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Abstract

The adsorption of Acid Blue 193 (AB193) onto dodecylethyldimethylammonium (DEDMA)-sepiolite was investigated in aqueous solution in a
batch system with respect to contact time, pH and temperature. The surface modification of DEDMA-sepiolite was examined by the FT-IR technique.
The pseudo-first-order, pseudo-second-order kinetic models and the intraparticle diffusion model were used to describe the kinetic data and the rate
constants were evaluated. The experimental data fitted very well with the pseudo-second-order kinetic model and also followed the simple external
diffusion model up to initial 10 min and then by intraparticle diffusion model up to 75 min, whereas diffusion is not only the rate-controlling step.
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he adsorption capacities of natural sepiolite and DEDMA-sepiolite at pH 1.5 and 20◦C were (1.19 and 2.57)× 10−4 mol g−1, respectively. Th
bove results indicate that DEDMA-sepiolite has around two times higher adsorption capacity than natural sepiolite. The Langmuir and
dsorption models were applied to describe the equilibrium isotherms and the isotherm constants were also determined. The Freun
grees with experimental data well. The activation energy, change of Gibbs free energy, enthalpy and entropy of adsorption were als

or the adsorption of AB193 onto DEDMA-sepiolite.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The world-wide high level of production and use of dyes
enerates a large amount of colored wastewater, which gives
ause for environmental concern[1]. Since a very small amount
f dye in water is highly visible and may be toxic to aquatic
reatures. Some toxic dyes for instance, benzidine or arlyamine
ased dyes are well known for their carcinogenity. Hence, the
emoval of color synthetic organic dyestuff from waste efflu-
nts becomes environmentally important. It is rather difficult

o treat this kind of pollutants due to their synthetic origins
nd their mainly aromatic structure, which are biologically non-
egradable. Among several chemical and physical methods such
s coagulation, ultrafiltration, ozonation, oxidation, sedimenta-

ion, reverse osmosis, flotation, precipitation, adsorption pro-
ess, adsorption is one of the effective techniques that have been
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successfully applied for color removal from wastewater du
its low maintenance costs, high efficiency and ease of oper
[2–5].

Activated carbon is the most popular adsorbent for the ad
tion process since it has a high surface area and thus it
high adsorption capacity but due to difficulty and expen
of regeneration and the need of an alternative low-cost e
available adsorbent has encouraged the search for new
bent [6]. In this manner, natural clays for dye removal fr
wastewater such as sepiolite[7–10], kaolinite [11], montmo-
rillonite [12], smectite[13] and bentonite[14,15] are being
considered as alternative low-cost adsorbents. Such natura
can be modified in a manner that significantly improves
capability to remove hydrophobic contaminants from solu
Hence, these adsorbents in this situation become organo
since the organic functional groups of the quaternary am
nium cations are not strongly hydrated by water. These k
of adsorbents are termed organoclays since the exchan
inorganic cations (e.g. H+, Na+, Ca2+) are replaced by organ
cations such as quaternary ammonium compounds by
exchange reaction[16,17]. Hence, organoclays are power
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.08.037
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adsorbents for a wide variety of environmental applications
[18].

Most literature on dye removal is related to cationic dyes.
To our knowledge, only little information exists on the use
of organoclays, as an adsorbent especially sepiolite for dye
removal and the data available about the removal of acid dyes
onto sepiolite also needs to research[10] and the adsorption of
Acid Blue 193 (AB193) onto dodecylethyldimethyl ammonium
(DEDMA)-sepiolite has not been found in the literature.

Sepiolite is a fibrous hydrated magnesium silicate and a nat-
ural clay mineral with a unit cell formula (Si12)(Mg8)(O30)
(OH)4(OH)2·8H2O and a general structure formed by an alter-
nation of blocks and tunnels that grow up in the fibre direction.
Each block consists of two tetrahedral silica sheets enclos-
ing a central magnesia sheet but the silica sheets are dis-
continued and inversion of the silica sheets that give rise
to structural tunnels. These characteristics of sepiolite make
it a powerful adsorbent for organic dye molecules. In addi-
tion, some isomorphic substitutions in the tetrahedral sheets
of the lattice of sepiolite, such as Al3+ instead of Si4+

form negatively adsorption sites. Such sites are occupied by
exchangeable cations that compensate for the electrical charge
[8,19].

