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1. INTROdUCTION 

  TiO2 is the most popular semiconductor used in 
photocatalytic processes and serious attention has 
been focused on the photocatalytic performance of 
TiO2, due to its good environmental stability, for 
the purification of contaminated air or water [1,2]. 
also, different reports have described photokilling 
of bacteria [3-5], viruses [6] and tumor cells [7] by 
photocatalytic treatment of water. Generally, TiO2 
photocatalysts generate strong oxidizing power 
under illumination of UV light with wavelength less 
than 385 nm by producing holes ( +h ) and hydroxyl 
radicals (OH • ) generated in the valence band, and 

electrons and superoxide ions ( −
2O ) generated in 

the conduction band [8]. Various damages to living 
organisms are caused by the reactive oxygen species 

(ROS) generated by TiO2 photocatalytic reactions.
In 1985 Matsunaga and coworkers reported the 
microbicidal effect of the TiO2 photocatalysts 
reactions for the first time [9]. Since then, research 
work on TiO2 photocatalytic killing has been 
intensively conducted on a wide spectrum of 
organisms includes viruses, bacteria, fungi, algae, 
and cancer cells. A review of this research has been 
published by Blake et al [10]. 
  As mentioned above, TiO2 is the choice of 
being the best photocatalyst. But, it still is faced 
to some drawbacks to be the best. Low surface 
area, especially for industrial catalysts like P-25 
(with surface area about 50 m2/g) [11], and charge 
combination are the most important faults [12]. 
These two factors decrease the efficiency of 
photocatalysts. Therefore, numerous efforts have 
been carried out to overcome these difficulties. One 
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way is adding second metal oxide like silica to the 
TiO2 [13] to increase the surface area. Second way 
is adding some metal particle to increase the charge 
separation. This modification can enhance the 
photocatalytic activity. The dominant parameters 
include the nature, the concentration of dopant, 
and the thermal treatment of the material [12]. 
Brezova et al. [12] reported the presence of metals 
such as Li+, Zn2+, Cd2+, Pt0, Ce3+, Mn2+, Al3+, and 
Fe2+, may significantly change the photoactivity of 
TiO2. Addition of noble metals such as Pt on TiO2 
may provide two types of enhancement effects on 
pollutant degradation; one is the photocatalytic 
activity attributable to increase the charge separation 
efficiency and the other is  thermocatalytic activity 
attributable to surface of nanoparticle metals. The 
increase in charge separation efficiency will enhance 
the formation of active oxygen species which 
improves the degradation rate. The thermocatalytic 
activity may enhance the dark reactions in pollutant 
degradation and the active species formed by UV 
absorption would be efficiently utilized for the 
light reaction. This scheme will be effective on the 
increasing the total degradation rate at elevated 
temperatures [14].
The main goal of the present work is presenting 
TiO2 catalysts enhanced by adding silica and Pt 
particles which may lead to increase the surface 
area and charge separation. After that, bactericidal 
experiments of synthesized catalysts were 
performed. Furthermore, a practical comparison 
between pure anatase phase of TiO2 and mixture 
of crystalline rutile and anatase phases, was carried 
out by which one can inactive the bacteria using 
sunlight or UV light. 

2. ExPERIMENTAL SECTION

2.1. Preparation of catalysts
All the chemicals were  the analytical grade 
commercially available from Merck Co. and were 
used as received.
TiO2 /SiO2 nanocrystalline powders with a large 
specific surface area were prepared using sol-gel 
route. TiCl4 was used as a starting material. A 10% 
NH4OH solution was dropped into TiCl4 solution 
and the white precipitate which obtained at pH=7 

was washed with deionized water until complete 
removing of Cl- and NH4

+ ions, and then a certain 
amount of deionized water was added to form 
a suspension. 500 mL of the suspension which 
contains 0.3 mol titanium was divided into 2 parts. 
Exact amount of concentrate HNO3 was added into 
first and second parts ([H+]/ [Ti] = 0.5 and 2) with 
strong stirring for 24 h at 343 K. Two stable titanium 
dioxide sols were formed. An appropriate amount 
of tetraethylorthosilicate (TEOS) was dropped into 
these sols until TiO2/SiO2 = 40/60 (mole/mole) was 
obtained. The sols were dried at 313 K and calcined 
at 673 K for 3 h with a heating rate of 3.3 K/min to 
obtain TiO2/SiO2 catalysts.

