
A

U
a

b

a

A
R
R
A
A

K
F
E
T
S
A
R
V

1

i
p
w
f
b

w
T
f
r
n
f
e
p

d
p
t
T
c
t

1
d

Journal of Photochemistry and Photobiology A: Chemistry 222 (2011) 159– 165

Contents lists available at ScienceDirect

Journal  of  Photochemistry  and  Photobiology  A:
Chemistry

journa l h o me  pa g e: www .e lsev ier .com/ locate / jphotochem

ntimicrobial  activity  of  Fe–TiO2 thin  film  photocatalysts

.  Arellanoa, M.  Asomozaa,∗, F.  Ramírezb

Departamento de Química, Universidad Autónoma Metropolitana-Iztapalapa, Mexico
Departamento de Biotecnología, Universidad Autónoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco No. 186, Iztapalapa, Mexico D.F., Mexico

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 3 February 2011
eceived in revised form 29 April 2011
ccepted 26 May  2011
vailable online 2 June 2011

eywords:

a  b  s  t  r  a  c  t

Fe–TiO2 sol–gel  thin  film  photocatalysts  were  prepared  by the  spin-coating  method.  Precursory  Fe–TiO2

films,  containing  3 and 5 wt.%  Fe,  were  thermally  treated  at 400  and  800 ◦C; the dominant  crystalline
phases  of  TiO2 were  anatase  and  rutile,  respectively.  The  thin  films  were  characterized  by  X-ray  diffrac-
tion, UV–vis  spectroscopy,  and  scanning  electron  microscopy.  The  antimicrobial  photocatalytic  activity
over  colonies  of Escherichia  coli bacteria,  deposited  on  the  thin films  and  induced  by  the  incidence  of  visi-
ble  radiation  was  evaluated  by  the  plate  counting  method.  The  thin  film  containing  5  wt.%  Fe  and  treated

◦

e–TiO2 sol–gel photocatalyst
scherichia Coli
iO2 thin films
ol–gel
natase
utile

at  800 C  had  a microcrystalline  texture  and  could  eliminate  E. coli bacteria  completely  after  60  min.  In
these  materials  the active  phases  are  both  anatase  and  rutile.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Surface chemistry investigation has been significantly increas-
ng as it is shown by the numerous studies that have been recently
erformed about this topic. Many studies in surface chemistry deal
ith activated materials and, indeed, the thermal activation of sur-

ace processes on diverse substrates is currently a driving force
ehind a myriad of technological applications.

Electronic excitation is another source of surface activation,
hich can be induced by absorption of electromagnetic radiation.

he electronic activation of surface species has become the first step
or developing a new surface chemistry on various materials. Explo-
ation concerning the electronic activation of surface processes is
ow a very actively and recurring research front line and, in the

uture, it will grow significantly in interest with respect to sunlight
mployment for producing electricity and to create and apply new
hotocatalytic surfaces [1].

Because of its outstanding properties and applications, titanium
ioxide (TiO2) is up to date the most important semiconductor for
hotochemically decomposing environmental pollutants in order
o diminish the harmful effects of these compounds in air or water.

iO2 is a non-toxic material and is capable to oxidize several
ompounds under UV irradiation. Many studies about the pho-
odecomposition of pollutants by this metal oxide are currently

∗ Corresponding author. Tel.: +52 55 58044669x4669; fax: +52 55 58044666.
E-mail address: mjap@xanum.uam.mx (M.  Asomoza).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.05.016
under way and the preparation of highly effective photocatalysts
that are activated by UV radiation has already been pursued [2]. The
semiconducting and insulating properties that these solid materials
possess are mostly due to the convenient value of their energy band
gap (Eg); nevertheless, only a few semiconductors are suitable for
photoactivation since Eg for insulators is too large to allow absorp-
tion of visible light. Eg is then a very important parameter given
that it enables excited electrons to remain in a high energy level
for a relatively long period of time thus allowing a fine exploitation
of the material properties [3].

