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bstract

The photocatalytic antimicrobial activity over TiO2, SnO2 and their Pd doped thin film samples were determined against Escherichia coli,
taphylococcus aereus, Saccharomyces cerevisiae and Aspergilus niger spores. Higher antimicrobial activity was observed with TiO2 than SnO2

hin films and, Pd addition contributes to an increase in the activity of both semiconductor oxides. The highest microbial inactivation was achieved
ith 1% PdO/TiO2 against E. coli with a 98% decrease in survival after 2 h illumination. SnO2 was found to show lower photocatalytic efficiency

gainst E. coli with a 56% decrease in survival after 2 h illumination and a 68% decrease in survival of E. coli after palladium addition. E. coli
howed the least and S. cerevisiae showed the highest resistance against photocatalytic inactivation and, A. niger spores could not be inactivated up

o 8 h illumination over all the surfaces. The antimicrobial efficiencies against different microorganisms and fungal spores were found to decrease
n the following order: E. coli > S. aereus > S. cerevisiae > A. niger spores for which, complexity and strength of the cell walls increased in the
ame order.

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

Microbial contamination and growth on the surfaces are
otential risks for human health. The use of aggressive chem-
cals such as detergents, alcohols and chlorine components for

anual disinfection is not environmentally benign and is ineffec-
ive for long-term disinfection. The UV radiation is an effective,
ut temporary photochemical method for disinfection, which
equires special irradiation source within UV-C (185–254 nm)
and. However, the hazards of intensive and direct use of UV
adiation limits its application to medical and technical purposes
nly. Photocatalysis is an alternative to direct UV disinfection
nd, considerable antimicrobial efficacy is possible with higher
avelengths, which are naturally present in ambient solar and

rtificial light. Large band gap semiconductors, such as TiO2,

nO2, and ZnO, are suitable photocatalytic materials with their
igher wavelength UV absorption (UV-A, 320–400 nm) and
ave found great interest on wide range of applications such

∗ Corresponding author. Tel.: +90 312 2102630; fax: +90 312 2102600.
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s, direct splitting of water for hydrogen production, partial
r complete photocatalytic oxidation of organic materials and
isinfection of microorganisms [1–6]. Photocatalytic microbial
nactivation was first reported by Matsunaga et al. more than
0 years ago [1]. In that study, Lactobacillus acidophilus, Sac-
haromyces cerevisiae and Escherechia coli were completely
nactivated with the use of Pt-loaded TiO2 powder and the cell
nactivation mechanism was explained with the oxidation of
oenzyme A and the inhibition of respiration. Since then, many
hotocatalytic inactivation studies have been conducted on a
ide spectrum of organisms including cancer cells, phages,
iruses, bacteria, fungi, algae and protozoa [6–20]. Generally
iO2 [6–19], but in a few cases ZnO [19,20], was examined as
emiconductor photocatalyst, and the effects of Cu and Al addi-
ion as dopants on photocatalytic microbial inactivation were
lso investigated [21,22]. Besides, the effects of semiconductor
oncentration, light intensity, temperature [8], particle size [23],
H [24], microorganism type [25,15] and humidity [15] were

lso reported.

The photocatalytic reaction mechanism is initiated by the
bsorption of UV light which, results in the promotion of an
lectron from the valence band to the conduction band. When

mailto:gkarakas@metu.edu.tr
dx.doi.org/10.1016/j.jphotochem.2006.05.001
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he electron is transferred to the empty conduction band, elec-
ron/hole (e−/h+) pairs are formed within the semiconductor

aterials. The electron/hole pairs move to the surface as a
esult of charge separation where, electrons reduce oxygen
o superoxide radicals (•O2

