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ABSTRACT

In this study, modified pillared montmorillonites were prepared using hydroxy-aluminum
and cetyltrimethylammonium bromide by the intercalation method and applied as
adsorbents to remove acid and reactive dyes from aqueous solutions. The dyes used in this
work are Bemacid Yellow E-4G and Procion Yellow MX-4R. The main compositions of raw
and pillared bentonite were characterized by chemical composition, X-ray diffraction, and
BET specific surface area. The removal efficiency of dyes was studied as a function of pH,
initial dye concentrations, and contact time. The removal efficiency of two dyes by
cetyltrimethylammonium bromide-intercalated bentonite was more than that of hydroxy-
aluminum in similar conditions. The results showed that the maximum adsorption of
modified bentonite was obtained at a range of pH 2-3. The maximum adsorption capacity
was estimated to be 94 mg/g at room temperature. The study of the adsorption kinetic
model revealed that the pseudo-second-order model was the best applicable one to describe
the adsorption of dyes onto pillared bentonites. Adsorption data were analyzed by both
Langmuir and Freundlich adsorption isotherms, and the results showed that it was better
described by the Freundlich model.

Keywords: Bentonite; Cethyltrimethylammonium bromide; Hydroxy-aluminum; Dyes;
Adsorption isotherm

1. Introduction

The bentonite is a clay material which contains
essentially the montmorillonite (Mt). This clay mineral
is evolved from volcanic ashes by weathering or
hydrothermal effects and is a 2:1 type of aluminosili-
cates. Each 2:1 layer of Mt has two silica tetrahedral

*Corresponding author.

sheets bonded to a central alumina octahedral sheet
[1,2].

Generally, the bentonites are widely used in many
industrial applications such as drilling, foundry,
ceramics, paint, pharmaceuticals, cement, and paper
industries [3-6]. They can also be used as an adsor-
bent to remove various organic or inorganic pollutants
in the aqueous solution [7,8]. Despite significant
physicochemical properties that have this type of clay,
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they can be substantially improved by a structural
change inserting of the pillars such as hydroxyalu-
minum cations [9,10] or organic compounds as alkyl
ammonium [11]. The pillaring of the clay lies in the
intercalation of chemical species between the sheets in
order to obtain microporous materials with rigid
structure and a large interlayer spacing [12].

Polyhydroxy aluminum cation intercalation in clay
consists in the insertion between the layers of “Al;z”
referred to as Keggin molecule, [AlO4AL;
(OH)24(H20)12] [13]. The presence of surface negative
charge and large amount of exchangeable positive ions
result in the cover of a layer of water molecule on the
mineral surface, which makes natural bentonite exhibit
strong hydrophilicity, and therefore, it is not an effec-
tive adsorbent for organic pollutants. The occupation
of exchange sites on the bentonite surface by ammo-
nium surfactants cations such as cethyltrimethylam-
monium will change the surface properties from
hydrophilic to hydrophobic [14]. Therefore, there has
been much interest in the use of modified bentonites
as adsorbents to prevent and remediate environmental
organic contamination.

Recently, the synthetic dyes are consumed broadly
in textile industries, and large volumes of dye
wastewater are produced. It is estimated that about
10,000 t are discharged annually and around 50% of
all dyes are azo dyes (-N=N-) [15]. To these environ-
mental contaminants, modified clay minerals are good
candidate adsorbents for the treatment of dyes from
wastewaters due to their exclusive features, such as
abundance, low cost materials, high specific surface
areas, inexpensive availability, environmental stability,
and high adsorptive and ion exchange properties
[16,17].

The aim of the present work was to investigate
and compare the efficiency of two adsorbents toward
the adsorption of acid Yellow E-4G and reactive
Yellow MX-4R. The adsorbents investigated in this
study were as follows: (i) bentonite intercalated by
hydroxy-aluminum cations, (ii) bentonite pillared by
cethyltrimethylammonium cation.

The bentonite used is original of Mostaganem city
(western Algeria). Several analytical techniques were
applied to identify the samples before and after treat-
ment, such as XRD, BET, and chemical composition.
The preparation of the sorbent samples was made by
raw bentonite purification, followed by the intercala-
tion step. The effects of pH medium, initial dyes con-
centrations, and contact time on the removal efficiency
were studied. The adsorption of dyes by pillared
bentonite was carried out by the isotherms construc-
tion, the fitting adsorption data by Langmuir and
Freundlich equations and kinetic study.
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2. Materials and methods
2.1. Materials

The bentonite used for this study was provided
from M’'zila deposit (Mostaganem, Algeria). This
material is commercialized as Industrial Charge
Bentonite (BCI) without additives by BENTAL society.
Before the experiments, the samples were purified and
sieved at 80 pm. The cation exchange capacity (CEC)
was determined with conductimetric method [18] as
48 meq/100 g of bentonite. AlCl;, AgNO3;, NaOH, and
HCl were all of analytical grade, obtained from
Aldrich.

