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ABSTRACT

The adsorption of an anionic dye Remazol Red RB, from aqueous solution on modified clay
was investigated at 298, 313, and 333 K. Different parameters that influence the adsorption
process such as contact time, initial dye concentration, solution pH, and temperature were
systematically studied. Adsorption capacity increased with increasing of temperature, initial
dye concentration, and pH. The value of zeta potential decreased with increasing of pH.
Experimental adsorption data were modeled by different equilibrium isotherms such as
Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), Brunauer-Emmett-Teller
(BET), Halsey, Harkins—Jura, Smith, and Henderson isotherms. The adsorption process fol-
lowed the Langmuir isotherm model with high coefficients of correlation (R*>0.99) at differ-
ent temperatures. The pseudo-second-order kinetic model fitted well in correlation to the
experimental results. Activation energy of the adsorption process (E,) was found to be
34.49kJmol ' and 40.27kJmol " for initial dye concentrations of 75 and 150 mg/L, respec-
tively—by using the Arrhenius equation, indicating the strong electrostatic interactions
between the adsorbent and dye. Thermodynamic parameters suggest that the adsorption

process is spontaneous and endothermic in nature.
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1. Introduction

The thermodynamic characterization of a solid-
liquid interface is very important for a wide range of
problems in pure and applied surface science. This is
also of great interest in the case of the textile industry
because of their practical applications. In fact, dye
adsorption depends to a large extent on the surface
free-energy interactions involved. Although such sys-
tems are usually complicated, an investigation of the
adsorption kinetics and thermodynamic properties
provide better information concerning the mechanism
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of adsorption [1]. The rate at which the dye molecules
are transferred to the adsorbent may be influenced by
the transport of dye through the bulk solution to the
surface of the adsorbent, the possible adsorption of
dye molecules onto this surface, and the diffusion of
the dye from the surface to the interior of the adsor-
bent [2].

Azo dyes are the main chemical class of dyes with
the greatest variety of colors, and therefore, they have
been extensively used in the industrial fields. These
dyes are characterized by one or more azo linkages
(R;-N=N-R;) and by aromatic structures. The biologi-
cal effects of azo dyes after biotransformation have
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been shown to be toxic; and in some cases, these
compounds are carcinogenic and mutagenic [3].
Therefore, the treatment of effluents containing such
dyes is of prime importance due to their harmful
impacts on receiving waters. The disposal of dye
wastewater with proper treatment is a big challenge.
This is mainly because synthetic dyes used in indus-
tries are designed to resist fading upon exposure to
sweat, heat, light, water, many chemicals including
oxidizing agents, and microbial attacks [4,5]. The tra-
ditional methods for color removal include photocata-
lytic degradation, sonochemical degradation, micellar
enhanced ultrafiltration, cation exchange membranes,
electrochemical degradation, integrated chemical-bio-
logical degradation, integrated iron(III) photoassisted-
biological treatment, solar photo-Fenton and biological
processes, and Fenton-biological treatment scheme [5].
However, all these methods have disadvantages like
incomplete removal, high reagent and energy genera-
tion of toxic sludge or other waste products that
require careful disposal, high capital and operating
costs, labor intensive etc. In this light, adsorption has
emerged as an efficient and cost-effective alternative
to conventional contaminated-water treatment facili-
ties. Adsorption is defined as a process wherein a
material is concentrated at a solid surface from its
liquid or gaseous surroundings [6]. Adsorption sepa-
ration in environmental engineering is now an esthetic
attention and consideration among the countries,
owing to its low initial cost, simplicity of design, ease
of operation, insensitivity to toxic substances, and
complete removal of pollutants even from their dilute
solutions [4]. Adsorption also does not result in the
formation of harmful substances.

The adsorption characteristics of dyes on various
adsorbents have previously been extensively investi-
gated for many purposes of separation and purifica-
tion. Although activated carbon remains the most
widely used adsorbent, its relatively high cost restricts
its use somewhat. However, in addition to cost,
adsorptive properties and availability are also key cri-
teria when it comes to choosing an adsorbent for pol-
lutant removal, thereby encouraging research into
materials that are both efficient and cheap. Indeed,
several authors have reported the use of adsorbents
such as eggshells [7], chitosan [8], peat [9], wood [10],
waste [11], red mud [12], fly ash [12,13], and clays
[14]. Clays have a high adsorption capacity due to
their lamellar structure which provides increased spe-
cific surface areas [15] and possibility to adsorb ions
and polar organic molecules on particle external site
and in interlayer positions [16]. Adsorption and
desorption of organic molecules in the clays are pri-
marily controlled by surface properties of the clay and
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the chemical properties of the molecules [17]. Natural
clay exhibits a negative charge of structure which
allows it to adsorb positively charged dyes but
induces a low adsorption capacity for anionic dyes.
Thus, literature mostly reports on cationic dye adsorp-
tion by clay and very few studies have been devoted
to anionic dye adsorption onto natural clay [18-21] or
treated clay [22]. The present study is aimed to study
a convenient and economic method for Remazol Red
RB removal from water by adsorption on modified
clay, to gain an understanding of the adsorption kinet-
ics, to describe the rate and mechanism of adsorption,
to determine the factors controlling the rate of adsorp-
tion, and to calculate the activation energy of the sys-
tem. The adsorption models were applied to describe
the equilibrium isotherms and the isotherm constants
were also determined. In addition, the thermodynamic
activation parameters, such as enthalpy, entropy, and
the free energy were investigated to provide insights
into the adsorption reactions and mechanisms.

