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ARTICLE INFO ABSTRACT

Keywords: In this work, the photocatalytic activity of anatase films with thicknesses up to 1100 nm prepared by cathodic
Titanium dioxide arc deposition (CAD) on glass substrates is reported. The photocatalytic activity under UV-Vis irradiation
Thin films

(A > 330nm) was evaluated through the efficiency in the reduction of 0.80 mM Cr(VI) in the presence of 1 mM
ethylenediaminetetraacetic acid (EDTA) at pH 2, and compared with the performance of samples obtained by
dip-coating using commercial P25. The CAD films were optically transparent, with visible light transmit-
tance = 50% even for the thickest samples. The photocatalytic efficiency of the films increased as the thickness
increased. The possibility of obtaining thicker films allowed cathodic arc films reaching better performance than
P25 samples. For the most active films obtained by CAD, complete Cr(VI) reduction could be obtained in <
300 min under a 28 Wm ™2 UV-A irradiance. The photocatalytic reaction for all the studied TiO, films obeyed
pseudo-first order kinetics. A decrease of the reaction rate constant was observed for both types of films after
reusing the photocatalysts. The fate of the reduced Cr(VI) was also analyzed.

Cathodic arcs

Heterogeneous photocatalysis
Cr(VI) photocatalytic reduction
Photocatalyst reuse

1. Introduction

Among many other applications, titanium dioxide has been widely
investigated as a photocatalyst for degradation of pollutants in water
and self-cleaning surfaces. The photocatalytic activity of TiO, takes
place under UV irradiation, given the band gap of the semiconductor
(~3.2eV for anatase) [1,2]; among the different TiO, crystalline
structures, anatase (A) is considered the most photocatalytically active
phase [3]. Commercially available AEROXIDE® TiO, P 25 (Evonik), P25
from now on, composed of mainly A (70-80%) and a small amount of
rutile (R) (20-30%) ([4] and references therein), presents outstanding
photocatalytic efficiency, and it has been established as a reference
material [4,5]. Investigations in this field have initially focused on the
study of the photocatalytic activity of TiO, particles in aqueous sus-
pensions, later turning to supported TiO, to avoid the final separation
process of the photocatalyst in the application; besides, immobilized

TiO,, either as powder or as thin films, has also attracted much atten-
tion due to its possible application in gas phase photocatalysis and for
preparation of self-cleaning and/or superhydrophilic surfaces [1,6,7].
The study of the photocatalytic activity of TiO, films under UV ir-
radiation remains an active field of research; in particular, many works
have been published in recent times focusing on the use of pure and
doped TiO, films for the photocatalytic reduction of Cr(VI) (e.g.
[8-171), a toxic and carcinogenic pollutant present in wastewaters from
different industries, although it can also be found naturally and/or
coming from agricultural activities [18]. The Cr(VI)/ethylenediamine-
tetraacetic acid (EDTA) system has been found an excellent model
system to test TiO, photocatalysts [14,19-21]. Different kinetics have
been proposed and reported for the photocatalytic Cr(VI) reduction
using immobilized TiO,, i.e., zero [8,17,22], first [9,16,23-25], and
half order kinetics [22,26]. In previous works, where Cr(VI) in the
presence of EDTA was used as the model pollutant system, a kinetic

* Corresponding author at: Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Fisica, Buenos Aires, Argentina.

E-mail address: kleiman@tinfip.lfp.uba.ar (A. Kleiman).

https://doi.org/10.1016/j.surfcoat.2019.125154

Received 20 August 2019; Received in revised form 8 November 2019; Accepted 9 November 2019

Available online 12 November 2019
0257-8972/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2019.125154
https://doi.org/10.1016/j.surfcoat.2019.125154
mailto:kleiman@tinfip.lfp.uba.ar
https://doi.org/10.1016/j.surfcoat.2019.125154
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2019.125154&domain=pdf

A. Kleiman, et al.

expression composed of a first order term (which considers the photo-
chemical homogeneous reaction Cr(VI) with EDTA) plus a zero order
term (describing the heterogeneous reaction on the catalyst surface)
was proposed [11,15,16]. However, a clear dependence of the kinetics
on the properties of the films (i.e., TiO, synthesis method or film
thickness) has not been reported. On the other hand, the deactivation
and/or the reuse of immobilized TiO, after Cr(VI) photocatalytic re-
duction have only recently been studied by Marinho et al. [23-25],
despite  being extensively studied for suspended TiO,
([4,14,19,21,27,28] and refs. therein).

