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a b s t r a c t

The Fenton and photochemically stimulated Fenton (photo-Fenton) responses are essential because 
these are especially powerful for the deterioration of carcinogenic and toxic compounds in the aque-
ous environment utilizing heterogeneous catalysts. The reason of the current investigation was to 
examine the effectiveness of hydroxyl FeAl-intercalated bentonites (FeAl-bent) in Fenton and pho-
to-Fenton techniques. Specifically, Fe/Al ratios were of interest as a mean to vary the catalytic activ-
ity. Intercalation was accomplished by means of a particle ion-exchange technique and Congo red 
(CR) was the model compound for degradation by hydrogen peroxide (H2O2) in Fenton and pho-
to-Fenton processes using FeAl-bentonite. Also, the degradation of a real textile effluent was done 
under UV light irradiation. The studied catalysts were characterized by powder X-ray diffraction, N2 
adsorption/desorption, X-ray fluorescence spectroscopy, transmission electron microscopy (TEM), 
and ultraviolet-visible spectroscopy. The catalytic performance of pillared clay was evaluated by 
means of different experimental conditions, such as the Fe/Al molar ratio of the intercalating solu-
tion, the catalyst amount, the hydrogen peroxide concentration, and the pH. The treatment by Fenton 
process demonstrated that 50% degradation efficiency of Congo red dye was achieved after 240 min 
of reaction. But, in photo-Fenton process 100% degradation was accomplished after just 60 min. 
Moreover, pillared clay showed a high catalytic activity both for the mineralization of CR and real 
textile effluent and also a high stability.

Keywords:  Congo red; Degradation; Fenton process; Mixed pillared bentonite; Real textile effluent; 
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1. Introduction

Water pollution is a noteworthy environmental prob-
lem because of the discharge of poisonous textile dyes [1]. 
These colored compounds have a negative effect on aquatic 
environment both by blocking of mild penetration or direct 
destruction of aquatic animals and plants due to associated 
noxiousness [2]. To locate a powerful and durable answer 
for the exclusion of those aquatic harmful compounds, 
a number of treatment technologies had been examined 
such as ozonation [3], adsorption [4], biological process [5], 

reverse osmosis process [6], precipitation and flocculation 
[7]. However, the application of these treatment strategies 
has been restrained because of excessive-power consump-
tions or high amounts of artificial resins and chemical sub-
stances [8]. Therefore, pollutant turned into another form, 
and just transferred from one phase to some other phases, 
which required similarly treatment and disposal.

Nowadays, the advanced oxidation process keeps the 
outstanding attention for post-treatment of treated waste-
water because of a huge amount of residuals of refractory to 
biodegradable organics in the wastewater [9,10]. 

Among these AOPs, Fenton reactions, which depend on 
the hydroxyl radicals (HO.) through the reaction of hydro-
gen peroxide (H2O2) and ferrous ion (Fe2+), were given devel-
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oping interests for wastewater treatment [11,12]. However, 
this homogenous Fenton reaction is associated with many 
significant disadvantages such as requirement of low pH 
range (2–3), generation of large amount of iron sludge [13], 
deactivation of iron ion due to its ability of complex forma-
tion with organic intermediates, requirement of neutraliza-
tion before final discharge [14] and also is less appropriate 
since it leads to high metal (iron or other transition metal) 
concentrations in the final effluent. Therefore, it is necessary 
to resolve these problems and suggest efficient solutions.

Based on the Fenton-like reactions, various types of tech-
niques, consisting of heterogeneous Fenton-like treatment 
and photo-assisted Fenton reaction had been applied to the 
treatment of various hazardous organic compounds [10,15]
because of smooth operation, very good effect, and no dis-
charge of secondary pollution to the surroundings. For this 
reason, several solids had been used as heterogeneous cata-
lysts such as iron oxide mineral [16], clay supported Fenton 
catalysts [17]. Indeed, micro pore volume and specific surface 
area of iron-modified clay improved remarkably compared 
to raw clay. For this reason, modified clays show high cat-
alytic activity with hydrogen peroxide [18,19]. Additionally, 
the incorporated iron species has a less toxic effect [20]. Also, 
the Photo Fenton process involves the in situ production of 
hydroxyl radicals, which is characterized by the non-selectiv-
ity in their attack. Hydroxyl radicals have a very high oxidiz-
ing power (2.8 V) next only to fluorine, and can mineralize 
most of the organic dyes to CO2 and H2O.

Fenton’s process using pillared clay has proved to be 
promising, efficient, cost effective and an attractive treat-
ment method for the effective degradation of dyes and 
hazardous organic pollutants [21]. The advantages of this 
process are that it is simple, easy to operate, and the reac-
tions can be carried out under laboratory conditions. Also, 
this process over other oxidation processes has the advan-
tage that there agents are easily available, cheap and cost 
effective.

Azo dyes are not biodegradable by aerobic treatment 
process [22]. However, under anaerobic conditions azo dyes 
can be decolorized [23] by reducing the azo bond to the 
potentially carcinogenic substances (e.g. amines). There-
fore, its mineralization by this simple Fenton like process 
is important. 