The characteristics of the adsorption behavior are gener-
ally inferred in terms of both adsorption kinetics and equilib-
rium isotherms. The adsorption isotherms are also an important
t oreti-
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Fig. 1. Chemical structure of AB193.

2.2. Material characterization

The chemical analysis of sepiolite was determined by using
an energy dispersive X-ray spectrometer (EDX-LINK ISIS 300)
attached to a scanning electron microscope (SEM-Cam Scan
S4). The crystalline phases present in the sepiolite were deter-
mined by using X-ray diffractometer (XRD-Rigaku Rint 2000)
with Cu K� radiation.

FT-IR spectra for sepiolite and DEDMA-sepiolite were
recorded (KBr) on a Jasco FT-IR-300E Model Fourier transform
infrared spectrometer to confirm the surface modification.

2.3. Preparation of DEDMA-sepiolite

The Na+-exchanged form of clay was prepared by stirring
samples for 24 h with 1 M NaCl. This was followed by several
washings with deionized water and filtered to remove the excess
NaCl and other exchangeable cations from the clay. The clay
was then resuspended and filtered until a negative chloride test
was obtained with 0.1 M AgNO3.

A 20 g of the Na-saturated clay was dispensed in 0.5 dm3

of distilled water. Dodecylethyldimethylammonium (DEDMA)
bromide was used as a surfactant. DEDMA-sepiolite was pre-
pared by adding quantities of the respective bromide salts equal
to twice the cation exchange capacity of the sepiolite and stir-
r ater
u ained
w
s for
t

2

f a
3 nd
D en 1
a lu-
t ions
w 0 ml
e . The
o ut all
a time
i
w um
ool to understand the adsorption mechanism for the the
al evaluation and interpretation of thermodynamic param
20,21].

In this study, the removal of Acid Blue 193 (AB193) fro
queous solutions using the low-cost material sepiolite a
dsorbent by batch adsorption techniques has been in
ated. The common Langmuir and Freundlich equations
sed to fit the equilibrium isotherm. The dynamic beha
f the adsorption was examined on the effect of initial
oncentration, temperature and pH. The adsorption rates
etermined quantitatively and stimulated by the pseudo-
rder, pseudo-second-order and intraparticle diffusion ki
odels and were also tested for validity. The thermodyn
arameters also deduced from the adsorption measureme

he present study are very useful in elucidating the natu
dsorption.

. Materials and methods

.1. Materials

A commercial textile dye AB193 (Isolan Dark Blue 2-SG
I 15707) was obtained from Dystar, Turkey and used wit

urther purification. The chemical structure of AB193 is ill
rated inFig. 1. Sepiolite was provided from Eskisehir, Turk
t was crushed, ground, sieved through a 63�m sieve, and drie
t 110◦C in an oven for 2 h prior to use. The cation excha
apacity (CEC) and surface area determined by the m
ene blue method[22] were 299.4 mmol kg−1 and 234.3 m2 g−1,
espectively.
in
f

-

ing for 24 h. The clay was then washed with deionized w
ntil free of salts and a negative bromide test had been obt
ith 0.1 M AgNO3 and it was grounded, sieved through a 63�m
ieve, and dried at 110◦C in an oven for 2 h and was used
he adsorption studies[23].