Several techniques have been attempted for the formation of TiO,
films, such as chemical vapor deposition (CVD), physical vapor de-
position (PVD), electrodeposition, electrophoresis, laser ablation,
plasma spray, sputtering, anodization, thermal oxidation of metallic Ti,
sol-gel, impregnation from nanoparticle suspensions, etc., all of them
presenting limitations or high costs [15]. On the other hand, cathodic
arc deposition (CAD) has demonstrated to be a suitable method, en-
abling the control of the TiO, crystalline phases, together with other
optical and mechanical properties, at rather low temperatures [29-31].
Besides, CAD films present excellent adhesion to the substrate, espe-
cially when compared with films obtained from TiO, suspensions
[15,23]. Despite the extensive literature on TiO, films prepared by
CAD, studies on the photocatalytic activity have been scarcely reported,
mainly addressing the degradation of dyes [32,33], and one pre-
liminary work on bacterial inactivation [34]. Regarding Cr(VI) reduc-
tion, only our previous study on TiO, films grown by CAD has been
reported [15]. In that work, CAD films with thickness up to 700 nm
showed good photocatalytic activity but somewhat lower than P25
films.

In this work, the study of the photocatalytic activity of TiO, films
deposited by CAD on glass substrates was extended to thicknesses up to
1100 nm in order to enhance the photocatalytic efficiency. The photo-
catalytic activity was evaluated through the efficiency in the reduction
of Cr(VI) in the presence of EDTA. The response of these coatings was
compared with the performance of films obtained by dip-coating using
commercial P25. The reaction kinetics, the fate of the reduced Cr(VI)
and the efficiency when reusing the films were analyzed.

2. Experimental section
2.1. Chemicals and materials

Potassium dichromate was from Merck (99.9%), EDTA (99%) was
from Riedel de Haen, phosphoric acid (H3PO4, 85%) was from Biopack,
diphenylcarbazide (DPC) was from UCB for analysis, and acetone was
from Merck (99.5%). Diluted perchloric acid (70%, Biopack) was used
for pH adjustments. All other reagents were of analytical grade and
used as received. All solutions and suspensions were prepared with
Milli-Q grade water (resistivity = 18 MQ cm), Osmoion Apema. When
filtration was needed, Millipore acetate cellulose filters (25 mm dia-
meter, 0.22 pym pore size) were used.

2.2. Film grow method

Optically transparent TiO, films were grown by CAD. The employed
vacuum arc system comprised a cylindrical stainless steel chamber
(25 cm diameter, 50 cm length) which acted as anode. The cathode (Ti
grade 2, 55mm diameter) was placed coaxially at one end of the
chamber; at the other end the substrate holder was held. A detailed
description of the device can be found in previous works [35]. De-
positions were carried out with an arc current of 100 A in an O, at-
mosphere at a pressure of 3Pa. Square pieces (2.5cm X 2.5cm) of
borosilicate glass were used as substrates, which were placed facing the
cathode at 26 cm from its surface. Films were grown at room tem-
perature and later annealed at 400 °C during 1 h in air at atmospheric
pressure. Deposition time was varied in order to obtain different film
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thickness; samples with film thickness of 200 + 50, 400 *+ 80,
750 + 90, 900 *+ 100, 1000 + 120 and 1100 *+ 130nm (CAD 200,
CAD 400, CAD 750, CAD 900, CAD 1000 and CAD 1100, respectively)
were synthesized.

P25 films were also prepared as described previously [15]. Briefly,
the films were prepared by dip-coating on a borosilicate glass substrate,
identical to that used for the CAD films, in a P25 suspension (Evonik),
5% (w/v) at pH 2.5 in deionized water. The glass substrates were im-
mersed in the suspension and then withdrawn at a constant speed of
3.3mm/s. The number of immersions was varied to reach different
thicknesses. After the deposition, the coating on one of the faces of the
glass was quickly removed. Samples were dried in a stove at 75 °C for
20 h after each immersion, and after the last coating they were also
heated at 400 °C during 1h. P25 samples with > 10 immersions ex-
hibited poor adhesion, and TiO, partially detached when put in contact
with water. Samples with film thickness of 100 = 10, 170 * 10,
280 + 20 and 480 + 30nm (P25 100, P25 170, P25 280 and P25 480,
respectively) were obtained after 1, 3, 6 and 10 applications, respec-
tively.

