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ABSTRACT

Dyes are large group of environmental pollutions with complex molecular structure and resistant to biodegradation. The entrance of these compounds into the water
sources causes health problems in humans and many aquatic organisms. Therefore, colored effluents have to be adequately treated before discharging into the
environment. This study aimed to evaluated efficiency of adsorption process of modified clay by cetyltrimethylammonium bromide (CTAB) in removal of Reactive
Red 198 (RR 198) from aqueous solution. The modified clay was prepared and its characterization was accomplished by Fourier transform infrared (FT-IR)
spectroscopy, X-ray diffraction (XRD) and scanning electron microscopy (SEM). The influences of major operational parameters on the efficiency of adsorption
process were investigated and optimized. Kinetic and isotherm of adsorption were determined. The results revealed that increasing pH, initial concentration, ionic
strength and temperature decrease rate of dye removal and increasing adsorbent dosage increases the dye removal efficiency. The maximum removal efficiency
(99.61%) of RR 198 with modified clay was at pH; 3, time; 60 min, adsorbent dosage; 0.1 g/L and initial concentration; 20 mg/L. The experimental data fitted well
to the Langmuir isotherm model and exhibited a maximum adsorption capacity (gmax) 0f 25.84 mg/g, which followed the pseudo-second-order equation. The adsorption
process shows an intra-particle diffusion mechanism. According to the results, modified montmorillonite clay can be considered as an effective and promising

adsorbent for the removal of RR 198 from aqueous solutions.
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INTRODUCTION

Dyes are organic compounds that widely used in the textile, paper, plastic, and
leather industries to color commercial products. The organic dyes in industrial
wastewater pose serious environmental problems due to their toxicity and poor
biodegradability and lead to risk human health [1]. The presence of dyes not only
hampers the aesthetic quality of water but also affects and alters the aquatic
ecosystem by prevents sunlight and oxygen penetration, which can significantly
reduce photosynthetic activities in aquatic systems [2]. About 10,000 different
commercial dyes and pigments are being manufactured which means over 7x108
kilograms production in world annually. It has been estimated that about 10-20%
of these dyes are released to effluents during the dyeing processes [3].

In general, dyes used in textile industries can divided into several groups,
including anionic dyes (acidic, direct, and reactive), cationic dyes (alkaline dyes),
and non-anionic dyes (disperse dyes). Reactive dyes have high solubility in water
and used in many dying processes, especially for dying wool and polyamide
fiber. Also their variety, easy applicability, desired stability of the finished
product, and low energy consumption impose their widely usage in the textile
industry [4]. Reactive Red 198 (RR 198) dye is mostly utilized in textile industry.
Due to high water solubility of RR 198 and hydrolysis in alkaline conditions,
large portions of this reactive dye is wasted during dyeing processes and
discharged in wastewater [5, 6].

Various physical, chemical, biological and physico-chemical processes have
been reported to removal the dyes and drugs from wastewaters [7-15].
Unfortunately, dyes are toxic, non-biodegradable, recalcitrant organic molecules,
and even stable to oxidizing solutions. Thus, to overcome the challenge of
colored effluents, adsorption process is proven as a reliable and effective process.
Simplicity in process design, ease in operational conditions and economical
aspects are some of the major advantages of adsorption process [2].

Activated carbon (AC) as a global and traditional adsorbent widely is used for
remove of organic and inorganic pollutions from wastewater [16, 17]. Due to
well-developed pore structure and high internal surface area, AC has great ability
in adsorption of dissolved organic compounds from industrial effluents.
However, high operating cost of AC adsorption process, regeneration problems
and difficulty in separation from the wastewater after use are disadvantageous of
this adsorbent. Therefore, many efforts have been made to find low cost and
applicable adsorbents [18]. Recently, clay materials are being considered as AC
alternative due to having some advantages such as low cost, abundance in
environmental and regenerability. Montmorillonite (MMT) is a kind of mineral
clay that has been used in the removal of organic pigments and dyes because high
surface area and cation exchange capacity. Nonetheless, surface of MMT has
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negative charges resulting in lowering surface interaction and adsorption for the
same ions [19-21]. Therefore, in order to enhance MMT adsorption capacities
for anionic dyes, the surface could be modified by some appropriate methods.
The known modifiers usually are quaternary ammonium salts with long chain or
other cationic surfactants. The characteristics of modified clays (organo clays)
can be determined by surfactant properties, such as alkyl chain length and
number of branches. The organophilic surface of organo clays aids in improving
organic compounds adsorption [19]. In recent 20 years, it has been proved that
the organo clays have higher adsorption capacity than the natural clay. Although
modification of clays with surfactants increases their cost significantly, the
resultant increase in adsorption capacity may still make surfactant-modified
clays cost effective. So clay derivatives may be promising adsorbents for
environmental and purification purposes.