.4. Adsorption experiments

The pH experiments were carried out by 50 ml o
.5× 10−4 M dye solution with 0.05 g of natural sepiolite a
EDMA-sepiolite and the pH was carefully adjusted betwe
nd 9 with adding a small amount of dilute HCl or NaOH so

ion using a pH meter (Fisher Accumet AB15). The dye solut
ere stirred using a mechanical magnetic stirrer in a 10
rlenmeyer sealed flash with parafilm to avoid evaporation
ptimum pH was then determined as 1.5 and used througho
dsorption experiments, which were conducted at various

ntervals and temperatures (20, 30, 40 and 50◦C) to determine
hen adsorption equilibrium was reached and the maxim
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removal of dye was attained. The solutions were filtered and
were then subjected to quantitative analyses. The equilibrium
concentrations of each solution were measured by spectropho-
tometer (Shimadzu UV-2101PC) at theλmaxvalue of 609 nm for
AB193. The amount of the dye adsorbed onto DEDMA-sepiolite
surface was determined by the difference between the initial and
remaining concentration of dye solution.

The calculated adsorbed dye in equilibrium from the pseudo-
first-order, pseudo-second-order kinetic models and intraparticle
diffusion model used to evaluate the adsorption isotherms for
the adsorption of AB193 onto DEDMA-sepiolite at constant
temperatures of 20, 30, 40 and 50◦C.

3. Results and discussion

3.1. Chemical composition of sepiolite

The chemical composition of sepiolite obtained by using
EDX analysis, given inTable 1, indicates the presence of silica
and magnesia as major constituents along with traces of alu-
mina, potassium, sodium, iron and titanium oxides in the form
of impurities. XRD results combined with EDX analysis show
that most of the magnesium is in the form of sepiolite and cal-
cium and some of magnesium are in the form of dolomite. XRD
also indicated the presence of free quartz in sepiolite. It is, thus,
e ly by
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Fig. 2. FT-IR spectra of (a) natural sepiolite and (b) DEDMA-sepiolite.

A pair of strong bands at 2856 and 2929 cm−1 was observed
only DEDMA-sepiolite can be assigned to the symmetric and
asymmetric stretching vibrations of the methylene group (νCH2)
and their bending vibrations are between 1380 and 1465 cm−1,
supporting the intercalation of surfactant (DEDMA) molecules
between the silica layers, but these stretching bands are not
observed in the natural sepiolite. The band at 1664 cm−1 cor-
responds to the OH deformation of water, because the OH
stretching band at 3411 cm−1 suggests the presence of some
interlamellar water.

The Si O coordination bands at 1211, 1033 and 881 cm−1

are observed as a result of the SiO vibrations. The deep band
at 1022 cm−1 represents the stretching of SiO in the Si O Si
groups of the tetrahedral sheet[24] and two peaks at 690 and
648 cm−1 represent the bending vibration of Mg3OH both of
samples. The bands at 530 and 471 cm−1 are due to SiO Al
(octahedral) and SiO Si bending vibrations, respectively, for
natural sepiolite and DEDMA-sepiolite.

3.3. Effect of pH

Fig. 3 indicates the effect of pH on the removal of dye
(AB193) onto natural sepiolite and DEDMA-sepiolite from

F and
D

xpected that the adsorbate species will be removed main
iO2 and MgO. The mineralogical composition of sepiolite w
educed by XRD, was 85% sepiolite, 5–10% smectite + i
–3% others and 1% dolomite. Therefore, the major min
onstituent was found to be as sepiolite.

.2. FT-IR analysis

FT-IR spectra of natural sepiolite and DEDMA-sepio
ere shown inFig. 2. The band at 3687 cm−1 that correspond

o stretching (νOH) vibrations of hydroxyl groups (belong
g3OH) attached to octahedral Mg ions located in the inte
locks of natural sepiolite and DEDMA-sepiolite. The ban
622 cm−1 indicates that assigned to HO H stretching vibra

ions of water molecules weakly hydrogen bonded to the SO
urface in both of samples. The broad band at 3411 c−1,
bserved each samples, is due to HO H vibrations of adsorbe
ater.