2. Experimental
2.1. Chemicals

In this study, montmorillonite clay which has been
modified with 35-45wt.% dimethyl dialkyl (C;4~Csg)
amine and has a zeta potential value of 74.5mV
(Sigma Aldrich cat. no. 682624) was used as adsor-
bent. The anionic dye used in the study is Remazol
Red RB (C.I. Reactive Red 22 (RR 22), 14282), 2-(3-
amino-4-methoxy phenyl sulfonyl) ethanol sulfate
ester — 1-naphthyl-5-sulfonic acid (Fig. 1). It is widely
used in dyeing cotton and was obtained from textile
industry in the Marmara region of Turkey. All chemi-
cals used in this study were purchased from Merck
and were used without any further purification.

2.2. Adsorption experiments

Adsorption experiments were carried out in 100-mL
glass-stoppered round-bottom flasks immersed in a
thermostatic shaker bath. For this, 0.1g of adsorbent
sample was mixed with 100mL of the aqueous
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Fig. 1. Structure of Remazol Red RB (hypothesized).
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solutions of the various initial concentrations (25, 50,
75, 100, 125,and 150mg/L) of Remazol Red RB. The
flasks with their contents were shaken for different
adsorption times at the temperatures 298, 313, and
333K and natural pH (pH=6.0). The effect of pH was
investigated at 298 K for 90 min. The initial pHs (1, 3, 5,
7,9, and 10) of the solutions were adjusted with con-
centrated HCl and NaOH solution and measured by a
WTW inoLab pH meter (WTW Inc.,, Weilheim, Ger-
many). The pH meter was standardized with buffers
before every measurement. In the experiments, the stir-
ring speed was kept constant at 90 min~'. At the end of
the adsorption period, the supernatant was centrifuged
for 5min at 6,000min~'. The concentration of Remazol
Red RB in the supernatant solution after and before
adsorption was determined with a 1.0cm light path
quartz cell using Varian Cary 100 UV spectrophotome-
ter at Amax of 540 nm. It was found that the supernatant
from the adsorbent samples did not exhibit any absor-
bance at this wavelength and also that the calibration
curve was very reproducible and linear over the con-
centration range used in this work. The amount of
Remazol Red RB adsorbed was calculated from the dif-
ference between the concentrations in the solution
before and after adsorption. Blanks containing no Rem-
azol Red RB were used for each series of experiments.
The amount of Remazol Red RB adsorbed per gram of
adsorbent was calculated using following equation:

7=(Co—-C)V/w (1)

where g is Remazol Red RB uptake (mg/g), Cy is the
initial concentration of Remazol Red RB(mg/L), C, is
the equilibrium concentration of Remazol Red RB
(mg/L), V is the volume of solution (L), and w is the
dry weight of the added adsorbent (g).

2.3. Zeta potential and conductivity measurements

Zeta potentials of solid particles in modified clay/
water suspensions from the experiments at different
initial pHs (1, 3, 5, 7, 9, and 10) were measured by
using Zeta Meter 3.0+ (Zeta-Meter, Inc., Staunton, VA,
USA) for a constant adsorption time, 90 min. The zeta
potential values were corrected for temperature differ-
ences using the following equation:

{4 (mV) = Cr{y ()

where (;, Cr, and (; represent the corrected zeta
potential value, correction factor related to tempera-
ture, and the measured zeta potential value, respec-
tively. In addition, prior to each measurement, the
zeta meter was calibrated using a Min-U-Sil standard
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solution. Min-U-Sil is a natural air-floated silica
produced by crushing sandstone. Its average diameter
is about 1.1 pm. A suspension of 100mg/L of Min-U-
Sil in a 100mg/L sodium chloride solution is easy to
prepare and gives reasonably consistent results. This
suspension was allowed to stand for 1h to reach equi-
librium before use. The average zeta potential of the
Min-U-Sil standard solution was between —50 mV
and —42mV with a standard deviation of 4-6 mV.
Conductivity measurements, by using a WTW LF
521 Karl Kolb conductometer (WTW Inc., Weilheim,
Germany), were determined after adsorption under
the same conditions as zeta potential measurements.

