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In the present study, photocatalytic materials of TiO2/SiOz2 and nitrogen-dopedTiO2/SiO2 were prepared by
sol-gel method. Their photocatalytic activities were evaluated using B-naphthol solution with a 25 W lamp
(Natural light PT 2191-ExoTerra) as the simulated solar light source. Physico-chemical properties of
photocatalytic materials were characterised by X-ray diffraction (XRD), energy dispersive X-ray (EDX), N2
adsorption—desorption isotherms and ultraviolet-visible diffuse reflectance spectroscopy. The effects of the
nitrogen (N) content and calcination temperature on the morphology and photocatalytic activity of TiO2/SiO2
were investigated. A Visible-light response was obtained with N-doped TiO2/SiO2 materials, resulting in high
degradation of B-naphthol (10 ppm) from 89.41 % to 95.4 %, which was higher than that of P25 (58.75 %).

1. Introduction

B-naphthol, one of the naphthalene derivatives, is the most important industrial chemicals and used
extensively in dyestuffs manufacturing, pharmaceutical production and biogeochemical processes (Ma et al.,
2017). This compound is usually present in drinking water and industrial wastewater while being quite slowly
and incompletely biodegradable. Those techniques which have been carried out to remove or eliminate -
naphthol in water such as biological, membranes, evaporation have some limitations (Qu et al., 2013),
because of secondary environmental pollution.

In the past decade, semiconductor photocatalysis has been recognised as an efficient strategy for the
degradation of environmental pollutants into friendly products or less harmful ones (Vaiano et al., 2016b).
Titanium dioxide, TiO2, is considered a potential of photocatalyst for the degradation of organic pollutant in
aqueous medium due to its non-toxicity (Vaiano et al., 2016b), relatively low cost (Makhdoomi et al 2015), high
chemical stability (Vaiano et al., 2017,) and superior photocatalytic activity (Kumar et al., 2017). The large
bandgap of TiO2 causes little absorption of visible light (Hu et al., 2017), resulting in very low quantum yield in
light to energy conversion. These have limited the practical utilisation of this material. To consume sunlight in
the photocatalytic process of TiOz efficiently, it is necessary to narrow down the band gap energy.

Doping the semiconductor TiO2 with various dopants may lead to an enhanced efficiency of photocatalytic
system and achieve visible light sensitive photocatalysts. Dopants include anions, cations of transition metal
ions and rare earth metal ions. Dopant content either changes the interfacial charge transfer rate, which
directly influences the rate of e/h* pair recombination, or reduces the space-charge region of doped
photocatalyst. However, the concentration of dopant needs to be optimised to a certain level to avoid the
creation of new recombination centers (Irie et al., 2003). To induce visible light activated TiO2, nonmetallic
anions are utilised to substitute oxygen in TiOz in order to narrow the band gap. Consequently, in recent
years, N-doped TiO2 has been the most extensively studied, and achieved considerable successes in
enhancing the visible-light photocatalytic (Vaiano et al., 2016b), N-doped TiO2 has been proven to be a more
promising photocatalyst material under visible irradiation for the degradation of organic pollutants compared to
others, i.e. dyes with nearby 90 % degradation efficiency (Xu et al., 2007), phenol with reached 59 - 65 %
degradation (Vaiano et al., 2016a). The N-TiO2 with rice grain-like nanostructure morphology prepared by the
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electrospinning method, showed superior Methylene Blue degradation compared to TiO2 rice grains (Babu et
al., 2012). Vaiano et al. (2016b) explained that the substitution of N for O in the anatase TiO: crystal would
yield a band-gap narrowing driven by mixing of N 2p states with O 2p states because their energies are very
close, and thus the band gap of N-TiO: is narrowed and able to absorb visible light.