According to these considerations, the present study 
overcomes such disadvantages by means of being a pro-
cess that is adequate to application in industry from cost, 
efficiency and time point of view. It was mentioned the 
guidance and characterization of the heterogeneous cata-
lyst FeAl-bent synthesized by means of the pillaring tech-
nique of natural Tunisian clay utilized in heterogeneous 
Fenton and photo-Fenton processes to degrade the Congo 
red dye. In order to estimate the catalytic activity of these 
modified bentonites in distinct conditions, it was assessed 
various parameters affecting the catalytic performance of 
FeAl-bent catalysts in water treatment. The effect of H2O2 
concentrations (10, 20, 48.5 mM), catalyst load (0.05, 0.1, 
1.5 g/100 ml), initial pH of the dye solution (3,8,10) and 
Fe/Al molar ratio (0.01, 0.05, 0.1, 1) on the dye degrada-
tion treatment. In addition, activity and stability of these 
materials were assessed on the photo-Fenton degradation 
of Congo red aqueous solutions through H2O2 under ultra-
violet irradiation at room temperature.

2. Experimental

2.1. Chemicals and materials

Parental clay employed in this work, gathered from 
soils of Tboursouk (North-West of Tunisia), was prepared 
and purified as defined in another research work [24] .

The Al-Fe-bent surface area and cation exchange 
capacity (CEC) were 504 m2/g and 71.93 meq/100 g. The 
chemical composition is (19.05% Al2O3, 52.04% SiO2, 6.81% 
Fe2O3, 2.24% MgO, 0.14% CaO, 1.50% Na2O, 0.95% K2O) 
and the structural formula is Ca0.22Na0.422 K0.174 (Si7.58 Al0.42) 
(Al2.86Fe0.748Mg0.48) O22.

The anionic dye, Congo red (CR),was obtained from 
Sigma Chemical, as model of a secondary diazo dye. It was 
used without further purification, it is a secondary diazo dye.

All solutions and dispersions were prepared using 
deionized water.

All chemicals as AlCl3·6H2O, FeCl3·6H2O, Na2CO3, H2O2 
(35%, w/w), NaOH and HCl, were purchased from com-
mercial sources as guaranteed-grade reagents and used 
without further purification.

2.2. Catalysts preparation

Fe/Al-pillared bentonites were synthesized through the 
reaction of Na-bentonite with base-hydrolyzed solutions of 
Fe and Al via cation exchange process. The synthesized pro-
cedure was carried out according to the following method: 
An intercalate solution was prepared by titration of an 
Al3+/Fe3+cationic solution (i.e. 0.18 M AlCl3·6H2O and 0.02 
M FeCl3·6H2O) with 0.2 M NaOH. The addition of NaOH 
to the cationic solution was attempted under stirring at a 
controlled speed rate and 70°C for 12 h. These pillaring 
solutions containing Fe-polyhydroxy and Al-polyhydroxy 
species were aged for 7 d at room temperature before use.

Pillared bentonites were prepared by drop wise add-
ing drop wise of the pillaring solution to a 2% suspension 
of Na-bentonite under stirring corresponding to a metal/
Na-bent ratio of 3.8. The suspension was aged for 1 d at 
room temperature. Then, the resulting dispersion was left 
for 24 h and the supernatant excess was eliminated. The 
sediment was dialyzed with distilled water until chloride 
was absent. After that, the pillared clay was dried at 80°C 
and calcined at 500°C for 2 h [24].

The samples obtained with a Fe/Al molar ratio of 0.01, 
0.05, 0.1, and 1 are denoted below as FeAl0.01-bent, FeAl0.05- 
bent, FeAl0.1- bent and FeAl1- bent, respectively. 

2.3. Catalysts characterization

The chemical composition of the pillared bentonites 
was determined by X-ray fluorescence using a commercial 
instrument(ARL 9900 of Thermo Fisher), using monochro-
matic radiation Kα1of Cobalt (λ = 1.788996 Å).

X-ray diffraction analysis of heterogeneous catalysts 
was investigated using a PAN alytical X’ Pert High Score 
plus diffractometer, CuKα radiation and 2θ from 2 to 15°. 
X-ray diffraction spectra were recorded for samples dried at 
room temperature. Samples were analyzed as oriented clay 
aggregate specimens prepared by drying clay suspensions 
on glass slides.
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BET surface area and pore volumes of catalysts were 
measured using the physical adsorption of nitrogen by 
Quantachrome model Nova 1200e analyzer of solid parti-
cles surface and porosity. Prior to the measurement, sam-
ples were out gassed at a temperature of 200°C under high 
vaccum for2 h. Specific surface area SBET values were calcu-
lated with 0.05 < P/P0< 0.30. The total pore volume (Vt) was 
estimated from the adsorption data at a P/P0value of  0.99. 
The Barrett-Joyner-Halenda (BJH) method was applied to 
the desorption data for P/P0values above 0.20 to determine 
the mesopore surface area SBJH and themesopore volume 
(VBJH) for pores in the 10–500 Å range. The mesopore vol-
ume distribution as a function of pore size was calculated 
by (BJH) method. The micropore volumes (Vmicr) and exter-
nal surface area (Sext) were calculated by means of the t-plot 
method.