3. Results and discussion

3.1. Effect of initial adsorbate concentration on adsorption
process

To determine proper Remazol Red RB adsorption
and equilibrium time, initial concentrations of Remazol
Red RB solutions were changed and time intervals
were assessed until no adsorption of adsorbate on org-
ano clay surface takes place. Figs. 2-4 show the extent
of dye adsorption as a function of reaction time and
initial dye concentration. Results show that dye adsorp-
tion reaches to equilibrium adsorption in 90 min. Based
on these results, 90 min was taken as the equilibrium
time in kinetic adsorption experiments. At this point,
the amounts of dye being adsorbed onto modified clay
sample were in a state of dynamic equilibrium, with
the amount of dye desorbed from adsorbent.

Because initial dye concentration has important
role for mass transfer between the aqueous and solid
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Fig. 2. The variation of the amount of adsorbed (g) with
adsorption time at various initial dye concentrations for
298K. Adsorbent amount 0.1g, contact time 90min,
stirring speed 90 min ', and natural pH.
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Fig. 3. The variation of the amount of adsorbed () with
adsorption time at various initial dye concentrations for
313K. Adsorbent amount 0.1g, contact time 90min,
stirring speed 90 min ', and pH natural.
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Fig. 4. The variation of the amount of adsorbed () with
adsorption time at various initial dye concentrations for
333K. Adsorbent amount 0.1g, contact time 90min,
stirring speed 90 min~!, and pH natural.

phase, the effect of initial dye concentration on the
adsorbent was studied at 25, 50, 75, 100, 125, and
150mg/L concentrations. It can be seen that the per-
centage removal of dye decreases with increase in ini-
tial dye concentration. At first, the adsorption rate
may be higher because of an increase in the number
of vacant sites initially available, resulting in an
increased concentration gradient between the sorbate
in the solution and that at the sorbent surface. In time,
the concentration gradient is reduced owing to the
adsorption of the dye molecules onto the vacant sites,
leading to decreased adsorption during the later
stages. As such, at higher concentrations, more
Remazol Red RB molecules are left unadsorbed in the

2729

solution due to the saturation of binding sites result-
ing in decreased dye removal percentage. Under the
same conditions, the adsorption capacity increases
with increase in initial dye concentration. This is due
to increasing concentration gradient which acts as
increasing driving force to overcome all mass transfer
resistances of the dye molecules between the aqueous
and solid phase, leading to an increasing equilibrium
sorption until sorbent saturation is achieved [23].
Moreover, the initial rate of adsorption was greater
for higher initial dye concentration since the resistance
to the dye uptake decreased as the mass transfer
driving force increased.

3.2. Effect of temperature on adsorption process

The temperature has two major effects on the
adsorption process. Increasing the temperature is
known to increase the rate of diffusion of the adsor-
bate molecules across the external boundary layer and
in the internal pores of the adsorbent particle, owing
to the decrease in the viscosity of the solution. In
addition, changing the temperature will change the
equilibrium capacity of the adsorbent for a particular
adsorbate [24]. The effect of temperature on the
adsorption of Remazol Red RB onto modified clay
sample is shown in Fig. 5. The results revealed that
the adsorption capacity increased with increasing tem-
perature from 298 to 313K and to 333K, showing that
this process is endothermic. This kind of temperature
dependence of the amount of the dye adsorbed may
reflect the increase in the case with which the dye
penetrates into the modified clay because of its larger

80
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Fig. 5. The variation of the amount adsorbed (q) vs.
equilibrium concentration (C,) at various temperatures.
Contact time 90 min, stirring speed 90 min~!, and pH
natural.
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diffusion coefficient. In fact, a possible mechanism of
interaction is the reaction between positive-charged
functional groups of the adsorbent and the anionic
group in the dye molecules; such a reaction could be
favored at higher temperatures [24]. In addition, as
seen from Fig. 5, while a high adsorption efficiency
was observed at low equilibrium concentrations, the
adsorbed amount of dye remains almost constant after
reaching surface saturation. The observed increase in
adsorption efficiency for 150mg/L when the adsorp-
tion was carried out at 333 K can be explained by the
increased diffusion of dye molecules to the interlayer
region with increasing temperature.