Besides narrowing the bandgap energy, a large surface also plays a vital role in photocatalytic reaction
efficiencies (Guo et al., 2014). It can provide a large amount of active sites, and absorb more target molecules
in order to promote the photo-induced reaction rates. Silica, one of the best adsorbent candidates, has been
used in composition of TiO2/SiO2. Not only does a porous structure of silica offer high surface area, bio-
chemical inertia but also it enables to control effectively the growth of TiO2 particles leading to smaller size,
larger specific surface area and increase the overall photocatalytic activity (Kibombo et al., 2011). It is suitable
to combine silica with TiO2 to treat organic pollutants in the waste water. To the best of our knowledge, there
are only few studies regarding the photocatalytic activity of TiO2/SiO2 composite material for degradation of 8-
naphthol under simulated solar irradiation.

The objective of this study is to develop an effective N-TiO2/SiOz photocatalyst materials which is studying the
effect of Si:Ti molar ratio, of nitrogen dopant concentration on the photocatalytic activities of materials. The
photocatalyst degradation rates of B-naphthol over photocatalyst powder was evaluated with varying
concentrations of SiO,, concentrations of nitrogen dopant, calcined temperature under simulated solar
irradiation.

2. Experimental
2.1 Materials and reagents

All reagents were used as received without further purification. The titanium n-butoxide (TNB) (98 %) as a
titania source was purchased from Across, $-naphthol (99 %), acetylacetone (98 %) and poly ethylene glycol
(PEG, 98 %) were supplied by Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, 99 %) as a silicon source was
purchased from Merck. Urea (> 99 %) was supplied by Fisher Chemical.

2.2 Preparation of TiO2/SiO2 samples

First, SiO2 solution was obtained from a mixture of EtOH, acid nitric, double distilled water and TEOs in
volume ratios of EtOH:HNO3:H20:TEOs to be 3.5 : 1.0 : 0.5 and stirred at room temperature for 1 h. Whereas,
TiO2 solution was prepared by mixing TNB, EtOH and AcAc in the volume ratio of 4 : 11 : 1. The TiO2 solution
was added dropwise into the SiOz solution and keep stirring for 30 min at 25 °C. Then, the mixture was heated
to 75 °C under continuous stirring for 90 min before aged at room temperature for 24 h. Subsequently, the gel
was dried at 120 °C for 30 min before undergoing calcining at 450, 550 and 650 °C for 2 h, which were named
as TS450, TS550 and TS650.

As for the N-doped TiO2/SiO2 samples, solutions were obtained in the same manner to TiO2/SiOz solutions in
which, an approximate amount of urea was dissolved into TiO2/SiOz solutions. Finally, the gel was then dried
and calcined at 550 °C for 2 h. The samples were named according to the molar ratio of nitrogen and titania of
5/95,10/90, 20 /80 and 30/ 70 followed by NO5TS, N10TS, N20TS and N30TS.

2.3 Characterisation

The phase compositions and crystal structures of the samples were determined by X-ray diffraction (XRD)
using a D2 Phaser (Bruker, USA) with Cu Ka,__ radiation (A = 0.154 nm). Images of samples’ morphology were
taken by Scanning Electron Microscope (SEM) using JSM-6500F, JEOL. The band-gap energy of each
sample was calculated from diffuse reflectance spectra (DRS) ranging from 850 to 220 nm, scanning step of 2
nm, at the rate of 400 nm/min using a Solid UV-vis JASCO V-550 equipment. Specific surface area Brunauer—
Emmett—Teller (BET) was obtained by nitrogen adsorption — desorption isotherms at 77.3 K on Quantachrome
Instruments version 11.0. The calculated crystallite size was determined by the Scherrer Eq(1) at (101) peak.
In which B is the full width at half-maximum of the diffraction peak (FWHM), k = 0.9 is a shape constant, D is
the crystallite size and 6 is the Bragg angle.

ka
D= B.cos© (l)

