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Efficient removal of a reactive textile dye by surfactant/sepiolite one-step process
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ABSTRACT

Removal of a reactive textile dye (Reactive Blue 221) from aqueous solutions was investigated using a
one-step process consisting of simultaneous synthesis of organosepiolite and adsorption of dye. The
one-step process was using sepiolite as adsorbent which is in contact with the Reactive Blue 221 dye
and the cationic surfactant (cetyltrimethylammonium bromide) in the solution simultaneously. The
effects of pH, contact time, temperature, adsorbent amount and surfactant amount on the removal
of dye were studied. The kinetic data showed that the adsorption process reached equilibrium in
45 min. The rate of adsorption conformed to the pseudo-second-order kinetics. The experimental
adsorption equilibrium data were analyzed with Langmuir, Freundlich, Temkin and Dubinin-Ra-
dushkevich models and the most suitable adsorption model was found to be Langmuir isotherm.
The Langmuir monolayer capacity was calculated as 159.40 mg/g at 25°C. Various thermodynamic
parameters such as AG®, AH® and AS°® were estimated and the results show the spontaneity of the
adsorption. The adsorbent dose of 4 g/L was found to be sufficient for the removal of dye. The
adsorption capacity increased to 350 mg/g when the CTAB was added with the amount of three
times the cation exchange capacity of sepiolite. In addition, the amount of adsorption in the one-step
process was compared with that obtained in the conventional method using the modified sepiolite
as the adsorbent. In addition, the XRD, FTIR and SEM-EDS methods were used to characterize the
sepiolite, modified sepiolite and dye-loaded samples. The results showed that the one-step process is
an effective, easy and cheaper novel technology for the removal of reactive textile dyes from water.
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1. Introduction

In textile industries, huge quantities of chemicals and
water are consumed during wet weaving operations. The
chemicals used are very diverse in terms of chemical com-
position ranging from inorganic components to polymers
and organic products. As a result, the characteristics of the
wastewater are various [1]. Like many other industries,
the textile industry also uses dyes to color their products,
resulting in wastewaters containing strongly colored organ-
ics, where dye loss in wastewaters is up to 50% of the dye
[2]. Water pollution control has an increasing prevalence in
recent years. Although throwing the dyes is a small part of
the water pollution, the dyes obviously seem even in small
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quantities due to their brightness. Current regulations in
this regard force the textile industry to withdraw wastewa-
ter to an increasingly higher standard. Dyes do not degrade
when they are exposed to many chemical substances, light
and water, due to their chemical structure. Dye removal is
hard due to its complicated structures and synthetic origins
[3]. There are various types of dyes used in the textile indus-
try like reactive, azo, basic, acidic, disperse and metal com-
plexes [1]. Nevertheless, most of the synthetic dyes are in the
form of azo-derived dyes and they constitute about 20-40%
of the total dyes used for coloring [4,5]. The reactive and acid
dyes are the most problematic ones since they tend to pass
unaffected by the conventional treatment systems. Depend-
ing on the biological activity, the aerobic treatment systems
of the municipalities are ineffective in removing these dyes
[1]. There are various traditional physical, chemical and
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biological methods for the treatment of textile wastewaters.
However, most of the commonly used biological treatment
processes are ineffective in color. Since synthetic dyes in
wastewaters cannot be effectively removed by conventional
methods, adsorption of synthetic dyes on inexpensive and
effective adsorbents has gained importance in recent years
as a simple, economical and effective method of removing
dyes from water and wastewater [1,4]. Various agricultural
wastes such as cashew nut shell [6-8], corn pit [9], orange
peel [10], and tamarind seeds [11] have been studied for the
removal of dye from water. In particular, the use of cheap
and abundant clay minerals such as bentonite, sepiolite,
etc., as an adsorbent, improves the economical aspect. On
the other hand, clays do not perform well for the removal
of acidic and reactive dyes although basic dyes have a very
good adsorption on the clay minerals. For this reason, the
organoclays can be used conventionally as adsorbents for
the adsorption of the acidic and reactive dyes. In the first
step of the conventional organoclay adsorption process,
the organoclay is prepared by using cationic surfactants
to modify, and as a second step, the adsorption of acidic
and reactive dyes is carried out [3,12-23]. The one-step pro-
cess is a method involving both organoclay synthesis and
adsorption simultaneously [24-27]. In this method, the sur-
factant is mixed with the wastewater containing dyestuff
and then clay is added on it. Thus, the dyes are removed
from water [27]. As a result, the organoclay synthesis step,
which includes milling of clay, mixing with surfactant,
separation, drying and grinding steps, is eliminated. This
reduces operating costs by saving material and energy as
well as significant savings both in terms of time and labor.

