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ABSTRACT: The present study focuses on the synthesis of pillared bentonite materials prepared
by intercalating solutions of aluminum, chromium, iron, and. cetyltrimethylammonium bromide (CTMAB)
into natural bentonite. Six solids were obtained and applied as adsorbents to remove acid-yellow
E-4G dye from aqueous solutions. Different characterization methods, such as chemical
composition, X-ray diffraction, and specific surface area, were used for that purpose. The efficiency
of dye removal was studied as a function of pH, initial dye concentrations, contact time, and
temperature. The efficiency of dye removal by CTMA-AI intercalated bentonite was found higher than
that of inorgano-bent, under similar conditions. The results obtained showed that the maximum
adsorption capacity for dye by modified bentonite was reached within the pH range from 1 to 2.
Indeed, the maximum adsorption capacity was estimated to be 385 mg/g at room temperature.
The results of the kinetic study regarding the removal of E-4G dye by modified bentonites was found
to fit the pseudo-second-order model. Moreover, it turned out that the adsorption isotherm data obtained
fit well the Freundlich model, which is not the case for the Langmuir and D-R models tested.
Calculated thermodynamic parameters indicated that the adsorption process is spontaneous and
endothermic with bentonite intercalated by aluminum and iron (B-AlFe) and is exothermic in the case
of inserted bentonite by cetyltrimethylammonium and chromium (B-C-AICr).
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INTRODUCTION

The demand for natural clay minerals is on a constant
rise in the industrial field and in scientific research. This
is mainly due to their availability in large quantities as
well as to their valuable properties such as ion exchange
capacity, catalyst, and adsorption. It is worth noting that

bentonite clay which contains essentially montmorillonite (Mt),
is widely abundant in nature. Bentonite clays are
aluminosilicates that have a 2:1 layer structure
which consists of an alumina octahedral layer located
between two silica tetrahedral layers. In many countries,
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large deposits of natural bentonite provide significant
advantages to local industries which can treat wastewater
contaminated by various pollutants at a low cost [1].
Over the last few years, the use of bentonite as an adsorbent
for many adsorbates has widely been investigated [2-4].
However, this type of clay inherently presents the
disadvantage of poor access to its active sites, hence
decreasing its adsorption capacity or catalytic power.
Chemical modifications in the structure with cationic
surfactants and certain polyhydroxyl cations were also
carried out for the purpose of improving their adsorption
capacity [5]. It has been reported that the intercalation of
some metals such as aluminum [6] iron [7] and titanium [8]
and some surfactants like CTMA [9] in 2:1 clay minerals
significantly increases the sorption efficiency. Moreover,
researchers have reported also the simultaneous insertion
of two metals in bentonite i.e. Al/Fe-bent [7] and
Fe/Cr-bent [10]. In addition, the occupation of exchange
sites on the surface of bentonite by ammonium surfactant
cations, such as cethyltrimethylammonium, changes the
surface properties from hydrophilic to hydrophobic [11].

In the present work, an attempt is made to take
advantage of the benefits of inserting mixed polycations
as inorganic pillars and the CTMA, which is an organic
intercalation component, into bentonite; the performances
of the two adsorbents are then compared. The specificity
of this study is the combination of both inorganic and
organic intercalants inserted at the same time in a single
adsorbent. In addition, we worked with the three most
widely used polycations (Cr, Al, Fe) in the literature
mixed together. For this reason, there has been much
interest in the use of modified bentonites as adsorbents to
prevent and fight the organic contaminants encountered
in the environment.

Over the last few years, synthetic dyes have been
increasingly used in textile industries and consequently,
large quantities of dye wastewater have been generated.
It isestimated that 10,000 tons of dye wastewater
effluents are discharged annually into the environment
and around 50% of these dyes are azo dyes which are
organic compounds bearing the functional group
R-N=N-R’, in which R and R’ are usually aryl [12]. The
presence of dyes or their degradation products in water,
even at very low concentrations, can also cause human
health disorders such as nausea, hemorrhage, and
ulceration of the skin and mucous membranes [13].
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Toxic substances contained in dye wastewater should
therefore be completely removed before being released
into the environment. The physicochemical dye wastewater
treatment techniques currently available such as plasma [14],
adsorption by nanofibres [15, 16], emulsion liquid
membrane [17], coagulation/flocculation [18] oxidation [19],
and photocatalytic [20] are not always reliable for many
reasons. Sometimes, they are too expensive and not easy
to implement. Actually, several previously conducted
research studies have shown that the adsorption of dyes
on different adsorbents such as nano-zerovalent iron [21, 22],
zeolite-x [23], and activated carbon [24] present high
removal efficiency, but the uptake of dyes on modified
clay minerals can be regarded as a valid
and promising alternatives to these physicochemical
methods.

