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ABSTRACT

The photocatalytic efficiency for Cr(VI) transformation in the presence of etilendiaminetetraacetic
acid (EDTA) at pH 2 over various commercial TiO, samples (Evonik P25, Cristal Global PC50,
PC100 and PC500, Hombikat UV100, Fluka and Kemira S230) was evaluated. The decay was
adjusted to a pseudo-first order kinetics in all cases and the photocatalytic activity of the sam-
ples was estimated from the Kkinetic constants. The order of the photocatalytic activity was
PC500=UV100>P25=PC100>S230=PC50 » Fluka and it strongly depends on the nature of the TiO,
samples, especially on the specific surface area, except for S230 and for P25. The formation of the
Cr(III)-EDTA complex in solution as a product of the Cr(VI) photocatalytic reduction was confirmed by
visible spectrophotometry. Simultaneous kinetics of Cr(VI) reduction and of Cr(IlI)-EDTA formation has
been determined for the first time and the results indicate that evolution of both species are related. TRMC
measurements were applied for the first time to a reductive heterogeneous photocatalytic reaction of a
metal ion system, and the experimental results were adjusted to a power law decay, relating the data to

those of the photocatalytic experiments.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The photocatalytic reduction of Cr(VI) in water has been widely
reported in the literature [ 1-3], both as an environmentally friendly
process for the treatment of this pollutant [4-16] ! as well as
a simple system to evaluate the photocatalytic activity of vari-
ous semiconductors [11,12,14,17-29]. This photocatalytic system,
where Cr(Ill) is the final stable product, is unique: Cr(VI) is the only
metal species whose reductive TiO,-photocatalytic removal is not
influenced by the presence of oxygen, at least at acid pH, in contrast
with most metals, explained by the fast capture of electrons caused
by a very strong association between Cr(VI) and TiO, through a
charge-transfer complex [9,30]. However, the influence of the phys-
ical properties of the photocatalyst samples used in the reaction is
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still under discussion and, from the point of view of photocatalysts
offered in the market, this aspect should be analyzed.

Time Resolved Microwave Conductivity (TRMC) is a powerful
tool for analyzing charge carrier lifetimes in TiO, [31-34]. The tech-
nique can be used also to understand the effect of species adsorbed
or deposited on the surface of a semiconductor [35-38].

In this paper, the photocatalytic activity of various commercial
TiO, samples, i.e., Evonik P25, Cristal Global PC50, PC100 and PC500,
Hombikat UV100, Fluka and Kemira S230 was evaluated, and the
results were related to those of TRMC measurements for the most
representative samples.

2. Experimental
2.1. Chemicals and materials
P25 (Evonik), Hombikat UV100 (Sachtleben Chemie), PC50,

PC100 and PC500 (Cristal Global), reagent TiO, (Fluka, 99%) and
Finn-Ti S230 (Kemira) were used as received.
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Potassium dichromate was Prolabo (99.9%), and disodium
etilendiaminetetraacetic acid (NapEDTA, 99%) was Merck. Nitric
acid (68%, Prolabo) was used for pH adjustment. All other reagents
were of analytical grade and used as received. All solutions and
suspensions were prepared with distilled water.

Filtration of suspensions was performed through 0.2 um Inter-
chim cellulose acetate filters, 25 mm diameter.

2.2. Preparation of suspensions and TRMC samples

To prepare the suspensions to be irradiated, the following pro-
cedure was used: 200 mL of water were added to 0.25g of TiO,
in a 250 mL volumetric flask; then, the corresponding amount of a
10 mM Cr(VI) solution was added to get a final 0.8 mM concentra-
tion, and pH was adjusted to 2 with 1 M HNOs; in the corresponding
experiments, solid Na,EDTA to get a 2 mM final concentration was
introduced before adjusting the pH. Water was added in all cases
to complete 250 mL. The suspension was ultrasonicated for 2 min,
and 200 mL were used in each photocatalytic experiment, keeping
the remaining 50 mL in the dark for 30 min to ensure adsorption
equilibrium before irradiation; after filtration, the amount of Cr(VI)
adsorbed onto the photocatalyst in this 50 mL suspension was mea-
sured and discounted from the initial concentration to evaluate
changes in concentration due only to irradiation.