2.2. Loading of the Pt
  Pt-loaded (1%wt) TiO2 /SiO2 catalysts were prepared 
as follow: catalyst powders were stirred in a 1% 
methanol aqueous solution containing appropriate 
amount of H2PtCl6 and irradiated by two 30 W 
Hg Lamp for 20 h. During the irradiation, H2PtCl6 
was photoreduced to disperse Pt metal particles 
over TiO2 /SiO2 photocatalysts. After filtering and 
washing by distilled water, the photocatalysts 
were dried at 200 °C for 2 h to remove the excess 
methanol adsorbed on the catalysts surface.

2.3. Characterization of catalysts
The photocatalysts were analyzed by X-ray 
diffraction (XRD) patterns using Cu Kα radiation 
( λ =0.1542 nm) on a JEOL, JOX-8030 diffraction 
meter. Diffraction patterns were taken over the 2θ 
range of 20-80°. The average crystalline sizes of 
anatase and rutile were determined according to 
the Scheerer's equation using the full-width at half 
maximum (FWHM) of the peak presenting the highest 
intensity and taking into account the instrument 
broading. The morphology of the particles was 
observed by scanning electron microscopy (SEM, 
Philips- XLQ 30). Surface areas of catalysts were 
calculated using nitrogen absorption data at 298 K 
and BET analysis with QUANTASORB. UV-Vis 
diffuse reflectance spectra (DRS) were obtained 
for the dry-pressed disk samples using a UV-Vis 
Spectrophotometer (SHIMADZU-2550). FT-IR 
spectroscopy was performed on a (SHIMADZU 
8400S) spectrometer with KBr beam splitter. The 
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scanning range was from 500 – 4000 cm-1 and 

spectra were collected with a resolution of 2 cm-1 

by using 20 scans.

2.4. Assessment of antibacterial activities
Escherichia coli (ATTC 0157) (Gram (-), rod shape) 
was used as the biological indicator for disinfection 
efficiency. A microbial suspension of E. coli (104 
CFU/ml) was prepared in  250 mL medium consist 
of Nutrient Agar (Sigma, St. Louis, USA) was 
prepared, then was kept in the autoclave at 120 °C  
for 15 min. In separate experiments 5 mL of 0.1 gr/
lit of each catalyst suspension was added to 5 mL of 
microbial medium. Samples were put in the shaker 
for a few minutes in different conditions include:
1) Under lab condition (25 °C, without any direct 
illumination)
2) Under UV light (250 W, Mercury Lamp)
  Photoreactions were carried out for 2 h and samples 
were taken at intervals. Then samples were cultured 
at intervals on the NA medium, and were put in the 
autoclave at 25 °C. After 24 h results were collected. 
The survival rate was obtained by comparing the 
number of living bacteria on the any examined 
sample with that of a conventional sample. The 
survival rate was calculated using eq. (1).

100( )e

c

NS N=                                             (1)                              

S: Survival rate in percent
Ne: The number of living bacteria on examination 
sample
NC: The number of living bacteria on a conventional 
sample
 
3. RESULTS ANd dISCUSSION

3.1. Structural analysis of the catalysts
XRD patterns in Fig.1 illustrate the crystalline 
phases of two samples. As shown, sample 1 ([H+]/ 
[Ti] =0.5) is pure anatase while sample 2 ([H+]/ [Ti] 
=2) consists of both anatase and rutile phases. The 
average crystalline sizes of anatase and rutile in the 
samples were calculated by applying the Scheerer's 
formula [15] (eq. 2) on the anatase (101) and rutile 
(110) diffraction peaks and are shown in Table 1:

θβλ cos/kD =                                                (2)    
          
Where D is the average crystallite size in angstrom, 
k is a constant which is taken as 0.89 in this work, 
λ  is the wavelength of the X-ray radiation (Cu αk

Figure 1: XRD patterns of: (a) pure anatase; (b) mixture of rutile and anatase.
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=0.154nm), β  is the corrected band broadening 
(full width at half maximum (FWHM)) and θ  is 
the diffraction angle. The anatase fraction of TiO2 
for the prepared mixed sample was calculated using 
XRD spectra and eq. 3 [15].
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In this equation fA is the fraction of anatase phase in 
the powder, and IA and IR are the X-ray intensities of 
the anatase (101), reflection at 2θ =25.3° and rutile 
(110), reflection at 2θ = 27.4° diffraction peaks, 
respectively. The contents of the anatase phases in 
the samples were shown in Table 1. 

