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Abstract

Titanium dioxide photocatalysts were synthesized by sol-gel process, by varying the reaction conditions, acids, water

content, and trivalent (Al, B) dopants. The characterizations of products were determined by XRD, SEM, BET, and UV-vis

spectroscopy.  The samples were mainly amorphous with a small amount of anatase, rutile, or a mixture of anatase and rutile,

with a crystallite sizes of about 5-10 nm. The antibacterial activity of the synthesized TiO

2

 samples were investigated qualita-

tively and semi-quantitatively. Five types of bacteria, Escherichia coli ATCC25922, Psudomonas aeruginosa ATCC27853,

Bacillus subtilis BGA, Staphylococcus aureus ATCC25923, and methicillin-resistant S. aureus (MRSA) DMST 2054, were

used for the inactivation experiment employing the agar dilution method.  All the synthesized samples showed inactivation

activity with varying degree of efficiency. Two of them showed a much higher activity than Degussa P25.

Keywords: titanium dioxide photocatalyst, antibacterial activity, photocatalytic process, sol-gel method,

amorphous titanium dioxide
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1. Introduction

Photocatalytic  processes  are  rapidly  developing  as

potential techniques for the purification of water and air

(Legrini et al., 1993; Mills and Hunte, 1997; Jacoby et al.,

1998; Lin and Li 2003). Among various metal oxide semi-

conductor  photocatalysts,  titanium  dioxide  is  a  very

important photocatalyst due to its strong oxidizing power,

nontoxicity, and photostability. The titania photocatalytic

performance  has  been  known  to  be  dependent  on  several

variables, such as, preparation method, particle size, reactive

surface area, and ratio between anatase and rutile phases

(Hoffmann  et  al.,  1995).  Attempts  have  been  made  to

improve the activity of titania photocatalyst through modified

synthesis methods in order to alter the morphology and crys-

tallinity, while dopings with ions of other elements are also

another promising method.

Titania has three different crystalline phases: rutile,

anatase, and brookite. Rutile is thermodynamically stable,

while the latter two phases are in metastable states (Gopal

et al., 1997).  Titania in anatase crystalline form behaves as

a classical semiconductor. When a TiO

2

 photocatalyst was

illuminated by photons with energy greater than its band gap,

an electron can be excited to the conduction band thus creat-

ing  an  electron-hole  pair.  With  holes  (h

+

)  and  hydroxyl

radicals (OH



) generated in the valence band, and electrons

and superoxide anions (O

2

-

) generated in the conduction

band,  irradiated  TiO

2

  photocatalysts  can  decompose  and

mineralize organic compounds by a series of oxidation re-

actions leading to carbon dioxide. It is also documented that

inactivation of bacteria is caused by exposure to reactive

oxygen  intermediates,  such  as  hydroxyl  radicals  (OH



),

superoxide anion (O

2

-

), and hydrogen peroxide (H

2

O

2

), which

can  damage  proteins,  nucleic  acids,  and  cell  membranes
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(Ireland et al., 1993; Ibanez et al., 2003). In addition to

water and wastewater disinfection, the semiconductor photo-

catalysis has received considerable attention over the past

few years with emphasis given on the inactivation of bacteria,

viruses, and protozoan parasites (Otaki et al., 2000; Cho et

al., 2004; Rincon and Pulgarin 2004; Fernandez et al., 2005;

Lonnen et al., 2005; Gumy et al., 2006; Rincon and Pulgarin

2006). In terms of antibacterial effects of photocatalysts,

Matsunaga et al. first reported the sterilization of microbial

cells  in  water  by  a  TiO

2

/Pt  powder  in  1985.  Since  then,

much  research  has  been  performed  on  the  antibacterial

effects of TiO

2

 thin film, as well as TiO

2

 powder (Huang et

al., 2000; Rincon and Pulgarin 2003; Yao et al., 2007).

Until today, most of the work involving the disinfec-

tion of microorganisms by TiO

2

 utilized commercial products,

such as Degussa P25, anatase, rutile (Maness et al., 1999;

Rincon and Pulgarin 2003; Dadjour et al., 2006; Benabbou

et al., 2007; Pal et al., 2007; Sichel et al., 2007; Sökmen et

al., 2007). In our laboratory, several modifications of titania

nanoparticle have been synthesized for the dye degradation

purpose, such as the acid catalysed nanosized TiO

2

, Al(III)

 

-

and B(III)-doped TiO

2

. Some data on the characterizations

and physical properties of these synthesized TiO

2

 powders

have been reported elsewhere (Kanna and Wongnawa, 2008).