2.3. Characterization of the films

The mass of TiO in the films was determined by weighting the glass
before and after deposition treatment, including the heating at 400 °C
for the P25 samples. Control experiments showed no weight differences
in the glass substrate when submitted to the same thermal treatments.

Transmission of CAD films in the UV-visible range (300-800 nm)
was measured with a UV-1800 Shimadzu spectrophotometer. An un-
coated substrate was placed in the reference cell in order to obtain a
direct measurement of the film transmittance. For P25 films, trans-
mittance was measured in a Hewlett-Packard diode array UV-visible
spectrophotometer, model HP 8453.

The crystalline structure of CAD films was identified by X-ray dif-
fraction (XRD) in Bragg-Brentano geometry, using a Panalytical
Empyrean diffractometer with a CuK, source with a PixCel 3D detector.
As previously reported [15], the XRD patterns of P25 films are identical
to the pattern of P25 powder. The surface morphology was analyzed by
Scanning electron microscopy (SEM) (FEG-SEM Zeiss Leo 982 GEMINI).

2.4. Cr(VI) photocatalytic reduction

An aqueous solution containing 0.8 mM Cr(VI) and 1 mM EDTA at
pH 2, daily prepared, was used in the photocatalytic experiments. The
photocatalyst films (2.5 cm X 2.5 cm) were immersed into 10 mL of this
solution, and irradiated with a Phillips HPA 400S UV lamp
(Amax = 365 nm, see Fig. S1, in the supplementary material file) filtered
through a borosilicate glass (A > 330 nm, see Fig. S1) containing a
1 cm path length of Milli-Q water as IR filter; the mean UV irradiance
(E) was 28 Wm ™2, measured with a Spectroline model DM-365 XA
radiometer. Each system was irradiated for 5h under continuous
magnetic stirring.

Samples (0.05 mL) were taken periodically and diluted 1/10 before
measurement; for Cr(III)-EDTA measurements, undiluted solution
spectra were taken at the end of the experiments. In the experiments
with suspended TiO,, samples were filtered before Cr(VI) and Cr(IIl)-
EDTA measurement. All experiments were performed at least by du-
plicate, and the relative standard deviation between duplicates was
always below 12%.

To evaluate the reuse of the films, the experiments were repeated up
to four times; the films were washed with Milli-Q water after each ex-
periment to remove unreacted Cr(VI) and EDTA.

2.5. Analytical determinations

Changes in Cr(VI) concentration were monitored by the spectro-
photometric diphenylcarbazide method at 540 nm [36]; when it could
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Table 1
Film thickness, TiO, mass per surface unit and crystalline phases of the syn-
thesized films.

Sample Film thickness TiO, mass per surface Crystalline phase A:
(nm) unit (mgcm ™~ 2) anatase, R: rutile

CAD 200 200 = 50 0.077 + 0.015 A

CAD 400 400 = 80 0.153 + 0.018 A

CAD 750 750 = 90 0.288 + 0.013 A

CAD 900 900 + 100 0.341 + 0.014 A

CAD 1000 1000 * 120 0.395 + 0.016 A (93%), R (7%)

CAD 1100 1100 =+ 130 0.443 + 0.017 A (86%), R (14%)

P25 100 100 = 10 0.030 + 0.003 A (80%), R (20%)

P25 170 170 = 10 0.048 + 0.004 A (80%), R (20%)

P25 280 280 = 20 0.080 + 0.005 A (80%), R (20%)

P25 480 480 = 30 0.139 + 0.007 A (80%), R (20%)

not be detected by this method, Cr(VI) removal was considered com-
plete. The concentration of Cr(II[)-EDTA in solution was measured at
540 nm (¢ = 14 m?mol ™! [371), where neither free Cr(III) [38,39] nor
Cr(VI) species [40,41] interfere. Other possible complexes of Cr(IIl)
with EDTA photocatalytic degradation byproducts can be neglected, as
established in previous works [4,27]. Cr(VI) measurements were per-
formed in a Hewlett-Packard diode array UV-visible spectro-
photometer, model HP 8453.

