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Abstract Titanium dioxide (TiO,) shows antibacterial effects when exposed to near ultra violet (UV) light. In this study,
TiO, photocatalytic continuous reactor was designed and applied to food-borne pathogens such as Vibrio parahaemolyticus
ATCC 17802, Salmonella choleraesuis ATCC 14028, and Listeria monocytogenes ATCC 15313. TiO; films were prepared by
conventional sol-gel dip-coating method using titanium tetra iso-propoxide (TTIP). The antibacterial activity of photocatalytic
reactor with various flow rates and UV-A illumination time showed effective bactericidal activity. As the UV-A illumination
time increased, survival rates of those bacteria decreased. After 60 min of UV-A illumination, the survival rates of V
parahaemolyticus and S. choleraesuis were less than 0.1%. However, that of L. monocytogenes was about 5% at that time
point. These results present an effective way to exclude pathogenic bacteria from aqueous foods.
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Introduction

Waste water from hospital, food factories, and other
contaminated sites sometimes contains microorganisms,
virus, and some putrefiable organic compounds. Many
methods have been developed to eradicate harmful
microorganisms from water and foods in various fields.
Among these, one of the typical methods is the photo-
sterilization by ultraviolet (UV), which provides a high rate
of sterilization at room temperature. However, direct use of
UV lights with short wave lengths also has negative effects
on the human body. As viewed from crystalline structure,
TiO, is a multi-crystal form substance. It includes brookite,
rutile, and anatase, although only rutile and anatase are
widely used. Both rutile and anatase forms have a square
crystal system structure. The crystal density and absorption
ability of UV-visible light of rutile are greater than those of
anatase, but anatase possesses relatively high reflectivity
for UV-visible light. Alternately, it is well known that the
TiO, in anatase crystalline form is capable of oxidizing and
decomposing organic compounds (1-3).

Vibrio parahaemolyticus and Salmonella choleraesuis
are prevalent pathogens of porcine and marine foods.
Environmental strains of V parahaemolyticus are typically
not human pathogens. However, these strains cause disease
in shrimps, oysters, mussels, and other marine invertebrates
and fishes (4). S. choleraesuis is an important component of
the porcine respiratory disease complex (PRDC). The
recognition of S. choleraesuis as an important and common
cause of swine respiratory discase and the emergence of
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porcine reproduction and respiratory syndrome (PRRS) as
a new swine disease have both occurred only relatively
recently (5). Listeria monocytogenes is a Gram-positive
facultative intracellular pathogen that is also the causative
agent of food borne listeriosis (6). TiO, photocatalysts have
attracted great attention as an alternative material to aid in
the purification of water and air (7-11). TiO, photocatalysts
generate strong oxidizing power when illuminated with UV
light with wavelength of less than 385 nm (12). Illuminated
TiO,> photocatalysts decompose organic compounds by
oxidation, with holes (h") generated in the valence band
and with conduction hydroxyl radical (OH") produced by
the oxidation of water.

TiO, particles have been reported to catalyze the
decomposition of some bacteria (13-15) and cancer cells
(16,17) with the illumination of near-UV light, probably
due to the generation of free radicals by photoexcited TiO,
particles. Reports have appeared concerning the bactericidal
effects of TiO, powder, often referring to OH* as the toxic
agent (18). In 1985, Matsunaga et al. (19) reported that
microbial cells in water could be killed by contact with a
TiO,-Pt catalyst upon illumination with near-UV light for
60 to 120 min. Since then, various researches on antibiotic
effects of TiO, photocataltyst have been intensively conducted
on a wide spectrum of organisms including viruses, bacteria,
fungi, algae, and cancer cells. Most of these studies used
the conventional powder photocatalyst, commonly the
Degussa P25. In the previous study, TiO, powers are used
as the photocatalyst for sterilization in the batch photocatalytic
reactor. These photocatalyst powders, however, are difficult
to separate and recover after disinfection of microorganisms.
Immobilization of TiO, on an inert substrate, therefore, to
form a bactericidal surface seems to be a practical solution.

In this study, we have coated transparent TiO, thin film
on the surfaces of alumina balls using sol-gel dip-coating
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method and designed a photocatalytic reactor in order to
demonstrate the bactericidal effect with various flow rates
of cell suspension and illumination times of near-UV light.
Bactericidal activity on the food borme pathogens was evaluated
by the inactivation of 3 strains of ¥ parahaemolyticus, S.
choleraesuis subsp., and L. monocytogenes.

