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optical gap was found to be 1.70eV and the transition is directly allowed. The conduction band
(=1.05Vscg) is located below that of TiO,, more negative than the HCrO4~/Cr3* level (+0.58 Vsc) yielding
a thermodynamically feasible chromate reduction upon visible illumination. CuAl,04 is stable against
photo corrosion by holes consumption reaction involving salicylic acid which favors the charges sep-

I;li};‘;\:)()c'isa:lytic aration. There is a direct correlation between the dark adsorption and the photo activity. A reduction
CuAlO4 of more than 95% of chromate was achieved after 3 h irradiation at pH 2 with an optimal mass ratio
Cr(vI) (CuAl,04/TiO;) equal to 1/3. The reduction follows a first order kinetic with a half life of ~1 h and a quan-
Salicylic acid tum yield of 0.11% under polychromatic light. Prolonged illumination was accompanied by a deceleration
TiO, of the Cr(VI) reduction thanks to the competitive water discharge. The hydrogen evolution, an issue of

Hydrogen

energetic concern, took place with a rate of 3.75 cm? (g catalyst)'h-1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chromium is extensively used in various industrial applications
like electroplating, leather tanning, refractory industry and met-
allurgy [1,2]. It occurs mainly in two oxidation states namely VI
and IIl and is released in the aquatic environment at the hex-
avalent state either as Cr,072~ or HCrO4~ depending on the pH
(Cr,072~ +H,0 — 2HCrO,4~, pK, =1.68). It is now well established
that Cr(VI) is one of the major pollutants in wastewater; it is highly
toxic and its solubility contributes to the environmental pollu-
tion. The World Health Organization maximum level in water is
restricted to 5mgL-'. Therefore, its removal has been actively
investigated by many techniques such as cross flow microfiltra-
tion [3], reverse osmosis [4] and ion exchange [5]. Such methods
are expensive and often inefficient at low concentrations. So, it
turns out that the prospect of developing more efficient and durable
systems becomes necessary. The photocatalysis has proved its use-
fulness in the water treatment [6] and requires mild operating
conditions. It is based on the illumination of a semiconductor (SC)
with energetic photons which generate electron-hole (e~ /h*) pairs
resulting in photo redox processes where Cr(VI) is reduced to less
harmful oxidation state namely Cr(III) [7]. The latter is readily pre-
cipitated as hydroxide or adsorbed on a variety of substrates. On
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the other hand, many optically active compounds have been used
to reduce inorganic ions [8]. Some researchers studied the Cr(VI)
photoreduction on TiO, related compounds in presence of organic
acids [9-13] and reported the synergistic effect with the oxida-
tion of acids. The studies were extended to other catalysts like
BiVO4 [14] and ZnO [15]. Most photoelectrochemical (PEC) stud-
ies focused on oxides because of their long term chemical stability.
They are important in the environmental remediation, particularly
for the elimination of heavy metals which are non biodegradable
unlike organic pollutants [16]. However, their forbidden bands are
far too large to make efficient the sun spectrum. In addition, the
band edges do not span the redox levels in solution and hamper
considerably their utilization. Two contradictory factors may be
thought of as governing the efficiency, the flat band potential (V)
and the band gap (Eg). This results from the deep lying valence band
(VB) made up of 02~: 2p orbital (~7 eV below vacuum) whereas
the conduction band (CB) derives generally from cationic character
[17]. On the other hand, the serious handicap of non-oxide SCs is
their susceptibility to photo driven corrosion. A chemical stability
and cathodic flat band potential for p type specimen are generally
counterbalanced by a large gap. This drawback can be overcome
by introduction of cationic orbital VB which raises the energy and
reduces the gap. In this regard, the spinels have attracted much
attention as photocatalysts due to their ability to reduce water
under visible illumination [18]. Among the congeners, CuAl,04 has
interesting photocatalytic properties [19]. In addition, it is stable
over a wide pH range, low cost and non-toxic.
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The photo reactions are often carried out in dispersion of sub-
micron material in highly divided form [20] and a good catalytic
activity is related to a large specific surface area which favors the
ions adsorption. However, the spinels suffer from a high rate of
bulk recombination, originating from narrow bands. One strategy
istoreduce the crystallite size below the minority-carriers diffusion
length; hence the electrons have high probability of diffusing into
the electric-field region, i.e. the depletion width. So, CuAl,04 elab-
orated by nitrate route increases the amount of reaction per mass
ratio and decreases the crystallite size. This approach s flawed since
it does not permit large mobility for both carriers (electrons and
holes). A performent p type photo cathode requires a narrow gap
(Eg) and a matching of redox potential close to CB thus improving
the stability. However, the photoelectrons on CuAl,04-CB cannot
be easily captured by HCrO4~ ions because of the large potential
difference which, in acidic media, exceeds 1V giving rise to a weak
activity.