−) and further reaction with H2O
olecules yield OH− ions. Both OH− ions and H2O molecules

re converted to •OH radicals by reacting with the holes. Both
ydroxyl and oxygen radicals are capable of performing many
elective/nonselective oxidation reactions [5,26–32]. The pho-
ocatalytic microbial inactivation has been reported in number
f studies for different microorganisms and cell cultures and;
xplained by different mechanisms such as cell membrane and
he wall damage [13,20,21,23,33], physicochemical alteration of
he cell membrane [34], promotion of cell membrane permeabil-
ty to Ca2+ [35], reduction of intracellular superoxide dismutase
ctivity (a protective enzyme from oxidative stress) [36] and
bnormal cell division [34]. Hydroxyl radical has been reported
s the major oxidant [9,10,28] but, other reactive oxygen species,
uch as H2O2, O2−, were also shown responsible of oxidation
11,24,30]. Cho et al. [7] reported the dependence of reactive
xidation radicals on the type of the cells or phage [7]. Inacti-
ation of MS-2 phage was carried out predominantly through
he action of the bulk phase free hydroxyl radical, but that E.
oli was inactivated by both free and surface-bound hydroxyl
adicals and O2− and H2O2.

The efficiency of photocatalysts can be elucidated as the
atio of photon absorption rate to the generation rate of free
adicals. However, the recombination of holes with electrons
sually takes place within a solid matrix, and only a small
raction of electrons and holes can exceed the charge carrier
ength, and reach to the surface. Therefore, electron/hole recom-
ination within the volume of the particles and the transport
f electrons and holes through charge carrier length are the
ain limiting steps between the generation step of electron/hole

airs and the production rate of reactive free radicals. Syntheti-
ally produced semiconductor materials with higher surface area
o volume ratio and porosity improve the photocatalytic effi-
iency by increasing the number of photon absorption per unit
rradiated area [37,38]. Similarly, the use of smaller particle
ize, which is less than carrier length, improves the photo-
atalytic efficiency by decreasing electron/hole recombination
robability. In addition, particles consisting of smaller crys-
allite size produce higher number of electron/hole pairs with
ndirect band transition mechanism. The charge carrier length
or TiO2 was reported as 100 nm hence, larger particles will
ield poor photocatalytic efficiency, which is in the order of
% for most applications utilizing pure semiconductor metal
xides [38–41]. The presence of trace metal ion impurities or
ddition of dopants also play an important role on optical, elec-
ronic and chemical properties of semiconductors. The finely
ispersed transition metal ions such as Au3+, Ag+, Nb3+, V2+,
t4+, and Pd2+ within the semiconductor metal oxide and over

he surface act as electron/hole traps, which exhibit Schottky

ffect and inhibit recombination probability of electron/hole
airs [1,42–47]. However, the dispersion of metal ion centers
ithin the lattice and over the surface of semiconductors may
ave a negative affect because of the coarse and improperly
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ispersed dopant crystallites also acting as recombination cen-
ers. In addition, the transition metal oxides enhance the surface
eaction rates with their unique oxidation–reduction potential
t moderate temperatures. The platinum group metals, such
s Pd and Pt, over semiconductor metal oxide supports pro-
ote many oxidation and reduction reactions depending on their

xidation state and the synergistic effect was elaborated with dif-
erent mechanisms. Spillover of activated surface species from
etal oxide to support [48–50], oxygen spillover from semi-

onductor metal oxide support to metal [51,52], formation of
lloys between precious metal dopant and support [52–54] have
een well documented to explain the metal–support interactions
nd the resulting synergistic effect on the catalytic activity. In
ddition to the synergistic effects of platinum group metals,
alladium and platinum doping of TiO2 also enhances the pho-
ocatalytic oxidation of hydrocarbons and promising results on
he photocatalytic oxidation of 2-clorophenol [42], 1-propanol
nd 1,2-propanediol [47], formic acid [55] and organic pigments
56] were reported in literature. However, the effect of palladium
s dopant over the photocatalytic inactivation of microorganisms
as not been reported in literature.

In the present study, the effect of palladium promotion on
he photocatalytic inactivation of E. coli, S. aereus, S. cerevisia
nd A. niger spores over TiO2 and SnO2 thin films were studied.
lthough the photocatalytic efficiency of TiO2 is higher than
nO2, the effect of palladium on the photocatalytic inactivation
f microorganisms was also validated with SnO2 thin films.

