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Abstract

In this study, adsorption kinetics of a cationic dye, methylene blue, onto clay from aqueous solution with respect to the initial dye concentration,
temperature, pH, mixing rate and sorbent dosage were investigated. In order to understand the adsorption mechanism in detail, zeta potentials and
the conductivities of clay suspensions at various pH (1-11) and cation exchange capacity (CEC) were measured. Porosity and BET surface area of
clay studied were determined. The results showed that the adsorption has been reached to equilibrium in 1 h. It was found that the amount adsorbed
of methylene blue increases with decreasing temperature and also with increasing both sorbent dosage and increasing initial dye concentration.
Adsorption capacity decreases with increasing pH, except for the natural pH (5.6) of clay suspensions. The adsorption kinetics of methylene
blue has been studied in terms of pseudo-first-order, pseudo-second-order sorption and intraparticle diffusion processes thus comparing chemical
sorption and diffusion sorption processes. It was found that the pseudo-second-order mechanism is predominant and the overall rate of the dye
adsorption process appears to be controlled by the more than one-step.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There has been an increase for effluent being disposed to
natural water bodies due to rapid industrialization. Major con-
taminants found in wastewater include biodegradable, volatile
and recalcitrant organic compounds, toxic metals, suspended
solids, plant nutrients, dyes, microbial pathogens and parasites
[1,2]. Color is an effluent characteristic, which is easily detected
and readily traced back to its source. Some dyes are stable to
biological degradation. Consequently, there is considerable need
to treat colored effluents prior to their discharge into receiv-
ing waters [3-6]. The removals of such compounds at such
low levels are a difficult problem. Physicochemical techniques
such as coagulation, flocculation, ozonation, reverse 0smosis
and adsorption on activated carbon, manganese oxide, silicagel
and clays are among the methods employed [7-13]. The bio-
logical processes typically accomplish very little towards color
removal [14].
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Adsorption of dye at the solid/liquid interface has been exten-
sively studied the last years. One reason for this interest is
that importance of adsorption on solid surfaces in many indus-
trial applications in order to improve efficiency and economy.
Therefore, it is essential to understand the mechanism and kinet-
ics of adsorption, because the studies of adsorption kinetics
are ultimately a prerequisite for designing an adsorption col-
umn. Adsorption techniques have proven successful in removing
colored organic species with activated carbon being the most
widely used adsorbent due to its high capacity for the adsorp-
tion of organic materials [15—17]. However, due to its high cost
and the difficulty of regeneration, a search for cheap, effective
adsorbents such as bentonite clay derivatives is needed. Unlike
activated carbons, clay is relatively cheap due to its accessibility
and abundance [17]. Inrecent years, clays are important in many
different fields such as agriculture, oil drilling, and the building
industry. Owing to their interesting physicochemical properties
(lamellar structure, high surface area, and high cation exchange
capacity), clay minerals have great potential to fix pollutants
such as heavy metals, dye wastewater and organic compounds
[18]. Among the studied clays, expandable layered silicates
(e.g., montmorillonite) as adsorbents have received considerable
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Nomenclature

Co initial concentration

D pore diffusion coefficient

h initial adsorption rate

ki intraparticle diffusion rate constant
ki rate constant for first-order model
ko rate constant for second-order model
qe adsorbed amount at equilibrium

qr adsorbed amount at 7 time

ro average mean size of adsorbent

t time

tin half-time for adsorption

mg sorbent dosage

recognition. An important property of the clays is that the lay-
ers are negatively charged and this negative charge is normally
balanced by hydrated cations placed in the interlayer spaces.
Cationic dyes, like those used in this work, can be attracted
toward the anionic layers and are, therefore, quite suitable for
investigating the properties of these minerals in aqueous suspen-
sions [19]. In this respect the interaction between clay minerals
and methylene blue (MB), a monovalent organic dye, has been
extensively studied [20-26].

Rytwo et al. [27] have suggested the three different models
for the adsorption of organic cations onto sepiolite surface:

(i) A neutral complex may form by the electrostatically bind-
ing of a cation to a monovalent negative site on the clay
block.

(i1) A second organic cation may bind to a neutral clay—organic
complex by non-coulombic interactions, forming a sin-
gle positively charged complex with two organic cations
and one charged site. This type of binding arises from
hydrophobic interactions between large organic molecules,
and may lead at high loads to charge reversal.

(iii) A monovalently charged complex may form by the binding
of one organic cation and a neutral site.

Cationic dye molecules also have very high affinity for clay
surfaces and are readily adsorbed when added to clay suspen-
sions. Therefore, these dyes were used as probes to determine
several properties of the clay surfaces and the interlayer envi-
ronments, like particle morphology, degree of dispersion, the
extent and location of the layer charge, among others. Many of
the aggregation and adsorption properties of clays can be related
to the layer charge density [28]. Bujdak and Komadel [29] stud-
ied the interaction between modified clays with different layer
charges and the cationic dye methylene blue in aqueous sus-
pension. The authors concluded that the strong aggregation and
redistribution of the molecules in the clays with higher layer
charge was due to the proximity of the negative sites in the clay
surfaces and the different coverage of the clay surfaces, suggest-
ing that the dye is adsorbed initially only on a small fraction of
the clay particles, followed by a redistribution as time passes.