The aim of the present investigation is to elaborate
on two kinds of intercalated bentonite materials, namely
inorgano-bent and inorgano-organo-bent, and then try to
compare the efficiencies of the obtained adsorbents towards
the adsorption of acid yellow E-AG from an aqueous
solution. The inorgano-bent adsorbent was prepared with
natural bentonite clay, brought from the deposit of M’zila,
a region in the Wilaya of Mostaganem (northwestern
Algeria), which was first pillared with chromium and iron
polycations solutions and then mixed with intercalating
Al/Cr and Al/Fe solutions. The organo-inorgano-bent was obtained
using cethyltrimethylammonium cation mixed with
intercalating solution based on aluminum and chromium.

Various analytical techniques, such as XRD, specific
surface area, and chemical composition, were applied
for the purpose of examining and identifying the samples
before and after modification. In order to prepare
the sorbents samples, raw bentonite was first purified and
then subjected to the intercalation procedure. The effects
of the pH medium, initial dye concentrations, contact
time, and temperature on the efficiency of dye removal
were carefully investigated. Moreover, the adsorption
isotherms, kinetics, and thermodynamics of the
adsorption process were also examined.

EXPERIMENTAL SECTION
Materials

The bentonite used is locale clay obtained from
Mostaganem, Algeria. This clay is manufactured by
BENTAL factory. Before the experiments, the samples
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were purified and sieved at 80 um. All reagents, i.e.
AICls, FeCls, CrCls, BaCly, CaCly, NaCl, KNO3s, AgNOs,
NaOH and HCI, were of analytical grade.

Preparation of hydroxy-cation solution

Three polycations solutions, based on aluminum, iron,
and chromium were prepared in this study. A volume of
200 mL of 0.2 M NaOH solution was added slowly to
100 mL of 0.2 M M-Cl; solution (M is either Al, Fe, or
Cr) under vigorous stirring at 60°C, until a final
hydrolysis ratio of OH/M3* = 2 was reached. Then the
solution obtained was allowed to age for 72 h [25].

Preparation of pillared bentonite

Two methods were introduced to prepare the pillared
bentonite PILB. First, the three pillaring solutions were
taken separately and added to the bentonite; they were
kept under stirring for 4 hours at 70 °C, at the ratio of 50
mmol oligomeric cations per gram of bentonite [26].
Then the pillaring solutions were first mixed in 1:1
proportion and then added to the bentonite. The mixed
pillaring solutions obtained are Al/Fe and Al/Cr.
Afterward, the resulting slurry was stirred for 24 h at
room temperature, filtered, and repeatedly washed with
deionized water. The resulting solids were then dried at
80 °C and kept in a sealed bottle. The ensuing pillared
bentonites were designated as B-Fe, B-Cr, B-AlFe, and
B-AICr.

Preparation of CTMA-PILB

Cetyltrimethylammonium bromide (CTMA) whose
chemical formula is C19H42NBr and molecular weight is
364.45 g/mol, was supplied by Merck, Germany. An amount
of 1 g of bentonite was first dispersed in 100 mL of
distilled water, and kept for 24 h at room temperature,
under vigorous agitation. CTMAwas first intercalated
into the bentonite in order to synthesize organoclay; then,
the polycation solution was added to the CTMA-B [27].
The amount of 175 mg of CTMA was considered in our
case. This quantity, which is equivalent to one time
of the Cation Exchange Capacity (CEC) of bentonite,
was slowly added to the mixture at 60 °C [28]. The polycation
solutions used are that of Alaloneand that of Almixed
with Cr. After 4 hours of stirring, the organo-inorgano-
clays were filtered, washed with distilled water several times,
and oven-dried at 80 °C. The solids obtained were
designated as B-C-Al and B-C-AlCr.
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Fig. 1. Molecular structure of bemacid E-4G.