Bemacid Yellow E 4G (C.L acid Yellow 49) and reac-
tive Procion Yellow MX 4R (C.I. Reactive Yellow 14)
were supplied by SOITEX textile society (Tlemcen,
Algeria). Synthetic test dye solutions were prepared by
dissolving accurately weighed amounts of dye (1 g/L)
in distilled water and subsequently diluted to required
concentrations. The chemical formula and molecular
weight of E-4G and MX-4R are C;6H;3CLN505S;
426.24 g/mol and CyoH;9CIN4Na,O4,S;; 669.02 g/mol,
respectively. The chemical structure of the dye mole-
cules is shown in Table 1.

2.2. Preparation of hydroxy-aluminum solution

The pillaring solution of hydroxy-aluminum cations
([A1130, (OH),4(H,0)15]”") was prepared by adding
NaOH solution (0.2 mol/L) to AlCl; solution (0.2 mol/L)
under vigorous stirring at 60°C, until ratio molar
OH ™ /AP** = 2 was reached [19]. The solution was aged
at room temperature for three days before using.

2.3. Preparation of pillared bentonite

The resulting pillaring solution was added to the
bentonite by stirring for 4 h at 70°C at the ratio of
50 mmol oligomeric cations per gram of bentonite
[20]. The slurry was stirred for 24 h at room tempera-
ture, filtered, and washed repeatedly with deionized
water until there was no chloride, verified by the
AgNO; test. The solid was dried at 80°C and kept in a
sealed bottle. The pillared bentonite obtained was
designated as B-Al

2.4. Preparation of CTAB-intercalated bentonite

Cetyltrimethylammonium bromide (CTAB) with
chemical formula of C;9H4NBr and molecular weight
364.45 g/mol was supplied by Merck, Germany.

The synthesis of CTAB-modified bentonite was
performed by the following procedure: An amount of
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Table 1
Chemical Structures of dyes
Bemacid Yellow E-4G Procion Yellow MX-4R
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1 g of bentonite was first dispersed in 100 mL of dis-
tilled water for 24 h at room temperature under vigor-
ous agitation. Then, a desired amount of CTAB
(175 mg), which is 1.0 times CEC of bentonite, was
slowly added at 60°C. After 4 h of stirring, the organ-
oclay was filtered, washed with distilled water several
times, and dried at 80°C in oven. The material
obtained was designated as B-CTAB.

2.5. Characterization of bentonite

The chemical analysis of natural bentonite (BN)
was performed with X-fluorescence XRF 9900, Thermo
instrument. X-ray analyses were performed using
INEL CPS 120 diffractometer employing cobalt Ka
radiation (1 = 0.178 nm) operating at 40 kV and 25 mA
with a fixed slit. The scan rate was 1.0° (26) min},
and the scan scope was from 2° to 120° (26). The speci-
fic surface area and porosity data were calculated by
BET method and determined by adsorption of nitro-
gen via a Quantachrome instrument at —196°C. Before
the adsorption tests, the samples were outgassed
under vacuum over 12 h at 100°C. Residual concentra-
tions of dyes were detected using spectrophotometer
type VIS 7220 G, (Biotech Engineering Management).

2.6. Batch experimental procedure

Batch experiments were carried out by mixing
20 mL of known concentration of MX-4R and E-4G
solutions with 0.1g of B-Al or B-CTAB. The mixtures

were then agitated at room temperature (23 +1°C).
The effects of contact time (10-150 min) and pH (1-7)
were done for optimizing the experimental conditions.
The medium pH was adjusted using 1M HCl and 1M
NaOH. The experiments were done under agitation
time of 3 h, determined from the effect of contact time
experiment, after which the mixtures were filtered and
the filtrates were analyzed for MX-4R and E-4G con-
tent using the spectrophotometer at wavelength of 425
and 400 nm, respectively. The amount of dye adsorbed
per gram of pillared bentonite, (mg/g), was calculated
as follows:

e :(Com;g)v (1)

where Cy and C. are 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).