The optical properties of the studied materials were 
investigated by means of UV-vis diffuse reflectance spec-
troscopy (DRS) using UV-visible spectrophotometer (Shi-
madzu UV-2700). Time-resolved photoluminescence (PL) 
was performed on a FLS980 Spectrometer by applying laser 
excitation at 400 nm. Transmission electron microscopy 
(TEM) was utilized to determine the morphology structure 
of Na-bent and FeAl0.1-bent.

2.4. Experimental system and procedure

2.4.1. Fenton oxidation of dye solution

Fenton experiments were achieved under mild condi-
tions (atmospheric pressure and 25°C) using Congo red 
as model pollutant and H2O2 as oxidant. The pH value of 
dye solution was adjusted before the oxidation attempted. 
Reaction began by adding in 100 ml of 5·10–4 M Congo red 
solution of the required quantity of catalyst and stirring 
in the dark until the adsorption-desorption equilibrium 
was achieved before the initiation of oxidation. Then, the 
desired amount of H2O2was added to the reaction solution 
to start the oxidation. The concentration of hydrogen perox-
ide was varied in multiples of stoichiometry amount,which 
is theoretically required to completely oxidize Congo red 
dye into CO2, H2O and mineral acids. The stoichiometry 
amount of H2O2 was 97 M [according to Eq. (1)] for 1 M of 
Congo red solution.

C32H22N6Na2O6S2 + 97 H2O2→32CO2 + 104H2O + 6NO3
–  

+ 2SO4
2– + 2Na+ + 8H+ (1)

According to Eq. (1), the total mineralization of 1 M 
CR dye leads to 6 M of NO3

– and 2M of SO4
2–. Thus, for 

5·10–4 M of CR dye a 30·10–4 M NO3
–and 10·10–4 MSO4

2– were 
obtained.

The overall reaction time was fixed at 240 min. In addi-
tion, there are numbers of experimental conditions affect-
ing on the rate and performance of catalytic system, a set of 
smart experiments was carried out to optimize the catalytic 
system. Initial molar concentrations of H2O2 (10, 20, and48.5 
mM), catalyst loading (0.05, 0.1, and 1.5 g/100 ml) and ini-
tial pH of solution (3, 8, and 11) were investigated.

At different time intervals, samples were taken out by 
syringe and mixed with KI to eliminate residual hydrogen 
peroxide, and the catalyst was separated from the solu-

tion by centrifugation. The supernatant was filtered via a 
0.45 µm filter membrane and then used to evaluate the dye 
degradation /mineralization.

The percent of Congo red degradation was calculated 
taking into account the initial adsorption phase on the cat-
alyst surface:

Degradation (%) = (C0 – Ct)/C0 × 100 

where Ct is the dye concentration at time t (min) and C0 is 
the initial concentration after adsorption-desorption equi-
librium.

2.4.2. Oxidation and photo-Fenton oxidation of dye solution

The photo catalytic activities of as-synthesized het-
erogeneous catalysts were investigated by photo deg-
radation of 150 ml Congo red aqueous solution with 
5·10–4 M concentration at neutral pH. The suspension 
was set apart with magnetic stirring at room temperature 
and dark conditions for 40 min to achieve the adsorp-
tion-desorption equilibrium. Next, desired amount of 
hydrogen peroxide was introduced in the solution and 
the suspension was exposed to UV-visible light irradia-
tions for 90 min. Irradiation was provided by a 125 W 
Philips HPK UV-lamp (UV-A) placed in a plugging tube. 
A Pyrex cylindrical jacket located around the plugging 
tube allows an irradiation with wavelengths of around 
λ = 350 nm.

At given intervals of reaction, 3 ml of the suspension 
were taken for analysis, centrifuged to remove the photo 
catalyst and filtered through a 0.45 µm filter membrane in 
the absence of light.

2.4.3. Analytical methods

The discoloration (%) in solution was determined 
by UV-vis spectrophotometer (Shimadzu Model Perkin 
Elmer), absorbance measurements were performed at the 
maximum wavelength of CR, meaning at 498 nm in neutral 
medium and at 564 nm in acidic medium.

The residual dye concentration in each experiment was 
performed by High Performance Liquid Chromatography 
(HPLC) (YL9100 HPLC System) with UV-vis spectropho-
tometer detector. The data was recorded by Clarity soft-
ware. The column was of C18 type (250 mm × 4.6 mm, 5 µm). 
The mobile phase was 60% acetonitrile and 40% ultra pure 
water at a flow rate of 1 mL/min. The injection volume was 
20 µL.

Ion chromatography of all samples was also conducted 
for confirmation of the mineralization as well as to measure 
the concentrations of inorganic ions. The NO3

– and SO4
2–

concentrations were determined with a metrosep A Supp 4 
anionic column at 40ºC using a mobile phase composed of 
1.8 mM Na2CO3 and 1.7 mM NaHCO3 at 1 mL·min–1.

