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Abstract

The photocatalytic efficiency of pure and 0.5-20 wt.% Fe-containing Zebnples, prepared by a sol-gel technique, was tested in the
transformation of environmentally important substrates, such as nitrite, EDTA and Cr(VI) and compared with that(BEf@ssa 25).
All samples were active, although the efficiency was lower than that of. Ti@vertheless, the presence of iron increased the activity for
nitrite photooxidation, with the maximum efficiency at 5 wt.% Fe content. At higher Fe content, the efficiency decreased but it was always
higher than that of the undoped sample. For EDTA oxidation and Cr(VI) reduction, the same trend was observed. Remarkably, Cr(VI
reduction in the presence of EDTA was strongly accelerated, all zirconia samples being as active as P-25, although initial rates were low
and somewhat detrimentally affected by the presence of iron. The photocatalytic activity depends on the structural, surface and optic
properties of the sample, on the preparation conditions and on the nature of the photocatalytic reaction. ©1999 Elsevier Science S.A. /
rights reserved.
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1. Introduction of propene [4,16] and ethane [9], the photodegradation of
4-chlorophenol [17], 4-nitrophenol [18] and 1,4-pentanediol
Zirconium dioxide (ZrQ) is an important material widely ~ [19], the oxidation of CO [9,20] and the reduction of HEO
used in ceramics technology [1] and in heterogeneous catal-to CO [13,14]. Also, it was found that ZgOcan photo-
ysis [2,3]. Due to its nature as n-type semiconductor, it has catalyze the oxygen isotopic exchange [9,21]. Kohno et al.
been considered recently as a photocatalyst in photochemicalised ZrQ to photocatalytically reduce CQwith hydrogen
heterogeneous reactions. The reported values of the energy22,23] and with methane [24]. In photooxidative reactions,
of the bandgapHg) of this oxide range between 3.25 and the activity of ZrQ samples is generally much lower than
5.1eV [4-12], depending on the preparation technique of the that of TiO,. Although ZrQ, presents an absorption maxi-
sample. From these, the most frequent and accepted value isnum around 250 nm, some samples show a non-negligible
5.0 eV, with a conduction band potential-ef..0 V vs. NHE absorption in the near UV range (290-390nm) [9,11,12,18];
at pH 0 [13]. Accordingly, the corresponding value of the va- moreover, some photocatalytic reactions could be performed
lence band potential is +4.0V vs. NHE. The relatively wide under irradiation in this range, without the participation of
Eg value and the high negative value of the conduction band light of higher energy [12,15,16,18,21,25]. Sato and Kad-
potential allowed its use as a photocatalyst in the produc- owaki attributed the photocatalytic activity of the Zr€am-
tion of hydrogen through water decomposition [10,13,14]. ple used in their work to an absorption band arising of an
Other photocatalytic reactions performed with zirconia were impurity level at 320 nm [9].
the oxidation of 2-propanol to acetone [12,15], the oxidation  Itis well known that some dopants included in a semicon-
ductor matrix, such as Fe(lll), inhibit the recombination of
e /h* pairs, enhancing the photocatalytic efficiency of the
* Corresponding author processes, an effect sensitive to the amount of dopant [25].
E-mail addressiitter@cnea.gov.ar (M.I. Litter) Although the systems Fe-O/Tihave been object of studies
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Table 1
Properties of the oxide samples
Sample Fe Digestion Calcination Calcination Sget Crystal phases IEP Particle size Egb
Sample (wt.%) time (h) temperatureQ) time (h) (nfg™ (m) (eV)
0-500 0 0.5 500 24 30 monoclinic 5.3 5 to 50 3.7
tetragonal (tr.)
0-600 0 3 600 3 8 monoclinic ND 5 to 80 3.8
tetragonal (tr.)
0.5-500 0.5 0.5 500 24 15 monoclinic (0.7) ND 5 to 50 3.1
tetragonal (0.3)
5-500 5 0.5 500 24 15 tetragonal 5.3 5 to 50 24
5-600 5 3 600 3 22 tetragonal ND 10 to 200 2.3
10-500 10 3 500 24 47 tetragonal KD 5 to 90 2.3
20-500 20 3 500 24 56 tetragonal KD 5 to 60 2.2

aDetermined by SEM.
b Determined from the diffuse reflectance spectra.
¢©ND =Not determined.

