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a b s t r a c t

In this work, the photocatalytic activity and the kinetic behavior of anatase TiO2 films deposited by
cathodic arc (CA films) on glass substrates are reported and compared with those of TiO2 Degussa P-25
films obtained by dip-coating immersion (DC films). The mass density of films, determined by X-ray
reflectometry was 20% lower for DC films compared with CA films, indicating a higher porosity of DC
samples. The activity was evaluated from the efficiency to reduce Cr(VI) in the presence of EDTA. Although
eywords:
iO2

hin films
athodic arc deposition
eterogeneous photocatalysis
r(VI) photocatalytic reduction

the response of CA films resulted lower compared with that of P-25 films of the same TiO2 content (e.g.
90% vs. 50% Cr(VI) reduction after 180 min irradiation for samples with 0.03 mg cm−2 of TiO2), a fact
associated to the lower porosity, adhesion properties of the new materials were much better. CA film
photoactivity improved by increasing the coating thickness; after 180 min, a sample with 0.03 mg cm−2

of TiO2 presented 50% of Cr(VI) reduction vs. 80% for a sample with 0.28 mg cm−2. These photocatalysts,
whose preparation is simple and affordable, are very promising to be used as immobilized materials in
photoreactors for the treatment of pollutants in gaseous and aqueous systems.
. Introduction

Titanium dioxide has been the aim of numerous investigations
ue to its outstanding chemical and physical properties. One of the
ost active research fields on titania is its use as photocatalyst for

egradation of pollutants, either in gases or water [1,2]. Small tita-
ia particles in aqueous suspension present a high photocatalytic
ctivity for many pollutants; however, their use for water treat-
ent requires a vigorous agitation throughout the reaction time

nd a final costly separation step. On the other hand, unsupported
articles are not adequate for treatments in the gas phase. There-
ore, recent investigations focused on the study of TiO2 thin films
eposited on glass substrates to avoid these drawbacks. In this way,
egradation of contaminants in the catalytic photoreaction occurs
y the heterogeneous reaction that takes place on the immobilized

atalyst surface [3].

Among the different TiO2 structures, anatase is the most active
hotocatalytic phase. From the available commercial materials,
egussa P-25, composed of ca. 9:1 anatase/rutile, presents an out-
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standing photocatalytic efficiency, and has been established as
reference material [4].

TiO2 thin films have been produced by several techniques,
such as sol–gel [5], dip-coating [6–8], pulsed laser deposition [9],
chemical vapor deposition [10] and physical vapor deposition [11].
Among the physical vapor deposition methods, cathodic arc depo-
sition (CAD) is an efficient technique to produce thin films due to
its high deposition rate and the high adherence of the coatings. The
structure of the films produced by CAD depends significantly on
the substrate temperature during the coating process. On glass sub-
strates maintained at temperatures lower than 300 ◦C, TiO2 grew
amorphous, while at temperatures ranging from 300 to 400 ◦C, the
films were deposited structured in the anatase phase. In the former
case, amorphous films crystallized in anatase after a post-annealing
step at 400 ◦C. However, the surface of the films crystallized in situ
was less rough and had smaller grains, presenting typical grain sizes
in the range 15–30 nm, 60% smaller than those of post-annealed
samples [12].

In this work, the photocatalytic efficiency of anatase TiO2 films
grown by CAD on glass substrates at different temperatures is

reported. The performance of these coatings was compared with
those of TiO2 Degussa P-25 films obtained by dip-coating immer-
sion. The photocatalytic activity was evaluated by the efficiency
to reduce hexavalent chromium in the presence of ethylenedi-
aminetetraacetic acid (EDTA), a system very well studied by some of

dx.doi.org/10.1016/j.apcatb.2010.11.009
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:amarquez@df.uba.ar
dx.doi.org/10.1016/j.apcatb.2010.11.009
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s [13–15]. Chromium (VI) is toxic and carcinogenic; for this rea-
on, the World Health Organization recommends values for total
hromium in drinking water not higher than 0.5 mg L−1 [16].

. Experimental details

.1. Film growth methods

The tested TiO2 films were deposited by CAD using a DC vac-
um arc and by dip-coating immersion into a P-25 suspension.
he substrates for the samples were glasses with a coated area of
cm × 3 cm.