The Fe ions leaching from the catalyst in-time were 
measured using an A300 Perkin Elmer atomic absorption 
spectrophotometer. 

For real textile effluent characterization before and after 
treatment, some techniques were used such as: conductivity 
was performed using a Tacussel model 123 conductometer; 
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pH measurement was determined by TW 330 pH meter;-
Suspended matter (SM) in the water was gravimetric-ally 
quantified by filtering and drying at 105°C for 2 h. Chemi-
cals oxygen demand (COD) was measured according to the 
standard titration method followed in the SARTEX Com-
pany. Also, biochemical oxygen demand (BOD5) was inves-
tigated electrochemically by a dilution method wherein 
blocking nitrification was added and incubated for 5 or 7 d. 
Total organic carbon (TOC) analyses were performed on a 
multi N/C 2100 TOC analyzer. The measurements of total 
hardness, oil and grease contents were performed in the 
SITEX Company.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Chemical composition characteristics

It can be seen in Table 1 that the iron amount in synthe-
sized materials increased with increasing Fe/Al molar ratio. 
Also, Al amount increased slightly and achieved a maxi-
mum at Fe/Al molar ratio equal to 0.1 and then decreased 
at a molar ratio equal to 1which contents the highest quan-
tity of iron. This could be the effect of aluminum dissolution 
or also is due to isomorphic substitution of aluminum by 
iron at the octahedral lattice [25].

3.1.2. Structural and morphological properties

Results are shown in Fig.1. The signal d001 of Na-bent 
shifts to the higher values in range of 19.36 Å and 14.49 Å 
indicating that the modification carried out over the clay 
leads, in all the cases, to the successful pillaring of the mate-
rial. This peak was broadened and its intensity weakened 
by the incorporation of Fe-Al complexes, indicating that the 
Fe-Al complexes were intercalated randomly into the inter-
layer of bentonite [26]. The d001 values were clearly much 
greater at a relative small Fe/Al ratio, while these decreased 
to 14.49 Å at Fe/Al = 1, similar to previous results in which 
an increase of the Fe content produced materials with little 
increase in the basal spacing [27–29].

Pillaring phenomena was also confirmed by TEM anal-
ysis as shown in Fig. 2 for TEM micro graphs of the Na-ben-
tonite and FeAl0.1-bent, where the layer was kept and the 
basal spacing between two neighboring fringes was dis-
carded, corresponding to the successful pillaring.

3.1.3. Surface area and porosities

The isotherms of N2 adsorption of all synthesized 
pillared bentonites at 77 K were reported in our previ-
ous work [30], and to avoid similarity in this work it is 
given only isotherm of FeAl0.1-bent and Na-bent in Fig. 3. 
According to the IUPAC classification, isotherms are of 
IV type with a well defined H4 hysteresis loop, denoting 
a slit-shaped porosity between plate like particles. The 
modified samples had much similar total pore volume 
(Vt) compared to the Na-bentonite (Table 2). The negative 
effect on the textural properties of FeAl-bents induced 
by excessive iron content was also observed in terms of 
the specific surface area, SBET, where intercalation of the 
Na-bentonite with Fe/Al molar ratios > 0.01 gave smaller 
specific surface areas. It can be concluded that the intro-
duction of Fe onto the material in high amount reduces 
the surface area that is due to the blocking of part of the 
catalyst pores. The micro pore area (Smicr) increased from 
16.058 m2/g for Na-bent to 20.112 m2/g for FeAl0.01-bent 
confirming the formation of micro pores due to the pil-
laring process. However, it decreased from FeAl0.01-bent 
to FeAl1-bent, where was found to be 0m2/g. This larger 
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Fig. 1. X-ray diffraction spectra of raw and pillared bentonites.

Table 1 
Characterization of Na-bentonite and pillared bentonite

Samples CEC SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O

Na-bentonite 71.93 55.21 20.09 7.10 3.33 0.13 1.97 0.29
FeAl0.01-bent 24 53.08 27.32 9.36 2.94 0.088 0.23 0.21
FeAl0.05-bent 21.33 52.14 28.23 10.68 2.93 0.09 0.21 1.16
FeAl0.1-bent 17.33 52.00 28.87 12.19 2.84 0.097 0.18 1.02
FeAl1-bent 12.33 53.34 20.14 18.28 2.44 0.10 0.19 1.10

CEC (meq/100 g): cation exchange capacity
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decrease for the micro pore area vs. the total surface area 
indicated that majority of new surface areas created in the 
pillaring process with iron species corresponded to meso 
pores (Smesop increased from 38.316 m2/g to 44.278 m2/g 
for Na-bent and FeAl1-bent, respectively). This was usu-
ally attributed to iron species adsorbed on the external 
surface of the catalyst leading to spatial arrangement 
with pore formation of different sizes in the micro- and 
meso-pore regions [31,32]. The meso pores resulted from 
interparticle spaces generated by three-dimensional 
coaggregation of iron polyoxocations on the clay mineral 
surface forming delaminated structures, whereas micro 
pores arose from intercalation of smaller hydrolyzed iron 
oxides and from micro porous interstices existing among 
the iron aggregates and clay minerals layers [33]. 

