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ABSTRACT

The natural illitic clay mineral (NICM) has been used as a low cost and highly effective
adsorbent in the removal of a toxic cationic dye, methylene blue (MB), from aqueous solution
by a batch adsorption technique. The effects of experimental parameters such as initial pH of
the aqueous solution, contact time, initial MB concentration, adsorbent concentration, ionic
strength, and temperature were studied in detail upon the adsorption process. The process
was found to be independent of initial solution pH and the adequate equilibrium time for
the adsorption of MB onto NICM was only 60m. The experimental data were analyzed by
the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models and showed
a good fit with both the Langmuir and Freundlich isotherm models. The monolayer adsorp-
tion capacity of NICM was found to be 24.87mgg ' by using Langmuir isotherm model.
The kinetics of the adsorption were tested using pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models. The results showed that the adsorption of MB onto NICM
proceeds according to the pseudo-second-order model. Thermodynamic parameters indicated

that the present adsorption process was feasible, spontaneous, and endothermic in nature.
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1. Introduction

The discharge of dyes and/or their breakdown
products from many industries including textile,
paper, cosmetics, pharmaceutical, leather, and plastics
may cause significant problems to both environment
and living organisms. Methylene blue (MB), a type of
cationic dye, is widely employed in dying cotton,
wool, and silk and it has some harmful effects to liv-
ing organisms such that the excess intake of MB can
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cause increased heart rate, eye burns in humans and
animals, shock, Heinz body formation, cyanosis,
jaundice, quadriplegia, methemoglobinemia, convul-
sions, and tissue necrosis in humans, and also if
ingested, it damages to the gastrointestinal tract,
nausea, vomiting, and diarrhea [1-4]. As most of the
dyes, MB has a complex aromatic molecular structure
which makes it stable to light, heat, and oxidizing
agents [5]. Hence, it is important to develop an effi-
cient method for the removal of MB and also other
dyes from waters and wastewaters.
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Various alternative methods including adsorption,
coagulation and flocculation, precipitation, chemical
oxidation, ion exchange, membrane processes, and
reverse osmosis have been used for the treatment of
dye-contaminated wastewaters. Adsorption technique
has been found to be a superior separation and purifi-
cation method to other methods in terms of its high
efficiency, easy handling, high selectivity, and low
cost. On the other hand, the regeneration of the adsor-
bents is easy and the formation of harmful substances
is minimized in the adsorption process [6]. In order to
further reduce the cost of the adsorption process,
there is a demand for the adsorbents which are eco-
nomical, easily available, having strong affinity, and
high loading capacity [7-9]. Therefore, several
researchers have focused on the use of effective adsor-
bents such as de-oiled soya [10], hen feathers [11], bot-
tom ash [12], coconut-husk [13], eggshell waste [14],
palm kernel shell-based activated carbon [15], peat
moss [16] almond shell [17], magnetite [18], peach
palm waste [19], red mud [20], waste mud [21], beach
sand [22], laterite [23], and bentonite [24] for the
removal of different types of pollutants from waters
and wastewaters. Among these adsorbents the clay
minerals have been shown to be the most promising
alternatives due to their low cost, large specific sur-
face area, high number of negatively charged bonding
sites, chemical and mechanical stability, layered struc-
ture and high cation exchange capacity [25].

The aim of the present study was to investigate
the possible usage of natural illitic clay mineral
(NICM) in the removal of MB from aqueous solutions.
The effects of experimental parameters such as initial
pH of the solution, contact time, initial MB concentra-
tion, adsorbent concentration, ionic strength, and tem-
perature were studied in detail upon the adsorption
process. The Langmuir, Freundlich, Dubinin—-Rad-
ushkevich (D-R), and Temkin isotherm models and
various thermodynamics parameters, including Gibbs
free energy, enthalpy and entropy changes, were also
discussed in this paper in order to clarify the adsorp-
tion mechanism of MB onto NICM. Apart from these,
the adsorption kinetics were evaluated in terms of
pseudo-first-order, pseudo-second-order and intrapar-
ticle diffusion models.