The vacuum arc device was described in detail in a previous
ork [17]. The arc was run with 120 A current between a Ti cath-

de and a grounded vacuum chamber serving as anode. The system
as operated in an oxygen atmosphere with a continuous gas flux

f 30 sccm and a working pressure in the range of 1–3 Pa. The
ubstrates were located at 30 cm from the cathode surface on a
rounded heater, which allowed fixing the substrate temperature
ith an accuracy of 10%. TiO2 samples were obtained at both room

emperature and at 400 ◦C. The coatings deposited at room temper-
ture were treated with a post-annealing at 400 ◦C during 1 h in air
t atmospheric pressure. The exposure time of the samples to the
ischarge was varied from 1 to 10 min in order to obtain different
lm thickness.

Dip-coating samples were prepared using a Degussa P-25 sus-
ension (Degussa AG, Germany), 5% (w/v) at pH 2.5 (HClO4, Merck,
nalytical reagent grade) in deionized water. The glass substrates
ere immersed once in the colloidal suspension and then pulled

ut at a constant withdrawal speed of 3.3 mm/s. Immediately after
he impregnation, the coating on one of the faces of the glass was
uickly eliminated. The sample was dried in a stove at 75 ◦C for
0 h, followed by a thermal treatment in a muffle at 400 ◦C during
h. The temperature of the muffle was incremented at a ramp rate
f 7.5 ◦C/min up to 400 ◦C. Finally, the films were cooled naturally
nside the muffle to room temperature.

Films grown by CAD at room temperature with the post-
nnealing treatment will be referred as CART, coatings deposited
y CAD at 400 ◦C will be referred as CAHT, and films obtained by
ip-coating, as DC.

.2. Film characterization

The deposited TiO2 mass was determined by weighing the sam-
les before and after deposition using a Mettler balance, model
E 163, with a detection limit of 1 × 10−5 g. The crystalline struc-

ure of the films was identified by X-ray diffraction (XRD) using
Philips PW 3710 diffractometer with a CuK� source. The analy-

is was performed on grazing angle geometry using a Philips thin
lm attachment, with an angle of incidence of 1◦. The mass density
f the films was determined by X-ray reflectometry (XRR) mea-
urements carried out in the D12A-XRD1 beamline of the Brazilian
ynchrotron Light Laboratory (LNLS) with photon energy of 8 keV.
he bandgap of the films was estimated from the measurement
f the transmittance employing a spectrophotometer (Shimadzu
V3101PC) over the wavelength (�) range from 300 to 800 nm
ith an incident angle of 8◦. Scotch and scratch tests were per-

ormed at the samples to evaluate the film adhesion. The scotch
est was made with a commercial scotch tape. Since the films were
ransparent, the visual inspection was not reliable; therefore, the
ass removal was studied by comparing the XRD spectra taken
efore and after the test. The scratch test was carried out with a
cratch Tester (CSEM REVESTEST) with a 0.2 mm radius Rockwell
diamond ended needle. The test was performed applying a pro-

ressive load with a maximum value of 10 N. The scratch length
Fig. 1. X-ray diffraction patterns of the three types of films. Black and grey bars
indicate the positions of the Bragg peaks corresponding to anatase and rutile, respec-
tively.

was 5 mm and the loading rate was 2 N/mm. After scratching, the
samples were observed with an optical microscope.

2.3. Photocatalytic tests

A 0.4 mM K2Cr2O7 (Merck) aqueous solution containing 1 mM
EDTA (Riedel de Haën AG) was adjusted at pH 2 with 1 M HClO4.
This concentration was in the range of those used by some of
us in previous papers [13–15]. The photocatalyst samples were
immersed into 30 mL of this solution contained in a borosilicate
glass Petri dish whose cap acted as filter for irradiation wavelengths
lower than 300 nm. A Phillips HPA 400S UV lamp (250 nm < �, max-
imum emission at 365 nm) was employed as light source. The mean
UV irradiance was 5800 �W cm−2 (320 nm < � < 400 nm), measured
with a Spectroline model DM-365 XA radiometer.

Each system was irradiated for 6 h under continuous magnetic
stirring. Samples of 1 mL were periodically taken from the solution
and diluted 1/10 with water; when a TiO2 suspension was used,
the samples were filtered through a 0.2 �m cellulose acetate Sar-
torius membrane before analysis. Changes in Cr(VI) concentration
were monitored by measuring the absorbance at 352 nm with a UV
spectrophotometer (UV–vis HP 8453 A) [18]. An aqueous suspen-
sion of pure P-25, with a TiO2 mass equivalent to that deposited
by dip-coating was used as reference. Experiments were done at
least by duplicate. The uncertainties in Cr(VI) concentrations were
determined from the standard deviation of replicated experiments,
being always lower than 12%.