Under UV photoexcitation, valence electrons absorb energy thus
generating electron hole pairs (e− − h+) in the valence and conduc-
tion bands. Each e− − h+ pair can diffuse and recombined among
themselves in the TiO2 bulk volume or surface. These e− − h+ enti-
ties have both strong reducing and oxidizing activities and can react
with water and oxygen to yield active species, such as hydroxyl rad-
icals (•OH) and superoxide anions (O−

2 ). Electron–holes, •OH, and
O−

2 are extremely reactive after contacting organic compounds. The
oxidation of bacterial cell components, such as lipids and DNA, by
these species can produce cell death [4].

The control of dangerous emissions to the environment and the
degradation of pollutants are important topics that should be taken
into account when trying to reduce the affectations produced by
pollution. For the elimination of microorganisms or organic pollu-

tants, several methods such as biological digestion and chemical
oxidation are now widely applied. Nevertheless, these methods
are not very effective, thus it is important to develop new mate-
rials and novel technologies for allowing an improvement of the

dx.doi.org/10.1016/j.jphotochem.2011.05.016
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mjap@xanum.uam.mx
dx.doi.org/10.1016/j.jphotochem.2011.05.016
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erformance regarding the processes of environmental decontam-
nation [5–7].

Photocatalysis together with the development of effective pho-
ocatalytic materials are excellent alternatives for eliminating
ollutants in air and water. The degradation mechanism can be acti-
ated with UV and visible radiation without generating secondary
esidual products [8,9].

Thin films are an important option for the treatment of water
nd air, these materials can eliminate pathogen agents (bacteria,
iruses, and other microorganisms) as well as dangerous organic
ompounds hence leading to their total mineralization [10–14].

The aim of this study is to investigate the antibacterial activ-
ty under visible-light irradiation of Fe-doped TiO2 thin films
oaded with 3 and 5 wt.% of Fe; these films, deposited on sodium
lass by the spin-coating method, are a fine alternative for the
scherichia coli (E. coli) water disinfection treatment. The Eg value
f these thin films was determined from the UV–vis spectra of these
aterials. The thin film having 5 wt.% of Fe reached the lowest Eg,

s well as a microcrystalline domain texture that was  suitable for
ne bacterial adherence to the surface. The photocatalytic reaction,

nduced by visible radiation, and the detection of viable and unvi-
ble E. coli bacteria were studied. Bacterial concentrations were
etermined by the standard method of counting the microbe num-
er that was grown on a plate.

. Experimental

.1. Synthesis

Fe–TiO2 thin films were prepared by the spin-coating method,
sing a burnished Na glass substrate that was treated with con-
entrated HF in order to improve the adhesion between them.
he material to be deposited on the sodium glass substrate was
reviously synthesized as follows: a volume of 39 mL  of ethanol
as placed in a glass reactor and subjected to magnetic agitation;

fterward, 39 mL  of titanium ethoxide, Ti(OC2H5)4, and an aqueous
olution of Fe(NO3)3·9H2O were dropwise added to obtain mate-
ials with either 3 or 5 wt.% Fe on TiO2. The reactant system was
djusted to pH 3 through the addition of diluted HCl, while kept
nder stirring until all hydrolysis and condensation reactions were
ccomplished [15]. Subsequently, the resultant gel was filtered,
ashed with deionized water, and dried at 100 ◦C. The powder sam-
les obtained this way were labeled as: Fe–TiO2 3 and Fe–TiO2 5.
hen these materials were thermally treated at 400 ◦C an asterisk
as added (i.e. Fe–TiO2 3* and Fe–TiO2 5*); similarly, two aster-

sks were added to the labels of the samples treated at 800 ◦C (i.e.
e–TiO2 3** and Fe–TiO2 5**). The procedure selected to deposit
hin films on glass substrates was the spin-coating method. This
as made via a SEVE SC-1000 commercial device. The film for-
ation conditions were chosen as follows: 45 ◦C, a temperature
easured in situ by means of an IR sensor thermometer, and a

pinning speed of 700 rpm. On top of a burnished sodium glass
ubstrate, 1 mL  of a TiO2 colloidal suspension was deposited drop-
ise in order to form a thin film over the glass. After some solvent

vaporation, the film was annealed at 400 ◦C in order to improve
ts adherence to the glass substrate. The colloidal TiO2 suspension

as prepared as follows: a certain amount of photocatalyst pow-
er that was previously synthesized by the sol–gel procedure was
ept under stirring and refluxed at 70 ◦C, in a 50/50 (v/v) mixture
f ethanol and water at pH 10 during 48 h. The suspension thus
btained was used to form the thin film on the glass substrate by

epeating twelve times the deposition procedure (one deposition
fter another) described above.

