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� Inactivation activity of undoped and
silver doped TiO2 catalysts was
evaluated.
� Bacillus subtilis spores over TiO2 films

were irradiated with artificial UV-A
light.
� Superior activity was found when the

silver content of the coatings was
increased.
� Maximum quantum efficiency was

found with the sample containing
1.09 wt.% Ag/TiO2.
� Lower efficiency was observed with

an excess of dopant metal.
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The present work evaluates the enhancement of the photocatalytic inactivation of bacterial spores
employing TiO2 films with silver deposits compared to TiO2 films without metal deposition. Bacillus sub-
tilis spores spread over TiO2 films with different silver contents were irradiated with artificial UV-A light.
The performances of the coatings were evaluated by the quantum efficiency parameter, which relates the
inactivation rate with the radiation absorption rate by the coating. Spectral diffuse transmittance and
reflectance measurements of the films were carried out to evaluate the fraction of energy absorbed by
the coatings. TiO2 and Ag/TiO2 films characterization also included X-ray Diffraction (XRD), Atomic Force
Microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and Scanning Electron Microscopy (SEM). A
notable increase in the photocatalytic inactivation was observed by increasing the silver content of the
coatings, reaching a maximum quantum efficiency with the sample containing 1.09 wt.% Ag/TiO2. The
addition of higher amounts of silver rendered lower inactivation, thus indicating the existence of an opti-
mum Ag/TiO2 relation.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Pollution of indoor air by pathogenic microorganisms repre-
sents a major problem in modern societies, where people spend
most of their time indoors [1]. Bioaerosols, containing viruses, bac-
teria, and fungi, can be responsible for infectious diseases, toxic
reactions, and allergic responses. Consequently, research on disin-
fection technologies to control bioaerosols in air constitutes an
area of great scientific interest [2,3].

Photocatalysis with TiO2 has many advantages over conven-
tional technologies to remove microorganisms from air. Mainly,
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Nomenclature

ATCC American Type Culture Collection
CFU Colony Forming Units
ea;s

f surface rate of photon absorption by the TiO2 catalytic
films (photon cm�2 h�1)

k apparent kinetic constant (h�1)
N viable spore concentration (CFU cm�2)
N0 initial viable spore concentration (CFU cm�2)
qf ;in local radiative flux that reaches the TiO2 catalytic films

(photon cm�2 h�1)
qf ;tr local radiative flux transmitted through the TiO2 cata-

lytic films (photon cm�2 h�1)
qf ;rf local radiative flux reflected by the TiO2 catalytic films

(photon cm�2 h�1)
R reflectance (dimensionless)
t time (h)
T transmittance (dimensionless)

Greek letters
af fraction of energy absorbed by the TiO2 films (dimen-

sionless)
gabs quantum efficiency of inactivation (CFU photon�1)
uk normalized fraction of the radiation that reaches the

coated plates at wavelength k (dimensionless)

Subscripts
k relative to a specific wavelength
Airr relative to the irradiated area
f relative to a property of the TiO2 film
fg relative to a property of the TiO2 film + glass
g relative to a property of the bare borosilicate glass plate

Special symbol
hi average
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it can effectively destroy biological species, unlike filtration or ven-
tilation. Additionally, it does not produce any hazardous by-prod-
ucts, as is the case of chemical disinfection, and it can be
operated under ambient conditions of temperature and pressure.

Numerous studies on the photocatalytic inactivation of differ-
ent types of microorganisms in air have been reported in the liter-
ature and have been summarized in recent reviews [4–6].
However, studies on the inactivation of resistant forms of microor-
ganisms, such as bacterial and fungal spores, are less frequent [7].
Specifically, spores of Bacillus species are much more resistant to
adverse environmental conditions and inactivation technologies
than vegetative cells and can therefore be employed as biological
indicators to evaluate disinfection processes [8].