Bentonite was generally used as adsorbent in a one-
step process [24-27], but detailed information on the use of
sepiolite as adsorbent in this method was not available. The
aim of this study is to determine the removal of Reactive
Blue 221, a textile dye, from aqueous solutions by one-step
adsorption method using sepiolite and a cationic surfactant
simultaneously, and to investigate the effects of the variables
such as solution pH, temperature, concentration, adsorbent
amount and surfactant amount on the adsorption.

2. Experimental
2.1. Materials

The sepiolite sample was taken from Sivrihisar/Eskise-
hir region in Turkey. The sepiolite was ground, sieved to 200
mesh and dried in an oven at 105°C for 24 h. It was then held
in a desiccator until it was used. The cation exchange capac-
ity (CEC) of the sepiolite was determined as 30 meq/100 g
sepiolite with methylene blue method.

The commercial textile dye, Reactive Blue 221 (RB221)
was taken from a local textile company. It is a metal com-
plex azo reactive dye with molecular formula of C,;H,,Cl-
CuN,O,.5-H-3Na. A RB221 stock solution (1.0 g/L) was
prepared and used in the experiments after dilution to the
appropriate concentrations.

A quaternary amine, cetyltrimethylammonium bromide
(CTAB) from Merck was used as the cationic surfactant.

The organosepiolite was prepared for using as adsorbent
to compare with CTAB/sepiolite in the one step process.
A known amount of sepiolite was suspended in deionized

water, CTAB was added to the equivalent amount to the
cation exchange capacity of the sepiolite, and the mixture
was stirred for 1 h. Then, the mixture was shaken in a ther-
mostatic shaker at 25°C for 24 h. The sepiolite was sepa-
rated from the solution by filtration and washed several
times with deionized water until it became bromide free,
and then dried at 50°C. The organosepiolite was re-milled
and sieved to 200 mesh.

2.2. Adsorption procedure

For studying the adsorption process at one-step, first
CTAB (in an amount equivalent to the CEC of the sepio-
lite) was added into 50 mL of a dye solution at definite con-
centration (100-700 mg/L) and then a 0.1 g of the sepiolite
sample was put into this solution. These mixtures in conical
flasks were agitated in a thermostatic shaker at 25°C for 1 h.
For comparison, the same experiments were also performed
by using raw sepiolite and organosepiolite without CTAB
addition.

For studying the effect of pH on the one-step adsorp-
tion, the pH values of the dye solutions were maintained in
the range of 2-12 by adding dilute HCI or NaOH. The one-
step adsorption experiments were also done at various tem-
peratures (25-45°C) and with different sepiolite amounts
(1-10 g/L).

In order to determine the adsorption kinetics, 250 mL
of a 500 mg/L dye solution containing CTAB (%100 CEC of
sepiolite) and 0.25 g of sepiolite were mixed and the mix-
ture was shaken for various time intervals at 25°C.

The effect of CTAB concentrationon adsorption was
studied for the concentrations of 100%, 200% and 300% of
the CEC of sepiolite. After the end of the contact period,
the solutions were centrifuged to separate from the suspen-
sions and the solution concentrations were measured using
a UV-Vis spectrophotometer at a wavelength of 615 nm.

The amount of adsorption capacity (g, mg/g) and
removal percent were calculated using Egs. (1) and (2).

C,-C, )V
qe = M (1)
m
%Removal = .= C<100 )

0

where C,(mg/L) and C, (mg/L) are dye concentrations in
solution before and after adsorption, respectively. V (L) is
the volume of dye solution, and m (g) is the mass of the
adsorbent.

2.3. Characterization

The X-ray diffraction (XRD) patterns of the sepiolite,
organosepiolite and dye loaded samples were measured
with Panalytical Empyrian XRD equipment. The surface
morphologies and chemical analyses of the samples were
determined by using JEOL JSM 5600 SEM equipped with
EDS. The surface chemical characteristics of the samples
were analysed by the Fourier transform infrared (FTIR)
(Perkin Elmer Spectrum100) spectroscopic method in the
range of 4000-400 cm™ with KBr pellets.



