




X-ray diffraction patterns of different N-TiO2-
SiO2 catalysts are shown in Fig. 1. Nitrogen was
found to significantly decrease the crystallinity of
derived N-TiO2-SiO2 catalyst in comparison with
that of bare TiO-2-SiO2. When the molar ratio of N:
(TiO2-SiO2) was higher than 50%, the crystallinity
of N-TiO2-SiO2 catalyst was substantially decreased
and much different from those with the (N : TiO2-
SiO2) 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 TiO2-SiO2 and
N-TiO2-SiO2 (N5) catalysts measured by field-emis-
sion scanning electron microscopy (FE-SEM).
Based on the scale of the FE-SEM pictures in Fig.

 

(a) (b) 

Figure 2. FE-SEM images of (a) TiO2-SiO2 and (b) N-TiO2-SiO2 catalysts.

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

400 450 500 550

 

 

Wavelength (nm)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 N0
 N1
 N5
 N10
 N50
 N100
 N150
 N200

2, the particle sizes of TiO2-SiO2 and N-TiO2-SiO2
(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-TiO2-SiO2 catalyst. Conclusively, nitrogen was
found to improve the specific surface area of the
resulting N-TiO2-SiO2 catalyst while it was also
observed to distort the crystal phase of the cata-
lyst.

UV-Vis spectroscopies of different N-TiO2-
SiO2 catalysts are depicted in Fig. 3. As TiO2-SiO2
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-TiO2-SiO2 cata-
lysts. When the N : (TiO2-SiO2) molar ratio was in-
creased from 1 to 10%, the visible light absorption
behavior of the derived N-TiO2-SiO2 catalyst was

Figure 3. UV-Vis spectroscopies of different N-TiO2-SiO2 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 : (TiO2-SiO2) molar ratio was
over 10%, the UV-Vis spectra of the resulting N-
TiO2-SiO2 catalysts were found alike as shown in
Fig. 3. These results implied that there existed a
critical value of nitrogen content in N-TiO2-SiO2
catalyst to determine its red-shift property. As the
content of nitrogen in N-TiO2-SiO2 catalyst was
larger than the critical value, the remaining amount
of nitrogen could be removed under calcination pro-
cess instead of inserted into the TiO2-SiO2 lattice.

3.2. Photocatalytic decomposition of phenol over
different N-TiO2-SiO2 catalysts under UVA light
irradiation

Table 2 shows the decomposition efficiency of
phenol over different N-TiO2-SiO2 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-TiO2-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-TiO2-SiO2 catalyst sub-
stantially increased as shown in Table 2. As com-
pared to bare TiO2-SiO2, N-TiO2-SiO2 catalyst pre-
sented strong photocatalytic activity towards phe-
nol removal with the efficiencies of 44 and 89%,

Table 2. Adsorption and decomposition efficiency of phenol over N-TiO-2-SiO2 with different nitrogen
contents under UVA light irradiation

 

Catalyst 
Saturated adsorption efficiency (% ) 

(30 min under dark) 

Phenol removal efficiency (% ) 

(120 min under UVA light 

irradiation) 

N0 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 

respectively after 2 h of irradiation. Nevertheless,
as the N : (TiO2-SiO2) molar ratio was over 5%, the
phenol decomposition efficiency of the derived N-
TiO2-SiO2 catalyst was significantly decreased. The
efficiency of N200 catalyst towards phenol decom-
position (32%) was even much lower than that of
bare TiO2-SiO2 (44%).

Although the increase in the N : (TiO2-SiO2)
molar ratio of more than 10% was found to signifi-
cantly improve the specific surface area of the de-
rived N-TiO2-SiO2 catalyst from 153 to 266 m2/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 : (TiO2-SiO2) molar ratio was more than 10%,
it did not affect the band-gap energy but distorted
the crystallinity of the resulting N-TiO2-SiO2 cata-
lyst. Consequently, the best photoactitvity towards
phenol removal was only observed on N-TiO2-SiO2
catalyst with the N : (TiO2-SiO2) molar ratio lower
than 10%.

Study on the kinetics of the photocatalytic de-
composition of phenol over different N-TiO2-SiO2
catalysts was also done in this present work. The
half-life decomposition time (t1/2) 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-TiO2-
SiO2 catalyst under UVA irradiation.