For TRMC measurements, the pure samples were evaluated
directly as powders. To measure Cr(VI)-modified TiO, photocata-
lysts, samples were suspended at 1 gL~! in 0.8 mM Cr(VI) solutions
at pH 2 (HNOs3) (with EDTA in the indicated cases), stirred in the
dark for 60min and centrifuged for 10 min at 10,000 rpm. The
supernatant was eliminated, the samples were dried at 35°C for
24 h, and then stored in the dark. Blanks with water at pH 2 adjusted
with 1 M (HNOs-modified TiO, ) were also prepared.

2.3. Photocatalytic runs

Irradiation runs were performed in a Pyrex recirculating batch
annular photoreactor, 160 mm length, 40 mm outer diameter and
30mm inner diameter. Inside the inner tube, an 8 W Philips flu-
orescent black light lamp was placed, fed by a 15W ballast.
This lamp emits predominantly at 365nm. A TiO, suspension
(200 mL) was poured in a glass reservoir and continuously recircu-
lated (600 mL min~1) to the photoreactor by means of a peristaltic
pump. The irradiated volume in the photoreactor was 110 mL.
The system was freely open to the air because, as reported,
molecular oxygen does not interfere with the Cr(VI) photocat-
alytic reduction over TiO, under acidic conditions [1,2]. The whole
setup was thermostatted at 298 K. The total incident photon flux,
q°np/V, determined by potassium ferrioxalate actinometry, was
95 peinsteins~! L-1, using the same conditions of flow rate and
volume as in the experiments.

The experiments were performed at least by duplicate and the
standard deviation among replicates was never higher than 10%.

2.4. Analytical determinations

For the spectrophotometric determinations, samples (1mL)
were taken from the reservoir, filtered and brought to 10 mL with
water. Cr(VI) was determined by measuring the absorbance
at 352nm [39]. The more sensible but more complicated
diphenylcarbazide method was found not necessary for these
Cr(VI) concentrations [8]. The concentration of Cr(IlI)-EDTA
in solution was measured at 540nm as previously reported,
using £=14m2mol-! [40]. Neither free Cr(Ill) [40,41] nor
Cr(VI) species [4,30,42] interferes at this wavelength. However,
Cr(Ill) can form complexes with ethylenediamine-N,N’-triacetic
acid (ED3A) [42], ethylenediaminediacetic acid (EDDA) [43]

ethylenediaminemonoacetic acid (EDMA) [44] and iminodiacetic
acid (IDA) [45], having UV-vis spectra similar to that of Cr(IIl)-
EDTA, with maximum ¢ values also at 540 nm and in the same
order of magnitude (6-13 m2 mol~1). These compounds have been
found as products of EDTA photocatalytic degradation, although
reported to be formed in very low amounts [46,47]. Therefore,
it will be assumed that the measured absorbance corresponds
only to the Cr(IlI)-EDTA complex, affected by some minor error
without influence on our conclusions. A double-beam Varian
UV-vis recording spectrophotometer, model Cary UV 300, was
used for the spectrophotometric measurements, and calibration
curves were obtained in all cases.

Total Cr content on TiO, either before or after irradiation
was determined by Wavelength Dispersive X-Ray Fluorescence
(WDXRF) measurements, using a Venus 200 MiniLab, Panalytical
WDXRF equipment with a Sc anode X-Ray tube. The excitation con-
ditions were 50kV and 4 mA. As thermal Cr(VI) reduction by EDTA
can take place during the drying process of the samples [40], the
amount of Cr on TiO, before irradiation was determined before the
addition of the organic compound. The amount of Cr in the TiO,
samples was expressed as equivalent concentration (mmol of Cr/g
of TiO,), i.e., as the concentration of total Cr (mM) in a suspension
containing 1gL~1 of TiO,. The samples were initially prepared as
described for the TRMC measurements, mixing them at the end
with cellulose (40% TiO,-60% cellulose) and compressing the mix-
ture in order to obtain a pellet. The calibration curves were prepared
similarly by mixing pure P25 with the corresponding amount of
Cr(VI) in water.

