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Abstract−The photo-electrochemical characterization of the hetero-system CuFe2O4/TiO2 was undertaken for the
Ni2+ reduction under solar light. The spinel CuFe2O4 was prepared by nitrate route at 940 oC and the optical gap
(1.66 eV) was well matched to the sun spectrum. The flat band potential (−0.21 VSCE) is more cathodic than the poten-
tial of Ni2+/Ni couple (−0.6 VSCE), thus leading to a feasible nickel photoreduction. TiO2 with a gap of 3.2 eV is used to
mediate the electrons transfer. The reaction is achieved in batch configuration and is optimized with respect to Ni2+

concentration (30 ppm); a reduction percentage of 72% is obtained under sunlight, the Ni2+ reduction is strongly
enhanced and follows a first order kinetic with a rate constant of 4.6×10−2 min−1 according to the Langmuir-Hinshel-
wood model.
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INTRODUCTION

The removal of inorganic pollutants like toxic metals from waste-
waters is currently one of the most important topics in the envi-
ronmental protection [1]. Aquatic pollution mainly comes from
industrial landfills like batteries, plating and paint. Unlike organic
molecules, heavy metals are non-biodegradable and resistant to
both chemical and biological treatment [2]. Humans can be exposed
to nickel-based compounds through breathing, drinking water,
eating food and skin contact with contaminated soil and water [3].
Absorption of excessive amounts of nickel increases the risk of
developing cancer of lung, larynx and prostate [4,5]. So, the thresh-
old concentration of nickel is drastically limited at 0.5 ppm by the
World Health Organization [5]. The conventional methods usu-
ally employed for the nickel removal, such as adsorption, electro
reduction and reverse osmosis, are relatively high cost and become
often inefficient at low concentrations. In this respect, the hetero-
geneous photocatalysis emerged as a clean alternative for the reduc-
tion of metals to less harmful forms and elemental states [6]. Solar
energy represents an inexhaustible energetic resource with a high
solar constant at the sea level [7]. Semiconductor oxides like SnO2

[8], TiO2 [8,9] and ZnO [10] are chemically stable against corro-
sion but possess a large gap (Eg>3 eV) and are technically unat-
tractive for the exploitation of the solar radiation, which entails only
~5% of UV light. In this regard, other families such as the delafos-
sites [10,11] and spinels have been tested in photocatalysis [12,13],
as no systematic works have been undertaken in the metals removal
over these materials [14]. The choice of the spinel CuFe2O4 as pho-
tocatalyst is motivated by its environmental friendly characteris-
tics: light absorption over the whole solar spectrum [15], chemical
stability in a wide pH range, and low-cost. The oxide was prepared

by nitrate route in order to have a large active surface and a nar-
row crystallites size distribution. The aim of the present work is
the elimination of nickel from the aquatic medium using the het-
ero-junction CuFe2O4/TiO2 as catalyst under solar irradiation. The
electron transfer in heterogeneous photocatalysis occurs iso-ener-
getically and TiO2 is used as electron bridge between the spinel,
acting as sensitizer, and Ni2+.

EXPERIMENTAL

CuO and Fe(NO3)2, 9H2O, both of analytical purity, with a molar
ratio (Fe/Cu=2) were dissolved in HNO3 (9 N); the solution was
evaporated and denitrified on a hot plate until there were no NOx

fumes. At this level, 20 mg was removed and the thermal decom-
position (TG) of the amorphous powder was examined in a Setaram
thermo analyzer (AG0084 Labosystem). The powder (~10 g) was
ground in an agate mortar and heated at 940 oC. The phase was
identified by X-ray diffraction over the 2θ range (10-80o) using Cu
K

α
 radiation (λ=0.154178 nm). The morphology of the oxides was

examined by scanning electron microscopy (SEM, Nicoplet 235)
working at 20 kV. The specific surface area of the powder was meas-
ured before and after the photocatalytic test by the BET method
using nitrogen gas as adsorbate at liquid nitrogen temperature on
ASAP 2010 Micromeritics apparatus.