3. Results and discussion
3.1. Characterization of the films

The thickness of the films was estimated from the deposited mass
considering the film density obtained in a previous work ((2.9 + 0.1) g
cm ™2 for the P25 films [15], (3.85 = 0.25) g cm ™2 for the CAD films,
average value of densities of CAD films obtained under similar condi-
tions [15,42]). The film thickness, TiO, mass per cm? and the crystal-
line phase of each film, determined from XRD analysis (see below), are
indicated in Table 1.

XRD diffractograms corresponding to the thinnest (200 nm) and the
thickest (1100 nm) TiO, films prepared by CAD are shown in Fig. 1,
where anatase and rutile Bragg peak positions are indicated with black
and blue lines, respectively. For CAD 200 only peaks associated to the A
phase were noticeable. The pattern corresponding to CAD 1100

Anatase
Rutile 5 | cAp 1109
m. | B,
= CAD 1000
B
c i
§ 8 . cAD 900
3 = CAD 750
[\ CAD 400
52 ‘A___ CAD 200
=
2 24 26 28
[} 26, deg
2
=

h CAD 1100
CAD 200
I N

| | Ly
L T T ¥ T % T
20 25 30 35 40 45 50 55 60
20, deg

Fig. 1. XRD patterns of the CAD 200 and CAD 1100 TiO, films. Bragg peak
positions corresponding to A and R are shown as black and blue lines, respec-
tively. The inset figure shows diffractograms from all the CAD films in the re-
gion of the main A and R peaks. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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exhibited more intense A peaks, due to greater TiO, mass, and also
small peaks associated to R phase could be noticed. The inset in Fig. 1
shows XRD signals obtained from all the CAD films in the range cor-
responding to the main A and R peaks (diffraction angle 26 between 22°
and 30°). Rutile content, which was observed only in the thickest CAD
films (CAD 1000 and CAD 1100), was estimated using Eq. (1) [43]:

WR = 7AR

0.884A5 + Ar (€D)]
where Wy is the weight percentage of rutile, Ag the integrated area of
(110) rutile peak (at 27.46°) and A, the integrated area of (101) anatase
peak (at 25.30°). The results are indicated in Table 1. Cell parameters a
and c of the tetragonal anatase structure were calculated considering
the position of the peaks at 26 = 37.83° and 48.09° corresponding to
the planes (004) and (200), respectively. The results obtained for CAD
films differed in < 0.2% with respect to the values corresponding to
bulk anatase (a = 3.7852 Aand c = 9.5139 A; ICDD reference card 00-
021-1272). Anatase crystallite size was determined using Scherrer's
equation from the broadening of the main A peak. The crystallite size
tended to increase with the film thickness; the values found were
~100 nm for CAD 200 and CAD 400, ~110 nm for CAD 750 and CAD
900, and ~150nm for CAD 1000 and CAD 1100. According to the
previous work [15], the crystalline structure of powder P25 was
maintained for films prepared by dip-coating.

SEM images obtained from the surface of CAD and P25 films are
shown in Fig. 2. Fig. 2a exhibits a typical surface morphology of P25
films in a picture corresponding to the sample P25 100. Fig. 2b, c and d
show the surface of samples CAD 200, CAD 750 and CAD 1100, re-
spectively. It can be seen that the P25 film was clearly more porous
than CAD films. On the other hand, CAD films exhibited some fissures,
which were more noticeable in the thickest films. The surface of CAD
films was composed of grains which were larger as the film was thicker.
The presence of macroparticles, a typical feature in films deposited by
unfiltered cathodic arc, was more noticeable for the thinnest films. The
surface of CAD 400 was similar to that of CAD 200; while CAD 900 and
CAD 1000 looked alike to CAD 750.

Fig. 3 shows transmittance spectra in the UV-visible range obtained
from TiO, samples grown by CAD with different thickness. All the plots
showed interference effects above 350 nm, which indicates a rather low
roughness [44]. In the region of weak absorption (above 600 nm), all
the films exhibited a mean transmittance in the range 60-70%; de-
pendence of the mean transmittance on the film thickness was not
noticeable. The shape of interference effects for the thinnest films in-
dicates a uniform thickness. The evidenced beat signals would indicate
that the density was not quite uniform in the thickest samples. From the
wavelength corresponding to interference maxima and minima, and
using the thickness values presented in Table 1, the index of refraction
of the films were estimated [44]. All values lied in the range 2.6 = 0.6.