On the other hand, TiO, has been actively used in photocatal-
ysis but has light passing over the whole visible spectrum [21].
Some alternatives have been attempted to improve its activity by
shifting the spectral photo response toward longer wavelengths.
A straightforward solution would be the utilization of hetero-
junctions where little systematic work has been done because of the
difficulty of adjusting suitably the electronic bands of SCs. Accord-
ing to us, there are no papers dealing with clean route for the
photocatalytic Cr(VI) on hetero system. An improvement has been
reported recently with CuAlO,/TiO, by some of us [22]. We report
here the HCrO4~ reduction over the hetero-system CuAl;04/TiO5.
Both compounds exhibit an excellent chemical stability and have
been used separately as stable photo catalysts. CuAl,0,4 excited
with visible light acts as electrons pump resulting from their
injection into TiO,-CB which in turn causes the Cr(VI) reduction.
Simultaneously, the hydrogen production which is not negligible
was investigated under the same working conditions. Indeed, the
search of alternative energy supplies becomes a problem of high
priority. Hydrogen is a clean energy carrier which contributes to the
environmental protection by reducing the greenhouse gas emis-
sion. It meets a growing demand and is attractive for large scale
production from the solar energy.

2. Experimental procedures

CuAl,04 was prepared by co-precipitation. CuO (prefired at
400°C) and Al(NO3); 9H,O0, both of purity greater than 99.5%, were
dissolved in HNOj3 (6 N) and the solution was dehydrated in a sand
bath until dryness. Then, the powder was denitrified over flame and
fired in open alumina crucible standing in a vertical oven at 900°C.
TiO, has been the object of nano-sized effect inquiry. It was synthe-
sized by sol gel according to the method described elsewhere [23]
which is advantageous for obtaining porous material with large
active surface. The technique consists of dissolving Ti(OC3H7)4 in
methanol/ethanol solution in a molar ratio (1/1/10). The solution
was heated at 75 °C for 3 h after which water was added dropwise.
The gel was dried overnight and heated at 450° (2h, 3°Cmin~1).
Powder X-ray diffraction using Cu Ko radiation (A =0.154178 nm)
was used to identify the crystalline phases. The electrical contact
was established by soldering silver paint on the back pellet with
copper wire, the pellets were encapsulated in glass holders using
epoxy resin. The electrochemical characterization was done in a
three-compartment cell. The exposed area (A) of the working elec-
trode was 0.2 cm? and Pt sheet (1 cm?) served as auxiliary electrode.
The potentials were monitored by a PGZ301 potentiostat (Radiome-
ter analytical) and measured against a saturated calomel electrode
(SCE) by appropriate positioning of the lugging capillary in order
to have negligible potential drop. The chrono-potentiometric pro-

file was performed in the working solution CuAl,04/TiO,/HCrO4~
using Pt as indicator electrode. The photocurrent-photovoltage
Upn=Upp) curves were recorded in two electrode cell with external
resistance boxes and two multimeters (Tacussel, ARIES 2000).

