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Abstract

A batch photocatalytic study was carried out to inactivate six different species of bacteria using fluorescent light and TiO, photocatalyst. Several
surface loadings of TiO, varying from 234 to 8662 mg/m?, impregnated on membrane filters were used with fluorescent light of constant illuminance
of 3900 lux for the inactivation of four ATCC bacteria (Escherichia coli K-12, Pseudomonas fluorescens, Bacillus subtilis and Microbacterium
sp.) and two other species of bacteria collected from outdoor air in Singapore (Microbacteriaceae str. W7 and Paenibacillus sp. SAFN-007).
Gram-negative bacterium E. coli K-12 was the most effectively inactivated, while Gram-positive B. subtilis exhibited the least response to the
photocatalytic treatment. The inactivation rate increased with an increase in the TiO, loading, the maximum inactivation of most bacteria was
achieved at an optimum TiO, loading of 511-1666 mg/m?, corresponding to a thickness of 294—438 nm of TiO, layer on the surface. 100% of the E.
coli K-12 was inactivated after 30 min of treatment at a TiO, loading of 1666 mg/mz, while inactivation of 1 log;, was obtained for Microbacterium

sp., Paenibacillus sp. SAFN-007 and Microbacteriaceae str. W7 after 2 h of illumination at a TiO, loading of 1116 mg/m?.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microbial pollutants are one of the significant sources of
indoor air pollution. They consist of particles of biological ori-
gin (such as bacteria, viruses, fungi) and can be airborne as
bioaerosols [1]. Among the control methods, which have been
employed to combat the adverse health effects of indoor bio-
pollutants, such as purging indoor air with outside air, filtering
out the microbial species, isolation by pressurization control,
inactivation using low-level ozonation and ultraviolet germici-
dal irradiation (UVGI) [2], the effect of ultraviolet radiation on
damaging bacterial cells have been well established for water
disinfection [3,4].

Inactivation of bacteria by heterogeneous photocatalysis
using UV-A (320-400 nm) with TiO; has been envisaged as one
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of the most effective disinfection technologies, since no carcino-
genic, mutagenic or malodorous compounds are formed during
the process [5]. Upon irradiation with photons of wavelength
<385nm, TiO, promotes an electron transfer from the valence
band to the conduction band, thus forming an electron—hole
pair. The photo-generated holes and electrons react with water
attached to TiO, surface and oxygen in water respectively to
form hydroxyl radicals (*OH) and other reactive oxygen species
(ROS), such as O2°* ,HO;,* and H>O; [6]. The hydroxyl radicals
are highly reactive with organic substance [7]. The bactericidal
efficiency of heterogeneous photocatalysis has been tested on
various bacterial species, such as Escherichia coli K-12 [5,7-9],
E. coli [10-13], Bacillus subtilis [14], Staphylococcus aureus,
Enterococcus faecium [13], Enterobacter cloacae [5], Pseu-
domonas aeruginosa [5,13], Salmonella typhimurium [5], etc.
While heterogeneous photocatalysis using UV-A and TiO; has
been proven to be successful in the treatment of water, the appli-
cation of inactivating air-borne bacteria is relatively new. Most
studies cited earlier inactivated bacteria using either a TiO; sus-
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pension [12,15] or TiO, immobilized on a support, such as glass
[9,13,16] or quartz disc [14].

When microbes with high molecular weight are deposited by
contact or in the form of aerosols on photocatalytic surfaces, their
residence time on the surface can be considered to be infinite,
unless they are removed physically or chemically [14]. Deter-
mining the time taken to oxidatively remove bacterial mass from
any surface can be important for the design of sterile rooms and
surfaces, which requires systematic inactivation studies. While
using UV-A coupled with TiO, can be an effective method,
the inactivation efficiency of bacteria using common fluores-
cent light requires dedicated parametric studies, because indoor
environments (such as commercial and office premises) have
TiO, as the key constituent of wall paints, and are commonly
illuminated by fluorescent light.