Due to the unique characteristics of the spore’s structure,
mainly the complexity and thickness of the cell envelope, TiO2

inactivation of Bacillus endospores is relatively slow and consider-
able efforts are being made to enhance the process [9]. The
approaches to increase the inactivation rate include the addition
of metal and nonmetal dopants to the photocatalyst. Kozlova
et al. [10] reported the photocatalytic mineralization of Bacillus
thuringiensis (mix of vegetative cells with 20–30% of spores) over
TiO2 and Pt/TiO2 under UVA irradiation. Microorganisms were
loaded over photocatalytic films from aerosols. Pt/TiO2 coated
plates showed increased rate of mineralization. Particularly, the
enhancement of the photocatalytic inactivation of bacteria with
silver loaded TiO2 has been demonstrated in liquid and gas phase
[9,11–16]. Besides its well documented bactericidal effect, silver
can act as electron acceptor, thus reducing the recombination of
electrons and holes in the catalyst and improving its performance.
Also, silver can generate hydroxyl radicals and contribute to the
activity of TiO2 [5]. In this context, the calculation of efficiency
parameters constitutes a helpful tool for comparing different pho-
tocatalytic systems [17,18].

The present work evaluates the enhancement of the photocata-
lytic inactivation of bacterial spores employing TiO2 films with sil-
ver deposits. Bacillus subtilis spores (model organism of biological
contaminants present in air) spread over TiO2 films with different
silver contents were irradiated with artificial UV-A light. The per-
formances of the coatings were evaluated by the quantum effi-
ciency parameter. Specifically, the value of the quantum
efficiency of inactivation, which relates the inactivation rate with
the energy absorbed by the coating, shows how efficiently the
absorbed radiation is employed to inactivate microorganisms, giv-
ing an indirect insight into the photocatalytic mechanism. Also, it
can help to design better coatings, as the results can evidence defi-
cient contact between bacteria and photocatalyst, or poor absorp-
tion of radiation.

Measurements of the spectral diffuse transmittance and reflec-
tance of bare and catalyst-coated glass plates were obtained with a
spectroradiometer equipped with an integrating-sphere reflec-
tance attachment. Then, the net-radiation method was used to
compute the fraction of energy effectively absorbed by the photo-
catalyst. Additional characterization to evaluate the effect of silver
on the surface properties of the films included XRD, AFM, XPS and
SEM.
2. Experimental materials and procedures

2.1. Materials

2.1.1. Bacterial strain and spore culture
B. subtilis (strain ATCC 6633) spores were used as the model

microorganism. To obtain the spore suspension, the technique pro-
posed by Shehata and Collins [19] was followed. The sporulation
medium, consisting of nutrient agar (Merck Chemicals) with
0.05% MgSO4 and 0.05% MnSO4, was inoculated with 5 mL of B. sub-
tilis on nutrient broth, and incubated at 30 �C for 10 days. Subse-
quently, spores were washed several times with sterile saline
solution (0.9%) to remove vegetative cells. Finally, spores were sus-
pended in sterile distilled water and stored at 4 �C.

2.1.2. Titanium dioxide
Titanium dioxide AEROXIDE�TiO2 P 25 (Evonik, Germany) was

employed for inactivation assays (BET specific surface area:
50 ± 15 m2/g, TiO2-content P 99.5 wt.%, SiO2-content 6 0.2 wt.%,
tapped density 130 g/L).

2.2. Experimental setup

The photocatalytic reactor employed is sketched in Fig. 1 [18]. It
consists of a radiation emitting system and an irradiation compart-
ment with a support to hold the glass plates while spore samples
are being irradiated.