382

3. Results and discussion
3.1. Characterization of the surface
3.1.1. XRD analysis

The XRD spectra of sepiolite, organosepiolite, dye
loaded CTAB/sepiolite and dye loaded organosepiolite are
given in Fig. 1. When the peaks observed at 26 =7.27,13.32,
19.55, 24.05, 26.50, 28.5, 34.7 and 39.66° were compared to
the values reported for sepiolite [28], it was determined that
the clay used in this study was mainly sepiolite. A strong
diffraction peak at 20 = 7.27° appears in sepiolite diffrac-
tion spectrum. This is characteristic for layered two-dimen-
sional lattice structure minerals and it shows that sepiolite
is a kind of layered fibrous structure mineral similar to
concentric circles. Its crystal plane spacing is about 12.15A.
The basal spacing of the organosepiolite increase to 12.31A
as a result of modification with CTAB. For the dye loaded
CTAB/sepiolite and dye loaded organosepiolite, the basal
spacing values are 12.21 and 12.44A, respectively. The cat-
ionic surfactant changed the surface of sepiolite from hydro-
philic to hydrophobic,while at the same time increased the
basal spacing of the layers, and then promoting the adsorp-
tion of organic matters. The XRD results indicated that the
presence of organic cation in adsorption had given rise to
structural changes in the sepiolite [18].

3.1.2. FT-IR analysis

The FTIR spectra of sepiolite, organosepiolite, dye
loaded CTAB/sepiolite and dye loaded organosepiolite are
given in Fig. 2. The peak at 3690 cm™ for all samples corre-
sponds to stretching vibrations of Mg-OH [28]. For sepio-
lite, a broad band was found at 3650-3200 cm™ indicating
the O-H stretching vibration of the Si-OH group and HO-H
vibration of the water adsorbed silica surface [29]. The
absorption band at 1640 cm™ indicated the H-O-H bend-
ing vibration and the broad band at 1215-925 cm™ is due
to the Si-O stretching vibrations. The peak obtained at 785
cm™ is attributed to O-H bending vibration of Mg-Fe-OH.
The peak of Mg-OH bending vibrations was detected at 680
cm™ [28,30]. As a result of Si-O-5i bending vibration, the
absorption band was observed at 460 cm™ [28].

As shown in Fig. 2, unlike the sepiolite spectrum, the
FTIR spectra of the organosepiolite and dye loaded sam-

(a) sepiolite

(b) organosepiolite

(¢c) CTAB/sepiolite-dye
(d) organosepiolite-dye

Intensity (a.u.)

0 5 10 15 20 25 30 35 40
26 (degrees)

Fig. 1. The XRD spectra of sepiolite, organosepiolite, dye loaded
CTAB/sepiolite and dye loaded organosepiolite.
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ples have two peaks at 2930 and 2855 cm™ indicating ~CH,
and —CH, stretching vibrations, respectively. The band at
1470 cm™ is due to the -CH, deformation peak. These three
peaks indicate the intercalation of CTAB molecules between
silica layers of sepiolite [29]. The C=C skeleton stretching
peak at 1560 cm™ and small peaks at 1430 and 1400 cm™ are
present only in the spectra of dye loaded CTAB/sepiolite
and dye loaded organosepiolite and these peaks are due
to the aromatic ring vibrations of dye molecules [14]. The
peaks in the spectra of the dye loaded CTAB/sepiolite and
dye loaded organosepiolite were almost overlapped. This
situation shows that the adsorption of RB221 on CTAB/
sepiolite in one step process gave the same results with the
adsorption of RB221 on the organosepiolite.

3.1.3. SEM-EDS analysis

SEM is a useful method for analyzing the surface struc-
ture of the materials. The SEM micrographs of the sepio-
lite, organosepiolite, dye loaded CTAB/sepiolite and dye
loaded organosepiolite samples are shown in Fig. 3. It can
be seen that the sepiolite surface exhibits a fibrous structure
(Fig. 3a) while the organosepiolite surface shows the frag-
ments as a result of intercalation of CTAB (Fig. 3c). In the
presence of CTAB, different sizes of pores were observed.
These pores could form a crosslinked network, allowing
the CTAB/sepiolite to have a high adsorption capacity for
removal of dyes from aqueous solution. The images of dye
loaded CTAB/sepiolite and dye loaded organosepiolite
(Figs. 3e and g) are similar to each other and it seems that
the rough structure of the sepiolite before it was coated with
the dye disappeared.
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Fig. 2. The FTIR spectra of sepiolite, organosepiolite, dye loaded
CTAB/sepiolite and dye loaded organosepiolite.
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Fig. 3. SEM images and EDS spectra of sepiolite (a and b), organosepiolite (c and d), CTAB/sepiolite-dye (e and f) and organosepi-

olite-dye (g and h).

The EDS analysis confirms that sepiolite has Si and Mg
oxides as major constituents along with traces of Al and Fe
in the form of impurities (Fig. 3b). In addition, the analy-
sis indicates the presence of N in organosepiolite and dye
loaded samples (Figs. 3d,f and h). This supports the interca-
lation of CTAB in organosepiolite and dye loaded samples.
The presence of S and Cl in dye loaded samples (Figs. 3f and
h) confirmed the RB221 adsorption by CTAB/sepiolite and
organosepiolite.