A fluorescent lamp can emit a very small fraction of UV-
A [17], because it is essentially a low-pressure mercury lamp
with the inner surface coated with various types of phosphors to
absorb the 254 nm radiation and emit longer wavelengths [18].
Although the glass envelope surrounding the lamp absorbs all
far-UV emission, the commonly used daylight or cool white
lamps radiate appreciable amounts at 313, 334, and 365 nm of the
mercury lines. A much stronger emission at these wavelengths
is typical of the blacklight lamps, which are sometimes used in
rooms to provide a fluorescent effect.

For optimum utilization of the existing lighting in indoor
environments, and to minimize additional energy consumption,
this study systematically examines the effect of inactivation of
bacteria using fluorescent light and TiO; photocatalysts, and is a
part of an on-going study, where fluorescent light is being used to
inactivate bioaerosol in a continuous mode. To our best knowl-
edge, the inactivation of bacteria using TiO; catalyst irradiated
by fluorescent light has not been reported in the literature. In this
study, the effect of TiO, loading on the inactivation efficiency
of six different bacterial strains under fluorescent irradiation has
been evaluated. Selected bacteria, E. coli K-12, B. subtilis and
Microbacterium sp., were also tested using UV-A radiation for
a comparison.

2. Materials and methods
2.1. Materials

The non-porous titanium dioxide (TiO,, P25, Degussa AG,
Germany) used as the photocatalyst had a primary particle diam-
eter of 21 nm, specific surface area of 50+ 15m?/g, and a
crystal distribution of 80% anatase and 20% rutile. TiO, sus-
pensions in deionised water at nine different concentrations
were prepared and autoclaved for the following inactivation
experiments.

E. coli K-12 (ATCC 10798), Pseudomonas fluorescens
(ATCC 17575), Microbacterium sp. (ATCC 15283), B. subtilis
(ATCC 14410), Microbacteriaceae str. W7 and Paenibacillus
sp. SAFN-007 were used for the inactivation studies. The for-
mer four species were purchased from ATCC, while the latter
two species were collected from outdoor air in Singapore using a
six stage sampler (Andersen, Atlanta, GA, USA) and identified

to their respective closest relatives. E. coli and P. fluorescens are
Gram-negative bacteria, while the rest are Gram-positive.

In the photocatalytic experiments, an 18 W fluorescent lamp
(NEC 6700K, TRI-PHOSPHOR T8, Japan), which is com-
monly used for room illumination with a wavelength range of
400-700 nm, was used as the light source. The fluorescent illu-
minance (39001ux) was monitored using a luxmeter through
the experiments. In addition to fluorescent lamps, two black-
light blue lamps (FL8BLB, Sanyo Denki, Japan) with a peak
emission at 365 nm and an energy output of 8 W each were used
as the light source for UV-A photocatalysis. A digital radiometer
was used to determine the intensity of the UV-A light source of
the blacklight blue lamps and the fluorescent lamp.

2.2. Bacterial culture preparation

Bacterial cells were inoculated in 10 ml of a Luria-bertani
broth and incubated for 16 h at 121 rpm in a rotating water shaker
at 26 and 37 °C for P. fluorescens and the other strains, respec-
tively. The cultured bacteria were centrifuged at 4000 rpm for
5 min before washing with an autoclaved 0.9% sodium chloride
solution twice and re-suspended in 50 ml of an autoclaved 0.9%
sodium chloride solution. The initial bacterial solution was then
successively diluted to 107 or 10® times using a 0.9% sodium
chloride solution in order to achieve an average of 50 colonies on
the Petri dish for a 50 ml solution used for incubation. Between
each dilution, the bacterial suspension was well stirred using a
vortex mixer to ensure uniformity of the suspension.