in the field of the heterogeneous photocatalysis [26—34], and adsorption properties of these specimens have been
the photocatalytic properties of the Fe-O/Zr§ystems have  presented [36—38]. In this work, photocatalytic experiments
been not described. using these samples were performed in the oxidative and
Nitrite is a common pollutant in the environment, and the reductive systems mentioned above, and the relationship be-
oxidation to N@Q~ can take place photocatalytically in the tween the activity of the samples and their physicochemical
troposphere by the action of semiconductor particles sus-properties were compared.
pended in cloud water. In this way, nitrite can be one of the
species responsible for the acid rain problem. Some results
on the heterogeneous photocatalytic oxidation of nitrite us-
ing different semiconductors, especially BiGare reported 2. Experimental
in the literature (see Refs. [28,31,32] and references therein).
Chromium(VI) is also a common contaminant in indus- 2.1. Chemicals
trial wastewaters coming from electroplating, leather tan-
ning or paint-making; it is toxic, carcinogenic and has been  ZrO, and Fe/ZrQ samples (named hereafteX-Y",
regulated in many countries. Remediation of this pollutant where X is the weight percentage of iron in the zZrO
consists generally in its transformation to the less harmful matrix andY is the calcination temperature iiC) were
Cr(lll), which can be eliminated then by precipitation in prepared by hydrolysis of aqueous suspensions of commer-
neutral or alkaline solutions. The photocatalytic reduction of cial ZrOChL-8H,O (Merck) containing different amounts
Cr(VI) with semiconductors such as Ti0ZnO, CdS, ZnS of Fe(NGs)3-8H,0O (Panreac). Aqueous ammonia (Merck,
and WQ has been widely studied (see Refs. [31,32,34,35] 25wt.%) was added dropwise to the mixture with contin-
and references therein). EDTA is a common pollutant com- uous stirring at pH 9-10. Two different digestion times
ing from industrial and domestic wastes, extensively used in (30 min and 3 h) were applied to the suspensions. After
detergents, fertilizers, herbicides, etc. Due to its effective- gelation, the solids were filtered and repeatedly washed un-
ness as a metallic complexant, it takes part in decontami-til negative AgNQ test, to ensure the absence of chloride
nating and cleaning mixtures of boilers and components of ions in the samples, as confirmed by XPS analysis. The
nuclear reactors. As EDTA is not easily biodegradable or samples were dried at 100 for 24 h and the gel precursors
degradable by chlorine, its elimination has been attemptedwere annealed at several temperatures, without a heating
using activated carbon filters, ozonization and UMH, rate. Pure Zr@ samples were prepared by the same proce-
with variable results (see Ref. [34] and references therein). dure but in the absence of iron. Ti@Degussa P-25) was
The photocatalytic degradation of EDTA has been tested by a commercial sample, kindly supplied by the manufacturer
us with TiQ; and Fe-doped Ti@samples [26,29,30,32,34]. (Degussa A.G., Germany) and used as provided. The main
Generally, the presence of a donor accelerates the heterogecharacteristics of the oxide samples are listed in Table 1,
neous photocatalytic reduction of Cr(VI), as previously re- taken from Refs. [36] and [37]. More detailed information
ported by us and other authors (see Refs. [34] and [35] andconcerning the preparation and characterization of these
references therein). samples will be reported hereafter [38].
In a previous work, some Zrbased samples, pure NaNQ, (Merck), NgEDTA (Carlo Erba) and KCrOy
and doped with Fe(lll), have been prepared by a sol-gel (Carlo Erba) were of quality grade and used as provided.
technique, and results of the structural, morphological and All other reagents were at least of reagent grade, and used
surface characterization as well as some spectroscopicwithout further purification. Water was double-distilled in a
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quartz apparatus. Diluted HClGand NaOH were used for  [42]. These experiments were repeated in the presence of
pH adjustments. 1.0mmol dn? EDTA.

2.3. Photocorrosion of the catalyst
2.2. Photocatalytic studies
o ) ) Fe and Zr were analyzed in the filtered solution after irra-
Irradiations were performed using a high-pressure xenon gjation in order to study the photostability of the ZBased
arc lamp (Osram XBO, 150 W) with a bandpass filter (Schott materials. Dissolved zirconium was evaluated by the alizarin
catalog No. BG 1, thickness 3mm; 270Rmk. <510nm;  method [43]. For iron-containing oxides, total iron in solu-

maximum transmission (87%) at 360 nm). The IR fraction o was determined by the thioglycolate method [44].
of the incident light was removed by a suitable filter (Schott

catalog No. KG 5). Actinometric measurements were per-
formed by the ferrioxalate method [39]. A photon flow per 3 Results
unit volume of 1.5« 10~° Einstein dnis~! was calculated.
UV-visible absorption measurements were performed on 3.1. Photocatalytic nitrite oxidation
a Shimadzu 210A spectrophotometer.

Photocatalytic runs were done in a thermostatted cylin-

. . Fig. 1 shows the time course of nitrite oxidation under
drical Pyrex cell. In all cases, a fresh solution (1G¥rof irradiation using the pure 0—500 and 0—600 samples as pho-
the substrate at a known concentration was adjusted to th g P P P

. etocatalysts. Results in the absence of light are also shown.
"Normalized concentration was plotted against reaction time
to circumvent slight differences in concentration between
experiments. All data have been corrected discounting the
adsorption after 45 min stirring in the dark. Both pure zirco-
nia samples were active; the reaction cannot be attributed to
a thermal effect since in the dark the decrease in N€bn-
centration was almost negligible after 4 h irradiation. It can

immediately before the irradiation. The concentration of all
ZrO»-based samples in the photocatalytic experiments was
4.0 gdnT3. Comparative tests with 1.0 g drd TiO; (P-25)
were carried out. All oxide concentrations guaranteed total
light absorption.

Prior to irradiation, suspensions were kept in the dark and

stlrr_e_d at 28C a time enough to assure substrate-surface be observed that the sample calcined at'@@as slightly
equilibrium. The extent of adsorption of the substrate on the more active

catalyst was determined by measuring concentrations before The effect of the thermal treatment on the photocatalytic

and after stirring. . . . )
Irradiations for a fixed period of time were performed un- behavior of the samples is shown in Fig. 2. As it can be

der magnetic stirring. Samples were periodically withdrawn

and filtered through a 0.3@m Millipore filter. At least, [NOy]/[NOy]o
duplicated runs were carried out for each condition, averag-

ing the results. In all cases, the adsorption in the dark was  1.00
discounted.