The radiation emitting system contains seven black light lamps
(Philips TL 4W/08 F4 T5/BLB) in horizontal parallel arrangement.
The emission wavelength range of the lamps is comprised between
300 nm and 400 nm, with a maximum emission peak at 350 nm.
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The irradiation compartment is a metallic rectangular box with
a removable borosilicate glass plate. UV radiation generated by the
emitting system enters the compartment through the glass cover,
which also prevents contamination of spore samples during irradi-
ation. Photocatalytic plates with the spore samples were placed
horizontally on the sample holder, in the central zone of irradiation
compartment, where the radiation flux was almost uniform [20].
This support, prior to each assay, was autoclaved at 121 �C for
15 min. To ensure an atmosphere of high relative humidity, a Petri
dish containing ammonium sulfate saturated solution was
included in the irradiation compartment. High relative humidity
would enhance the production of hydroxyl radicals, thus improv-
ing the effectiveness of the inactivation process.

During all experimental runs, temperature and relative humid-
ity inside the irradiation compartment, measured with a thermo-
hygrometer (TH PTH8708 Mannix Pen), were kept constant at
40 �C and 70%, respectively. This compartment, prior to each inac-
tivation test, was sterilized in an oven at 160 �C for 2 h.

2.3. Experimental procedure

2.3.1. Preparation of photocatalytic plates
Borosilicate glass plates of 2 cm � 2 cm were used as support to

immobilize the catalyst. This material was chosen due to its high
transmittance in the UV-A region and its resistance to the high
temperatures required for the coating process. Before TiO2 immo-
bilization, the glass plates were cleaned-up with soap and water
and then immersed in a solution containing 20 g of potassium
hydroxide, 250 mL of isopropyl alcohol, and 250 mL of ultrapure
water. The plates were kept in contact with the washing solution
for 24 h. To remove any trace of organic material, the glass frag-
ments were finally heated at 500 �C for 8 h.

2.3.2. TiO2 coating
The ‘‘dip-coating’’ technique was employed to obtain the photo-

catalytic films over the glass plates. This method basically con-
sisted of immersing the glass to be coated in a suspension
containing the catalyst, and then withdrawing it at a controlled
speed. The catalyst suspension was prepared by dispersing 150 g
of TiO2 in 1 L of ultrapure water (Osmoion Ultrapure Water,
Apema). The pH was adjusted to 1.5 with HNO3 [21]. The plates
were withdrawn from the catalyst suspension at a speed of
3 cm min�1, and then dried at 110 �C for 24 h. Finally, the coated
plates were calcined at 500 �C for 2 h to increase the coating adhe-
sion and to induce the anatase phase formation.

A second TiO2 coating was obtained by repeating the procedure
described above. According to a previous study [18], two coatings
cycles rendered the best spore inactivation efficiencies.

The amount of TiO2 deposited on the glass plates was measured
by a spectrophotometric procedure adapted from Jackson et al.
[22] that involves the digestion of the photocatalyst followed by
a colorimetric detection [18].

2.3.3. Ag deposition
Different silver amounts were added to the coated plates by

means of a photodeposition technique [12].The TiO2 coated glasses
were immersed in silver nitrate solutions (Merck, AgNO3 in HNO3,
0.5 M) of different concentrations and irradiated with UV-A lamps
(actinic lamps BL Philips 20 W) for 2 h to reach the complete
reduction of silver. 2-Propanol was added as sacrificial organic
compound to scavenge hydroxyl radicals and holes. As a final step,
the Ag/TiO2 coated glasses were dried at 100 �C for 15 min.

Atomic Absorption Spectroscopy (AAS, Perkin Elmer AAnalyst
800) was employed to quantify the silver content of the coated
plates. The analytical technique involved the following steps: First,
Ag/TiO2 coated plates were immersed in concentrated nitric acid
and sonicated for 15 min. Subsequently, an aliquot of the nitric
solution was filtered through a 0.4 lm filter, and finally the filtrate
was analyzed by AAS. Measurements were performed in duplicate.
Ag concentration is expressed in weight by weight percent (wt.%)
and refers to the mass of Ag in relation to the mass of TiO2 con-
tained in each glass plate.

