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This study aims to present an effective solution for pollutant treatment after adsorption
onto modified bentonite. Modified bentonite has been taken as a medium to divide the
treatment process of Congo red (CR) dye by a photo-Fenton process into two different
processes (separation of CR from wastewater by adsorption and degradation of CR on the
surface of the adsorbent by the photo-Fenton process). The adsorbent was characterized by
scanning electronic microscopy, zeta potential, and diffuse reflectance spectroscopy
techniques. Batch adsorption experiments were carried out to study the effect of the
contact time on the adsorption properties of the dye. Kinetics study and isotherm analysis
were conducted. The photo-Fenton regeneration of the adsorbent was investigated under
different experimental conditions. The results show the success of the regeneration and
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the total mineralization of the dye.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The contamination of water by pollutants of various
origins is an actual problem [1]. In the textile industries,
wastewater is one of the most important sources of pollu-
tion of surface waters and groundwater, especially for
agricultural land and wildlife [2,3].

The waste products of the textile industries are enor-
mous nuisances for human health and the environment. In
fact, the various dyes used cause serious problems because
of their stability and low biodegradability [4,5]. Thus, it is
necessary to treat these releases before they are discharged
into the sewerage system. These effluents contain nonbio-
degradable, inhibitory, or toxic substances for most living
microorganisms. Moreover, the heterogeneity of their
composition makes it difficult or almost impossible to
obtain pollution thresholds lower than or equal to those
imposed by environmental standards, after treatment by
traditional techniques [6,7].

* Corresponding author.
E-mail address: fadhilaayari@yahoo.fr (F. Ayari).
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Recent developments in the field of chemical water
treatment have led to an improvement in oxidative
degradation processes of organic compounds in aqueous
media. Oxidation has always been presented as an alter-
native, with little or no waste and often makes it biode-
gradable. However, the processes using traditional oxidants
(dichloride and its hypochlorous acid derivatives, ozone,
dibromide, chlorine dioxide, hydrogen peroxide, potassium
permanganate, ...) do not completely degrade organic
compounds [8]. For this reason, it is essential to look for
alternative solutions that solve this problem.

Adsorption has been considered as an attractive method
to remove textile dye from aqueous solutions because of its
low cost, simplicity, and ease of operation [9]. However, the
use of expensive adsorbent can limit the efficiency of this
process [10]. In addition, the transfer of the pollutant from
the aqueous phase to the solid phase is another source of
pollution dangerous for the environment, so it is essential
to think of an effective solution that treat the pollutant
stored in the solid phase.

1631-0748/© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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Clay mineral is considered as an alternative material to
achieve this point. According to many studies, bentonite
clay can improve their properties in several fields [11—14].
For this reason, it is used in this study.

In this study, Tunisian abundant clay, bentonite was
prepared and modified via pillaring process using alumina
and iron elements to enhance their adsorptive and catalytic
properties. The adsorption isotherm and kinetics were
determined. Furthermore, the regeneration of this adsor-
bent was performed through photo-Fenton regeneration.

2. Materials and methods
2.1. Materials and chemicals

2.1.1. Adsorbent preparation

The raw clay used in this study was collected from local
deposit sited in the north Tunisia. This clay belongs on
smectite family; it was prepared and purified as described
in our previous study [15]. It was labeled as Na-Bent.

The modification carried in this bentonite was done via
pillaring process by Fe and Al cations. The pillaring process
and the most characteristics were reported in our previous
study [15]. In this study, we are only interested in Fe-0.1-
Pillared Interlayer Clay (PILC) adsorbent, because it has
the best adsorbent properties as compared with other ad-
sorbents. Table 1 illustrates the physical characteristics of
Na-Bent and Fe-0.1-PILC.

2.1.2. Chemicals

Dye used in this study is the acid diazo dye Congo red (FW
= 676.66), noted CR. The chemical structure of this dye con-
tains an azochromophore group (—N=N) and an auxochromic
acid group (—SOsH) associated with the benzene structure.

For an aqueous solution of concentration 10~% mol L™/,
at a natural pH (pH = 7), the absorption spectrum of this
dye in the ultraviolet—visible (UV—vis) region is repre-
sented in Fig. 1. The CR has a main band at 497 nm,
attributed to the absorption band of the anionic monomer
and associated with an absorption band in the UV region at
A = 347 nm, attributed to the naphthalene group.