Nitrite experiments were performed at 1.0 mmofdm
and different pH conditions. The suspensions were stirred  0.95 -
for 45min until equilibration; a water-saturated oxygen
stream was bubbled in the suspension at a constant rate
(1.4cm?min~1) during the whole experiment. The final 0.90 4
nitrite concentration was determined in the filtered solution
by spectrophotometry at 520 nm using the sulphanilic acid
method [40]. No nitrite conversion was observed in the 4 |
absence of oxide.

The oxidative degradation of EDTA was performed us-
ing 1.0mmoldm suspensions at pH 2 with the reactor
open to air. Suspensions were stirred in the dark for 30 min
before irradiation. EDTA concentration was evaluated by
spectrophotometric analysis of the Co(lll) complex [41]. No L B
reaction was observed in the absence of oxide. 0 %0 100 130 200 250

In the case of Cr(VI) experiments, 0.4mmol@m Time / min
K2CrO7 solutions at pH 2 were used and suspensions were _. . ) ) . .

. . . - . Fig. 1. Normalized concentration vs. time for @xidation over different
stirred fOI’. 30 min before Irradl_atlon' Exper_lments were per- oxides in the presence and absence of light. Conditions: [pxidg dn;
formed with the cell open to air. Changes in Cr(VI) concen- [No,-] 1.0mmoldn?; pH 4; T=25°C: Io=1.5x 1¢° EinsteindnisL:
tration were followed by UV spectrophotometry at 349 nm 0O, bubbling.

0-500
0-500 (dark)
0-600

0-600 (dark)

0.80 4

OmOe
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Fig. 2. Normalized concentration vs. time for MO oxidation over dif-
ferent ZrQ samples with different thermal treatments. Inset: % nitrite
oxidation at two irradiation times. Same conditions as in Fig. 1.

Fig. 4. Normalized concentration vs. time for MO oxidation over
Fe-doped zirconia with different iron loadings. Inset: % nitrite oxidation
at different pH at two irradiation times. Same conditions as in Fig. 1.

[NO2 J/[NO2 o

Table 2
! pHin, pHin and % initial (dark) adsorption of NDin the photocatalytic

1.0 experiments
Photocatalyst pH pi % Initial NO,~ adsorption
09 0-0 4.0+£0.1 5.7+0.1 35
0-500 3.0:0.1 3.3+0.1 35.5
0-500 3.5:£0.1 4.0+£0.1 14.6
0.8 0-500 4.0:01 5.6+ 01 5.4
0-500 5.0£0.1 5.9+0.1 1.4
0-500 6.0£0.1 6.3+0.1 1.1
% NOz Oxidation 0.5-500 4.0:0.1 5.0+£0.1 6.9
074 » 5-500 4.0£0.1 46+0.1 14.6
ol 10-500 4.0:0.1 4.6+0.1 10.2
20-500 4.0£0.1 49+0.1 8.9
064 ] L 0-600 4.0:£01 55+01 7.8
101 TiO, (P-25) 4.0:£01  6.1£0.1 7.9
O pHS
O3 s 4, 5 s A pH6
0.5 +—— pH[ T T \ T

action rate decreased as the pH of the suspension increased.
L i 20 5 30 4,0 50 60 From pH 4 and up, the reaction rate was almost similar.
Time / min Decelerating effects in concentration profiles were not ob-
Fig. 3. Normalized concentration vs. time for lOoxidation over 0-500 served, at least up to 60 min irradiation.
at different pH. Inset: % nitrite oxidation at different pHafter 60 min The effect of Fe-doping was studied by irradiating sus-
irradiation. Same conditions as in Fig. 1. pensions at pH 4 over zirconia samples with different iron
contents (0, 0.5, 5, 10 and 20%). Fig. 4 shows the results.
seen, the activity increased with the calcination temperature.At low Fe content, an increase in the photocatalytic activity
Samples not calcined (0-0) or calcined at a lower tempera-was observed with a maximum at 5wt.% Fe after 240 min
ture (0-500) gave rise to a constant reaction rate, while for irradiation. For iron contents higher than 5wt.%, the activ-
the sample calcined at 600 a slight deceleration occurred ity decreased, but it was still higher than that of the un-
at long irradiation times (180 min). doped sample. As expected, results oversT{P-25) show
The effect of pH was studied with pure 0-500 as the cat- that this oxide is the most active material for this reaction.
alyst. In Fig. 3, the concentration profiles and the photoox- Concentration profiles as a function of time for 0-500 and
idation degree after 1 h irradiation are presented. It can be0.5-500 showed a linear kinetic behavior, while in the case
observed that both the photocatalytic efficiency and the re- of a higher Fe loading a decelerating effect was observed.
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0 . .
%o EDTA oxidation [Cr(VD/[Cr(VD)],
00
! 1.0
80—
0.8 1
60
0.6 1
40— % Cr(VI) Reduction
04 1 w -
“
60
20 02 - 10 .
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. . ’ 0-500 5-500 P-25
0- Type of catalyst
P-25 0-500 0.5-500 5-500 0.0 T T | [ T T
0 20 40 60 80 100 120
Type of catalyst . .
Time / min
Fig. 5. Photodegradation of EDTA over different photocatalysts.
Conditions: [oxid¢=4gdnT3; [TiOo]=1gdnr3; pH 2; irradiation Fig. 6. Normalized concentration vs. time for Cr(VI) reduction over dif-
time =120 min;T=25C; Io=1.5x 10° Einstein dnt3s~1; open to air. ferent catalysts. Inset: % Cr(VI) reduction at two irradiation times. Con-

ditions: [oxidg =4 g dn3; [TiO2]=1 g dm3; [Cr(VI)] = 0.4 mmol dn3;

pH 2; T=25°C; Ip=1.5x 10~ EinsteindnT3s~%; open to air.
Table 3

% Initial (dark) adsorption of EDTA in the photocatalytic experiments % C (VI) Reducti
oLTr eauction