Deionized water (18 M� cm), obtained from an E-pure Barn-
stead apparatus, was used for preparation of all solutions and
washings.

3. Results and discussion

3.1. Characterization of samples

Typical XRD spectra obtained from CART, CAHT and DC films are
shown in Fig. 1. The 2�-positions of the Bragg peaks corresponding

to TiO2 in anatase and rutile phases are indicated in the figure. The
coatings deposited with the vacuum arc exhibited only the anatase
phase. The films obtained by dip-coating presented peaks associ-
ated to anatase phase and a small rutile phase peak, in agreement
with the structure of the P-25 precursor [13].
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ig. 2. Intensity of the reflected beam vs. incidence angle plots obtained for the
hree types of films by XRR at the LNLS (D12A-XRD1). Photon energy: 8 keV. Critical
ngles are indicated with dotted lines.

Typical XRR measurements for the three types of films are
lotted in Fig. 2. At the smallest angles, the reflected intensity

s maximal because the incident radiation causes total reflection.
eyond a critical angle, X-rays begin to penetrate the sample, and
he collected intensity reduces rapidly. The critical angle posi-
ions (�c) were determined using Parratt’s approximation, which
ssumes that the critical angle is that at which the reflected
ntensity is half the totally reflected intensity. In the small angle
pproximation, �c is related to the film mass density (�) as follows
19]:

2
c = �2

x
�

reNA�
Z + f ′

A
(1)

here �x is the wavelength of X-rays, re is the classical electron
adius, NA is the Avogadro’s number, Z the atomic number, A the
tomic mass and f′ = 0.36 (for TiO2 and 8 keV) is the dispersion cor-
ection factor [20]. From the reflectivity profiles and using Eq. (1),
could be estimated. From �c measurements of different CAHT and
ART samples, � values were found in the interval (3.7 ± 0.3) g cm−3,
hile for DC films � resulted (2.9 ± 0.1) g cm−3. The differences

ound between the densities could be associated to the porosity
f the films, the coatings grown by CAD being more compact than
hose obtained by dip-coating.

Transmittance measurements as a function of the wavelength
or the three types of films are depicted in Fig. 3. In the range
> 360 nm, the transmittance was almost constant for DC samples,
hile for CART and CAHT samples the measurements presented

ome oscillations associated to an interference pattern that could
e observed due to the high film homogeneity. The mean transmit-
ance values (Tm) at � > 360 were ∼80%, ∼85% and higher than 90%
or CART, CAHT and DC samples, respectively. In the UV region, for
< 360 nm, an important linear decrease in the transmittance value
as observed; this behavior was attributed to the characteristic

iO2 absorption in the UV region.
The bandgap energy (Eg) for the different samples was

etermined from the transmittance spectra. For � < 360 nm, the
bsorption coefficient (˛) can be related to the transmittance (T)
ccording to the simplified expression [21] ˛d = − ln(T), where d is
he film thickness. Since TiO2 allows indirect transitions, at ener-

ies somewhat above the Eg value, the relationship between ˛ and
is expressed by [22]:

= A(E − Eg)2

E
(2)
Fig. 3. Transmittance vs. wavelength (�) plots obtained for the three types of films.
The inset shows the extrapolation used to calculate the bandgap energies.

where E is the photon energy and A is a constant. Eg was determined
from the plot of (˛dE)1/2 vs. E at the absorption edge. The graphic
of these variables is shown in the inset of Fig. 3. For CART and CAHT
samples, Eg values were in the interval 3.40 ± 0.04 eV in agreement
with values reported in the literature [23]. For DC films, the bandgap
was significantly lower, 3.08 ± 0.03 eV, according to the expected
bandgap of Degussa P-25 (3–3.2 eV) [24,25]. The uncertainties in
the Eg values were determined from the extrapolation procedure.

The visual analysis of the surface after the scotch test indicated
that the tape removed part of the film in the case of DC samples,
while for CART and CAHT samples no detachment was observed.
The comparison between the XRD spectra taken from the coated
samples before and after the test corroborated that DC films were
totally detached by the tape whereas the height of the XRD peaks
did not change significantly (i.e. no mass removal was detected)
for CART and CAHT films. Therefore, the scratch test was performed
only to CART and CAHT samples. From this test, critical adhesion
and cohesion loads were determined. Critical cohesion load was
associated to the normal force applied by the scratch tester at the
point where the film cracking was observed. Critical adhesion load
was determined at the point where complete delamination of the
coating was observed. Pictures of the scratch track for the differ-
ent films are shown in Fig. 4. For CART films, from the beginning of
the scratch channel, a discontinuous chip removing was observed
(Fig. 4a), and a critical adhesion load of approximately 1 N was
determined where the damage became continuous and complete
delamination of the coating started (Fig. 4b). In the case of CAHT
films, only cohesion fails were detected; the damage had the shape
of shell-shaped spallation on the film (Fig. 4c). The critical cohesion
load was assessed at 3 N.

