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ABSTRACT

A novel structured TiO2–Fe-plate catalyst was prepared by immobilization of iron and TiO2

on a natural clay plate. This catalytic system allows effective mineralization of wastewaters
under a wide range of operation conditions. Upon UVA irradiation and in the presence of
several oxidant mixtures (H2O2 or/and K2S2O8), this catalyst was found to be highly effec-
tive in the mineralization of malachite green and red congo in water solution. The effective-
ness of this catalyst was assigned to a synergy between its photo-catalytic and photo-Fenton
activities. Activity was enhanced in the presence of small amounts of K2S2O8 and verified
over a wide range of pH.

Keywords: TiO2; Photocatalysis; Heterogeneous Fenton reaction; Water treatment; Dyes;
Clays

1. Introduction

Synthetic dyes are extensively used in the textile
industry for dyeing and coloring, as well as in cosmet-
ics and food industries. Azo and triphenylmethane
(notably, malachite green and red congo) are two of
the most widely used dyes, due to their superior fast-
ness to the applied fabric, high photolytic stability,
and resistance to microbial degradation [1–3]. How-
ever, these organic compounds are toxic and poten-
tially carcinogenic [4,5], and therefore they have to be
efficiently removed from the wastewater [6].

Several physicochemical methods are currently
available for the treatment of dye-colored wastewater.
Chlorination has been the most widely used disinfec-
tion process. However, by-products generated are
mutagenic and carcinogenic to human health [7–9].
Adsorption [10], coagulation, and flocculation methods
[11–13] merely concentrate the pollutants. Sedimenta-
tion, filtration, chemical, and membrane technologies,
as well as biodegradation, involve high operating
costs, are not flexible to different pollutants and com-
plete mineralization is not always achieved [4,14,15].
Advanced oxidation processes (AOPs) have positioned
themselves in the last years as innovative and more
effective water treatment technologies [16–18].
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Among the various AOPs, titanium dioxide (TiO2)
heterogeneous photocatalysis has recently emerged as
a highly promising technology for the abatement of
wastewater pollution [14,19–23]. The fundamentals
and mechanism of TiO2-photocatalysis are nowadays
well known [14,21,23]. Briefly when radiation of a cer-
tain energy (λ < 400 nm) illuminates the surface of
TiO2, the electron from the valence band (VB) is
excited to the conduction band (CB). This leaves an
empty unfilled VB, and thus results in the creation of
the so-called electron–hole pair (hþ

VB � e�CB). The highly
oxidative VB hole (hþ

VB) is involved in a chain of
oxidation reactions, including the oxidation of organic
pollutants, either directly adsorbed on the TiO2 sur-
face, or by means of the formation of �OH radicals
from adsorbed water. In the absence of electron scav-
engers, the photo-excited electron rapidly recombines
with the VB hole. Therefore, the presence of electron
scavengers, such as the superoxide radical O•2−

formed in the presence of dissolved oxygen, is crucial
for avoiding this recombination and successful func-
tioning of the photocatalyst. Other compounds that
can act as electron scavengers are EDTA or t-ButOH
[24] or simply H2O2 [25,26].

Addition of H2O2 will therefore boost the photocat-
alytic reaction. Furthermore, it will provide additional
OH� radicals that will further contribute to the oxida-
tion of the organic pollutants. Indeed, persulfate ion,
S2O

2�
8 , is a very strong oxidant which, upon thermal,

photochemical, radiolytic or redox activation, gener-
ates the strange oxidant sulfate radicals, SO��

4 . These
radicals, together with the subsequently generated
OH�, can further promote the degradation of the
pollutants in the water solution. In fact, it has been
claimed recently that such sulfate radicals are more
selective for oxidizing unsaturated bond and aromatic
constituents [27]. Furthermore, a synergetic effect
between SO��

4 and OH� radicals has been observed
upon the addition of small amounts of K2S2O8, in the
photo-oxidation of pharmaceutical compounds [28]
and organic surfactants [29].

The addition of H2O2 as electron scavenger and
oxidant, mixed or not with other reagents such as
S2O

2�
8 , can be moreover combined with the presence

of Fe-compounds, in order to further increase the
degradation efficiency of water pollutants [29]. In fact,
the photo-Fenton process remains one of the most
applied AOPs for the degradation of organic water
pollutants [17,30–33]. Several works published in the
last decade show evidences of this synergy when com-
bining both AOPs, i.e. photocatalysis-photo-Fenton for
the degradation of oxalic acid [31], Methylene blue,
reactive black, and acid red dyes [34], ultrasound-as-
sisted mineralization of bisphenol [35], or basic red

dye via the combination of photoelectron-Fenton and
photocatalysis [36].