Fig. 4 shows the UV-Vis transmittance spectra of the P25 films
obtained by dip-coating. The absence of interference effects indicates a
higher roughness for P25 films compared to CAD samples. A clear de-
pendence of the transmittance with the thickness of the TiO, film could
be observed, with the transmittance decreasing as the thickness in-
creases at all wavelengths. In contrast with the films obtained by CAD,
the P25 films were light dispersive, i.e., the film transmittance is a
combination of both absorption and dispersion. Additionally, for the
P25 480 sample, the transmittance at wavelengths below 400 nm was
almost negligible; thus, it can be inferred that a thicker film would not
increase significantly the amount of light that could be used in the
photocatalytic reaction. Even for the thinnest film, the P25 100 sample,
the transmittance at A < 400 nm was smaller than 35%, indicating that
most of the photocatalytically active irradiation was either absorbed or
dispersed.
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Fig. 3. Transmittance vs. wavelength plots for TiO, films grown by CAD with
different thickness.

3.2. Effect of the film thickness on the photocatalytic activity

Results obtained from photocatalytic tests performed over CAD and
P25 films with the lowest (CAD 200 and P25 100) and highest (CAD
1100 and P25 480) thickness are depicted in Fig. 5, where the evolution
of normalized Cr(VI) concentration ([Cr(VI)]/[Cr(VD],) is plotted.
Results of experiments with P25 suspensions at the same TiO, con-
centration as that used in the experiments with the P25 100 film (SP25
1) and with the standard 1 gL’lconcentration (SP25 3), and for the
system in the absence of photocatalyst film (blank) are also shown. Cr
(VD) concentration after 300 min irradiation for all the samples is re-
ported in Table 2. In the blank experiment, a reduction of 53% of the
initial Cr(VI) could be observed after 300 min, due to the homogeneous
photochemical reduction of Cr(VI) under UV-A irradiation when alco-
hols and carboxylic acids are present (see [15] and references therein).
It can be seen that all the films enhanced the Cr(VI) reduction in

80
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B [}
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N
o
L
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Fig. 4. Transmittance vs. wavelength plots for TiO, films prepared by dip-
coating of glass substrates in P25 TiO, suspensions with different thickness.

comparison with the blank in the absence of TiO,. Besides, the photo-
catalytic activity increased with the film thickness for both types of
films, although the suspended TiO, was much more efficient. The
comparison of CAD and P25 films with the lowest thickness reveals that
the latter exhibited a better photocatalytic performance, probably due
to the higher porosity of the P25 films, as reported previously [15].
However, for the thickest films the photocatalytic activity was higher
for the CAD film, Cr(VI) being fully reduced after 4h irradiation; in
contrast for the P25 480 film Cr(VI) could be still detected at the end of
the experiment (Table 2). In all cases, when a significant Cr(VI) re-
duction was observed (> 80% of initial Cr(VI)), the color of the solu-
tion turned from yellow to pink due to the formation of Cr(III)-EDTA
(see photo of the solution before and after treatment with CAD 1100 in
Fig. S2, in the Supplementary Material file), as previously observed
with TiO, in suspension [4,27]. The presence of Cr(III)-EDTA can be
observed in the absorbance spectra (Fig. 6) of the solutions
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[Cr(vIICr(VD],

0 50 100 150 200 250 300

Time (min)

Fig. 5. Temporal evolution of normalized Cr(VI) concentration during photo-
catalytic tests over CAD and P25 films and P25 suspensions. Conditions: [Cr
(VD]p = 0.8 mM, [EDTA]p = 1 mM, pH 2 (HCIO,), E = 2800 pyW cm 2. Lines:
fittings to pseudo-first order kinetics (Eq. (2)).

corresponding to final irradiation times of the experiments of Fig. 5 by
the characteristic peak with a maximum at A = 540nm [4,27,37],
which did not appear in the absorbance spectrum of the initial solution.

The Cr(II)-EDTA spectra was more clearly defined in the experi-
ments where a complete or almost complete Cr(VI) reduction was ob-
tained: CAD 1100, P25 480 and SP25 3; Cr(III)-EDTA concentrations at
the end of the experiments are indicated in Table 2.