able 1
he chemical composition of sepiolite

onstituents wt.%

iO2 51.17
gO 25.50
aO 7.52
l2O3 1.04

2O 0.80
a2O 0.54
e2O3 0.40
iO2 0.05

oss on ignition 12.98
 ig. 3. Effect of pH for the adsorption of AB193 onto natural sepiolite
EDMA-sepiolite.
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aqueous solution. It was observed that the adsorption is highly
dependent on pH of the solution, which affects the surface charge
of the adsorbent and the degree of ionization of adsorbate. At
lower pH more protons will be available, thereby increasing
electrostatic attractions between negatively charged dye anions
and positively charged adsorption sites and causing an increase
in dye adsorption. The high adsorption capacity is due to the
strong electrostatic interaction between the –N+(C2H5)(CH3)2
of DEDMA-sepiolite and dye anions. As can be seen fromFig. 3,
the maximum AB193 removal was observed at acidic pH 1.5.
When the pH of the solution is increased, the positive charge
on the oxide or solution interface decreases and the adsorbent
surface appears negatively charged. On the contrary, a lower
adsorption at higher pH values may be due to the abundance of
OH− ions and because of ionic repulsion between the negatively
charged surface and the anionic dye molecules. There are also
no exchangeable anions on the outer surface of the adsorbent
at higher pH values and consequently the adsorption decreases
[25].

Fig. 3 also indicates that DEDMA-sepiolite is a more
effective adsorbent than natural sepiolite for adsorbing
AB193. The adsorption capacity of DEDMA-sepiolite
(2.57× 10−4 mol g−1) was found to be around two times higher
than that of natural sepiolite (1.19×10−4 mol g−1) at pH 1.5
and 20◦C.
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Fig. 5. Effect of temperature for the adsorption of AB193 onto DEDMA-
sepiolite at the concentration of 3.5× 10−4 M.

at the range of dye concentration 2.5–5.0× 10−4 M. As can be
easily seen fromFig. 4, when the equilibrium time was increased,
the amount of adsorption was not increased. The rate of removal
of AB193 onto DEDMA-sepiolite by adsorption was rapidly
reached to equilibrium beyond which there was not significant
increase in the rate of removal. Maximum adsorption of AB193
onto DEDMA-sepiolite was observed at 60 min, it can be said
that beyond which there is almost no further increase in the
adsorption and it is thus fixed as the equilibrium contact time.

The equilibrium adsorption capacity of AB193 onto
DEDMA-sepiolite was also affected by temperature and
decreased from (2.56 to 1.93)× 10−4 mol g−1 at a concentra-
tion of 3.5× 10−4 M with increasing temperature from 20 to
50◦C (Fig. 5) (Table 2) which indicates that the adsorption of
AB193 onto surfactant-modified adsorbent surface was favored
at lower temperatures and it is controlled by an exothermic pro-
cess. This is partly due to a weakening of the attractive forces
[26,27] between AB193 and DEDMA-sepiolite. Based on the
above results, it implies that physical adsorption mechanism
may play a vital role in this system. Before and after equi-
librium time, the adsorption capacity shows different trends at
various temperatures. Below the equilibrium time, an increase
in the temperature leads to an increase in dye adsorption rate,
which shows a kinetically controlling process. After the equilib-
rium attained, the uptake decreases with increasing temperature
i lite
f ess.

3

cter-
i ious
k -order
a eri-
m hem
p

.4. Effect of initial dye concentration, contact time and
emperature

The influence of the initial concentration of AB193 in
olutions on the rate of adsorption onto DEDMA-sepiolite

nvestigated at various concentrations at the pH value of
s shown inFig. 4, when the initial dye concentration w

ncreased from (2.5 to 5.0)× 10−4 M, the adsorption capaci
f dye increased from (1.99 to 3.34)× 10−4 mol g−1. This indi-
ates that the initial dye concentration plays an important
n the adsorption capacities of AB193 onto DEDMA-sepiol

The effect of contact time on the amount of AB193, adso
nto DEDMA-sepiolite at 20◦C (Fig. 4) was also investigate

ig. 4. Effect of initial dye concentration and contact time for the adsorpti
B193 onto DEDMA-sepiolite at 20◦C.
ndicating that the adsorption of AB193 onto DEDMA-sepio
rom aqueous solution is controlled by an exothermic proc