This study aimed to investigate removal of RR 198 using modified clay by
cetyltrimethylammonium bromide (CTAB) through considering key operating
parameters such as solution pH, initial dye concentration, adsorbent dosage,
contact time, ionic strength and temperature. The experimental data were
evaluated by Langmuir and Freundlich adsorption isotherms. The pseudo-first
order and pseudo-second order kinetic models were studied to understand the
kinetic of adsorption. The mechanism of adsorption was analyzed by intra-
particle diffusion model.

MATERIALS AND METHODS
Materials

The used clay (montmorillonite) was purchased from Laviosa Co. (China).
Cetyltrimethylammonium bromide (CTAB) and other chemical material were
provided from Merck Co. (Darmstadt, Germany). Reactive Red 198 dye
(C27H15CIN;NasO45Ss, MW: 968.21 g/mole) was obtained from ALVAN SABET
Dyestuffs and Chemical manufacturer (Tehran, Iran).

Preparation of cetyltrimethylammonium bromide - montmorillonite
(CTAB-MMT)

The synthesis of surfactant-modified MMT was conducted by the following
procedure. 2.74 g of CTAB was dissolved in 200 mL distilled water. Then 10 g
of MMT was added to the CTAB solution at 25 °C. The obtained solution was
stirred for 24 h at 25 °C. The treated clay was separated from aqueous phase by
vacuum filtration and washed several times by distilled water until that Br™ in
filtrate solution was not detected. The separated organo-clay was dried at 80-90
°C, activated for 1 h at 105 °C and then mechanically grinded to less than 100
mesh.
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Characterization of CTAB-MMT

The crystalline structure of CTAB-MMT was characterized by X-ray
diffraction (Shimadzu XRD-6000, Japan), and FT-IR spectra were obtained
using a Bruker FT-IR spectrometer (model TENSOR 27, Germany). The
morphological features and surface characteristics of CTAB-MMT were
obtained from scanning electron microscopy (SEM) using a Hitachi scanning
electron microscope (model S-4160).

Batch adsorption experiments

The amount of adsorbed RR 198 was measured as a function of time (10-150

min), solution pH (1-11), dye concentration (20-180 mg/L), adsorbent dosage
(1-0.1 g/L), ionic strength (20-100 mg/L) and reaction temperature (15-45 °C),
by batch technique. The pH of the solutions was adjusted using 0.1 M phosphate
buffer. The prepared samples were agitated at 140 rpm in thermostated shaker.
Afterwards for any experiment, the solution was centrifuged at 4000xg for 5 min
and the concentration of RR 198 in supernatant was determined. The dye
concentration was measured at a wavelength corresponding to the maximum
absorbance (Amax) 518 nm, by a UV-VIS spectrophotometer (Jenway, model
6505, UK). The removal efficiency (R) and capacity (qe) were calculated by
equations 1 and 2, respectively:

R(%) = M ¢Y)
Co
Co—C)V
e = ( m ) 2

Where ¢ is the amount of adsorbed dye (mg/g) at equilibrium, C, and C, are
the initial and equilibrium concentrations of dye in solution phase, respectively
(mg/L).

Adsorption kinetics and isotherm models
Adsorption kinetics

Kinetic experiments were carried out in an Erlenmeyer containing 100 mL of
RR 198 solution with initial concentration of 100 mg/L. Experiment conditions
were set according to the obtained optimum value for each parameter. After
regular time intervals, 5 mL of solution was sampled from the mixture and dye
concentration determined until the reaction reached to equilibrium. Two of the
most widely used kinetic models namely pseudo-first-order and pseudo-second-
order model were used to find the adsorption kinetic behavior of RR 198 onto
the CTAB-MMT.

The pseudo-first-order kinetic model is given as Eq. 3:
In(g, — q.) = Inq. — kqt (3

Where g and g; (mg/g) are the amounts of RR 198 adsorbed at equilibrium and
at any time (min), respectively. The constant k; (1/min) is the adsorption rate
constant of pseudo-first-order reaction, which determined from the slope of plot
of In(qe - g:) against t.