The Ni2+ stock solution (2,000 ppm) was prepared by dissolving
an accurate quantity of NiSO4, 6H2O (Merck, 99%) in distilled water
(~0.8 MΩ cm); six concentration solutions (10, 30, 50, 75, 100 and
125 ppm) were prepared by dilution of the 2,000 ppm solution with
distilled water. The photocatalytic reactions were carried out in batch
mode using a double walled Pyrex reactor with 0.5 cm of water as
cut off heating effects; the temperature fluctuates between 20 and
24 oC (Fig. 1). The powder, with a mass ratio equal to unity, i.e.,
(CuFe2O4/TiO2=100 mg/100 mg), was uniformly dispersed by mag-
netic stirring (250 rpm) and exposed to sunlight by clear weather.
In all experiments, the catalyst dose (200 mg catalyst/200 mL solu-
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tion) was maintained constant. The aliquots were withdrawn at
regular time intervals and centrifuged (3,000 rpm, 5 mn) to sepa-
rate the solid particles from the supernatant. The residual Ni2+ con-
centration was analyzed with a UV-Visible spectrophotometer
(Shimadzu 1800). The Ni2+ solution was mixed with dimethylgly-
oxime in presence of K2S2O8 in ammonia solution. According to
the Beer Lambert law, the red-brown complex Ni(HDm)2 presents
a maximum absorption at 465 nm with a molar absorption coeffi-
cient of 16000 and a sensitivity of 2 ppm. At at this level, S2O3

2− was
tested as reducing agent, but in vain, as the photoactivity decreased
to 25%.

Hydrogen evolution method was used to confirm the nickel
deposition. Owing to its redox potential (−0.25 VSCE), nickel was
re-dissolved in acid medium according to the reaction: Ni0+2
H+

→Ni2++H2; the powder was attacked by HCl solution (4 N)
and the liberated hydrogen was qualitatively identified by TCD
chromatograph (IGC 121 ML) containing two 4 m carbosieve B
columns (1/8 in., 100-200 meshes) with a catharometer detector
and argon as carrier gas (sensitivity to ±2μL).

Over illumination, the Ni2+ reduction was slowed down because
of the competitive water reduction (H2O+2 e−→H2+OH−). The
quantity of hydrogen was reliably determined volumetrically by
water displacement due to the pressure developed inside the closed
reactor.

EVALUATION OF SOLAR RADIATION

The black spinel CuFe2O4 activated by visible light acts as elec-
tron pump and generates free radicals via TiO2 (Degussa-P25). All
experiments are carried out under sunlight outside our Labora-
tory (latitude 36.78o North, longitude 3.05o West). The energy col-
lected by the reactor (per unit area) is expressed as [16]:

Qn=Qn−1+Δtn In Ar VT
−1 (1)

Δtn=tn− tn−1 (2)

where tn is the experiment time for which the aliquot is with-

drawn, In the average global irradiation during the period Δtn, Ar

the irradiated surface, VT the total volume and Qn the accumulated
energy (per unit volume, kJ L−1) reaching the reactor. When Qn is
used instead time, the reaction rate is expressed in terms of pollut-
ant mass (mg) converted per kJ of global irradiation reaching the
collector surface. Eq. (1) allows a comparison of experiments with
different values of In, Ar and VT.

RESULTS AND DISCUSSION

The spinel CuFe2O4 was prepared by nitrate route and the dif-
ferent stages are highlighted by thermal analysis. The main weight
losses in the TG plot (Fig. 2(a)) start at ~70 oC and end at ~400 oC
and are attributed to water departure (170 oC) [17] and nitrates
decomposition of iron (~165 oC) and copper (~250 oC), respec-
tively, as confirmed by the peaks in the DTG plot. The plateau
region (500-900 oC) indicates the spinel formation with the pres-
ence of CuO (tenorite) and Fe2O3 (hematite) as impurities. By con-
trast, the XRD pattern of the sample heated at 940 oC (Fig. 2(b)) is
characteristic of CuFe2O4 single phase with noticeably narrow peaks
and good crystallization. All peaks are indexed in a tetragonal
symmetry in agreement with the JCPDS card No 34-0425. The
morphology of the powder strongly depends on the synthesis con-

Fig. 1. The experimental set up for the solar photocatalysis.

Fig. 2. (a) TGA plot of iron and copper nitrates mixture, heating
rate 5 oC mn−1. (b) The XRD pattern of CuFe2O4.
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ditions. The SEM image of CuFe2O4 powder (Fig. 3) shows a com-
pact nature with a micro structural morphology and crystallites
agglomerates with an average size of 0.5μm (Fig. 3(a)). By contrast,
TiO2 is porous with more or less circular forms of variable diame-
ters (Fig. 3(b)).