Materials and Methods

Preparation of TiO,-coated alumina balls The photo-
catalytic property was provided to the alumina balls (®
8 mm, Asia Abrasive Co., Ltd., Korea) by depositing TiO,
film on the surfaces of the balls. TiO, films were coated by
conventional sol-gel dip-coating method. TiO, sol was
prepared by using H,O, HNO;, and titanium tetra iso-
propoxide (TTIP). A solution with the ratio of 150 mL of
H,0: 15 mL of TTIP: 1 mL of HNO; was heated at 80°C for
24 hr avoiding vaporization. The precursor solutions were
transparent and were very stable in air. Pre-cleaned alumina
balls were immersed into the TiO, sol for 30 min and dried
ovemight in desiccator followed by baking at 600°C for 2 hr.
This procedure was repeated 3 times. Anatase crystalline
structure of TiO, film deposited on the surfaces of alumina
balls was confirmed by X-ray diffraction analysis.

Microorganisms and culture conditions ¥ parahaemolyticus
ATCC 17802, S. choleraesuis subsp. ATCC 14028, and L.
monocytogenes ATCC 15313 were purchased from Korean
Culture Collection of Microorganisms (KCCM, Seoul,
Korea). The culture media for seed cultures of ¥
parahaemolyticus, S. choleraesuis subsp., and L.
monocytogenes were tryptic soy broth (TSB, Merck,
Darmstadt, Germany) with 3%(w/v) NaCl, TSB, and brain
heart infusion (BHI, Becton Dickinson, Franklin Lakes, NJ,
USA), respectively. The working culture was prepared by
inoculating 3 mL of each overnight seed culture to 250-mL
glass flasks containing 50 mL of media. Culture flasks
were aerobically incubated on a rotary shaker at 37°C for
24 hr. Detail of the planktonic cell preparation was
described in previous paper (20).

Bactericidal activity of photocatalytic reactor The
photocatalytic reaction system consisted of sampling tube
(A), varistaltic pump (B), thermo-circulator (C), UV power
supply (D), photocatalytic reactor (E), cell suspension vessel
(F), magnetic stirrer (G), and UV lamp (H) (Fig. 1A).
Figure 1B shows a schematic diagram of triple annular
photocatalytic reactor. The interior chamber consists of
quartz and contains the light source. Quartz allows for
optimal UV light permeation. Secondary chamber that
contains TiO,-coated alumina balls consists of glass and
allows flow of the cell suspension. Outer chamber is also
glass and made for the cooling material (water). The
reactor volume of secondary chamber was approximately
700-mL. Bacterial cells suspended in 1,500 mL of phosphate
buffered saline (PBS, 10® CFU/mL) were allowed to flow
into the reactor at flow rates of 100, 250, and 500 mL/min.
This reactor was illuminated with a UV lamp (F18T8BLB/
580, 18 W, Sankyo Denki Co., Ltd., Kanagawa, Japan).
The light intensity, which peaks at 365 nm, was 10 W/m?
in the alumina ball located between light source and reactor
cooling jacket. Temperature of the reactor was maintained
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at 37°C using the thermo-circulator. For the control groups,
the reactions were performed in the dark or with alumina
balls that do not have TiO,-coating. One mL of bacterial
cell suspension was taken at every 30 min for 3 hr. For
viable cell counting serial dilution of the bacterial
suspension was carried out with PBS. Fifty plL of each
dilute was poured on each agar plate and incubated at 37°C
for overnight. Colony forming unit (CFU) was counted.
Survival rate was calculated by percentage of the initial
CFU over the final CFU. All the reactions were performed
3 times.

Results and Discussion

Bactericidal activity of V¥ parahaemolyticus The
bactericidal activity of the photocatalytic reactor on food-
bome pathogenic bacteria was evaluated. The flow and
recycling of the bacterial cell suspensions into the reactor
continued for 3 hr, Cell viabilities of ¥ parahaemolyticus
after passing through the reactor in the dark, UV-A with
TiO,-noncoated balls, and UV-A with TiO,-coated balls at
various flow rates were shown in Fig. 2. With the flow rate
of 100 mL/min (Fig. 2A), more than 95% of V
parahaemolyticus lost their viability within 30 min in the
case of TiO,-coated balls with UV illumination. Cell
viability was rapidly decreased until 30 min, and no
detectable organism was observed after 60 min when
compared with a control reaction performed in the dark.
However, UV light itself showed slight bactericidal effect.
Five % of the cells lost their viability at 30 min and the
survival rate was decreased down to 76% at 60 min when
compared with a control reaction performed in the dark.
From these results it is obvious that feasible synergistic
effect might be achieved with the use of UV-A light and
TiO, photocatalytic films. For the flow rate of 250 mL/min
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Fig. 1. Experiment apparatus for photocatalytic reaction
system. (A) Schematic diagram of photocatalytic reaction system,
(B) schematic diagram of triple annular photocatalytic reactor. A,
Sampling tube; B, varistaltic pump; C, thermo-circulator; D, UV
power supply; E, photocatalytic reactor; F, cell suspension vessel,
G, magnetic stirrer; H, UV lamp.
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Fig. 2. Bactericidal effect of photocatalytic reactor depending
on the UV-A illumination time and flow rate of ¥
parahaemolyticus suspension. Error bars represent standard
deviations. (A), 100 mL/min; (B), 250 mL/min; (C), 500 mL/min.
(@, dark; l, UV; A, UVHTIO,)