2.3. Membrane filter preparation

For the control experiments without TiO;, a 50 ml aliquot
of the earlier prepared bacterial solution was filtered through a
cellulose acetate membrane filter (with an average pore size of
0.45 pm and a diameter of 47 mm) before the filter was placed in
a sterile Petri dish. For the inactivation experiments with TiO»,
50 ml of the autoclaved TiO; solution at a required concentration
was first filtered, followed by immobilizing the bacterial suspen-
sion onto the TiO,-loaded filters. To determine the amount of
TiO, coated on each membrane filter, the membrane filters were
weighed before and after the TiO, impregnation process fol-
lowed by drying and desiccation. Five tests showed an average
TiO, loading ranging from 234 to 8662 (mg/m?), depending on
the initial TiO; suspension employed (Table 1). The uniformity
of the TiO; coating over the membrane filter surface was exam-
ined using scanning electron microscopy (SEM); Fig. 1 shows
that although some agglomeration was observed at a high TiO,
loading of 5778 mg/m? (Fig. 1d), Fig. 1b and ¢ show a rela-
tively homogeneous TiO; coating. The pore size of the coated
membrane filters is expected to be reduced to less than 0.45 pm,
which can completely eliminate any chance of bacteria (%1 pm)
escaping through the pores of the filters. Assuming a uniform
distribution of TiO», the respective thickness of the TiO» coating
on each membrane was calculated by dividing the TiO, loading
on each filter by the specific gravity of TiO,. The coating thick-
ness ranged from 62 to 2279 nm for individual TiO; loadings
(last column, Table 1).
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Table 1
TiO; loading and the resulting thickness of the TiO, coating on the membrane

TiO; concentration Error in the loading (%) Thickness of the TiO, coating
- - on the membrane (nm)©
In suspension (mg/1*) Loading on the membrane
filter surface (mg/mz)b

10 234 5.12 62

20 511 6.56 134

30 840 14.82 221

40 1116 5.35 294

60 1666 6.49 438

80 2297 2.03 605
120 3490 1.13 919
200 5778 1.04 1521
300 8662 0.61 2279

The error is based on a replicate of five sets of data.
? The amount of the TiO; solution impregnated on each membrane is 50 ml.

b The surface area of the membrane, on which TiO; is being loaded, is 17.35 cm?.

¢ The specific gravity of TiO; has been taken as 3.8.
2.4. Bacteria inactivation using fluorescent irradiation

Fig. 2 shows the schematic set-up of the batch inactiva-
tion system. The set-up comprised of an irradiation source
clamped on top of a flexible support holding the bacterial
samples in Petri dishes (three replicates) and placed inside a
black-box to minimize the penetration of light from outside.
While the air inside the black-box is same as the air in the
laboratory, the air is not in direct contact with the bacterial
samples. With the lamp position at 8-9 cm above the bacteria
impregnated on the filter membrane, the samples were exposed
to an UV-A (365nm) intensity of 4.28 and 0.013 mW/cm?

under blacklight blue lamps and fluorescent lamp, respec-
tively.

Six irradiation durations of 0, 15, 30, 45, 60 and 120 min were
employed to examine the efficiency of the photocatalytic inacti-
vation. Triplicate measurements were taken for each experiment.
The temperature and the relative humidity in the black-box,
which were measured before and after individual experiments,
were reasonably constant throughout the experiment. After irra-
diation, filters were immediately removed from the Petri dishes
and placed face-down on agar plates. For E. coli K-12 and P.
fluorescens, eosin methylene blue (EMB) agar plates were used,
while tryptic soy agar (TSA) was used for Microbacterium sp.,

Fig. 1. SEM images (with a 6000 x magnification and 2 m resolution) of the membrane filters with a TiO, loading of (a) 0 mg/mz, (b) 1116 mg/mz, (c) 3490 mg/mz,

and (d) 5778 mg/m?.
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Fig. 2. Schematic diagram of the batch experimental set-up.

Paenibacillus sp. SAFN-007 and B. subtilis, and R2A agar was
used for Microbacteriaceae str. W7. All the plates were sealed
with wax tapes and placed in an incubator at 26 and 37 °C for P,
fluorescens and the other bacterial strains, respectively. To mon-
itor the regrowth of the survived colonies, the colonies were then
counted daily using a colony counter on days 2 through 5, and
on the 10th day. For all the species, the growth of colonies was
complete within 3 days of incubation, but in just one among
an average of six experiments, E. coli and Microbacterium sp.
showed new growth of colonies in 2—-3 of the 18 Petri dishes
on the fifth day. However, after 5 days, no new bacterial colony
was observed; it is evident that the revival of bacteria exposed
to heterogeneous photocatalytic inactivation after 5 days in dark
was insignificant, which can be due to irreversible cell damage.
To determine the background interference, two types of con-
trol experiments were carried out; one was conducted without
the light source, and the second type of control experiment was
conducted with light, but in the absence of TiO».