3.3. The effect of pH on the adsorption capacity, zeta
potential, and conductivity

Fig. 6 shows the change in adsorption capacity
and zeta potential values with initial pH values of ini-
tial Remazol Red RB concentration of 100mg/L for
298K. As shown in Fig. 6, the amount adsorbed
increases with increasing pH up to neutral pH value
and then decreases. It was also seen from this figure
that zeta potential values of the particles have first
sharply reduced and then slightly, with increased pH.
After pH=1, the sign of surface charge of particles
change and negative values of zeta potential gradually
decrease with increasing pH. The observed high nega-
tive value at low pH region and this change with pH
could be based on the interaction both dye molecules
and modified organo clay with suspension pH,
because pH affects the ionization of dye molecules.
Organoclay particles having a very high surface
charge at natural pH (+74.4mV) reaches the value of
—55.4mV as a result of adsorption of dye at the pH of
1. The changing of sign of the charge and a potential

0.7 -60
1 -50
0.6
Lo >
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£ 1 -40 En
- =%
= N
0.5
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0.4 L L L L -20
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Fig. 6. The variation of both the amount adsorbed () and
zeta potential with suspension pH.
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change of approximately 80 mV indicates the proton-
ation of the SO; groups and pyridine groups of the
azo structure at this pH. Depending on this, it can be
said that the dye molecules are adsorbed on the clay
surface as they are hydrophobic. It is understood that
dye molecules is also connected to the clay surface
through the electrostatic interactions with reduction in
the degree of protonation and the reduction of nega-
tive values of zeta potentials of the particles in parallel
with the increase in the amounts of adsorbed particles
up to neutral pH value. The reduction of the amount
adsorbed after this value is slightly going along with
a reduction in the zeta potentials. This situation can
be explained by hydroxyl ion adsorption onto clay
surface, hydrophobic binding of dye molecules, and
deprotonation of hydroxyl groups of dye molecules.
Similar observation was obtained by Ada et al. [25]
where the maximum adsorption capacity of reactive
blue dye onto ZnO fine powder was obtained at pH 4.
Jun Ma et al. [26] have studied the adsorption behav-
ior of four anionic dyes—Methyl orange (MO), Orange
IV (OIV), reactive brilliant red X-3B (X-3B), and Acid
fuchsine (AF) — on ammonium-functionalized MCM-
41 (NHj-MCM-41) from aqueous medium and they
found that at the pH range from 4.0 to 8.0, the adsorp-
tion capacity of the dye was slightly changed by pH.
However, at pH above 8.0, the adsorption capacity of
dye decreased significantly due to the increasing num-
ber of hydroxyl groups and the unstable structure of
NH;-MCM-41.

The variation of conductivity and zeta potential
values with initial pH values of initial Remazol Red
RB concentration of 100mg/L for 298 K are shown in
Fig. 7. The observed decreases in conductivity values
at pH 3 and 7 might be associated with reduction of
protonization degree and the beginning of deproton-
ization (the loss of hydroxyl and proton), respectively.

3.4. Adsorption kinetics

The rate constant of adsorption is determined from
the first-order rate expression given by Lagergren and
Svenska [27]:

In(g. — q:) =Ingq, — kqt (3)

where g, and g; are the amounts of Remazol Red RB
adsorbed (mg g') at equilibrium and at time ¢ (min),
respectively, and k; is the rate constant of adsorption
(s™'). The obtained results in this study did not fit
with the first-order model (Table 1). This shows that
the adsorption of Remazol Red RB onto modified clay
is not a first-order reaction. The second-order kinetic
model is expressed as [28]:
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Fig. 7. The variation of both zeta potential and electrical-
conductivity values with suspension pH.

t/qr = 1/kaq; +t/q, (4)

where k; is the rate constant of second-order adsorp-
tion (gmg 's ). If the second-order kinetics is appli-
cable, then the plot of t/g; vs. t should show a linear
relationship. There is no need to know any parameter
beforehand and the equilibrium adsorption capacity,
ge, can be calculated from Eq. (4). Also, it is more
likely to predict the behavior over the whole range of
adsorption. Values of k, and g, were calculated from
the intercept and slope of the plots of t/g; vs. t. The
linear plots of t/q, vs. t (Figs. 8-10) show a good
agreement between experimental and calculated g,
values (Table 1). The correlation coefficients for the
second-order kinetic model are greater than 0.999
indicating the applicability of this kinetic equation
and the second-order nature of the adsorption process
of Remazol Red RB on modified clay. Similar phe-
nomena have been observed in the biosorption of
Remazol black B on biomass [29] and adsorption of
congo red [30] and 2-chlorophenol [31] on coir-pith
carbon.