3. Results and discussions
3.1. Characterization of raw and modified bentonite

From the elemental analysis result, the chemical
composition of natural bentonite as follows: 64.22%
Si0,, 11.62% AlLO;, 9.33% CaO, 4.88% Fe;Os, 3.47%
MgO, 3.38% Na,O, 1.06% TiO,, 0.46% SO; 0.03%
P,Os, and 1.55% loss on ignition. The silica, alumina,
and lime are the major oxides in the sample, and the
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trace elements such as iron, magnesium, sodium,
titanium, sulfate, and phosphor oxides are considered
as impurities.

X-ray diffraction patterns of the samples are illus-
trated in Fig. 1. X-ray diffractogram of the BN showed
a characteristic doy; peak of montmorillonite at
20=8.07" (d=127 nm) and two other peaks corre-
sponding to the illite and the kaolinite at 26 equal 10°
and 13.75°, respectively. The hydroxy-aluminum poly-
cations exchange increases the dyy; value to 1.43 nm,
but the peak was much less intense compared to that
of natural bentonite, this is in agreement with
previous results cited by Liang-guo et al. [21]. The
reduction in diffractogram of the B-Al relative to the
BN was probably due to the delamination of Mt layers
by ions. The reduction in diffractogram might also be
caused by collapsing of the Mt layers due to partial
incongruent phase transition of hydroxy-Al into Fe/Al
oxides and their interactions during aging and drying,
as suggested by Thomas et al. [22].

The addition of surfactant causes the increasing of
basal spacing of the bentonite around 18 A, indicating
location of CTA™ ions between layers of montmorillonite.
In order to further increase the basal spacing, CTA™ con-
centration must be increased, because as known, the
amount of added surfactant has a direct effect on the
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interlayer expansion of Mt. The addition of CTAB in nat-
ural bentonite increases the basal spacing more than the
addition of hydroxy-aluminum. These results are in
agreement with previous works in the literature [23].

The BET surface area of BN was 59.02 m*/g. After
pillaring with Al;3 and CTAB, the specific surface
areas of B-Al and B-CTAB were increased to 110 and
194.4 m?/g, respectively. The pillaring by Al;3 showed
a slight increase in the basal spacing but a significant
increase in the surface area. This can be explained that
in uncalcined Al-pillared clay, only electrostatic bond-
ing exists between the negatively charged layers and
the pillaring oligocations. In montmorillonites, Mg**
and Fe®* replace some AI** in the octahedral layer;
hence, only a small quantity of these cations was
exchangeable. On the other hand, the Al-pillaring pro-
cess produces an important microporosity, but only a
small amount of mesopores in these air-dried samples
[24]. The pillaring by CTAB gives an important basal
spacing and high surface area.

3.2. Effect of pH

The amounts of E-4G and MX-4R adsorbed onto pil-
lared bentonites at various pH values are illustrated in
Fig. 2. As presented in this figure, the variations of E-4G
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Fig. 1. XRD patterns of natural and modified bentonites.
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amounts adsorbed by B-Al and B-CTAB as function of
pH have the same shape, where the amounts adsorbed
were high in very low pH values and decrease above
pH 4. The evolution amounts adsorbed of MX-4R by
two materials as function of pH are totally different. In
the case of B-Al, the amount adsorbed of MX-4R
increases between pH range 1 and 4, and decreases
rapidly up to the pH value 6. The amount adsorbed of
MX-4R by B-CTAB decreases very slowly in acid med-
ium, then there is an inflexion point in neutral medium,
where the amount adsorbed increases again to pH 8.
The results confirm that the behavior of both the dyes
with both the materials is totally different, but they
have one thing in common that the maximum adsorp-
tion capacities of E-4G and MX-4R were noted in the
acid solution, precisely in the pH range 1-4.

Since E-4G and MX-4R are anionic dyes, they are
adsorbed by the samples of bentonites, which develop
a positive surface charge in the acidic medium. So the
best amount adsorbed of both the dyes will be at
weak pH, when electric charges are of opposite sign
between sorbent and adsorbate [25,26].

