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Abstract
Photocatalytic effect of nano titania on E. coli bacteria was studied. E. coli has been used as biological indicator of

disinfection efficiency in drinking water system. Nano-crystalline titania powder was synthesized by oxidizing TiH2
powder ‘in-flight’ in a thermal plasma jet. Phase composition and microstructure were characterized by XRD, Raman and
SEM methods. Experiments were done for irradiation of solution and mixtures with UV light. E. coli bacteria counts were
determined using sample photographs. It was found that with or without irradiation, the bacteria in the solution grew fast.
But the bacteria in the solution-TiO2 mixture were destroyed under irradiation.
Keywords: nano titania, photocatalyst, plasma processing

Introduction
The provision of clean drinking water has become a serious problem in the 21st century and an

efficient solution must be needed. Water supply resources consist of a variety of physical, chemical
and biological constituents. Particularly, reclamation of waste water is more and more widely
practiced since the availability of fresh water supply becomes increasingly scarce. Therefore,
disinfection of waste water for use is increasingly practiced in many countries.

The conventional water disinfection technologies involve chlorination and ozonation. Chlorine
has been widely used for the treatment of water disinfection throughout the world. In chlorination,
chlorine reacts with organic materials to produce by-products called ‘chloro-organic compounds’
with trihalo-methanes, which are harmful. Hence search for alternative methods gained importance
in recent years [1- 5].

One of the most promising advanced oxidation technologies is photocatalysis for water and air
purification [2-4]. The most widely used photocatalyst is TiO2, because of its very efficient
photoactivity, lack of toxicity, and high stability. In particular, nano-crystalline titania has been
extensively studied for many environmental applications such as decomposition of toxic organic
compounds, destruction of pollutants from contaminated water and air and killing of harmful
bacteria and cancer cells. The photocatalytic process breaks down the organic compounds into
simple molecules such as carbon dioxide and water [5-8].

The findings of Matsunaga et al. [9] created a new avenue for sterilization and resulted in
attempts to use this novel photocatalytic technology for disinfecting drinking water and removing
bio-aerosols from indoor air environments [10-15]. Killing of cancer cells with the TiO2 photocatalyst
for medical applications has also been reported [16].

When irradiated, TiO2 particles that is in direct contact with or close to micro-organisms
produces the highly reactive oxygen species such as hydroxyl radicals, which attack the microbial
surface. The fundamental mechanism of the photocatalytic killing process is important in a practical
system to efficiently kill a wide array of micro organism. Matsunaga et al. [9] believed that direct
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photochemical oxidation of intracellular coenzyme A to its dimeric form was the root cause of
decreases in respiratory activities, which leads to cell death [9]. Sunada et al. [13] found that the
endotoxin, an integral component of the outer membrane of E. coli, was destroyed under TiO2

photocatalytic reactions. Maness et al. [17 - 24] also reported bactericidal activity of TiO2/UV
reaction and its killing mechanism. According to these authors lipid peroxidation reaction followed
by loss of respiratory activity, lead to the death of E. coli. From the above results, it was inferred that
unsaturated fatty acid (polyunsaturated phospholipids) in the cell membrane was the primary site
for reactive photo generated oxygen species attack during photocatalytic reactions. Oxidative attack
of the cell membrane leads to lipid peroxidation. The combination of the cell membrane damage
and further oxidative attack of internal cellular components, ultimately results in cell death [25 - 30].

In the present investigation, bacterial action of illuminated TiO2 on pure culture of E. coli
bacteria was studied. E. coli has been used as biological indicator of disinfection efficiency in
drinking water system.

Nano-crystalline titania powder was synthesized by oxidizing TiH2 powder ‘in-flight’ in a
thermal plasma jet. Reactive plasma processing (RPP) is a novel technique, which takes advantage
of the high temperature and high enthalpy of the thermal plasma jet to effect ‘in-flight’ chemical
reactions in the presence of a reactive gas to synthesize nano-sized powders of advanced ceramics,
novel coatings and convert minerals and industrial wastes to value-added materials [31 - 35]. The
major advantages of the RPP technique includes versatility, short processing time, large throughput,
adaptability to process thin films and coatings. Also, the process can be customized to synthesize
any desired product.