2.3.4. Surface rate of photon absorption
Photon absorption in the TiO2 film is the initial step of the pho-

tocatalytic process. When modeling the radiation absorption of a
thin layer of TiO2 immobilized on the surface of an inert support,
it is appropriate to refer the photon absorption rate per unit area
of irradiated TiO2-coated surface. As a result, the inactivation rate
of microorganisms depends on the Surface Rate of Photon Absorp-
tion (ea;s

f or SRPA).
When a radiation beam traverses the TiO2 film (Fig. 2), its inten-

sity will change due to three events: (a) part of the energy will be
absorbed by the film, (b) part of the energy will be transmitted
through the film, and (c) part of the energy will be reflected by
the film.

By applying a local radiative energy balance in terms of the local
net radiation fluxes, the SRPA at each point of the photocatalytic
film can be calculated as

ea;s
f ðxÞ ¼ qf ;inðxÞ � qf ;trðxÞ � qf ;rf ðxÞ ð1Þ

where qf ;in is the local radiative flux that reaches the coated plate,
qf ;tr the local radiative flux transmitted through catalytic film, and
qf ;rf the local radiative flux reflected by the TiO2 surface. By per-
forming the average of the local fluxes over the irradiated area,
the average SRPA can be obtained as

hea;s
f iAirr

¼ hqf ;iniAirr
� hqf ;triAirr

� hqf ;rf iAirr
ð2Þ
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Eqs. (1) and (2) are valid for monochromatic and polychromatic
radiation, as long as the same wavelength range is considered for
every term. For monochromatic radiation, the SRPA can also be
expressed as a function of the incident radiation flux as

hea;s
f iAirr

¼ hqf ;iniAirr
af ;k ð3Þ

where af ;k is the fraction of energy absorbed by the TiO2 film at
wavelength k. Similarly, for polychromatic radiation

hea;s
f iAirr

¼ hqf ;iniAirr

X

k

af ;kuk ð4Þ

where uk is the normalized fraction of the radiation that reaches
the coated plates at wavelength k, and

P
k. the summation over

the useful wavelength range. uk takes into account the spectral
emission of the lamps and the slight modification of the lamp spec-
trum produced by the absorption of the borosilicate glass that sep-
arates the lamps from the irradiation compartment, mainly at
wavelengths lower than 325 nm. The spectral emission of the lamps
and the transmittance of the borosilicate glass between 300 and
400 nm can be found in Ref. [18].

The average value of the incident radiation flux hqf ;iniAirr
, exper-

imentally measured with a radiometer (IL 1700-SED005-WBS 320),
was 1.21 � 1019 photon cm�2 h�1. Measurements were carried out
by placing the radiometer sensor facing the radiation emitting sys-
tem at different positions on a plane located at 4.5 cm from the
lamps. It should be noted that the measurement of the incident
radiation flux was performed by placing the radiometer below
the borosilicate glass that separates the lamps from the irradiation
compartment; therefore, the value obtained takes into account the
absorption of the aforementioned borosilicate glass. To ensure uni-
form irradiation conditions over the TiO2 plates, only the central
zone of the irradiation compartment was employed in the experi-
ments, where the maximum difference between the most illumi-
nated area and the less illuminated one was 17% [20].

The values of uk for every wavelength were obtained from data
of the spectral emission of the lamps given by the manufacturer.

The absorbed fraction of energy af ;k can be calculated as:

af ;k ¼ 1� Tf ;k � Rf ;k ð5Þ

where Tf ;k and Rf ;k represent the fraction of energy transmitted and
reflected by the TiO2 film at wavelength k. Tf ;k and Rf ;k cannot be
directly measured, but they can be computed from the experimen-
tal values of diffuse transmittance (T) and reflectance (R) of the
coated and bare plates. The following expressions, obtained by
applying the Net-Radiation method [23] to the catalytic plate, relate
the values of transmittance and reflectance of the TiO2 film (f), the
bare plate (glass, g), and the coated plate (film + glass, fg):