Still, one of the fundamental technical challenges
of photocatalysis remains the post-separation of the
TiO2 catalyst after water treatment. In a similar way,
homogeneous Fenton processes suffer from the serious
drawback of iron recuperation from the stream of trea-
ted water. TiO2-nanoparticles, as well was Fe com-
pounds [37–39], can be immobilized in a wide range
of materials, such as carbon materials [40–42], thin
films [43], silicas [44], zeolites [29,45,46], or clays
[30,31,47,48]. The use of clays represents in fact a
promising alternative since they are natural, abundant,
inexpensive, and environmentally friendly. However,
the reutilization of all these generally powder-struc-
tured catalysts still implies the filtration or decantation
of the water treated, which will considerably increase
the overall process cost. In this sense, the challenge
lies in the preparation of structured and active cat-
alytic systems for water treatment which will bypass
this filtration step.

In a previous paper, we presented a novel struc-
tured photo-Fenton plate catalyst prepared by immobi-
lizing iron species on the surface of natural Tunisian
clay [49]. This plate-catalyst represents a low cost, easy
to fabricate option for water treatment. Moreover, it
showed to be highly efficient in the photo-Fenton reac-
tion for total oxidation of phenol. However, phenol
removal efficiency was found to decrease when using
radiation wavelengths in the UVA range (365 nm),
with respect to UVC irradiation (245 nm). In the pre-
sent work, we aimed to combine the outstanding activ-
ity of the plate Fe-catalyst in the photo-Fenton process,
with a photocatalytic active compound, such as TiO2,
for extending its range of application to wavelengths
in the UVA range, closer to the visible spectra. In this
sense, both Fe and TiO2 were immobilized on the sur-
face of natural clay plate. The activity of the catalyst
was assayed in the combined photocatalytic-
photo-Fenton reaction for the mineralization of two
azo dyes: malachite green (MG) and red congo (RC).
Discoloration and mineralization of these organic com-
pounds are discussed, considering also the addition of
small amounts of S2O

2�
8 as a stronger oxidizing agent.

The effects of operational parameters, such as initial
dye concentration, initial solution pH, and reaction
temperature, are as well evaluated.

2. Materials and methods

2.1. Preparation of the TiO2–Fe-plate catalyst

Natural clay from Jebel Tejera–Esghira, 9 km north-
east the Medenine area (southeast of Tunisia), was
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used as a raw material. The procedures for
purification and preparation of the saturated sodium
form of similar natural clays have been described in
detail in previous works [46,47].

For the preparation of the plates, the natural clay
was combined with water and sand (clay/sand weight
ratio of 1:1). The mix was molded forming circular
plates (7.8 cm diameter, 0.4 cm thickness), which were
dried controllably at 25˚C for 24 h, in order to avoid
the formation of fissures. Finally, the dried plate was
calcined at 250˚C for 4 h.

Before Fe and TiO2 loading, the plate was treated
with a HNO3 solution (10 wt.%) at room temperature
for 18 h. For its impregnation with the iron com-
pounds, the plate was immersed in 100 mL of a
2 g L−1 aqueous solution of Fe(III) (Fe(NO3)3·9H2O,
97% purity, Sigma-Aldrich) at pH ca. 2.0, and then
kept at 48˚C for 2 h under continuous magnetic stir-
ring. The plate was removed from the solution, care-
fully washed, and immersed again for a total of three
consecutive cycles of impregnation. The Fe-loaded
plate was dried at 25˚C for 24 h and subsequently
calcined at 350˚C for 2 h.

For the deposition of the titanium oxide coat, the
Fe-loaded plate was immersed in 30 mL of a solution
of titanium tetraisopropoxide at 100˚C (98% purity,
Sigma-Aldrich), and kept under vigorous stirring for
3 h. Subsequently, the TiO2–Fe-plate was removed
from the solution, carefully washed with distilled
water, and finally calcined at 450˚C for 4 h. Fig. 1(a)
shows a picture of this TiO2–Fe-plate catalyst.