2. Experimental
2.1. Materials

The NICM sample was supplied from Dazkiri,
Afyon/Turkey. The samples were sieved to obtain a
particle size of 200 mesh and dried in an oven at 105°
C for 24h and maintained in a desiccator until used.

The NICM was used directly as adsorbent in the
adsorption experiments without any physical or chem-
ical pretreatment.

The cationic dye, MB (Fig. 1) (CL: 52015; chemical
formula: C;6H;gCIN3S; molecular weight: 319.86gm01*],
maximum wavelength: 662nm) was purchased from
Sigma-Aldrich and was not purified prior to use.
The stock dye solution was prepared (5000mg L") in
deionized water and the required concentration of
working dye solution was prepared by appropriate
dilutions of the stock solutions.

2.2. Characterization of NICM

The X-ray diffraction (XRD) patterns of the sam-
ples were taken on a Rigaku D-Max III automated dif-
fractometer using Ni-filtered CuKa radiation while
the chemical composition of the NICM was deter-
mined by Thermo ARL-9800 model X-ray Fluores-
cence (XRF) Spectrometer and wet analysis. The
Fourier Transform Infrared (FTIR) spectrum of the
NICM was obtained by using PerkinElmer 1600 FTIR
spectrophotometer. The specific surface area of NICM
was determined from the N-gas adsorption isotherm
at 77K using a Quantachrome Corporation, Autosorb-
1-C/MS model specific surface area analyzer. The cat-
ion exchange capacity (CEC) of NICM was calculated
by using the copper bisethylenediamine copper ()
([Cu(en),]**) complex method [26]. Other characteriza-
tion parameters were also determined using standard
methods [27].

2.3. Adsorption experiments

The adsorption experiments were studied by using
a batch process by mixing NICM in the concentration
range of 1.0-30gL~" with 10mL of MB solution over
the concentration range of 50-1,000mgL ™" in polyeth-
ylene centrifuge tubes. The mixtures were agitated at
a speed of 400rpm on a mechanical shaker (Edmund
Biihler GmbH) for 60m to reach the equilibrium. After
equilibrium, the NICM was separated from the MB
solutions by centrifugation and the remaining concen-
tration of MB in the filtrate was determined by using
a double-beam UV-Vis spectrophotometer (Unicam-
UV 2) at a wavelength of 668 nm.
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Fig. 1. Chemical structure of MB.
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3. Results and discussion
3.1. Characterization of NICM

The significant peaks on the XRD patterns of the
samples indicated that the NICM is mainly composed
of illite, besides quartz, kaolinite, and smectite (mont-
morillonite) (Fig. 2). In the FTIR spectrum of the
NICM, the absorption bands at 3,624cm'; hydroxyl
group vibrations in Mg-OH-Al, AI-OH-Al, and Fe-
OH-AI units in the octahedral layer, 3,440 cm~ L O-H
stretching vibration of the silanol (Si-OH) groups and
HO-H vibration of the water adsorbed silica surface,
1,000cm™'; stretch vibrations of the Si-O groups,
1,430cm™; stretch vibrations of C=O group, and 530
and 470cm™}; asymmetric and symmetric bending
modes of O-5i-O groups, were observed (Fig. 3). The
information about the pore structure of NICM and
other characterization parameters were given in
Table 1 [28].

3.2. Effect of initial pH

It is important to discuss the effect of initial solu-
tion pH on the adsorption of MB since the concentra-
tion of H;O" and OH™ ions affects the adsorption
process through the dissociation of the functional
groups on the NICM surface. Therefore, the adsorp-
tion experiments were carried out with initial MB con-
centration of 100mgL~" and NICM concentration of
10gL™' by varying the pH of the solutions over a

range of 2.0-10.0 (Fig. 4). The uptake of MB by NICM
is almost constant in the pH range of 2.0-10.0.
Although the constant MB adsorption at all the stud-
ied pH range cannot be explained clearly, it is consid-
ered that another mode of adsorption, such as ion
exchange, may be occurred during the adsorption of
MB onto NICM [29]. Also, the adsorption of MB onto
NICM might be attributed to weak electrostatic inter-
actions between the dye molecules and the solid sur-
face [30]. Similar results were obtained in the removal
of MB from aqueous solution by Neem (Azadirachta
indica) leaf powder [30]. Hence, further adsorption
experiments were carried out at self-pH of MB solu-
tion.