Experimental points of the runs with all the films were fitted to a
pseudo-first order kinetics (Egs. (2) and (3)), which includes a pseudo-
first order kinetic constant k corresponding to the contribution of the
homogeneous Cr(VI) photochemical reduction in the presence of EDTA,
and a pseudo-first order kinetic constant k” that represents the con-
tribution of the heterogeneous photocatalytic process. The value of k
was calculated from blank experiments without TiO5 (k” = 0) and set
fixed in the experiments with TiO, to estimate the value of k".

d[Cr(VD] _ :
g = k) x [Cr(vD] @)

[Cr(VD)] = elk+k)xt
[Cr(VD] 3

The values of k and k” are indicated in Table 2, together with the
correlation coefficient (R?), the final concentration of Cr(VI) and Cr
(IIN-EDTA remaining in solution after 300 min of irradiation, and the

Table 2
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Fig. 6. Spectra of the solutions at the beginning (initial) and at the end of the
experiments shown in Fig. 5. Conditions of Fig. 5. Suspended TiO, was removed
from sample SP25 3 before measurement.

percentage of the reduced Cr(VI) that is transformed into Cr(III)-EDTA
in solution.

Results obtained in all cases were also fitted using the more complex
zero + first order kinetics (the pseudo-first order constant is fixed ac-
cording to the blank and the zero order constant is related to the film
efficiency) proposed in previous works [11,15,16], and R? values for
fittings with the two proposed kinetics were compared (see Fig. S3, in
the Supplementary Material file). For films with relatively lower ac-
tivity the R? values obtained by fitting with zero + first order kinetics
were almost identical to those obtained with the simpler pseudo-first
order kinetics, while this latter kinetics fitted much better the results
obtained with the most active films, as also observed by Vera et al. [16].
Therefore, the pseudo-first order kinetics gives an adequate fitting of
the experimental results for all the samples studied in this work. This
fact indicates that the Cr(VI) concentration in solution is at least one of
the controlling parameters, especially for the films with higher photo-
catalytic activity.

For both CAD and P25 samples, the values of k” shown in Table 2
increased as the film thickness increased; the best samples (CAD 1000
and CAD 1100) led to complete Cr(VI) reduction after 300 min of ir-
radiation. As usually observed in photocatalytic systems, for a given
TiO, concentration in solution, the photocatalytic rate was always
lower for films compared with the suspensions [3,15,45] due to mass
and light transport limitations and to sintering among particles; both
phenomena decreases specific surface and may enhance electron-hole

TiO, concentration, pseudo-first order kinetic constants, correlation coefficients (R?), Cr(VI) and Cr(IlI)-EDTA concentrations and Cr(III)-EDTA yield after 300 min of

UV-Vis irradiation for the experiments of Fig. 5.

Sample [TiO,] (mgL™1) k” x 10% (min~1) R? [Cr(VD] at 300 min (mM) [Cr(II1)-EDTA] at 300 min (mM) Cr(IID-EDTA yield (%)
CAD 200 50 + 10 0.39 + 0.07 0.994 0.34 0.28 61
CAD 400 100 + 10 1.3 + 0.1 0.995 0.25 0.35 64
CAD 750 180 * 20 1 =1 0.99 0.01 0.57 72
CAD 900 210 * 20 9.1 * 0.2 0.999 0.02 0.62 79
CAD 1000 250 + 20 16 = 1 0.996 0.00 0.60 75
CAD 1100 280 + 20 16.9 = 0.2 1 0.00 0.59 74
P25 100 19 + 1 1.3 = 0.1 0.998 0.25 0.40 73
P25 170 30 + 2 24 + 0.1 0.996 0.19 0.37 61
P25 280 50 + 3 5.6 + 0.4 0.987 0.07 0.43 59
P25 480 87 5 6.9 * 0.6 0.989 0.03 0.45 58
SP25 1 20 + 1 18 = 1 0.997 0.00 - -
SP25 2 90 + 2 56 + 4 0.994 0.00 - -
SP25 3 1000 + 10 310 * 20 0.993 0.00 0.43 54
Blank - 24 + 0.1° 0.98 0.38 0.34 81

" Corresponding to the pseudo-first order kinetic constant k.
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Fig. 7. Pseudo-first order rate constant of the photocatalytic reaction (k) and
TiO5-mass normalized pseudo-first order rate constant (k””) as a function of
thickness for both types of films. Conditions of Fig. 5.

recombination. The yield of Cr(III)-EDTA did not show a clear behavior,
with values between 58 and 79%, indicating that most of the formed Cr
(ITI) remained soluble as Cr(III)-EDTA complexes. For SP25 3, the yield
was similar to that obtained with the thickest P25 films (P25 280 and
P25 480); this indicates that, for a given material, the TiO, con-
centration may be a more important factor on the product distribution
of Cr(VI) reduction (i.e., Cr(Ill) free or complexed in solution, or de-
posited over the TiO, surface) than if TiO, is suspended or immobilized.