. Materials and methods

.1. Substrate preparation

Thin films of TiO2, SnO2, Pd–TiO2 and Pd–SnO2 were
eposited over Pyrex glass plates by a dip coating technique.
rior to coating, the glass plates (25 mm × 75 mm × 1 mm)
ere washed with detergent solution, were rinsed with dis-

illed water and, pretreated with saturated NaOH solution for
min. The pretreated glass substrates were rinsed with distilled
ater and finally ultrasonicated in ethanol–chloroform (1:1, v/v)

olution for 10 min and were dried at 110 ◦C overnight. The
iO2 sols were prepared by using titanium tetraisopropoxide
TTIP, Aldrich, extra pure grade), ethanol (C2H5OH, 99.5%)
nd 35% HClaq. without further purification. TTIP (8.4 ml) was
rst dissolved in ethanol (20 ml) and hydrolyzed with drop
ise addition of ethanol–HCl–water mixture (130:0.24:0.5 ml)

n thermostated bath at 0 ◦C, under continuous stirring. The final
olution was kept at the same temperature for 30 min for com-
lete hydrolysis, resulting in the TiO2 sol. For the SnO2 sol–gel
reparation, tin tetrachloride pentahydrate (Acros) (12.37 g),
as dissolved in isopropanol (Riedel-de Haën) (15 g) as the sol-
ent. The hydrolysis step was carried out with the addition of
istilled water (3.42 g) and isopropanol (10 g) under vigorous
tirring. The resultant solution was allowed to aging overnight.

alladium addition to the TiO2 and SnO2 sols was performed
y dissolving the corresponding amounts of palladium acetate
Aldrich) in the sol–gel mixtures to obtain 1% (w/w) PdO in
iO2 and SnO2 after calcination step.
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The glass substrates were dip coated with sol–gel mixtures
n five consecutive steps, each followed by drying at 120 ◦C for
0 min. Finally, the coated glass substrates were calcined in air
t 650 ◦C for 10 min.

.2. Characterization

The surface morphology of the coated substrates was investi-
ated by scanning electron microscopy (SEM, Jeol JSM-6400).
he absorption edge energies were measured by UV–vis spec-

rophotometer (Shimadsu, UV-1601) in the wavelength range
f 290–550 nm. The XRD analyzes were performed with X-ray
owder diffractometer (Philips, PW 1840) equipped with Cu
arget and Ni filter (λCu K� = 1.5418 nm).

The photochemical antibacterial activity of coated samples
as measured against E. coli, S. aereus, S. cerevisiae cultures,

nd A. niger spores. Osram Ultra-Vitalux (Product Number:
03313) 300 W bulb with similar spectral distribution to solar
pectrum between 280 and 780 nm was used as artificial irradia-
ion source. The light intensity over the test bench was adjusted
o achieve 10 mW/cm2 within the visible range by adjusting the
istance between the bench and light source.

E. coli (XL1-blue) and S. aereus were cultured aerobically in
uria–Bertani (LB) broth at 35 ◦C on a rotary shaker (170 rpm)
vernight and were maintained on LB agar plates. The plates
ere incubated at 35 ◦C overnight and then stored at 4 ◦C until
se. S. cerevisiae was cultured aerobically in YPD broth at 35 ◦C
n a rotary shaker (170 rpm) for 24 h. S. cerevisiae was main-
ained on YPD agar plates. The plates were incubated at 35 ◦C
or 24 h and then stored at 4 ◦C until use. A. niger was maintained
n the potato-dextrose agar plates. The plates were incubated at
5 ◦C for 4 days until complete sporulation occurred. Spores
ere transferred and homogenized by vortexing in peptone
ater and directly used as the spore suspension for the inacti-
ation tests. The microbial cell concentrations were determined
efore photocatalytic reactions by viable count procedure on
gar plates after serial dilutions of the culture in 0.1% peptone
ater.
After cell counting, a solution of concentration of about

03 cells/ml was prepared by dilution in peptone water; 200 �l of
he microbial suspension was pipetted onto the (19 cm2) control
urfaces and spread out to give a uniform and thin liquid film.
hen, the samples were illuminated from above with artificial
olar light and cell suspensions were removed from the surfaces
t various time intervals. Removed suspensions were directly
pread onto the agar plates and incubated at 35 ◦C for 16 and
4 h to determine the survivals of the bacteria and S. cerevisiae,
espectively, by counting the colony-forming units (CFUs). A.
iger spores were spread onto potato-dextrose agar (Merck) and
ncubated at 35 ◦C for 29 h to observe the growth of A. niger.
ach evaluation was carried out at least in duplicate.