Photocatalyst % Initial EDTA adsorption -
100 4 B2 30 min
0-500 29.3 B 120 min
0.5-500 24.4 1
5-500 26.2
TiO, (P-25) 0 80 1
In Table 2, initial (pH,) and final (pHin) pH values are 60

presented as well as the adsorption of the substrate in the

dark for each photocatalytic condition, taken from Refs. [36]

and [38]. In all cases, an increase in pH after 240 min irra- 40 -
diation was observed, slightly lower at a low pH.

3.2. EDTA degradation 20

Fig. 5 shows the degree of EDTA degradation after 2 h ir- ) %.
radiation over different samples (0-500, 0.5-500 and 5-500)
as catalysts. For comparative purposes, a similar experiment
over TiO, (P-25) is also shown. The photocatalytic efficien-
cies of all ZrG-based CataIyStS, were rema','kably lower ,than Fig. 7. % Cr(VI) reduction at two irradiation times in the presence of
that of P-25, but the conversion degree increased Sllghtly EDTA over different catalysts. [EDTA] = 1.0 mmol dr. Same conditions
with the amount of iron. as in Fig. 6.

No changes in pH (at pki2) were observed after irradia-

tion. The adsorption of the substrate in the dark is presentedp_zs) is shown in Fig. 6. Zr@based samples presented a

No Catalyst 0-500 0.5-500
No EDTA

Type of catalyst

in Table 3, taken from Refs. [36] and [38]. very low photocatalytic activity compared with that of P-25;
however, the efficiency increased with Fe-doping as it was
3.3. Cr(VI) photocatalytic reduction observed in the previous cases.

The degree of Cr(VI) photocatalytic reduction after 30
The effect of irradiation on Cr(VI) suspensions at pH 2 and 120 min over different photocatalysts in the presence of
containing different photocatalysts (0-500, 5-500 anc,TiO 1.0 mmol dni EDTA is presented in Fig. 7. For comparative
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[Cr(VDI/[Cr(VD]o Zr nor Fe was detected in solution, it was concluded that the
samples were photostable in the present conditions.

0.5 - 4. Discussion

4.1. Mechanism
0.6 1

The heterogeneous photocatalytic process is a complex
sequence of reactions that can be expressed by the following

0.4 @ No Catalyst set of simplified equations:
% 0-500 (No EDTA)
W 0-500 hv . .
® 05500 SC = e + hyy™ — recombination (1)
0.2 A 5500 E>Eg
v hvb+ + H20ad4s — HOgags™ + Ht 2
0.0 hvo™ + HOads™ — HOags 3
—————— r . hvo™ + Dads — Dads™ 4)
0 20 40 60 80 100 120 HO® + Dags— Doxid (5)
Time / min B ~
€b + Aads— Aads (6)

Fig. 8. Normalized concentration vs. time for Cr(VI) reduction(VI) in the
presence of EDTA over different catalysts. Same conditions as in Fig. 6. where D and A are respectively donors and acceptors.

The oxidative pathway can be performed by direct hole
. o . . .
Table 4 o _ _ attack or mediated by HOradicals, in their free or adsorbed
% Cr(VI) initial (dark) adsorption in the different experiments form, depending on the substrate. In many cases, complete
Photocatalyst % Initial Cr(VI) adsorption % Initial Cr(VI) adsorption  mineralization of an organic substrate to £and HO oc-

(without EDTA) (with EDTA) curs. Generally, “A” is dissolved £ which is transformed
0-500 40.5 20.4 in superoxide radical anion.¢®") and can lead to the ad-
0.5-500 NG 27.7 ditional formation of HO:
5-500 44.4 30.4
TiOp (P-25) 13.6 17.1 € + Oy = 02° "> — HO" )

aND = Not determined.
“A” can be also a metal ion species transformed to a

purposes, the results in the absence of photocatalyst andlifferent oxidation state species:
over 0-500 in the absence of EDTA are included. It can e B (—2)+
be observed that the extent of Cr(VI) reduction with EDTA M™ 4 z&p” —> M (8)
under irradiation in the absence of catalyst, i.e. the homo-
geneous photochemical reaction, is significant. The same4.1.1. NQ™ oxidation
reaction in the dark was negligible (at least up to 2h). Af-  In a heterogeneous photocatalytic system, nitrite is anod-
ter 120 min irradiation, all oxides presented a similar pho- ically oxidized to nitrate while @is reduced:
tocatalytic efficiency, comparable with that of P-25. How- _ _ _
ever, a¥ter shorter i):radiati%n times, a deleterious effect of 02 T H20 =~ NOs™ + 2HT +2¢ ©)
Fe-doping on the photocatalytic activity could be observed. o, 1 4H+ + 4e~ — 2H,0 (10)
Concentration profiles show a dramatic acceleration of the
Cr(VI) reduction by addition of EDTA, with a slower initial ~ The net reaction is therefore:
rate in the most loaded samples (cf. Figs. 6 and 8).