Dye

Bemacid yellow E-4G (C.I. Acid Yellow 49) was
supplied by SOITEX, a textile factory (Tlemcen,
Algeria). This dye is manufactured by CHT, Switzerland
Company. The dye solution was prepared by dissolving 1
g of dye in 1 L distilled water from which dilute solutions
were realized at desired concentrations. The chemical
formula and molecular weight of E-4G are
Ci6H13CI2NsO3S and 426.24 g mol™?, respectively. The
molecule structure of the dye molecule is shown in Fig. 1.

Properties and characterization of adsorbents

The adsorption properties measured are acidity,
pHzc), Cation Exchange Capacity (CEC), and specific
surface area. The acidity was assessed as follows: 1 g
of the sample was added to 10 mL of calcium chloride
(CaCly) solution at 0.01 M, kept under agitation for 10
min, and allowed the solution to stand for two hours
before measuring its pH. The zero charge point (pHzc))
was measured as follows: a series of 20 mL of 0.01 M
KNOs; solution was placed in a closed Erlenmeyer flask.
Their pH value was adjusted in the range from 2 to 10, by
the addition of 1 M HCI or 1 M NaOH solutions. Next,
0.1 g of each bentonite sample was added and agitated for
24 h, under atmospheric conditions. When the final pH was
determined, the evolution of ApH (final pH-initial pH)
was plotted as a function of the initial pH. The pHepzc) is
the point where the ApH versus pH initial curve crosses
line zero [29].

As for the Cation Exchange Capacity (CEC) tests,
they were performed by the conductimetric titration
method. This method consists of saturation of the sample
with BaCL; solution [30]. In addition, the surface area
was estimated according to Sears’ analytic method [31].
A quantity 0.5 g of the sample was mixed with 50 mL of
0.1N HCI and10 g of NaCl. The mixture obtained, with
pH= 3, was then titrated with standard 0.1M NaOH
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in a thermostatic bath at 25 °C to pH 4, and then to pH 9.
The volume, V, required to raise the pH from 4 to 9 was
noted and the surface area was computed from the
following equation:

S(mz/g):32V—25 (1)

The chemical analysis of natural bentonite (BN) was
performed using an X-fluorescence XRF instrument,
Thermo scientific ARL 9900 series. X-ray analyses were
achieved by D8 Advance Brucker diffractometer
employing copper Ko radiation (A= 0.154 nm) operating
at 40 kV and 40 mA with a fixed slit. The scan rate was
1.0° (20) min! and the scanning scope varied from
2° to 60° (26). The residual concentrations of dyes were
detected using spectrophotometer Model VIS 7220 G,
(Biotech Engineering Management).

Batch experimental procedure

Batch experiments were carried out by mixing 20 mL
of bemacid yellow E-4G solutions of known concentrations
with 0.02 g of intercalated bentonite. The mixtures were
then agitated at room temperature (25 °C). Various
parameters such as the contact time (2-120 mins), pH of
the medium (1-9), and temperature (30, 40, and 50°C) were
considered for optimizing the experimental conditions.
The pH of the medium was adjusted using 1 M HCl and 1
M NaOH solutions. The experiments were carried out under
agitation time for 3h, a period that was determined from the
effect of the contact time experiment. Afterward, the
mixtures were filtered and the filtrates were analyzed for
their E-4G content using UV-Vis at a wavelength of 400
nm. The amount of dye adsorbed per gram (mg/g), was
calculated using the expression below:
0 ot @

m

where Coand Ceare the initial and the equilibrium dye
concentrations (mg/L), V is the volume of dye solution
used (L), and m is the mass of material used (g).

RESULTS AND DISCUSSIONS
Characterization of raw and modified bentonite

The chemical composition (wt %) of raw bentonite is
as follow: SiO; (64.22), Al,03(11.62), CaO (9.33), Fe203
(4.88), MgO (3.47), Na,O (3.38), TiO2 (1.06), SO3 (0.46),
P,0s (0.03) and loss on ignition (1.55). This suggests
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the presence of high proportions of silica, alumina, and
lime in the sample, while iron, magnesium, sodium, titanium,
sulphate, and phosphor oxides are present in low percentages.

