, since the hydroxy! radical has been
the major oxidizing agent in the degradation of
ethylbenzene, it can be predicted that by attacking
this radical on the benzene ring, the structure is degraded
and converted to linear compounds. With the continuous
hydroxylation of aromatic acids produced, followed
by the opening of the benzene ring, acetic acid is produced.
Also, further oxidation of aliphatic acids will produce
water and carbon dioxide compounds. The results of several
studies show that the production intermediates in photocatalytic
degradation of various aromatic pollutants are related
to the hydroxylation of benzene ring [63-65].

CONCLUSIONS

In this study, Cu-TiO.@SiO, and Cu-N-TiO.@SiO;
aerogel photocatalyst powders using three different
concentrations of Cu and N were synthesized by the sol-gel
method via ambient pressure drying. The 3Cu-3N-TiO,@SiO-
showed the highest photocatalytic activity in the
degradation of EB under visible light irradiation (90%).
The samples consisted of both anatase and rutile phases
but the acidic pH of the reaction medium leads
to the formation of rutile as the predominant crystalline phase
in ambient temperature. It was found that the addition
of nitrogen and copper dopants into composite led
to the phase transition from anatase to rutile. The results showed
that the use of optimal concentration of copper and
nitrogen dopants reduced the recombination rate of
photogenerated charge carriers as compared to the mono
doped samples. Using copper and nitrogen impurities,
the bandgap of the photocatalyst was narrowed. The increased
photocatalytic activity of the 3Cu-3N-TiO.@SiO:
photocatalyst can be attributed to the smaller bandgap,
efficient separation of photoinduced charges, and a higher
surface area. Experiments concerning radical scavengers
indicated that the active radical of hydroxyl (*OH)
in the solution was the main reactive species.
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