The pore size distributions of Na-bent and FeAl-PILC 
were obtained by applying BJH method to the desorption 
branch of the N2 isotherms. Inside Fig. 3 compares the 
change of pore size distribution for the Na-bent and synthe-

sized FeAl0.1-bent samples. As can be seen, there is a good 
agreement between the pore sizes distributions of the sam-
ples studied.

3.1.4. Optical properties

It can be seen from Fig. 4A that, Na-bentonite presented 
UV-light absorption only, however, the synthesized FeAl-
bents exhibited adsorption in the visible light region. After 
the introduction of iron on framework of natural bentonite, 
almost all catalysts showed prominent absorbance in the 
visible light region, and the visible light absorption abilities 
of materials were gradually increased with the increase of 
loaded-iron content. These results indicated strongly that 
the optical properties of bentonite could be extended to the 
visible light region by pillaring process with Fe and Al poly-
cations. This confirms the activity of studied catalyst under 
UV and visible lights. 

As shown in Fig. 4B, the PL emission maxima of all 
pillared bentonites are at 534 nm for all catalysts and only 
FeAl1-bent present the lowest PL emission intensity. This 
is can be explained by the increasing of iron load that can 
allow the decrease of PL intensity. The same results were 
reported by Ping et al. [34], the photoluminescence analysis 
of Fe doped SrTiO3 shows a decrease in PL intensity with 
increasing the iron concentration. In their study, Ping et al. 
[34] explains this phenomenon as follows: the iron incorpo-
rated into the SrTiO3 can act as the electron-trapped agent to 
promote the electron-hole separation at low iron load, while 
as the recombination center when the iron concentration 
exceeds the threshold and begins to aggregate.

3.1.5. Cationic exchange capacity

The cation exchange capacity (CEC) of Na-bentonite 
and mixed pillared bentonite was determined using the 
copper ethylendiamine ((EDA)2CuCl2) complex. Results 
(Table 1) show that the CEC decreases with the increase of 
Fe/Al ratio, it shifts from 71.93 meq/100 g (Na-bentonite) 

001 

FeAl0.1-bent 

Fig. 2. Morphology of Na-bent and FeAl0.1-bent at different scale given by TEM.

 

Fig. 3. Adsorption-desorption isotherms of the FeAl0.1-bent and 
Na-bent from nitrogen sorption data (Inside: pore size distribu-
tion of both samples: FeAl0.1-bent and Na-bent).
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to 12.33 meq/100 g (FeAl1-bent). These results confirm the 
reality of the insertion of the pillars into the bentonite. 

3.2.  Factorial effects of the heterogeneous Fenton-like 
 degradation

3.2.1. Effect of initial pH 

The pH value of the dye solution is a key parameter 
for catalytic degradation of dye because the adsorption of 
pollutants on the surface of catalysts is affected by it. Fur-
thermore, formation of hydroxyl radical in the dye solution 
is dependent on pH, so adjusting pH is one of the most 

important parameters in the degradation process. To esti-
mate effect of pH on the oxidation process, the reaction was 
carried out at different pH values (pH 3, 8 and 11) using HCl 
and/or NaOH (0.1 M) as pH adjustment chemicals. Initial 
pH of the dye solution was effective at neutral pH and at 
pH 3, the removal rate was the highest (Fig. 5A), but at pH 
11 the removal rate was the lowest. In order to understand 
the effect of pH on the oxidation reaction, the role of pH on 
adsorption process must be explained. The surface change 
of FeAl0.1-bent was determined by mass titration and results 
show that the surface charge of catalyst is positive in acidic 
pH, which decreases gradually with an increase of pH and 
passes through zero potential at pH 3.9. In an acidic pH 
range, the surface charge of the adsorbent increases mainly 
due to increased protonation of the silanol group. Congo 
red is an acidic dye and contains a negatively charged sul-
fonated group (SO3

– Na+). So, higher adsorption of the dye 
at lower pH is probably due to the increase in electrostatic 
attraction between the negatively charged dye molecules 
and positively charged catalyst surface.

3.2.2.  Effect of initial concentration of H2O2 on Fenton 
process 

The effect of H2O2concentration (i.e. 10, 20 and 
48.5 mmol·L–1) on the degradation process of CR molecules 
in three experiments is shown in Fig. 5B by representing 
the dependence of discoloration process rate on the con-
centration of H2O2, while the catalyst dose (0.1 g/100 ml), 
pH 3, and temperature (25°C) were maintained constant. 
By increasing the concentration of H2O2, the rate of cat-
alytic process increased too. As it is presented in Fig. 5B, 
after 20 min the CR dye degradation by Fenton oxidation 
dye increased at a faster rate from 68.55% to 88.52% when 
the molar concentration of H2O2 increased from 10 to 48.5 
mmol·L–1, and then at slower rates afterwards. This result is 
due to the fact that by increasing H2O2 initial concentrations, 
concentration of HO• radical in the process was increased 
too and so enhancement in the rate of dye degradation pro-
cess took place. Thus for further experiments, the optimum 
concentrations of H2O2 was attained at 48.5 mmol·L−1.