2.5. BET area measurements

Measurements were carried out by N, adsorption at 77K
(molecular surface area 0.162 nm?2) on a Micromeritics ASAP 2020
equipment. Before analysis, the samples were heated under vac-
uum at 373K for 8 h.

2.6. TRMC measurements

Measurements were carried out in the Helmholtz Zentrum
Berlin (Germany) with the experimental setup described previ-
ously [31]. The incident microwaves were generated by a Gunn
diode of the K, band (28-38 GHz) and the experiments were
performed at 31.4 GHz. Pulsed light source was a Nd:YAG laser pro-
viding an IR radiation at A = 1064 nm. Full-width at half-maximum
(FWHM) of one pulse was 10 ns; repetition frequency of the pulses
was 10Hz. UV light (355nm) was obtained by tripling the IR
radiation. The light energy density received by the sample was
1.3mJcm~2. In order to have a more accurate value of the signal
at the maximum (Imax ) and at 40 ns after the maximum (I4gps), the
values reported for both parameters were averaged within +5ns
of the corresponding time. The uncertainty of the measurements
was of 0.005V for times shorter than 100 ns (i.e. when the signal is
maximum), and of 0.001V for longer times.

3. Results and discussion

3.1. Photocatalytic experiments of Cr(VI) decay with different
TiO, samples

In Table 1, some physical properties of the TiO, samples used
in this work are indicated, with BET area values measured in our
laboratories and compared with reported values taken from the
literature [4,12,17,37,48-52].

In Fig. 1, results of the photocatalytic decay of Cr(VI) (0.8 mM)
in the presence of EDTA (2 mM) at pH 2 using different TiO, sam-
ples (1gL-1) are shown. These conditions were chosen according
to results obtained in previous works to warrant a low Cr(VI) filter
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Table 1
Some physical properties of the TiO, samples.

Sample Particle size (nm) SSA measured (m2g~1) SSA from literature (m? g=!) Phases

P25 20-50 547+ 0.3 48-56 A (70-80%) R (30-20%)

PC50 20-40 457 £0.2 50 A

PC100 18-21 824 + 0.3 89 A

PC500 5-10 306 + 2 287-350 A

uvioo 5-13 300 + 2 250-300 A

Fluka 100-400 8.30 + 0.01 9 A

$230 4-7 2705 + 0.5 230 A

A: anatase; R: rutile.

effect and a pseudo-first order decay [8,29]. All experiments were
continued until total Cr(VI) transformation; as can be seen, reac-
tivity is extremely high, with total conversion of Cr(VI) in less than
300s over almost all photocatalyst samples; the Fluka sample was
the less active, requiring t=1800s for the complete Cr(VI) decay
(see inset of Fig. 1). So far, no photocatalytic data with S230 have
been reported, while there is only one report regarding Fluka [50],
where the efficiency of this material was found much lower than
that of P25, PC50 and PC500, in agreement with the results here
obtained. The temporal evolution of the normalized Cr(VI) concen-
tration ([Cr(VI)]/[Cr(VI)]g) could be fitted to Eq. (1):

[Cr(VD] 1)

where k. is the pseudo-first order kinetic constant.

The spectra of samples during the runs confirmed the forma-
tion of Cr(II)-EDTA as the final product by the appearance of two
peaks at 390 and 540nm [42,53]. The experimental data of the
Cr(IlI)-EDTA temporal evolution (Fig. 2, with inset for Fluka at
longer times) were fitted to Eq. (2):

[Cr(l[l) — EDTA] = Coo X (l _ exp—kfxt) (2)

where C,, is the amount of Cr(VI) transformed into Cr(III)-EDTA
at the end of the reaction, and k¢ is the pseudo-first order kinetic
constant for the complex formation.

In Table 2 are shown the kinetic parameters of all curves
extracted from Figs. 1 and 2, together with the amount of Cr onto
the photocatalyst before (i.e., adsorbed, in the absence of EDTA) and
after irradiation (in the presence of EDTA), expressed in equivalent
Cr concentration.

