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Abstract

In this present work, high specific surface area and strong visible light absorption nitrogen doped TiO,-SiO,
photocatalyst was synthesized by using sol-gel coupled with hydrothermal treatment method. Nitrogen was found to
improve the specific surface area while it also distorted the crystal phase of the resulting N-TiO,-SiO, catalyst. As the N/
(TiO,-Si0,) molar ratio was more than 10%, the derived catalyst presented the superior specific surface area up to 260 m?/
g. Nevertheless, its photoactivity towards phenol removal was observed to significantly decrease, which could results
from the too low crystallinity. The nitrogen content in N-TiO,-SiO, catalyst was therefore necessary to be optimized in
terms of phenol removal efficiency and found at ca. 5%. Under UVA light and natural sunlight irradiation of 80 min, N(5%)-
TiO,-SiO, catalyst presented the phenol decomposition efficiencies of 68 and 100%, respectively. It was also interestingly
found in this study that the reaction rate was successfully expressed using a Langmuir-Hinshelwood (L-H) model, indicating

the L-H nature of photocatalytic phenol decomposition reaction on the N-TiO,-SiO, catalyst.
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1. Introduction

Owing to the coming energy crisis on the earth as
well as the instability of oil price in recent years, various
inter-discipline research groups have paid much
attention to the field of renewable energy (Smalley,
2003). Direct utility of natural sunlight for clean energy
production and for removal of pollutants in air, water
and soils (Kaneko, 2002) seem to be fruitful over the
last decades. Among a huge numbers of materials and
methods that are commonly employed for the above
research, photocatalysis has presented its miracle role
in the field of environmental treatment (Fujishima et
al., 1999; Nguyen and Nguyen, 2007) and renewable
energy (Smalley, 2003; Nguyen et al., 2006).

TiO,-based catalyst has been one of the key
materials in photocatalysis since the first exploration
of Fujishima and Honda was done on TiO, for
photoelectrolysis of water to H, in 1972 (Fujishima
and Honda, 1972). Although TiO, as a role of
photocatalyst has been substantially commercialized
for our daily life (Kaneko, 2002; Fujishimaetal., 1999),
there is still much room for researchers in this field to
further explore the improvement of photoactivity of
TiO,-based catalyst. Enhancement of the specific
surface area as well as the visible light absorption
ability of photocatalyst have been much paid attention
by different groups for the aim of practical applications
of TiO,-based photocatalyst (Dutoit et al., 1996; Gao
and Wachs, 1999; Nguyen and Yang, 2003; Nguyen
et al., 2005; Nguyen and Yang, 2004).

In this present study, in order to increase the
specific surface area of the TiO, photocatalyst and
simultaneously extend its light absorption spectroscopy
to visible range, nitrogen doped TiO,-SiO,
photocatalyst is synthesized by sol-gel coupled with
hydrothermal treatment method. The photoactivity of
the derived catalyst is tested by using a reaction of
phenol decomposition under UV light and natural
sunlight in Hochiminh city, Vietnam. The effect of
content of nitrogen doped in TiO,-SiO, on its
photocatalytic activity towards phenol removal as well
as the kinetics of the reaction are also studied and
discussed.

2. Materials and Methods

The procedures of preparation of TiO,-SiO, were
mentioned in details in our previous study (Nguyen
and Nguyen, 2007). Three solutions were first
prepared: the first solution denoted as S1 was prepared
by mixing solvents (a mixture of ethanol and iso-
propanol with the volume ratio = 1:1) with water and
nitric acid; the second one included the solvents, water
and tetraethyl orthorsilicate (TEOS, Merck), which
was strongly mixed in a beaker at ca. 300 rpm; the
third solution was a mixture of the solvents and titanium
(IV) isopropoxide (TTIP, Merck). The above three
solutions were then mixed and refluxed at 80 °C for 1
h under vigorous stirring (ca. 1500 rpm). The obtained
sol-gel solution was thereafter hydrothermally treated
in a lab-made autoclave at 150 °C for 10 h. After that,
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Table 1. Specific surface areas and the particle sizes (d
of various N-TiO,-SiO, catalysts

XR D)

XRD particle size ?

Sample  Sger (M?/g)
(dxrp, NM)
NO 164.5 9.68
N5 172.36 9.88
N10 153.47 8.83
N50 225.05 7.00
N100 238.37 6.42
N150 264.24 6.31
N200 266.66 6.27

2 XRD particle size was estimated by using the Scherer equation.

the solvents were removed at 50 °C using a rotary
vacuum system. The aerogel was later dried in an
oven at 105 °C for 2 h and then calcined at 550°C.