3.3. Effect of contact time and evaluation of adsorption
kinetics

In order to determine the required contact time to
reach the adsorption equilibrium, the experiments
were performed by contacting 100mgL~" of MB solu-
tions with 5.0gL~" of NICM suspensions in the agitat-
ing time range of 1480 m (Fig. 5(a)). The removal rate
was very rapid during the initial stages of the sorp-
tion process because a large number of vacant surface
sites were available for the adsorption during the ini-
tial stage. Thereafter, it continued at a slower rate,
and finally reached to equilibrium as a result of satu-
ration of NICM surface sites and also occurrence of
the repulsive forces between the MB molecules
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Fig. 2. X-ray diffraction pattern of NICM.
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Fig. 3. FTIR spectrum of NICM.

Table 1
Characteristics of NICM

Chemical composition of NICM (%)

SiO, 314
AlLOs 9.8
Fe,O3 4.7
CaO 239
MgO 41
Na,O 0.7
KO 14
Loss of ignition 23.8
Pore structure of NICM
BET surface area (m°g ") 3.10
Langmuir surface area (m*g ) 4.64
Micropore area (m*g ") 1.58
External surface area (m®g ") 1.52
Micropore volume (cm®g ") 0.0008
Average pore diameter (nm) 10.81
Other parameters
pH 9.6
CEC (meg/100 g) 2.0
Moisture content (%) 1.3

adsorbed onto the NICM surface and the bulk phase
[18]. A sufficient contact time was determined as 60 m
for further adsorption experiments.

In order to predict the kinetics of dye adsorption,
the most common models, pseudo-first-order (Eq. (1))

cm!

[31] and pseudo-second-order kinetic models (Eq. (2))
[32], were used to fit the kinetic sorption experiments
which are given in linear forms as following;:

In(ge — g¢) =1In g — Kyt (1)

t 1 t
T ?

By considering the Eq. (1), g. (mgg ') and g
(mgg ") are the amounts of MB adsorbed at equilib-
rium and at any time t, respectively, and k; (min~") is
the pseudo-first order rate constant. g, and k; can be
determined from the intercept and slope of the plot of
In(ge — qv) vs. t, respectively. According to Eq. (2), k;
(gmg 'min ") is the rate constant of the second-order
equation. The values of g. and k, can be determined
from the slope and intercept of the plot of t/g; vs. t,
respectively (Fig. 5(b)). All of the kinetic parameters
constant  with  the corresponding correlation
coefficients were given in Table 2. The correlation
coefficient value of the pseudo-second-order kinetic
model is higher than 0.999, which is better than those
obtained from the pseudo-first-order kinetic model. In
addition, ge ca determined from the pseudo-first-order
kinetic model is not in a good agreement with the
experimental value of . exp- Furthermore, according
to the pseudo-second-order kinetic model, the
calculated g. ca value is closer to the experimental
e exp value. In the view of these results, it can be said
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Fig. 4. Effect of initial pH on MB uptake by NICM (Initial
MB conc.: 100 mg L', NICM conc.: 10gL71, contact time:
60 m).
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Fig. 5. (a) Effect of contact time on MB uptake, (b) pseudo-
second-order kinetic model (Initial MB conc.: 100mg LY
NICM conc.: 5.0gL’1).

that the pseudo-second-order kinetic model provided
a good correlation for the adsorption of MB onto
NICM in contrast to the pseudo-first-order model and
hence, it is predicted that the rate-controlling step in
this study is chemical sorption (chemisorption) [33].
The intraparticle diffusion model was also evalu-
ated to investigate the diffusion mechanism of the

adsorption of MB onto NICM. The intraparticle diffu-
sion model equation is expressed as [34];