3.2. Effect of pH

Solution pH is one of the crucial factors affecting the
adsorption behavior between adsorbent and adsorbate.

Adsorption usually depends directly on the electrokinetic
behavior of the adsorbent. The electrokinetic behavior is
determined by the net charge on the particle surface. Fig.
4 shows the zeta potential of sepiolite as a function of pH.
Zeta potential was measured by using a Zetasizer Nano ZS.
Each sample was measured with three independent deter-
minations, and each determination was repeated for ten
times. The point of zero charge of the adsorbent is close to
pHpzc =3 as seen in Fig. 4. The surface is positively charged
at pH < pHpzc while it is negatively charged at a higher pH
than pHpzc [31].

In order to evaluate the effect of solution pH on the
adsorption of RB221 in the one-step process, the adsorption
experiments were carried out with initial RB221 concentra-
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Fig. 4. The zeta potential of sepiolite as a function of pH.

tion of 500 mg/L, sepiolite amount of 0.1 g and CTAB amount
of 0.011 g for 50 mL solution volume by varying the pH of the
solution over the range of 2-12. The changes in the adsorp-
tion amount and removal percent depending on the solution
pH during the adsorption of RB221 in the one-step process
are shown in Fig. 5. It can be observed that the adsorbed
amount of RB221 decreased slightly with the increasing pH
from 2 to 12. The maximum adsorption capacity was found
as 195 mg/g and the maximum removal percent was found
as 78% at pH 2, the minimum adsorption capacity was found
as 166 mg/g and the minimum removal percent was found
as 66% at pH 12.The anionic dye adsorption is high at pH <
pHpzc. At low pH values, the surface of sepiolite becomes
positively charged due to the additional protons in the solu-
tion. The electrostatic attractions between positively charged
adsorption site and anionic dye molecules increase at low
pH values, so the dye adsorption increases. As the pH values
increased, the surface is negatively charged and the adsorp-
tion decreased due to the abundance of OH™ ions. A nega-
tively charged surface site on the sepiolite does not favor
the adsorption of anionic dye molecules due to electrostatic
repulsion [6]. Furthermore, the decrease may be due to the
competition of OH- ions with dye anions for the adsorption
sites [32]. Similar results were reported related to the textile
dye adsorption on activated sepiolite [30], modified sepiolite
[33] and modified bentonite [14].

3.3. Effect of contact time followed by kinetic models

Determining the adsorption rate is necessary for plan-
ning an appropriate adsorption system. For this reason, in
order to determine the adsorption rate in this study, the
change in the amount of adsorption with respect to the con-
tact time was investigated for the RB221 adsorption in the
CTAB/sepiolite one-step process and the obtained results
are given in Fig. 6. The rapid adsorption took place within
the first 45 min, and then the adsorption rate slowed down
and the system reached equilibrium. The adsorption effi-
ciency of RB221 removal was initially higher due to the
more number of active sites available for dye adsorption.
Beyond the contact time of 45 min,the adsorbed dye forms
a monolayer on the surface, so the available active sites are
saturated and the capacity of the adsorbent is reduced [7,9].
A rapid adsorption process is preferred because the adsorp-
tion rate affects the adsorbate residence time and thus the
reactor volume [34].
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Fig. 5. The effect of solution pH for adsorption of RB221 on
CTAB/sepiolite in the one step process.
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Fig. 6. Effect of contact time on the RB221 adsorption in the
CTAB/sepiolite one-step process.

The rate of uptake, which affects the residence time at the
solid-solution interface, is related to the adsorption kinet-
ics. In this study, the kinetics of adsorption was analyzed
by using the pseudo-first-order, pseudo-second-order and
intraparticle diffusion kinetic models. The pseudo-first-or-
der rate equation suggested by Lagergren [35] is presented
as follows:

dq,
dt

where g, and g, are the amounts of adsorption (mg/g) at
equilibrium and at time ¢, respectively; and k, is the rate
constant of pseudo-first-order adsorption (min™). Integrat-
ing Eq. 3) forg=0att=0and g =q,att =t and rearranging
it in the linear form yields [36].

=k, (q.-4q.) 3)

k, " 1
2.303 @

log(q, —4,)=1logg, -

The pseudo-second-order rate equation is as follows
[37,38]:

d
ﬁ =k,(q.~q,) (5)

where k, is the rate constant of pseudo-second-order adsorp-
tion (g/mg min). Integrating Eq. (5) for the boundary con-
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ditions of g = 0 at t = 0 and q = g,at t = t and rearranging to
obtain a linear form gives

o1 —+ 1 (6)
g9 kg, 4.