In order to extend the usefulness of these photocatalysts, the

antibacterial activities have been investigated in comparison

with the commercial products and are reported in this article.

2. Materials and Methods

2.1 Materials

The main chemicals are titanium tetrachloride (TiCl

4

,

Merck,  Germany),  Degussa  P25  (Degussa  AG,  Frankfurt,

Germany), anatase (Carlo Erba, Italy), and rutile (R706,

Dupont, USA). All other reagents were of reagent grade and

used without further purification. Deionized water was used

throughout the experiment. All solutions and materials in

testing disinfection of TiO

2

 were sterilized by autoclaving.

The  bacteria,  E. coli  ATCC25922,  P. aeruginosa  ATCC

27853, B. subtilis BGA, S. aureus ATCC25923 and MRSA

SK1 were obtained from the laboratory stock of the Depart-

ment of Microbiology, Faculty of Science, Prince of Songkla

University.

2.2 Preparation of acid catalyzed nanosized TiO

2

Nanosized TiO

2

 was synthesized from titanium tetra-

chloride. 20 mL of TiCl

4

 was added slowly to 200 mL of

cold deionized water (2

o

C), which had been placed in an

ice-water bath at least 10 minutes prior to the addition. The

solution was then mixed with 2 mL of conc. acid (HCl and

H

2

SO

4

) and refluxed at 80

o

C for 1 h under vigorous stirring.

The solution was then treated with ammonia solution until

pH  7 and maintained at the same temperature for 24 hrs.

The white precipitate formed was filtered and then washed

with deionized water until no chloride ion was found by

AgNO

3

  solution  test.  The  product  was  dried  overnight  at

105

o

C and ground to fine powder, until a final white powder

was obtained. These samples are designated as TiO

2

-200w-

80HCl  and  TiO

2

-200w-80H

2

SO

4 

 (Kanna  and  Wongnawa,

2008).

2.3 Preparation of Al(III)- and B(III)-doped TiO

2

TiCl

4

 was slowly added to deionized water (TiCl

4

:

H

2

O volume ratios was 1:7.5 and 1:2.5) at room tempera-

ture. For the Al(III)-doped titania, Al

2

(SO

4

)

3

.18H

2

O (0.04

mol% Al) and 2 mL of conc. HCl were added into the solu-

tion; then the mixture was kept over night without stirring.

After that the resulting clear solution was refluxed at 95

o

C for

13 hrs. The solution was treated with ammonia solution to

adjust the pH to 7 and continually refluxed for 13 hrs. This

treatment produced a milky white TiO

2

 suspensions. After-

wards  the  suspension  was  filtered,  washed,  and  dried  to

obtain the final product as white powder.  In the case of B

(III)-doped titania, B

2

O

3

 (0.08 mol% B) was used instead of

Al

2

(SO

4

)

3

.18H

2

O.These samples are designated as: TiO

2

-

Al150w, TiO

2

-Al50w, TiO

2

-B150w, and TiO

2

-B50w (Suwan-

chawalit, 2005). The suffixes 150w and 50w correspond to

high and low volume of water used.

2.4 Products characterization

Powder X-ray diffraction (XRD, PHILIPS X’ Pert

MPD  with  Ni-filtered  and  Cu  Ka  radiation)  was  used  for

crystal  phase  identification. The  crystallite  size  has  been

calculated by using the Scherrer’s formula,





cos

hkl

K

L  (1)

where L is the average crystallite size in nm, K is a constant

usually taken as 0.9,  is the wavelength of the X-ray radia-

tion (using CuK



 = 0.154056 nm), 

hkl

 is the line width at

half-maximum  height  in  radians,  and    is  the  diffracting

angle (Zielinska et al., 2001; Sivalingam et al., 2003).

The Brunauer-Emmett-Teller (BET) surface area of

TiO

2

 powders were determined using Coulter, model SA

3100. The infrared spectra were investigated by a Bruker

EQUINOX 55, in the range 4000-400 cm

-1

. Scanning elec-

tron microscopy (SEM) images were obtained using a JEOL

JSM-5800LV electron microscope.