C]t = kid tl/z +c (3)

where g, (mgg ") is the amount of sorption at time
t (min) and kiq (mgg ™' min~'/?) is the rate constant of
the intraparticle diffusion model. The magnitude of C
gives an idea about the thickness of the boundary
layer. The plot of g; vs. t'/? presents multilinearity (fig
not shown) indicating that the adsorption process
takes place in two main steps. The first sharper por-
tion is the external surface adsorption (film diffusion)
and the second portion is the gradual adsorption
stage, where the intraparticle diffusion is rate-con-
trolled (pore or intraparticle diffusion). If the plot of g,
vs. t'/2 passes through the origin, the pore diffusion is
the only rate-limiting step; if not it is considered that
the adsorption process is also controlled by film diffu-
sion in some cases. The intraparticle rate constants for
the first phase (kig;1) and the second phase (kig) and
C parameters were obtained from the plot of g, vs. t'/?
and the results are given in Table 2. By comparing the
rate constants, the lower values of kiq, than k4 indi-
cate that the rate-limiting step is intraparticle diffu-
sion. The C values, obtained from the intercept of the
ge vs. t'/? plots, indicate that the line did not pass
through the origin hence the intraparticle diffusion is
not the only rate-limiting mechanism. As a result, it
can be said that the adsorption of MB onto NICM is a
complex process and both intraparticle diffusion and
surface sorption contribute to the rate-limiting step
[35,36].

3.4. Effect of initial MB concentration and adsorption
isotherms

The initial dye concentration plays an important
role in determination of adsorption capacity of an
adsorbent. The effects of initial dye concentration on
the present adsorption process were evaluated by
varying the initial MB concentrations in the range of
50-1,000mgL~" (Fig. 6). By increasing the initial MB
concentration from 50 to 1,000 mg L~} the MB uptake
increased from 10.7 to 24.0mgg ' since the initial MB
concentration acts as a driving force to overcome the
mass transfer resistance for the MB transport between
the solution and the surface of the NICM. On the
other hand, because of the fast saturation of the active
adsorption sites on NICM surface at higher MB con-
centrations, the removal percentage decreased from
92.3 to 14.2% [71.

The adsorption isotherm models are important
data in the description of interaction between the
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Parameters of pseudo-first-order, pseudo-second-order, and intraparticle diffusion models

Pseudo-second-order kinetic model Intraparticle diffusion model

Pseudo-first-order kinetic model
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kg1 (mg g_1 min~"? R? kia 2 R?

R2

qe cal (mg g_l)

k, (gmg 'min")

qe cal (mg g_] Rz

245

ki (min™Y)

e exp (Mgg ")

16.70

14.19

0.018 0.9910

0.9644

0.507

0.9999

16.72

0.045

0.7353

—0.0128

adsorbate and adsorbent. Several isotherm equations
including Langmuir, Freundlich, Temkin and D-R
models have been used to describe the equilibrium
characteristics of the adsorption of MB onto NICM.
The Langmuir model assumes that the adsorption
takes place at specific homogeneous sites on the sur-
face of the adsorbent [37] whereas the Freundlich iso-
therm model is valid for the multilayer adsorption on
a heterogeneous adsorbent surface with the sites that
have different energies of adsorption [38]. Apart from
these, according to the Temkin isotherm model, the
heat of the adsorption of all molecules in the layer
decreases linearly with the coverage due to adsor-
bent-adsorbate interactions [39], and lastly the D-R
model gives an idea about the type of the adsorption
[40].

The Langmuir model in linear form can be given
as follows:

C. C. 1
- = +
Je  Gmax  Dfmax

(4)

where g. (mgg™') is the amount of MB adsorbed per
unit mass of NICM, C. (mgL™") is the equilibrium
MB concentration in aqueous solution, m.x (mgg ")
and b (Lmg ") are the Langmuir constants related to
the adsorption capacity and free energy or net
enthalpy of adsorption, respectively. The gm.x and b
can be evaluated from the slope and intercept of the
linear plot of C./ge vs. C,, respectively.