3.2.3. Effect of catalyst load

To investigate the role of catalyst load on the catalyt-
ic-oxidation process, three experiments (0.05, 0.1 and 1.5 
g/100 ml) were carried out while all other conditions were 
constant. In the absence of catalyst, there is no evidence 

Table 2 
Textural parameters of the samples (surface area and porosities)

Samples SBET

(m2/g)
SBJH/mesp

(m2/g)
Vads

(cm2/g)
VBJH/mesp

(cm2/g)
Sext

(m2/g)
Smicr

(m2/g)
Vmicr

(cm2/g)
D(Å)

Na-bent 57.963 38.316 0.07 0.059 41.905 16.058 0.008 19.109
FeAl0.01-bent 61.673 34.706 0.08 0.063 41.560 20.112 0.011 18.848
FeAl0.05-bent 55.429 30.856 0.07 0.046 36.114 19.315 0.01 18.904
FeAl0.1-bent 50.086 30.069 0.05 0.047 29.036 0 0 19.003
FeAl1-bent 53.854 44.278 0.09 0.078 53.854 0 0 18.848

B 

A 

Fig. 4. (A) UV-Vis diffuse reflection spectra of catalyst and (B) 
PL spectra of different samples at an excitation wavelength of 
400 nm
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of Fenton oxidation reaction when, for instance, hydro-
gen peroxide is added to a CR solution. As the catalyst 
load is increased, the rate of CR degradation accelerates. 
Further, for the catalyst load of 0.1 and 0.5 g/100 ml, the 
degradation of dye is almost the same after certain reac-
tion time (Fig. 5C). The reason for this finding might be 
that by increasing catalyst amount above 0.1 g/100 ml, 
the numbers of FeAl0.1-bent accessible active sites decrease 
because of catalyst particle aggregation and so additional 
catalyst is not involved in the catalytic activity [35]. Simi-
lar observations have been reported by other researchers; 
Wei et al. [36] investigated the effect of iron pillared mont-
morillonite (Fe-Mt) concentration on phenol photo-Fenton 
degradation in the range from 0.6 to 4 g/L. Results shows 
an increase in % removal with an increase in Fe-Mt up to 
3 g/L, but it decreased upon further addition of Fe-Mt to 
4 g/L. For our work,only 0.1 g/100 ml has been taken as 
selected catalyst amount.

It’s well remarkable in Fig. 5 A, B and C, who presented 
the degradation rate (%) of CR dye versus reaction time 
(min), as lightly decrease of % degradation after reaching 
its maximum value and increase again to remain constant 
until the end of reaction,in all three cases studied. This can 
be explained by slightly desorption of CR dye from catalyst 
surface.

3.2.4. Effect of the iron amount in the catalyst

In this section, the effect of Fe/Al ratio on dye deg-
radation has been studied using 0.1 g·L–1 of catalyst. The 
absorbance measurement conducted by UV-vis spectropho-
tometer indicates the increase of discoloration from 80% to 
94% with increase in iron load from 0.01 to 1/100 ml. Also, 
the mineralization of Congo red was measured by ion chro-
matography analysis. Then, results indicated that after 4 h 
of treatment all catalysts gave a major loss of initial Nas vol-
atile N-compounds or NH4

+ and allows the partial release of 
initial S as SO4

2– ion, since some intermediates with lateral 
sulfonic groups are not destroyed. Table 3 and Fig. 5D show 
the quantification of NO3

– and SO4
2– ions for each catalyst. It 

can be seen that the catalyst FeAl1-bent presents the highest 
catalytic activity and it was selected as optimum dose for 
Fenton-like oxidation of Congo red dye.

3.3. Evaluation of photo catalytic performance

Photo catalytic activities of FeAl-bents were evaluated 
on the degradation of Congo red. 150 mL of dye solution 
with 5·10–4 M mixed with 0.1 g of photo catalyst AlFe1-bent 
at pH 8. This mixture was stirred in the dark for 40 min to 
reach adsorption-desorption equilibrium of dye onto the 

(A) (B) 

(C) 
(D) 

Fig. 5 (A) Effect of initial pH for dye degradation(Test conditions: 5·10–4 mol·L–1 dye concentration, 25°C and 0.1 g of catalyst per 100 
ml and 48.5 mmol H2O2) (B) The influence of catalyst masses (Test conditions: 5·10–4 mol·L–1 dye concentration, pH = 3, 25°C and 
48.5 mmol H2O2) and (C) The effect of H2O2 dosage for dye degradation (Test conditions: 5·10–4 mol·L–1 dye concentration, pH = 3, 
25°C and 0.1 g of catalyst) and (D) Effect of iron load on dye mineralization: [SO4

2–] and [NO3
–] (Test conditions: 5·10–4 mol·L–1 dye 

concentration, 48.5 mmol H2O2, 25°C and 0.1 g of catalyst per 100 ml of sample).
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photo catalyst surface. Then, 48.5 mM of H2O2was added 
and the lamp was turn on. The Fig. 6(A) shows the photo 
degradation of CR by different ways under UV light irra-
diations. When no photo catalyst was added, the self 
decomposition of CR can almost be negligible. FeAl1-bent 
presented poor photo catalytic activity after 120 min of UV 
light irradiation without H2O2, whereas it exhibited a prom-
inent degrade efficiency with H2O2, also photolysis of H2O2 
exhibited a good discoloration ratio and a 50% of dye min-
eralization to inorganic ions.