Tfg;k ¼
Tf ;kTg;k

1� Rf ;kRg;k
ð6Þ

Rfg;k ¼ Rf ;k þ
Rg;kT2

f ;k

1� Rf ;kRg;k
ð7Þ

By rearranging Eqs. (6) and (7), the values of Tf ;k and Rf ;k can be
calculated. Diffuse transmittance and reflectance measurements of
the coated and bare plates were carried out with a spectrophotom-
eter Optronic OL series 750, equipped with a reflectance integrat-
ing sphere (OL 740-70). A detailed description of the
methodology employed can be found elsewhere [18].

2.3.5. Additional characterization of the films
X-ray diffraction patterns were measured using Shimadzu XD-

D1 X-ray diffractometer with monochromatic high intensity Cu
Ka irradiation, 2h range from 23� to 70� by 1� s�1 steps, operated
at 30 kV and 40 mA. AFM measurements were performed in air
using a commercial Nanotec Electronic System (Nanotec Electró-
nica S.L., Madrid, Spain) operating in tapping-mode at room tem-
perature. Acquisition and image processing were performed
using the WS�M free software [24]. XPS analysis was performed
with a Specs Multitechnique instrument equipped with dual X-
ray source Mg/Al and a hemispherical analyzer PHOIBOS 150 in
the FAT mode. Spectra were obtained with a pass energy of 30 eV
and Mg anode operated at 200 W. Pressure during measurements
was smaller than 2 � 10�8 mbar. Surface images were obtained
by means of a Scanning Electron Microscope (JEOL, JSM-35C)
equipped with an acquisition system of digital images (SemAfore).
The observation was made in the secondary electron images mode
using an accelerating voltage of 22 kV.
2.4. Photocatalytic experiments

Inactivation of B. subtilis spores was evaluated over coatings
with TiO2 and TiO2 with four different amounts of Ag deposited:
0.35, 0.47, 1.09 and 2.15 wt.%, expressed as the mass of Ag in rela-
tion to the mass of TiO2 of the coated plate. The selection of the sil-
ver content of the films was based on previous studies [12,16].

Before starting every inactivation assay, a fraction of the spore
suspension was maintained at 80 �C for 10 min (heat shock) to
remove any remaining vegetative cell. Next, 10 lL aliquots of the
spore suspension of approximately 5.0 � 107 CFU mL�1 were
spread over the coated plates covering an area of 1.5 cm � 1.5 cm.
The plates were maintained at 30 �C for 1 h to dry the samples.
Then, the dry plates were placed in the irradiation compartment
and exposed to UV-A radiation for different time periods (2, 4
and 6 h). After the programmed irradiation time for each sample,
the photocatalytic plates were removed and the remaining viable
spores counted. Irradiation assays were performed with dry bacte-
rial spores to represent the environmental conditions in which
spores are disseminated by air over dust particles.

To perform the counting of viable spores, each irradiated plate
was placed in a tube with 10 mL of sterile extraction solution
(0.1% peptone in distilled water). Then, the sample was gently
scraped with a spatula to separate the spores from the surface of
the plate. Subsequently, the tube with the plate, the spatula and
the extraction solution were stirred at 200 rpm for 15 min. Finally,
aliquots of 1 mL of the resulting suspension were spread onto
nutrient agar plates (Merck Chemicals), incubated at 30 �C for
48 h, and the colony forming units (CFU) counted. The tests were
repeated twice for each experimental condition studied, and the
counting of the viable spores of each repetition was made in
duplicate.

The decay of viable spores as a function of the irradiation time
was fitted with the exponential equation:

N ¼ N0 expð�ktÞ ð8Þ

where N (CFU cm�2) is the bacterial concentration at time t, N0

(CFU cm�2) the initial bacterial concentration, k (h�1) an apparent
kinetic constant, and t (h) the irradiation time.