The diffuse reflectance spectra of the solid catalysts

were performed on a Shimadzu UV-2401PC spectrophoto-

meter. BaSO

4

 was used as reference and the spectra were

recorded in the range of 200-600 nm. The bandgap energy

(E

g

) of the catalyst was calculated by the Planck’s equation,



1240



hc

E

g

(2)

where  E

g

  is  the  bandgap  energy  (eV),  h  is  the  Planck’s

constant, c is the light velocity (3x10

8

 m/s), and  is the
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wavelength of the absorption edge (nm).

2.5 Culture of microorganisms

The  bacteria,  E. coli  ATCC25922,  P. aeruginosa

ATCC27853, B. subtilis BGA, S. aureus ATCC25923, and

MRSA DMST2054, were used for the antibacterial activity

test for the photocatalyst. All bacteria were cultured over-

night  at  37

o

C  in  nutrient  agar  (NA).  The  density  of  final

inocula contained 10

4

 organisms/spot on the titanium di-

oxide. A bacterial inoculum was prepared by picking couple

colonies of overnight growth culture into 1 mL nutrient broth

and incubated them with agitation under aerobic condition at

35

o

C for 3 hrs. A 0.5 McFarland standard was used for visual

comparison to adjust the suspension to a density equivalent

to approximately 10

8

 CFU/mL by using 0.85% saline solu-

tion.  Then  the  suspensions  of  organisms  was  diluted  in

0.85% saline solution to give 10

7

 CFU/mL.  Plates have been

inoculated within 30 min to avoid any changes in the inocu-

lum density.

2.6 Antibacterial activity test

Commercial anatase, rutile, Degussa P25, and the

synthesized TiO

2

 samples were used for all experiments. The

method for testing the antibacterial activity is the agar dilu-

tion method to determine the minimal inhibitory concentra-

tion (MIC) of antimicrobial agents. The MIC is the lowest

concentration of the agent that completely inhibits visible

growth as judged by the naked eyes, disregarding a single

colony or a thin haze within the area of the inoculated spot.

The  procedure,  based  on  the  recommendations  from  the

Clinical and Laboratory Standard Institute (CLSI) for this

method  using  a  suspension  of  TiO

2

  photocatalyst,  was

adapted to the agar dilution susceptibility test in this work

(Approved standard M7-A4, 2002).

In each antibacterial test experiment, titanium dioxide

agar plates were prepared in four concentrations 100, 50,

25, and 12.5 mg/ml in Mueller-Hinton agar (MHA). The

weighed titanium dioxide powders were incorporated in 10

mL of melted MHA and poured into Petri dishes. The pH of

each batch of medium was about 6.9. By using inoculum-

replicating apparatus, the final inocula contained 10

4

 CFU/

spot, three spots/bacterial strain as shown in Figure 1. After

inoculation, test plates were allowed to dry at room tempera-

ture before irradiation under UV light for a predetermined

time was carried out.

The synthesized titanium dioxide agar plates were

irradiated in an UV box, which contained five fluorescent

blacklight tubes, 20 W each, with 

max

 366 nm (Randorn et

al., 2004).  The sample plates were collected immediately

after the titanium dioxide agar plates were exposed to UV

light and subsequently every 30 min. The test plates were in-

cubated at 35

o

C for 18 hrs. The results then were inspected

visually and MIC values were recorded.  All tests and inocu-

lation on each plate were run in duplicate.

A control plate was carried out under the same con-

ditions with antibacterial activity test but without TiO

2

powders. Photographs of typical agar plates are shown in

Figure 2.

3. Results and discussion

3.1 Physical properties of nanosized TiO

2

 and Al(III)-,

B(III)-doped TiO

2

The sol-gel method was used to synthesized the TiO

2

samples with two different acids, HCl and H

2

SO

4

, as catalysts

in the hydrolysis process. The  XRD results in Figure 3 show

that varying the synthesis parameters affected the growth of

anatase and rutile to some extent. When using H

2

SO

4 

or Al

(III)-doped and prepared with a large amount of water the

products were mainly amorphous TiO

2

 with small amount of

anatase phase. However, with HCl acid or Al(III)-doped and

prepared with a small amount of water or B(III)-doped and

prepared with a large amount of water mixtures of mainly

amorphous titania with small amounts of both anatase and

rutile phase were obtained. The presence of sulfate has been

known to accelerate the growth of the TiO

2

 cluster in the

anatase phase.  In this study, when H

2

SO

4

 was added as an

acid  catalyst  in  the  hydrolysis  process,  the  formation  of

anatase could be observed, since the SO

4

2-

 ion induced the

growth of anatase phase (Zhang et al., 1999; Zhang et al.,

2000; Kanna and Wongnawa, 2008).