To quantify the degradation rate of samples, a pseu-
do-first order kinetic model was used to fit the degradation 
data using Ln (C0/C) = kt + a, where k is the reaction rate 
constant. Fig. 6B revealed the plot of Ln (C0/C), and reac-
tion time (t) is approximately linear, indicating the photo 
catalytic degradation process of CR followed the first-or-
der kinetic model. The kinetic parameters of all reactions 
were calculated and listed in the inset of Fig. 6B, which 
also revealed that the heterogeneous Fenton reaction under 
UV light irradiation possessed the best photo degradation 
activity with a k value of 0.0417 min–1 compared with the 
k value of the photolysis of H2O2 (0.0271 min–1), AlFe1-ben-
tunder UV light (0.0138 min–1) and CR alone (0.0009 min–1).
These findings strongly confirmed the enhanced photo cat-
alytic behavior of FeAl1-bent photo catalyst.

3.4. Comparison of fenton and photo-fenton processes

Catalytic efficiency of synthesized Fenton-like catalysts 
was compared in Fenton-like oxidation process and pho-
to-Fenton process for degradation of CRdye. Interestingly, 
the results summarized as below: The Fenton process, 
conducted in the presence of a catalyst and H2O2 in the 
dark, showed a notable change in terms of discoloration of 
Congo red 93% and achieved a mineralization efficiency of 
50% after 240 min. As UV-visible light was applied to the 
Fenton reaction, the mineralization efficiency improved to 
97% after 60 min. The photo-Fenton catalytic activity of the 
intercalated clay was, therefore, attributed to its potential to 
utilize UV-visible light.

Furthermore, the photo-Fenton progress method not 
only present high dye removal efficiency and catalytic 
activity but also needs more economic consumption in 
wastewater treatment from different points of view, espe-
cially time and cost. Even so, the major advantage of pho-
to-Fenton is that hydroxyl radicals are generated into the 
reaction system by photolysis of H2O2under UV irradiations 
and the photo catalytic activity of heterogeneous catalysts 
FeAl-bents under UV-visible light. This has overcome the 
need to handle a large time and product. Also, this may be 
convenient for industrial use.

3.5. Photo catalytic degradation of a real wastewater

Photo catalysts were also tested in the degradation of a 
real wastewater effluent sampled in the output of a waste-
water textile company(SARTEX) located in the eastern of 
Tunisia. 

According to results obtained on CRdye, it was cho-
sen to study the degradation under UV irradiations and 
with only FeAl1-bent of the textile effluent. Table 4 shows 
the most characteristics of the textile effluent before and 
after 3 h of treatment with heterogeneous Fenton reaction 
under ultraviolet irradiations. It can be seen from Table 4 

Table 3 
The quantification of NO3

– and SO4
2– ions

Catalyst %NO3
– %SO4

2–

FeAl0.01-bent 0 2.83
FeAl0.05-bent 0.013 6.59
FeAl0.1-bent 0.04 15.82
FeAl1-bent 0.06 49.79

(A) 

(B) 

(C) 

Fig. 6. (A) photo catalytic activity of CR under UV light irradia-
tions, (B) Kinetics of the CR degradation over different samples, 
and (C) Cyclic photo degradation of CR by FeAl1-bent.
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that the photo catalytic activity of the prepared modified 
catalysts varied in the same order related to the degradation 
of CR dye. But,the degradation rate of textile wastewater 
was lower than that for CR dye. This could be explained 
by the fact that the effluent contained a mixture of organic 
compounds. The TOC measurements after photo catalytic 
treatment under UV irradiation clearly indicate the high-
est activity of FeAl pillared bentonite. The degradation of 
wastewater achieved by FeAl1-bent was almost total after 
3 h under UV irradiation. Even if the required time is lon-
ger, the use of UV light allows achieving almost a complete 

degradation of the organic compounds present in the waste-
water sample (94%). Regarding their optical properties, this 
catalyst could be used for photo catalytic wastewater treat-
ment under solar irradiation, leading to a cheap technology 
for developing countries.