2.2. Characterization of TiO2–Fe-plate

The chemical composition and structural features of
the natural clay were analyzed by means of X-ray fluo-
rescence (XRF, ARL® 9800 XP spectrometer), powder
X-ray diffraction (XRD Philips® PW 1710 diffractome-
ter, Kα, 40 kV/40 mA, with a scanning rate of 2θ per
min) and infrared spectroscopy (IR, Digilab Excalibur

FTS 3000 spectrometer;). BET surface areas and pore
volumes of the solids were determined by nitrogen
adsorption at −196˚C (Micrometitics ASAP 2010).

The morphology of plates was studied using scan-
ning electronic microscopy (SEM, Hitachi SU-70). This
equipment has an Oxford X-Max 50 mm2 X-ray spec-
troscopy system through dispersive energy (EDX),
which enabled qualitative evaluation of chemical com-
position. High resolution transmission electron micro-
scopy images were acquired on a JEOL JEM 2011
equipped with LaB6 filament and operating at 200 kV.
The images were collected with a 4,008 × 2,672 pixel
CCD camera (Gatan Orius SC1000) coupled with the
DIGITAL MICROGRAPH software. Chemical analyses
were obtained by an EDX microanalyzer (PGT IMIX
PC) mounted on the microscope. The plates were
grinded, dispersed in ethanol, and sonicated. A drop
of the dispersion was deposited on a carbon-coated
copper grid for the TEM observations.

2.3. Activity tests

The photo-catalytic experiments were carried out
in a 500 mL double-glass cylindrical jacket reactor
filled with 200 mL of aqueous dye solution. This dou-
ble-glass cylindrical jacket permitted the constant cir-
culation of water, allowing an accurate control of the
temperature in reaction solution within ±0.5˚C. The
plate catalyst was immersed into the 200 mL dye solu-
tion and kept under continuous stirring. The radiation
source used was a 100 watt UV lamp (type Black-Ray
B 100AP UV 230 V–50 Hz/2.0 Amps), with maximum
emission at 365 nm. The distance between the solution
and the UV source was kept constant at 15 cm.
A schematic representation of this experimental
installation is presented in Fig. 1(b).

In the activity tests, different aqueous solutions
of malachite green (cationic, MG, C.I. 42000,
chemical formula C23H25N2Cl, FW = 364.91 g/mol,
Sigma-Aldrich), and red congo (anionic, RC, C.I.

Fig. 1. (a) Picture of the TiO2–Fe-plate catalyst and (b) experimental setup (1: support, 2: magnetic stirrer, 3: plate,
4: open Pyrex reactor, 5: UV lamp, λ = 365 nm).
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22120, chemical formula C32H22N6Na2O6S2, FW =
696.7 g/mol, Sigma-Aldrinch) were used. The experi-
ments were performed at natural pH of 4.25 for
MG, 7.32 for RC, and 4.44 for the mixtures RC/MG,
except when noted. Either hydrogen peroxide (H2O2,
35% conc., MERCK), potassium peroxodisulfite
(K2S2O8, 98% purity, MERCK), or their different
mixtures, were added to the dye solution. UV-light
was turned on right after the addition of the oxidiz-
ing agents.

The analysis of the concentration of the dyes in the
solution was performed by periodically withdrawing
aliquots of 2 mL from the reactor. Concentration of
MG and RC was then measured by means of UV–vis
spectrophotometer (Shimadzu 2450, Japan) and in a
total organic carbon, TOC, analyzer (Shimadzu TOC-
5000A, Japan). Before analysis, samples were filtered
through a 0.45 μm membrane filter and a scavenging
agent (0.1 M Na2SO3, 0.1 M KH2PO4, 0.1 M KI, and
0.05 M NaOH) was added, in order to stop all possible
oxidation reactions. Note that typical UV−vis spectra
for MG present two absorption peaks at 618 and
425 nm, ascribed to its extended chromophore, and a
third absorption band at 315, due to the benzene ring
structure of the dye molecule [50]. In the case of RC,
peaks appear at 499 nm corresponding to the azo
bonds, and at 236 and 345 nm attributed to the
benzene and naphthalene rings, respectively [51]. The
absorption peaks at 618 and 499 nm were used to
monitor the discoloration of MG and RC, respectively.

Discoloration efficiency and mineralization
efficiency were calculated as follows:

g %ð Þ ¼ C0 � Ct

C0
� 100 (1)

where Ct and C0 denote to the time-dependent concen-
tration/TOC and the initial concentration/TOC,
respectively.