For synthesis of N-TiO,-SiO, catalyst,
corresponding amount of urea was dissolved in the S1
solution to get the final urea/(TiO, + SiO,) molar ratio
of 0.05/1, 0.1/1, 0.5/1, 1/1, 1.5/1 and 2.0/1, whose
corresponding derived catalysts are denoted as N5,
N10, N50, N100, N150 and N200, respectively.

In both TiO,-SiO, and N-TiO,-SiO, mixed ox-
ides, the TiO, : SiO, weight ratio was controlled at
95 : 5. The crystallinity of catalyst was measured
by using X-ray diffraction (Rikagu, Cu K ) . The
BET specific surface area of catalyst was deter-
mined by nitrogen adsorption at -196 °C (Chembet
3000). The bandgap energy of catalyst was esti-
mated by using UV-Vis diffuse reflectance spec-
troscopy (Jasco 500). The catalyst particle size and
morphology were measured by using field-emission
scanning electron microscopy (FE-SEM, Hitachi S-
4800).

Photocatalytic decomposition of phenol was
carried out in a 1 L reactor containing 300 ml of 10
ppm phenol aqueous solution and 0.15 g of cata-
lyst. The reaction solution was well mixed by mag-
netic bar at ca. 200 rpm. The outer light source for
the reaction consisted of two UVA lamps with the
total capacity of 30 W and the peak of light spec-
trum at 365 nm. Before turning on the lamps, the
reaction solution was well mixed for 30 min in dark
to ensure the equilibrium processes of adsorption
and desorption of phenol on the catalyst surface.
For the analysis of phenol concentration after each
period of 20 min, 5 ml of the solution was sampled,
centrifuged (ca. 6000 rpm in 10 min) and filtered
(using a 0.45 um filter, Merck). The phenol con-
centration was determined by using UV-Vis spec-
troscopy (Cary Varian 50). The reactor tempera-
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ture was maintained at around 30 °C using a water
cooling system. For the experiment under natural
sunlight, the reactor was left outdoor in a sunny
day from 11:00 am to 13:00 pm in Hochiminh city.
The sunlight intensity during the experiment time
was estimated by using a lumen meter (Lux 5924,
Hana).

3. Results and Discussion
3.1. Characterization of photocatalyst

Table 1 presents the effect of nitrogen content
in N-TiO,-SiO, catalyst on its specific surface area
and XRD particle size that was estimated by using
the Scherer equation. It was interestingly found that
the S, of N-TiO_-SiO, catalysts with the N : (TiO_-
SiO,) molar ratio less than 50% were low and com-
parable with that of bare TiOZ-SiOZ. Nevertheless,
when the N : (TiO,-SiO,) molar ratio was higher
than 50%, the specific surface area of the resulted
catalyst was observed to significantly increase. The
results could be ascribed to the employment of urea
as the precursor for nitrogen addition to TiO,-SiO,
catalyst. In the case of N : (TiO,-SiO,) molar ratio
higher than 50%, the pH value of the N-TiO,-SiO,
sol-gel solution was observed to substantially in-
crease. As the molar ratio of N : (TiO,-SiO,)
reached a critical value, it could result in the supe-
rior precipitation of N-TiO,-SiO, during the sol-gel
process. This phenomenon could bring about the
high specific surface area of the obtained N-TiO,-
SiO, catalyst with the N : (TiO,-SiO,) molar ratio
higher than 50%.
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Figure 1. XRD patterns of different N-TiO,-SiO, catalysts.
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Figure 2. FE-SEM images of (a) TiO,-SiO, and (b) N-TiO,-SiO, catalysts.

X-ray diffraction patterns of different N-TiO,-
SiO, catalysts are shown in Fig. 1. Nitrogen was
found to significantly decrease the crystallinity of
derived N-TiO,-SiO, catalyst in comparison with
that of bare TiO-,-SiO,. When the molar ratio of N:
(TiO,-Si0,) was higher than 50%, the crystallinity
of N-TiO,-SiO, catalyst was substantially decreased
and much different from those with the (N : TiO,-
Si0,) molar ratio less than 50%. It was well agreed
that the higher the specific surface area, the lower
the crystallinity of catalyst (Nguyen et al., 2006).
Accordingly, the X-ray diffraction results were well
consistent with the specific surface area and the
XRD particle size data as presented in Table 1.