The surface area of these synthesized samples are rela-

tively high (Table 1, last column) due to its low crystallinity.

Figure 1.   Titanium dioxide agar plate inoculated with various types

of bacteria.

Figure 2. a) Agar plate with 25 mg/mL of TiO

2

-200w-80H

2

SO

4

 irra-

diated under UV light for 30 min, b) control plate without

TiO

2

, and c) agar plate with 12.5 mg/mL of  TiO

2

-200w-

80H

2

SO

4

 irradiated under UV light for 30 min.
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It is the aim of our project to study the samples right from

the synthesis without calcinations (Kanna and Wongnawa,

2008). Therefore, without the calcination, the samples remain

mostly  in  the  amorphous  form  with  a  small  amount  of

crystalline phases (anatase and rutile) as shown by the XRD

patterns in Figure 3. The small amount of each anatase phase

or rutile phase was determined by using XRD data combined

with the standard addition method and shown in the second

column of Table 1. The crystallite sizes of anatase and rutile

(column  3  and  4  of  Table  1)  were  calculated  from  the

Sherrrer’s formula (Equation 1). According to these sizes

they can be classified as nanoparticles. The bandgap energies

were obtained from the absorption edge wavelengths in Fig-

ure  4  and  calculated  by  Equation  2.  The  corresponding

numerical data are shown in Table 2. None of the bandgap

energies show a significant deviation from the normal values

of anatase and rutile.

The SEM images (Figure 5 and 6) show the morpho-

logy of the samples and appear to be constituted of spherical

building units. The synthesized samples, which exist mostly

in amorphous phase, show higher aggregation with the for-

mation of bigger chunks than the commercial samples. This

could be the result from the non- calcination at high temper-

ature being applied.

3.2 Evaluation of antibacterial activity of TiO

2

The bactericidal acvitity of synthesized and commer-

cial TiO

2

 nanoparticles were evaluated by growth inhibition

of P. aeruginosa, E. coli (the Gram-negative bacteria), and B.

subtilis, S. aureus, MRSA (the Gram-positive bacteria). The

Gram-positive bacteria have a relatively thick wall composed

of many layers of peptidoglycan polymer and only one layer

of membrane. The Gram-negative bacteria have only a thin

layer of peptidoglycan and a more complex cell wall with

two  cell  membranes,  an  outer  membrane,  and  a  plasma

Table 1. Physical properties of commercial and synthesized TiO

2

 samples.

               Crystallite size 

b

 (nm)

          Sample Crystallinity 

a

 (%)

Anatase Rutile

Anatase 100 (A) 13.4 - 11.3

Rutile 100 (R) - 11.6 13.1

Degussa P25 80 (A), 20 (R) 

c

10.1 11.6 65.9

TiO

2

-200w-80HCl 13 (A), 6 (R) 6.7 6.7 250.2

TiO

2

-200w-80H

2

SO

4

15 (A) 5.4 - 320.1

TiO

2

-Al-150w 23.4 (A) 6.7 - 277.1

TiO

2

-Al-50w 9.1 (A), 11.5 (R) 5.4 4.5 244.9

TiO

2

-B-150w 6.3 (A), 6.8 (R) 6.7 10.1 234.8

TiO

2

-B-50w 48.3 (R) - 6.4 106.6

a

 Determined by XRD using standard addition method, the rest is amorphous

  phase. A denotes anatase and R denotes rutile.  

b

 Calculated from XRD data.

c

 Stylidi et al. (2004)

BET

(m

2

/g)

Figure 3. XRD  patterns  of  all  the  synthesized  TiO

2

  samples;  A

denotes anatase and R denotes rutile.

Figure 4. The diffused reflectance spectra of the commercial and

the synthesized TiO

2

 samples
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membrane.  Under  certain  conditions,  the  Gram-negative

bacteria are more resistant to many chemical agents than the

Gram-positive cells (Tortora et al., 2001).