3. Results and discussion

3.1. Physicochemical characterization

The chemical composition of the natural clay, as
analyzed by means of XRF, has been presented else-
where [49]. Briefly, its main constituents are silica, alu-
mina, iron, and calcium. The relatively high iron
content in the natural clay (17.5 wt.% Fe2O3) is a com-
mon feature among in Tunisian clays [50]. XRD evi-
denced that quartz, kaolinite, and illite are the main
crystalline phases [49]. The analysis of the N2 adsorp-
tion isotherm acquired for this raw clay yielded a

value of BET surface area of 37 m2 g−1, and a total
pore volume of 0.13 cm3 g−1, being composed mostly
of pores in the range of wide mesopores and macrop-
ores. The XRD patterns for the TiO2 impregnated
plates evidence a dominant presence of anatase
(around 95%).

Morphological observations by SEM reveal that
surface morphology of the raw clay is different from
the TiO2–Fe-modified one (Fig. 2). The clay is
observed as dense sheets and flake-like crystal with
fluffy appearance, revealing its extremely fine platy
structure. After impregnation with the Fe-compounds
and TiO2, the clay becomes more porous and fluffy.
SEM–EDX analysis evidenced increased content of Fe
and presence of Ti in the clay after impregnation.

Further insight on the structural and morphologi-
cal changes occurring after impregnation of the clay
was gained through TEM analysis of these materials,
concretely in terms of the different crystalline and
amorphous phases that can be distinguished by TEM,
moreover when coupled to EDS analysis. Fig. 3 shows
the TEM images acquired for both a Fe-impregnated
clay and the Fe–TiO2-plate. Though not shown in
Fig. 3(a), Fe crystallites of very different sizes were
found in the observation of the Fe-plate catalyst. The
platy structure of the clay can be still perfectly
observed in Fig. 3(a). However, upon TiO2 loading,
Fig. 3(b), clay is considerably covered by this new
phase, which possesses clearly a different morphology.
EDS analysis confirmed the coexistence of Fe and
TiO2, pointing to a successful impregnation of the clay
plate ( Fig. 3(c) and (d)).

3.2. MG and RC oxidation

Fig. 4(a) and (b) shows the discoloration efficiency
measured as a function or reaction/irradiation time
for MG and RC solutions, both in the presence or in
absence of the Fe–TiO2-plate and/or H2O2 and UV-
irradiation. Fig. 4(a) and (b) contain as well the results
of the discoloration experiments in the presence of the
analogous catalyst prepared only by impregnation of
the clay with the Fe compounds, i.e. in absence of
TiO2. For both discoloration of MG and RC solutions,
the Fe–TiO2-plate itself shows a certain activity,
around 10%, even in absence of radiation and of any
oxidant. Not surprisingly, this was observed before
for a Fe-pillared clay catalyst [48], and could be most
probably due to the adsorption of dye molecules on
the catalyst surface, more than to real catalytic
degradation. Experiments were also performed in
absence of the Fe–TiO2-plate, just in the presence
of H2O2 and under UV irradiation. Considerable
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Fig. 2. SEM images for (a) raw clay and (b) TiO2–Fe-plate.

(a)

(c)

(d)

(b)

Fig. 3. TEM images for (a) raw clay, (b) TiO2–Fe-plate, and EDS measurements for (c) raw clay, and (d) TiO2–Fe-plate.
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discoloration efficiency was measured in this case for
both MG and RC solutions. However, rate of discol-
oration increases notably already when the Fe-plate
catalyst is present, and moreover when the Fe–TiO2-
plate is used. This points first to a catalytic effect due
to the presence of Fe, due to the activation of a
Fenton-type process promoting the degradation of dye
molecules that is furthermore enhanced when TiO2 is
present in the catalyst formulation. Full discoloration
of the solution is reached after 20 min irradiation in
the case of MG and after 30 min irradiation for RC,
around 10 min earlier when using the Fe–TiO2-plate
than when using the non-TiO2 containing catalyst,
Fe-plate. The positive influence in the presence of
TiO2 is thus proven, especially under the wavelengths
used in this study, i.e. UVA range (365 nm). Let us
remark here the already observed more difficult

oxidation of RC, a diazo dye, in comparison to MG
[48]. Full discoloration of the solution is more readily
achieved for MG than for RC, this easiness of
degradation being due to its lower molecular weight
and less complex chemical structure.