Either in the presence or in the absence of EDTA, no
changes in pH were observed at the end of the experiment, | previous papers we have proposed the following mecha-

The_ amount .Of Cr(vi) adsqrbed on ;irconia samp_les after pnism for the photocatalytic oxidation of nitrite [31,32]
equilibration in the dark (with and without EDTA) is pre-

2NO,™ + Oy — 2NO3™ (11)

sented in Table 4, and is taken from Refs. [36] and [38].  NO,~ + HO® — HNO3*~ < (NO3*)?~ +H* (12)
3.4. Deactivation of the catalysts HNOz*™ — NOZ® + OH™ (13)
(NO3*)?~ 4 H20 — NOz* + 20H" (14)

At the end of irradiation, Zr and Fe (for Fe-containing
samples) were determined in the filtered solution. As neither 2NO>* — N2Oq4 (15)
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_ _ + Table 5
N204 +H20 — NOs™ + NO; ™ + 2H (16) Calculated photonic efficiencies for the photocatalytic oxidation of nitrite
Nozo 4+ HO® — HOZNO (17) in different conditions
Photocatalyst H &%
HO,NO « NOg~ + H* (18) d i
0-0 4.0+0.1 0.03
(NO3*)%™ + Op — NO3® 4+ O,° (19) 0-500 3.0:0.1 0.52
) ) 0-500 3.5:0.1 0.32
The reductive pathway is expressed by Eq. (7), and con- 0-500 4.0:0.1 0.05
tributes also to HO generation and nitrite oxidation. Other ~0-500 5.0:0.1 0.05
reactions related to the photochemistry of nitrogen speciesgf_():oo i‘?‘ig'll 8'83
might also take place, such as the reaction of,N@vith 5-500 4.0+01 0.15
e~ (provided the redox potential of the conduction band 10-500 4.0:0.1 0.13
of the Zr& samples was thermodynamically enough), but 20-500 4.6:01 0.10
they would end equally in nitrate formation [45]. 0-600 4.0:01 0.10
TiOz (P-25) 4.0+0.1 2.48

4.1.2. Oxidative degradation of EDTA
In the case of EDTA, direct oxidation by holes or attack by where —dC/dt is the reaction rate anBy is the incident

HO® produces hydrogen abstraction, leading to a carboxyl photonic flow per unit volume.

radical as the primary oxidation product: The photonic efficiency allows to compare experiments
performed in similar conditions of substrate and oxide con-

RCOOH+ h*(HO®) — RCOC + H*(H,0) — CO, centration, geometry, incident light intensity and is only
+ other products (20)  valid for each experimental condition. Photonic efficiencies

] ) ) calculated at initial times allow the evaluation of the true
The cathodic process is the reduction of oxygen (Eq. (7)), initial activity, intrinsic of each sample, and independent of

which contributes also to EDTA oxidation. any type of inactivation, inhibition or other secondary effect

that could appear at long irradiation times.
4.1.3. Reduction of Cr(VI)

The cathodic photocatalytic reaction in this system is 45 1 NG~ oxidation
the three electron-reduction of Cr(Vl) to Cr(lll) whereas |, this case, the efficiencies were calculated from initial

the conjugate anodic reaction is the oxidation of water 10 aieg (determined graphically), and are shown in Table 5. As
oxygen. Successive one-electron reducing steps have bee@xpected, the photonic efficiency of P-25 is largely higher

proposed [31,32,34,35], ending in Cr(lll), the stable final yhan that of zrG-based catalysts. From values in Table 5

product: and the corresponding concentration profiles, the following
- - - conclusions can be withdrawn:

c' s e S eV e (21)

%Hzo +ht - 71102 +H* (22) 4.2.1.1. Calcination temperature.Photocatalysts calcined

at different temperatures present differences in initial pho-
tonic efficiencies: pure Zr@calcined at 500C is 35% more
2Cr07%~ + 16HT — 4CrP* + 8H,0 + 30, (23) efficient than the amorphous oxide, but a 100increase
in the calcination temperature doubles the activity. This

S tendency is also maintained at long irradiation times (see
(Eq. (22)), is kinetically slow. When no hole or hydroxyl Fig. 2). Different factors could account for these results.

radical scavengers are present, recombination of electron . . s .
9 b SRegardlng differences in initial substrate adsorption (see

and holes is a competing reaction that lowers the efficiency Table 2), the higher activity of the semiconductor treated at

of Cr(V1) reductpn. In _the presence of a donor such as the highest temperature could be attributed to the higher ad-
EDTA, a cooperative action of both substrates was observed, . . ) i
sorption. However, this adsorption cannot be correlated with

leading to an increased rate of photocatalytic transformation the SgeT of the sample, since our results show a decrease in

(134, 35] and references therein]). the specific surface with the increase of the calcination tem-
perature (see Table 1). Consequently, the specific surface
area does not seem to be a determining factor. The weak
correlation between activity and specific surface is a com-
mon fact in heterogeneous photocatalysis [46]. In addition,
the IR spectra of the samples [36—38] show that the bands of
adsorbed water and adsorbed hydroxyl groups are less
intense in the samples calcined at 600 suggesting a
lower activity for these samples. However, this is not the