The performance of the coatings was objectively assessed by
calculation of the quantum efficiency of inactivation gabs (or abso-
lute efficiency), defined as the ratio of the initial rate of inactivation
�ðdN=dtÞjt¼0 to the radiation energy absorbed by the coated film,
within the range of useful wavelengths [18]:

gabs ¼
�ðdN=dtÞjt¼0

hea;s
f iAirr

ð9Þ

The initial rates of inactivation of the different assays were
obtained by calculating the first derivative of the corresponding fit-
ting curves (Eq. (8)) at t = 0.
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3. Results and discussion

3.1. Characterization of the photocatalytic films

Fig. 3 presents the diffuse transmittance and reflectance spectra
of the glass plates coated with TiO2 without Ag and with different
amounts of Ag. Significant differences in the transmittance spectra
at wavelengths longer than 325 nm are observed. The coating with
TiO2 without Ag presents the highest transmittance values. As long
as the silver content increases, Tfg decreases, being this behavior
more noticeable between 350 and 400 nm. On the contrary, reflec-
tance spectra are similar for all tested samples.

Employing Eqs. (6) and (7) and the experimental values of
transmittance and reflectance presented in Fig. 3, Tf ;k and Rf ;k were
computed, and then af ;k between 300 and 400 nm was calculated
with Eq. (5).

Fig. 4 shows the fraction of energy absorbed by the different
coatings (af ;k). From 300 to 340 nm, all the coatings rendered val-
ues of af ;k above 0.90. For longer wavelengths, the absorbed energy
decreases. At 400 nm, the lowest value corresponds to the coating
with TiO2 alone. As long as the amount of silver increases in the
coating, the fraction of absorbed energy also increases.

Only the anatase phase was identified from X-ray diffraction
patterns of the TiO2 film without silver and with 1.09 wt.% Ag/
TiO2. Using the Scherrer approximation, the average grain size of
the anatase phase was estimated from the intensity of anatase
(101) peak (2h = 25.35�, Cu Ka). As can be deduced from results
presented in Table 1, the addition of silver has no significant effect
on the anatase grain size. It should be also noted that the particle
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size specified by the manufacturer is 20 nm. Presumably due to
the small quantity of catalyst present on each sample, it was not
possible to observe the rutile crystalline phase or the Ag presence
with this technique.

AFM images of the tested films are shown in Fig. 5. The AFM
method provides an evaluation of the relative surface roughness
expressed as the roughness average value, summarized in Table 1,
obtained from topography images, Fig. 5(a) and (c).

Because the same preparation procedure was employed for
both samples, the AFM pictures reflect the influence of the Ag
deposits on the surface. The TiO2 surface has an average roughness
of 32.35 nm. A slight decrease of the roughness was observed for
TiO2 with Ag (26.40 nm). This effect can be observed more clearly
in phase images (Fig. 5(b) and (d)).

Ag content results obtained from XPS analysis are also given in
Table 1. This content expresses the atomic ratio between Ag and Ti
on the surface of the films.
3.2. Spore inactivation

Fig. 6 shows the experimental values of viable spores concen-
tration as a function of the irradiation time for the TiO2 and the
Ag/TiO2 coatings. The corresponding fitting curves are also
depicted in the figure.

Table 2 presents the estimated values of the apparent kinetic
parameter k in Eq. (7), with the corresponding 99% confidence
interval, for the coatings with TiO2 and with different amounts of
Ag added. The orders of magnitude reduction of the initial concen-
tration of viable bacteria after 6 h of irradiation are also presented
in the table. There is a significant increase in the apparent kinetic
constant as the Ag content increases, reaching a maximum value
at 1.09 wt.% Ag/TiO2. However, a lower value of k was obtained
when the ratio Ag/TiO2 in the coating was 2.15 wt.%.