The initial sorption rate, # (mg/g min) is described as
h=kgq’

The intraparticle diffusion model is given as follows [39]:
g, =kt"*+C (7)

where k, is the intraparticle diffusion rate constant (mg/g
min'/?) and C is constant (mg/g) related to the boundary
layer thickness [40].

The parameters of the pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion kinetic models were
calculated from slopes and intercepts of the plots of log (7,
q,) vs. t,t/q,vs. t, and g, vs. t"*(Fig. 7), respectively. The calcu-
lated kinetic parameters and their corresponding R? values
are givenin Table 1. While the kinetic data obtained for RB221
adsorption on CTAB/sepiolite in the one-step process gave
poor fits with the pseudo-first-order model, the pseudo-sec-
ond-order kinetics was well fitted to the data with higher
R? values. The calculated g, value for the pseudo-first-or-
der model is 63.39 mg/g and is far from the experimental
g,value (138 mg/g). The calculated g, value (147.088 mg/g)
for pseudo-second-order model close to the experimental g,
indicated that the RB221 adsorption on CTAB/sepiolite in
one-step process can be approximated more favorably by
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& &
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Fig. 7. (a) The pseudo-first-order and the pseudo-second-order
kinetics, (b) the intraparticle diffusion plots for the RB221 ad-
sorption onto CTAB/sepiolite in the one-step process.

the pseudo-second-order model than the pseudo-first-order
one. It is seen that the data calculated in this model are very
compatible with the experimental data (Fig. 6).

The plots of the intraparticle diffusion model indicated
that more than one factors affected the adsorption (Fig. 7b).
The first linear section corresponds to the gradual adsorp-
tion stage, wherein the intraparticle diffusion controls the
adsorption rate. The fact that the plot does not pass through
the origin indicates that the rate controlling step is not just
intraparticle diffusion but also boundary layer diffusion.
The second almost horizontal section of the plot describes
the equilibrium stage of the adsorption [40].

3.4. Effect of temperature followed by thermodynamic
calculations

The effect of temperature on the removal of RB221 in
the one-step process at different initial dye concentrations
is shown in Fig. 8. The adsorption for initial dye concen-
trations of 100-300 mg/L did not change much with tem-
perature. For these concentrations, the effect of temperature
was not observed because almost all of the dye in the
solution was adsorbed. However, for higher concentra-
tions, as the temperature increases the adsorption capac-
ity increases. When the temperature increased from 25 to
45°C, the adsorption increased from 77% to 90% and 38%
to 54% for initial dye concentrations of 400 mg/L and 700
mg/L,respectively. This suggests the endothermic nature of

Table 1
Kinetic parameters for the adsorption of RB221 on CTAB/
sepiolite in the one-step process

Model Parameters
Pseudo-first- q,(mg/g) k, (min™) R?
order 63.39 0.0423 09373
Pseudo-second-  g,(mg/g) k, (mg/g min) R?
order 147.088 0.000944 0.9986
h (mg/g min)
20422
Intra particle k, (mg/g min®) C (mg/g) R?
diffusion 16.724 2698 0.9984
100 % — 2
80 y ——100mgL
= —=—200mg/L
Z 60 ~#—300 mg/L
g / —B—400 mg/L
2\5 40 4 =+—500mg/L
—0—600 mg/L
20 4 700 mg/L
0 T T T T T T T

20 25 30 35 40 45 50 55 60
T (°C)

Fig. 8. The effect of temperature on removal of RB221 in the one-
step process for different initial dye concentrations.
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the adsorption process. As the mobility and diffusion of the
adsorbate species increases with increasing temperature,
the adsorption capacity may increase.

The nature of the adsorption process such as endother-
micity or exothermicity, randomness and spontaneity can
be determined by using the thermodynamic parameters [9].
The thermodynamic parameters of the adsorption are usu-
ally obtained from the experimental data acquired at differ-
ent temperatures. The adsorption thermodynamic studies
were performed at 25-45°C. The thermodynamic parame-
ters were calculated from the following equations:

C
K. =—4 8
<= (8)
AG’ = -RTInK_ )
Ik, =—AH" A5 (10)
RT R

where C, is the amount of dye adsorbed onto the adsorbent
per liter of solution at equilibrium (mg/L), C, is the equilib-
rium concentration in solution (mg/L), T is the temperature
(K), R is the universal gas constant (8.314 J/mol K) and K_
is the equilibrium constant. The values of AH® vs AS® were
calculated from slope and intercept of the plot of [nK vs. 1/T
(Fig. 9) and are shown in Table 2.