The net reaction at pH 2 is:

The oxidative pathway, i.e. oxidation of water by holes

4.2. Photocatalytic efficiency

The efficiency of a catalyst in heterogeneous photocat-
alytic systems under polychromatic irradiation is evaluated
generally through the photonic efficienc§) [46]:

—dC/dr

% =
§% 7o

x 100
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result of the photocatalytic experiments. The higher activity lead to a decrease in the recombination rate and to an in-
of 0—600 could be attributed then to a higher crystallinity crease in the photocatalytic efficiency [26,46]. On the other
degree resulting from the modification of the parameters side, if the Fe content is high, it can act as a recombination
during the preparation procedure (3 h of digestion time and site, influencing negatively the activity. It has been noticed
3 h of annealing at 60C), reinforced by the fact that the that this is a determining effect in the case of Ti oxides
non calcined (amorphous) sample shows the lowest acti-doped with Fe [31].

vity. Without a thermal treatment or after a calcination at It is worthwhile to remember that the incorporation of
low temperature, crystal defects could remain in the sam- iron into a ZrQ matrix leads to a transformation of phase
ple, acting then as recombination centers fofhg pairs. from monoclinic to tetragonal with a distortion of the lattice
Besides, the calcination procedure could lead to surface[47]; these factors can affect the substrate-surface affinity
changes, affecting the type of active sites. The combination and the we of the sample and, in consequence, could modify
of all these factors could be responsible for the differences the photocatalytic efficiency.

in the activity of ZrQ samples prepared in slightly different It should be taken into account that an increase in Fe
conditions and calcined at different temperatures. content increases the absorption in the visible range of the
semiconductor sample [36,38]. Therefore, provided that the
bands in the visible range are photochemically active, a more
efficient use of the incident radiation could lead to an in-
crease of the efficiency. However, the 20-500 sample, which
shows the highest absorption, is not the most active speci-
men. We conclude that the spectroscopic properties are not
a determining factor for the photocatalytic activity. This fact
has been previously observed in the case of Fe/Ti oxides
[31,32,34].

In an isolated experiment, the photocatalytic activity of
5-600 for NQ~ oxidation was tested. The efficiency of this
sample was found to be lower than that of 0-600, suggesting
that the effect of Fe content on zirconia depends also on the
calcination temperature.

The IR spectra of the samples [36—38] do not reveal spe-
cial differences concerning the hydration and hydroxylation
4.2.1.3. Fe content. Table 5 shows that the initial pho- degree of the Fe-containing samples compared with the pure

tonic efficiency increases with the Fe content, attaining a specimens. Therefore, differences in activity cannot be ex-
maximum at 5wt.% iron. After 240 min, these differences plained by this factor.

in relative efficiency are maintained (see Fig. 4). These re-
sults agree with those previously obtained by us regarding 4214,

oxygen photoadsorption, which go from a very slight ability i, 51y nitrite oxidation to form nitrate is a slow process at

in the lfmdoped samg?le to a more p;lqno?rnceq value in the 0 temperature. £is essential in the photocatalytic reac-
case of doped samples. H?)wever, this effect is reported 0o, pecause it acts in the conjugate reduction reaction and
be maximum for the 0.5wt.% Fe sample [37,38]. decreases the recombination rate. In its absence, the process

From Table 1, itis observed thagSy values increase with o ery siow. When N@~ produced in the reaction reaches
the Fe content and that the initial adsorption of the substratea considerable concentration, it can compete wisHi@the

follows the same trend unt.il 5wt.% (Tablg 2). AIthough both photogeneratede[31]:
factors could lead to an increase in efficiency, this shows
again that §gT is not a determining factor, since 5-500isthe NO3~ + e~ — (NO3*)%~ (27)
most efficient sample compared with more loaded samples, .
in spite of its lower surface. The observed variation could ~ (NO3*)?~ reacts through reaction (14) yielding NQ
be thus explained by the effect of Fe(lll) ions in the 2r0  Which can react with superoxide radical anion formed
matrix that, depending on the iron content, can be positive through reactions (7) and (19), regenerating nitrite and

4.2.1.2. pH. Table 5 shows a decrease in the initial pho-
tonic efficiency of 0-500 with increasing pH, reaching a con-
stant value from pH 4 and up. This behavior is kept at long
reaction times (see Fig. 3). This effect could be attributed
to a decrease in the initial nitrite adsorption as long as pH
increases.

The increase in pH observed at the end of the reaction
in all experiments (see Table 2) cannot be assigned to the
global photochemical process (Eq. (11)), but to the different
trends of the oxide samples to adsorb 6 OH~ depending
on pH,. Experiments performed in the dark showed an in-
crease in pH after 4 h stirring, which reinforces the previous
hypothesis.