2.4 Photodegradation experiments

B-naphthol solution with initial concentration of 10 ppm and natural pH of 6 was employed as the target to
evaluate the photocatalytic activity of the samples under the irradiation of simulated visible light using a 25 W
lamp (Natural light PT 2191-ExoTerra) with wavelength region from 390 to 640 nm, in which the most intense
wavelength is located at 540 nm. The lamp was placed above the reactor. In a typical, the process of
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degradation was performed in a photoreactor where 0.20 g catalyst was suspended in 200 mL of 10 ppm B-
naphthol solution. During the photocatalytic process, the solution was stirred constantly and the temperature in
photoreactor was maintained at 30 £ 2 °C using a water cooling jacket. The mixture was stirred in the dark
for 120 min with the purpose of ensuring adsorption—desorption equilibrium before conducting the visible light
irradiation. After each interval 30 min, the aliquots were withdrawn using a syringe and filtered through a 0.45
pum Nylon syringe filter for subsequent B-naphthol concentration analysis. The remaining B-naphthol
concentration was then determined by a Hitachi UV-Vis spectrophotometers equipped with an Optics ISS-
UV/VIS light source with a wavelength range of 200-400 nm. Degradation of the B-naphthol was tracked by its
absorption peak at 223 nm. To evaluate the catalytic reusability, the catalytic after degradation process was
washed in alcohol and heat treated at 250 °C for 2 h to remove totally B-naphthol contaminant.

3. Result and discussion
3.1 Catalyst characterisation

Powder X-ray diffraction patterns powder calcined at various temperatures are shown in Figure la. It is
revealed that all samples had the pure anatase phase with the identical peaks at 26 diffraction angles of 25.2°
(101), 36.9° (004), 48.24° (200), 54.86° (211) and 63.01° (204) which are well-indexed with the JCPDS card
No 21-1272. No diffraction peaks representing SiOz phase are detected in any samples, which indicates that
SiO2 amorphous phase is stabilised in the composite. It is known that the transformation of anatase to rutile
phase takes place at temperatures from 600 to 700 °C (Alzamani et al., 2013). However, in this study, the
single phase of anatase still remained as the temperature reached 650 °C and without any peak of rutile
phase, this is due to the formation of the Ti-O-Si linkage which inhibited the phase transformation at high
temperature (Mahyar et al., 2010). In addition, the diffraction peaks become slightly sharper and higher with
increasing calcined temperature. The crystallite size of anatase TiO2 increased from 6.33 to 7.01 to 11.17 nm
when the calcination temperature went up from 450 to 550 to 650 °C, which is consistent with the literature
(zZhang et al., 2009). Figure 1b shows the XRD patterns of all 550 °C calcined nitrogen-doped TS composite
photocatalysts with different N/Ti molar ratio with anatase phases. It is noticeable that nitrogen-doping sample
exhibits typical structure of TiO2 crystal without any detectable dopant related peaks which means that
nitrogen-doping does not change its crystal structure. The reason can be due to the fact that the nitrogen
species have moved into either the interstitial positions or the substitutional sites of the TiO2 crystal structure.
The intensity of TiO2 peak of doping samples tend to become higher and stronger, this might originate from
the compressive strains caused by the different bonding characteristics of O and N (Wu et al., 2014).
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Figure 1: XRD pattern of (a) various calcined temperature TiO2/SiO2 powder and (b) 550 °C calcined N- doped
TiO2/SiO2 powder

The average crystallite size of the prepared particles is given in Table 1. Crystallite size of TiO2/SiO2
composite oxides is smaller than that of the pure TiO2 (P25). This phenomenon is attributed to the formation of
Si-O networks by excessive SiO2z, which prevents the production of anatase crystallites (Shifu and Gengyu,
2006). It is noticeable that the crystallite size of the anatase phase decrease with increases of nitrogen doping
because of the effect of nitrogen content in the composite. It was found that TiO2/SiO2 doped with 30 mol% of
nitrogen (N30TS) shows the smallest crystallite size.



Table 1: Crystallite size of 550 °C calcined TiO2-SiO2 composite

Sample Average crystallite size (nm)
P25 21 (Raj and Viswanathan, 2009)
TS 7.01

NO5TS 6.81

N10TS 6.96

N20TS 6.79

N30TS 6.75

Figure 2 shows the EDX spectrum of N30TS sample. Table 2 shows the EDX analysis of N30TS. The signals
of Ti and O on the spectrum are caused by TiO2. The detected Si signal confirms the existence of SiOz in the
sample and the atom fraction of Si/(Ti+ Si) was measured to be 15.23 % that is close to the initial value of 15
%. The atom fraction of N/Ti is measured to be 29.8 / 70.2, which is nearly consistence with the initial ratio of
30/ 70.