The negative values of Gibbs free energy (AG®) indicate
the feasibility of the process and the spontaneous nature of
the adsorption. Generally, the magnitude of the change in
free energy for physical adsorption is between —20 and 0
kJ/mol [12]. The adsorption of RB221 on CTAB/sepiolite in
the one-step process could be considered as physisorption

2
15 - *
(5]
Y,
a2 174 .
05 -
0 . .
0.0031 0.0032 0.0033 0.0034
T (1K)

Fig. 9. Plot of In Kc vs. 1/T for the adsorption of RB221 on CTAB/
sepiolite in the one-step process.

Table 2
Thermodynamic parameters for the adsorption of RB221 on
CTAB/sepiolite in the one-step process

T(K) AG°(K/mol)  AH° (K/mol)  AS°(J/molK)
298 -1.39 3893 134.81

308 229

318 -4.10

according to the obtained values for AG®. The positive value
of enthalpy change (AH®) indicates that the adsorption of
RB221 on CTAB/sepiolite in the one-step process was endo-
thermic in nature. The positive value of entropy change
(AS°) implies enhanced randomness of the solid/solution
interface during the adsorption of dye.

3.5. Effect of initial concentration followed by different
adsorption isotherm models

The effect of initial concentration on the adsorption is
shown in Fig. 10. The amount of adsorption increased with
an increase in the dye concentration from 100 to 300 mg/L.
This is due to increase in the driving force of the concen-
tration gradient required to overcome the resistance to the
mass transfer of dye between the aqueous phase and the
solid phase, as a result of the increase in initial dye con-
centration [6]. However, when initial dye concentrations
were increased to above 300 mg/L, adsorption amounts
were almost constant. This may be due to the use of a fixed
amount of adsorbent for the different initial dye concentra-
tions. The fixed amount of adsorbent can only adsorb a cer-
tain amount of dye molecules from the aqueous solutions.
At lower dye concentrations, almost all the dye molecules
can be adsorbed onto the adsorbent surface because there
are sufficiently the active sites on the adsorbent surface [9].
However, at higher initial dye concentrations, although the
amount of dye molecules increased, since the amount of
adsorbent was constant, the amount of active sites remained
unchanged, which led to the adsorption of dye molecules to
remain at almost constant.

To determine the optimum adsorption capacity and
dose of the adsorbent to be used for a specific application,
it is necessary to obtain experimental adsorption isotherms.
To process the adsorption equilibrium data, a suitable iso-
therm model is first selected and the parameters or constants
of the selected model are evaluated [41]. The Langmuir [42],
Freundlich [43], Temkin [44], and Dubinin-Radushkevich
(D-R) [45] isotherm models were used for analyzing the
experimental equilibrium data and their linear forms are
given as follows:

Langmuir equation: C_ 1 + G (11)

9. qub 9

250
200 A
= 150 ',¢:::E:::::::::j:::::::
E
= 100 - y 4
= S ——250C
50 + o —m—350C
450C
0 . . T
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Fig. 10. The effect of initial concentration on adsorption for dif-
ferent temperatures.
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Freundlich equation: Ing, =Ink, + lln C, (12)
n
Temkin equation: g, = B[nA+ B, InC, (13)
D-R equations: Ing, =Ing, —Be’ (14)
1
£:RTln(1+—] (15)
C.

where C, is the equilibrium concentration (mg/L), q,is the
amount of adsorbed dye (mg/g), g, is the monolayer capac-
ity (mg/g) and b is the Langmuir constant related to the
energy of adsorption. The k, and n are the Freundlich con-
stants related with the adsorption capacity and adsorption
intensity, respectively. B, and A are the Temkin constants. g_
and P are the D-R constants, and ¢ in the D-R equation can
be correlated to Eq. (15) where R is the gas constant (8.314 ]/
mol K) and T is the absolute temperature (K).

The constants for the used isotherms were calculated
from the slopes and intercepts of the plots of C /g, vs. C,
for the Langmuir equation, In g,vs. In C, for the Freundlich
equation, q,vs. In C for the Temkin equation and Ing, vs. &’
for the D-R equation (figures not shown). The constants and
correlation coefficients are given in Table 3. The isotherm
model fits were presented in Fig. 11.

The isotherms obtained are L-shaped which is charac-
terized by a higher slope at low C, indicating vacant adsorp-
tion sites. As concentration increases, the isotherm reaches
a plateau confirming the monolayer coverage of RB221 on
CTAB/sepiolite. Such an adsorption behavior is encoun-
tered when the pollutant possesses a high affinity for the
material surface.