Fig. 7 shows the values of k” and mass normalized rate constant
(k™"), defined as the pseudo-first order photocatalytic rate constant di-
vided by the TiO, mass of the film. Considering films with the same
thickness, Fig. 7 shows clearly that P25 samples were more efficient
photocatalysts; however, while the thickness of P25 films cannot be
increased, CAD samples can be tailored to get a higher thickness and
thus reach a higher photocatalytic performance. Increasing the activity
by increasing the thickness has been observed in photocatalytic ex-
periments over titania films prepared by different techniques
[11,15-17,23-25,46]. Depending on the diffusivity of the reagents and
the fraction of light absorbed, an optimal film thickness can be reached,
beyond which the photocatalytic activity is no longer significantly en-
hanced, or it even decreases in some cases, for instance, when the
samples are illuminated from the back side through a transparent
substrate [23-25,47,48]. Optimal thicknesses have been reported for
10 um [46] and 25 pm [49] for degradation of 4-chlorobenzoic acid and
methylene blue, respectively, using TiO- films prepared by sol-gel. The
density of the films is somewhat smaller than that corresponding to
bulk A (3.89g cm ™3 [50]) indicating that the films (especially those of
P25) are porous; thus, the increase in the photocatalytic degradation
rate with the increasing thickness of the films can be also related to the
increase in the total surface. It is important to point out that the most
active films (CAD 1000 and CAD 1100) were composed of minor
amounts of rutile, which could also contribute to the higher photo-
catalytic activity of these films because the migration of photo-
generated electrons in rutile to the conduction band of anatase can lead
to a decrease of electron-hole recombination ([11] and references
therein). However, the results here obtained do not allow to indicate to
what extent the rutile phase contributes to the Cr(VI) photocatalytic
reduction.

When comparing with other pseudo-first order kinetic constants
reported for Cr(VI) photocatalytic reduction with immobilized TiO,
(see Table in section S4, Supplementary Material file), it can be ob-
served that the value of k" for CAD 1100 (the most active film) is in the
same order of magnitude, although most experiments were performed
with an initial Cr(VI) concentration up to 40 times lower. This clearly
reinforces the conclusion that the reaction rate for CAD 1100 is much
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higher.

The value of k”” increased for the CAD samples when the thickness
increased from 200 to 750 nm, where it reached an almost constant
value (Fig. 7). In contrast, for the P25 samples, an increase could be
observed when the thickness increased from 100 to 280 nm, followed
by a decrease for the 480 nm sample, indicating that an optimal value
was reached. This increase in k”” with the increase of the film thickness
can be related to the deactivation of TiO, caused by deposition of Cr
(III), as largely reported in the literature [4,27,28,41,51-53], which
should be more pronounced for the samples with lower TiO, mass, as
this deactivation is proportional to the ratio between the concentration
of Cr(IlI) deposited and the TiO, concentration ([Cr(Il)gepl/[TiO2]).

Meichtry et al. have found no deactivation during the photocatalytic
reduction of Cr(VI) in the presence of EDTA when using P25 in sus-
pension (1g LY [27]. However, the conditions in the present case are
different, as the photocatalyst was immobilized and lower concentra-
tions of TiO, (<0.28 gL_l) and EDTA were used.

3.3. Reuse of the films

The three thickest CAD films (CAD 900, CAD 1000 and CAD 1100),
together with the P25 100 film, were studied for their reuse in the
photocatalytic Cr(VI) reduction under the same conditions as those
indicated in the previous section; the experiments were numbered, with
n representing the n' use of the sample. The results obtained with
1 < n < 4 are presented in Table 3 and in Fig. 8 where the pseudo-first
order rate constant k”,, normalized with respect to the k’; value in-
dicated in Table 3 (k", / k"), vs. n is plotted.