The study of sorption kinetics in wastewater treatment is
significant as it provides valuable insights into the reaction path-
ways and into the mechanism of sorption reactions. In addition,
the kinetics describes the solute uptake rate that in turn con-
trols the residence time of sorbate uptake at the solid—solution
interface. Therefore, it is important to be able to predict the rate
at which pollutant is removed from aqueous solutions in order
to design appropriate sorption treatment plants. The aim of the
present work is to investigate both the adsorption mechanism
and adsorption kinetics of a cationic dye, methylene blue, onto
clay from aqueous solution with respect to the initial dye con-
centration, temperature, pH, mixing rate and sorbent dosage.

2. Materials and methods
2.1. Sampling

Clay samples used in this study were mineralogically
mixed dominated by montmorillonite and nontronite from
Erzurum region, in Turkey. The sample was air dried then
sieved to give —180+450 pwm sizes fraction using ASTM,
Standard sieves. The sample was collected and stored in a
jam. Chemical composition of the clay sample was determined
by X-ray spectroscopy. The results are given in Table 1. The
cation exchange capacity (CEC) of clay was determined by
the ammonium acetate method [30]. Cation exchange capacity
(CEC) is 34.4 mequiv./100 g. All chemicals used in this study
were obtained from Merck. As adsorbate, a cationic dye,
methylene blue (MB) was chosen. MB is a basic blue dyestuff,
CI Classification Number 52015. The formula is C1gH{gN3SCI
and the structure is

N,

X

(Hs)oN 7
+ Cr

N(CHg),

2.2. BET surface area and porosity measurements

BET surface area and porosity measurements of clay sam-
ple were determined by Micrometrics FlowSorb 11-2300 and
Autopore II 9220 Hg Porosimeter (maximum Hg pressure
40,000 psi), respectively. The results were given in Table 2.

2.3. Effect of initial concentration

A 0.1 g sample of clay was added to each 100 mL volume of
methylene blue solution. The initial concentrations of dye solu-

Table 1
Chemical composition of clay sample

Constituent Percentage present

Si0, 46.3
Al O3 23.7
Fe, 03 21.6
CaO 8.4
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Table 2

BET surface area and porosity of clay sample
BET surface area (m?/g) 30.0
Average pore diameter (jum) 0.0342
Total pore surface area (m*/g) 28.91

tion tested were 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg/L
and the experiments were carried out at 20 °C in a constant tem-
perature shaker bath.

2.4. Effect of temperature

A 0.1 g sample of clay was added to each 100 mL volume of
methylene blue aqueous solution having an initial concentration
100 mg/L. The experiments were carried out at 20, 40, and 60 °C
in a constant temperature shaker bath which controlled the tem-
perature to within £1 °C for various sorption times, in 15, 30,
60, and 120 min.

2.5. Effect of initial pH

Effect of initial pH was investigated at various pH, which are
1,3,5,7,9, and 11. In the experiments, a 0.1 g sample of clay
was added to each 100 mL volume of methylene blue aqueous
solution having an initial concentration 100 mg/L for a constant
sorption time, 1 h.

2.6. Effect of mixing rate

A 0.1 g sample of clay was added to each 100 mL volume
of methylene blue aqueous solution having an initial concen-
tration of 100 mg/L for investigation of the effect of mixing
rate at various stirring rate (90, 120, and 200 rpm). The experi-
ments were carried out at 20 °C in a constant temperature shaker
bath.

2.7. Zeta potential and conductivity measurements

Zeta potentials of solid particles in clay/water suspensions
from the experiments at different initial pHs (1, 3, 5, 7, 9, and
11) were measured by using Zeta Meter 3.0+ for a constant
sorption time, 60 min.

Conductivity measurements by using Karl Kolb conductome-
ter were determined after adsorption under the same conditions
as zeta potential measurements.

2.8. Adsorption experiments

In adsorption experiments, the stirring speed of 90 rpm, a
0.1 g of clay sample, methylene blue concentration of 100 mg/L
was kept constant. At the end of each adsorption period, the
supernatant was centrifuged for 2 min at 3750 min~!. The con-
centration of methylene blue remaining in the supernatant after
and before adsorption was determined with a 1.0 cm light path
quartz cells using spectrophotometer (Shimadzu UV1201) at
Amax Of 666 nm. The adsorbed amount of methylene blue was

calculated from the concentrations in solution before and after
adsorption.