All chemicals used in this study were of analytical grade
and used without further purification.

2.2. Adsorption and photo-Fenton regeneration experiments

2.2.1. Adsorption experiments

For this experiment, 0.1 g of FeAl-PILC adsorbent was
placed in a 100 mL Erlenmeyer flask containing 50 mL of
dye solution at desired concentration.

Table 1
Specific surface, pore volume, and CEC of studied samples. CEC: Cationic
Exchange Capacity

Samples  Sggr Smp (M2 g™ 1) Vi Vpr CEC
(m?g1) (em?g™") (em®g") (mequiv/
100 g)
Na-Bent 72.2 16.06 0.008 0.07 89
Fe-0.1- 50.09 0 0 0.05 17.33

PILC

CEC: Cationic Exchange Capacity

n-n* transition of azo bond
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Fig. 1. UV—vis spectra of CR dye at pH = 7.

For kinetics studies of CR adsorption, 2—3 mL of the
solution was collected at various time intervals with a sy-
ringe. The adsorbent was separated from the liquid phase
by centrifugation at 3000 rpm for 20 min and filtered
through a 0.45 pm filter. Then, the dye remained in the
solution was determined using a UV—vis spectrophotom-
eter (Shimadzu Model PerkinElmer). Absorbance mea-
surements were made at the maximum wavelength of CR at
498 nm in neutral medium.

The percentage of CR adsorption (% Adsorption) and the
amount of CR adsorbed (Q.qs) were calculated by the
following relations, respectively:

% Adsorption :(COC;CG) x 100 (1)
0
Co—GC) xV
Qus = = Cl Y @

where Cy and Ce are the initial and equilibrium concen-
trations of CR (mg L™1), respectively. V is the volume of the
dye solution (L) and m is the mass of adsorbent (g).

2.2.2. Photo-Fenton experiments

The photocatalytic regeneration of desired amounts of
as-synthesized microporous materials was assessed by the
photodegradation of 150 mL CR aqueous solution (with 5 x
10~* M concentration at natural pH). The suspension was
set aside with magnetic stirring at room temperature and
dark conditions for desired time to reach the
adsorption—desorption equilibrium for FeAl-PILC. After
that, the required amount of H,O, was added and the
suspension was exposed to UV light irradiations for desired
time (0—120 min). During reaction, 3 mL of the suspension
was taken for analysis, centrifuged to remove the adsor-
bent, and filtered through a 0.45-um filter membrane.

The calculation of CR degradation was performed, tak-
ing into account the initial adsorption on the material
surface (Eq. 3):

% Degradation = (Cy — C;)/Co x 100 (3)

where C; is the CR concentration at time t (min) and Cy is
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the initial concentration after stabilization because of the
adsorption on the adsorbent surface.

2.3. Analysis and instruments

The morphology and surface of Na-Bent and Fe-0.1-PILC
were examined with scanning electronic microscopy (SEM,
Hitachi SU-70; at the acceleration voltage 15 kV) coupled
with Energy Dispersive X-ray (EDX) microanalyzer (PGT
IMIX PC) to evaluate the chemical composition.

The values of zeta potential were measured using a
Malvern zeta meter (Zetasizer). These values were deter-
mined through adjusting pH from 2 to 9 by adding HCl
(0.1 M) or NaOH (0.1 M) at 25 °C. UV—vis diffuse reflectance
spectra were measured using a UV—vis spectrophotometer
(PerkinElmer, Lambada 950).

3. Results and discussion
3.1. Material properties

Additional techniques SEM, diffuse reflectance spec-
troscopy (DRS), and zeta potential were applied to char-
acterize the prepared AlFe-PILC sample.

The SEM micrographs of natural and Fe-0.1-PILC are
presented in Fig. 2. SEM images are fundamental to clarify
the changes in the morphological surface upon Al and Fe
pillaring. As can be seen, the surface morphology of natural
clay Na-Bent (Fig. 2(a)) is different as compared with Fe-
0.1-PILC (Fig. 2(b)).

The EDX spectrum presented in Fig. 2 indicates the in-
crease in Al and Fe amounts after the pillaring process. Also,
the existence of certain elements, such as Si, Na, K, and Mg,
which are constituents of starting bentonite, can be seen.