The characteristics of the adsorbents are shown in
Table 1. The pH values of all materials in the solution
were under pH= 7, except for natural bentonite BN. Also,
B-Fe and B-Cr showed a more pronounced acidic behavior
as compared to the other samples. This result suggests that
there is the liberation of protons during oligomerization [10].
According to the pHezc) experience, the insertion of
polycations into bentonite causes the pHpzc) values to
decrease round to pH 4 and 5, which is not the case
for raw bentonite. The pHepzcy values for B-C-Al and
B-C-AICr are equal to 6.40 and 5.49, respectively. In all
cases, the inorgano-bentonite or inorgano-organo-bentonite
samples present a positive surface charge in an acidic medium.

The calculated CEC values reveal that the insertion of
polycations or CTAB in bentonite increases considerably
the cation exchange capacity whose maximum values
were registered for B-AICr and B-C-Al. The same
observation was reported about the specific surface area
values. Comparing the effect of inserting the three
polycations solutions, it was found that the insertion of
chromium into bentonite was the most beneficial since
the best results on CEC and specific surface area were
attributed to B-AICr sample.

The X-ray diffraction patterns of the samples are
illustrated in Figs. 2 and 3. The X-ray diffractogram of
natural bentonite (BN) presents a dooa peak, characteristic
of montmorillonite, at 26 = 8.07° (d=1.27 nm) and
another one, typical of illite, at 26 = 10.3°. That does not
mean that raw bentonite contains only clay minerals but
also quartz, calcite, and dolomite as well. The hydroxy-
metal polycations exchange increases the value of doos;
the maximum distance was reported with the B-AlFe
sample (d = 1.62 nm). In addition, it was revealed that the
basal spacing of B-Cr was larger than that of B-Fe; also,
the Mt peak of B-AlFe was higher than that of B-AlICr. It
is clear that the addition of aluminum into bentonite as
intercalant has a very remarkable effect as compared
to the other metals and its performance can be improved
by mixing it with iron or chromium. The diffractograms
of B-Cr and B-Fe depicted in Fig. 3 show clearly that the
intensity of the don diffraction peak was reduced, which
may be attributed to the delamination of Mt layers by ions.
This reduction of the peak intensity observed in diffractograms
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/ Property BN B-Fe B-AlFe B-Cr B-AICr B-C-Al B-C-AICr\
Acidity 7.28 4.01 5.60 349 4.79 5.03 4.98
pzC 8.3 44 6.20 35 5.8 6.40 5.49
CEC (meq/100g) 48 96 112 110 159 131.12 119.2
Specific Surface (m? g) 455 119 123.4 774 141.4 122.2 103

\ Distance basal d (&) 12.7 13.49 16.22 14.19 15.32 18.52 17.60 j
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Fig. 2: XRD patterns of BN, B-C-Al and B-C-AICr materials.
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might also be attributed to the collapse of the
montmorillonite layers due to the partial incongruent
phase transition of hydroxy-Al into Fe/Al or Cr/Al oxides
and their interactions during aging and drying, as
suggested by Thomas et al.[32].

The incorporation of a surfactant, such as CTMA, in
bentonite, leads to a considerable increase in the thickness
of the clay mineral sheet; this thickness is equal t01.85
nm for B-C-Al. This value is more than that of the solid
B-CTMA (d=1.76 nm), which has been cited in our
previous work [9], and less than that found by Guo et al.
(d = 2.1 nm) [33] who used 10CTAB for bentonite
intercalation. However the addition of CTA* ions alone
or mixed with aluminum or chromium polycation
solutions between the montmorillonite layers helps to
increase the basal spacing of the sheet.

Effect of pH

Fig. 4 clearly illustrated the amounts of E-4G
adsorbed onto pillared bentonites at various pH values.
As depicted in that figure, the variations of E-4G amounts
adsorbed on all our materials as a function of pH have the
same shape. It is worth noting that the amounts adsorbed
are high for very low pH values but they start decreasing
significantly above the pH= 6. This result is in agreement
with pHzc) value found before; in this case, the E-4G
dye is anionic in solution and is therefore absorbed by the
samples of bentonite which develops a positive charge on
its surface in an acidic medium.

In bentonite-aqueous solution system, the potential of
the surface is determined by the acidity of H* ions, which
reacts with the bentonite surface. For the bentonite
mineral, the potential determining are H* and OH" and
complexions formed by bonding of H* and OH" [34].