The photocatalytic tests were carried out in a double walled
Pyrex reactor of 600 cm?3 capacity whose temperature was regu-
lated at 30+ 1°C by a thermostated bath (Julabo). The solutions
were deliberately polluted by K,Cr,07 (Merck, purity >99.5%); the
initial concentration was set at 30 ppm and the pH was adjusted at
2 with H,S04. The solubility of salicylic acid is poor in water and the
concentration was maintained at 5 x 10~4 M. The air equilibrated
dispersion was magnetically stirred under constant agitation. The
light source was 200 W tungsten lamp disposed at 10 cm above the
reactor in order to maintain a constant light flux (11.4 mW/cm?2).
The light was turned on after a transition period (2 h) for the dark
adsorption, and the aliquots (5cm?3) were taken at periodic time
intervals. After centrifugation, the Cr(VI) reduction was followed by
measuring the absorbance at 348 nm with UV-visible spectropho-
tometer (Shimadzu UV 1800) using 1 cm path length quartz cell.
The concentration was checked by potentiometric titration with
the Mohr salt. The photocatalytic tests for hydrogen production
were performed in the same reactor reported in our previous work
[24]. Hydrogen has been positively identified by gas chromatogra-
phy; it was determined by measuring the volume with a gas burette
and corrected from the blank test. All the chemicals were of reagent
grade quality and the solutions made with distilled water.

3. Results and discussion
3.1. Characterization

The semiconductor is the key element of the PEC device, since
it has the dual role of photoreceptor and reservoir of electrons. The
X-ray diffraction pattern of CuAl,04 (Fig. 1), recorded for 10s at
each 0.02° step over the 26 interval 15-60°, confirms the forma-
tion of the spinel structure with a lattice constant of 0.8086 nm
in perfect agreement with the JCPDS card No. 33-0448. CuAl,04
is nominally non-stoichiometric and the thermal evolution of the
conductivity obeys to an Arrhenius type law with an activation
energy E, of 0.16eV [19]. The electro kinetic parameters, obtained
from the semi logarithmic plot (Fig. 2): an exchange current density
0f 0.33 mA cm~2, a corrosion potential of +0.15V and a polarization
resistance of 143.76  cm? indicate a long lived material. The oxide
is stable in acidic medium (H;SO4, 0.05M). Over one month, the
amount of dissolved copper in the working solution would have
been too small for a reliable determination by atomic absorption.
CuAl,04 has not yet been assessed photoelectrochemically; it is
attractive for PEC characterization and the suitable position of the
cationic electronic bands makes it interesting to explore. In any
study in which a PEC junction SC/electrolyte is built, it is important
to determine the flat band potential. The potential Vp, is accurately
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Fig. 1. XRD pattern of the spinel CuAl,04 prepared via nitrate way.
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Fig. 2. The cyclic J(V) curve of CuAl,04 in acid solution (H,SO4, 0.05 M, pH ~2), scan
rate 5mvs-1.

determined from the differential capacitance (Fig. 3):

2 kT
-2 _ =« _ _
€= (AeSSONA) (V e )

where all the symbols have their usual meanings. The slope and
the intercept to C-2=0 of the Mott Schottky characteristic gave
respectively the holes density N4 (4.8 x 1023 m~3) and the poten-
tial Vg, (0.45V). The negative slope indicates the p type behavior
of CuAl,04 and the N4 value characterizes non-degenerate semi
conductivity, responsible of a broad depletion layer §:

5_ 2eseo(Vp — V)] 0-5

eNy

The width § (76nm), calculated for a band bending (V,-V) of
0.5V, extends over repeat crystallographic units and this is a
desirable property in photocatalysis. The permittivity (¢ ~50) was
determined from the dielectric measurements on sintered pellets.
CuAl,04 exhibits a brown color and both VB and CB are made up
of cationic orbital. The photocurrent yield (1) was obtained from
dividing the electron flow in the external circuit (from photocurrent
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Fig. 3. The Mott-Schottky plot of CuAl,04 in H,SO4 medium (0.05 M). (Inset) Direct
band gap transition of CuAl,04.
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Fig. 4. Photocurrent-photovoltage characteristic of CuAl,04 in 0.05M H,SO4 solu-
tion under visible light.