Fig. 5 shows the discoloration efficiency measured
using different combinations of the two oxidizing
agents considered in this work, H2O2 and K2S2O8, for
both MG and RC containing solutions. The oxidizing
power of K2S2O8 is demonstrated even in absence of
catalyst and upon the addition of relatively very small
quantities, exactly 0.046 mmol/L. Moreover, as could
be expected, oxidation capacity is boosted in the pres-
ence of the Fe–TiO2-plate. However, right choice of
oxidizing agent results in similar activity for lower
total amount of oxidant used. In example, comparing
the discoloration efficiency curves determined for both
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Fig. 4. Discoloration efficiency as a function of reaction
time, under different catalytic systems and reaction
conditions for (a) MG and (b) RC.
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Fig. 5. Discoloration efficiency in the presence of the
TiO2–Fe-plate, using different oxidants and mixtures for
(a) MG and (b) RC.
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RC and MG solutions, in the presence of the
Fe–TiO2-plate, using either 0.368 mmol/L H2O2 and
the combination 1/2[H2O2 + K2S2O8], corresponding to
0.184 mmol/L H2O2 + 0.023 mmol/L K2S2O8, that is
0.207 mmol/L total concentration of oxidant, both
follow a similar path, reaching 100% discoloration
efficiency after almost the same irradiation time
(20 min for MG, 30 min for RC). Of course,
further increasing the concentration of oxidants,
[H2O2 + K2S2O8] = 0.414 mmol/L, allows faster reac-
tion, with full discoloration being achieved after
roughly 10 min irradiation time for the MG solution
and after 20 min for the RC containing one.

These results prove the enhancement of the
degradation of organic molecules when adding small
amounts of the stronger oxidant S2O

2�
8 , in agreement

with previously published literature [27,28,52], and
point to the importance of correctly choosing the
amount and combination of the two different oxi-
dants considered. Note, however, that in the works
presented by Saien et al. and Chu et al. larger
amounts of oxidants were employed, and, more
importantly, pH was adjusted to 3–4, whereas in the
present study reaction was studied at natural solu-
tion pH (4.25 and 7.32 for MG and RC solutions,
respectively).

Experimental data were fitted to a pseudo-first-
order kinetic model: ln C0/C = kt. Fig. 6 shows the dif-
ferent plots ln C0/C vs. t obtained. The linearity of
these plots confirms the adequacy of using such a
pseudo-first-order kinetic model. The slope represents
the apparent kinetic constant for the decolorization of
MG and RC. The values obtained for these constants
are presented in Table 1. The apparent kinetics con-
stant calculated after 15 min irradiation time are only
slightly lower for the discoloration experiments using
(0.184 mmol/L + 0.023 mmol/L) 1/2[H2O2 + K2S2O8],
than for the experiment only using 0.368 mmol/L
H2O2. Obviously, doubling the concentration of the
oxidant mixture [H2O2 + K2S2O8] results in higher val-
ues of the apparent kinetic constant and a faster
discoloration of both MG and RC solutions.

Fig. 7 shows the mineralization efficiency calcu-
lated from TOC measurements at different irradia-
tion times, for several concentration of MG and RC
and their mixtures, using the oxidant combination
[H2O2 + K2S2O8], and in the presence of the
Fe–TiO2-plate. As expected, comparing the results
presented in Figs. 4 and 5, in terms of discoloration
efficiency, to the mineralization efficiencies measured
at the same irradiation time, Fig. 7, it becomes clear
that discoloration, i.e. destruction of the chro-
mophore of the dye, takes place more readily than

the total mineralization of the organic compounds.
Total oxidation of the dye thus occurs stepwise,
through the formation of intermediate and more
refractory species that are subsequently oxidized to
CO2. However, 100% mineralization is achieved after
40 min irradiation time, for both 25 m/L solutions of
either MG or RC. Mineralization is faster though for
MG and RC. This fact becomes even more remark-
able when increasing the concentration of dye in the
initial solution. In example, for a solution containing
50 mg/L RC, complete mineralization occurs only
after 60 min time on stream. The mixture 25 mg/L
MG and 25 mg/L RC is mineralized at an inter-
mediate rate. Increased chemical complexity and
molecular weight of the dye, as well as increased
dye concentration, result, as expected, in a more
difficult and slower degradation that may require
longer irradiation times. This fact may due to a
higher occupation of the active sites on the surface
of the catalyst by adsorbed dye molecules, and to a
higher adsorption of photons by the dye molecules,
which will hinder the photo-oxidation reaction
[48,53–55]. Finally, it is important to notice that after
several runs of experiments the amounts of Fe or
derivate products coming from the plate are
negligible in solution.