Controls: The effect of irradiation alone on the microorgan-
sms and A. niger spores was determined on uncoated glasses.

he effect of coating materials without photocatalysis on micro-
ial growth was measured on coated samples in the dark. In
ddition, to determine the initial number of microbial cells that
pplied to surfaces, liquid cell suspension of 200 �l was spread

c
p
t
p

Fig. 1. UV–vis spectra of bare TiO2 and PdO/TiO2 samples.

nto agar plates and incubated at 35 ◦C. Empty agar plates were
lso incubated to test the sterilization conditions.

. Results and discussion

.1. UV–vis analysis

UV–vis absorbance and reflectance spectroscopy of semicon-
uctors contain valuable information in the sense of crystallite
ize, electronic properties of surface, oxidation states of species
nd metal support interactions. In Fig. 1, the UV–vis spectrum
f both bare titanium dioxide (TiO2) and 1% palladium over tita-
ium dioxide (1% PdO/TiO2) coated glass samples are given.
uring the analysis, bare glass slide was inserted in the reference

hannel of the spectrophotometer in order to cancel absorbance
ffects arising from the substrate. The absorption edge energy
as determined by the linear regression and intersection of

he lines fitted to the steep part of the UV–vis absorption and
he baseline. As shown in Fig. 1, wide absorbance bands were
btained from both bare TiO2 and 1% PdO/TiO2 samples within
he range of 295–370 nm. The intensity of absorbance for 1%
dO/TiO2 is much higher than bare TiO2 indicating the immense
ffect of metal addition even at 1% loading. The absorption edge
nergy of the bare TiO2 was determined as 3.4 eV, which is
ttributed to the O2−–Ti4+ [O (2p)–Ti (3d)] transition and this
esult shows that, there is 0.2 eV red shift compared with the lit-
rature value (3.2 eV) [57]. The 1% PdO/TiO2 sample yielded
.3 eV absorption edge energy which indicates that PdO addition
nhances the conductance of sol–gel produced TiO2 by 0.1 eV
lue shift. The wide absorbance band with small intensity on
% PdO/TiO2 spectrum between 395 and 495 nm is assigned to
d2+ d–d transitions or Pd(O)n2+ clusters. The peak widening

ndicates that these clusters are very small and Pd2+ ions might
e anchored to the surface oxygen of TiO2 support. The Pd d–d
ransition occurs in two distinct band ranges as A (300 nm) and

(400 nm) [58,59]. The A (300 nm) band overlaps with the opti-

al absorbance band of TiO2 and is not resolved as a separate
eak in the present case. However, the increase of absorbance on
he 295–370 nm range can be associated with to d–d transition
eak of Pd2+ ions.
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Fig. 2. UV–vis spectra of bare SnO2 and PdO/SnO2 samples.

Similarly, the optical absorbance of bare tin dioxide (SnO2)
nd 1% palladium over tin dioxide (1% PdO/SnO2) samples
ere analyzed. As observed from Fig. 2, a wide absorbance
and between 200 and 360 nm was obtained for bare SnO2
nd between 270 and 360 nm for 1% PdO/SnO2 samples. Sim-
lar to the TiO2 based samples, 1% PdO doped sample yields
uch higher absorbance compared to the bare SnO2 indicat-

ng the metal doping dominates the optical absorbance in the
V range. The most important point of this analysis is the wide
lue shift of bare SnO2 absorbance band to the higher energy,
hile the optical edge around 360 nm was observed for both
nO2 and PdO/SnO2 sample. The peak widening which extends
symmetrically to the blue (higher energy) indicates the inher-
nt long-range disordered structure and the presence of smaller
rystallites with more fragments and defects and; comparatively
ore amorphous structure exists over the bare surface of SnO2