The optical gap (Eg) is an important parameter and a value of
~1.5 eV is desirable in the solar energy conversion. The fundamen-
tal optical absorption is used to determine the nature of the transi-
tion and its value:

(αhν)1/n=A (hν−Eg) (3)

A is a constant. The extrapolation of the linear part (αhν)1/n to the
energy axis indicates a direct gap (1.66 eV) attributed to d-d transi-
tion (Fig. 4(a)), which can be reasonably taken as the optical gap,
due to the black color. It is of interest to discuss briefly the origin
of such transition; with five 3d electrons in the octahedrally coor-
dinated Fe3+ site, the lower filled t2g provides the valence band
while the conduction band consists of empty eg orbital.

A knowledge of the flat band potential Vfb is crucial in photoca-
talysis since it gives the position of the conduction band (−0.21 V);
such value is provided from the intercept of the linear plot of the
Mott-Schottky characteristic with the potential-axis at C−2=0 (Fig.
4(b)):

C−2=(2/eεεoND) {V−Vfb} (4)

where all symbols have their usual significations; the negative slope
lends a further support of p type conduction of the spinel CuFe2O4.
The energy diagram (Fig. 5), drawn from the photo-electrochemi-
cal characterization, is a preamble of photocatalysis; it clearly shows
the feasibility of Ni2+ reduction on the hetero-system under illumi-
nation. Indeed, the potential of the conduction band is negative
enough to reduce Ni2+ into elemental state. However, the large dif-
ference between the conduction band of the spinel (CB-CuFe2O4=
−1.9 V) and the Ni2+ level (~−0.6 V for 30 ppm) makes the rate of
electrons transfer weak. So, a wide band gap semiconductor is
needed and the electrons are transferred to Ni2+ ions via the con-
duction band of TiO2 (~−0.70 V), which works as electron bridge
according to the following scheme:

p-CuFe2O4+hν→CB-CuFe2O4 (e−)+VB-CuFe2O4 (h+) (5)

CB-CuFe2O4 (e−)+n-TiO2→CuFe2O4+TiO2 (e−) (6)

Fig. 3. The SEM images of CuFe2O4 powder (a) TiO2 powder (b).

Fig. 4. (a) The direct optical transition of the spinel CuFe2O4. (b)
The Mott-Schottky plot of CuFe2O4 in the working solution
(Ni2+ 30 ppm, pH~7).
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TiO2 (2 e−)+Ni2+→Ni0+TiO2 (7)

VB being the valence band. The characteristics of TiO2 were taken
from ref. [18].

NICKEL REDUCTION

The Langmuir-Hinshelwood (L-H) model is commonly used
for the quantitative treatment of the adsorbent/adsorbate at the
solid/liquid interface. The kinetics alone does not indicate whether
the process takes place on the surface or in solution [19]. Never-
theless, for the standard L-H treatment, one assumes that the reac-
tion mainly occurs on the surface which is largely accepted. Two
extreme cases illustrate the reduction on the catalyst surface [20]:
nickel and water compete for the photoelectrons on the active cat-
alytic sites. It should be emphasized that the adsorbed nickel on
the TiO2 surface favors the hydrogen evolution owing of its low
over-voltage. The L-H model is expressed as:

(8)

By integrating Eq. (8), one obtains:

(9)

If the initial Ni2+ concentration (Co) is smaller than (C), Eq. (9) can

be simplified:

(10)

where k=krK is given by:

(11)

Obviously, as explained above (Section: Evaluation of solar radia-
tion), Qn can substitute the time (t) and the proportionality con-
stant is defined as kapp:

(12)

The Ni2+ reduction is carried out in six reactors with the hetero-
junction CuFe2O4/TiO2 at different concentrations (10-125 ppm)
and the curves are reported in Fig. 6(a); the results show the loga-
rithmic slope instead of kapp (Fig. 6(b)). Fig. 6(a) represents the six
concentrations as a function of Qn; magnetic agitation is used for
dispersing the samples over the whole reaction space. The best per-
formance occurs for a concentration of 30 ppm with an elimina-
tion percentage of 72% after 210 min of solar illumination. Our at-
tempts to improve the photoactivity by using reducing agents were
unsuccessful. S2O3

2− was tested and the photoactivity decreased
down to 23%.