Fig. 6. ln C0/C vs. t plots for the degradation of MG and
RC dyes.
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3.3. Effect of operating conditions

3.3.1. Influence of initial pH

Due to the wide range of pH of industrial
wastewaters and the influence of this parameter on
the catalytic activity and stability of water-treatment
catalysts, pH value is an important factor in the
assessment of photo-catalytic and Fenton processes.
Ideally, the catalytic system used in such applications
should be able to work steadily over a wide range of
pH, without any adjustment of solution pH.

Fig. 8 shows the mineralization efficiency mea-
sured at different initial pH, during the degradation of
a solution containing 25 mg/L of MG and 25 mg/L of
RC, using the oxidant combination [H2O2 + K2S2O8],
and in the presence of the Fe–TiO2-plate. The dashed
line shows the mineralization efficiency measured
after 30 min irradiation time, whereas the solid line
displays the values of mineralization efficiency

recorded after 60 min irradiation time. Six different
pH values were assayed: 2.5, 4.44 (natural pH of the
MG–RC solution), 5.75, 7.94, 9.11, and 11.24, and pH
was adjusted using high concentration solutions of
either HCl or NaOH. The results presented in Fig. 8
evidence that upon 60 min irradiation time, complete
mineralization of the dyes can be achieved over a
wide range of pH, i.e. between 2.5 and 7.94. Of course,
the mineralization efficiency measured only after
30 min irradiation time is much lower than that regis-
tered after 60 min, but the curve follows the same
trend.

This extended range of pH solves one of the criti-
cal drawbacks of the typical homogeneous Fenton sys-
tem, i.e. active only under highly acidic conditions pH
2–3 [56]. When using pillared clays as catalysts, it has
been nevertheless reported that this problem can be
solved through a modification of the pillaring method
[57,58], pointing already to a significant advantage of
using such heterogeneous catalysts for Fenton oxida-
tion processes. The reason for the good photocatalytic

Table 1
Discoloration efficiency measured and apparent kinetic constant (pseudo-first-order kinetics) determined after 15 min
irradiation time, for both MG and RC solutions, using different concentrations and mixtures of the two oxidizing agents

Activity test

MG solution RC solution

η (%) Kapp (s−1) R2 η (%) Kapp (s−1) R2

(0.046 mmol/L) K2S2O8 + UV + TiO2–Fe-plate 79.9 0.165 0.99 67.2 0.109 0.97
(0.368 mmol/L) H2O2 + UV + TiO2–Fe-plate 89.2 0.233 0.98 76.9 0.159 0.98
(0.184 mmol/L + 0.023 mmol/L)

1/2[H2O2 + K2S2O8] + UV + TiO2–Fe-plate
94.7 0.196 0.99 84.2 0.123 0.99

(0.368 mmol/L + 0.046 mmol/L) [H2O2 + K2S2O8] + UV + TiO2–Fe-plate 98.2 0.402 0.99 90.6 0.254 0.99
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Fig. 7. Mineralization efficiency (TOC) as a function of
irradiation time for different initial dye concentration and
their mixtures.
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Fig. 8. Influence of pH on the mineralization efficiency of a
mixture of MG and RC dyes.
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activity of these materials when the initial pH of the
solution is 6.6–7.0 has been attributed before to a
decrease of the pH occurring along the oxidation, due
to the formation of acidic intermediates such as
muconic, maleic or oxalic acids [59,60]. Najjar and
co-workers and Catrinescu et al. stated that due to the
specific environment of ferric species in Fe-pillars,
active iron species can exist even at neutral pH and
they can establish an effective Fenton-type redox sys-
tem [57,59]. In fact, some other authors claim that in
heterogeneous systems, the immobilized Fe(III) species
are not easily transformed into less photoactive
materials, i.e. [Fe(H2O)6]

3+ at lower pH and Fe(OH)3
at higher pH [61]. In this sense, the interaction of the
clay matrix with the Fe-compounds results in a stabi-
lization of the active phase, this interaction probably
being enhanced in our case, as a consequence of the
impregnation-type preparation method instead of
pillaring, but also to the presence of TiO2.