han the 1% PdO/SnO2 surface. The absorption edge of bare
nO2 was determined as 3.7 eV and this value represents +0.2 eV
ed shift with respect to the literature value (e.g. SnO2 = 3.5 eV)
3]. The spectra of 1% PdO/SnO2 represents that a completely
ifferent structure of PdO exists over the surface compared with
he TiO2 counterpart. The shoulder at 350 nm indicates the pres-
nce of dispersed Pd2+ ions and the sharp peak around 480 nm
an be attributed to the isolated PdO crystallites over the SnO2
urface which is typical for the PdO bulk phase. Similar results
ere also reported in literature [58,59]. These results reveal

hat PdO dispersion over the SnO2 surface is not completely
chieved and the surface contains both ionic Pd2+ species, which
nteracts with the O2− ions of SnO2 and larger isolated crystal-
ites. The adsorption edge energy of 1% PdO/SnO2 surface is
etermined as 3.6 eV, which indicates higher conductivity than
he bare SnO2 sample. The results of absorption edge energy
nalysis by UV–vis spectrophotometer indicated that both PdO
romoted and bare samples of TiO2 have superior conductivity
han SnO2 counterparts. The addition of 1% PdO to both TiO2
nd SnO2 yields higher conductance, promotes the semiconduc-

or properties and alters the optical absorbance character. Both
nO2 and TiO2 and their PdO doped counterparts are useful for
hoto-catalysis because of their validated semiconductor and
ptical properties.
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.2. Film morphology

The surface and particle morphology of the thin TiO2 films
hich were produced by the five successive applications of

ol–gel layers of TiO2 over the glass substrate and heat treat-
ent at 650 ◦C for 10 min were examined by SEM imaging.
he samples were coated with gold, in order to achieve suffi-
ient conductivity for analysis. The representative SEM images
f TiO2 films coated on glass substrates are given in Fig. 3(A
nd B). The formation of a continuous TiO2 layer was observed
ver the samples that were examined and a smooth, glassy, defect
ree structure was the general appearance. At 20,000× magni-
cation, where 50 nm resolution is achieved; neither particle
tructure, nor grains were observed over the surface. Fig. 4(A
nd B) represents the SEM micrographs of glass surfaces, coated
ith PdO/TiO2 films, which were obtained after five-step coat-

ng of sol–gel solution and calcination at 650 ◦C for 10 min. The
ormation of smooth, homogeneous adhesion of the PdO/TiO2
lm was evidenced in these micrographs. It can be said that, the
oating solution completely wetted the surface and well adhered
o the glass surfaces and PdO doping had no adverse effect on the

orphology of the TiO2 thin films. Fig. 3(C and D) shows the
urface SEM image of SnO2 film, coated on the glass substrate.
n overall, the SnO2 film surface represents the grainy struc-
ure even at 2500× magnification. Although cracks as a result
f shrinkage were observed from the figures, the coated under-
ayer can be seen from the grains over the surface. The overlap of
ve layers of coating may barely form a continuous SnO2 matrix
ver the surface. This fact may lead to the loss of apparent elec-
rical conductance over the surface (macro-range) as a result of
–5 �m large gaps between the plate like structures, although the
V–vis analysis have proved the conductance of the samples in
icro-range. Further analysis with higher magnifications (not

hown) revealed that, SnO2 films comprised of particles having
0–90 nm diameter [60], with a film thickness of 300–450 nm.
t is believed that the shrinkages and cracks were due to the heat
reatment step and large density difference between the sol–gel
olution and SnO2 solid film. Similar surface morphology was
lso observed for the PdO/SnO2 samples (Fig. 4(C and D)). The
rystal structure of SnO2 and TiO2 films were characterized by
RD technique with powder samples which are produced with

he same procedure. The XRD analysis showed the anatase struc-
ure for TiO2 and cassiterite (anatase) [60] structure of SnO2 and
heir palladium doped counterparts.