3.5. Mechanism of adsorption

The removal of Remazol Red RB by adsorption on
modified clay was found to be rapid at the initial
period of contact time and then to become constant
with the increase in contact time. The mechanism for
the removal of dye by adsorption may be assumed to
involve the following four steps [32]:

* Migration of dye from the bulk of the solution to
the surface of the adsorbent.
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¢ Diffusion of dye through the boundary layer to the
surface of the adsorbent.

* Adsorption of dye at an active site on the surface
of adsorbent.

* Intra-particle diffusion of dye into the interior pores
of the adsorbent particle.

The boundary layer resistance will be affected by
the rate of adsorption and increase in contact time,
which will reduce the resistance and increase the
mobility of dye during adsorption. The uptake of dye
at the active sites of adsorbent can mainly be gov-
erned by either liquid phase mass transfer rate or
intra-particle mass transfer rate.

The adsorbate species are most probably trans-
ported from the bulk of the solution into the solid
phase through intra-particle diffusion/transport pro-
cess, which is often the rate limiting step in many
adsorption processes. The possibility of intra-particle
diffusion was explored by using the intra-particle
diffusion model [33].

qt = kdiftl/z + C (5)

where C is the intercept and kgir is the intra-particle
diffusion rate constant (mgs~'/?g~"). The values of g,
were found to be linearly correlated with values of t'/2.
The kgis values were calculated by using correlation
analysis (Table 1). This functional relationship corre-
sponds to the characteristic of intra-particle diffusion
[34]. The intra-particle diffusion plots have been given
in Figs. 11-13. The values of intercept (Table 1) give an
idea about the boundary layer thickness, i.e. the larger
the intercept, the greater is the boundary layer effect
[35]. Such types of plots may present multilinearity,
implying that two or more steps occur [36,37]. The
sharper first-stage portion is the external surface
adsorption stage. The second portion is the gradual
adsorption stage, where the intra-particle diffusion is
rate-limited. The third portion is the final equilibrium
stage, where the intra-particle diffusion starts to slow
down due to extremely low solute concentration in the
solution. A good correlation of rate data in this model
can justify the mechanism [38]. The applicability of
intra-particle diffusion model indicates that it is the
rate-determining step. As seen in Figs. 11-13, the plots
are not linear over the whole time range, implying that
more than one process affects the Remazol Red RB
adsorption. The multiple natures of these plots can be
explained in terms of a few processes, i.e. boundary-
layer diffusion which gives the initial part of the plot
and the intra-particle diffusion which gives further the
two linear parts. If the intra-particle diffusion is the
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Fig. 8. Plot of t/q; vs. time at different initial
concentrations for 298 K.
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Fig. 9. Plot of t/q; vs. time at different initial
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Fig. 10. Plot of t/q; vs. time at different initial

concentrations for 333 K.
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only rate-controlling step, then the plot passes through
the origin, if not, the boundary-layer diffusion affects
the adsorption to some extent [39]. From Figs. 11-13,
the linear portions of the plots for a wide range of con-
tact time between adsorbent and adsorbate do not pass
through the origin. This deviation from the origin or
near saturation may perhaps be due to the difference
in the rate of mass transfer in the initial and final stages
of adsorption. Further, such deviation from origin indi-
cates that the pore diffusion is not the only rate-con-
trolling step [28,33]. As seen from Table 1, the
regression coefficients for external and internal diffu-
sion are quite small. Only, internal diffusion coeffi-
cients are higher for low concentrations at 333 K. As a
result, pseudo-second-order kinetic models are appli-
cable for Remazol Red RB adsorption on modified clay.
Table 1 also indicates that the regression coefficients
for the linear plots from the pseudo-second-order
equation are greater than that of the intra-particle
diffusion.

From the pseudo-second-order rate constant k,
(Table 1), the activation energy E, for adsorption of
Remazol Red RB on modified clay was determined
using the Arrhenius equation (Eq. (6)). By plotting
Ink, vs. 1/T, E, was obtained from the slope of the
linear plot (figure not shown).

Ink=InA—-E,/RT (6)

where E, is activation energy (Jmol '); R is the gas
constant (8.314Jmol 'K '), and T is the adsorption
temperature (K). The results obtained are
3449k mol ! and 40.27kJmol ™! for initial dye con-
centrations of 75 and 150mg/L, respectively. The
magnitude of activation energy gives an idea about
the type of adsorption which is mainly physical or
chemical. E, for physisorption is usually <40kJmol ',
whereas it is higher in the case of chemisorption [23].
According to literature, the adsorption process of
Remazol Red RB onto modified clay may be physical
adsorption [40]. This claims that the uptake rate of the
basic dye on modified clay could be described by a
pseudo-second-order rate expression based on the
strong electrostatic interactions between the adsorbent
and the dye.