As previously postulated, the photocatalytic reduction of Cr(VI)
under regular illumination takes place through three successive
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Fig. 1. Photocatalytic decay of Cr(VI) over different TiO, samples. Experimen-
tal conditions: [Cr(VI)]o=0.8mM, [EDTA]p=2mM, pH 2 (HNOs), [TiO,]=1gL",
Vsuspension =200 ML, q°,5/V=95 peinsteins~! L~!. Dashed lines are the fitting of the
experimental points with Eq. (1). Inset: data for Fluka up to 1800s.

one-electron reduction steps?, ending in Cr(III) [ 1,2]. After the men-
tioned strong association through the Cr(VI)-TiO, complex [9,30],
the first step is the attack of CB or trapped electrons to Cr(VI) to yield
Cr(V), athermodynamically highly feasible process on the TiO; sur-
face in water suspension, considering the reduction potential of the
couple in homogeneous water solution (E9 =+0.55V [54] ), and the
redox levels of electrons and holes (E®=—-0.3 and +2.9V, respec-
tively for P25 [55]). A similar process can be proposed on the wet
and dried TiO, surface [30]:

Cr(VD)-TiO, +ecg ™ /ewr~ — Cr(V) 3)

The conjugate reaction is water or EDTA oxidation depending
on the conditions:

H20 + hVB+/htr+ — HO® + H* (4)

RCH,COOH + hyg* /hy+ — RCH,COO® + H* — — CO5 + RCH,® + e~
(5)

RCH,COOH + hyg* /hy+ — RCH*COOH + H* — — CO, + RCH,* + e~
(6)

In the absence of EDTA, P25 was found to be more active than
UV100 for Cr(VI) removal [13,17], but the opposite occurred in the
presence of EDTA, as confirmed here (Fig. 1 and Table 2).

According to Table 2, the order of reactivity toward Cr(VI)
reduction is PC500=UV100>P25=PC100>S230=PC50 3 Fluka.
Therefore, with the exception of S230, the efficiency in the pres-
ence of EDTA increases with the increase of the specific surface area
(SSA, Table 1, Fig. S1(a), supporting information section), in agree-
ment with previous papers of the system in the presence of electron
donors [4,6,22,24,64], although there is no large influence for the
highest areas. As expected, the same trend is observed regarding
the amount of Cr on TiO, (Table 1, Fig. S1(b), supporting informa-
tion section). In contrast, in the absence of donors, the SSA does not
seem to be the key parameter [4,6,17,24,56,64].

Except for P25, k. and ks have almost the same value, indicat-
ing that Cr(VI) and Cr(Ill)-EDTA evolution are closely related, the
lifetime of Cr intermediate species being negligible. The difference
between k. and k¢ in the case of P25, especially since the amounts
of total Cr(IlI)-EDTA and Cr on TiO, after irradiation are similar
to those obtained for the other catalysts (excepting Fluka), can be
explained by adifferentinitial reactivity on rutile and anatase active
sites.

2 However, it should be taken into account that if the TiO, sample is irradiated

with a laser, accumulation of electrons and changes in the Fermi level of the semi-
conductor can take place, leading to multielectronic processes.
3 All standard reduction potentials vs. NHE.
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Fig. 2. Temporal evolution of Cr(III)-EDTA under conditions of Fig. 1. Dashed lines are the fitting of the experimental points with Eq. (2). Inset: data for Fluka up to 1800s.

Figs. 1 and 2 indicate that, although Cr(VI) is completely trans-
formed in all samples at 300s (with the exception of Fluka), only
the C,, fraction of the initial reduced Cr(VI) is transformed into
Cr(IlI)-EDTA at the end of the reaction; the difference can be
assigned to the formation of other Cr(Ill) aqueous species with
lower absorbance at 540 nm, and to Cr(Ill) retained on the TiO,
surface, as observed by the green color onto the solid surface. This
effect was also noticed in previous works [3,8,56,57].