As shown in Table 3, two of the synthesized samples,

TiO

2

-200w-80H

2

SO

4

 and TiO

2

-Al-150w, showed the best

results in inhibiting the cell growth of all tested bacteria with

the lowest amount of titania and irradiation time. Another

sample, TiO

2

-B-50w, eventhough slightly inferior to the first

two samples, also showed better result than P25. The com-

mercial P25 TiO

2

, which has been used in many reports with

good results, also showed good performance in this test by

being able to cause inactivation of all five bacteria, but with

higher MIC values than the first three samples. The commer-

cial anatase TiO

2

, usually showing slightly lower activity

than P25 in the dye degradation study, fails to inactivate S.

aureus and MRSA bacteria in this test. The commercial rutile

did not show any activity at all for all the five bacteria, which

is consistent with its poor performance found in the dye de-

gradation study (Kanna and Wongnawa, 2008). Another two

of the synthesized samples, TiO

2

-A1-50w, TiO

2

-B-150w,

Table 2. Absorption edge and band gap energy of commercial TiO

2

and synthesized TiO

2

 samples.

                   Bandgap energy 

a

 (eV)

          Sample

This work Literature

Anatase 383 3.24 3.20 

b

Rutile 411 3.02 3.00 

b

Degussa P25 395 3.14 3.14 

c

TiO

2

-200w-80HCl 406 3.05 -

TiO

2

-200w-80H

2

SO

4

394 3.15 -

TiO

2

-Al-150w 385 3.22 -

TiO

2

-Al-50w 405 3.06 -

TiO

2

-B-150w 410 3.02 -

TiO

2

-B-50w 411 3.02 -

a

 Calculated by Plank’s equation: E

g

 = 1240/.

b

 Sclafani et al. (1990); Miao et al. (2003).

c 

Zielinska et al. (2003)

Absorption edge

(nm)

Figure 5.  The morphology of synthesized TiO

2

 samples.

Figure 6.  The morphology of commercial TiO

2 

samples.
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showed respectable results with all five bacteria. The last

one, TiO

2

-200w-80HCl, eventhough it could inactivate all

five bacteria, it needed a long irradiation time with high MIC

values compared with all the synthesized samples in this

study. In summary, it is interesting to see that all of the six

synthesized samples could inactivate all five bacteria in this

screening test albeit with varying MIC values. In comparison

with P25, three samples showed better antibacterial activity

than  P25.  The  order  of  performance  can  be  arranged  as

follows:

TiO

2

-200w-80H

2

SO

4

 > TiO

2

-Al-150w > TiO

2

-B-50w > P25

>  TiO

2

-Al-50w    TiO

2

-B-150w  >  TiO

2

-200w-80HCl  >

anatase > rutile.

With regard to the photocatalytic activity, there have been

Table 3. MIC values of TiO

2

 samples with various bacteria.

MIC (mg/mL)

   TiO

2

 samples

P.aeruginosa E.coli B.subtilis S.aureus MRSA

Anatase 30 - - - - -

60 12.5 - - - -

90 12.5 100 - - -

120 12.5 12.5 100 - -

Rutile 30 - - - - -

60 - - - - -

90 - - - - -

120 - - - - -

Degussa P25 30 - - 100 - -

60 100 100 50 100 100

90 100 100 25 100 100

120 100 100 25 100 100

TiO

2

-200w-80HCl 30 - - - - -

60 - - - - -

90 - - - - -

120 100 100 100 100 100

TiO

2

-200w-80H

2

SO

4

30 25 50 25 25 25

60 25 25 25 25 25

90 25 25 25 25 25

120 25 25 25 25 25

TiO

2

-Al-150w 30 50 100 50 50 50

60 25 50 50 50 50

90 25 50 25 25 25

120 25 25 25 25 25

TiO

2

-Al-50w 30 100 - - - -

60 100 100 100 - -

90 100 100 100 - -

120 50 50 50 100 100

TiO

2

-B-150w 30 100 - - - -

60 100 100 100 - -

90 100 100 100 - -

120 50 50 50 100 100

TiO

2

-B-50w 30 100 - 12.5 25 100

60 100 - 12.5 25 50

90 50 - 12.5 25 50

120 50 100 12.5 25 50

* ( - )  represent the bacterial growth equal to the control (no inhibition)

Irradiation time

(min)
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many reports that the anatase shows higher activivty than the

rutile in many photocatalytic reactions in air and water (Mills

and  Sawunyama,  1994;  Sclafani  and  Herrmann,  1996;

Lucarelli et al., 2000; Sato and Taya, 2006) except in some

cases (Ohno et al., 1997). The effect of crystalline structures

on biocidal activity of TiO

2

 particles has been clarified by

investigating the photocatalytic deactivation of phage MS2

in suspensions of anatase TiO

2

 and rutile TiO

2

 as well as their

mixtures. The results showed that the contact between both

types of TiO

2

 particles in aggregations caused the enhance-

ment of the quantum yield of the TiO

2

 suspension, thereby

the generation of reactive oxygen species from photocatalytic

reaction, which leads to the enhancement of biocidal activity

of  the  photocatalytic  particles  (Sato  and  Taya,  2006).  In

another study, the photocatalytic process of anatase has been

shown to produce highly reactive species, such as hydroxyl

radical, hydrogen peroxide, and superoxide, which, in prin-

ciple, can cause fatal damage to microorganisms by injury of

the cell membranes when bacteria come into contact with the

TiO

2

 surface (Sunada et al., 1998).