It was also observed that N1 and N5 catalysts
presented too high reaction rate coefficient k with
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the values of 0.0136 and 0.0173 min-1, respectively.
These values were around 3 times higher than that
of bare TiO2-SiO2 catalyst.

3.3. Photocatalytic decomposition of phenol over
different N-TiO2-SiO2 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-TiO2-SiO2 catalysts presented strong photo-

Figure 4. Ln(Co/Ct) according to reaction time of different N-TiO2-SiO2 catalysts. Co and Ct were the phenol
concentrations at the initial and corresponding reaction time, respectively. The reaction was carried out under UVA
irradiation with Co = 10 mg/l and the amount of catalyst of 0.5g/L.

Sample Apparent reaction rate 
coefficient k (min-1) Half-life decomposition time t1/2 (min) R2 

N0 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 

 

Table 3. Kinetic parameters of phenol removal reaction over different N-TiO2-SiO2 catalysts under UVA irradiation

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 > N0 >
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-TiO2-SiO2 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/
cm2 that was much higher than the intensity of UVA
light of around 15 mW/cm2 in this present work.
The result certainly presented potential application
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of photocatalyst in Hochiminh city for environmen-
tal treatment.

4. Conclusions

The presence of nitrogen in N-TiO2-SiO2 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-TiO2-SiO2 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%)-TiO2-SiO2 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%)-TiO2-SiO2 catalyst was observed
to be expressed using a Langmuir-Hinshelwood (L-
H) model with k coefficient of 0.0173 min-1 which
was over 3 times higher than that of bare TiO2-
SiO2 counterpart.
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Figure 5. Phenol removal efficiency according to reaction time over different N-TiO2-SiO2 catalysts under natural sunlight
irradiation.

References

Dutoit DCM, Gobel U, Schneider M, Baiker A. Titania–Silica
mixed oxides V. Effect of sol-gel and drying conditions
on surface properties. Journal of Catalysis 1996; 164:
433-39.

Fujishima A, Hashimoto K, WatanabeT. TiO2
Photocatalysis Fundamentals and Applications, BKC,
Tokyo, Japan. 1999.

Fujishima A, Honda K. Electrochemical photolysis of water
at a semiconductor electrode. Nature 1972; 238: 37-38.

Gao X, Wachs IE. Titania–silica as catalysts: molecular
structural characteristics and physico-chemical
properties. Catalysis Today 1999; 51: 233-54.

Kaneko M, Okura I. Photocatalysis: Science and
Technology. Springer, New York, USA. 2002.

Nguyen TV, Choi DJ, Yang OB. Effect of chelating agents
on the properties of TiO2-SiO2 mixed oxide for
photocatalytic water decomposition. Research on
Chemical Intermediates 2005; 31: 483-91.

Nguyen TV, Lee HC, Yang OB. The effect of pre-thermal
treatment of TiO2 nanoparticles on the performance of
dye-sensitized solar cells. Solar Energy Materials and
Solar Cells 2006; 90: 967-81.

Nguyen TV, Yang OB. Photoresponse and AC impedance
characterization of TiO2-SiO2 mixed oxide for
photocatalytic water decomposition. Catalysis Today
2003; 87: 69-75.

Nguyen TV, Yang OB. Water decomposition on TiO2-SiO2
and RuS2/TiO2-SiO2 photocatalysts: the effect of
electronic characteristics. Catalysis Communications
2004; 5: 59-62.

Nguyen VC, Nguyen TV. Synthesis and characterization of
N-TiO2-SiO2 photocatalyst for decomposition of phenol
under natural sunlight. Proceedings of the First

V.-C. Nguyen and T.-V. Nguyen / EnvironmentAsia 1 (2009) 23-29

28



International Workshop on Nanotechnology and
Application 2007; 507-14.

Smalley RE. Our energy challenge. Energy &
Nanotechnology Conference 2003. Rice University,
Houston, USA, May 3, 2003.

Received  12 October 2008
Accepted  30 November 2008

Correspondence to
Dr. The-Vinh Nguyen
Faculty of Environment,
Hochiminh City University of Technology,
Hochiminh city,
Vietnam
Email address: ntvinh@hcmut.edu.vn (T.-V. Nguyen).
Fax: +84 8 8639 682
Tel. : +84 8 8639 682

V.-C. Nguyen and T.-V. Nguyen / EnvironmentAsia 1 (2009) 23-29

29