The bacterial inactivation efficiency followed first order
kinetics with respect to bacterial colony count (&;), which is
shown by Eq. (1):

NN
In (No> = —kt 1)

where, N; is the number of CFUs after irradiation for ¢ min; Ny
the number of CFUs at O min; k the inactivation rate constant;
N/Ny the survival ratio.

The survival ratio was calculated by normalizing the resultant
CFUs on any plate to that on the plate without exposure to light.
This ratio was compared under different durations of exposure
to photocatalytic treatment and catalyst loadings to determine
the inactivation efficiencies.

3. Results and discussion

3.1. Bacteria inactivation under fluorescent irradiation
without TiO»

Six different control experiments exposing the six immo-
bilized bacterial strains with 1116 mg/m? of TiO; to a dark
environment up to 2h showed that the average colony counts
for all the six bacterial strains varied insignificantly with a stan-
dard deviation of 0-10% (not shown). Hence, in the absence of
fluorescent light, bacteria impregnated on a membrane surface
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Fig. 3. Survival ratios (N;/Np) as a function of exposure duration (without TiO;)
for E. coli K-12, P. fluorescens, Microbacterium sp., Paenibacillus sp. SAFN-
007 and B. subtilis. The data shown in this figure are the averages of three
replicates. Here, N; is the number of CFUs after irradiation for # min; Ny the
number of CFUs at 0 min.

seemed to be insensitive to TiO;. Without TiO,, the exposure
to fluorescent irradiation appeared to inactivate various strains
of bacteria. Fig. 3 shows that in 2 h, around 40-50% of E. coli
K-12, P. fluorescens and Paenibacillus sp. SAFN-007, were inac-
tivated. Although Microbacteriaceae str. W7 showed negligible
inactivation (data not shown), 20% of B. subtilis and only 13% of
Microbacterium sp. were inactivated. However, considering the
error bars for Microbacterium sp. shown in Fig. 3, inactivation
of this species is practically nil in the absence of TiO,.

The observed inactivation in the absence of TiO; could be due
to the small fraction of UV-A emitted from the fluorescent light;
it has been reported that exposure to UV-A can form reactive
oxygen radicals within the cells, which cause oxidative stress
and lead to cell damage [13]. In addition, long wavelength UV
light (i.e., 320400 nm) has been reported to damage organisms
mainly by exciting photosensitive molecules within the cell,
thus producing active species, such as O;°® , HyO;, and *OH,
to adversely affect the genome and other intracellular molecules
sublethally or lethally causing cell mutations, growth delay, etc.
[19].

3.2. Bacteria inactivation under fluorescent irradiation and
TiO;

As mentioned earlier, the inactivation of bacteria in the
presence of TiO; irradiated by fluorescent light exhibited first
order reaction kinetics. The extent of inactivation increased with
increased exposure to fluorescent light for all the bacteria. How-
ever, individual bacteria show different trend in the inactivation
rate constant with increasing TiO; loading.