At low pH the reaction is:

Me-OH+H" 5> Me-0OH”" )
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Fig.3: XRD patterns of BN, B-C-Al, and B-C-AICr materials.
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At high pH the reaction is:

Me-OH —> Me-0+H,O 4

This implies that the highest amount of dye is
adsorbed at weak pH values, that is to say when the
adsorbent and adsorbate develop electric charges of
opposite signs [35]. Moreover, this same figure allows
observing a rapid decrease in the quantity of dye
adsorbed beyond the value pH = 2 for the samples B-Cr,
B-Fe, B-AlFe, and B-AICr; however, for B-C-Al and B-
C-AICr, the decrease of qeis less intense. Indeed, one can
clearly note that the curves form practically a plateau for
pH values between 2 and 7; g decreases significantly
afterward. The change in pH in E-4G solution had a slight
influence on the adsorption capacity for B-C-Al and B-C-
AICr. The exchangeable cations (Na*, Ca?*, etc.) present
in Mt interlayers are strongly hydrated in the presence of
the water, resulting in a hydrophilic environment at the
bentonite surface. When adding CTMA" ions to bentonite
structure the Na* and Ca* ions will be substituted by
those of CTMAY, resulting in a change in bentonite
surface from hydrophilic to hydrophobic.

These results are in agreement with the works realized
on the adsorption of methyl orange and indigo carmine
by hexadecyl pyridinium-modified clay [36] and on the
adsorption of remazol blue by ethylenediamine-modified
bentonite [37].

The addition of CTMA allows the bentonite to have
a wider pH range (from 1 to 7) for adsorbing the dye;
this can be very practical if the adsorption takes place
at pH values similar to those of wastewater from the
textile industry. The pH value is fixed between 1 and 2
for the coming experiments.

Adsorption isotherms

The adsorption isotherms were realized at different
initial concentrations (30-70 mg/L for B-Cr and B-Fe,
100-400 mg/L for the others) during a period 3 hours,
at ambient temperature, the adsorbent dose was 1 g/L, and
the pH values were between 1 and 2. The isotherms
representing the amount of E-4G adsorbed as a function of
equilibrium concentration, are neatly plotted. The adsorption
isotherms of dye onto the pillared bentonites are presented
in Figs. 5 and 6. It is explicitly shown that the amount of dye
adsorbed increases as the equilibrium dye concentration
rises. According to the classification of Giles et al. [38],
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isotherms have the S-shape except those of B-C-Al
and B-C-AICr which shows an L-shape. The S-form
means that the adsorption is cooperative since the
adsorbed molecules facilitate the adsorption of the other
molecules; however, the L-isotherm entails a gradual
saturation of the solid. The maximum amount of E-4G
adsorbed was 385.25 mg/g attributed to the B-C-Al
sample which showed a removal efficiency of 96%.
However, the amounts of dye adsorbed onto B-Fe and
B-Cr were almost identical (61.39 and 60.03 mg/g). So
the inorgano-organo-bentonite sample has a more
significant adsorption capacity than inorgano-bentonite,
under the same operating conditions.

The equilibrium adsorption capacity of dye onto B-C-
Al was more than the values reported in the literature
towards the adsorption of RB19 dye onto
didodecyldimethylammonium bromide modified
bentonite (335 mg/g) [39] and CTAB-Bent was used
for adsorption of weak acid scarlet (175.44 mg/g) [33]
and Rhodamine B dye (173.5 mg/g) [40].

The Langmuir and Freundlich equations expressed
by the Egs. (5) and (6) respectively were used for
modeling the adsorption data [41, 42].

Q.K C
= 0 "L "e (5)
1+K C,
E
qe:KFC: (6)

Where Qo is the maximum adsorption capacity (mg/g)
and K. (L/mg) is Langmuir adsorption constant. Ke and n
are the Freundlich constants, indicating the capacity and
intensity of adsorption, respectively.