2.9. Adsorption kinetics

2.9.1. Pseudo-first-order model

In order to investigate the mechanism of adsorption, the
pseudo-first-order kinetics model, the pseudo-second-order
kinetics model and the intraparticle diffusion model were used to
test dynamical experimental data. The pseudo-first-order model
was presented by Lagergren [31]. The Lagergren’s first-order
reaction model is expressed as follows by Yalcin et al. [32]:

% = ki(ge — q1) 6]
where g. and ¢; are the amounts of dye (mg/g) adsorbed on
the clay at equilibrium, and at time ¢, respectively and ki is the
rate constant (min~!). Integrating and applying the boundary
condition, =0 and ¢;=0 to r=t and g. =¢; Eq. (1) takes the
form:

ki ;
2.303

The rate constant, k| was obtained from slope of the linear plots
of log(ge — g;) against t. For various initial dye concentrations
k1 obtained for adsorption over the first 120 min are given in
Table 4 along with the corresponding correlation coefficients.

log(ge — q1) =logge — 2)

2.9.2. Pseudo-second-order model
The sorption data was also analyzed in terms of pseudo-
second-order mechanism, described by [33—-37]

dg; 2

LA _ 3
o = e(ge—q) 3
where kj is the rate constant of pseudo-second-order sorption
(g/mg min). Integrating and applying boundary conditions =0
and g;=0to r=t and g. =g, Eq. (3) becomes

t
9= T 1 “)

kzqg + qe

which has linear form of

o1 + ! t &)
a kg

If initial adsorption rate [38] is

h = kagq? (©6)

then Egs. (4) and (5) become

~

4= (7
it

and

t 1 1

—=—4 —t ®)

qr h qe
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If second-order kinetics is applicable, the plot of #/q; against t of
Eq. (8) should give alinear relationship from which the constants
geh and ky can be determined.

The values of constants g./ and k> for pseudo-second-order
sorption have also been given in Table 4.

2.9.3. Intraparticle diffusion model
Intraparticle diffusion can be described by three consecutive
steps [39]:

(i) The transport of sorbate from bulk solution to outer surface
of the sorbent by molecular diffusion, known as external
(or) film diffusion.
(ii) Internal diffusion, the transport of sorbate from the particles
surface into interior sites.
(iii) The sorption of the solute particles from the active sites
into the interior surface of the pores.

The overall rate of the sorption process will be controlled by
the slowest, the rate limiting step. The nature of the rate-limiting
step in a batch system can be determined from the properties of
the solute and sorbent. In adsorption systems where there is
the possibility of intraparticle diffusion being the rate-limiting
step, the intraparticle diffusion approach described by Weber and
Morris [40] is used. The rate constants, for intraparticle diffusion
(ki) are determined using equation given by Weber and Morris
[40]. This equation can be described as [41-43]

g = kil®S 4 c ©)

where k; and ¢ are the intraparticle diffusion rate constant
(mg/g min'/?) under different initial concentration of dye and
a constant, respectively. The k; is the slope of straight-line por-
tions of plot of ¢, versus 3. The values of constants, k; and
¢, for intraparticle diffusion kinetics and pore diffusion coeffi-
cients have been given in Table 4. These plots have generally
the double nature, i.e. initial curve portions and final linear por-
tions. It is explained by the fact that the initial curved portions
are boundary layer diffusion effects. The final linear portions are
aresult of intraparticle diffusion effects. An extrapolation of the
linear portions of the plots back to the axis yield intercepts (c)
which are proportional to the extent of boundary layer thickness
[17].

3. Results and discussion
3.1. Adsorption Isotherm

The adsorption of MB onto the clay was studied for three
temperatures (20, 40, and 60 °C) at different times (15, 30, 60,
and 120 min), at a constant stirring speed of 90 rpm, and initial
dye concentration of 100 mg/L. The adsorption isotherms for
three temperatures (20, 40, and 60 °C) are given in Fig. 1. As
seen from this figure, both adsorption efficiency and effective-
ness of MB decreased with increasing adsorption temperature.
The adsorption at the all temperatures studied usually completed
when the surface of clay is covered with a monolayer of MB.
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Fig. 1. The variation of the amount adsorbed vs. equilibrium concentration at
various temperatures.

However, the isotherm shape for 60 °C in which there is a plateau
in the range of concentration of 10-30 mg/L is different from the
others. The adsorption isotherm for a cationic dye such as MB
onto clay having a negatively charged surface is expected as S-
shaped. However, it has been suggested [44] that an absence of
S-shaped behavior at the lowest temperature may be due to the
competition of dye molecules with water molecules in the inter-
lamellar spaces because it is well known that the adsorption of
water molecules on a solid is higher at lower temperatures [44].
Therefore, it can be said that the higher uptake of MB at lower
temperature requires the intensive electrostatically interactions
between the dye molecules and the active sites on the clay, com-
paring to dipole—dipole interactions between water molecules
and the active sites on the clay. Thus, the high charged trim-
mers (MB*); of MB stabilized at lower temperature may be
responsible from the intensive interactions with the active sites
on the clay through ion-pairing mechanism. The increase of the
adsorption temperature could cause to the increasing of effec-
tiveness of the interactions between the hydrophobic parts of MB
and/or changing of swelling properties of clay. The isotherm for
60 °C may indicate that the monomeric form becomes domi-
nant with increasing of the adsorption temperature and so the
adsorption processes thorough ion pairing mechanism follow-
ing ion exchange mechanism. In addition, the rapidly increase
in the adsorption efficiency after the formation of plateau at
60 °C may be attributed to the agglomeration of MB at the rel-
atively higher concentrations. It has been suggested that MB
agglomeration and protonation were found to be sensitive to
many factors, such as the dye load rate, surface properties of the
clay, exchangeable cations, pH, and the age of MB-clay suspen-
sion. The greatest extent of agglomeration occurs at high dye
loadings, while monomers and protonated cations predominate
at low loadings [29,19].