.3. Photocatalytic antimicrobial characteristics of the
lms

In order to characterize the antimicrobial efficiency of the
lms, microorganisms having different cell wall structures,
amely E. coli, S. aereus, and S. cerevisiae besides A. niger
pores, were selected. Control experiments, showing cell viabil-
ties on uncoated glass surfaces with irradiation and on coated

urfaces without irradiation have also been performed for all
ombinations of the microorganisms and coating types. Neither
he coatings nor the illumination alone has any antimicrobial
ffect against the microorganisms.
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Fig. 3. SEM images of: (A)

Fig. 5 shows the survival E. coli with respect to time under the
0 mW/cm2 irradiation over bare, TiO2, and PdO/TiO2 coated
lass surfaces. The number of E. coli cells over the TiO2 coated
lasses after 2 h of irradiation decreased by 85% as a result of
hotocatalytic inactivation. Higher inactivation rates, such as
9–100% within 1 h, for E. coli over TiO2 have been reported
23,24]. However, inactivation rate is also dependent on light
ntensity and spectral distribution of irradiation source. In the
resent study, the inactivation tests were carried out with low
ight intensity at 10 mW/cm2, in order to exclude the possible
dverse effects of intense irradiation. The photocatalytic inac-
ivation tests were also performed with PdO/TiO2 films for E.
oli under the same experimental conditions. In this case, 98%
nactivation at the end of 2 h exposure was obtained indicat-
ng the enhanced photocatalytic inactivation as a result of PdO
ddition. The improved photocatalytic performance as a result of
dO addition might be attributed to the pronounced light absorp-

ion characteristics, and the presence of Pd2+ electron/hole pair
raps [42,47,55,56].
The photocatalytic inactivation was modeled with first
rder kinetics under constant irradiation. The regression anal-
sis yielded linear relation between the bacterial inactivation
ln (surviving fraction) versus time) with time. The first order

t
e
i
t

TiO2, (C), (D) SnO2 films.

ate constants of photocatalytic inactivation of E. coli cells were
ound as 0.017 and 0.023 min−1 for TiO2 and PdO/TiO2 coated
lass samples, respectively.

The photocatalytic antibacterial properties of SnO2 and
dO/SnO2 coated glass samples were also tested to ensure the
ffect of palladium doping on semiconductor photocatalytic
aterials. Similar inactivation experiments were conducted with

are SnO2 and PdO/SnO2 coated glass samples against E. coli.
s shown in Fig. 6, 56 and 68% inactivation of E. coli was
bserved on SnO2 and PdO/SnO2 films after 2 h irradiation,
espectively. These inactivation results are lower than those of
orresponding TiO2 films, as expected due to the higher band
ap energy and lower surface conductivity of SnO2 than TiO2.
imilar to TiO2, palladium doping on the SnO2 semiconduc-

or catalyst increased the photocatalytic activity. The first order
inetic analysis of the inactivation data against E. coli yield
.007 and 0.008 min−1 for bare SnO2 and palladium doped SnO2
oated glass samples, respectively.

Different cell structures, particularly cell wall, are expected

o play an important role in photocatalytic cell inactivation
fficiency, since the cell envelope is the first barrier of the
nactivation process [25]. Gr(+) bacteria are surrounded by a
hick cell wall, typically 250 Å wide, composed of peptidogly-
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F
o

Fig. 4. SEM images of: (A), (B) PdO

ig. 5. Effect of irradiation time (10 mW/cm2) on the survival ratio of E. coli
ver TiO2 and PdO/TiO2 films.