Table 2 and Fig. S2 show that the amount of adsorbed Cr(VI)
increases almost linearly with SSA. In contrast, the equivalent Cr
concentration after irradiation (14-21% of the initial Cr(VI) con-
centration) does not show a clear relationship with SSA (dashed
line in Fig. S2). This can be related to the rather constant C,, values
(Table 2), indicating that the speciation of Cr(IIl) products is almost
independent of the catalyst used. The only exception was Fluka,
where less than 5% of the initial Cr(VI) was retained on the surface,
in accordance with its higher C., value.

3.2. TRMC results

Fundamentals for TRMC have been reported elsewhere
[31-33,37,38]. Briefly, this technique is based on the measurement
of the change of the microwave power reflected by a solid sample,
AP(t), induced by its laser-pulsed illumination. The relative dif-
ference AP(t)/P can be correlated to the difference of conductivity
Ao(t) according to [31]:

AP(t)
P

— AAo(t) =AeZAn,~(t)ui (7)

1

Table 2

where A is a sensitivity factor, e is the electron charge, An;(t) is
the number of excess charge carriers i at time t, and u; is their
mobility. In the specific case of TiO,, An; is reduced to electrons
in the conduction band because their mobility is much larger than
that of the holes [31,32].

The main data provided by TRMC are the maximum value of
the signal (Imax), which indicates the number of the excess charge
carriers created by the UV pulse, including decay processes dur-
ing the excitation by the laser (10 ns), and the decay (I(t)) due to
the decrease of the excess electrons, either by recombination or
trapping processes. Concerning the decay, i.e. the lifetime of charge
carriers, a short and a long range are usually analyzed. The short-
range decay, arbitrarily fixed up to 40 ns after the beginning of the
pulse, represented by the I4gns/Imax ratio, reflects fast processes,
mainly recombination of charge carriers, a high value indicating
a low recombination speed [36]. The long-range decay, here fixed
after 200 ns, is related to slow processes involving trapped species,
i.e., interfacial charge transfer reactions and decay of excess elec-
trons controlled by the relaxation time of trapped holes [57]. In this
range, the decay of the TRMC signal can be fitted to a power decay
according to:

I=1Ip x t~ko (8)

where Iy is the intensity of the signal due to charge carriers
that recombine after 200 ns, and kp is an adimensional parame-
ter related to their lifetime: higher kp values correspond to faster
decays of the TRMC signal [31,36]. Similar Imax and Ip values indi-
cate that charge carriers decay only by slow processes.

The relationship between TRMC parameters and photocat-
alytic activity for pure TiO, samples has been verified in previous
works [31,32,36,37]. High Imax indicate a large amount of created

Kinetic parameters for the Cr(VI) decay extracted from Fig. 1 calculated with Eq. (1), for Cr(IlI)-EDTA formation extracted from Fig. 2 calculated with Eq. (2), and equivalent

Cr concentration per 1 gL~ of TiO,.

Sample ke x 103 (s71) R? ke x 103 (s71) Co, (mM) R? Cr on TiO; Cr on TiO;
(mmolg=') b.i.®P (mmolg)a.ic
P25 21.7 £0.7 0.993 16.0 + 1.4 0.22 + 0.01 0.992 0.05 0.11
PC50 12.6 + 0.6 0.986 10.2 £ 0.7 0.22 + 0.01 0.995 0.03 0.13
PC100 212+ 1.1 0.992 213 +3.7 0.21 + 0.01 0.964 0.05 0.12
PC500 251+ 14 0.994 251+ 14 0.18 + 0.01 0.982 0.35 0.17
uv100 246 + 1.1 0.994 244 +1.1 0.19 + 0.01 0.968 0.30 0.11
Fluka 2.3 +0.10 0.992 2.3 +030 0.26 + 0.01 0.966 0 0.03
$230 13.7+£ 0.7 0.992 13.7 +£ 0.2 0.18 + 0.01 0.992 0.19 0.15

a Determined before EDTA addition.
b b.i.: before irradiation.
¢ a.i.: after irradiation.
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charge-carriers, while long lifetimes reveal good charge-carrier
transport properties, good crystallinity and lack of defects in the
photocatalyst [32,34]; a small crystalline size and a high area have
been related with high kp values [32,34].