In our previous work [45], in which the adsorption data was
checked to fitting many adsorption models for the same clay
and dye samples at 20, 40, and 60°C, a high fit at 20 and
40°C and a relatively low fit at 60 °C for Langmuir adsorp-
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Table 3
Materials used as adsorbents for methylene blue
Adsorbent Capacity (mg/g) Reference
Wood 84 [47]
Cotton waste 24 [47]
Bentonite 150 [47]
Chrome sludge 0.51 [48]
Activated olive stones with 40 wt.% ZnCl, 16.1 [49]
at 873K
Activated olive stones with 40 wt.% ZnCl, 22.1
at 873 K in a nitrogen atmosphere
Activated furniture (850 °C) 200.0 [50]
Activated sewage char (800 °C) 120.0
Activated tyres (850 °C) 130.0
Pyrolysed furniture 80.0
Fly ash 1.3 [51]
Zeolite 12.7
Amorphous silica 26.5
Banana peel 20.8 [52]
Orange peel 18.6
Pure kaolin 15.55 [13]
NaOH-treated pure kaolin 20.49
Calcined pure kaolin 8.88
Activated tyre char 227.0 [53]
Clay 58.2 Present work
Raw date pits 80.3 [55]
Activated date pits (500 °C) 12.9
Activated date pits (900 °C) 17.3

tion model was found but not for Freundlich adsorption model.
This also indicates that the adsorption of MB onto clay com-
plete with the saturation of surface. In contrast to the adsorption
isotherms for 20 and 40 °C are typically of Langmuir type, the S-
shaped isotherm for 60 °C implies to lateral interactions between
adsorbed species onto clay surface and/or changing agglomera-
tion characteristics [46].

The maximum adsorption capacities of methylene blue for
the adsorbent used in this study along with that of other adsor-
bents are presented in Table 3. Although the adsorption capacity
of clay for methylene blue was low; it was much higher than that
of other potential adsorbents such as cotton waste, orange and
banana peel, activated olive stones and kaolin (raw and treated).
According to the results obtained, clay could be employed as
low-cost adsorbents and could be considered as an alternative to
commercial activated carbons for the removal of color. Because
of the low adsorption capacity of the activated forms of clay they
were not used further.

3.2. Effect of initial dye concentration

Fig. 2 shows the effect of initial dye concentration on the
adsorption rate of the dye at natural pH 5.65 and 20°C. An
increase at initial dye concentration leads to an increase in the
adsorption capacity. As the initial dye concentration increases
from 10 to 100 mg/L, the adsorption capacity of dye onto clay
changes from 9.2 to 58.3 mg/g. This indicates that the initial dye
concentration plays an important role in the adsorption capacity
of dye. Dye molecules can migrate from the external surfaces
to the interlamellar region, resulting in the deaggregation of the
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Fig. 2. The variation of the amount of adsorbed with adsorption time at various
initial dye concentrations.

aggregates and restoring the monomers [28]. At high load rates
of MB, agglomerates are expected to be predominant, while
monomers and dimers are practically absent in MB-clay com-
plexes [29].

The initial process, when a dye is added to the clay suspen-
sion, is the adsorption of the dye molecules onto the external
surface of the particles. This increases significantly the local
concentration, giving rise to the formation of aggregates of the
dye.

The correlation coefficients, r%, the pseudo-first-order rate
parameters, k1, and sorption capacity, ge,1, for the pseudo-first-
order equation for the sorption of dye, are shown in Table 4.
The correlation coefficients for first-order model are rather low,
namely, between 0.235 and 0.990. Therefore, it can be inferred
that first-order model do not show good compliance with the
experimental data.

The correlation coefficients, r%, and the pseudo-second-order
rate parameters, ko, are shown for the pseudo-second-order equa-
tion for the sorption of dye and compared with r%, ri2 and k1, k;
values for the pseudo-first-order reaction mechanism and intra-
particle model in Table 4. The data shows a good compliance
with the pseudo-second-order equation and the regression coef-
ficients for the linear plots were higher than 0.869. It is clear
that the kinetics of dye sorption onto clay follows the pseudo-
second-order rate expression. The equilibrium sorption capacity,
ge2,increased from 9.63 to 65.5 mg/g when the initial concentra-
tion of dye increased from 10 to 100 mg/L (Table 4), indicating
that the dye removal is dependent on initial concentration. While
the initial concentration varies from 10 to 50 mg/L, the rate con-
stant, k», decrease from 33.2 x 1073 to 0.33 x 1073, In initial
concentration range 60-100 mg/L, rate constant increases from
0.56 x 1073 to 1.1 x 1073, The values of the initial sorption
rates, h, were shown in Table 4. While the initial concentration
varies from 10 to 50 mg/L, the initial sorption rate, &, decrease
from 3.08 to 1.50. While the Cy varies from 60 to 100 mg/L, the
initial sorption rate, A, increase from 2.27 to 4.98.
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Table 4

Parameters for effect of initial concentration for methylene blue

Intraparticle diffusion

Pseudo-second-order model

Pseudo-first-order model

Initial dye concentration,

Co (mg/L)

D (x107%cm?s™1)

t172 (from Eq. (9))

Intercepts, ¢

Rate constant, k;
(mg/g min'"?)

h (mg/g min)

ky (x1073

ki (x1073
min~ 1)

2
i

2
)

ge,2, pre.