3.6. Adsorption isotherms

In order to determine the mechanism of Remazol
Red RB adsorption on the modified clay sample at
298, 313, and 333K, the experimental data were
applied to the Langmuir, BET, Freundlich, Temkin,
D-R, Halsey, Harkins—Jura, Smith, and Henderson
isotherm equations. The constant parameters of the
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equations for this system were calculated by
regression using the linear form of the isotherm
equations and SPSS 10.0 software. The results are
given in Table 2, together with the isotherm equations.
Figs. 14-17 show the isotherms belonging to Lang-
muir, Freundlich, Temkin and D-R adsorption models
of Remazol Red RB on the modified clay at 298, 313,
and 333K temperatures, respectively.

The Langmuir isotherm theory assumes monolayer
coverage of adsorbate over a homogeneous adsorbent
surface, i.e. the surface consists of identical sites,
equally available for adsorption and with equal ener-
gies of adsorption. Therefore, at equilibrium, a satura-
tion point is reached where no further adsorption can
occur. Adsorption is assumed to take place at specific
homogeneous sites with the adsorbent and once a dye
molecule occupies a site, no further adsorption can
take place at the site and there is no significant inter-
action among the adsorbed species [41]. Fig. 14 shows
the Langmuir isotherms for Remazol Red RB adsorp-
tion at different temperatures. From the correlation
coefficient (R®) values that are regarded as a measure
of the goodness-of-fit of experimental data on the iso-
therm’s model (Table 2), it was elucidated that the
Langmuir equation represents the Remazol red
adsorption process on the modified clay at the differ-
ent solution temperatures very well; the R? values
were all higher than 0.99, indicating a very good
mathematical fit. This fitting also suggests that the
adsorption of Remazol Red RB occurs predominantly
through effective electrostatic interactions. On the
other hand, from Table 2, it may be predicted that the
dye adsorption on the organoclay is an endothermic
process, where the monolayer adsorption capacity of
dye (g,) increased as solution temperature was
increased. Among K values calculated from the Lang-
muir isotherm model, as can be seen from Table 2, the
highest value is obtained for 333K. A higher value of
K implies strong interactions between dye molecules
and modified clay.

The essential characteristic of the Langmuir iso-
therm can be expressed by the dimensionless constant
called equilibrium parameter, R;, defined by

Ry =1/(1 +KCy) (7)

where K is the Langmuir constant and Cj is the high-
est initial dye concentration, R; values indicate the
type of isotherm to be irreversible (R, =0), favorable
(0<R; <1), linear (R;=1) or unfavorable (R;>1). The
Ry, values for the adsorption of Remazol Red RB dye
on the modified clay sample were calculated. The
values of R; in the present study were found to be
1.46 x 10°* at 298K, 0.0065 at 313K, and 0.0066 at
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Table 2
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Applicability of isotherm equations to Remazol Red RB adsorption data of modified clay/dye system at different

temperatures and their constant parameters

Isotherm Equation
Langmuir C/q=1/kgu+1/q,,)C
Freundlich Ing=Ink+nInC

Dubinin-Radukevisch Ing=Ke+Ingp_g

Halsey Ing=(1/n)Ink—1/mIn[In(1/C)]

Harkins-Jura 1/¢*>=(B/A)—(1/A)logC

Smith g=W,—WIn(1-C)
Henderson In[-In(1-Ol=Ink+nlng
Temkin g4e=QRT/by) Inar+ (RT/bpInC,

Parameters 298 K 313K 333K

Gom 0.502 1.01 69.93

k 45.65 64.1 1.524

R? 0.9972 0.9999 0.9903

n 0.1473 0.1439 0.1701

k 0.5130 35.94 3.5260
R? 0.9854 0.8943 0.7761
qm - - -

k _ _ _

R? 0.4906 0.7675 0.8948
K —5x%x107° —2x1077 —4x107°
dp-r 0.4820 61.01 0.689

R? 0.9885 0.8019 0.8320

E (kJ/mol) 10.0 1.581 11.18

n — — —

k _ _ _

R? 0.4450 0.6007 0.6428

B — — —

A _ _ _

R? 0.9844 0.7755 0.6112
W — — —

W, - - -

R? 0.5693 0.4200 0.6068

n — p— —

k _ _ _

R? 0.9163 0.8650 0.7650
by 473723 42730.4 36332.83
ar 14435.4 55609.5 11015.81
R? 0.9948 0.9483 0.8505

g, adsorption capacity of Remazol Red RB (mg/g); qm, monolayer adsorption capacity; C, equilibrium concentration; 1, k, K, A, B, W, and

W are constant parameters for the isotherm equations.