PHp;c is the pH at which the electrical charge density on
solid surface is zero. As can be known, adsorption of a dye
molecule onto the solid surface is so influenced by pHp,c.
Hence, at higher pH than pHp,, adsorbent surface is
negatively charged and attracts cations. Conversely, below
PHpzc, the catalyst surface is positively charged and repels
cations [16]. The zero point charge of our synthesized

epr==F¢-0,1-PILC ==¢==Na-Bent

Potentiel Zeta(mV)

pH

Fig. 3. Zeta potential of Na-Bent and pillared bentonites Fe-0.1-PILC.

materials was found to be 5.4 for Na-Bent and 3 for Fe-0.1-
PILC (see Fig. 3).

The optical properties of the studied adsorbents were
investigated with UV—vis DRS using a UV—vis spectro-
photometer (Shimadzu UV-2700). As shown in Fig. 4, the
Na-Bent presented UV light absorption only, whereas the
synthesized FeAl-Bent exhibited adsorption in the visible
light region. The UV—vis DRS results indicated that the
optical responses of bentonite could be extended to the
visible light region after intercalation by Fe and Al poly-
cations. The visible light energy could be used by FeAl-
Bents for realizing the photoelectric effects.

3.2. Adsorption of CR on Na-Bent and Fe-0.1-PILC

The influence of stirring time on the CR adsorption is an
important step leading to determine the time necessary to
establish the equilibrium adsorption—desorption. This
study was conducted on Na-Bent and Fe-0.1-PILC in batch
mode.

This involves introducing 100 mL of CR solution with
0.1 g of the adsorbent, for 100 min, at room temperature
(25 °C), at natural pH and under continuous stirring. Ac-
cording to the literature, 60 min is sufficient to establish the
adsorption—desorption equilibrium for clays [17,18]. Ob-
tained results are shown in Fig. 5.

1A

5.60

Ve
N

s Fe
Vien, 800 kev
.

Fig. 2. SEM micrographs of Na-Bent (a) and Fe-0.1-PILC (b).
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Fig. 4. UV—vis diffuse reflectance spectrum of Na-Bent and Fe-0.1-PILC.
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Fig. 5. Adsorption kinetics of CR onto Fe-0.1-PILC and Na-Bent ([CR] = 5 x
10~ mol L™, Magsorbant = 0.1 g T = 25 °C, and pH = 7).

From Fig. 5, it is noted that CR adsorption on Fe-0.1-PILC
appears to be rapid, the equilibrium is reached before
20 min of contact but it is slow with Na-Bent, the saturation
time is 40 min with this clay.

For Fe-0.1-PILC, the adsorption rate of CR is reached 70%
for an initial concentration of 5 x 10~4 mol L~1. However, it
does not exceed 29% for Na-Bent. This shows the
enhancement of the adsorptive capacity of the purified clay
after modification with iron and alumina polycations.
These results are deduced, thanks to the textural and
structural properties of Fe-0.1-PILC even the large basal
spacing that favors the adsorption phenomenon. This is in
agreement with the previous study [19].

+ Fe-0,1-PILC  + Na-Bent

0 20 40 60 80 100 120
Time (min)

Fig. 6. Pseudo-second-order kinetic model of Fe-0.1-PILC and Na-Bent.

To better understand the mechanism that governs the
adsorption phenomenon of these adsorbents, a kinetic
modeling is made to the results of this study. Then, Fig. 6
represents the pseudo-second-order model adsorption
of CR on Fe-0.1-PILC and Na-Bent. Thus, kinetic param-
eters and correlation coefficients are illustrated in
Table 2.

The pseudo-second-order model well describes the
experimental results of CR adsorption on the purified and
pillared clay according to the values of the correlation co-
efficients, which are closer to unity. This suggests that the
adsorption mechanism is based on physisorption [18,20].
Chen and Zhao [21] reported the same results for organo-
attapulgite adsorption of CR by showing that pseudo-
second-order model is the most appropriate model and
that physisorption is the main mechanism that controls the
speed of the adsorption process.