2
1

e, 1, pre.

(from Eq. (9))

g/mg min)

(mg/g)

3.15
2.05
0.51
0.25
0.16
0.31
0.39
0.49
0.88

1.1

3.0

4.6
18.5

5.76
12.4

0.997

0.767
1.198
1.215
1.138
0.741

0.998

3.08
4.39
2.00
1.68
1.50
227
2.88
3.10
4.37
4.98

332

9.63
20.0

5.02
5.96
0.61
3.80
5.41
9.63
15.50
15.93
28.84
36.42

0.703

28.8

10
20
30
40
50
60
70
80
90
100

0.943

0.999

11.0

0.690
0.235

21.4

4.35
—3.24

—-10.3

0.913

0.986

1.80
0.67
0.33
0.56
0.60
0.65
1.0

1.1

333

19.1

37.1

0.854

0.942

50.0

0.640

20.4
19.5

60.0

0.830
0.880
0.979

0.869
0.940
0.977

67.1

0.870

30.2

—7.18
—6.05
—3.62

1.962
2.519

64.0

0.840
0.810

135

239

1

69.5

9.62
7.98
332
1.73

0.994

3.117
4.677

0.985

60.0

0.713

10.7

8.99
12.4

0.908

0.984

64.8

0.990
0.915

8.6

0.891

5.916

0.986

65.5
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The corresponding linear plots of the values of ge 2, k2 and h
against Cp were regressed to obtain expressions for these values
in terms of the initial dye concentration with high correlation
coefficients (Table 4). Therefore, it is further considered that
ge2, k2 and h can be expressed as a function of Cyp for dye as

follows:
C
k= i 5. 2 =0.925 (10)
5% 10°Co — 5 x 10
ge = 1.62Co — 9.6 x 1073C3, > =0.991 (11)
h=021Co—5.1x107Co+5x 107°C3, r*=0.910
(12)

Substituting the values of g.» and & from Table 4 into Eq. (7),
the relationship of ¢g;, Cp and ¢ can be represented as follows:

t
= 1 , (13)

0.21Co—5.1x1073Co+5x1073C2 + 1.62C0—9.6x103C2

Eq. (13) can be used to derive the amount of dye sorbed onto
clay at any given initial dye concentration and contact time, at
the pH of 5.65 and within amount of sorbent, 0.10 g.

As seen from Table 4, the equilibrium sorption capacities and
correlation coefficients for second-order model are much more
reasonable when compared with experimental results than that
of the first-order model. Since most of the first-order g. | values
deviate significantly from the experimental values, it suggests
that the sorption of dye onto clay follows the pseudo-second-
order model. Further, there was very minor deviation between
expected and observed g (amount of dye adsorbed at equi-
librium, mg/g) values. It can be said that more than one-step
may be involved in sorption process. In addition, for first-order
model the intercept of the straight line plots of log(ge,1 — q:)
against f should be equal to log g.. If this not the case, it suggests
that the sorption would not be a first-order reaction even if the
linearized plots have higher correlation coefficients than other
two mechanisms. From Table 4, this suggests that dye adsorp-
tion does not follow a first-order kinetic mechanism. Because
second-order model assumes the rate-limiting step may be the
sorption in agreement with chemical sorption being the rate-
controlling step, which may involve valence forces through
sharing or exchange of electrons between dye and adsorbent.
Bujdak and Komadel [29] reports that the cations are adsorbed
via ion exchange, frequently accompanied by agglomeration,
where micelles consisting of three or more cations at the clay
surface orient via m—r interaction on both sides of the molecular
plane with two neighboring cations. Also, this situation shows in
aqueous medium, the role of the exchangeable alkali and other
metal cations on the surface and in the interlayer region of the
clay.

3.2.1. Intraparticle diffusion model

The sorption kinetic data were further processed to determine
whether intraparticle diffusion is rate limiting and to find rate
parameter for intraparticle diffusion (k;). The correlation coef-
ficients of the intraparticle diffusion model are given in Table 4
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Fig. 3. Effect of temperature on the adsorption of methylene blue onto clay.

for the different initial concentrations and although all high
(>0.830), they are significantly lower than that of the second-
order kinetic model. This suggests that the pseudo-second-order
adsorption mechanism is predominant and that the overall rate
of the dye adsorption process appears to be controlled by the
more than one-step [34,35].