As observed in Fig. 6 and Table 2, when the 1.09 wt.% Ag/TiO2

coating was tested, a decrease greater than 3 orders of magnitude
in the viable spore concentration was obtained after 6 h of irradia-
tion (from 3.71 � 105 to 1.29 � 102 CFU cm�2). In contrast, when
the TiO2 coating was employed, the decrease was less than 2 orders
of magnitude considering the same irradiation time (from
1.84 � 105 to 3.40 � 103 CFU cm�2).

No significant changes in the survival of spores were observed
when samples were kept in the dark over the TiO2 and Ag/TiO2

films. Results of the apparent kinetic constants in dark conditions
were 0.016 h�1 with TiO2 alone and 0.015 h�1 with 1.09 wt.% Ag/
TiO2, 2 orders of magnitude smaller than the values of k obtained
with the irradiated catalysts. Based on these results, the bacterici-



Table 1
Characterization of the photocatalytic films.

Ag/TiO2

(wt.%)
TiO2 particle
size (nm)

Anatase
(%)

Roughness
average (nm)

Superficial Ag/Ti
content (%)

0.00 19.9 36.3 32.3 0.0
1.09 20.2 32.1 26.4 11.0
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dal action of silver over spores can be considered negligible when
samples are not irradiated. Additionally, no significant variations in
the concentration of viable spores were obtained when samples
were exposed to UV radiation in the absence of photocatalysts
(over bare plates). The value of k without catalyst was 0.011 h�1.

Fig. 7 presents SEM images of the spores over TiO2 and Ag/TiO2-

coatings, before and after 6 h of photocatalytic treatment. Clear
morphological changes are observed in the spores after treatment,
including reduction of size and irregularities in the spore surface
(for comparison purposes, the size of the red oval is the same in
all images). These changes suggest progressive damage of the spore
structure with the treatment, especially when the Ag/TiO2 coating
is employed.
3.3. Evaluation of photocatalytic efficiencies

Values of the initial rate of inactivation and of the energy
absorbed by the coated plates calculated with Eq. (4) are shown
in Table 3. The initial spore concentration is known to be
3.00 � 105 CFU cm�2. From this information, the quantum effi-
ciency of inactivation for the different coatings was calculated
(Eq. (9)), and results are also presented in Table 3. The highest
quantum efficiency was obtained for the coating with 1.09 wt.%
Ag/TiO2.
Ag/TiO

TiO

(c)

(a)

Fig. 5. AFM pictures of TiO2 and 1.09 wt.% Ag/TiO2 films. (a) a
3.4. Enhanced activity of Ag/TiO2 coatings

Highly reactive oxygen species (ROS) are believed to be the
main species responsible for the photocatalytic inactivation of
microorganisms by damaging the cell wall and membrane [5,25].
Silver could enhance the antibacterial effect of photocatalysis by
acting as an electron trap at the surface of TiO2, thus reducing
charge recombination and facilitating the reaction of holes with
adsorbed water to form hydroxyl radicals. Additionally, direct oxi-
dation of cell components by holes could be enhanced. Based on
2

2

(b)

(d)
nd (c) topography images, and (b) and (d) phase images.



Table 2
Apparent kinetic parameters and orders of magnitude reduction.

Ag/TiO2

(wt.%)
k (h�1) Orders of magnitude reduction after 6 h of

irradiation

0.00 0.705 ± 0.059 1.7
0.35 0.771 ± 0.059 2.0
0.47 1.011 ± 0.062 2.5
1.09 1.397 ± 0.078 3.5
2.15 1.102 ± 0.112 3.3
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the information reported in Table 1, the addition of silver does not
significantly modify the surface properties of the films.