The pseudo-second-order kinetic model is given as Eq. 4:

t 1 t

= + —
q k295 qe
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Where g. and g, are defined above and K, (g/mgmin) is the adsorption rate
constant of pseudo-second-order adsorption.

The intra-particle diffusion model

To identify the mechanism which RR 198 diffuses to the CTAB-MMT surface
(this information will be particularly useful for design purposes), the kinetic
results were analyzed using the Weber and Morris intra-particle diffusion model
[2]. Intra-particular diffusion was characterized using the relationship between
specific sorption (g;) and the square root of time (t*?) by Eq.5:

4 = kiat'2+C (5)
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Where kiq is the intra-particle rate constant (mg/gmin¥/2) and C is the intercept.
The intra-particle diffusion model implies that the plot of g, versus t“2 should be
linear.

Langmuir and Freundlich isotherm

Adsorption isotherms were investigated using a series of initial concentrations
of RR 198. The amounts of adsorbent in all samples were constant. Langmuir
and Freundlich isotherms are the common isotherms used in equilibrium studies.
The equations of Langmuir and Freundlich isotherms (Eqgs. 6 and 7) are
expressed as follows:

Ce_ Ce, 1 ©
qe Gmax QmaxKl

1
logq, = logk; + n logC, (@)

Where gmax is the maximum RR 198 adsorbed (mg/g) and K is the Langmuir
constant related to the affinity of binding sites (L/mg). K and qmax calculate from
the plot of Ce/q. against C.. K¢ and n are Freundlich constants showing the
adsorption capacity (mg/g) and intensity, respectively. They were obtained from
the plot of logge versus logCe.

RESULTS AND DISCUSSION
SEM image analysis of CTAB-MMT

The morphologies of purified MMT and CTAB-MMT are shown in Fig. 1. It
can be seen from the Fig. 1 that purified MMT shows a small particles and
nonporous surface, but the introduction of CTAB has led to a large particles and
coarse porous surface. The incorporation of CTAB can form large particles and
numerous cavities, which may be convenient for the penetration of dye molecules
into the cavities of CTAB-MMT and results in an increase of the adsorption
capacity of RR 198 on CTAB-MMT.

XRD and FT-IR analyses of CTAB-MMT

Fig. 2 illustrates the XRD patterns of purified MMT and CTAB-MMT.
Increase of layers distances after modification of MMT using surfactant can be
contributed to the surfactant inserting between the layers.
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Figure 2. XRD patterns of purified MMT (left) and CTAB-MMT (right).

The FT-IR spectra of MMT and CTAB-MMT were taken in the range of 400—
4000 cm* and compared to each other (Fig. 3). The absorption peaks at 3400—
3650 cmtindicate the H-O-H stretching vibration bands of water molecules
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weakly hydrogen bonded to the Si—O surface, and to the —OH stretching vibration
of adsorbed water. Peak areas and intensities decrease after modification due to
the bound water content decreases after modification [22]. The bands at 2927 and
2854 cm™ were attributed to the alkyl C-H stretching mode. These results
indicate that CTAB molecules were inserted into the interlayer space of the MMT
[23]. The small band at 1635 cm™ corresponded to the SiO-H deformation
vibration. The intensive band at around 1040 cm™ can be assigned to Si-O
bending vibration. The Al-O-Si and Si—O-Si bending vibrations appeared at 525
and 465 cm, respectively [24].
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Figure 3. FT-IR spectra of purified MMT (left) and CTAB-MMT (right).
Determine the optimum cation exchange capacity for CTAB-MMT

MMT was modified with CTAB applied in different doses varying from 20 to
200%. Fig. 4 presents the effect of cation exchange capacity (% CEC) on the
removal efficiency of RR 198. It is observed increasing CEC percentage leads to
increase of removal efficiency from 63 to 93% and then decreased. As shown in
Fig. 4, the maximum amount of dye removal was obtain in 70% CEC. Therefore,
70% CEC was selected as the optimum CEC for subsequent experiments.
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Figure 4. The effect of CEC on removal efficiency of RR 198 by CTAB-
MMT. Experiment conditions: pH; 7, dye solution volume; 100 mL, dye
concentration; 100 mg/L, adsorbent dosage; 1 g, and contact time; 60 min,
temperature; 20 °C.