The favorability of the adsorption process could
be predicted by the dimensionless equilibrium param-
eter Ry, which is defined by the following equation
[41]:

1
R = 1+ bCy ©®)
where Cy (mgL™") is the initial amount of adsorbate
and b (Lmg ') is the Langmuir constant described
above. The adsorption process can be considered as
favorable when Ry, value is in the range of 0-1.
The Freundlich model in linear form can be given
as follows:

Ing. =InK; + %ln Ce (6)

where K; is a constant related to the sorption capacity
(mgg ") and 1/n is an empirical parameter related to
the sorption intensity. The Freundlich parameter, 1/n,
indicates the degree of favorability of the adsorption
such that for favorable adsorption process, the value
of 1/n should be in the range of 0-1. The Freundlich
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Fig. 6. (a) Effect of MB concentration on its uptake (b)
Comparison of equilibrium isotherms between the
experimental data and theoretical data for MB uptake
(NICM conc.: 5.0gL’], contact time: 60 m).

constants, K; and 1/n, can be determined from the
intercept and slope of the linear plot of Ing. vs. InC,,
respectively.

The Temkin isotherm in linear form is given as

ge = B(In A) + B(In C,) (7)

B =RT/b 8)

where B (Jmol ') is the Temkin constant related to
the heat of the adsorption, A (L g™ ") is the equilibrium
binding constant corresponding to the maximum
binding energy, R (8.314]Jmol 'K ') is the universal
gas constant, and T (Kelvin) is the absolute solution
temperature. The Temkin constants A and B can be
determined from the intercept and slope of the linear
plot of g. vs. InC,, respectively.

The linear form of D-R
expressed as

isotherm model is

In g. = In g, — p&? 9)

where g, (molg™") is the amount of MB adsorbed onto
per unit mass of NICM, g,,, (molg ") is the monolayer
adsorption capacity, f (mol®kJ?) is the activity coeffi-
cient related to the mean sorption energy, and ¢ is the
Polanyi potential and can be calculated as following
equation:

¢=RTIn(1+1/C.) (10)
where C. (molL™") is the equilibrium MB concentra-
tion in aqueous solution. The mean adsorption energy,

E (Kfmol™'), can be calculated using the following
equation:

E=1/(-2p)" (1)

The D-R model constants, g, and f5, can be deter-
mined from the intercept and slope of the linear plot
of Ing, vs. &, respectively.

The experimental equilibrium data of MB (Fig. 6
(b)) were compared with the theoretical equilibrium
data obtained from the Langmuir, Freundlich, Tem-
kin, and D-R isotherm models. The linear graphics
of Ce/ge vs. Ce (for Langmuir isotherm model), Inge
vs. InC, (for Freundlich isotherm model), g. vs. InCe
(for Temkin isotherm model), Ing. vs. & (for D-R
isotherm model) were plotted in order to calculate
the isotherm constants (figs not shown). All of the
isotherm constants and correlation coefficients are
given in Table 3. The correlation coefficients
obtained for both Langmuir and Freundlich iso-
therm models were higher than those obtained for
Temkin and D-R models, which indicated the
homogeneous and heterogeneous distribution of the
active adsorption sites on the surface of the NICM.
The adsorption capacity of NICM was found to be
24.87mgg ! by using the Langmuir model equation.
The Ry, values ranged from 0.32 to 0.02 between 50
and 1,000mg L~! of initial MB concentration, and
apart from this, the 1/n value obtained from Fre-
undlich isotherm model was 0.12. These two results
supported the favorability of the adsorption of MB
onto NICM. The E value obtained by evaluating D-
R isotherm model gives information about the
adsorption mechanism such that if the magnitude of
E is between 8 and 16kJmol ', the adsorption pro-
cess takes places chemically while, when
E<8kJmol !, the adsorption process proceeds phys-
ically [42]. In the present adsorption process, the E
value was obtained too high (25.0kJmol "). It is
substantially may be the reason of chemical nature
of the process.
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3.5. Effect of temperature and thermodynamics of
adsorption