3.3.2. Influence of temperature

The influence of temperature on the photocatalytic-
photo-Fenton degradation of MG and RC dyes in the
presence of the Fe–TiO2-plate was investigated, using
an initial mixture of 75 mg/L MG and 75 mg/L RC,
and the oxidant combination [H2O2 + K2S2O8], at
natural solution pH. TOC removal was measured at
25, 30, and 40˚C after 60 min irradiation time. Results
are presented in Fig. 9. TOC removal, i.e. mineraliza-
tion efficiency, increases significantly with reaction
temperature. Mineralization efficiency increases from
89% at 25˚C to 98% at 30˚C, and reaches 100% at 40˚C.
This trend is in complete agreement to what has been
previously reported, for the photo-catalytic oxidation
of various organic compounds [28,55,62].

The apparent kinetic constant values, kapp, were
calculated considering:

ln TOCt ¼ �kapp � tþ ln TOC0 (2)

where TOCt and TOC0 are the TOC measured at a
time t and the initially present in the dye mixture. We
can assume as well that kapp follows an Arrhenius-
type dependency with temperature, thus:

ln kapp ¼ ln A� Ea

R

1

T
(3)

where A is the pre-exponential factor and Ea the
activation energy of the degradation reaction, T is the
absolute temperature in K, and R is the universal gas
constant. The value of the apparent activation energy

estimated from the linear regression of Eq. (3) was
found to be Ea = 56.9 kJ mol−1. This value is slightly
higher than the one we reported in a previous work
for a Fe-plate catalyst, i.e. 48.7 kJ mol−1. However,
UVC irradiation (245 nm) was used instead of UVA
radiation (365 nm), which was the one in fact
employed in the present work.

Moreover, the activation enthalpy and the entropy
for the degradation reaction can be calculated by
means of the Eyring equation in its thermodynamic
formulation:

kapp ¼ kBT

h
exp �DH�

RT

� �
exp

DS�

R

� �
(4)

where DH� is the activation enthalpy, DS� the activa-
tion entropy, kB is the Boltzmann constant, h is the
Planck constant. The linearization of this equation
leads to:

ln
kapp
T

¼ ln
kBT

h

� �
þ DS�

R
� DH�

R

1

T
¼ const.� DH�

R

1

T
(5)

Therefore, the different thermodynamic parameters can
be extracted by means of a simple linear regression.
Enthalpy and entropy values obtained were:
DH� = 48.2 kJ mol−1 and DS� = −0.241 × 10−3 kJ mol−1.
The value of DH� > 0 is clearly indicative of the
endothermic nature of the degradation process. The
negative value of DS� may imply a certain rigidity of
the reacting dyes molecules, so that they react only in
given reduced number of states or geometrical orienta-
tions. Therefore, the high efficiency of the TiO2–Fe-plate
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Fig. 9. Influence of temperature on the mineralization
efficiency of a mixture of MG and RC dyes.
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catalyst in this oxidation could be explained by the
formation of an activated complex of such adsorbed
molecules on the catalyst surface. In fact, as already dis-
cussed in previous sections, adsorption of the organic
compounds was always observed during the runs in
the sole presence of the plate catalyst.

On the basis of the existing literature and in agree-
ment with the experimental results obtained, the fol-
lowing mechanism for the degradation of MG and RC
dyes can be proposed:

(1) Dye molecules are first adsorbed on the surface
of the plate (≈)

(2) Under UV irradiation, the photo-reduction of
Fe3+ on the surface of the TiO2−Fe-plate to Fe2+

follows Eq. (6). The photoexcitation with UV
irradiation having an energy greater than the
TiO2 band gap promotes an electron from the VB
to the conduction band, and leaves an electronic
vacancy or hole (h+) in the VB. Photoexcitation
generates thus an electron–hole pair (Eq. (7)):

Fe3þ � plateþ hm ðUVÞ ! Fe2þ � plate (6)

TiO2 � plateþ hm ðUVÞ ! plate � TiO2 ðhþÞ þ plate
� TiO2 ðe�Þ

(7)

(3) Hydroxyl (OH�) and sulfate (SO��
4 ) radicals are

formed through reaction at the clay surface
(Eqs. (8) and (9)) for hydrogen peroxide and
Eqs. (10) and (11) for the persulfate):

Fe2þ � plateþH2O2 þ hm ! Fe3þ

� plateþOH� þOH� (8)

Plate � TiO2ðh�Þ þH2O2 ! Clay � TiO2 þHO� þOH�

(9)