The resultant thin film samples were labeled, depending on the
nnealing temperature to which the powder photocatalyst was
otobiology A: Chemistry 222 (2011) 159– 165

subjected as: F Fe–TiO2 3*, F Fe–TiO2 3**, F Fe–TiO2 5*, F Fe–TiO2
5**; the * symbol means a temperature of 400 ◦C and the ** symbol
represents a temperature of 800 ◦C (in the text it is already stated
that the digits 3 and 5 represent the wt.% Fe in the samples).

The average film porosity could be determined by measur-
ing the film apparent density in the following way. The substrate
is weighed before the deposition of the film, and then the film
and substrate are weighed together. From the values of the film
thickness and weight, the apparent density can be calculated. Nev-
ertheless, in the present work, the average-size bacteria, i.e. the
rod-shaped E. coli is about 0.5 �m in diameter and 2 �m in length;
these dimensions easily surpass any actual pore diameter that could
be present in the film. Therefore, in this case, bacteria are more
likely to remain on the external film surface than to penetrate in its
interior and therefore porosity of the film plays no major role.

2.2. Characterization

2.2.1. X-ray diffraction
The X-ray diffraction patterns (XRD) of the Fe–TiO2 thin film

specimens were obtained with a Siemens D500 diffractometer cou-
pled to a Cu anode tube with. The desired Cu-K� (� = 1.5406 Å)
radiation was selected by using a diffraction beam monochromator
[16].

To study the microcrystalline coating characteristics of the TiO2
film deposited on glass substrates, the grazing incidence X-ray
diffraction (GIXRD) technique was  used [17,18]. In this GIXRD tech-
nique, the angle of incidence of the X-ray beam with respect to
the sample surface is kept fixed at a low value while changing the
2� diffraction angle. This procedure allows an enhancement of the
diffracted signal coming from the thin film, thus revealing detailed
information about sample microstructure; the Bragg reflection
width increases due to microstructural features, microcrystal dis-
tribution, microcrystal shape, and shrinking of the crystallite sizes.

2.2.2. UV–vis spectroscopy
The UV–vis spectra were obtained via a Cary 100 UV–vis spec-

trophotometer. From these spectra, the energy band gap (Eg) was
calculated.

2.2.3. Scanning electron microscopy (SEM)
Images of the films were obtained with a DSM-940 Carl Zeiss

scanning electron microscope, with 30 kW of acceleration voltage
and a resolution of 6 nm.  The materials were previously coated with
gold, using a SCD050 Baltec device. The SEM image magnification
was set at 5000×.

2.2.4. Photocatalytic activity
The photocatalytic activity of the Fe–TiO2 thin films was  eval-

uated in liquid medium inside a stirred photoreactor containing a
Luria–Bertani (LB) bacteria culture medium. The photoreactor con-
sisted of a Pyrex glass beaker of 250 mL.  The thin film photocatalyst
and the liquid culture medium were put inside the beaker and
then stirred during the microbial degradation process. The radi-
ation source was  a Kr UVP Pen Ray 90-0014-01 lamp that was
immersed in the beaker; the radiation emitted by the krypton lamp
corresponded to the visible interval of the electromagnetic spec-
trum. To avoid any kind of interference radiation, coming from
other sources, measurements were made in a black walls container.
Bacterial photodegradation was  carried out at 37 ◦C, under atmo-
spheric pressure, while dry air was bubbled constantly (1 mL/min)
during 1 h.
The photocatalyst film was a square thin layer of 5 cm × 5 cm,
with an average thickness of 718 nm that was evaluated by oscil-
lation interferometry [Smith D.L. Thin film deposition Principles
& Practice] while applying the Uv–vis spectroscopic procedure
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Fig. 1. Thin film images of: (a) F Fe–TiO2 3* and (b) F Fe–TiO2 5*.

F Fe–T

d
t
s
a

Fig. 2. Thin film images of: (a) 

eveloped by Swanepoel [19], which is based on the radiation
ransmitted through a thin absorbing film on a transparent sub-

trate. An average mass difference of 43 mg  was  determined before
nd after a thin film was deposited on the glass substrate.