Because E. coli is the most investigated species with known
chromosome map in detail [17], to compare and validate our
experimental approaches with the published literature, E. coli
K-12 was selected to examine the inactivation efficiency of
fluorescent light irradiated TiO; catalysts. Fig. 4 shows the inac-
tivation of E. coli K-12 at 0, 15, 30, 45, 60 and 120 min with six
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Fig. 4. Photocatalytic inactivation of E. coli K-12 at various TiO; loadings. Each point is an average of triplicate experiments.
UV-A dosages (0, 11.7, 23.4, 35.1, 46.8 and 93.6 mJ/cmz). An
increase in the TiO; loading from 234 to 1666 mg/m? enhanced
the inactivation efficiency of E. coli K-12 (Fig. 4). With a TiO»
loading of 234 mg/m?, over 98% of E. coli K-12 was inacti-
vated within 60 min (46.8 mJ/cm?) of fluorescent irradiation. 025 =
When a larger TiO, loading of 1666 mg/m? was employed, over / . T —
96% of the bacteria were inactivated within 15 min of exposure, = ‘F\ / Qo Paenibacillus sp. SAFN-007
and all the bacteria were inactivated after a 30 min or longer B ,,’ Ll v ’};"’f’_‘;”{*f’ﬂ;’)"_‘;“f’“" St W
exposure. This is encouraging because a UV-A intensity of only g i r\ — j o ,{_-ﬂzi,,,l-n,{itfzu ’
0.013 mW/cm? available in the fluorescent irradiation yielded an Z 015 A ’f / \ — == Pseudomonas fluorescens
inactivation efficiency comparable to that achieved by Huang et E Ip \.\
al. [11], who reported the damage of cell walls of E. coli within E _— f’ /
20 min of exposure to UV-A light at 0.8 mW/cm? in presence of 8
TiO,. -E
Because a higher TiO; loading may enhance the generation E
of reactive oxygen species (ROS) to react with cell walls, the X
cytoplasmic membrane, and other intracellular components, the == e T
resultant inactivation rate was substantially increased. This is 4000 6000 8000

consistent with previous studies reporting that higher inactiva-
tion of E. coli in an aqueous medium was observed when higher
TiO, concentrations were used with UV-vis radiation longer
than 380 nm [20], or under UV-A irradiation [21]. It is interest-
ing to note that in this study, photon limitation did not occur at a
high TiO, loading of 1666 mg/m? with corresponding thickness
of 238 nm of TiO, on the surface.

3.3. Inactivation of all bacteria

Fig. 5 shows that most Gram-negative bacteria were inacti-
vated with a TiO, loading of less than 2000 mg/mz, while the
Gram-positive bacteria appeared to be more resistant to the flu-
orescent light-TiO; induced damage (Fig. 5a). E. coli K-12 and
P. fluorescens (i.e., Gram-negative bacteria) showed the highest
inactivation rate (0.0078-0.2442min"!) among all the tested
bacterial strains, which agrees well with other studies that the
inactivation efficiency of Gram-negative bacteria, such as E.
coli, was higher than that of Gram-positive bacteria S. aureus,

(a) Ti0, loading (mg/m’)
0.035 3
511 mg/m
o<— 1666 mgﬂ’m"'
0,030 A B
g
‘B —&——  Microbacterium sp
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(b) TiO, loading (mg/m"‘)

Fig. 5. (a) Inactivation rate constant vs. the TiO; loading for Gram-negative and
Gram-positive bacteria and (b) inactivation rate constant vs. the TiO, loading
for Gram-positive bacteria, enlarged from (a).
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E. faecium [13], and L. helveticus [12]. Gram-positive bacteria
have a thick mesh-like cell wall made of peptidoglycan, while
Gram-negative bacteria have a thin cell wall made of a layer of
peptidoglycan. In addition to an inner membrane, they also have
an outer membrane, which contains lipids, and is separated from
the cell wall by the periplasmic space. Although cell wall struc-
ture of Gram-negative bacteria is relatively more complex than
that of Gram-positive cells, Gram-negative bacteria responded
better for photocatalytic inactivation indicating cell wall destruc-
tion is probably not necessary for inactivation. Cell membrane
damage is measured as loss of potassium ions, proteins and RNA
from bacterial cells or as an increase in intracellular calcium ions
[12]. On the other hand, free radicals can react with the nucleic
acids of the cell. It is also possible that reactive radicals are
absorbed by the peptidoglycan layer of the Gram-positive bac-
teria without doing any fatal damage, while the opposite might be
true for the Gram-negative bacteria. Interestingly, some studies
have shown Gram-positive bacteria to be more easily killed than
Gram-negative bacteria. For example, in arecent study involving
cell killing using photosensitizers and visible light, the over-
all susceptibility of Gram-positive S. aureus was found to be
greater than Gram-negative E. coli [22]. In another study using
porphyrin-mediated photodynamic therapy, the outer membrane
of Gram-negative cells rendered them completely resistant [23],
while in a study based on exposure of Gram-positive and Gram-
negative cells to singlet oxygen for various durations, survival
of Gram-positive cells showed fast decrease compared to that
of the Gram-negative cells [24]. The experimental results in this
work, which agree with those of Liu and Yang [12], indicate that
Gram-positive and Gram-negative cells may undergo different
mechanisms of photocatalytical inactivation, warranting further
research of the radical-cell chemical reactions.