3.3. Effect of temperature

Fig. 3 shows the effect of temperature on adsorption of
dye onto clay at pH 5.65 at dye concentration 100 mg/L. The
increase in temperature (from 20 to 40 °C) leads to a decrease
in dye uptake, but when the temperature varies from 40 to
60 °C, the uptake increases. After the equilibrium, the decrease
in dye uptake in the temperature interval, 20—-40 °C, indicates
the exothermic nature of adsorption (see Table 6 for isosteric
adsorption enthalpy value) [54]. However, a slight increase in
dye uptake in temperature interval, 40-60 °C, shows endother-
mic adsorption process.

Table 5 lists the results of rate constant studies for differ-
ent temperatures calculated by the three models. From Table 5
depicts that the pseudo-second-order adsorption model for the
adsorption of dye onto clay and the correlation coefficients (12)
indicate that the dye sorption onto clay does not follow pseudo-
first-order kinetic model for 20 °C. The correlation coefficients
() for the pseudo-second-order adsorption model (see Table 5)
have the highest values (>0.989), suggesting the dye adsorption
process is predominant by the pseudo-second-order adsorption
mechanism. For the pseudo-second-order model, the rate con-
stant increases significantly with increasing of temperature from
20to 60 °C. The initial adsorption rate firstly decreases from 4.52
to 3.88 mg/g min with increasing temperature and then increases
from 3.88 to 5.10 mg/gmin. In Table 5, the rate constant at
20, 40 and 60 °C are 0.00103, 0.00202 and 0.00263 g/mg min,
respectively. While temperature increases from 20 to 40 °C, the
increase in rate constant is nearly twice time of the increase
in temperature interval 40-60 °C. The change of the adsorp-
tion capacity is not influenced with increasing temperature. The
change in adsorption capacity with increasing temperature can

Table 5

Parameters for effect of temperature for methylene blue

Intraparticle diffusion

Pseudo-second-order model

Pseudo-first-order model

Temperature (°C)

112 (from Eq. (10))

Intercepts, ¢

Rate constant, k;
(mg/g min'"?)

2
)

h (mg/g min)

k> (g/mg min)

qe,2, pre. (mg/g)

ki (min~1)

qe.l,pre.

(from Eq. (9))

9.7
4.6

9.50
14.3

0.944

6.10
2.80
2.74
0.05
0.62
0.34

0.999
0.999

0.989

4.52
3.88
5.10

0.00103

66.23

0.0469
0.0555
0.0474

0.793

275
3

20
40
60
20
40
60

0.997

0.00202

44.02

0.990

8.9

3.8

18.0

0.987

0.00263

44.05

0.993

339

57.6

0.922

31.2

0.922

37.0

0.922
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Table 6
Activation energy and isosteric adsorption enthalpy values for adsorption of dye
onto clay

Temperature interval (°C) Activation energy, (AHygs)y (kJ/mol)

E, (kJ/mol)
20-40 25.6 —~7.99
40-60 114

be attributed to the exothermic nature of process. The adsorption
capacity decreases with increasing temperature indicates that the
adsorption process occurs through physical interactions.

As seen from Table 5, the equilibrium sorption capacities and
correlation coefficients for second-order model are much more
reasonable when compared with experimental results than that
of the first-order system. Since the first-order g ; values devi-
ate significantly from the experimental values, it suggests that
the sorption of dye onto clay follows the pseudo-second-order
model. It can be said that more than one-step may be involved
in sorption process. In addition, this suggests that the adsorption
of dye does not follow a first-order kinetic mechanism.

Changing temperature from 20 to 40 °C, an increase in the
amount adsorbed suggests that sorption process has an endother-
mic character. While temperature varies from 40 to 60 °C, the
uptake decreases indicating that an exothermic process controls
the adsorption of dye. E, values for the two distinct temperature
interval are given in Table 6. Although, the values of activation
energy implies to a chemical sorption process, it can be said that
the predominant adsorption mechanism is physical, considering
the value for the isosteric sorption enthalpy (—7.99 kJ/mol).

3.3.1. Intraparticle diffusion model

For the sorption of dye, the correlation coefficients of the
intraparticle diffusion model are given in Table 5 for the dif-
ferent temperatures. Although all high (>0.922), they are lower
than that of for the second-order kinetic model. These suggest
that the pseudo-second-order adsorption mechanism is predom-
inant and that the overall rate of the dye adsorption process
appears to be controlled by the chemical reaction [34,35]. How-
ever, the correlation coefficients for both intraparticle diffusion
and second-order kinetic models above 40 °C are high and close
to each other. Atespecially 60 °C the effectiveness of the adsorp-
tion is extremely low, although the efficiency of adsorption at
higher concentrations is higher. Therefore, it can also be said that
the overall rate of the dye adsorption process is controlled by
both diffusion of dye cations to interlayer spaces and the extent
of interactions between dye cations and active sites on the clay.

3.4. Effect of sorbent dosage

The effect of sorbent dosage on the adsorption rate of the
dye at natural pH 5.65 and 20 °C was investigated. The results
were shown in Fig. 4. An increase in sorbent dosage leads to
an increase in the adsorption capacity. While sorbent dosage
increases from 0.10 to 0.30 g at adsorption time of 120 min,
the adsorption capacity of dye onto clay changes from 57.1 to
66.1 mg/g. Increasing the adsorbent dosage at a fixed MB con-
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Fig. 4. Effect of sorbent dosage on the adsorption of methylene blue onto clay.

centration provided more available adsorption sites for MB and
thus increased the extent of MB removal [55]. The fit to the var-
ious kinetics models of data and the parameters calculated by
model are given in Table 7.