Fig. 3. XRD patterns of precursory powders Fe–TiO2 5* and Fe–TiO2 5**.
iO2 3 ** and (b) F Fe–TiO2 5 **.

These considerations about the measurement of the film thick-
ness, together with the evaluation of the apparent density, are

related to the possibility of assessing the porosity characteristics
of the thin film.

Fig. 4. Thin film GIXRD patterns of F Fe–TiO2 5* and F Fe–TiO2 5** thin films.
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Table 1
Energy band gap.

Sample Eg (eV)

F Fe–TiO2 3 * 2.8
F Fe–TiO2 3 ** 2.6
ig. 5. Uv–vis spectra of F Fe–TiO2 3*, F Fe–TiO2 5*, F Fe–TiO2 3 **, and F Fe–TiO2 5**
amples.

. Results and discussion

.1. Synthesis

Fig. 1 shows color photographs of the F Fe/TiO2 3* and F Fe/TiO2
* thin films, obtained from the respective powders. The difference

n coloration intensity between the two samples is due to their
ifferent Fe contents.

Fig. 2 corresponds to color photographs of F Fe/TiO2 3** and F
e/TiO2 5**, thin films, obtained from their respective powders. The
ifferent coloration of the films, if compared to those in Fig. 1, can
e attributed to the Fe oxidation state existing at 800 ◦C (i.e. Fe3+)
t which these samples were subjected.

Transition metal oxide preparation procedures [20], cannot
void the formation of large defect concentrations. In the system
e–TiO2, the metal ions preferential oxidation states correspond to
i4+ and Fe3+. However, O vacancy defects can be induced by the Fe
ontent together with the thermal treatment thus reducing these
on oxidation states to Ti3+ and Fe2+; indeed, the extent of defects
an sometimes be related to the ease of oxidation or reduction
rocesses in transition metals.
.2. X-ray diffraction

Fig. 3 shows the XRD patterns of the Fe–TiO2 5* and Fe–TiO2 5**
owders. The dominant crystalline phases present in the calcined

Fig. 6. Thin film SEM images of: (a) F Fe–Ti
F Fe–TiO2 5 * 2.2
F Fe–TiO2 5 ** 1.2

materials corresponded to anatase (A) and rutile (R), respectively.
The positions of the diffraction peaks match the positions of powder
diffraction file (PDF) cards 4-0477 (anatase) and 21-1276 (rutile)
(PDF).

Fig. 4 shows the GIXRD patterns of the F Fe–TiO2 5* sample
measured from 25◦ to 45◦ 2� values; in this case, anatase micro-
crystalline structure remains after colloidal formation and thin film
deposition. For the F Fe–TiO2 5**sample, the film formation process
has led to smaller microcrystals so that the GIXRD signal shows the
increased Bragg reflection width ought of to the microcrystalline
surface structure. In both diffractograms, the signal from the sub-
strate is completely excluded. The microstructure of the obtained
films is not affecting the physical properties of the materials, as well
as the Eg values after the film deposition process.

3.3. UV–vis spectroscopy

3.3.1. Eg
The XRD spectral region in Fig. 5 corresponding to the Eg of the

studied materials was found to fulfill the Kubelka–Munk equation:
(˛h�)1/2 = A (h� − Eg), in which  ̨ is the absorption coefficient of
the solid, A is a constant that depends on the material, (h�) is the
photonic energy [21–23].

An energy absorption equivalent to Eg, generates e− − h+ pairs
in the semiconductor materials and these entities are capable of
inducing photocatalytic activity [24,25].  In the present work, Eg
values are calculated from the absorption spectra through extrap-
olation of a straight line toward the energy axis. All samples show
spectra with similar radiation absorption values and this can be
attributed to the electronic transition from an 2p O orbital to a 3d
Ti orbital. In these photocatalysts, the Fe3+ content likely modifies
the Fermi energy level and induces an Eg shift toward the small-
est energy values found in the visible region of the electromagnetic
spectrum. Table 1 shows the obtained Eg values [25,26].
3.4. Scanning electron microscopy (SEM)

Fig. 6 shows SEM images of F Fe–TiO2 3* and F Fe–TiO2 5* thin
films. In Fig. 6a thin film particles are seen adhered to the Na sub-

O2 3* and (b) F Fe–TiO2 5*specimens.
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Fig. 7. Thin film SEM images of: (a) F Fe

trate. In Fig. 6b, it can be noted that the adherence of the Fe–TiO2
hotocatalyst to the glass substrate is poor; in this case, the thin
lm looks fractured by effect of the of the liquid phase evaporation
uring film deposition.