3.3. Adsorption isotherms

The adsorption isotherms are realized at different
initial concentrations during 3 h at ambient tempera-
ture (23°C), adsorbent dose 5 g/L, and pH 2-3. The
isotherms are formed by amount of dye adsorbed by
the plot vs. equilibrium concentration. The adsorption
isotherms of MX-4R and E-4G by the pillared ben-
tonites are presented in Figs. 3 and 4, respectively.
The results show that the amount of dye adsorbed
increases with the increase in equilibrium concentra-
tion of dye. All isotherms are of S-shape according to
the classification of Giles et al. [27]. The S-shape
means that the adsorption is cooperative where the
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Fig. 2. Effect of pH on E-4G and MX-4R adsorptions onto
pillared bentonites (Cog.ac = 50 mg/L, Cy pmx-ar = 100 mg/L,
contact time 3h, adsorbent dose 5 g/L).
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adsorbed molecules facilitate the adsorption of the
other molecules. The amounts of MX-4R and E-4G
adsorbed by B-CTAB were 9391 and 92.75mg/g,
respectively, and these amounts adsorbed by B-Al
were 66.08 and 87.72mg/g, respectively. So the
B-CTAB sample has adsorption capacity more
important than B-Al for two dyes, in same operating
conditions.

The Langmuir and Freundlich equations expressed
in relations (2) and (3), respectively, were used for
modeling the adsorption data [28,29]:

_ QOKLCC
A R o) @

e = KpCe ©)

where Q) is the maximum adsorption capacity (mg/g)
and Ki, (L/mg) is Langmuir adsorption constant. Kg
and n are the Freundlich constants, indicating the
capacity and intensity of adsorption, respectively.

Egs. (2) and (3) can also be represented by the lin-
ear forms below:

C. GC. 1
ez 4)
ge Qo KiQo
1
log ge = log K¢ + Elog Ce )

The fitted constants for Langmuir and Freundlich
models are summarized in Table 2. The regression
coefficient (R®) values obtained for Freundlich iso-
therm were above 0.98, indicating a very good mathe-
matical fit by this model. The Langmuir model gives
the good fit only in the case of MX-4R. The lineariza-
tion constants of Langmuir equation obtained for E-4G
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Fig. 3. Adsorption isotherms of MX-4R onto B-Al and
B-CTAB (Comx-ar = 200-500 mg/L, pH = 2-3, adsorbent
dose 5 g/L, contact time 3h).
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Fig. 4. Adsorption isotherms of E-4G onto B-Al and
B-CTAB (Cpp.ag = 200-500 mg/L, pH = 2-3, adsorbent
dose 5 g/L, contact time 3h).

dye were insignificant, and the regression correlations
were very low. Similar results have been reported for
the adsorption of Congo red [26] and reactive Blue 19
[30] by modified bentonite. This can be explained by
the fact that the Langmuir equation is valid for mono-
layer adsorption onto a surface containing a finite
number of identical sites, while Freundlich isotherm
represents satisfactorily the sorption data on heteroge-
neous surfaces. The constant 1/n was above 1 in the
case of the adsorption of E-4G by B-Al, which means
the adsorption intensity was weak, but in the other
cases, the 1/n values were lower than 1, indicating
that the adsorption process is intense and favorable.

3.4. Adsorption kinetics

The adsorption kinetic data of E-4G and MX-4R
were determined by testing pseudo-first-order and
pseudo-second-order kinetic models. The adsorption
of both the dyes on the two adsorbents increases with
time and reached equilibrium at 60 min as shown in
Fig. 5. The adsorption rates of the E-4G and MX-4R by
intercalated bentonites are rapid early in the process
and becoming slower over time. When dye concentra-
tion was low, adsorption was very fast due to the
availability of the active sites and less competition.
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Fig. 5. Effect of contact time on E-4G and MX-4R adsorp-
tions onto B-Al and B-CTAB (Copx-ar = 200 mg/L, Cp gac =
200 mg/L, pH = 2-3, adsorbent dose 5 g/L, contact time 3h).

With increasing dye ion concentration, competition for
the adsorption sites decreased the adsorption rate [31].

The pseudo-first-order kinetic using the linear
Lagergren equation is generally expressed as follows
[32,331]:

In(ge — q¢) = In ge — kat (6)

where g; is amount adsorbed of dye at time ¢ (mg/g)
and k; is the rate constant of the pseudo-first-order
model (min'). The k; and g. were calculated from
the slope and intercept of plots In(ge—g) vs. ¢,
respectively.

The pseudo-second-order kinetic is expressed as
follows [34]:

LA - @
g ke ge

where k, is the rate constant of the pseudo-second-
order model for the adsorption process (g/mg min).
Plots of t/q; against t have been drawn to obtain the
rate parameters.