To investigate the effect of temperature, the adsorp-
tion experiments were performed in the temperature
ranges of 5-40°C with NICM concentration of 50gL™"
and initial MB concentration of 100mgL~'. The
experimental results indicated that the amount of
adsorption increases slightly with the increase in
temperature, suggesting that the adsorption process was
endothermic in nature (Fig. 7). At higher temperatures,
the viscosity of the concentrated suspensions decreases
and hence the diffusion of the adsorbate molecules
across the external boundary layer and in the internal
pores of the adsorbent particles occurs more easily. In
other words, the increase in the mobility of MB
molecules may cause an increase in the adsorption
amount at higher temperatures [43].

In order determine whether the adsorption of MB
onto NICM will occur spontaneously or not, a set of
thermodynamic parameters such as Gibbs free energy
(AG), enthalpy (AH), and entropy (AS) changes were
calculated. AG can be calculated from the following
equation [44]:
AG = —RT InK4 (12)
where R is the universal gas constant (8.314Jmol 'K ™),
T is the temperature (K), and Ky is the distribution
coefficient. The K4 value was calculated using following
equation:

Table 3
Langmuir, Freundlich, Temkin, and D-R isotherm
parameters for the adsorption of MB onto NICM
Langmuir isotherm model
Imax (mgg™ ") 24.87
b(@Lmg™" 0.042
R? 0.997
Freundlich isotherm model
K; (mgg ™) 10.73
n 8.06
R? 0.997
Temkin isotherm model
A@Lg™h 138.40
B 2.06
b Jmol™ ) 1202.70
rR? 0.974
D-R isotherm model
Im (Mg g’l) 27.44
B (kJ*mol ) 0.0008
E (K mol™) 25.0
rR? 0.933

Ky = qf/ Ce (13)
where g, and C,. are the equilibrium concentration of
MB on adsorbent (mgL™') and in the solution
(mgL™"), respectively. The enthalpy change (AH), and
entropy change (AS) of adsorption are estimated from
the following equation:

AG = AH —TAS (14)
This equation can be written as
AS AH

AH and AS values were calculated from the slope
and intercept of the van't Hoff plot of InK4 vs. 1/T,
respectively. The thermodynamic parameters for the
adsorption of MB onto NICM are given in Table 4.
The negative values of AG at all temperatures indi-
cated the feasibility and spontaneous nature of the
adsorption process. In addition, the increase in the
magnitude of AG with an increase in temperature
indicated that a better adsorption is actually obtained
at higher temperatures [45]. Generally, it is considered
that an electrostatic interaction between the active
adsorption sites on the adsorbent surface and the
adsorbate molecules (physical adsorption) exists when
the AG values are in between 0 and —20kJmol },
however, while AG values range from —-80 to
—400K]J mol~!, the adsorption involves charge sharing
or transferring from the adsorbent surface to the
adsorbate molecules to form a coordinate bond
(chemisorption) [46,47]. By evaluating the AG values
(between 4.05 and 5.00k] mol ') the adsorption of MB
onto NICM seems to be a physical adsorption. The

17.4 4

17.3 4

17.2 4

-1
qe(mgg )

17.1

17.0 T T T T
0 10 20 30 40

Temperature ( 0C)
Fig. 7. Effect of temperature on MB uptake (initial MB

conc.: 100mgL71, NICM conc.: 5.OgL71, contact time:
60m).
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positive value of AH showed the endothermic nature
of adsorption while the positive value of AS implied
the increased randomness at the solid solution inter-
face during the adsorption of MB onto NICM and also
reflected the affinity of the NICM material towards
MB. The small positive value of AH (3.54 k]mol’l)
also supported physical nature of the adsorption pro-
cess which involves weak attractive forces [17].