Effect of pH

In the present study, the effect of solution pH on the adsorption of RR 198 dye
was investigated at different pHs from 2 to 11. The adsorption of dye onto the
adsorbent is significantly dependent on the solution pH which can influences the
structure of dye and the adsorbent surface properties [25]. The results show that
the maximum amount of adsorbed dye onto the CTAB-MMT was at pH 3. At
lower pH values, a decrease in adsorption efficiency is observed which can be
attributed to the surface charge of the adsorbent. CTAB-MMT due to oxygen
atoms has negatively charged adsorption sites, but it is positively charged at low
pH values. Therefore, increase of the repulsion interactions between protonated
amine groups of dye molecules and the positively charged adsorbent sites
reduced the efficiency of adsorption [26]. However, at higher pHs (1<pH<3), the
positive surface charge of the CTAB-MMT is decreased and lead to increase
adsorption efficiency up to pH 3. On the other hand, OH" presence in the alkaline
conditions leads to adsorption of the hydroxide ions on the surface’s active sites
in competence with the dye species, which reduces the efficiency of adsorption
process [27]. However, electrostatic interactions are not only forces between dye

4960

molecules and adsorbent. It is important to remember that VVan der Waals forces
may be existed between dye molecules and alkyl chain of CTAB, which
complicated the adsorption mechanism.

Effect of contact time

To determine the optimal reaction time, various contact times in the range of
10-150 min were investigated at the ambient temperature. The results show that
the RR 198 adsorption increased initally, then slowely decreased untill reached
to equilibrium at 60 min. Afterwards, there was no considerbale diffrence in dye
removal. Therefore, the optimum contact time was chosen as 60 min. This
phenomenon can be attributed to the availability of large number of vacant
surface sites for dye adsorption at the initial stage, and after a lapse of time, the
remaining vacant surface sites are difficult to be occupied due to repulsive forces
between the solute molecules on the solid and bulk phases [3].

Effect of adsorbent dosage

The experiments were performed to determine the optimal CTAB-MMT
dosage in different adsorbent dosage including 0.1, 0.4, 0.7 and 1 g. By
increasing of the adsorbent dosage the RR 198 removal remains constant.
Generally, the high adsorbent dosage causes to increase of total adsorption
avilable sites. Hence, all dye molecules were adsorbed onto the surface per gram
unit of CTAB-MMT and overall dye removal maintained constant [19]. Removal
efficiency is constant over the range of 0.1-1 g adsorbent dosage. Consegently,
in order to reduce process cost 0.1 g was selected as the optimum adsorbent
dosage.

Effect of initial dye concentration

Generally, the efficiency of adsorption process decreses with an increase in the
initial dye concentration due to the saturation of active sites on the adsorbent.
The dye concentration gradient between the aqueous and solid phases was act as
driving force to dominate all mass transfer resistances [28]. The effects of initial
dye concentration on the adsorption efficiency were studied at different dye
concentration values including 20, 60, 100, 140 and 180 mg/L. The efficiency of
dye removal is affected by the amount of the initial dye concentration, as can be
observed with an increase in the initial dye concentration, the efficiency of dye
removal was decreased. At lower dye concentrations, the number of available
adsorption sites are relatively high and the dye molecules were easily adsorbed,
vice versa at higher initial dye concentrations these sites were limited and dye
removal efficiency was reduced [29]. Therefore, 20 mg/L was selected as the
optimum initial dye concentration for subsequent experiments.

Effect of ionic strength

In order to investigate of ionic strength effect on the efficiency of dye removal,
the dye solutions including various NaCl concentrations from 0 to 100 mg/L were
prepared. It is observed, the efficiency of RR 198 adsorption on the adsorbent
was decreased slightly with increasing ionic strength. The decrease in the amount
of dye adsorption with increasing electrolyte concentration can be interpreted as
reduction of the electrostatic interactions between dye molecules and adsorbent
active sites due to increase of electrolyte ions concentration [27]. Consequently,
for further experiments no electrolyte was added to the samples.

Effect of temperature

The influence of temperature on the efficiency of adsorption was studied at
various temperature in the range of 15-45 °C. The obtained results show that the
RR 198 removal slightly decreases with increasing temperature from 15 to 45 °C.
This phenomenon indicates that the process of the removal of RR 198 by CTAB-
MMT is exothermic in nature and seems to have a favourable adsorption at a
lower temperature [21]. The reason for this behavior may be due to decrease the
adsorptive forces between the adsorbate and adsorbent with an increase in
temperature. Therefore, temperature of 15 °C was chosen as the optimum
temperature in subsequent investigations.