Jpn subtracted from the dark current) by the incident photon-light
measured at each wavelength:

Uph —Ja)

= e
¢ being the flux intensity falling on the electrode and e the ele-
mentary charge. The photocurrent-wavelength spectrum has been
analyzed to get both the energy and type of interband transitions
[25]:

(nhv)*™ = Const(hv — Eg)

where n equals 1 or 4 respectively for direct or indirect transitions.
The electrode was polarized at —0.4V, a value belonging to the
plateau region in the J,,(V) characteristic. Fig. 3(Inset) shows that
the plot with n= 1 is linear and the intercept with hv axis yields a
direct Eg value of 1.70 eV.

3.2. Photocatalysis

The Jp,-Upp characteristic of CuAl, Oy is unsatisfactory although
an open circuit potential (Upc) of 0.74V has been obtained
(Fig. 4). The low fill factor (0.23) and the quantum yield
(0.11%) are attributed to the high resistive nature of the pel-
lets (0300 =2.6 x 103 Q cm). The reason is also due to lack of
reversibility of the electrochemical system, i.e. a slow rate of
electron transfer of the HCrO,~/Cr3* couple on CuAl,04. The
energy-rich specie Cr3* is formed in a single step causing a large
over-potential.

Although it is not a general rule, the photocatalysis is intrin-
sically governed by the morphology of the material through the
active surface. It has been established that the electron flow in low
polaron oxides like CuAl,0y4 is the rate determining step. Hence,
the crystallite dimension must be comparable with the diffusion
length and small size should lead to high quantum efficiency. So,
our approach was to elaborate the oxide in nano crystalline mor-
phology of the kind already obtained with the spinels [26]. CuAl, 04
has been synthesized by nitrate way in order to have a large surface
to mass ratio and to decrease the path the electrons have to dif-
fuse before reaching the interface. The PEC characterization allows
us to draw the energy band diagram of the hetero-system (Fig. 5)
which predicts from a thermodynamical point of view whether
the HCrO4~ reduction and/or hydrogen evolution occurs or not.
The crystallite is naturally polarized at the free potential (Uy) and
cathodically protected against photo corrosion. So, an additional
condition to eventuate in photo reductions is that the potential Uy
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Fig. 5. CuAl,04/TiO, junction energy diagram.

(-=0.12V) of p-CuAl,04 must be more negative than the potential
V. Itis possible to improve the reliability of the system that affords
the catalysis of organics by visible light. As it has already been
mentioned in introduction, TiO, is chemically stable but absorbs
exclusively in the UV region and is of little practical use for the solar
energy conversion. The hetero-system is an elegant way to extend
the photo response toward longer wavelengths (visible region) and
the current matching is determined by the relative position of band
gap energy of both SCs. The electronic bands of CuAl,04, deriving
from cationic parentage, are pH insensitive whereas those of TiO,
usually vary by 0.06 V pH~1. We have taken advantage of this prop-
erty and at pH 2, CuAl,04-CB is suitably positioned with respect to
TiO,-CB. Equilibrium is established by equalization of the electro-
chemical potentials of oxides with the transfer of minority carriers
(electrons) from the bulk to the interface p-CuAl,04/n-TiO, result-
ing in a downward band bending (B). The hetero-system acts in a
short circuited configuration through the electrolytic solution and
the contact between TiO, and CuAl,04 particles is ensured mainly
by collision. The separation of (e~ /h*) pairs, generated in the sensi-
tizer CuAl, 04, occurs through the internal electric field within the
depletion layer. The photoelectrons are injected into TiO,-CB and
transferred to HCrO4~ and/or H,O species.