Adsorbed or deposited species on the photocatalyst surface
influence the TRMC signal, according to three different effects [37].
First, by absorbing photons that hinder the creation of charge car-
riers by acting as a shield or UV filter for TiO,; this decreases Imax
and Ip but do not affect lifetimes. A second effect is their behavior as
impurities or defects, giving rise to faster recombination processes;
this decreases all TRMC parameters. A third effect is the occurrence
of interfacial charge transfer processes between the charge carriers
and the adsorbed species; this changes especially TRMC parameters
related to long times [36]. The three phenomena occur simulta-
neously, the first two being detrimental for the activity, while the
third one being favorable.

Other phenomena more related to the specific structural nature
of the materials affect photoactivity, SSA being one of the most rel-
evant as a high SSA induces a high number of accessible active sites.
Especially, when a strong adsorbate is present on the TiO, surface,
SSA can become the key factor to explain the photocatalytic activity
[5,51] and the TRMC results. Surface treatments lead, generally, to
a decrease of Imax [36].

In this work, TRMC measurements were performed with
samples in the following conditions: i) pure, unmodified TiO,
samples, ii) samples previously suspended at 1gL-! in HNO3
at pH 2, iii) samples previously suspended in 0.8 mM Cr(VI) at
pH 2 (HNOs3), and iv) samples filtered after irradiation in the
presence of EDTA (conditions of Fig. 1) when all the initial Cr(VI)
has been reduced to Cr(Ill). TiO, samples suspended in HNOs3
served as a blank to indicate the influence of nitrate on TRMC
results. As an example, results for P25 are shown in Fig. 3, where
the temporal variation of the TRMC signal [ is plotted. Results
for UV100 and for PC samples are similar, and are displayed in
Figs. S3-S6. This analysis has been not performed for Fluka and
S230, and for PC100 and PC500 after irradiation in the presence of
Cr(VI)/EDTA.

TRMC data are presented in Table 3. Imax and Iyons/Imax are
directly extracted from Figs. 3 and S3 to S6. Concerning I and kp, a
good fitting to Eq. (8) was obtained (R% > 0.99) when I > 0.01 V; with

. Puresample
P25 . o,
o4 | = Cr(Vl)
R After irradiation
> -
0.01 4
] ¢ v =:|'t-_‘
4 .: 0 "
17
be?*
0.001 T T T .
100 10° 102 108 10

Time, ns

Fig. 3. TRMC measurements of P25 in different conditions. Pure sample: unmodi-
fied TiO,. HNO3: P25 previously suspended at 1gL~" in HNO3 at pH 2. Cr(VI): TiO,
previously suspended at 1gL~" in 0.8 mM Cr(VI) at pH 2 (HNO3). After irradiation:
P25 after irradiation in conditions of Fig. 1.

lower I values, the signal became noisy and the R? values decreased,
although the tendency remained.

3.3. Pure samples

Previous studies [31,33,34,37], comparing commercial TiO,
samples (P25, PC50 and UV100), reported that an increase of
SSA and a decrease of particle size cause a decrease on Imax
and I4ons/Imax, due to the lower crystallinity and higher fast
electron-hole recombination. This feature is clearly seen here.
PC50 and PC100 present the highest TRMC values, while PC500
and UV100 present the lowest ones, P25 being intermediate. As
observed before [37], although PC50 and P25 have similar BET area
and particle size, decay in P25 is faster due to the presence of the
rutile phase [32].