333K indicating that the adsorption of Remazol Red
RB on organo clay is favorable [42]. The experimental
dye uptake values obtained have also been analyzed
using Freundlich equation. In Freundlich adsorption
isotherm, the model assumes a heterogeneous surface
with a nonuniform distribution of heat of adsorption
over the surface. From Table 2, the high R? value was
observed for 298K, but it was low for 313K and
333 K.

A comparison of the isotherm constants along with
regression coefficients (R?) is presented in Table 2.

Comparing the regression coefficient values for both
the Langmuir and Freundlich isotherms, it was dem-
onstrated that the Langmuir isotherm was the most
appropriate isotherm to describe the equilibrium data
for dye adsorption at the two studied temperatures.
The Temkin isotherm equation assumes that the
heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbent—
adsorbate interactions, and that the adsorption is
characterized by a uniform distribution of the binding
energies, up to some maximum binding energy Also,
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Fig. 14. Langmuir adsorption isotherms for Remazol Red
RB adsorption at different temperatures.

6
¢ 298K
4 = 313K ./Aﬁ.//m/ﬂ—ﬁ
A
A 333K
2 L
=2l
£
0 L
2 F
4 ) ) ) ) )
-6 -4 -2 0 2 4 6

Fig. 15. Freundlich adsorption isotherms for Remazol Red
RB adsorption at different temperatures.
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Fig. 16. Temkin adsorption isotherms for Remazol Red RB
adsorption at different temperatures.
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Fig. 17. Dubinin-Radukevisch adsorption isotherms for
Remazol Red RB adsorption at different temperatures.

the Temkin equation suggests a linear decrease of
sorption energy as the degree of completion of the
sorptional centers of an adsorbent is increased
[40,42,43]. The Temkin isotherm equation is given as
follows,

9, = (RT/br)Inar + (RT/br)InC, (8)

where br and ar are constants related to the heat of
adsorption and equilibrium binding constant corre-
sponding to the maximum binding energy, respec-
tively. A plot of g, vs. InC, enables the determination
of the isotherm constants ar and br (Fig. 16). The
obtained values for ar and br are tabulated together
with the value of the correlation coefficient in Table 2.
The correlation coefficients calculated suggest that the
Temkin isotherm represents the equilibrium data very
well for 298 K. This reveals that the dye adsorption at
298K is characterized by a uniform distribution of
binding energies up to some maximum binding
energy [44]. The increase in temperature probably
leads to the decreasing uniformity.

The D-R model was used to determine the charac-
teristic porosity and the apparent free energy of
adsorption. D-R isotherm equation [33,43,45].

Ing, = K&* +Ingp_, 9)

where g, is the amount adsorbed of dye at equilibrium
concentration (mg/g); gp_r is D-R maximum adsorp-
tion capacity of the dye (mg/g), K is the D-R constant
(the porosity factor, mol*’J ), and ¢ is the Polanyi
potential given by the equation below [40—43]:
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¢=RTIn(1+41/C,) (10)
where C, is the equilibrium concentration of the dye
(mg/L), R is the gas constant (8.314]K_l mol™, and T
is the temperature (K). The D-R constant (K) can give
valuable information about the mean energy of
adsorption by using Eq. (11) [40-42,45].

E=(-2K)"? (11)
where E is the mean adsorption energy. The results
were shown in Table 2. In addition, the mean adsorp-
tion energy (E) from the D-R isotherm, defined as the
free energy change when one mole of ion is trans-
ferred from infinity in solution to the surface of the
solid, could be used to estimate the type of adsorp-
tion. The adsorption behavior could be predicted as
the physical adsorption in the range of 1-8kJ/mol
and the chemical adsorption in more than 8kJ/mol
[40-42,45]. The E values (Table 2) of 10.0, 1.581, and
11.18kJ/mol for the adsorption of Remazol Red RB at
298K, 313K, and 333K, respectively indicated that the
adsorption of dye onto the modified clay occurs via
strong electrostatic interactions.

3.7. Adsorption thermodynamics

Thermodynamic quantities for the adsorption of
Remazol Red RB onto organo clay surface have been
determined by considering the specific amounts of
surfactant adsorbed. These are isosteric adsorption
enthalpy (AH,4s), and isosteric adsorption entropy
(AS,45);, which were statistically calculated by using
least squares method and experimental data. These
quantities were calculated using Eqs. (12) and (13)
[46]. In these calculations, the amounts of the dye
adsorbed at the different temperatures correspond to
the different equilibrium adsorbate concentrations in
which adsorption capacity values exhibit the tendency
to be constant. The results are given in Table 3.