F
o

/TiO2, (C), (D) Pd/SnO2 films.

ig. 6. Effect of irradiation time (10 mW/cm2) on the survival ratio of E. coli
ver SnO2 and PdO/SnO2 films.
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ig. 7. Effect of irradiation time (10 mW/cm2) on the survival ratio of S. aureus
ver TiO2 and PdO/TiO2 films.

an and teichoic acid whereas, Gr(−) bacteria are surrounded
y a 30 Å-wide peptidoglycan wall, which in turn is covered
y an 80 Å outer membrane that is a mosaic of protein, lipid
nd lipopolysaccharide [16]. Kiwi and Nadtochenko reported
eptidoglycan layer as the most resistant cell wall/membrane
omponent [12]. Therefore, photocatalytic inactivation exper-
ments against S. aureus, which is a Gr(+) bacterium, were
arried out for 3 h, considering its thicker and stronger cell wall
tructure. The inactivation test results against S. aureus over the
iO2, SnO2, and their palladium doped counterparts, were stud-
ed with uncoated glass control experiments and the results are
iven in Figs. 7 and 8. As observed from the figures, S. aureus
nactivation is more elaborated with complex inactivation kinet-

ig. 8. Effect of irradiation time (10 mW/cm2) on the survival ratio of S. aureus
ver SnO2 and PdO/SnO2 films.
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cs than E. coli where, three different regimes were observed.
he inactivation of S. aureus exhibited a reverse S-shape trend
ith respect to time. The photocatalytic inactivation process

tarts with a slow initiation period, followed by a fast inactiva-
ion which eventually levels off. The complexity of inactivation
inetics might be attributed to the thicker and stronger cell enve-
ope of Gr(+) bacterium than Gr(−). Like all Gr(−) bacteria, E.
oli has an outer membrane and a thin cell wall, which could not
rotect the bacterium from photocatalytic oxidation thus, inac-
ivation starts with irradiation immediately. Inactivation of the
roteins and other molecules present in the outer membrane and
eriplasmic space of Gr(−) bacteria by photocatalytic oxidation
ay also be another reason of lower photocatalytic resistance

f E. coli. After 3 h irradiation, 87 and 98% of S. aereus inac-
ivation was achieved for TiO2 and PdO/TiO2, respectively. In
he case of E. coli, the same degree of inactivation was observed
fter 2 h of irradiation. The kinetic analyses were also carried
ut for S. aereus for different regimes. The slow initiation
eriod, which covers the first 30 min of irradiation, yields 0.004
nd 0.007 min−1 for TiO2 and PdO/TiO2 coated glass samples,
espectively. These rate constants are almost one-third of the
ate constants that are evaluated for E. coli. However, the fast
nactivation period between 30 and 100 min interval for S.
ereus yields very similar rate constants to E. coli inactivation
ates as 0.020 and 0.028 min−1 for TiO2 and PdO–TiO2 coated
lass samples. Therefore, the first slow initiation period acts as
time lag for the inactivation process. With the use of SnO2

nd PdO/SnO2 films, 79 and 90% inactivation of S. aereus were
bserved at the end of 3 h irradiation, respectively (Fig. 8).
he kinetic analysis of inactivation of S. aereus over SnO2

0.004 min−1) and PdO/SnO2 (0.008 min−1) yield very similar
ate constants with TiO2 counterparts for the slow initiation
eriod which might suggest that, the inactivation kinetics is con-
rolled by slow cell wall destruction step rather than the hydroxyl
adical generation reactions. On the other hand, lower inactiva-
ion rate constants were observed for SnO2 (0.012 min−1) and
dO/SnO2 (0.015 min−1) coated glass samples than the TiO2
oated ones within the 30 min–3 h region. Obviously, palladium
ddition contributes to higher antimicrobial activities for both
nO2 and TiO2. However, the antimicrobial efficiency of SnO2
gainst E. coli is not higher than its efficiency against S. aereus,
ut similar inactivation degrees were achieved for both cases.