3.2. Photocatalytic tests

In Fig. 5, typical results obtained from the photocatalytic tests
for CART and CAHT films with a deposited mass by unit area (�)
of 0.038 mg cm−2 are depicted. Normalized hexavalent chromium
concentration (C/C0) is plotted in the temporal profiles to circum-
vent slight differences in the initial run concentrations. As can
be seen in the figure, films with the same � independently of

the growth temperature, showed similar activity, indicating that
the photocatalytic response was not affected by the temperature
employed during the growth process. The differences found in a
previous work [12] about the surface roughness and the grain size
between both types of films had no significant influence on their
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= kC
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where k is the kinetic constant for the homogeneous process.
ig. 4. Images obtained with an optical microscope after the scratch test. (a) CART
lm at the beginning of the scratch channel, (b) same CART film in the region of
omplete delamination and (c) CAHT film.

esponses. Then, only two groups of samples were considered for
urther photocatalytic tests, CA films referring to films deposited by
AD (without distinction between CART and CAHT) and DC films.

In Fig. 6, the measured photocatalytic activity for CA samples
ith two different � values (0.03 and 0.28 mg cm−2), a DC film
ith � = 0.03 mg cm−2 and a TiO2 aqueous suspension with equiv-

lent mass to DC film (6.5 mg L−1) are compared. The activity of the
r(VI)–EDTA system in the absence of photocatalyst (blank) is also
hown.

Cr(VI) decay in the presence of TiO2, either in suspension or
upported, was faster in respect to the blank. Comparing films
ith similar masses, DC samples presented a higher activity than

A films, but lower than that of the TiO2 aqueous suspension
ith equivalent mass. As expected, the suspension, even at so low
oncentration, is much more active than the immobilized photo-
atalyst (see e.g. Ref. [26]). The higher photoactivity of DC samples
ould be associated to the higher porosity of the films, as estimated
rom the density results (see Section 3.1). Higher photocatalytic
ctivity related with higher porosity of TiO2 samples has been
Fig. 5. Temporal evolution of normalized Cr(VI) concentration during photocat-
alytic tests for CART and CAHT films with a deposited mass by unit area (�) of
0.038 mg cm−2. Conditions: [Cr(VI)] = 0.8 mM, [EDTA] = 1 mM, pH 2, �max = 365 nm,
irradiance = 5800 �W cm−2.

found in several works (see for example, Ref. [27]). Rate of CA films
increased with �, reaching a total Cr(VI) reduction at 360 min for
the case � = 0.28 mg cm−2.

The kinetic behavior of the different systems merits a further
analysis. In the absence of organic compounds, at the experimen-
tal conditions of the present study, Cr(VI) is not photoreducible
by near UV light. However, although the dark thermal reaction is
almost negligible, Cr(VI) reduction is enhanced under UV irradia-
tion in the presence of some alcohols and carboxylic acids due to
inner- or outersphere charge transfer between the chromate anion
and the organic compound [28,29]. Therefore, in the presence of
EDTA, a homogeneous photoreduction of Cr(VI) takes place (blank),
whose experimental points could be adjusted by a first order kinetic
equation:
Fig. 6. Temporal evolution of normalized Cr(VI) concentration during photocat-
alytic tests for different types of films, for TiO2 aqueous suspension with equivalent
mass to DC film and for Cr(VI)–EDTA system in the absence of photocatalyst
(blank). Conditions: [Cr(VI)] = 0.8 M, [EDTA] = 1 mM, pH 2, �max = 365 nm, irradi-
ance = 5800 �W cm−2. Dotted, dashed and solid lines show the best fits of the
experimental data with Eqs. (3), (4) and (5), respectively.
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Table 1
Rate constants for Cr(VI) decay corresponding to data presented in Fig. 6.

Experiment k (× 10−3 min−1)a k′
0 (× 10−3 min−1)b R2

Blank 3.4 ± 0.8 – 0.969
CA (0.03 mg cm−2) 3.4 0.5 ± 0.1 0.994
CA (0.28 mg cm−2) 4.9 1.3 ± 0.1 0.997
DC (0.03 mg cm−2) 3.4 3.1 ± 0.6 0.995
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k, determined with Eq. (3) for the blank.
b k′

0, determined with Eq. (5) only for the immobilized catalysts, taking k from the
lank corresponding to the same run.