Experimental Method
Reactive plasma synthesis of nano-sizedTiO2 powder

Nano-crystalline powder of TiO2 was synthesized by reactive plasma synthesis. TiH2 powder,
99.8% pure from CERAC, USA was used as the precursor material. TiH2 powder (38–53 m size) was
injected into the plasma jet using argon as the carrier gas. Oxygen gas was introduced 10mm
downstream of the exit of the plasma torch. TiH2 dissociates to form Ti particles and hydrogen gas
in the plasma jet that are subsequently converted to TiO2 and water vapour, which escapes along
with the exhaust gas stream. Titanium oxide formed collects as nano-sized dust on the walls of the
reactor, collection chamber rand flanges. The nano-sized powder of TiO2 generated by this method
is used for photo catalytic experiments. Experimental set up and process details are described
elsewhere [36].

Powder Characterization
The as-synthesized powder was scraped from the wall and other segments of the plasma reactor

and used for investigations. Phase composition of the product was determined by X-ray powder
diffraction technique using Ni-filtered Cu Ka radiation in theta-two-theta geometry. Scanning
electron microscopy was used for determining the size and shape of the powder particles using FE-
SEM model Hitachi S-4700. Raman spectra were acquired on an Avalon Raman microscope using a
100mW laser power with an emission wavelength of 532 nm. The scan range selected was from 400
to 1200 cm-1.
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Bactericidal photocatalytic experiments TiO2 powder: E. coli bacteria
Preparation of E. coli Culture

A stock suspension of E. coli was maintained on nutrient agar slants at 4◦C. A small quantity of
E. coli suspension about 5 ml was taken. The bacterial E. coli was cultured in water. Experiments
were conducted to destroy E. coli through photocatalytic action of TiO2 under irradiation. Aliquots
of the overnight culture was inoculated into fresh medium and incubated aerobically at 370C until
reaching each generation state. The flask was removed. The viable bacterial numbers in the mixture
was determined by spread plate method using E. coli agar medium. The mixture (mother solution)
was diluted to the density corresponding to 107 CFU/ml (Colony forming unit is a measure of
viable bacterial numbers).

Irradiation Sources
A 125 W high-pressure ultra violet lamp (Phillips HPW-125 W) was provided as the irradiation

source for bactericidal experiments. The HPW black-light is a high-pressure mercury vapour lamp
consisting of a quartz discharge tube in an outer pear shaped bulb of Wood’s glass. Visible light
output is effectively eliminated by making the bulb of Wood’s glass. Wood’s glass is of dark-purple
colour and absorbs almost all visible radiation but transmits the ultra violet light energy. The
radiation emitted by these lamps is completely harmless to the eyes and skin. The lamp emitted
radiation over a wavelength range from 320 to 380 nm with a maximum at 360 nm.

Bacteria Inactivation under UV Light Irradiation
The UV light photocatalytic experiments were carried out in a laminar air flow hood. 25 ml of

the mother solution was taken in a transparent quartz cell (sample I). 25 ml of the mother solution
with 12.5 mg of TiO2 obtained from the market (size from 20 – 60 nm) was added to the solution
(sample II). 25 ml of the mother solution with 12.5 mg of plasma synthesized TiO2 (20-60 nm) was
taken (sample III).

In one set of experiments one cell with 25 ml of the mother solution was taken. 12.5 mg of
plasma synthesized TiO2 was put into the solution and was kept under total darkness. At the same
time, in the second set of experiments, the three cells one with 25 ml mother solution, the second
mixed with 12.5 mg of TiO2 (market) and the third with 12.5 mg TiO2 (plasma) were kept on the
platform of magnetic stirrer [ 37 – 40].

The number of bacteria presents before and after UV irradiation was determined by using
spread plate method. For investigation of photocatalytic effect, sample solutions (600 µl) were
withdrawn using pipettes. The withdrawn sample was spread uniformly throughout agar medium
in petri plate by using L-rod. After that the above petri plate were kept in hot air oven at 370C for 24
hours. Each sample was spread on three petri plates and the average value of E. coli concentration
was taken for discussion. Colony-forming units (CFU) were visually identified and E. coli
concentrations in the samples on agar plates were studied through photographs.