Strength of the S. cerevisiae cell wall is high, which is mainly
ue to the inner layer of the wall that consists of �-d glucans
nd chitin. Together they represent 50–60% of the wall dry
eight [17]. In addition, being an eukaryotic microorganism,

ts cell structure is more complex. So, in the microbial inacti-
ation experiments against S. cerevisiae, the irradiation period
as again increased to 3 h, as in the case of S. aereus. Micro-
ial inactivation results against S. cerevisiae on TiO2 and SnO2
oated surfaces are given in Figs. 9 and 10, respectively. After
h illumination, 65 and 54% inactivation was observed against
. cerevisiae on the TiO2 coated glasses with and without PdO,

espectively (Fig. 9). The inactivation rate of S. cerevisiae was
ower than the rates of both E. coli and S. aereus indicating the
ffect of the relatively complex morphology of an eukaryotic
icroorganism and strong cell wall. Additionally, the size of the
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ig. 9. Effect of irradiation time (10 mW/cm2) on the survival ratio of S. cere-
isiae over TiO2 and PdO/TiO2 films.

olonies following the irradiation treatment was much smaller
han their initial size, suggesting the possibility of weakened
urvivors. Reduction of colony size was not observed either in
he E. coli or S. aereus cases. Only 41 and 31% inactivation
gainst S. cerevisiae was achieved with the photocatalytic effect
f SnO2 with and without PdO. These results are lower than
hose of TiO2 surfaces as shown in Figs. 9 and 10. Again, very
mall sized colonies were observed over the SnO2 coated sam-
les. When the microbial cells, namely E. coli, S. aereus and
. cerevisiae were compared, the photocatalytic efficiency for

he inactivation of S. cerevisiae was the lowest among all the
amples. This result can also be deduced from the single regime
nactivation kinetics having very low rate constants for S. cere-

ig. 10. Effect of irradiation time (10 mW/cm2) on the survival ratio of S. cere-
isiae over SnO2 and PdO/SnO2 films.
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isiae which are evaluated as 0.004 (0.002) min−1 and 0.006
0.003) min−1 for TiO2 (SnO2) and PdO/TiO2 (SnO2) samples.
owever, a fast inactivation regime following the slow step is
ot observed for S. cerevisiae like S. aereus, possibly showing
ot only the strong cell wall but also, complex eukaryotic cell
tructure are the rate limiting steps.

A. niger spore coats, similar to cell walls of the microor-
anism, contain chitin and glucan as the major polysaccharides
61,62]. These spores, having the capacity to survive drastic and
tressful changes in their environment and to germinate after
uration for long periods at difficult environments, are extremely
esistant to adverse conditions [18]. Considering their high resis-
ivity, the photocatalytic activities of all surfaces against A.
iger spores were also investigated by prolonging the photo-
atalytic treatment up to 8 h. In these experiments, mycelium
evelopment on the agar plates was checked every hour during
he incubation period, to observe any changes in the mycelium
ormation. Neither complete spore inactivation nor any major
ifference in mycelium development was observed over the
ourse of photocatalytic inactivation treatment. This result is in
greement with the study by Wolfrum et al. [15] in which, 90%
f A. niger spores was oxidized as a result of 72 h irradiation
eriod [15].

. Conclusions

The photocatalytic inactivation experiments with E. coli, S.
ereus, and S. cerevisiae revealed that the addition of palladium
xide enhances the photocatalytic activity of both TiO2 and
nO2 thin films. The catalyst characterization studies with
V–vis spectroscopy showed an extension of absorption edge

nto visible region with the addition of 1 wt% PdO without alter-
ng the anatase structure of both SnO2 and TiO2. The positive
ffect of palladium addition was clearly observed and the best
hotocatalytic efficiency against all of the microorganisms, was
chieved on 1 wt% PdO/TiO2 coating. The antimicrobial prop-
rties of SnO2 and PdO/SnO2 coatings were less effective in
hotocatalytic microbial inactivation than TiO2 and PdO/TiO2
oatings, respectively. The antimicrobial efficiencies of the coat-
ngs against different microorganisms and fungal spores were
ound to decrease in the following order: E. coli > S. aereus > S.
erevisiae > A. niger spores for which, the complexity and
trength of the cell walls increased in the same order. This order
f precedence appears reasonable, if it is assumed that the pri-
ary step in photocatalytic decomposition consists of an attack

o the cell wall. Existence of strong cell wall introduces high
esistance to photocatalytic inactivation which manifests itself in
erms of the slow initiation period hence, a time lag in the inacti-
ation process. The highest antimicrobial efficiency was against
. coli presumably due to the simple and weaker cell structure.
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