Most of the recent research on the inhibition of bacte-

rial cell growth (Gumy et al., 2006a; Gumy et al., 2006b;

Verran  et  al.,  2007)  have  been  studied  by  using  the

suspended-TiO

2

 in solution. In suspension, TiO

2

 nanoparti-

cles were trapped onto the bacteria surface resulting in the

adsorption of TiO

2

 particles on the bacteria surface, which

could lead to the inactivation of bacteria in couple with the

photocatalytic oxidation reaction described above. In this

study, the agar dilution method was chosen to eliminate the

possibility of inactivation by surface adsorption, hence the

inactivation results could be said to come solely from the

photocatalytic property of the photocatalysts. In this method,

the TiO

2

 nanoparticles were fixed in agar and would not be

adsorbed onto the bacterial surface. The disadvantage of this

method  is  that,  due  to  the  fixed  TiO

2

  particles  in  the  agar

matrix,  a  higher  concentration  of  the  photocatalyst  is

required,  and,  hence,  the  MIC  values  from  this  method

would be higher than that from the suspension method.

Our results as mentioned above showed that the anti-

bacterial activity of the synthesized anatase-type TiO

2

, TiO

2

-

200w-80H

2

SO

4

 and TiO

2

-Al-150w, are more effective than

the commercial P25. It is rather difficult to rationalize this

surprising  behavior.  When  discussing  the  photocatalytic

activity, the parameters such as bandgap energy, surface area,

crystallinity, and phases are usually of prime concerns. The

bandgap energy, however, does not seem to be a major factor

in this case since the bandgap of TiO

2

-B-50w, the third best

performer, is only 3.02 eV, which is low compared to the top

two performers, TiO

2

-200w-80H

2

SO

4

 and TiO

2

-Al-150w,

with 3.15 and 3.22 eV, respectively. A pure single anatase

phase is active while a pure rutile phase does not show any

activity, whereas in the TiO

2

-B-50w case it is a mixture of

amorphous and rutile phase. Although the clear explanation

for the high activity of P25 is still unknown, there seems to

have a belief that it is the result of a synergetic effect between

the mixed phases of anatase and rutile plus the high crystal-

linity (Ohno et al., 2001; Ohno et al., 2003). The generally

good performance shown by all the six synthesized samples

in this work can be narrowed down to their uncalcined nature

during the syntheses. Without the calcination, (1) the prod-

ucts are mainly amorphous with a small amount of anatase

and/or rutile mixed in, (2) the products have low crystallinity

and small crystallite sizes, hence large surface areas. The

small crystallite sizes may help disperse the particles within

the agar matrix better than the larger ones, ensuring an evenly

high concentration of photocatalysts within the agar matrix

as  well  as  the  agar  surface  resulting  in  good  inactivation

activities. When irradiated with UV light, the reactive oxygen

species  are  generated  from  the  TiO

2

  centers  at  the  agar

surface  and  come  into  contact  with  bacteria,  and  by  this

operate in concert to attack the polyunsaturated phospholip-

ids in the bacteria. The lipid peroxidation reaction causes a

breakdown function is the mechanism underlying cell death.

The attack by reactive species generated by the photocata-

lytic process outside the cell is very likely the initial mode

of killing that is observed for bacteria and other cell types

(Maness et al., 1999).

4. Conclusions

In this study, photocatalyst TiO

2

 powders in anatase

or rutile or a mixture of anatase and rutile phases have been

synthesized  from  an  aqueous  solution  of  TiCl

4

  by  sol-gel

process. No calcination at high temperature was applied to

these syntheses. The product TiO

2

 composed of mainly amor-

phous phase with a small amount of anatase or rutile or a

mixture of both. These samples were tested for antibacterial

activity  in  comparison  with  the  commercial  products,

anatase, rutile, and Degussa P25. All the six synthesized

samples showed inactivation activity towards bacteria, two

of them showed a higher activity than Degussa P25.
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