Table 1 shows that particle size and SSA of PC100 and PC50
are similar; this can account for their almost identical Imax and

Table 3

TRMC parameters for pure and modified TiO, samples extracted from Figs. 5 and S1 to S4.
Sample/condition Imax (V) L40 ns/Tmax (V) Ip (V) kp
pure P25 0.226 0.538 0.133 0.259
P25/HNO3 0.096 0.774 0.105 0.252
P25/Cr(VI) 0.015 0.676 0.017 0.478
P25/Cr(VI) after irradiation 0.102 0.558 0.077 0.307
pure PC50 0.282 0.640 0.216 0.226
PC50/HNO3 0.235 0.598 0.168 0.241
PC50/Cr(VI) 0.266 0.587 0.204 0.259
PC50/Cr(VI)/after irradiation 0.179 0.567 0.139 0.268
pure PC100 0.283 0.638 0.290 0.382
PC100/HNO3 0.227 0.603 0.187 0.331
PC100/Cr(VI) 0.171 0.325 0.058 0.273
PC100/Cr(VI)after irradiation ND ND ND ND
pure PC500? 0.110 0.223 0.090 0.816
PC500/HNO3* 0.096 0.215 0.092 0.930
PC500/Cr(VI)* 0.010 >0.1 -b b
PC500/Cr(VI) after irradiation® ND ND ND ND
pure UV100 0.102 0.288 0.036 0.576
UV100/HNO; 0.066 0.262 0.030 0.572
Uv100/Cr(VI)° - - - -
UV100/Cr(VI) after irradiation 0.063 0.319 0.019 0.300

ND: not determined.
2 Analysis for PC500 was performed in all cases until 103 ns.

b No analysis of the TRMC signal could be performed due to the negligible intensity of the signal.
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I40ns/Imax; however, the similar I;max and Ip of PC100 suggest that
charge carriers decay in this sample mainly by slow processes, and
this can be assigned to the smaller crystalline size and higher area
of this sample compared with PC50. On the other hand, the smaller
crystalline size and higher area of PC500 and UV100 (Table 1)
account for the smaller Iymax, I40ns/Imax and higher kp.

3.4. Treated samples

Table 3 shows that both the treatment with HNO3; and with
Cr(VI) in HNOj3 decrease Imax and I4ons/Imax in all TiO, samples.

At the working pH, nitrate is chemisorbed onto the TiO, sur-
face generating species like >Ti'V-ONO, [55]. As nitrate does not
absorb the laser emission (355 nm), a filter effect is not expected.
The decrease of Imax and Ip can be explained by chemisorbed HNO3
behaving as an impurity. An interfacial charge transfer process after
irradiation by the laser pulse can be also envisaged, with nitrate
oxidation by holes:

NO37+hVB+/hU+—> NOs3* 9)
or by reduction by electrons:
NO3~ +ecg~ /e — NO3%~ (10)

Reaction (9) is thermodynamically feasible (E®=2.3V [58]),
but reaction (10) is not possible (E°=—-0.89V [59], see however
footnote 2 in page 3 as nitrate can be transformed through multi-
electronic processes [60]), especially because this reaction requires
an anoxic atmosphere, which was not the case. The decrease of the
TRMC signal by adsorbed HNO3 was previously reported [55], asso-
ciated to a more efficient and faster ecg ~/hyg* recombination. Thus,
the lowering of Iax by nitrate is due to hole trapping according to
Eq. (9), followed by a channel for recombination through [55]:

NO3* + ecg” /ex~ — NO3~ (11)

In any case, the main influence of HNOs is on Imax and Ip and
less on I4ops/Imax and kp. The trend in TRMC parameters is similar
to that of the pure samples (Section 3.2.1). P25 remains peculiar,
with a rather much higher I4gps/Imax than the pure sample, although
this effect could be more related to the decrease on Ijhax than to an
increase in I4ops.

The effect of Cr(VI) is more notable than that of HNOj3. As the
amount of adsorbed nitrate is expected to be lower in the presence
of Cr(VI) due to competition for the TiO, active sites, a lower contri-
bution of NO3~to the TRMC signal is expected. The decrease of I;ax
in almost all Cr(VI)-modified samples (no irradiation) is more sig-
nificant in the samples with higher SSA, i.e. having more adsorbed
Cr(VI) (Table 2), with the smallest effect observed for PC50 and the
highest one for PC500 and UV100. As stated before, this effect can
be related to: i) a decrease of the light reaching the TiO, parti-
cles, due to the filter effect of the Cr(VI)-TiO, complex [9,30]; ii) to
recombination provoked by Cr(VI) behaving as an impurity or iii)
the transfer of electrons to adsorbed Cr(VI) (reaction (3))[31,37,55].
It can be proposed that the fast electron transfer to Cr(VI) is the main
effect decreasing Imax.