3.6. Effect of adsorbent concentration

The effect of NICM concentration on the uptake of
MB from aqueous solution was studied by using ini-
tial MB concentration of 100mgL ™' and varying AS
concentration from 1.0 to 30.0gL~". The equilibrium
adsorption amount (mgg~') and MB removal effi-
ciency (%) against adsorbent concentration (gL ')
were plotted (Fig. 8). As the NICM concentration was
increased from 1.0 to 30.0gL "', the percentage of the
amount of adsorption increased from 81.4 to 99.0%,
by virtue of increased in the number of adsorbent par-
ticles and thus MB adsorbed easily onto the active
adsorption sites. On the other hand for an increase in
NICM amount from 1.0 to 30.0gL ™", the MB uptake
decreased from 81.4 to 3.3mgg '. This result can be
explained by the fact that the increase in the adsor-
bent amount may lead to aggregate the adsorption
sites, resulting in decrease in the total available sur-
face area of NICM [48].

3.7. Effect of ionic strength

The textile-manufacturing wastewaters usually
contain various types of ions besides dyestuffs which
lead to high ionic strength and may significantly affect
the performance of the adsorption process. Hence, the
effect of ionic strength upon the uptake of MB was
studied by adding different concentrations of (in the
range of 0-1.0M) NaNOj; Na,SO,, KCl and CaCl,
solutions individually, in 100 mg L~! of MB solutions,

Table 4
Thermodynamic parameters of MB adsorption onto NICM
at different temperatures

Thermodynamics parameters

T(CC AG & mol™ AS(Jmol 'K AH (Kfmol™Y)’
5 ~4.05 27.32 3.54

15 ~4.33

25 ~4.62

40 ~5.00

Measured between 278 and 313K.

containing 5.0gL~" of NICM, and the present adsorp-
tion process was applied to these solutions. The pres-
ence of salts in the solution may have two opposite
effects. One of them is; the presence of ions may
screen the electrostatic interaction between the active
adsorption sites on the adsorbent and the dye
molecules, hence the adsorbed amount should
decrease with increase of salt concentration. This
result has been shown by evaluating the effect of
NaySO, salt. By increasing the Na,SO, concentration
from 0 to 1.0M, the adsorption efficiency decreased
from 16.4 to 16.1mgg .

On the other hand, the ionic strength may cause
an increase in the degree of dissociation of the dye
molecules by facilitating the protonation. The
dissociated dye ions break free for binding electrostat-
ically on the surface of adsorbent and so the adsorp-
tion amount increases by the increase in ionic strength
[49-51]. These results have been shown by evaluating
the effects of NaNO;, KCl, and CaCl, salts. By
increasing the NaNO;, KCl, and CaCl, salts concentra-
tion from 0 to 1.0M, the adsorption efficiency
increased from 164 to 169mgg ', from 164 to
18.6mgg ', and from 16.4 to 18.7mgg ', respectively
(Fig. 9).

4. Conclusions

In the present research, the adsorptive removal of
MB from aqueous solution was investigated by using
a NICM which is one of the most promising adsor-
bent due to its low cost, easy availability, high
specific surface area, and chemical and mechanical
stability. One of the essential features of this study
was to use the clay mineral without any previous
activation treatment which decreases the adsorption
costs down. As a result of analyzing the experimen-
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Fig. 8. Effect of NICM concentration on MB uptake (initial
MB conc.: 100 mg Lfl, contact time: 60 m).
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Fig. 9. Effect of ionic strength on MB uptake (initial MB
conc.: 100mgL71, NICM conc.: 5.0gL71, contact time:
60m).

tal data in terms of isotherm and kinetic models, it
is seen that the kinetics of MB adsorption onto
NICM followed by pseudo-second-order kinetic
model, and the best-fit adsorption isotherms were
achieved with the Langmuir and Freundlich isotherm
models. The monolayer adsorption capacity of NICM
was found to be 24.87mgg ' from Langmuir model
equations. The thermodynamic parameters indicated
that the adsorption of MB onto NICM was feasible,
spontaneous, and endothermic in nature. In a
conclusion, it can be said that the NICM can be
used efficiently in the removal of MB from aqueous
solutions by using the present adsorption process.
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