Fig. 2 shows the morphology of TiO,-SiO, and
N-TiO,-SiO, (N5) catalysts measured by field-emis-
sion scanning electron microscopy (FE-SEM).
Based on the scale of the FE-SEM pictures in Fig.
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2, the particle sizes of TiO,-SiO, and N-TiO,-SiO,
(N5) were estimated at around 13 and 8.8 nm, re-
spectively. It was obviously that nitrogen was ob-
served to decrease the particle size and therefore,
increase the specific surface area of the resulting
N-TiO,-SiO, catalyst. Conclusively, nitrogen was
found to improve the specific surface area of the
resulting N-TiO,-SiO, catalyst while it was also
observed to distort the crystal phase of the cata-
lyst.

UV-Vis spectroscopies of different N-TiO,-
SiO, catalysts are depicted in Fig. 3. As TiO,-SiO,
was doped with nitrogen, the resulting catalysts were
observed to shift to the visible range. Visible light
shift was observed on all of the N-TiO,-SiO, cata-
lysts. When the N : (TiO,-SiO,) molar ratio was in-
creased from 1 to 10%, the visible light absorption
behavior of the derived N-TiO,-SiO, catalyst was

1.0
‘o.}’“
-o-o.No
08 —N1
o - = N5
3 - -- N10
e —-—N50
& %7 ---=N100
g ====N150
-8 ooooooooo
o
2 04
<
0.2 4
0.0 | -—...._.I- ..... : I
300 400 500 600 700 800

Wavelength (nm)

Figure 3. UV-Vis spectroscopies of different N-TiO,-SiO, catalysts. The inset shows the large scale spectroscopies of the

catalysts in the wavelength range of 400 — 550 nm.
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found to gradually increase. N5 catalyst presented
strong visible light absorption with one peak ob-
served at the wavelength of around 462 nm. Nev-
ertheless, as the N : (TiO,-SiO,) molar ratio was
over 10%, the UV-Vis spectra of the resulting N-
TiO,-SiO, catalysts were found alike as shown in
Fig. 3. These results implied that there existed a
critical value of nitrogen content in N-TiO,-SiO,
catalyst to determine its red-shift property. As the
content of nitrogen in N-TiO,-SiO, catalyst was
larger than the critical value, the remaining amount
of nitrogen could be removed under calcination pro-
cess instead of inserted into the TiO,-SiO, lattice.

3.2. Photocatalytic decomposition of phenol over
different N-TiO,-SiO, catalysts under UVA light
irradiation

Table 2 shows the decomposition efficiency of
phenol over different N-TiO,-SiO, catalysts under
UVA light irradiation. In order to determine the ad-
sorption efficiency of phenol on the catalyst sur-
face, the reaction solution including N-TiOz-SiO2
catalyst and phenol aqueous solution was well mixed
under dark for 30 min before turning on the lamps.
The adsorption efficiency was found at between
5% and 12 %, which was relatively consistent with
the specific surface area of the catalyst. The larger
the specific surface area, the higher the efficiency
of the catalyst towards phenol adsorption under
dark. When the UVA light was turned on, decom-
position of phenol over N-TiO,-SiO, catalyst sub-
stantially increased as shown in Table 2. As com-
pared to bare TiO,-SiO,, N-TiO,-SiO, catalyst pre-
sented strong photocatalytic activity towards phe-
nol removal with the efficiencies of 44 and 89%,

respectively after 2 h of irradiation. Nevertheless,
as the N : (TiO,-SiO,) molar ratio was over 5%, the
phenol decomposition efficiency of the derived N-
TiO,-SiO, catalyst was significantly decreased. The
efficiency of N200 catalyst towards phenol decom-
position (32%) was even much lower than that of
bare TiO,-SiO, (44%).

Although the increase in the N : (TiO,-SiO,)
molar ratio of more than 10% was found to signifi-
cantly improve the specific surface area of the de-
rived N-TiO,-SiO, catalyst from 153 to 266 m?/g,
this positive effect was followed by the strong de-
cline of the crystallinity of the catalysts as shown
in Fig. 1. As discussed in the previous section, when
the N : (TiO,-SiO,) molar ratio was more than 10%,
it did not affect the band-gap energy but distorted
the crystallinity of the resulting N-TiO,-SiO, cata-
lyst. Consequently, the best photoactitvity towards
phenol removal was only observed on N-TiO,-SiO,
catalyst with the N : (TiO,-SiO,) molar ratio lower
than 10%.