Inhibition: possible reasonsAs mentioned pre-

or negative. On one side, Fe can act as a trap abreh™ oxygen (reaction (28)):
Fest +e - Fet (25) NO2* + 02*” — NO2™ + 0Oy
Fet + ht — Fett (26) This effect could decrease the photocatalytic efficiency and

could explain the deceleration observed with the most active
If the conduction and valence band potentials of the semi- photocatalysts (5—-500, 10-500 and 20-500) (see Fig. 4) and
conductor samples are thermodynamically favorable for both also with TiQ (not shown). Inhibition by competitive ad-
trapping processes, the presence of a doping agent wouldsorption of NQ™ is also possible [31].
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Table 6
Calculated photonic efficiencies for Cr(VI) reduction in the absence and
the presence of EDTA

order equations. Initial rates were calculated taking into
account the apparent first order constant (initial rate =

Photocatalyst £% (without EDTA) £% (with EDTA) Kapp[Cr(VD] o) -

Both in the presence and in the absence of the reductant,
No photocatalyst ND 0.35 P-25 showed the highest initial efficiency. In the absence
0-500 0.07 4.15 of EDTA, £% increases with the Fe-loading (at least up
2;5’5_05000 ('J\Itfo 3'112 to 5wt.% Fe). This trend is maintained at long irradiation
Tio, (P-25) 1.43 13.1 times (up to 120 min, see Fig. 8). The effect of iron can

be explained by the increase in the substrate adsorption at
higher Fe contents (see Table 4) and by the improvement of
the charge trapping rate vs. charge recombination rate ratio.
4.2.2. Oxidative degradation of EDTA When EDTA was added to the system, a large increase
In this work, kinetic curves for EDTA degradation were in the initial photonic efficiency (more than one order) was
not performed, precluding the calculation of photonic effi- promoted. However, contrary to that observed in the previ-
ciencies. The evaluation of the photocatalyst efficiency was ous cases, the efficiency decreased with the Fe-doping, being
made taking into account the results obtained after 120 min lower for the most loaded sample. So far, we do not have an
of irradiation (see Fig. 5). easy interpretation of this experimental observation. In the
As in the case of nitrite oxidation, ZekOsamples were  absence of a photocatalyst, Cr(VI1) reduction by EDTA (neg-
much less active than P-25. There is a slight increase inligible in the dark) is significant. However, the addition of
ZrO, activity with the increase on the Fe(lll) content. The the semiconductor increases noticeably the efficiency, prov-
amount of EDTA adsorbed on the different photocatalysts ing that it acts as a true photocatalyst. At longer irradiation
was similar (Table 3); then, differences in efficiency cannot times (30 min, the tendency of the decrease of the activity
be attributed to differences in substrate adsorption. with the Fe content is kept (see Fig. 7). Itis worthwhile to re-
In the case of Fe-doped Tiphotocatalysts, it has been mark that after 120 min irradiation all the samples presented
suggested that photolysis (or/and photocatalysis) of surfacesimilar efficiencies, comparable with that of P-25, and that
or homogeneous complexes formed between EDTA and Cr(VI) conversion was total with all the samples.
dissolved or surface iron, can contribute additionally to  Although the Cr(VI) adsorption in the presence of EDTA
EDTA oxidation [26,34]. If the homogeneous complexes on ZrO,-type catalysts is lower than in its absence (see Ta-
were formed also in the Fe/ZpGsystems, their photolysis  ble 4), a significant increase in the photocatalytic activity is
and photocatalysis would contribute to EDTA oxidation observed. An increase in the efficiency for Cr(VI) reduction

2ND= Not determined.

according to reactions of the following type: in the presence of organic donors has already been observed
" | for TiO2 and Fe/TiQ ([34, 35] and references therein). As
(>)Fel'-EDTA + hv — (>)Fé said before, EDTA is an efficient trap ofthor HO' and,
+ oxidation products of EDTA (29) in its presence, recombination rate is surely lower. Anal-
o . ogously, an increase in EDTA oxidation efficiency should
where *>" indicates surface species. have been observed by the addition of Cr(VI) (not verified

However, the production of Fe(lll)-EDTA complexes in  axperimentally in this work).

solution should be ruled out since noiron dissolution was ob-  The direct photolysis of Cr(VI)-EDTA complexes might
served. In addition, isoelectric point (IEP) data for (0-500) pe proposed as a contribution to the photocatalytic reduc-
and (5-500) suggest that there is no Fe(lll) excess on thetjon of Cr(vI), but it has been suggested that the forma-
oxide surface of these samples (see Table 1); moreover, XPSijon of these complexes is negligible [48]. However, for
data indicate a lower amount of iron on the surface com- he Cr(V)-EDTA complex, a possible intermediate of the
pared with that in the bulk [36,37]. Therefore, a significant reaction, a rapid intramolecular electron transfer process
contribution of surface complexes should be also ruled out, leading to Cr(lll) complexes has been postulated [49] and,
avoiding contribution of Fe(Il)-EDTA photolytic reactions  therefore, their contribution to the acceleration of the photo-
to the degradation of the organic compound. catalytic reaction should not be discarded. In a similar study
The improvement in the photocatalytic activity by the of the Cr(VI)/4-chlorophenol system, Fu et al. detected an
presence of iron in the ZrOmatrix can be then explained, jncreased absorption in the visible range after a UV-induced

as in the NQ™ case, by the effect of Fe(lll) as a trapping  reaction [50], suggesting the formation of intermediate
center for the photogenerated charges. active species.