In the beginning of the experiments (t = 0), sample E. coli solution was withdrawn from each of
the three cells and the one kept under dark conditions. At the same instant both sets of experiments
were started. The second sets of cells were irradiated with UV light. The mixture were stirred
continuously using magnetic stirrers. The hood was isolated from the atmospheric air to prevent the
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entry of microbes from outside. After 15 minutes, samples (600 µl) were withdrawn from all the cells
using pipettes. The samples were spread on agar plates. The recorded photographs are presented in
figures and the estimated concentrations of E. coli are presented in tables. The experiment was
continued for testing of E. coli bacteria growth or destruction for irradiation times of 30, 60 and 90
min.

Results and Discussion
Phase and Microstructure

The weight of the total quantity of the powder collected from the various segments of the
reactor was compared with the amount of TiH2 injected into the plasma reactor. The increase in
weight (within experimental error) corresponded to the complete conversion of TiH2 to TiO2.
Results of X-ray diffraction also confirmed complete conversion of the precursor material to
titanium oxide.

Fig. 1(a) shows the X-ray diffraction pattern of the as-synthesized titanium oxide powder. The
diffraction pattern showed that the sample consisted of a mixture of anatase and rutile phases of
titanium dioxide. Diffraction peaks corresponding to Ti metal or TiH2 were absent indicating
complete conversion of TiH2 to titanium oxide. It was also seen that anatase is the predominant
phase. The amount of anatase phase in the sample was worked out from the relative intensities of
the 1 0 1 peak of anatase and 1 1 0 peak of rutile and the content of anatase phase in the processed
powder was found to be about 65%. The sharp diffraction peaks suggest the crystalline nature of the
powder [ 41 – 45].

(a) (b) (c)

Figure 1 (a) Typical X-ray diffraction pattern of plasma-synthesized TiO2, (b) Scanning electron
micrograph of plasma-synthesized TiO2, (c) Raman spectra of plasma-synthesized TiO2

Scanning electron microscopic image of the as-synthesized powder is shown in Fig. 1 (b). It is
evident from the figure that the powder consists of nano-sized particles, whose size ranged from
about 10 nm–50 nm. It is also seen that more than 60% of the particles lie in the range of 20–30 nm. A
certain fraction of the powder is also seen to consist of nano-agglomerates.
Fig. 1(c) shows the Raman spectra of plasma-synthesized samples of nano-titania. The characteristic
peaks around 640, 519, 399 cm-1 corresponding to the anatase phase are seen. The most intense lines
of rutile at 450 and 612 cm-1 can also be seen in the figure, with the line at 612 appearing as a
shoulder in the anatase peak of 640 cm-1. These results agree quite well with those reported in
literature [17,18].
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Photocatalytic effect of nano TiO2 on E. coli Bacteria
The results of the experiment are shown in Figures 2(a-e), 3 and Table 6.1. Photographs of E. coli

concentration before irradiation are shown in Figures 2( a). E. coli are seen as white spots in the
photographs. Figures 2 a (i), (ii) and (iii) are the concentrations in E. coli solution, E. coli solution
mixture with TiO2 synthesized from TiH2 through plasma processing and E. coli solution mixture
with TiO2 procured from market (standard) respectively. The corresponding estimated
concentration of E. coli bacteria (counts) are presented in Table 1 under time T=0.

E. coli counts are 11 each for the solution with TiO2 (plasma) under darkness and the solution in
the hood. For the mixture with TiO2 (plasma) and TiO2 (standard) the counts are 10 and 12
respectively. ie, the initial concentration are the same (approximately) in all the samples. After
irradiation for 15 min of the samples kept in the hood, the E. coli concentrations are shown in
Figures 2 ( b) (i), (ii) and (iii).

It is seen that the E. coli concentration for the E. coli solution mixture with TiO2 kept under
darkness has increased to 18, while for the solution it is 17 and for the solution mixture with plasma
TiO2 and standard TiO2, the counts have decreased to 8 and 10 respectively.

Evidently the E. coli bacteria grows with time in the solution mixture kept under darkness and
in the solution in the hood. But the E. coli concentration in the solution mixture with TiO2 (plasma)
and TiO2 (standard) have decreased to 8 and 10 respectively.

It is inferred that during irradiation, TiO2 in the E. coli solution acts as a photocatalyst and kills
the E. coli bacteria so that after irradiation, the concentration is reduced.