The Langmuir isotherm with high R* values (R*>> 0.996)
showed a very good fit to the experimental data for all tem-
peratures. Also, the compatibility of the Langmuir isotherm
with the experimental isotherms is shown in Fig. 11. The

Table 3
Adsorption isotherm parameters for the adsorption of RB221 on
CTAB/sepiolite in the one-step process

Model Parameters 25°C 35°C 45°C
Langmuir q. 159.40 179.56 214.94
b 0.772 0.446 0.207
R? 0.9997 0.9996 0.9960
Freundlich kf 82.44 73.55 61.20
n 6.998 4.881 7140
R? 0.5296 0.8838 0.7331
Temkin A 462.77 45.83 4.67
B, 14.70 21.13 35.23
R? 0.6226 09126 0.8791
D-R q, 161.91 145.45 190.88
b 0.272 0.073 1.093
R? 0.8300 0.8150 0.9219

Langmuir isotherm is a model assuming that monolayer
adsorption occurs on a homogeneous adsorbent surface and
that there is no interaction between adsorbed molecules [42].
The Langmuir monolayer adsorption capacities were found
as 159.40 mg/g for 25°C, 179.56 mg/g for 35°C and 214.94
mg/g for 45°C. The separation factor, R, can be defined by
using Langmuir equation constant, b and given by

R, = !
1+0C,

(16)

where C, is the initial RB221 concentration (mg/L). If the R,
values for each initial concentration are in the range of 0-1,
it states favorable adsorption. As shown in Fig. 12, for all
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Fig. 11. The adsorption isotherms for RB221 on CTAB/sepiolite
in the one-step process at (a) 25°C, (b) 35°C and (c) 45°C.
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Fig. 12. Separation factors for different initial concentration at
various temperatures.

initial concentrations and temperatures, the calculated R,
values were between 0.002 and 0.046 indicating the favor-
able adsorption of RB221 on CTAB/sepiolite in one step
process.

The Freundlich isotherm is based on the fact that the
adsorption takes place on an energetically heterogeneous
surface. When the value of the exponent 7 is greater than
one, it indicates that the adsorption is favorable and that
the process is physical adsorption [43]. The values of 1 con-
firmed that RB221 was favorably adsorbed on CTAB/sepio-
lite in one step process at the applied conditions.

In the Temkin model, B, is related to the heat of adsorp-
tion. The increase in B, as the temperature increases is an
indication of endothermic adsorption [46].

The mean free energy of adsorption, E, per molecule of
adsorbate as it is transferred to the surface of solid from the
solution can be calculated from Eq. (17) by using the con-
stant B in the D-R equation.

E=—1_ 17)

J2B
An E value below 8 k] /mol indicates that the adsorption
type can be considered as physical adsorption [47]. Because
E was found to be in the range of 0.676-2.619 kJ/mol, the
adsorption of RB221 on the CTAB/sepiolite in the one-step
process was defined as physical adsorption.

3.6. Effect of adsorbent dosage

To investigate the effect of sepiolite amount on the
adsorption of RB221 on the CTAB/sepiolite in one step
process, the amount of sepiolite was changed between
1-10 g/L for 500 mg/L dye solution and CTAB was also
added in an amount equivalent to the CEC of sepiolite.
The change in the removal percent of RB221 with sepio-
lite amount in CTAB/sepiolite one step process is shown
in Fig. 13. It was observed that the removal percentage of
RB221 increased from 22 to 99% with an increase in the
sepiolite mass from 1 to 4 g per 1 L solution for 500 mg/L
dye concentration. This increase in the removal percent-
age can be attributed to the increase in number of active
adsorption sites available for adsorption. After this point,
there was no change with the increase in the amount of
sepiolite. This may be due to the reduction in the concen-

100 >—e -

80 +

60

40 4

Removal %

0 T T T T
0 2 4 6 8 10

Sepiolite amount (g/L)

Fig. 13. The effect of the amount of sepiolite on the removal of
RB221 in the one-step process.

tration gradient between the dye solution and the adsor-
bent surface. Thus, a dosage of 4 g/L sepiolite is sufficient
for the removal of RB221.

3.7. Effect of CTAB dosage

To determine the effect of the amount of CTAB on the
adsorption of RB221 by applying the CTAB/sepiolite one
step process, the amount of sepiolite was kept constant at 0.1
g for each concentration for 50 mL solution and CTAB was
added in an amount equivalent to 100%, 200%, and 300% of
the cation exchange capacity of sepiolite. The effect of CTAB
amount is shown in Fig. 14. The amount of adsorption up to
300 mg /L dye concentration was not affected by the added
CTAB concentration and was almost the same for the same
concentration. For high dye concentrations, the amount of
adsorbed dye increased by increasing the amount of CTAB.
The adsorption amount of RB221 increased to 350 mg/g
when CTAB was added up to 300% of the CEC of sepiolite,
while the adsorbed amount was 130 mg/g when CTAB was
added up to 100% of the CEC of sepiolite for 700 mg/L dye
concentration. At higher CTAB values, the density of the
adsorbed surfactant layer increases, thus the retention of
the dye in the surfactant film increases. A synergetic effect
occurred in the case of adsorption with higher surfactant
amounts than the CEC of the sepiolite [27].