A notable increase in the inactivation activity was observed by
increasing the silver content of the coatings, reaching a maximum
quantum efficiency with the sample containing 1.09 wt.% Ag/TiO2

(gabs = 4.18 � 10�14 CFU photon�1, Table 3). Nevertheless, an
important decrease of the quantum efficiency was found with
2.15 wt.% Ag/TiO2. Evidently, there is an optimum silver content.
An excess of metal could reduce the catalyst activity by (i) blocking
the active sites of the catalyst, and (ii) acting as a recombination
site itself [26,27]. Concerning this last effect, He et al. [28] studied
the influence of Ag doping in the photocatalytic activity of TiO2.
They found an optimal Ag concentration. Within a proper range,
silver inhibits electron–hole recombination and the photocatalytic
activity increases with increasing silver concentration. On the
other hand, when silver content exceeds an optimum value, holes
(a)   (

(c)   (d
Fig. 7. SEM images. TiO2 coating: (a) unirradiated, (b) after 6 h irradiat

Table 3
Initial rate of inactivation, absorbed energy and quantum efficiency of inactivation emplo

Ag/TiO2 (wt.%) �ðdN=dtÞjt¼0 ½CFU cm�2 h�1�

0.00 2.12 � 105

0.35 2.31 � 105

0.47 3.03 � 105

1.09 4.19 � 105

2.15 3.31 � 105
in the interfacial region of TiO2 film may be trapped by the Ag par-
ticles before they react with the surface hydroxyl ions and water,
leading to a reduction in the quantum efficiency.

Silver alone exhibits deleterious effects over vegetative bacteria
by different mechanisms, including direct damage of the cell mem-
brane, and extracellular and intracellular generation of ROS [14].
Nevertheless, these bactericidal effects were not detected in our
study when B. subtilis spores were kept in the dark over Ag/TiO2

coatings. An explanation can be found in the distinctive character-
istics of the spore structure, containing a coat, a cortex and a dehy-
drated core that protect the cell from adverse environmental
conditions. Due to these reasons, it can be assumed that, at the
beginning of the photocatalytic process, silver acts as an electron
trap, accelerating the generation of ROS and thus increasing the
rate of spore inactivation. As long as the reaction proceeds, the
spore cortex and coat are progressively damaged, they become
more vulnerable and, at that moment, the silver bactericidal activ-
ity could also take place.
4. Conclusions

The inactivation of B. subtilis spores spread over TiO2 films irra-
diated with artificial UV-A light was clearly enhanced by Ag depo-
sition. The performance of the Ag/TiO2 catalyst with four different
Ag amounts was compared with the activity of TiO2 without Ag,
b)

)
ion. Ag/TiO2 coating: (c) unirradiated and (d) after 6 h irradiation.

ying coatings with different silver contents.

hea;siAirr
½photon cm�2 h�1� gabs � 1014 ½CFU photon�1�

9.66 � 1018 2.19
9.94 � 1018 2.33
9.80 � 1018 3.09
1.00 � 1019 4.18
1.01 � 1019 3.27
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using the quantum efficiency parameter. A significant increase in
the inactivation was found when the silver content of the coatings
increased, reaching a maximum quantum efficiency with the sam-
ple containing 1.09 wt.% Ag/TiO2. However, an important decrease
of the quantum efficiency was observed with an excess of the
deposited metal (2.15 wt.% Ag/TiO2).

The increased antibacterial activity of the silver loaded samples
can be associated to the fact that silver acts as electron trap at the
TiO2 surface. Accordingly, the reduction of charge recombination
facilitates the generation of reactive oxygen species and the inacti-
vation of bacterial spores. Nevertheless, the optimum silver
amount must be determined because an excess of metal could be
detrimental for the photocatalytic process.

It can be concluded that the use of silver significantly reduces
the inactivation treatment time, making this technology more
attractive for practical applications. Additionally, the value of the
quantum efficiency of inactivation shows how efficiently the
absorbed radiation is employed to inactivate microorganisms, giv-
ing an indirect insight into the photocatalytic mechanism. More
knowledge related to photon absorption and electron transfer
mechanisms is needed to be able of enhancing or inhibiting partic-
ular events in photocatalytic surfaces.
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