In respect to the photocatalytic experiments, Cr(VI) decay using
TiO2 suspension followed a simple first order regime, and could
e fitted with:

−d(C/C0)
dt

= k′C
C0

(4)

here k′ is the rate constant for the photocatalytic process. Other
uthors found a similar kinetic behavior [30–32].

In contrast, when the supported photocatalysts were used, a
ore complex kinetics was followed. The experimental points had

o be adjusted by Eq. (5), composed of a first order term to account
or the photolytic homogeneous reaction plus a zero order term
escribing the heterogeneous reaction on the immobilized catalyst
urface:

−d(C/C0)
dt

= kC

C0
+ k′

0 (5)

here k′
0 is the rate constant of the photocatalytic reaction and k is

he kinetic constant for the homogeneous process. The zero order
egime for the photocatalytic process with immobilized TiO2 can
e rationalized by considering that, under the experimental condi-
ions, the area covered with TiO2 is small compared to the total area
f particles in suspension. Thus, the area of the immobilized catalyst
s saturated by adsorbed Cr(VI) at all the times during the photocat-
lytic run [33], making the reduction rate independent from Cr(VI)
oncentration in solution.

The fitting curves using Eqs. (3)–(5) are represented in Fig. 6, and
hey present a good agreement with the experimental points. The k′

alue obtained from the fitting of the suspension was 0.017 ± 0.002
in−1 (R2 = 0.996). In Table 1, the values of the corresponding rate

onstants for the blank and the films are shown. The k values for
he immobilized catalysts were determined from the blank cor-
esponding to the same run. The different value of k for the CA
ample is due to small differences in the temperature at which the
uns were performed, as the homogeneous reaction is sensitive to
emperature (Meichtry and Litter, ongoing results).

The dependence of the reaction efficiency on the film thickness
proportional to �) can be extracted from Fig. 7, where k′

0 as a func-
ion of � for CA films is plotted. The uncertainties were determined
or k′

0 from the fitting and for � from uncertainties in the mass and
rea measurements.

It can be observed that the rate of degradation increased as
increased. When the diffusivity of the reagents and the optical

hickness are high, the degradation rate of a photocatalytic reac-
ion increases with the film thickness until a specific thickness
alue at which the degradation rate is not significantly enhanced
nymore, tending to an asymptotic value [34]. The performance
ound within the studied � range in Fig. 7 agrees with a system

n which the asymptotic behavior of the degradation rate was still
ot achieved, i.e. limited neither by the optical thickness nor by the

nternal mass transfer resistance resulting from the diffusion of the
eactant through the catalyst film.
Fig. 7. Rate constant of the photocatalytic reaction (k′
0) as a function of the deposited

mass by unit area (�) for CA films.

4. Conclusions

The kinetic behavior observed for Cr(VI) TiO2 photocatalytic
reduction using immobilized photocatalysts differed from that
using TiO2 in suspension. While a first order regime was observed
using suspensions, for films, the kinetics was driven by contri-
butions of both the photolytic reaction and the heterogeneous
reaction on the immobilized catalyst. A more comprehensive study
on this issue is underway. DC films shown higher photoactiv-
ity for Cr(VI) reduction in the presence of EDTA than CA films;
while a CA film presented a Cr(VI) reduction of 50% after 180 min
irradiation, a DC film of the same TiO2 content (0.03 mg cm−2)
presented a 90% reduction at the same time. This fact could be
associated to the higher porosity presented by DC films, as the
density of DC films was a 20% lower than that of CA films. On the
other hand, the differences in morphology between CART and CAHT
films had no effect on the photoactivity, as it would have been
expected due to the noticeable differences in grain size structure.
The reaction efficiency increased as the deposited mass per unit
area increased, not reaching saturation along the studied thickness
range, but attaining a 100% of Cr(VI) reduction after 6 h of irradi-
ation in the case � = 0.28 mg cm−2. Therefore, the efficiency of CA
films could be enhanced by increasing the thickness until a limit-
ing value. Adhesion tests demonstrated that DC films have a very
poor adhesion, while CAHT presented the best adhesion proper-
ties. Thus, CAHT films with the thicker thickness presented the best
performance for photocatalytic applications. These photocatalysts,
whose preparation is simple and affordable, are very promising to
be used as immobilized materials in photoreactors for the treat-
ment of pollutants not only in the gas phase but also in aqueous
systems.
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