.5. Kinetics of adsorption

Kinetics of adsorption is one of the most important chara
stics to be responsible for the efficiency of adsorption. Var
inetic models such as pseudo-first-order, pseudo-second
nd intraparticle diffusion have been applied for the exp
ental data to predict to the adsorption kinetics. Among t
seudo-first-order rate equation is[28,29]:

1

qt

= 1

q1
+ k1

q1

(
1

t

)
(1)
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whereq1 andqt are the amounts of the dye adsorbed at equilib-
rium and at timet, in mol g−1, andk1 is the pseudo-first-order rate
constant (s−1), was applied to the present study of dye adsorp-
tion. Values ofk1 calculated from the slope of the plots of 1/qt

versus 1/t are shown inTable 2. It was found that the correla-
tion coefficients for the pseudo-first-order model are lower than
that of the pseudo-second-order model. This indicates that the
adsorption of AB193 onto DEDMA-sepiolite does not follow
the pseudo-first-order kinetics.

The pseudo-second-order kinetic model[30] is expressed as

t

qt

= 1

k2q
2
2

+ 1

q2
t (2)

whereq2 is the maximum adsorption capacity (mol g−1) for
the pseudo-second-order adsorption,qt the amount of the dye
adsorbed at timet (mol g−1), k2 the equilibrium rate constant of
pseudo-second-order adsorption (dm3 mol−1 s−1). Values ofk2
andq2 were calculated from the plot oft/qt againstt (Fig. 6). The
calculatedq2 values agree with experimentalq2 values, and also,
the correlation coefficients for the pseudo-second-order kinetic
plots at all the studied concentrations were above 0.992 (Table 2).
These results imply that the adsorption system studied obeys
to the pseudo-second-order-kinetic model. Thek1, k2, q1, q2,
and correlation coefficients,r2

1 andr2
2 of AB193 under different

conditions were calculated from relevant plots and are given
i d in
t
s

ent
m ha-
n pid
e ace
a stage
d ilib-
r ue to
t ilable
a

n is
c l-

F onto
D

n Table 2. A similar phenomenon, we have been observe
he adsorption of acid dyes by acid-activated bentonite[15] and
epiolite[10].

Adsorption kinetics are generally controlled by differ
echanism, of which the most limiting are the diffusion mec
isms, including the initial curved portion, attributed to ra
xternal diffusion or boundary layer diffusion and surf
dsorption, and the linear portion, a gradual adsorption
ue to intraparticle diffusion, followed by a plateau to equ
ium where the intraparticle diffusion starts to decrease d
he low concentration in solution phase as well as fewer ava
dsorption sites[31].

In general, external mass transfer or external diffusio
haracterized by the initial solute uptake[32,33]and can be ca

ig. 6. Pseudo-second-order kinetic plots for the adsorption of AB193
EDMA-sepiolite at 20◦C.
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culated from the slope of plot ofC/C0 versus time. The slope of
these plots can be calculated either by assuming polynomial rela-
tion betweenC/C0 and time or it can be calculated based on the
assumption that relationship was linear for the first initial rapid
phase[34]. In the present study the second technique was used
by assuming that the external mass transfer occurs in the first
10 min. Thus, the initial adsorption rates (mass transfer coeffi-
cient) were quantified as (C10 min/C0)/10. The calculated average
external mass transfer coefficient value for the adsorption of
AB193 onto DEDMA-sepiolite was found to be 5.07× 10−4 s−1

at a concentration range of 2.5–5.0× 10−4 M at 20◦C.
The intraparticle diffusion equation[35] can be written by

following:

qt = kpt
1/2 + C (3)

whereC is the intercept, andkp is the intraparticle diffusion rate
constant (mol g−1 s−1/2).