3.2.1. Adsorption isotherm

To evaluate the maximum adsorption capacity of CR
adsorbed on the adsorbents, a study of the adsorption
isotherms was carried out. The amount of CR adsorbed
(Qags) as a function of its equilibrium concentration (Ce)
was obtained at pH = 7 and at 25 °C, for CR solutions at
concentrations ranging from 10~ to 10~ mol L™, mixed
with Na-Bent and Fe-0.1-PILC at 0.1 g. Fig. 7 shows the
adsorption isotherms obtained.

According to the classification of Giles et al. [22], the
adsorption isotherm of the CR by the modified clay (Fe-0.1-
PILC) is of type H reflecting a relatively high affinity of the
solid phase for the adsorbed substance. This isotherm in-
dicates a significant adsorption of the dye with an
adsorption rate of 80% and fast kinetics.

When the adsorbent is Na-Bent, the adsorption
isotherm is of S type and is divided into two stages:

- the first one is characterized by a weak adsorption
where the dye is probably retained by the electrostatic
forces;

- the second step is characterized by a remarkable vari-
ation in the adsorption showing that the matrix in-
volves strong interactions both between adsorbent and
adsorbate and between the CR molecules themselves.

Two models are introduced to analyze the experimental
data of the adsorption isotherms: Langmuir and Freundlich
models.

Fig. 8(a) and (b) illustrates the modeling results of these
two models and the main specific parameters of each
model are summarized in Table 2.

The Langmuir model is applicable for the modeling of
the experimental results obtained by Fe-0.1-PILC according
to the value of the correlation coefficient (R*> = 1). This
finding implies that the equilibrium data correspond to the
Langmuir model and the adsorption process is mainly
monolayer [23,24]. The value of Qmaxcal inferred from the
slope of this straight line is 500 mg g~', which is very close
to the experimental value Qmax,exp = 451 mg g L

The separation factor Ry is known as a dimensionless
parameter that judges the possibility of sorption. Its value
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Table 2
Kinetics modeling parameters.

Kinetic modeling

Pseudo first order

Pseudo second order

Q. K R? Q. K> R?
Na-Bent 35.02 0.032 0.902 76.92 0.0018 0.980
Fe-0.1-PILC 133.8 0.0047 0.455 333.33 0.0012 0.998
Isotherm modeling
Freundlich Langmuir
K n R? Qmax.cal (Mg gil) Qmaxsexp (mg gil) Ky (L mgil) RL R?
Na-Bent 0.132 0.76 0.961 - - 1.148 0.385
Fe-0.1-PILC 46.29 2.347 0.868 451 500 13 0.987 0.982
00 of 0.987 suggests that the Langmuir model is favorable
= —a—TF¢-0,1-PILC —e—Na-Bent [25,26].
w0 For Na-Bent, a better correlation of the results was ob-
350 tained using the Freundlich model, confirmed by a corre-
~ 30 lation coefficient R? close to unity that could explain a
2 s continuous distribution of the adsorption sites.
\&% 200
Q? 150 .
) 3.3. Photo-Fenton regeneration of Fe-0.1-PILC
100
* Photocatalytic regeneration of Fe-0.1-PILC saturated on
- = o - g p— 0 CR was evaluated as follow: 0.1 g of Fe-0.1-PILC was added

C,(mg.L1)

Fig. 7. Adsorption isotherm of CR onto Fe-0.1-PILC and Na-Bent (mags =
01g pH=7and T=25°C).

4.5
a AFe-0,1-PILC ¢ Na-Bent
0.5
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Fig. 8. Adsorption isotherm of CR by Na-Bent and Fe-0.1-PILC according to
the Langmuir (a) and Freundlich (b) models.

to 150 mL of dye solution with a concentration of 5 x
10~% mol L' at preferred pH. Each reaction mixture
(catalyst + CR solution) was stirred in the dark for 40 min to
reach the adsorption—desorption equilibrium of dye onto
the adsorbent surface. After that, a desired amount of H,0,
was added and the lamp was turned on.

Fig. 9 shows the regeneration of adsorbent by different
ways: under UV light irradiations only, the percentage
degradation was 15.6% after 120 min. In the dark condition
and in the presence of H,0, (Fenton process), a maximal CR
degradation is 51.38%, whereas it exhibited a prominent
degradation efficiency with photo-Fenton process; per-
centage degradation reaches 98%.

3.3.1. Factors influencing adsorbent regeneration

In this section, H,O, concentration and pH were inves-
tigated, respectively, to understand their effects on the
adsorbent regeneration and the results are given in Fig. 10.