Egs (5) and (4) can also be represented by the linear
forms below:

£ _ &, 7
a, Qo KLQo ()

Iogqe:IogKF+ilogCe (8)
n
The Dubinin-Radushkevich (D-R) isotherm model
is valid at low concentration ranges; it can be used
to describe adsorption on both homogeneous and
heterogeneous surfaces [43, 44]. The linear form of
the D-R equation is as follows:
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Fig. 4: Effect of pH for the adsorption of E-4G onto modified
bentonites.
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Fig.7: Linearized adsorption isotherms of (a) Langmuir and (b) Freundlich.
r Nk the Langmuir equation is valid for monolayer adsorption
Ing,=Inq_ . BI RT |nL LJ 9) onto a surface containing a finite number of identical
€] sites, while Freundlich isotherm fits satisfactorily the

Where qmax (mMg/g) is the saturation adsorption,
the value of g is related to the adsorption of free energy.
R is the ideal gas constant (8.31 J/mol.K), and T is the
solution temperature (K). The value of mean sorption energy,
E (J/ mol), can be calculated from D-R parameter Zas follows:

e L (10)

The value of E(kJ/mol) gives information about the
type of adsorption mechanism as chemical ion exchange
or physical adsorption. A value of E between 8 and 16
kJ/mol corresponds to chemical ion-exchange processes.
In the case of E< 8 kJ/mol, the adsorption mechanism
is governed by physical sorption and it may be dominated
by particle diffusion if E>16 kJ/mol [45].

The constants obtained from Langmuir, Freundlich,
and D-R models are summarized in Table 2. The
Langmuir and Freundlich plots corresponding to the
adsorption of E-4G onto modified bentonites are given in
Fig. 7. The regression coefficient values (R?) for
Freundlich isotherm were above 0.90, indicating a very
good mathematical fit by this model. When the values of 1/n
are greater than the unit, the adsorption of dye should occur in
a multi-molecular manner where more than one molecule
is adsorbed per adsorption site. The Langmuir model does
not fit the experimental data because the Qo values are
insignificant and those of R2were very low (between 0.34
and 0.87). This finding may be explained by the fact that
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sorption data on heterogeneous surfaces.

The D-R isotherm describes well the data of E-4G
adsorption on modified bentonites because the R? were all
above 0.93 except for the B-AICr sample. It is also noted
that gmax values obtained by D-R model are different from
ge Obtained by the experience. The values of E were
between 0.116 and 0.198 kJ mol?, which are less than 8
kJ/mol, this implies that the adsorption process of E-4G
dye on modified bentonite adsorbents follows physical
adsorption.

Fig. 8 illustrated the effect of the temperature on the
adsorption of E-4G onto the B-AlFe and B-C-AlCr.
The isotherms realized at 30, 40 and 50 °C are S-type
according to the Giles et al. classification. The amounts
of dye adsorbed on both adsorbents at different temperatures
are similar and no significant change was noted except
for a slight increase at a temperature of 50°C.

Adsorption kinetics

Various kinetic models including the first-order,
pseudo-second-order, and intraparticle diffusion were used
to test the experimental data in order to determine the
adsorption mechanism. It was revealed that the adsorption of
E-4G dye on all six adsorbents increases with time and
reached equilibrium at 60 min as shown in Fig. 9. The
adsorption rates of the E-AG on intercalated bentonites are
rapid early in the process and then become slower over time.
The average dye removal efficiency of our adsorbents was
found around 81% after 25 min of contact time.
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Table 2: Isotherms constants of E-4G adsorption onto modified bentonite samples.

K Model B-Fe B-Cr B-AlFe B-AICr B-C-Al B-C-AlICr \
Langmuir
Qo(mg gt 166.66 -38.46 -90.09 -100.0 -500.0 1000
Ki(L mg?) 0.084 0.061 0.019 0.021 0.030 0.032
R? 0.344 0.762 0.953 0.863 0.480 0.874
Freundlich
1/n 0.716 1.614 2.597 2.838 1.509 1.067
K (mg g™*(L mg™) ¥n) 12.604 1.165 0.020 0.015 7.441 20.328
R? 0.908 0.978 0.959 0.967 0.937 0.926
Dubinin-Radushkevich
Qm(mg gl 66.48 120.90 417.79 550.04 529.01 361.04
B(mol? kJ?) 12.65 77.60 957 832.2 72.05 36.95
E (kJ mol?) 0.198 0.080 0.023 0.025 0.083 0.116
R? 0.964 0.972 0.930 0.815 0.994 0.980
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Fig.8: Adsorption isotherms of E-4G onto B-C-AICr (—) and
B-AlFe (---)-at different temperatures.