The correlation coefficients, r12, the first-order rate param-
eters, ki, and sorption capacity, ge 1 for the pseudo-first-order
equation for the sorption of dye are shown in Table 7. The corre-
lation coefficients for first-order model are low, namely, between
0.939 and 0.977. Therefore, it can be inferred that first-order
model do not show good compliance with experimental data.
The correlation coefficients, 72, the pseudo-second-order rate
constant, k, and equilibrium sorption capacity, ge, were calcu-
lated and presented in Table 7. It is evident that the kinetic of dye
sorption on the clay follows a pseudo-second-order rate expres-
sion, because correlation coefficient for second-order model is
higher than first-order model. With increasing sorbent dosage,
both initial rate, 4, and rate constant, k, increases. This imply
that the number of active sites increase as parallel to increasing
sorbent dosage. For the sorption of dye, the correlation coeffi-
cients of the intraparticle diffusion model are given in Table 7
for the different sorbent amount and although all high (>0.906),
they are lower than those of for the second-order kinetic model.

The corresponding linear plots of the values of ge», k2 and
h against clay dose, ms, were regressed to obtain expressions
for these values in terms of mg with high correlation coeffi-
cients. Therefore, it is further considered that ge>, k> and & can
be expressed as a function of mg for dye as follows:

k=257x1073+6.55x 102 logm,, 2 =0.999 (14

h=132+3.8logm,, r>=0.999 15)

ge = 75.40m)° %1 2 =0.995 (16)
1

4= : (17

+ t
13.2+3.8 logm; 75.4(mg)0-00T



Table 7

Parameters for effect of sorbent dosage for methylene blue

Intraparticle diffusion

Pseudo-second-order model

Pseudo-first-order model

Sorbent dosage (g)

t172 (from Eq. (10))

; Intercepts, ¢

r2

Rate constant, ;
(mg/g min'/?)

2
)

h (mg/g min)

k2 (g/mg min)

qe2, pre. (mg/g)

ki (min~!)

qe,1,pre.

(from Eq (9))

A. Giirses et al. / Journal of Hazardous Materials B131 (2006) 217-228 225

11.6

24.74

0.906

3.21
2.72
2.49

0.994
0.998

4.52
7.09
8.70

0.00106

65.4

0.0230
0.0221
0.0187

0.10 10427 0.977

0.20
0.30

8.50
7.26

35.02
39.75

0.921

0.00151

68.5

0.939

104.I3

0.924

0.999

0.00178
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Fig. 5. Effect of initial suspension pH on the adsorption of methylene blue onto
clay.

3.5. Effect of initial pH

The variation of adsorption of MB onto clay with adsorption
time was investigated as a function of initial suspension pH.
The data graphed in Fig. 5 did not reveal a good compliance
with any kinetics models studied for the other parameters. The
variations of both the zeta potentials of particles and the amount
adsorbed of the MB onto clay with initial pH were investigated
in the range of pH 1-11 and the results are given in Fig. 6. The
variation of both the zeta potentials of particles and electrical
conductivity values with initial pH were also presented in Fig. 7.
The adsorption of dye from aqueous solution onto surface of
clay is highly dependent on pH of the solution that affects the
both surface properties and topography of the sorbent and dye
structure. The methylene blue adsorption showed a minimum at
pH 3 and 7 while the maximum adsorption values of methylene
blue were obtained at pH 1 and 5.6 (in Fig. 6). Although the high
uptake of MB at natural pH (5.6) is difficult to explain, it can
be said that the adsorptive characteristics of the clay below and
above the natural pH was changed, depending on the changing of

80 i 4 160

Q (mg/g)
&(mV)

-1060
pH

Fig. 6. The variation of both the amount adsorbed and zeta potential with sus-
pension pH. Adsorption temperature: 293 K, adsorption time: 60 min, stirring
speed: 90 rpm and Cjy:100 mg/L.
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Fig. 7. The variation of both the zeta potential and conductivity with suspension
pH. Adsorption temperature: 293 K, adsorption time: 60 min, stirring speed:
90 min~! and Cip: 100 mg/L.

both the swelling properties and surface chemistry of clay. The
increasing adsorption under acidic conditions may be related to
preference of the dye cations for active sites and/or the increasing
of accessibility to interlayer regions of protonated (MBH?*) and
monomeric species because of removal of some oxides in the
clay surface.

From Figs. 6 and 7, it can be seen that the adsorption capac-
ity is the highest at pH 1 where the negative surface charge of
particles is —123mV and also a high conductivity value was
determined. This suggests that a highly negatively charged sur-
face after removing of some oxides from the clay appears and this
leads to an effective adsorption of protonated and monomeric
species of MB. In contrast to the decrease of removal tendency
of oxides with increasing of pH, the exchangeable alkali and
other metal cations on the surface and in the interlayer region of
the clay undergo hydration creating a hydrophilic environment
[56]. This may also cause to the decreasing of uptake of MB
providing that the surface charge of clay goes towards zero.