3.8. Comparison of RB221 adsorption capacity of the CTAB/
sepiolite (in one-step process) with those of the sepiolite and
organosepiolite adsorbents

The RB221 adsorption capacity on the CTAB/sepio-
lite in one-step process was compared to those of both the
raw sepiolite and the CTAB modified organosepiolite in
Fig. 15. As shown in the figure, very low adsorption was
achieved at 100 mg/L dye concentration for sepiolite.
However, no adsorption took place at higher dye concen-
trations. The adsorption capacities of RB221 in the one-
step process and in the organosepiolite process were very
close to each other for all concentrations and these values
were very high than that of the sepiolite. The high adsorp-
tion capacities are attributed to CTAB. The organosepiolite
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was formed by exchanging CTAB quaternary ammonium
cations onto the surface of sepiolite. These cations gave a
hydrophobic property to the sepiolite surface. As a result
of this situation, the dye anions are attracted by the hydro-
phobic surface. In CTAB/sepiolite one-step process, the
organosepiolite self-assembly and RB221 adsorption can
be achieved simultaneously. Thus, the CTAB/sepiolite one-
step process reached the same adsorption capacity as the
organosepiolite process. As this process does not require

0100% CEC @200% CEC @300% CEC

C, (mg/L)

Fig. 14. The effect of amount of CTAB on the adsorption of RB221
in the one-step process.

250
—e—sepiolite —=CTAB/Sepiolite organosepiolite

200 A

150
® Te—g
ESUE
=

50

0 4 M
-50 T T T
0 200 400 600 800
Co (mg/L)

Fig. 15. Comparison of the adsorption amounts of RB221
by CTAB/sepiolite in one-step process, sepiolite and
organosepiolite.

Table 4

the organosepiolite preparation, it simplifies the process
considerably compared to the conventional organosepiolite
process and saves time, labor and energy.

The adsorption capacities of various sepiolite samples
for some reactive dyes are given in Table 4. According to this
table, higher capacities were generally obtained for sepiolite
samples modified with surfactant. Nevertheless, the raw sepi-
olite showed a lower capacity for the adsorption of reactive
dyes. The sepiolite used simultaneously with CTAB in the
one-step process in this study has a high adsorption capacity
and this silicate could be considered as a potential economic
adsorbent with the advantage of its large availability.

4. Conclusions

Sepiolite/surfactant one-step process was used for the
self-assembly of the organosepiolite and the removal of
reactive dye simultaneously. The adsorption of Reactive
Blue 221 on sepiolite during the one-step process was found
to be dependent on contact time, temperature and pH. The
adsorption was higher in low pH, but it decreased as the
pH increased. The experimental equilibrium data fitted
the Langmuir model and the Langmuir adsorption capac-
ities were found to be 159.40, 179.56 and 214.94 mg/g at
25, 35 and 45°C, respectively. The kinetic results showed
that 45 min was sufficient to reach the equilibrium and the
pseudo-second order kinetics fitted well to the data. When
the CTAB amount was increased in the sepiolite/surfac-
tant one-step process, the adsorption of Reactive Blue 221
increased. The findings of this study showed that the sur-
factant/sepiolite one-step process is a convenient method
for removing reactive textile dyes and simplifies the con-
ventional method by eliminating the organosepiolite prepa-
ration step from the process.
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The adsorption capacities of various sepiolite samples for some reactive dyes

Adsorbent Dye Adsorption capacity (mg/g) Reference
Modified sepiolite with HTAB Reactive Black 5 120.5 [47]
Modified sepiolite with HTAB Red 239 108.8 [47]
Modified sepiolite with HTAB Yellow 176 169.1 [47]
Thermal activated sepiolite Remazol Red B 146 [30]

Acid activated sepiolite Remazol Red B 3.37 [30]
Sepiolite Reactive Blue 21 66.67 [48]
Sepiolite Reactive Blue 15 31.98 [49]
Sepiolite Reactive Yellow 138:1 3.23 [50]
Sepiolite Reactive Orange 86 96.939 [51]
CTAB/Sepiolite in the one-step process Reactive Blue 221 159.40 This study
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