Fig. 5a shows that the inactivation rate constant for P. fluo-
rescens increases with an increase in the TiO; loading to reach an
optimum at a loading of 840 mg/m?, after which it dramatically
decreases at a loading of 1666 mg/m?. To better examine the
inactivation rates among the four Gram-positive bacteria, Fig. 5b
(enlarging the trends of Gram-positive bacteria shown in Fig. 5a)
shows that the inactivation rate constant of Gram-positive bac-
teria Paenibacillus sp. SAFN-007 and Microbacteriaceae str.
W7 reached a maximum at 1666 mg/m> with a correspond-
ing thickness of the TiO, coating on the membrane of 438 nm
(Table 1). Since the wavelength of UV-A light is in the range
of 320400 nm with peak wavelength of 365 nm, a thin TiO,

Table 2

coating of 62 and 134 nm may not completely absorb light of
365 nm [25], whereas a thicker TiO» coating in the range of
134-438 nm (Table 1), could completely absorb the incoming
UV-A. Nevertheless, further increases in the TiO, loading with
agglomeration of TiO; on the filter surface could reduce acti-
vation efficiency. With increasing TiO2 concentration, terminal
reactions such as reactions (3) and (4) shown below would cause
the formation of less reactive hydroperoxyl radicals (HO,*) and
decrease the bacterial inactivation efficiency [7].

°*OH + °*OH — H,0, 3
H,O, +°*OH — H;O + HO,* 4

Interestingly, unlike other Gram-positive bacteria shown in
Fig. 5b, the inactivation rate constant of B. subtilis (in hollow
triangle symbols) reached a plateau at a loading higher than
2297 mg/m? (Fig. 5b). Although in the absence of TiO,, 2h of
exposure to fluorescent light inactivated ~21% of the B. subtilis
(Fig. 3), the presence of TiO, with loadings up to 8662 mg/m?>
only inactivated around 53% of the bacteria (data not shown)
suggesting that B. subtilis were little affected by either fluores-
cent (with a small amount of UV-A) irradiation or increased
TiO, loading. This can be supported by Kuhn et al. [13], who
reported that the spores of B. subtilis were well resistant to
60 min of UV-A photocatalytic treatment. It is interesting to
note that Microbacteriaceae str. W7 did not show inactivation
until a high TiO5 loading of 1116 mg/m? was employed, indi-
cating that this bacterium is highly resistant to photocatalytic
inactivation (Fig. 5b). For Microbacterium sp. and Microbac-
teriaceae str. W7, 11ogjo inactivation was obtained after 2 h of
light exposure at all TiO; loadings; the same level inactivation of
Paenibacillus sp. SAFN-007 occurred in the TiO; loading range
of 1116-1666 mg/mz, while 100% inactivation of P. fluorescens
was obtained after 45 min of exposure to light at a TiO, loading
of 840-1666 mg/m? (data not shown).

3.4. Comparison of fluorescent light inactivation with
UV-A inactivation

Limited experiments were carried out using UV-A at intensity
of 428 mW/cm? for Gram-negative E. coli K-12 and Gram-
positive B. subtilis and Microbacterium sp., all purchased from
ATCC. Table 2 shows that regardless of the light sources, the
inactivation rate constant increases with an increase in the TiO»

Inactivation rate constants of E. coli, Microbacterium sp. and B. subtilis using UV-A and fluorescent light photocatalysis

TiO; loading (mg/mz) First-order inactivation rate constants (k) in min~

1

Fluorescent light inactivation (0.013 mW/cm? of UV-A)

UV-A inactivation (4.28 mW/cm?)