The pseudo-first-order kinetic using the linear
Lagergren equation is generally expressed as follows [46]:

In(ag,-a.)=Ing, —k,t (11)

Where q; is the amount adsorbed of dye at time t
(mg/g) and k; is the rate constant of the pseudo-first-order
model (mint). The k; and ge calculated from the slope
and intercept of plots In (ge-Qr) versus t, respectively are
given in Table 3 and Fig. 10b. It was found that the
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Time (min)

Fig.9: Effect of contact time on adsorption of E-4& onto
modified-bentonite samples.

correlation coefficients of the first-order model are lower
than those of the pseudo-second-order model. This
implies that the adsorption process does not follow the
first-order kinetic model.

The pseudo-second order Kkinetic is expressed as
follows [47]:

—= +— (12)
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Table 3: Kinetic parameters for the adsorption of E-4G onto modified bentonites.

f Model B-Fe B-Cr B-AlFe B-AlCr B-C-Al B-C-AlCr \
Pseudo-first order
ge(mg g?) 34.64 03.46 34.64 12.00 32.52 03.33
ki(min?) 0.053 0.039 0.053 0.021 0.060 0.044
R? 0.873 0.914 0.873 0.875 0.951 0.942
Pseudo-second order
e (Mg g?) 55.55 55.60 55.56 50.00 58.82 58.83
k2 (g(mg.min)?) 0.003 0.045 0.003 0.010 0.004 0.041
R? 0.997 1.000 0.997 0.999 0.999 1.000
Intraparticle diffusion
C(mg g?) 47.09 51.54 45.88 4254 55.14 58.02
kp (mg(g.min®?)%) 0.506 0.116 0.604 0.738 0.152 0.047
R? 0.699 0.972 0.927 0.924 0.816 0.844
\_ ge ep (Mg g7) 53.05 52.84 52.27 51.20 56.90 58.48 Y

where ko is the rate constant of the pseudo-second-
order model for the adsorption process (g/(mg.min)).
Plots of t/g: against t have been drawn in Fig. 10 a
to obtain the rate parameters.

The Kkinetic data fit well the pseudo-second-order
model with correlation coefficients higher than 0.999. The
calculated e values of dye using the pseudo-second-order
equation were found very close to the experimental ge
values, indicating that this kinetic model was very
appropriate. The pseudo-second-order model is based on
the assumption that the rate-limiting step may be
chemisorption which involves valence forces through
sharing or electron exchange between the adsorbent and
the adsorbate [48]. As can be seen from Table 3, the values
of ko for E-4G adsorption for all samples are similar, which
means that the mobility rate of dye molecules has not
changed from one adsorbent to the other.

The intraparticle diffusion equation can be written
as follows [49]:

qt:kpt1/2+C (13)

where C is the intercept, and kp is the intraparticle
diffusion rate constant (mg g*min*/2). The Plot g against
the square root of time is shown in Fig. 10c.

According to this model, the plot of uptake, q:, versus
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the square root of time (t?) should be linear if the intraparticle
diffusion is involved in the adsorption process; moreover,
if this line passes through the origin, the intraparticle
diffusion represents the rate-controlling step [50]. When
the plots do not pass through the origin, this is indicative
of some degree of boundary layer control, and this further
shows that the intraparticle diffusion is not the only rate-
limiting step, but there might be some other Kkinetic
models that may control the adsorption rate, all these
models may be operating simultaneously.

The results indicated in Table 3 suggest that the
correlation coefficients (R?) for the intraparticle diffusion
model are 0.924, 0.927, and 0.972 for B-AlCr, B-AlFe,
and B-Cr, respectively and the values of ge calculated by
this model was close to that of experimentally acquired ge
only in the case of B-Cr. This indicates that the adsorption of
E-4G onto inorgano-bentonite samples may be followed
by an intraparticle diffusion model for up to 25 minutes.
However, the R? values for the other samples are very low,
implying that some other mechanism along with intraparticle
diffusion did play an important role in E-4G adsorption.

This suggests that the adsorption system studied belongs
to the second-order kinetic model, based on the assumption
that the rate-limiting step may be chemical sorption or
chemisorption involving valence forces through sharing or
exchange of electrons between adsorbent and adsorbate.
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Fig.10: Plots of adsorption kinetic equations for adsorption of
E-4G onto modified bentonites,(a) the pseudo-second-order,(b) the
pseudo-first-order, and (c) the intraparticle diffusion equation.