For all the studied films, the photocatalytic activity diminished after
the successive uses until the value of k*, / k", for the fourth experiment
was approximately 1/3 of the initial value for the three CAD films. For
the P25 100 film, a decrease (55% smaller than the initial value) could
be observed only at the third experiment, remaining almost constant
during the fourth experiment. This decrease in k” after four experiments
is similar to that reported for Cr(VI) reduction with supported P25 TiO5
films using tartaric (k’4/k’; = 0.61 [23]) or citric acids (k'4/
k31 = 0.56 [24]) as donors, despite the authors used far lower [Cr
(VD]o/[TiO,] ratios and thus, lower [Cr(IIl)gep]/[TiO2] should be ex-
pected in those works. Correspondingly, the deactivation should be
more pronounced for the samples tested in this work; therefore, the

Table 3

Pseudo-first order kinetic constant k’, correlation coefficient (R?), Cr(VI) and Cr
(IID-EDTA concentrations, and Cr(II)-EDTA yield after 300 min of UV-Vis ir-
radiation for the experiments performed with the different TiO, films and
suspensions. Conditions: [Cr(VI)], = 0.8 mM, [EDTA], = 1 mM, pH 2 (HCIO,),
E = 2800 yW cm ™2,

Sample n k’x10%(min~!) R? [Cr(VD] at  [Cr(IID- Cr(IID)-

300 min EDTA] at EDTA
(mM) 300 min yield
(mM) (%)
CAD 900 1 91 =02 0.999 0.02 0.62 79
2 43 02 0.993 0.08 0.53 75
3 43 x02 0.995 0.08 0.49 68
4 26 0.2 0.992 0.13 0.50 75
CAD1000 1 16 *1 0.996 0.00 0.60 75
2 80 =x07 0.983 0.00 0.64 80
3 67 x£07 0.982 0.00 0.60 75
4 45 * 05 0.983 0.04 0.63 83
CAD 1100 1 16.9 = 0.2 1 0.00 0.59 74
2 11 +1 0.990 0.00 0.69 86
3 11 %=1 0.978 0.00 0.53 66
4 54 =* 06 0.984 0.02 0.60 77
P25 100 1 13 =x01 0.998 0.25 0.40 73
2 13 x01 0.998 0.27 0.42 79
3 0.58 * 0.07 0.996 0.30 0.44 88
4 0.62 = 0.02 0.996 0.24 0.52 93
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Fig. 8. Normalized rate constant of the photocatalytic reaction for successive
uses of both types of films. Conditions of Fig. 5.

similar decrease in k’4/k”; can be ascribed to the protective effect of
EDTA compared to other carboxylic acids [27,28].

As during this fourth experiment with the P25 100 film almost all
reduced Cr(VI) remained in solution as Cr(III)-EDTA (see Table 3), Cr
(I1) deposition and the consequent TiO, deactivation [4,27,28,41] no
longer takes place; therefore, k4 can be considered the final value of
this parameter. For the CAD films, no clear tendency was observed in
the Cr(IlI)-EDTA yield, but the yield values (< 86%) and the continuous
decrease in k", clearly indicates that Cr(III) deposition and TiO, deac-
tivation are taking place. From a practical point of view, this deacti-
vation does not mean that the films should be replaced after a given
time, as Cr(IIl) can be removed from the TiO, surface using a citric acid
or EDTA solution [54], thus regenerating the photocatalyst. It should be
emphasized that despite the decrease of the photocatalytic activity was
more significant for the CAD films, at n = 4 the value of k” for the CAD
1100 film was one order of magnitude higher than the one obtained for
P25 100, and an almost complete Cr(VI) removal was obtained after
300 min, indicating that the photocatalytic activity was still much
higher for the CAD 1100 film.

4. Conclusions

TiO, films obtained by cathodic arc deposition showed a high
photocatalytic activity toward Cr(VI) reduction compared with P25
TiO, films. The photocatalytic reaction for Cr(VI) reduction in the
presence of EDTA was used as an excellent system to test the photo-
catalytic efficiency of the films. A pseudo-first order kinetics was found
to be followed by all the studied TiO, samples. The photocatalytic ef-
ficiency increased as the thickness increased, P25 films showing higher
photoactivity in the Cr(VI)/EDTA system than CAD films of similar
thickness. However, the possibility of increasing the thickness allows
CAD samples to achieve a higher efficiency than P25 films, attaining a
full reduction of Cr(VI) after 4 h. As the optimal thickness mentioned in
the literature was not reached along the studied thickness range, thus,
the performance of CAD films could be further enhanced. After reuse,
the films showed a decrease in the rate constant of the reaction for both
P25 and CAD films related to the deactivation caused by Cr(Ill) de-
position, this decline being more marked for the CAD films. Despite
this, most active CAD films remain more active than P25 samples.
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