4.2.3. Cr(VI) reduction

Table 6 shows initial photonic efficiencies for Cr(vl) 4.3. Comparison between the photocatalytic systems
reduction in the presence and in the absence of EDTA (ini-
tial rates calculated from Fig. 8). The profiles of Cr(VI) As the results suggest, the photocatalytic efficiency is
reduction in the presence of EDTA could be fitted by first dependent on the nature of the redox reaction involved
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in the process, which is a common fact in heterogeneouscarried out with reused samples are adequate to demonstrate
photocatalysis. the stability of the photocatalysts. Experiments in this sense
It has been proposed that the photocatalytic oxidation of are in progress.

nitrite is a fast process of H°Oattack, that may take place
probably at the interface [31]. Therefore, surface properties, 4.5. Comparison with other photocatalysts
as the affinity of the substrate for the surface, have in this
reaction a determining role. The influence of this factor is  Although the calculated bandgap energies of the »ZrO
reflected in the variation of N§ adsorption with the in-  samples prepared by the sol-gel technique are close to that
crease of the Fe content (see Table 2) and affects notably thedf P-25 (3.1 eV [52]), the photocatalytic efficiencies of both
reaction rate. For example, comparing 0-500 and 5-500 attypes of photocatalysts in the range of wavelengths used in
pH 4, while the adsorption degree is doubled, the photonic this work are significantly different.
efficiency triplicates in the doped sample. It must be noticed that, to warrant a total incident light ab-
This effect is less marked in the slower reactions, i.e., the sorption, a 4-fold amount of Zrfbased catalysts is needed
oxidation of EDTA and the Cr(VI) reduction. The relative in comparison to P-25. The higher activity of P-25 could be
differences in adsorption between the pure and the dopedassigned to a higher efficiency in the separation of the pho-
samples are not large, and the same trend is observed in théogenerated charges (less/le™ recombination rate) due to
reaction rates. the special structure of this material [52]. On the other hand,
According to the results of characterization of the sam- ZrO, samples present a very low absorbance in the near UV
ples, in the Zr@-based catalysts containing up to 5% Fe, range that can be attributed to intrabandgap surface states.
iron is not preferentially located at the surface, suggesting Therefore, the low activity of Zr@samples can arise from
the formation of an external layer of zirconia [36,37]. In the contribution of these surface states. The new samples,
the case of the samples containing a higher Fe content, ironas well as the commercial Degussa Zr@resent, in con-
oxide is not segregated at the surface and a solid solutiontrast, intense absorption bands in the short UV range, around
is observed [38]. In any case, there is no Fe excess in the230 nm [36-38]. It would be interesting, then, the compar-
surface in any sample. However, the presence of iron couldison of the photoactivity of the samples with that of P-25
modify the surface properties of the material regarding the under short UV irradiation. Experiments in this direction are
type of active sites, presence of defects, etc., which could underway. Also, differences in back-scattering between the
increase the adsorption and favor the interfacial reactions.ZrO, and TiQ; samples, which originate important losses in
In slower reactions, it is probable that the influence of the absorbed light, can account for differences in the acti-
bulk properties on the photocatalytic rate overcome that of vity. Other favorable factors of P-25 are the somewhat higher
surface properties. specific surface area (4%mg1), a smaller particle size and
The case of the complex Cr(VI)/EDTA system is different, a lower amount of defects in the structure. Nevertheless, im-
because electron transfer processes in possible intermediatportant advantages of the new Fe—Zréamples compared
Cr(V)-EDTA species could trigger the reaction. This is the with Fe-doped titania are the enhancement of the activity
only system, among the ones studied here, in which iron compared with the pure specimens, the absence of photodis-
exerts a deleterious effect on the initial rate, and should be solution after illumination [26,29-32,34] and the higher par-
object of a more detailed and complete study. ticle size that facilitates their recovery from the reaction
medium by fast precipitation.

4.4. Stability of the photocatalysts
5. Conclusions

The results indicate that the samples synthesized by the
sol—gel method do not suffer photodissolution in the irradia-  The photocatalytic activity in the near UV range of zirco-
tion conditions. Due to this advantageous property, it should nia and Fe/zirconia samples prepared by a sol-gel technique
be possible, in principle, their reuse. was tested in systems of environmental interest. All samples

No thermodynamic data for Zr dissolution is available were found active, although its efficiency was lower com-
in the literature [51], and we assume that photodissolution pared to that of TiQ P-25. The incorporation of Fe(lll),
is not possible in these conditions. Concerning Fe disso-acting as an electron or hole trapping center in zirconia,
lution, as previously mentioned, IEP and XPS data sug- improved the photocatalytic activity. This behavior was ob-
gest that there is no Fe(lll) excess on the surface and, inserved in the oxidations of N0 and EDTA and in the
consequence, the particles would be more resistant to Fereduction of Cr(VI). In contrast, in the case of the Cr(VI)
photocorrosion. reduction in the presence of EDTA, the photocatalytic effi-

However, the lack of dissolved Zr and Fe detection only ciency decreased slightly with the iron content.
indicates the absence of photodissolution but it does not The different activities of the samples have been associ-
eliminate the possibility of photocorrosion without dissolu- ated not only to differences in structural, optical and surface
tion, due to surface transformation. Only kinetic experiments properties, affected by the conditions of synthesis, but also
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to the nature and conditions of the photocatalytic reaction.
In the case of Cr(VI) reduction in the presence of EDTA,
the yield of the Zr@-based catalysts was similar to that of

P-25. These results are promising, as photocatalysis emerge
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