Thermodynamic study

In order to calculate the heat or energy adsorption of
E-4G dye onto modified bentonite, we carried out the
adsorption reaction at 30, 40, and 50 °C for B-C-Al,
B-C-AICr, and B-AlFe samples, by using the following
equations [51]:

AG°=AH°-TAS® (14)
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InK | = (15)

(16)

Where AH®, AS°, AG® and T are the adsorption enthalpy,
entropy, Gibbs free energy, and temperature in Kelvin,
respectively. The slope and intercept of the curve
of In Kgversus 1/T correspond to AH/R and AS/R,
respectively.

The estimated thermodynamic parameters are depicted
in Fig. 11 and the values of the heat adsorption are given
in Table 4. The positive valueof AH° found in the case
of B-AlFe suggests the endothermic nature of adsorption.
Moreover, the positive value of AS°implies increased
randomness at the solid/solution interface during the
removal of E-4G. Regarding the B-C-Al and B-C-AICr
samples, the negative values of AH® suggest the exothermic
nature of adsorption. In addition, the negative value of
AS°entails that the dye molecules' disorder increases not at
the interface but within the solution;it starts decreasing while
approaching the solid surface. Similar results were observed
for malachite green adsorption on the clayey soil of India [52].

The negative values of AG® for all samples studied are
certainly due to the fact that the adsorption process is
spontaneous; however, the adsorption spontaneity increases
with the rising temperature only for inorgano-bentonite
solid. Generally, the adsorption of acid dye E-4G onto
pillared bentonite is favorable at room temperature and the
reaction of adsorption is physic in nature.

CONCLUSIONS

The adsorbents employed in the present research
were prepared by insertion of polycations solution of
aluminum, iron, and chromium as well as cethytrimethyl
cations into the purified bentonite. The pillared
bentammoniumonites proved to be remarkable adsorbents
that have a high capacity to remove E-4G dye from
an aqueous solution.

Upon intercalation, the basal spacing of montmorillonite
Mt in bentonite increased to 1.85 nm, in the case of
cetyltrimethylammonium  and  aluminum intercalated
bentonite (B-C-Al). The specific surface areas of the samples
are also increased from 45 m?g of the natural bentonite
to 122.2 and 141.4 m?g for B-C-Al and B-AlICr,
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Table 4: Thermodynamic parameters for the adsorption of E-4G onto modified bentonites.

4 Sample AH° (kImol™) AS® (Jmol*K™) AG® (kJmol™) R
30°C 40°C 50 °C
B-C-Al -7.943 -3.324 -6.935 -6.903 -6.869 0.973
B-C-AICr -12.573 -12.644 -8.735 -8.615 -8.489 0.986
\_  B-AlFe 9.598 43561 -3.601 -4.036 -4.471 0931 )

4 -

i */ak/’*

3 .
2.5 .—/_.—/_.
2 -

15 A ‘_——_‘——*—————__1

1

In Ky

AB-AlFe
0.5 1 X B-C-Al
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UT (K

Fig.11: Plot Kq vs. 1/T for estimation of thermodynamic
parameters for the adsorption of E-4G onto modified
bentonites.

respectively. All these characterization parameters
indicated the successful preparation of inorgano-bent and
inorgano-organo-bent materials.

The adsorption behavior of acid dye onto pillared
bentonites has been investigated while varying parameters
such as pH, contact time, and temperature. The adsorption
rates were rapid at the beginning of the process and then
reached equilibrium after 60 minutes. The maximum dye
removal is obtained for B-C-Al (385.25 mg/g) at the pH
of the solution = 2 and at ambient temperature (25 °C).
The adsorption of E-4G on pillared bentonite can be well
described by pseudo-second-order. High correlation
coefficient values (R? between 0.926 and 0.978) were
found for the Freundlich isotherm, indicating that the
adsorptions took place on a heterogeneous surface.

The negative values of AG° confirm a favorable
adsorption process at all considered temperatures. The
values of mean free energy obtained from Dubinin-
Radushkevich (D-R) isotherm equation were below unit
(E = 0.025-0.198), indicating that the adsorption process
is physical in nature. In the end, it is worth noting that
inorgano-organo-bent materials are potential low-cost
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adsorbentsfor the removal of E-4G dye from aqueous
solutions, because they are easy to implement, and they
can be applied within a wide rangeofpH values, and they
have a high adsorption capacity.
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