The pseudo-first-order and pseudo-second-order kinetic
models cannot identify the diffusion mechanism and the kinetic
results were then analyzed by using the intraparticle diffusion
model. According to this model, the plot of uptake,qt, versus
the square root of time (t1/2) (Fig. 7) should be linear if intra-
particle diffusion is involved in the adsorption process and if
these lines pass through the origin then intraparticle diffusion
is the rate controlling step[36–38]. When the plots do not pass
t dary
l dif-
f etic
m ay
b rom
t ete
k -
l re
b ion o
A ra-
p ept
g large
t

F A-
s

As discussed above, the validity of these kinetic models can
be quantitatively checked by using a normalized standard devi-
ation�q (%) is calculated as following equation[39]:

�q(%) =
√∑

[(qexp − qcal)/qexp]2

n − 1
× 100 (4)

wheren is the number of data points.Table 2lists the calculated
results. In the range of studied, the values of�q for the best-
fit model are less than 2.31%. It is concluded the adsorption of
AB193 can be best described by the pseudo-second-order kinetic
model.

The pseudo-second-order rate constants for AB193 onto
DEDMA-sepiolite indicate a steady increase with tempera-
ture. The values of rate constants were found to increase
from 132.04 to 213.26 dm3 mol−1 s−1 at a concentration of
3.5× 10−4 mol dm−3 for DEDMA-sepiolite with an increase
in the solution temperatures from 20 to 50◦C. It is confirmed
that adsorption of AB193 onto DEDMA-sepiolite indicates a
physisorption process. In conventional physisorption systems,
increasing temperature generally increases the rate of approach
to equilibrium, but decreases the equilibrium adsorption capac-
ity [40].

3.6. Adsorption isotherms

ost
i sorp-
t d two
i mely
t

ption
t rbent
a esses
o uir
i

w sor-
b he
s the
a nt
( plot
o -
s
i

yed
t Fre-
u

l

w rm
c and
t and
a

hrough the origin, this is indicative of some degree of boun
ayer control and this further shows that the intraparticle
usion is not the only rate-limiting step, but also other kin
odels may control the rate of adsorption, all of which m
e operating simultaneously. The slope of linear portion f

he figure can be used to derive values for the rate param
p, for the intraparticle diffusion, given inTable 2. The corre
ation coefficients (r2

p) for the intraparticle diffusion model a
etween 0.551 and 0.941. This indicates that the adsorpt
B193 onto DEDMA-sepiolite may be followed by an int
article diffusion model up to 75 min. The values of interc
ive an idea about the boundary layer thickness such the

he intercept, the greater is the boundary layer effect.

ig. 7. Intraparticle diffusion plots for the adsorption of AB193 onto DEDM
epiolite at 20◦C.
r,

f

r

The equilibrium adsorption isotherms are one of the m
mportant data to understand the mechanism of the ad
ion systems. Several isotherm equations are available an
mportant isotherms are selected in this study, which are na
he Langmuir and Freundlich isotherms.

The Langmuir adsorption isotherm assumes that adsor
akes place at specific homogeneous sites within the adso
nd has found successful application many adsorption proc
f monolayer adsorption. The linear form of the Langm

sotherm equation is represented by the following equation[41]:

1

qe
= 1

qmax
+ 1

qmaxKL

(
1

Ce

)
(5)

here qe is the equilibrium dye concentration on the ad
ent (mol g−1), Ce the equilibrium dye concentration in t
olution (M), qmax the monolayer adsorption capacity of
dsorbent (mol g−1), andKL is the Langmuir adsorption consta
dm3 mol−1) and related to the free energy of adsorption. A
f 1/qe versus 1/Ce for the adsorption of AB193 onto DEDMA
epiolite (Fig. 8) gives a straight line of slope 1/(qmaxKL) and
ntercept 1/qmax.

The Freundlich isotherm is an empirical equation emplo
o describe heterogeneous systems. A linear form of the
ndlich equation is[42]:

n qe = ln KF + 1

n
ln Ce (6)

hereKF (dm3 g−1) andn are Freundlich adsorption isothe
onstants, being indicative of the extent of the adsorption
he degree of nonlinearity between solution concentration
dsorption, respectively. The plot of lnqe versus lnCe for
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Fig. 8. Langmuir plot for the adsorption of AB193 onto DEDMA-sepiolite at
20◦C.