Adsorption kinetics

Kinetic models reflect the relationship between an adsorption rate and
equilibrium time. By adsorption kinetic models, the mechanism for RR 198
uptake rate and the residence time for the adsorption process can be defined.



Under the optimum conditions, the RR 198 adsorption kinetic on CTAB-MMT
was analyzed by using pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models [2].

The results show the adsorption kinetics of RR 198 on CTAB-MMT and the
results of fitting adsorption data with the linearized plots pseudo-first-order and
pseudo-second-order kinetics models are given in Table 1. The correlation
coefficients (R?) of pseudo-second-order model confirming better applicability
of pseudo-second-order model compared to pseudo-first-order model.

As a result, the adsorption of RR 198 on CTAB-MMT is a chemisorption
process. The adsorption process can be happen on the surface site of the
adsorbent where there are an exchange or sharing of electrons via valance forces.
The surface exchange reaction between the adsorbent and adsorbate lasts until
the functional sites of the surface are fully seized. The assumptions used to verify
pseudo-second-order is that the chemisorption acts as the rate limiting step. The
adsorption process occures due to the valence forces between the dye and
adsorbent [2].

The kinetics data for adsorption of RR 198 on CTAB-MMT was also analyzed
with the intra-particle diffusion model. Since the pseudo-first-order and second-
order kinetic models are unable to evaluation of the diffusion mechanism Weber
and Morris developed a widely accepted kinetic-based model that represents the
time dependent intraparticle diffusion of components and showed that the
sorption process is diffusion controlled if the rate is dependent upon the rate at
which adsorbate and adsorbent diffuse towards each other [21].

Table 1. Kinetic parameters of three models for adsorption of RR 198 on the
CTAB-MMT

Pseudo-first-order model |Pseudo-second-order model |Intra-particle diffusion model

k1 Qe R? k2 O R? Kid c R
(Umin) | (mg/g) (g/mgmin) | (mg/g) (mg/gmin®?) | (mg/g)
0.0198 4.14 10.7952| 0.1315 92.59 | 0.9966 2.44 59.99 | 0.969

Adsorption isotherms

Analysis of isotherm models is important for evaluating adsorption properties
of CTAB-MMT. The Langmuir isotherm assumes that the adsorption happen in
monolayer on a solid surface with a limit number of sites with identical energy
and a maximum adsorption corresponds to a saturated monolayer of solute
molecules on the adsorbent surface, while the Freundlich isotherm is based on
the adsorption phenomenon take place in multilayer and on heterogeneous
surface [30].

Under the optimum conditions, experimental data showed that the adsorption
of RR 198 on the CTAB-MMT were fitted with Langmuir model (R?= 0.9958)
under the tested concentrations. It can be concluded that the adsorption of RR
198 on the CTAB-MMT is limited to the monolayer formation on a
homogeneous surface. the theoretical parameters of adsorption isotherms are
presented in Table 2.

Table 2. Isotherm parameters for adsorption of RR 198 on the CTAB-MMT.

Langmuir isotherm Freundlich isotherm

Qmax (MY/g) K (L/mg) R? n Kt (mg/g) R?
25.84 0.33 0.9958 | -0.081 5.38x10%8 0.6848
CONCLUSION

In this study, for the first time adsorption of RR 198 on the CTAB-MMT was
investigated and optimized. Based on the results, the maximum uptake of RR 198
was obtained at pH 3 that resulted from the electrostatic interactions between the
positively charged CTAB-MMT surface and the anionic dye species. However,
electrostatic interactions are not only forces between dye molecules and
adsorbent. It is important to remember that VVan der Waals forces may be existed
between dye molecules and alkyl chain of CTAB, which complicated the
adsorption mechanism. Under the optimum conditions, the maximum removal
efficiency and adsorption capacity of RR 198 on the CTAB-MMT were 99.61 %
and 25.84 mg/g, respectively.

J. Chil. Chem. Soc., 65, N°4 (2020)

The adsorption isotherm and kinetic data were fitted with the Langmuir and
pseudo-second-order kinetic models, respectively. The modified clay
successfully was applied to remove the RR 198 from aqueous phase.
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