E. coli K-12 B. subtilis Microbacterium sp. E. coli K-12 B. subtilis Microbacterium sp.
0 0.009 0.0022 0.005 0.175 0.1279 0.171
234 0.070 0.0027 0.027 0.180 0.1263 0.238
511 0.097 0.0032 0.031 0.243 0.1807 0.262
840 0.129 4 0.018 0.290 0.1979 b

2 Data not available.
b Experimental error.
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loading (up to 840 mg/m?), although the fluorescent light (with
a small UV-A intensity of 0.013 mW/cm?) yielded inactiva-
tion rate constants much smaller than UV-A inactivation (at
a light intensity of 4.28 mW/cm?). This is expected because
the UV-A intensity was about 330 times higher than the UV-
A available in the fluorescent light. Although both B. subtilis
and Microbacterium sp. were more resistant to photocatalytic
treatment than E. coli K-12, they were more greatly affected by
the higher UV-A intensity (Table 2), and the effect was slightly
higher in the absence of TiO, (loading of 0 mg/m?). In the pres-
ence of TiO;, the inactivation rates were higher by a factor of
2.57-56, in particular for the Gram-positive bacteria (B. subtilis
and Microbacterium sp.) (Table 2). These results indicate two
possibilities: (i) the reactions of OH® radical and other reactive
species may slightly inactivate the Gram-positive bacteria com-
pared to direct damage by exciting photosensitive molecules
within cells, (i) 0.013 mW/m? of UV-A light available in the
fluorescent light is sufficient to excite the TiO; loading used in
this study.

By employing a UV-A intensity of 5.5 mW/cm? and a TiO
suspension of 0.1 g/1, Ibanez et al. [5] obtained a first-order inac-
tivation rate constant of 0.29 min~! for E. coli K-12. These rate
compares well with the rate obtained in this work (Table 2)
using TiO; concentration of 0.03 g/l (which corresponds to a
840 mg/m? loading on the membrane surface) and UV-A inten-
sity of 4.28 mW/cm?, indicating the consistency of the UV-A
photocatalytic inactivation of the microorganisms, and the pos-
sibility of scaling-up the process. Photocatalytic inactivation
experiments on E. coli and Microbacterium sp. at a UV-A inten-
sity of 0.013 mW/cm? are currently in progress to understand
whether only the UV-A fraction in the fluorescent light is respon-
sible for bacterial inactivation.

4. Conclusions

TiO, mediated inactivation of bacteria is possible in the pres-
ence of fluorescent light, commonly used as room lighting.
Experiments on six strains of bacteria including four Gram-
positive and two Gram-negative bacteria have shown that pho-
tocatalytic inactivation was most effective on E. coli, while it
was least effective on B. subtilis. Four bacteria showed the
maximum inactivation at an optimum TiO; loading ranging
from 511 to 1666 mg/m>. Complete inactivation of E. coli was
achieved after 30 min of fluorescent irradiation at a TiO; loading
of 1666 mg/m?. This loading of TiO; can be applied to indoor
walls commonly illuminated with fluorescent lighting to induce
inactivation of the indoor microbes. In this study, the inacti-
vation rates using TiO, and UV-A of intensity 0.013 mW/cm?,
ranged from 0.0017 to 0.2442 min~—!, consistent with limited
data available in the literature, indicating the potential for large-
scale application of the process. In contrast to the Gram-negative

bacteria, reaction with OH radicals and ROS could cause limited
inactivation of Gram-positive bacteria. The revival of inactivated
bacteria after 5 days of incubation was insignificant, which is
due to the irreversible cell damage of the bacteria due to the
reactions with OH radicals and other reactive oxygen species.
Based on the kinetic data from this study, a systematic study
involving inactivation of aerosolized bacteria using fluorescent
light in a continuous reaction set-up is currently in progress.
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