SEM micrographs of the F Fe–TiO2 3** film in Fig. 7a, depicts
articles that are adhered to the substrate as an agglomerate; Fig. 7b

s a SEM photograph of the F Fe–TiO2 5** film that presents a texture,
hich is formed by cavities containing a compact microcrystalline
aterial, this film is the one that presents the best adherence to the
a glass substrate.

.5. Photocatalytic activity

.5.1. Growth curve
Fig. 8 shows a typical E. coli growth curve. There, an exponential

hase growth can be distinguished during 4 h; this can be realized
hen observing the E. coli LB culture medium at 30 min  intervals.

he bacterial growth rate remains constant and the total popula-
ion is almost uniform, in regard to the chemical composition of
he cells, metabolic activity, and other physiologic characteristics:
ells are viable with a constant size. After concluding the exponen-
ial growth phase, the growth rate rapidly decreases until reaching
 standstill; at this point it is said that a stationary phase growth has
een attained. This phenomenon occurs since the cells have con-
umed all nutrients and accumulated toxic byproducts by reason
f their metabolism.

Fig. 8. E. coli growth kinetics in LB medium.
3 ** and (b) F Fe–TiO2 5 ** specimens.

A latency growth phase is not observed at all since cells arise
from an identical medium and are obtained from a fresh culture
step that requires no period of adaptation to the new environment.

In the stationary growth phase, the number of viable cells
remains constant and thus it is possible to evaluate the photocat-
alytic degradation by starting from the same E. coli population. The
stationary growth phase can be extended up to several hours given
that some E. coli are divided, others die, and the viable ones continue
producing acids and toxic products. Some dead cells are lysed, the
cellular membrane is destroyed and cells liberate enzymes (pro-
teases, nucleases, and lipases) that degrade the macromolecules
into smaller molecules, those that in turn will be used by the living
cells.

The most practical way  to distinguish viable and not viable
cells after photochemical treatment is by calculating the number
of colonies through the plate counting method on a specific solid
medium.

Each viable E. coli results in the formation of a colony after its
incubation in an eosin methylene blue agar (E.M.B) medium, giving
a metallic green color characteristic of the colonies. The number of
colonies is counted and the result is expressed as colony forming
units per milliliter (CFU mL−1) (Fig. 9).

3.5.2. E. coli degradation
Photocatalysis as a disinfection technique implies the influ-
ence of the LB medium on E. coli degradation; this happens since
the medium is a mixture of organic and inorganic substances
that improve the bacterial physiological state and increases their

Fig. 9. E. coli viable bacteria in E.M.B.
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ig. 10. E. coli photodeactivation with F Fe–TiO2 3* and F Fe–TiO2 5* thin films
rradiated with visible light.

efense mechanisms against the action of light and •OH radi-
als. The inhibition of the medium implies effects such as: radical
cavenging, photocatalyst inhibition, light absorption by the com-
onents of the medium, •OH radical competition between the
rganic compounds of the medium and bacteria, as well as the
ffinity that exists between these and the photocatalyst. It is
hen evident the competition existing between the degradation
roduced by the organic compounds of the LB medium and the
icroorganisms for photocatalytic disinfection [27,28].
Fig. 10 shows E. coli degradation kinetics, under visible light irra-

iation, for the F Fe–TiO2 3* and F Fe–TiO2 5* photocatalysts. The
ntensity (I) of the applied visible radiation was 0.728 W/m2, dur-
ng the first half hour a radiation dose (I × t) of 0.37 Wh/m2 was
pplied.
E. coli counting in selective medium, after concluding the pho-
oreaction under visible light, indicated that during the first 30 min

ig. 11. E. coli photodeactivation of with F Fe–TiO2 3** and F Fe–TiO2 5** thin films
rradiated with visible light.
otobiology A: Chemistry 222 (2011) 159– 165

only 4 and 5% of the E. coli population survives in the presence of
the F Fe–TiO2 3* and F Fe–TiO2 5* photocatalysts, respectively.