Figure 2: EDX spectra of N30TS

Table 2: The EDX analysis of N30TS
Element Weight (%) Atom (%)

N 4.47 7.12
(0] 55.05 73.45
Si 3.92 2.96
Ti 36.29 16.47
Total 100 100

The Kubelka—Munk function (Spadavecchia et al., 2010) was used to calculate the band gap energy of
different samples by plotting [F(R) - hv]*? with the energy of light (hv). The band gap energies are shown in
Figure 3, revealing that the band gap energies those of doped samples were narrowed by nitrogen doping
concentration from 5 to 30 %. Doping too much N (20 or 30 %) can result in shifting to shorter wavelength,
calculated of 3.00 eV for 20 % N and 3.06 eV for 30 % N-doping sample.
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Figure 3: Kubelka—Munk modified spectra for undoped and N-doped TS550 powders

3.2 Photocatalytic activities

The photocatalytic activities of materials were studied through degradation of B-naphthol for periodical time
irradiation. Generally, the dependence of 3-naphthol concentration on the irradiation time can be quantitatively
estimated by the kinetic of photodegradation reaction, which is described by integrated rate law equation
Eq(2):
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Where, k is the apparent first-order rate constant, C and Co are the B-naphthol concentration at initial and after
irradiation.

The photocatalytic activity of samples was evaluated by the decomposition of 10 ppm B-naphthol solution, as
shown in Figure 4. The most notable feature is that all of samples with the present of SiO2 outstripped
outmatch that of P25 sample. The photocatalytic activity of TS550 catalyst showed the highest photocatalyst
activities, which reached approximately 89.41 % B-naphthol degradation after 300 min irradiation and the
reaction rate constant k = 0.0071 min'l. Reaction rate decreased when temperature passed 650 °C as shown
in Table 3. 550 °C was chosen as the optimal calcined temperature for preparing the photocatalyst.
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Figure 4: Photocatalytic degradation of B-naphthol over (a) various calcined temperature TiO2-SiO2 powder
and (b) N—doped TS powder photocatalysts under simulated solar- light irradiation

As shown in Figure 4b, most N-doped samples enhanced the B-naphthol degradation efficiency compared to
undoped sample (TS). Table 3 summaries the first order degradation rates of synthesised samples and P25.
In the presence of a 10 % nitrogen, the photocatalytic activity of TS was obviously enhanced. The activity of
TiO2 sample was further improved with increasing percentage of nitrogen up to 30 %, reached 95.40 %. After
3 h, B-naphthol was decomposed about 90 to 95 % over N-doped samples. The most striking point is that the
specific surface area of N30TS catalyst was far larger than that of undoped sample at the same condition,
which were 98.23 m?/g and 79.633 m?/g. The larger surface area can effectively adsorb pollutants onto the
reactive sites of the catalysts, thus improves the activity in degradation of 3-naphthol (Zhang et al., 2016).

Table 3: The photo-activity efficiency and the first reaction rate constants for various samples

Sample The degradation yield (%) The first reaction rate constants, k (min=) R?

P25 58.75 0.0025 0.97
TS450 77.90 0.0052 0.98
TS550 89.41 0.0071 0.99
TS650 81.32 0.0055 0.99
N5TS 89.25 0.0069 0.99
N10TS 89.89 0.0069 0.99
N20TS 91.25 0.0076 0.98
N30TS 95.40 0.0099 0.99

4. Conclusions

TiO2/SiO2 composite and N-doped TiO2/SiO2 samples were successfully synthesised in the single anatase
phase. N-doped TiO2/SiO2 samples enhance the solar light responsive in photocatalytic degradation of B-
naphthol. The N-doped TiO2/SiO2 samples which were calcined at 550 °C with molar ratio of TiO2/SiO2 of
85/15 represented the high degradation efficiency, from 89.41 % to 95.4 %, which was higher than that of P25
(58.75 %). This study initially revealed that the N-doped TiO2/SiO2 nanocomposite is a promising photocatalyst
material in wastewater treatment under solar-light irradiation.
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