To confirm the Ni-deposition, we dissolved the metal nickel in

− 
dC
dt
------- = 

krKC
1+ KC
---------------

Co

C
-----

⎝ ⎠
⎛ ⎞ln  + krK Co − C( ) = krK t×

Co

C
-----

⎝ ⎠
⎛ ⎞  = krKln t×

Co

C
-----

⎝ ⎠
⎛ ⎞  = kln t×

Co

C
-----

⎝ ⎠
⎛ ⎞  = kappQnln

Fig. 5. The energy diagram of the hetero-junction p-CuFe2O4/n-TiO2/Ni2+, pH~7).
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HCl solution and hydrogen was liberated. Therefore, the volume
of the evolved hydrogen should be equivalent to the quantity of
the deposited nickel. However, the hydrogen volume (1.5 mL) is
smaller than that expected (6.3 mL), because of its adsorption on
the catalyst powder. Such volume is reliably detected in our exper-
imental device. More interestingly, the solution turns green (char-
acteristic of Ni2+) and the titrated amount of Ni2+ (22 ppm) is very
close to that determined initially (24 ppm). In addition, the spe-
cific surface area decreases from 16.5 to 13.7 m2 g−1 due to the nickel
deposition inside the pores.

A similarity of the curves kapp and k (=krK) is observed (Figs.
7(a) and 7(b)). The best rate constant (k) with an accumulation
capacity of 1,234 kJ L−1 and a coefficient of 10.7×10−4 L kJ−1 is ob-
tained for a concentration of 30 ppm (Table 1). The saturation of
the catalyst inside the pores needs a higher mass. The experiment
performed with 10 ppm is rapid because of the availability of pho-
tons, while the catalyst saturation of TiO2 is due to its small mass.
After ~300 min, the elimination of nickel reaches only 30%. For
the concentrations 50, 75, 100 and 125 ppm, the same behavior is
observed, while the saturation time varies from 180 to 310 min

Fig. 6. (a) The variation of the initial concentration (Co) of Ni2+  as a function of Qn. (b) Ln (Co/C) as a function of the accumulated solar
energy (Qn).

Table 1. Kinetic parameters of the photo reduction of Ni2+ determined from the Langmuir-Hinshelwood model
Ni2+ (ppm) Kapp (L/kJ)×10−4 Iaverage (W m−2) k (min−1)×10−2 R2 t1/2 (min) Qn (total) (kJ/L)

010 05.5 882 2.3 0.98 031 1107
030 10.7 922 4.7 0.97 015 1234
050 03.0 864 1.3 0.96 057 1174
075 02.7 871 1.1 0.95 064 1184
100 04.3 865 1.7 0.99 040 1044
125 01.6 867 0.6 0.97 107 1173

Fig. 7. (a) The rate reaction as a function initial concentration Ni2+. (b) The first order kinetic constant (k).
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respectively. Concomitantly, the Ni2+ reduction increases from 15
to 36% (Fig. 8(a)). Note that the dark adsorption increases simi-
larly with the photocatalysis and a maximum of 26% is reached
for Ni2+ concentration of 30 ppm (Fig. 8(a)); the tests were repeated
three times and the results were reproducible within ±3%. Note
also that the XRD patterns of the hetero-junction CuFe2O4/TiO2

before and after the photocatalytic tests are very similar, indicating
no deterioration of semiconductor materials (SM).

When the concentration Co is large, the loss of photons is in-
creased; the light absorption becomes difficult in colloid systems
and a large reactor is advantageous in such a case. For clarity’s sake,
we reported in Fig. 8(b) the evolution of UV-Visible spectra over
time of Ni2+ solution (30 ppm) exposed to sunlight. The evolution
of hydrogen onto Ni clusters also accounts for the regression in
the photoactivity because of the low over-voltage on nickel [21].
The study in tiny batch gave rise to encouraging results, and the
photocatalytic tests will be extended to fluidized bed for the treat-
ment of industrial effluents.

CONCLUSION

The photocatalytic reduction of nickel was carried out in aque-
ous medium under solar irradiation on the hetero-system CuFe2O4/
TiO2. The spinel was prepared from nitrates precursors, and the
optical gap, determined from the diffuse reflectance, is well suited
to the solar spectrum. The photoelectrochemical characterization
permitted to draw the energy diagram of CuFe2O4/TiO2/Ni2+ solu-
tion, a preamble of the photocatalysis. The catalyst concentration
was optimized and the best Ni2+ concentration led to the conclu-
sion that the light extinction in colloidal suspensions is a deter-
mining parameter for the photoreactor design. The best reduction
(72%) was with a half-time of 15 min under an average irradia-
tion of 922 W m−2.
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Fig. S1.The XRD patterns of the hetero-system CuFe2O4/TiO2 before and after the photocatalytic test.
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