Table 2

Isotherms constants

Model Langmuir Freundlich

Constants Qo (mg/g) Ky (L/mg) R2 1/n K mg/g (L/mg)”" R2

B-Al E-4G Ins Ins Ins 1.396 2.96 0.984
MX-4R 76.92 0.044 0.989 0.455 8.60 0.988

B-CTAB E-4G Ins Ins Ins 0.920 3.177 0.955
MX-4R 113.63 0.137 0.994 0.346 28.73 0.984

Note: ins: insignificant results.
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Table 3
Constant rates of the E-4G and MX-4R adsorption by B- Al and B-CTAB

B-Al B-CTAB

Model E-4G MX-4R E-4G MX-4R
Pseudo-first-order
Je(cany (Mg/g) 0.835 = 0.198 19.36 + 1.264 35.70 + 1.247 3.010 + 0.762
K; (min™") 0.019 + 0.027 0.065 + 0.011 0.043 + 0.002 0.019 =+ 0.009
rR? 0.809 + 0.148 0.902 + 0.308 0.970 = 0.004 0.350 = 0.080
Pseudo-second-order
Je(cay (Mg/g) 12.048 + 0.003 45.455 + 0.017 42.016 + 0.022 60.24 + 0.004
K, (g/mg min) 0.922 + 0.020 0.912 = 0.026 0.002 + 0.0008 0.011 = 0.005
R? 0.999 + 0.014 0.997 + 0.033 0.996 + 0.064 0.999 + 0.001
Jeexpy (MG/g) 11.865 44.207 38.926 59.588

The kinetic data fit the pseudo-second-order model
with correlation coefficients higher than 0.98. The cal-
culated g, values for the dye-modified bentonite sys-
tem were very close to the experimental g. values in
the case of pseudo-second-order equation, indicating
that the kinetic model was appropriate. Similar studies
have also been previously reported [35,36]. The
pseudo-second-order model is based on the assump-
tion that the rate-limiting step may be chemisorption
which involves valence forces by sharing or electron
exchange between the adsorbent and the adsorbate
[37]. As can be seen from Table 3, the k, values of dye
adsorption on B-Al (0.922 and 0.912 g mg™' min™")
were significantly greater than those of B-CTAB (0.002
and 0.011 gmg ' min~'). The maximum adsorption
capacities g of B-CTAB calculated from pseudo-sec-
ond-order model are higher than those of B-Al. This
means that the adsorption of dyes onto B-Al is a fast
reaction, and surfactant-modified bentonite has a best
adsorption capacity due to its high porosity and its
large specific surface area.

4. Conclusion

The pillared bentonites were prepared by the inser-
tion of aluminum  pillaring solution and
cethytrimethylammonium cations into the dilute ben-
tonite suspension during 4 h. The pillared bentonites
have been demonstrated to be able to adsorb E-4G
and MX-4R dyes from aqueous solution.

Upon intercalation, the dyy spacing increased to
143 and 1.79nm, for hydroxy-aluminum- and
cethytrimethylammonium-intercalated bentonite,
respectively. The specific surface areas of the samples
also increased from 59 m?/g of the pure bentonite to
110 and 194.4 m?/g of modified bentonites. All these
characterization indicated the successful intercalation
of bentonite. The pillared bentonites occur as good

sorbents for the removal of reactive and acid dyes at
pH range of about 2-3. The adsorptions were rapid in
early reactions and reached equilibrium in 60 min.
The adsorption of E-4G and MX-4R dyes on pillared
bentonite can be well described by pseudo-second-
order. The high correlation coefficients values for the
Freundlich isotherm indicate that the adsorptions
occurred on a heterogeneous surface.

Nomenclature

BN — natural bentonite

B-Al — aluminume-intercalated bentonite

B-CTAB — cethyltrimethylammonium-intercalated
bentonite

Ce — equilibrium concentration (mg/L)

Co — initial concentration (mg/L)

E-4G — yellow bemacid acid dye

Je — amount of dye adsorbed (mg/g)

qt — amount of dye adsorbed at time ¢ (mg/g)

Qo — maximum adsorption capacity (mg/g)

kq — constant rate of pseudo-first-order (min™")

k> — constant rate of pseudo-second-order (g/
mg min)

Ky — Langmuir adsorption constant (L/mg)

Kg — Freundlich adsorption constant (mg/g(L/
m g)] / n)

m — mass of the adsorbent (g)

MX-4R  — yellow procion reactive dye

Vv — volume of the solution (L)
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