Study on the kinetics of the photocatalytic de-
composition of phenol over different N-TiO,-SiO,
catalysts was also done in this present work. The
half-life decomposition time (t,,,) was also deter-
mined for simple comparison with other research
data. The results are shown in Fig. 4.

According to the kinetic results shown in Fig. 4
and Table 3, it could be concluded that the reaction
rate was successfully expressed using a Langmuir-
Hinshelwood (L-H) model. In other words, the Ki-
netic results indicated the L-H nature of photocata-
lytic phenol decomposition reaction on the N-TiO,-
SiO, catalyst under UVA irradiation.

It was also observed that N1 and N5 catalysts
presented too high reaction rate coefficient k with

Table 2. Adsorption and decomposition efficiency of phenol over N-TiO-_-SiO, with different nitrogen

contents under UVA light irradiation

Phenol removal efficiency (%)

Saturated adsorption efficiency (%)

Catalyst (30 min under dark) (120 mi.n und.er.UVA light
irradiation)
NO 5.0 44.2
N1 8.0 85.2
N5 5.6 88.9
N10 4.6 70.0
N50 8.8 48.3
N100 10.0 45.1
N150 12.2 35.3
N200 12.4 31.7
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Figure 4. Ln(C /C) according to reaction time of different N-TiO,-SiO, catalysts. C_ and C were the phenol
concentrations at the initial and corresponding reaction time, respectively. The reaction was carried out under UVA
irradiation with C =10 mg/l and the amount of catalyst of 0.5g/L.

the values of 0.0136 and 0.0173 min‘t, respectively.
These values were around 3 times higher than that
of bare TiO,-SiO, catalyst.

3.3. Photocatalytic decomposition of phenol over
different N-TiO,-SiO, catalysts under natural
sunlight irradiation

For energy-saving purpose, the photocatalytic
reaction of phenol decomposition was carried out
by utilizing the abundant natural sunlight in
Hochiminh city with the data shown in Fig. 5. It
was interestingly found that under natural sunlight
the N-TiO,-SiO, catalysts presented strong photo-

catalytic activities towards phenol removal in com-
parison with the case of using UVA light as the ir-
radiation source. The order of photoactivity of the
catalysts was as follows: N5 > N10 > N100 > NO >
N200. Only after 80 min of natural sunlight irradia-
tion, the phenol removal efficiency of 100% is ob-
served on N5 catalyst. This superior photoactivity
of N-TiO,-SiO, catalyst could be ascribed to the
strong intensity of the natural sunlight as compared
to UVA light. The average intensity of the natural
sunlight was estimated at around 1 sun or 100 mW/
cm? that was much higher than the intensity of UVA
light of around 15 mW/cm? in this present work.
The result certainly presented potential application

Table 3. Kinetic parameters of phenol removal reaction over different N-TiO_-SiO, catalysts under UVA irradiation

sample Agg:f;fgzgficzmnﬂ"’)‘te Half-life decomposition time ti, (min)  R?
NO 0.0052 133.27 0.9921
N1 0.0136 50.74 0.9912
N5 0.0173 40.06 0.9922
N10 0.0096 72.19 0.9956
N50 0.0056 123.75 0.9901
N100 0.0052 133.27 0.9947
N150 0.0037 187.30 0.9983
N200 0.0031 223.55 0.9977
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Figure 5. Phenol removal efficiency according to reaction time over different N-TiO,-SiO, catalysts under natural sunlight

irradiation.

of photocatalyst in Hochiminh city for environmen-
tal treatment.

4. Conclusions

The presence of nitrogen in N-TiO,-SiO, cata-
lyst was found to not only improve the specific sur-
face area but also to shift the UV-Vis spectros-
copy of the catalyst to visible range. Nevertheless,
when the content of nitrogen in N-TiO,-SiO, cata-
lyst was higher than a critical value, it was observed
to distort the crystallinity and therefore decrease
the photocatalytic activity of the resulting catalyst.
N(5wt%)-TiO,-SiO, was found to be the best pho-
tocatalyst towards phenol removal under both UVA
and natural sunlight irradiation with the efficiencies
of 68 and 100%, respectively after 80 min of reac-
tion. The reaction rate of photocatalytic phenol re-
moval on N(5wt%)-TiO,-SiO, catalyst was observed
to be expressed using a Langmuir-Hinshelwood (L-
H) model with k coefficient of 0.0173 min* which
was over 3 times higher than that of bare TiO,-
SiO, counterpart.
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