=== TFenton process === Photo-Fenton process ==@=UV only
100 % —dh
80
=~
X
S
< 60
2
3
E 40
&
Q
20 —
o /

[ 20 40 60 80 100 120 140

Time irradiation (min)

Fig. 9. Adsorbent regeneration via different ways.
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Fig. 10. Effect of H,0, concentration (a) and pH (b) on the Fe-0.1-PILC regeneration (adsorbent dose = 0.1 g [CR] =5 x 1074 mol L, and T = 25 °C).

The regeneration of Fe-0.1-PILC by the photo-Fenton
process is based on the interaction of hydroxyl radicals
HO- with CR dye adsorbed on the adsorbent surface. Thus,
the dosage of H»0O, (oxidant) and Fe-0.1-PILC is very
important for the process of regeneration. The oxidation of
CR by H;0, is given as shown in chemical reaction (4):

C32H2oNgNa,06S; + 91 Hy0, —32 CO, + 98 H,0 + 6 NO,
+2S0,7 +2Na" +8H" (4)

According to this chemical reaction, it can be seen that
theoretical amount of H,0, for completely oxidizing 1 mol
CR is 91 mol of H0,. In this study, 10, 30, and
48.5 mmol L~ H,0, was selected for studying the effect of
H,0, concentration (Fig. 10(a)). It can be noted that Fe-0.1-

PILC can be regenerated with the increase in H,O, con-
centration, the degradation percentage increases rapidly
until H,0, reaches to 30 mmol L~.. Additional increase in
H,0, dosage results in the decrease of percentage degra-
dation. This can be explained as follows: a higher H,0,
dosage can increase the production rate of HO", resulting in
the increase of percentage degradation. However, the
excessive amount of HyO, can increase the possibility of
secondary reactions between H,0, and HO (reactions (5)
and (6)), resulting in the decrease of effective activity of
HO' [27].

H,0, + HO - H,0 + HO; (5)

HO" + HO" - H,0, (6)
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The effect of pH was investigated at three pH values
3, 7, and 11. It can be seen from Fig. 10(b) that pH = 3 is
the optimal value for the adsorbent regeneration. With
the increase in pH, the percentage degradation
decreases.

Therefore, the mechanism of the regeneration associ-
ated with the heterogeneous photo-Fenton process would
be described as follows:

- the molecules of CR dye on the adsorbent surface
absorbed the photons from UV light to generate excited
states (reaction (7));

- the generation of Fe(Il) species resulted after the re-
action between excited dye and Fe(Ill) species (reac-
tion (8));

- the reaction between Fe(Il) generated and H,0, took
place producing HO radicals (reaction (9));

- the initiation of the degradation of the adsorbed dye
and the regeneration of Fe-0.1-PILC (reaction (10)),

=Dye + UV light — =Dye" (7)
=Dye” + =Fe(lll) - =Fe(ll) + =Dye" (8)
=Fe(ll) + H,0, — =Fe(lll) + HO' + HO" )

HO'" + =Dye/=Dye*" »NO, + S0, +C0, + H,0  (10)

where the symbol = represents the iron species or the dye
on the solid.

To analyze the degradation products formed during the
regeneration of Fe-0.1-PILC by photo-Fenton process, the
ionic chromatography (Dionex DX-500) analysis was done
for the quantification of inorganic ions NO3~ and SO4 .
Result shows a total mineralization of CR to SO4~, which
confirms the regeneration of adsorbent.

4. Conclusions

Adsorption of CR by bentonite and pillared bentonite Fe-
0.1-PILC was studied and appreciable results were reported.
Adsorptive capacity of Na-Bent is enhanced remarkably
after modification and obtained results indicate that pil-
lared bentonite can be an efficient adsorbent for the anionic
dye. The photo-Fenton process can be applied to regenerate
this adsorbent through the total degradation of dye
adsorbed. So, according to obtained results in this study, it

is very important to conclude that the problem of the safe
disposal of the contaminated solids can be effectively
resolved. In addition, the use of natural abundant material
and UV light lamps can reduce the cost of starting materials
and experimental process. The combination of adsorption
on modified bentonite and the efficient photo-Fenton
regeneration would be an approach for the destruction of
pollutants in water.
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