In order to compare photocatalytic activity, a blank test (i.e.
that involving no photocatalyst) was employed; after this measure-
ment, it was  confirmed that visible radiation has no elimination
effect on E. coli bacteria [29]. When the radiation dose is dupli-
cated by increasing the exposure time to 60 min, the photocatalysts
efficiency increases by 1%, see Fig. 10.

The above described behavior is probably due to the granu-
lar surface of the F Fe–TiO2 3* film since, which is endowed of a
low porosity and an Eg of 2.8 eV (Fig. 6a). For the F Fe–TiO2 5*
film, Eg is smaller (Eg = 2.2 eV), see Fig. 6b; however, the texture
of this last material is dense and has no porosity since con-
tains multiple fractures due to the evaporation of the precursory
solution and its adherence to the substrate is low. Under these
conditions, the described samples cannot disable E. coli bacteria
completely.

Fig. 11 shows the E. coli deactivation kinetics in contact with
the F Fe–TiO2 3** and F Fe–TiO2 5** photocatalysts. When visible
radiation is applied during 30 min, only 3 and 1% of E. coli survive
respectively.

By duplicating the exposure time to 60 min, the photocatalytic
activity increased; in the case of the F Fe–TiO2 3** photocatalyst
only 2% of viable E. coli remained and with the F Fe–TiO2 5** sample
no bacteria survived. This material and the conditions of this last
run allow a total disinfection since microorganisms will no longer
be able to reproduce.

The photoactivity of the F Fe–TiO2 5** thin film shown in Fig. 11
can be attributed to the textural properties and photocatalytic
properties of this system, which presents an sinuous texture made
of cavities formed by microcrystalline material. It is also worth
commenting that defects, oxygen vacancies, Fe content and anneal-
ing of Fe–TiO2 samples produce the overlap between the valence
and conduction bands of this system. As the temperature increases,
the Eg value decreases toward a lower energy. When the previous
bands overlap, metallic conduction starts. If the photocatalysts are
irradiated with visible light, e− − h+ pairs are generated then, as a
consequence, •OH radicals are formed. These radicals can attack
the membranes of the bacteria adsorbed on the thin film. The
smaller activity of the F Fe–TiO2 3** thin film compared to that
of the F Fe–TiO2 5** material, can be attributed to the difference in

the surface texture, where bacteria agglutination per unit area is
smaller.

Fig. 12. Scheme of the photocatalytic degradation process of E. coli on F Fe–TiO2

thin films.
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.5.3. Mechanism of E. coli degradation
Fig. 12 schematizes the E. coli deactivation process, where: (a)

. coli is protected by its external membrane, in this first step,
icroorganism adhere to the thin film surface; (b) the external
embrane is now attacked by the reactive species produced by the

hotocatalytic effect of the F Fe/TiO2 thin films; (c) the second step
onsists of a time period in which the existing species act on the
ytoplasmic membrane; (d) in this case, the photocatalytic reaction
lays an important role in the introduction of the attacking species
hrough the cell membrane. This would be the reason why E. coli
ie in an effective way over the F Fe/TiO2 thin films [27,28,30].

. Conclusions

The photocatalytic activity of TiO2 semiconductors doped with
e and activated under visible light conditions is a very promis-
ng subject for the elimination of pathogen microorganisms and
isinfection of surfaces in order to create self-cleaning areas with
pplication for water disinfection.

The technique devised here for the preparation of thin films is
n important one, since the rutile crystalline phase of the doped
e TiO2 materials was decreased to microcrystalline size, which
nvolved an energy band gap value that is easily achieved under

ith visible electromagnetic radiation.
The Fe–TiO2 thin film photocatalysts developed here are based

n the formation of a crystalline rutile phase, which presents an
ntimicrobial efficiency that results better than those formed from
he crystalline anatase phase. This can be attributed, in the first
ase, to the fact that this material presents a higher contact area for
he microorganism adherence and smaller Eg.
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