The increase of the Cr(VI) surface concentration before irradi-
ation (Table 2, Fig. S2) has also a strong influence on Ip and, to a
lower extent, on kp, with a more pronounced effect again for PC500
and UV100, where a very small or no signal at all is observed. The
main effect at long times is probably the rapid capture of ecg~ by
Cr(VI), higher with higher SSA. A similar behavior was found in
the photocatalytic reduction of Se(IV) and Se(VI) in the presence of
formic acid, where PC500 showed a higher photocatalytic activity
than P25 and PC50 [61]; this system is comparable to Cr(VI)/EDTA,
where both donor and acceptor are adsorbed on TiO,. It can be con-
cluded that in the photocatalytic reactions where O, is the only or

best acceptor (e.g., oxidation of organic compounds) P25 is gener-
ally the best material but, when a better acceptor, such as Cr(VI),
is present together with an electron donor also well adsorbed on
TiO,, large area samples such as UV100 or PC500 are better mate-
rials. A strong effect on the TRMC parameters is observed in P25,
attributed again to the anatase-rutile heterojunction, as in other
cases [37].

In samples irradiated after contact with Cr(VI) (and EDTA) and
submitted to TRMC, Imax were similar or somewhat lower than
those of HNO3-modified samples, but higher than those of Cr(VI)-
modified and not previously irradiated. This indicates that Cr(III)
produced on the surface (last column in Table 2) is less important to
change the amount of charge carriers than Cr(VI). There are no large
differences in the amount of Cr on the surface among the samples
(Table 2), and it is not expected that Cr(IIl) be an ecg~ acceptor, as
the reduction potential of Cr(Ill) to Cr(II) (E9 = —0.42 V [54]) is more
negative than the ecg~ level. In contrast, Cr(Ill) has been reported
to act as a recombination center, thus decreasing the lifetime of
charge carriers [32,62,63]. Although Cr(Ill) has a low absorption in
the emission range of the laser [14,64], it can be slightly higher in
the presence of EDTA and on the TiO, surface; thus, a minor con-
tribution as UV light filter cannot be ruled out, leading to the same
effect. An I4ons/Imax decrease and a kp increase is observed in the
samples, with the exception of UV100, where some positive effect
takes place (a small I40ns/Imax increase and a kp decrease); as the
lifetime of charge carriers is much shorter in UV100 than in P25
or PC50, the possible capture of hyg* by EDTA (or its by-products)
would decrease the high recombination rate of UV100. A smaller
deactivation on UV100 than in P25 by Cr(Ill) deposition has been
actually reported [4].

4. Conclusions

The photocatalytic activity of TiO, samples for Cr(VI) reduc-
tion in the presence of EDTA was evaluated. The temporal Cr(VI)
decays support the conclusion that the photocatalytic reduction
strongly depends on the nature of the TiO, samples, especially on
the SSA (except for S230). The final products of the photocatalytic
Cr(VI) reduction in the presence of EDTA are Cr(IlI)-EDTA and Cr
on TiO,, the speciation being almost independent of the photocat-
alyst; the temporal evolution of Cr(VI) and Cr(Ill)-EDTA are clearly
related.

The results are validated by TRMC, being the first time that this
technique was applied to the interpretation of the TiO, photocat-
alytic reduction of metal ions such as Cr(VI). Also, the analysis of
the TRMC results with a power decay law has been applied for the
first time, giving a more objective analysis of the signals compared
with the simple inspection of the graphics. The results show a large
decrease in I;max and Ip when Cr(VI) is adsorbed in the samples, this
effect being more important with the increase of adsorbed Cr(VI).
A larger efficiency for ecg~ capture and a UV light filter effect, due
to the formation of the Cr(VI)-TiO, complex can be responsible for
these effects.
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