Fe2þ � plateþ S2O
2�
8 þ hm ! Fe3þ

� plateþ S2O
��

4 þ S2O
2�
4 (10)

plate � TiO2 ðh�Þ þ S2O
2�
8 ! Clay

� TiO2 þ S2O
��

4 þ S2O
2�
4 (11)

(4) Hydroxyl radicals can finally attack the
organic molecules adsorbed on the surface of
the catalyst leading to its degradation (Eqs.
(12) and (13)):

Plateþ dyesþOH� ! Reactions intermediates
! CO2 þH2O (12)

Plateþ dyesþ S2O
��
4 ! Reactions intermediates

! CO2 þH2O (13)

The possibility of reusing the photocatalyst was
examined through subsequent utilization of the
Fe–TiO2-plate. After each use the catalyst was sepa-
rated, thoroughly washed with distilled water, and
reused for subsequent reaction using a fresh dye solu-
tion. The catalyst can be used for at least five times
maintaining mineralization efficiency higher than 90%.
ICP-OES analysis confirmed the absence of Ti or Fe
ions in the treated solutions.

4. Conclusions

A local Tunisian clay was used for the preparation
of a novel clay-plate structured catalyst, containing
iron compounds and TiO2 as the active phase. Its
activity was assayed in the degradation of MG and
RC dyes, under UVA irradiation (365 nm), and using
either H2O2 and K2S2O8 or their mixtures as oxidants.
Such a catalytic system will allow effective water
treatment under a wide range of conditions and for
different pollutants and their mixtures, at low cost,
and by-passing the need for a separation/filtration
step to recover the catalyst.

With respect to a similar catalyst only containing
the iron compounds, the TiO2-containing catalyst,
TiO2–Fe-plate, showed enhanced ability toward the
degradation of both MG and RC. This fact was
assigned to the combination and positive synergy of
both the photo-catalytic and photo-Fenton activity in
the TiO2–Fe-plate. Addition of a small amount of
K2S2O8 to H2O2 resulted in a powerful combination of
oxidants, further enhancing the degradation of the
dyes, which in turn was found to follow pseudo-first-
order kinetics. As expected, total mineralization of the
dyes followed the initial discoloration of the dye solu-
tions, which is just a consequence of the destruction of
their chromophore, with oxidation of RC being all the
time more sluggish than that of MG.

The TiO2–Fe-plate catalyst was found to efficiently
oxidize MG and RC over quite a wide range of pH,
and is a stable material with time on stream pointing
to an important advantage of using such heteroge-
neous systems, i.e. vis-à-vis the classical homogeneous
Fenton process. Temperature was found to strongly
influence the endothermic dye degradation reaction,
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which was found to depend as well of an initial
adsorption step for the activation of dye molecules on
the catalyst surface.
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M. Ben Zina, Fe–clay-plate as a heterogeneous catalyst
in photo-Fenton oxidation of phenol as probe
molecule for water treatment, Appl. Clay Sci. 91
(2014) 46–54.

[50] C. Bai, W. Xiao, D. Feng, M. Xian, D. Guo, Z. Ge,
Y. Zhou, Efficient decolorization of Malachite Green
in the Fenton reaction catalyzed by [Fe(III)-salen]Cl
complex, Chem. Eng. J. 215–216 (2013) 227–234.

[51] Y. Cao, Y. Hu, J. Sun, B. Hou, Explore various co-
substrates for simultaneous electricity generation and
Congo red degradation in air-cathode single-chamber
microbial fuel cell, Bioelectrochemistry 79 (2010) 71–76.

[52] G. Ivana, V. Dinko, K. Natalija, Modeling the mineral-
ization and discoloration in colored systems by (US)
Fe2+/H2O2/S2O8

2− processes: A proposed degradation
pathway, Chem. Eng. J. 157 (2010) 35–44.

[53] N.A. Ejhieh, B. Zohreh, Kinetic investigation of photo-
catalytic degradation of dimethyldisulfide by zeolite A
containing nano CdS, Iran. J. Catal. 2 (2012) 77–81.

[54] A. Nezamzadeh-Ejhieh, M. Karimi-Shamsabadi, Decol-
orization of a binary azo dyes mixture using CuO
incorporated nanozeolite-X as a heterogeneous catalyst
and solar irradiation, Chem. Eng. J. 228 (2013) 631–
641.
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