Fig. 9. Freundlich plot for the adsorption of AB193 onto DEDMA-sepiolite at
20◦C.

the adsorption of AB193 onto DEDMA-sepiolite (Fig. 9) was
employed to generate the intercept value ofKF and the slope of
1/n.

The Langmuir and Freundlich parameters for the adsorp
tion of AB193 are listed inTable 3. It is evident from these
data that the surface of DEDMA-sepiolite is made up of het-
erogeneous adsorption patches. In other words, Freundlic
isotherm model fits very well when ther2 values are compared
(Table 3).

The effect of isotherm shape has been discussed[43] with
a view to predicting whether an adsorption system is favorable

or unfavorable. The essential feature of the Langmuir isotherm
can be expressed by means of ‘RL’, a dimensionless constant
referred to as separation factor or equilibrium parameterRL is
calculated using the following equation:

RL = 1

1 + KLC0
(7)

whereKL is the Langmuir constant (dm3 mol−1) andC0 is the
highest initial dye concentration (M). The value ofRL calculated
as above equation is incorporated inTable 3. The parameter indi-
cates the type of isotherm to be irreversible (RL = 0), favorable
(0 <RL < 1), linear (RL = 1) or unfavorable (RL > 1). This value
lies between 0 and 1[43,44], for AB193 onto DEDMA-sepiolite,
the on-going adsorption process is favorable.

One of the Freundlich constantsKF indicates the adsorption
capacity of the adsorbent. The other Freundlich constantsn is
a measure of the deviation from linearity of the adsorption. If a
value forn is equal to unity the adsorption is linear. If a value
for n is below to unity, this implies that adsorption process is
chemical, but a value forn is above to unity, adsorption is favor-
able a physical process. The value ofn at equilibrium is 2.277,
represent favorable adsorption, and therefore this would seem
to suggest that physical, which is referred the adsorption bond
becomes weak[45] and conducted with van der Waals forces,
rather than chemical adsorption is dominant when it is used for
a

3

ation
e reac-
t

l
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A l to
8 en
l e
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Table 3
Langmuir and Freundlich isotherm constants for the adsorption of AB193 onto

Langmuir

qmax (× 10−4 mol g−1) KL (× 10−4 dm3 mol−1) RL

4.40 1.58 0.113 90
-

h

dsorbing AB193.

.7. Thermodynamic parameters

Arrhenius relationship was used to evaluate the activ
nergy of adsorption representing the minimum energy that

ants must have for the reaction to proceed:

n k2 = ln A − Ea

RT
(8)

here Ea is the Arrhenius activation energy of adsorpti
the Arrhenius factor,R the gas constant, and is equa

.314 J mol−1 K−1, and T is the solution temperature. Wh
n k2 is plotted against 1/T (Fig. 10), a straight line with slop

Ea/R is obtained. The magnitude of activation energy g
type of adsorption, which is mainly physical or chemi

he range of 5–40 kJ mol−1 of activation energies correspond
hysisorption mechanism or the range of 40–800 kJ mol−1 sug-
ests a chemisorption mechanism[46]. The result obtained

his study is +12.55 kJ mol−1 indicating that the adsorption h
low potential barrier and assigned to a physisorption.
The thermodynamic parameters including change in

ibbs free energy (�G◦), enthalpy (�H◦), and entropy (�S◦),

DEDMA-sepiolite at 20◦C

Freundlich

r2
L n KF (× 10−2 dm3 g−1) r2

F

0.974 2.277 1.51 0.9
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Fig. 10. Arrhenius plot for the adsorption of AB193 onto DEDMA-sepiolite.

were determined by using following equations and represented
in Table 4:

KC = CA

CS
(9)

�G◦ = −RT ln KC (10)

ln KC = �S◦

R
− �H◦

RT
(11)

whereKC is the equilibrium constant,CA the amount of dye
adsorbed on the adsorbent from the solution at equilibrium
(mol dm−3), andCS is the equilibrium concentration of the dye
in the solution (mol dm−3). Theq2 of the pseudo-second-order
model inTable 2was used to obtainCA andCS. �H◦ and�S◦
were calculated from the slope and intercept of van’t Hoff plots
of ln KC against 1/T (Fig. 11). The results are given inTable 4.