Figure 2:  SEM images of pure anatase Pt-TiO2 /SiO2.
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As mentioned before, rutile phase was formed by 
increasing the amount of acid using in the aqueous 
phase. It should be mentioned that the average 
size of nanoparticles for the pure anatase catalyst 
was calculated to be equal 7.7 nm. However, for 
anatase/rutile mixed catalyst the average particles 
size is larger than that of the pure anatase. In the 
mixed catalyst the size of anatase and rutile particles 
have been calculated to be equal 12.4 and 15.6 nm, 
respectively. Therefore it is predictable that the 
specific surface area for the pure anatase catalyst 

should be larger than that of the mixed catalyst. It 
is found that the specific surface area is equal to 
555 m2/g for the former and 482 m2/g for the latter 
one. It should be mentioned that the surface area 
of bare titanium dioxide without any support or 
anchor is not usually as large as these synthesized 
nanocatalysts. For example surface area of the 
commercial TiO2 (P25-Degussa) is about 50 m2/g 
[11] and it seems that adding silica has increased 
the specific surface area of the TiO2 photocatalysts.
Morphological properties of pure anatase Pt-

Figure 3: UV-Vis Diffuse Reflectance Spectra of a) TiO2 /SiO2 (pure anatase), b) TiO2 /SiO2 
(rutile, anatase), c) Pt-TiO2/SiO2 (pure anatase) and d) Pt-TiO2 /SiO2 (rutile, anatase).

Table 1: Structural data of synthesized catalysts.

Sample Particle sizea

(nm)
SBET

(m2/g)
Vp

(cm3/g)
Contents of

Anataseb (%)
H+/Ti

(mole ratio)

Pure anatase 7 555 0.28 100 0.5
Rutile, Anatase 12.4c

15.6d

482 0.27 39 2

aCalculated by eq 1, bcalculated by eq 2, cfor anatase, dfor rutile.

λ (nm)

A
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TiO2 / SiO2 catalyst were investigated using 
scanning electron microscopy (SEM). Fig. 2(a-c) 
shows the SEM micrographs of particles. Fig. 2(a) 
shows the particles with 16000x magnification. In 
this image line scanning technique is demonstrated. 
By using this technique, it was found that doping 
of Pt particles is not homogenous, for example 
for the  particles shown , Pt content is 17% (wt) 
while the content of the Pt in average was found 
to be 1% (wt) using  ICP method. Fig. 2(b and c) 
shows the particles with 64000x magnification. In 
these figures nanoparticles are clearly observed. 
As it can be seen, in some parts distinct and round 
particles are observed and in other parts, the texture 
of particles is spongy and connected together like 
a chain. 
Fig. 3 shows the UV- Vis DRS of bare and Pt-
doped catalysts. As shown, there is no significant 
difference in the spectra of these catalysts. There 
is only a narrow distance between the band gap of 
pure anatase and mixed crystalline photocatalyst. It 
means that in the case of bigger particle size and 
existence of rutile phase, a red shift in absorption 
band, which is not remarkable, is observed [11]. 
By doping platinum in these photocatalysts again 
no significant difference is observed in the band 
gap between the bare and Pt-doped photocatalysts. 
This means that, the method of deposition of 
dopant is unable to change the band gap of TiO2 
significantly. 

Fig. 4 shows the FT-IR spectra for nanoparticles of 
bare and pure anatase photocatalyst. The peaks at 
940-960 and 1080-1105 cm-1, indicate the vibration 
bands for Ti-O-Si and Si-O-Si, respectively. The 
broad absorption peak appearing near 3400 cm-1 
relates to a stretching vibration of Ti-OH group. At 
1620 cm-1, a band assigned to water also appears. 
These data prove that TiO2/SiO2 has been formed.  
These results are in agreement with those obtained 
by Hong, Lee and Park [16].

3.2. Antibacterial activities of photocatalysts
  Results of antibacterial activities of synthesized 
catalysts have been shown in Fig. 5 and Fig. 6. The 
viability of catalysts-treated cells was determined 
by colony counting after incubation. An E. coli 
suspension without any catalyst was illuminated 
as a control; also in another experiment, E. 
coli suspension without any catalyst and any 
illumination was cultured in the lab condition for 
the control. Fig. 5 shows the survival percentage 
of bacteria with different catalysts but without any 
illumination. As shown for the conventional sample, 
approximately all of the bacteria were alive after 60 
min. In this experiment, it can be seen that the pure 
anatase TiO2/SiO2 catalyst is more efficient than 
the mixed anatase/rutile catalyst. Also the bacterial 
inactivation is strongly enhanced by doping Pt 
particles. In this case, 100% destruction is observed 
after 30 min using pure anatase Pt-TiO2/SiO2 

Figure 4:  IR spectrum of TiO2/SiO2 (pure anatase).
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catalyst without any illumination (in the laboratory 
condition). Different percentages (less than 20%) 
of survival are observed for other catalysts after 60 
min. 
Fig. 6 shows photocatalytic activity of different 
catalysts under illumination of UV light. The 
bacterial inactivation by UV light strongly is 

enhanced in the presence of TiO2 photocatalysts Fig. 
6(a-d). In this case the number of active bacteria 
decreases to a non-detectable value (<1 CFU/ml) 
after 5 min, when a 250 W mercury lamp is applied 
in presence of Pt-TiO2 /SiO2 (pure anatase). This 
means that 100% destruction of active bacteria has 
happened by the mentioned photocatalyst and UV 