3.6. Effect of mixing rate

The effect of mixing rate on sorption was investigated con-
ducting experiments at 293 K in mixing rates of 90-200 rpm at
various sorption times. The results were given in Fig. 8. As can
be seen Fig. 8, the values depict that the adsorption capacity
firstly decreases and then increases with increasing mixing rate.
It is clear that while increasing mixing rate from 90 to 120 rpm
sorption capacity sharply varied from 58 to nearly 40 mg/g. The
change may be attributed to an increase desorption tendency of
dye molecules and/or having similar speed of clay particles and
adsorbate ions (i.e. the formation of a more stable film around
the clay particles). Thus, it can be said that the rising of mixing
speed to 200 rpm may cause deformation of the stable film and
so disappearance of film diffusion control resulted from the clay
particles and adsorbate ions that moves at the same speed.

The data did not reveal a good compliance with pseudo-first-
order kinetics model studied. The correlation coefficients (%) for
the pseudo-second-order adsorption model (see Table 8) has the
highest values (>0.995), suggesting the dye adsorption process
is predominant by the pseudo-second-order adsorption mech-
anism. For the pseudo-second-order model, the rate constant

Table 8

Parameters for effect of mixing rate for methylene blue

Intraparticle diffusion

Pseudo-second-order model

Pseudo-first-order model

Mixing rate (rpm)

t12 (from Eq. (10))

Intercepts, ¢

2
1

Rate constant, k;
(mg/g min'/?)

k» (g/mg min) h (mg/g min) r%

qe,2, pre. (mg/g)

ki (min~")

2
T

qe,1, pre.

(from Eq. (9))

10.5

13.8

0.894
0.998

5.45
4.17
3.53
0.07

0.995

4.93
2.79
6.85

0.00115

65.4

0.0476
0.0311

0.804
0.960

34.7
5

90
120
200

12.0

2.47
18.7

0.996
0.999

0.00177

39.7

3.7

6.6

0.983

0.00280

49.5

0.903 0.0310

41.7

57.2

0.994

90
120
200

334

0.917

0.217

45.6

0.973

0.125
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Fig. 8. Effect of mixing rate on the adsorption of methylene blue onto clay.

increases significantly with increasing of mixing rate from 90 to
200 rpm. The initial adsorption rate firstly decrease from 4.93
to 2.79 mg/g min with increasing mixing rate and then increase
from 2.79 to 6.85 mg/g min. In Table 8, the rate constants at 90,
120, and 200 rpm are 0.00115, 0.00177, and 0.00280 g/mg min,
respectively. While mixing rate increases from 120 to 200 rpm,
the increase in rate constant is nearly twice time of the increase
in mixing rate interval 90-120 rpm. The correlation coefficients
of the intraparticle diffusion model are given in Table 8 for the
different mixing rate. The data are lower than those of for the
pseudo-second-order kinetic model.

As seen from Table 8, the equilibrium sorption capacities
and correlation coefficients for second-order model are much
more reasonable when compared with experimental results than
that of the first-order system and intraparticle diffusion kinetics.
Since the first-order ge,; values deviate significantly from the
experimental values, it suggests that the sorption of dye onto
clay follows the pseudo-second-order model. It can be said that
more than one-step may be involved in sorption process. This
suggests that the adsorption of dye does not follow a first-order
kinetic mechanism and intraparticle diffusion kinetic model.

4. Conclusions

Clay mineral crystals carry a charge arising from isomor-
phous substitutions of certain atoms in their structure for other
atoms of a different valence. In the tetrahedral sheet, Si(IV) may
be replaced by trivalent cations, or divalent cations may replace
AI(III) in the octahedral sheet. When this is the case, charge defi-
ciency results and negative potential at the surface of the clay is
created. The negative potential is compensated by the adsorption
of cations on the surface. The total number of cations adsorbed
on the clay is called the cation exchange capacity CEC [18].

In this study, it was found that the sorption tends to attain the
equilibrium in nearly 60 min. The maximum removal capacity
for initial dye concentration, 100 mg/L, was 58.2 mg/g. Also, a
comparison of the kinetic models on the overall adsorption rate
showed that dye/clay system was best described by the pseudo-

second-order rate model and sorption can not been described
with first-order model or intraparticle model. g 2, k> and & can be
expressed as a function of mg and Cyp for dye. MB was adsorbed
by clay in greater amounts than their CEC values. The sorption
maxima of organic cations exceed the CEC of clay minerals,
showing that besides the contribution of CEC, sorption takes
place on neutral sites and neutral complexes that are formed
through sorption of an organic cation on a negative site. Mar-
gulies et al. [20] showed that the clay particles moved to the
negative electrode if adsorption of the organic cations was in
excess of the CEC. Some researchers have discussed the sorp-
tion of organic cations on a negatively charged site that is already
neutralized. Organic cation sorption on neutral sites and neutral
complexes results in a charge reversal of the surfaces, which in
turn alters the sorption characteristics, and colloid behavior of
the clays [20,22].
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