Further for the mixture with plasma TiO2 the count is lesser (8) than that for standard TiO2 (10);
ie, the plasma synthesized TiO2 is stronger photocatalytically than the standard one. As seen earlier
the plasma produced TiO2 has significant percentage of anatase phase which is more active than the
rutile phase TiO2. The anatase phase TiO2 is more active than the standard one.

Figure 3 E. coli concentration in the mother solution and mixtures
with TiO2 before and after irradiation

With increase in time, the E. coli concentration in the solution mixed with plasma TiO2 kept
under darkness increases and reaches 25 for 90 min. The concentration in E. coli solution kept in the
hood has also increased under irradiation. There is not much difference in the counts for solution
kept in darkness and the one irradiated. It appears that irradiation has no effect in controlling or in
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the growth of E. coli. But the fact that E. coli grows with time is an important factor for consideration
and unless the solution is treated effectively the E. coli bacteria will grow making the water more
and more harmful.

But the irradiation kills the bacteria in the presence of TiO2. With increase in irradiation time,
the E. coli concentration further decreases (Figure 2. c, d, e and f) in all the samples. In the
photograph, for 90 min irradiation no E. coli can be seen in plasma TiO2 case indicating that all the E.
coli has been destroyed. But in the standard TiO2 case for 90 minute still there is the presence of E.
coli (3 counts).

Hence it is evident that E. coli bacteria grows rapidly with or without irradiation; irradiation has
no effect. E. coli bacteria are killed by the photocatalytic action of TiO2. The action is stronger by the
TiO2 obtained through plasma processing.

The growth of bacteria in the solutions with or without irradiation and the reduction in
concentration of bacteria due to irradiation of UV light are plotted against time of irradiation in
Figure 3.

All the E. coli bacteria were destroyed under irradiation of UV light photocatalytic action of
plasma synthesized TiO2. After complete disinfection, the sample cell was kept under dark for 48
hours. After 48 hours the sample was tested for E. coli. No growth of E. coli was observed.

Table 1 Concentration of E. coli in the mother solution and mixtures
with TiO2 before and after irradiation with UV light.

Samples
Intial

Concentration
(CFU/ml)

No of Counts in the sample
Irradiation times  (min)

T = 0
T =
15

T =
30

T =
60

T =
90

E. coli+TiO2 (Plasma) under Dark
conditions

107 (CFU/ml)

11 18 21 23
25

E. coli under UV exposure
11 17 21 24

27

E. coli + TiO2 (Plasma) under UV
exposure

10 8 5
2 0

E. coli + TiO2 (Standard) under UV
exposure

12 10 8 5 3

Photo catalytic oxidation process proceeds by absorption of a photon of suitable energy by the
photo catalytically active material that generates an electron and a hole. The photo-generated
electrons and holes migrate to the surface of the catalyst. The electrons and holes that recombine
during this process are lost and those that migrate to the surface of the catalyst surface react with
adsorbed molecules/gases to produce highly reactive radicals and species that are responsible for
oxidation of bacterial destruction [46]. The positively charged hole react with adsorbed water
molecules on the surface of the catalyst and creates the highly reactive and short-lived hydroxyl
radical OH•. The photogenerated electrons are primarily used in the conversion of O2 to the super-
oxide radical O2- or the singlet oxygen, which can, in turn, stimulate other radical chain reactions
involving H2O2 or O3. The concentration of hydroxyl groups adsorbed at the surface of the catalyst
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particles, therefore, plays a major role [20 -22]. The experimental results show that the plasma
synthesized TiO2 powder showed increased contents of surface Ti3+ and hydroxyl active species,
which are considered to be essential to increase in bactericidal photocatalytic activity of the TiO2

nano powder compared to standard powder [23].

Conclusion
E. coli bacteria were taken from stock suspension of E. coli maintained at 40C.

E. coli solution of 107 CFU/ml was prepared and mixtured with TiO2 plasma synthesized and TiO2

standard (Commercial).
Experiments were done for irradiation of solution and mixtures with UV light.

E. coli bacteria counts were determined using sample photographs. It was found that with or
without irradiation, the bacteria in the solution grew fast. But the bacteria in the solution-TiO2

mixture were destroyed under irradiation. This decrease in bacteria count was due to the
photocatalytic action of TiO2. It was also seen, that TiO2, plasma synthesized was photocatalytically
stronger than the TiO2 standard powder.
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