The dark adsorption is a precondition to the photocatalysis. The
X-ray diffraction reveals the presence of the TiO, anatase vari-
ety which exhibits an affinity for inorganic ions and a transition
period is required before irradiation. The reduction no longer holds
if the adsorption is weak and it is tempting to attribute the pho-
toreduction to the strong adsorption (see below). The point of
zero charge pzc, the pH at which the net adsorbed surface is zero,
was found to be 7.6 and all the experiments were carried out in
acidic medium. The adsorption is typically anionic and HCrO4~
is adsorbed onto the surface catalyst, charged positively. Further-
more, decreasing the pH would move the CB of CuAl,04 and TiO,
toward each other, resulting in enhanced electron transfer. The
Langmuir’s model is found to be the most adequate in represent-
ing the dark adsorption (Fig. 6), the adsorption onto TiO, surface is
monolayer and reversible, and saturation phenomenon takes place
progressively. The maximum adsorption capacity qo (87.4 mg/g)
and the Langmuir’s constant b at 303K (5.85L/mg) were deter-
mined. The chrono-potentiometry provides a further evidence to
support the above point Fig. 6 (inset). The HCrO4~ solution was
equilibrated with the catalyst after ~2 h. The difference between
the nominal concentration and that measured after equilibrium
was taken as the adsorbed quantity (~55%). The photocatalytic
tests were carried out with different Cr(VI) concentrations and the
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Fig. 6. Langmuir adsorption isotherm plot. C,: uptake at equilibrium, g.: adsorption
capacity at equilibrium, go: maximum adsorption capacity, b: Langmuir’s constant.
(Inset) Chronopotentiometric profile of Cr(VI) in CuAl, 04 (25%)/TiO, suspension (pH
~2).

results (Fig. 7a) give an optimal value of 30 ppm. The dependence
on the reduced HCrO4 ™~ at saturation time with various mass ratios
TiO,/CuAl, 04 is illustrated in Fig. 7b; the photoactivity increases
with increasing the ratio up to 3/1 above which it decreases dras-
tically to zero for pure TiO,. This behavior can be ascribed to the
adsorption kinetic, a known phenomenon of heterogeneous cataly-
sis. The extent of the adsorption was enhanced by ~200% when the
percentage of TiO, was increased from 0% to 25% and by only 11%
when further TiO, was added (up to 100%). This may be attributed
to the increase in the catalyst surface and consequently to the num-
ber of active sites dedicated to the pollutant capture which results
in improved efficiency of Cr(VI) adsorption. However, the adsorp-
tion for the ratio 1/1 remains unclear and subtle, presumably,
because of the chemical heterogeneity of the surface. In parallel,
the plot exhibited enhanced Cr(VI) photoreduction at higher TiO,
percentage. Furthermore, the turbidity of the solution and the light
scattering also account for the regression of the photoactivity.
One of the major drawbacks limiting the quantum efficiency is
the back carriers transfer which results in the recombination pro-
cess. The potential of CuAl,04-VB (0.65 V) lies far below the O,/H,0
level and water cannot be used as holes scavenger. In order to pre-
vent the accumulation of photoholes, we have used salicylic acid
which increases the lifetime of the carriers while maintaining the
reducing ability of TiO,-CB. Oxalic acid has also been tested in a
comparison purpose but it has showed less efficiency (Fig. 8a). Sal-
icylic acid is more susceptible to be attacked by strong oxidant such
as Cr(VI) due to benzene nucleus. Indeed, the -COOH group results
in transfer of nucleophilic m-electron density from the benzene ring
to the —-COOH group, thus tending to weaken its acidity. On the
contrary, oxalic acid is more stable and less likely to be oxidized.
In addition, it was reported that the accompanied oxidation of sal-
icylic acid reduces the deactivation effect of the deposited Cr(III)
species on the photocatalytic activity of the TiO, photocatalyst[12].
Moreover, different works already published showed the synergic
effect between the photocatalytic reduction of Cr(IV) and the oxi-
dation of organic compounds [13-15]. The photocatalytic process
is confined in a micro reaction space where the bulk phase diffusion
of reactants is minimized. Both half electrochemical reactions take
place concomitantly and progress with almost equal rates on the
opposite poles of the “bifunctional crystallite CuAl,04/TiO,” that
behaves like a micro PEC cells. Conceivably, the oxidation of acid
occurs on CuAl,04 while the chromate reduction proceeds mostly
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of TiO, mass in the hetero-junction with the following experimental conditions:
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200 mL.

on TiO,. The degradation of salicylic acid under various conditions
has already been studied [27] but the details of its conversion have
not been clarified yet. The complete mineralization occurs through
photo oxidative pathway by both photo holes and dissolved oxy-
gen. The p-CuAl,04/n-TiO, junction has the thermodynamic force
to catalyze the downhill reaction:

4HCrO4~ +3C7HgO3 + 1805 + 16H* — 4Cr3+ +21C0, + 19H,0

with a free enthalpy of —557 kcalmol~! [28]. Since 12 electrons
are involved in the reaction, this corresponds to ~2 V/chromium.
A transfer of three electrons per HCrO4,~ molecule is required and
the quantum efficiency () of the light conversion is given by:

n = 3{number of converted HCrO4~ mol s ~!/photons flux 5‘1}

Taking into account both adsorption and photoreduction, the
Langmuir-Hinshelwood model of photocatalysis is dedicated to
assess the chromium reduction rate. It suggests areaction occurring
between adsorbed species on the surface catalyst whose rate is pro-
portional to adsorption flow. The linear plot of log [HCrO4~]-time
indicates that the reduction obeys to a first order kinetic (Fig. 8b).
The apparent reaction constant (kapp) averages 1.62 x 102 min~!
with a quantum yield of 0.11%. The half life, the time needed for the
concentration to fall to half of its initial value, is found to be con-
centration independent and averages 1h. Over illumination time,
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Fig. 8. (a) Cr(VI)% reduction in presence of oxalic acid and salicylic acid in acidic
medium. (b) Photocatalytic conversion kinetic of Cr(VI) under the same experimen-
tal conditions as in Fig. 7.

the UV band intensity (348 nm) decreased and a new one appeared
at 547 nm due to the generation of Cr3* as compared with stan-
dard Cr(NO3)s (Fig. 9). The light absorption of CuAl,04 interferes
with that of HCrO4~ ions which act as optical filter but reduces
only slightly the flux intensity at low concentration (10~4M).
Indeed, the absorption of HCrO4~ is low in the green region
of spectrum; at 450 nm 10% adsorption for 1cm path length is
reported.

The Cr(VI) reduction decelerates after less than 1 h of continued
irradiation. This tendency to saturation is due to the competitive
water reduction. This can be clearly understood with the help of
the band diagram by the relation between the energy levels of
TiO,-CB and H,0/H, couple (Fig. 5). The photoelectrons in TiO,-
CB can reduce chromate and/or water and this is important for the
solar energy conversion where a particular goal is desired. A great
concern has been focused upon hydrogen as clean energy. Cur-
rently most production comes from methane reforming processes
which spew huge amounts of CO, in the atmosphere, respon-
sible of the global warming. For an efficient activity, a positive
potential of the conduction band and good absorption properties
in the visible region are required, two conditions fulfilled by p-
CuAl, Q4. Over TiO,, the potential of the couple H,O/H, was found
to be (—0.35V) [29]. The hydrogen evolves with an average rate of
3.75cm?3 (gcatalyst)~! h—1, and decreases over time as the volume
approaches a plateau region after 1h illumination (Fig. 10). Sali-
cylicacid has already been found to promote Cr(VI) reduction and to
lower the deactivation effect of the deposited Cr(Ill) species on TiO,
catalyst[12]. Therefore, the presence of organic acid would enhance
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both the Cr(VI) photoreduction and hydrogen evolution. The pho-
tocatalytic results are quite encouraging and can be extended to a
stirred reactor. These issues are presently under way and will be
considered in ongoing issues.
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4. Conclusion

The ability of the hetero-system CuAl,04/TiO, for the HCrO4~
reduction under visible light has been demonstrated. The
nitrate route was used for the synthesis of fine photoactive
particles. CuAl;04 is long lived, and has been assessed photo-
electrochemically; the Langmuir model suitably fit the adsorption
data. The light doping provides a wide depletion layer with the
occurrence of the photo effect thanks to the high energetic position
of the conduction band of CuAl,04. The reaction involves cheap
and available reactants; the mass ration has been optimized and
the chromate photoreduction is greatly enhanced in presence of
salicylic acid owing to the efficient separation of (e~/h*) pairs, and
follows a first order kinetic according to Langmuir-Hinshelwood
model. The Cr(VI) reduction takes place in competition with the
water discharge which seems to be the main reason for the decel-
eration process, as evidenced by the bending over the curve. Taking
these findings into account, we feel that detailed studies with
stirred reactor will be required before an efficient photoelectro-
chemical system is realized.
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