Generally, the change of free energy for physisorption is
between−20 and 0 kJ mol−1, but chemisorption is a range of
−80 to −400 kJ mol−1 [47]. The overall free energy change
during the adsorption process was negative for the experimental
range of temperatures (seeTable 4), corresponding to a sponta-
neous physical process of AB193 adsorption and that the system
does not gain energy from an external source. When the tem-
perature decreases from 50 to 20◦C, the magnitude of free
energy change shifts to high negative value (from−0.545 to
−2.448 kJ mol−1) suggested that the adsorption was more spon-
t

i eak
f strat

T
T onto
D

t

2
3
4
5

Fig. 11. Plot of lnKC vs 1/T for estimation of thermodynamic parameters for
the adsorption of AB193 onto DEDMA-sepiolite.

ing that the process is stable energetically[49]. The negative
entropy change (�S◦) value (−64.18 J mol−1 K−1) corresponds
to a decrease in the degree of freedom of the adsorbed species.

4. Conclusions

In this study, the equilibrium and the dynamics of the adsorp-
tion of Acid Blue 193 (AB193) onto DEDMA-sepiolite was
investigated. It may be concluded that DEDMA-sepiolite can
be used for elimination of textile dye effluents from wastewater.
Sepiolite is a low-cost natural abundant and locally available
adsorbent for dye removal and it may be alternative to more
costly adsorbents such as activated carbon.

The kinetics of adsorption of AB193 onto DEDMA-sepiolite
was examined by using the pseudo-first-order, pseudo-second-
order and intraparticle diffusion kinetic models under different
initial dye concentrations, temperatures and pHs. The pseudo-
second-order and intraparticle diffusion models up to 75 min,
predicts the behavior over the whole range strongly supporting
the validity and agrees with physisorption being rate-controlling
because it is basically based on the adsorption capacity. The
obtained maximum adsorption capacity of DEDMA-sepiolite
for AB193 at pH around 1.5 is due to the strong electrostatic
interactions its adsorption site and dye anion.

The experimental data produced perfect fit with the Fre-
u rticle
w re.

A-
s
v the
n lite.

as
− i-
c MA-
s tion
w a
d o sig-
n rbent
t

aneous at low temperature[48].
The negative value of the enthalpy change (−21.48 kJ mol−1)

ndicates that the adsorption is physical in nature involving w
orces of attraction and is also exothermic, thereby demon

able 4
hermodynamic parameters calculated for the adsorption of AB193
EDMA-sepiolite

(◦C) Ea

(kJ mol−1)
�G◦
(kJ mol−1)

�H◦
(kJ mol−1)

�S◦
(J mol−1 K−1)

0 12.55 −2.448 −21.48 −64.18
0 −2.310
0 −1.495
0 −0.545
-

ndlich isotherm showing that the surface of the sepiolite pa
as heterogeneous, non-specific and non-uniform in natu
The activation energy of adsorption of AB193 onto DEDM

epiolite is found to be as +12.55 kJ mol−1. The small positive
alue ofEa indicates a low potential barrier and confirms
ature of physical adsorption of AB193 onto DEDMA-sepio

The enthalpy change (�H◦) for the adsorption process w
21.48 kJ mol−1, which did not indicate very strong chem

al forces between the adsorbed dye molecules and DED
epiolite. The�G◦ values were negative therefore the adsorp
as spontaneous and the negative value of�S◦ suggests
ecreased randomness at the solid/solution interface and n
ificant changes occur in the internal structure of the adso

hrough the adsorption of AB193 onto DEDMA-sepiolite.
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