Figure 5: E. coli bacteria survival on different catalysts under laboratory light 
condition:  a) Pt - TiO2/SiO2 (pure anatase), b) TiO2/SiO2 (pure anatase), c) Pt - TiO2/
SiO2 (rutile, anatase), d) TiO2/SiO2 (rutile, anatase) and e) Without catalyst.

Figure 6: E. coli bacteria survival on different catalysts under UV light illumination: 
a) Pt-TiO2/SiO2 (pure anatase), b) TiO2 /SiO2 (pure anatase), c) Pt - TiO2/SiO2 (rutile, 
anatase), d) TiO2/SiO2 (rutile, anatase) and e) without catalyst.
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light illumination. Control experiment (Fig. 6e) 
shows that, more than 80% of E. coli survived after 
60 min illumination of UV light when photocatalyst 
is absent. 100% destruction was reached after 15, 
20 and 60 min of illumination for the TiO2 / SiO2 
(pure anatase), Pt-TiO2 /SiO2 (anatase/rutile) 
and TiO2 / SiO2 (anatase/rutile) photocatalysts, 
respectively. Here again the pure anatase catalysts 
show significant photocatalytic activity with respect 
to that of the mixed crystalline ones. Larger surface 
area, finer crystal size and larger amount of anatase 
phase could be the reasons of better efficiency. Also 
the effect of doping Pt is remarkable. The presence 
of Pt increases the effectiveness of the photocatalytic 
system both in lab condition and under the UV 
light illumination (Fig. 5 and Fig. 6). The number 
of active bacteria decreases to a non-detectable 
value (<1 CFU/ml) only after 5 min., when using 
Pt-TiO2 / SiO2 (pure anatase) photocatalyst assisted 
UV light. In this case the inactivation rate is 3, 
4, 12 and 60 times faster than that of  TiO2 /SiO2 
(pure anatase), Pt-TiO2 /SiO2 (anatase/rutile) and 
TiO2 / SiO2(anatase/rutile) and in the absent of 
photocatalyst,  respectively. 
The beneficial effect of Pt on the photocatalytic 
disinfection of water is attributed to electron 
trapping at the semiconductor surface. Pt behaves 
as an electron scavenger, thus preventing the 
recombination of electron-hole pairs. The trapping 
of photoelectrons leaves photogenerated holes 
available for reaction with the hydroxyl ions present 
in water to form OH• radicals. This means more 
OH• radicals would be generated for the bacteria 
inactivation or the oxidation of organic molecules. 
    As it is obvious from Fig. 5, the long wavelength 
behavior could be due to the presence of new 
electronic states, from the addition of platinum, 
which lies in the band gap of anatase TiO2. Thus the 
surface properties of the catalysts were changed to 
bring about different photoactivities. But because 
of lower intensity of illumination (lab condition) 
the rate of disinfection in this case is much slower 
than the UV-systems.

4. CONCLUSIONS

TiO2 sol can be obtained by acid hydrolysis of TiCl4. 

Different crystalline TiO2 were obtained using 
different ratios of H+/Ti molar equal to 0.5 and 2,. 
At H+/Ti =0.5 pure anatase and at H+/Ti=2 mixture 
of rutile and anatase were obtained. Significant 
increment in surface area was obtained by modifying 
the TiO2 sols using silica.  BET improved the large 
surface area (550 m2/g for pure anatase and 482m2/g 
for mixture of crystals). In order to increase the 
photocatalytic activity, Pt particles doped on 
TiO2 / SiO2 powders. The bacterial inactivation 
reactions have been carried out using Pt-TiO2/SiO2 
(pure anatase), TiO2 / SiO2 (pure anatase), Pt - TiO2/
SiO2 (rutile, anatase) and TiO2/SiO2 (rutile, anatase) 
as catalysts. Antibacterial tests on E. coli revealed 
that the efficiency of the catalysts strongly depends 
on the crystal of TiO2. In fact, pure anatase phase is 
more active in bactericidal effect than that of mixed 
crystalline one. Also doping Pt has a remarkable 
effect on both catalysts with substantial difference, 
and promotes their photocatalytic activities. 
The addition of Pt (1%) to photocatalytic system 
decreases the time required for total disinfection 
(<1 CFU/ml), when photocatalyst concentration is 
0.05 g/l. 
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