Table 3
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d(In C)/d(1/T) = (AH,q)/R (12)
d(InC)/d(InT) = (ASaq)/R (13)

where C and T in these equations represent the equi-
librium dye concentration and absolute temperature,
respectively.
AG®° = —RTInK (14)
where K (L/mg) is Langmuir isotherm constant, R is
the gas constant (8.314JK 'mol™"), and T is the
temperature (K).

From experimental adsorption isotherms for Rem-
azol Red RB adsorption on modified clay at different
temperatures, the isosteric enthalpy of adsorption,
AH,q4s, can be determined by using Eq. (12) and the
isosteric entropy of adsorption, AS.,4s, can also be
determined by using the Eq. (13). As can be seen from
Table 3, the equilibrium concentrations used in the
calculation of AH,4s and AS.4s are not values corre-
sponding to the monolayer surface cover, but in these
equilibrium concentrations, the values of adsorption
capacity of the organo clay begin to be constant. From
Table 3, it can be seen that the signs of AH,4s and
AS,4s for adsorption of Remazol Red RB onto modi-
fied clay are positive and negative, respectively. As
temperature is increased, the amount of dye adsorbed
is increased, implying the endothermic nature of the
adsorption process. This increase also verifies the
positive sign expected of (AH,q4s);- The negative values
of entropy change, AS states a decreased disorder at
the solid-liquid interface during dye sorption. As the
temperature is increased, the mobility of dye ions
increases causing the ions to escape from the solid
phase to the liquid phase. Therefore, the amount of
dyes adsorbed will decrease, whereas the negative
values of AG® indicated the spontaneous and feasible
nature of the adsorption process at the range of
temperatures and the different dye concentrations. As

Amounts adsorbed and equilibrium concentration values for the 298, 313, and 333K temperatures and the

thermodynamic quantities for modified clay/dye system

Parameters

Equilibrium concentration, c? (mg/L)

Adsorption capaciy, g (mg/g)

Isosteric adsorption enthalpy, (AH,q4s), (k] mol )
Isosteric adsorption entropy, (AS,4s),; (Kfmol 'K ™)
Free energy of specific adsorption, (AG,gs), (kK] mol ™)

Temperature (K)

298 313 333
0.74 0.67 0.20
0.242 0.243 0.248
31.03

-0.1

—9.466 —10.826 —1.166

“The values in which adsorption capacity of the organo clay particles is constant.
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a result, it can be said that the adsorption results
obtained from modified clay/aqueous dye solution
system will shed light on adsorption processes in
which similar adsorbents and adsorbates are used.

4. Conclusion

In this study, the adsorption of Remazol Red RB
onto modified clay sample was investigated at 298,
313, and 333K. The adsorption studies were carried
out as a function of contact time, initial dye concentra-
tion, solution pH, and temperature. Percentage
removal of the dye molecule decreased with increase
in initial dye concentration, while it increased with
increase in contact time. Equilibrium adsorption was
achieved in about 90min. The adsorption is depen-
dent on concentration, pH, and temperature of the
solution. Solution pH affects the surface charge of the
adsorbent and the degree of ionization of adsorbate.
Experimental equilibrium data provided best fit with
the Langmuir isotherm model, indicating monolayer
sorption on a homogenous surface. The monolayer
sorption capacity increased with increase in tempera-
ture from 298K to 313K and 333K. Adsorption of
Remazol Red RB on modified clay sample seems to be
a favored process. The correlation coefficients calcu-
lated from Temkin isotherm equation (Table 2) reveals
that the dye adsorption at 298K is characterized by a
uniform distribution of binding energies up to some
maximum binding energy. The increasing temperature
probably leads to a decrease of uniformity. According
to D-R isotherm model, adsorption of Remazol Red
RB onto the modified clay occurs via strong electro-
static interactions. The calculated Ea values by using
the Arrhenius equation implies that the adsorption of
Remazol Red RB on modified clay is physically con-
trolled, which involved strong electrostatic interac-
tions between adsorbent and dye. Thermodynamic
parameters such as change in Gibbs free energy AG°,
isosteric adsorption enthalpy (AH,qs);, and isosteric
adsorption entropy (AS,4s); were also estimated. Ther-
modynamic analysis suggests that adsorption of Rem-
azol Red RB by organo clay was a spontaneous and
endothermic process. According to the present find-
ings, it can be said that the adsorption results
obtained from modified clay/aqueous dye solution
system will shed light on adsorption processes in
which similar adsorbents and adsorbates are used.
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