3.6. Stability of catalyst

The stability is a completely important characteristic 
for the catalyst when it is used in industrial application. 
It was evaluated by the adding of fresh dye solution in 
the treated effluent with ‘spent’ catalyst from the preced-
ing run. On this system, the sample becomes reused over 
4 times and its photo-Fenton activities were evaluated by 
measuring the % degradation of dye solution. As shown in 
Fig. 6C, the catalyst can preserve catalytic activities in the 
multiple runs and there is no remarquable loss of the activ-
ity throughout the whole reaction system. It indicates that 
the activity of the prepared sample is very stable. However, 
there is still a problem that whether the OH. radicals come 
from the heterogeneous photo-Fenton reaction or from the 
homogeneous photo-Fenton reaction are owing to the iron 
ion leaching problem from the catalyst. The concentration 
of iron ions in the suspension was detected by SAA in this 
study. It should be noticed (Table 5) that the iron ion con-
centration comes to 3.08 ppm after 120 min of irradiation. 
The above results indicate that the iron ion amount leaching 
from the FeAl1-bent catalyst is negligible.

These results confirm that the catalyst is chemically sta-
ble in the multiple photo-Fenton runs.

In this section, an overview of the published literature 
regarding the application of photo-Fenton’s process for the 
degradation of organic dye is presented. Table 6 compares 
the results performed in terms of discoloration and miner-
alization efficiency,in the presence of the pillared clay pre-
sented in this work, to other previously published results, 
considering photo-Fenton process in the presence of differ-
ent catalysts.

It can be seen from Table 6, a high influence on the cat-
alyst type and dye is remarked. Each catalytic system acts 
differently and achieves its maximal degradation in case of 
polluting dye, and cannot be extrapolated from one system  

Table 4 
Most characteristics of real wastewater before and after photo-
Fenton treatment

Quality indicators, mg/L Initial textile 
effluent

Treated 
wastewater

pH 10 8
TOC 10 0.6 
BOD5 600 90
COD 1400 200
Colour 3500 190
Suspended solids 200 2
Total Hardness 100 0.3
Oil and Grease 10 0.04
TDS 3500 2500
Chloride 1700 600

Table 6 
Comparison of catalytic efficiencies and time for different catalysts

Catalyst Dye Discoloration(%) = X
Mineralization(%) = Y

References

Fe-Montmorillonite Methylene Blue X = 93 (t =180 min) [39]
Fe-Montmorillonite Reactive Brillant Orange X-GN X = 98.6%

y = 52.9% (t = 140 min)
[37]

Iron-zeolithe Congo Red X = 100% (t = 4 h) [40]
AlFe-bentonite Congo Red X = 100% (t = 20 min)

y = 100% (t = 60 min)
This work

Iron-carbon fibers Congo Red X = 100% (t = 80 min) [41]
Fe-bentonite Azo dye Orange II X = 100% (t =60 min) [42]
Fe-Laponite Reactive Red HE-3B X = 100% (t = 30 min)

y = 76% (t = 120 min)
[38]

Iron-collagen fiber Malachite Green (MG) X = 100% (t = 30 min) [43]

Table 5 
Stability of catalyst at different cycles

Cycling Degradation (%) Leaching [Fe3+](mg/L)

1 99.69 3.08
2 98.45 3.18
3 97.35 3.67
4 95.34 4.75
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to another. However, some comments can be noted: a total 
mineralization was reached only in 60 min compared to 
other study such as Chen et al. [37] who obtain only 52.9% 
in 140 min and Feng et al. [38] who obtained 76% in 120 
min. Also, in term of discoloration in our case we reached 
100% in short time (only 30 min) compared to the above 
mentioned works.

So, from our point of view, to establish a reliable process 
for a real application in the textile industry, it is necessary to 
consider cost, time and efficiency.

4. Conclusions

In this work, heterogeneous catalysts with many prop-
erties were obtained through a simple, inexpensive and 
innovative route. The developed material is pillared ben-
tonite with mixed Al-Fe pillars between the clay layers.

The micropourous materials were characterized by 
XRD, BET and UV-visible techniques in reflectance diffuse. 
XR diffraction showed an increase in the basal spacing up 
to 19 Å. They have a high thermal stability. Textural charac-
terization shows a decrease in BET surface area indicating 
that a portion of iron was inserted into the clay structure 
being deposited on the surface, interacting with the tetra-
hedral sheets of the clay, without destroying the original 
framework.

Different parameters that affected in degradation of CR 
dye by using as catalyst the prepared FeAl-bent were found 
to achieve the best condition.

Results show that the optimized parameters are tem-
perature 25°C, initial pH= 3, 48.5mmolinitial concentration 
of H2O2 and 0.1 g/100 ml catalyst load.

The photo catalytic activity of as synthesized samples 
was examined by photo catalytic degradation of Congo red 
and of real textile wastewater under UV-visible light irra-
diations. Above-mentioned discussions it is indicated that 
the prepared catalyst exhibits good photo catalytic activi-
ties both on degradation and mineralization of dye and real 
wastewater solutions. Finally, it was found that the synthe-
sized heterogeneous catalysts were chemically stable and 
catalyst can be regenerated and reused for at least three 
times without significant loss of activity.

Photo-Fenton was considered as a preferable method 
for degradation of different kinds of wastewater.
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