(Fig. 2B), survival rate was reached 18% at 30 min and for
500 mL/min, 22% of survival rate was observed (Fig. 2C).
Negative linear correlation between flow rate and bactericidal
activity of the photocatalytic reactor was observed. As the
flow rate of cell suspension increased 5 times, survival rate
of the organism also increased about 5 times. However, at all
flow rates no viable cells were detected after 60 min
exposure to UV-A and TiO, alumina balls. All subsequent
experiments were done at the flow rate of 100 mL/min.

Bactericidal activity of S. choleraesuis subsp. The
survival rates of S. choleraesuis subsp. are illustrated in
Fig. 3. After 30 min of illumination with UV light, S.
choleraesuis subsp. showed 10% of survival rate. S.
choleraesuis subsp. showed lower sensitivity to the
photocatalytic reactor than V. parahaemolyticus. Furthermore,
about 3% of survival rate was observed at 60 min. No
detectable organism was observed after 2 hr of reaction.
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Fig. 3. Bactericidal effect of photocatalytic reactor on .

choleraesuis subsp. Error bars represent standard deviations. (@,
dark; l, UV; A UV+TIiO,)
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Fig. 4. Bactericidal effect of photocatalytic reactor on L.

monocytogenes. Error bars represent standard deviations. (@,
dark; l, UV; A, UV+TIO,)

Bactericidal activity of L. monocytogenes Another
important pathogen present in certain lightly preserved
food products is L. monocytogenes. Bactericidal effect of
the photocatalytic reactor on L. monocytogenes Wwas
presented in Fig. 4. L. monocytogenes showed even less
sensitivity to the photocatalytic reactor. Eighteen % of L.
monocytogenes survived at 100 mL/min flow rate for 30
min. Complete sterilization was achieved after 3 hr of
photocatalytic reaction.

In this study, a new approach using TiO, photocatalytic
reactor has been applied successfully to examine TiO,-
mediated inactivation of food borne pathogenic bacteria.
Continuous flow-sterilization system using photocatalytic
reactor would be a useful design in diverse fields such as
waste water treatment, and sterilization of aqueous foods.
Waste water from the food industries and stock farms
might have various microorganisms and organic compounds
that may raise environmental contaminations. Although the
sensitivities of microorganisms to the photocatalytic reactor
may vary, it still has advantages that can decompose not
only microorganisms but also other inorganic compounds
at the same time. In case of the food industry, this
continuous flow-sterilization system might also offer an
effective way to sterilize aqueous foods without a thermal
process. Furthermore, it might provide safe environment
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for the operators without exposure to the UV lights. The
use of TiO,-coated alumina balls, in addition, provides the
advantage that there is no need to filter to recover the TiO,
powder. In this research, spherical alumina balls of 8-mm
diameter were used in the photocatalytic reactor. The initial
cell number of the bacteria used in this report was 10°
CFU/mL. However in real food or water processing
industries, the actual number of contaminated bacteria
would be as low as under 10* CFU/mL. Therefore the
reaction time that required achieving effective sterilization
might be decreased. When the clarity of the liquid varies,
the efficiency of this reactor may vary, of course, since the
penetration of UV-A varies. Optimization of the reactor
size and the diameter of the alumina balls should be made
in real industries. Lots of systems that have flow of liquids
such as food industries, oil refining industries, and water
purifying systems have problem of fouling. To solve this
problem additional steps are needed. The photocatalytic
TiO, can decompose organic compounds. Due to this
favorable characteristic of this reactor the formation of
fouling might be reduced. On the other hand, variation of
the diameter of the balls may influence the bactericidal
activity due to the change of surface area and flow rate.
Optimizations on the sizes of the balls and flow rate should
be carried out depending to the objects.
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