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b Department of Chemistry, Faculty of Arts and Science, Dumlupinar University, Kutahya, Turkey

Received 28 March 2006; received in revised form 16 June 2006; accepted 19 June 2006
Available online 10 July 2006

bstract

The utilization of modified bentonite with a cationic surfactant (dodecyltrimethylammonium (DTMA) bromide) as an adsorbent was successfully
arried out to remove a synthetic textile dye (Reactive Blue 19 (RB19)) by adsorption, from aqueous solutions. Batch studies were carried out to
ddress various experimental parameters such as pH, contact time and temperature. The surface modification of bentonite with a surfactant was
xamined using the FTIR spectroscopic technique and elemental analysis. Effective pH for the adsorption of RB19 onto DTMA–bentonite was
round 1.5. The Langmuir isotherm model was found to be the best to represent the equilibrium with experimental data. The maximum adsorption
apacity (qmax) has been found to be 3.30 × 10−4 mol g−1 or 206.58 mg g−1. The thermodynamic study indicated that the adsorption of RB19

nto DTMA–bentonite was favored with the negative Gibbs free energy values. The pseudo-second-order rate equation was able to provide the
est description of adsorption kinetics and the intraparticle diffusion model was also applicable up to 40 min for the adsorption of RB19 onto
TMA–bentonite.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Large volumes of colored aqueous effluents are discharged
y the various sectors, such as textiles, leather, printing, laundry,
annery, rubber, plastic, painting, etc., industries [1]. The pres-
nce of very low concentrations of these effluents are highly
isible and undesirable and potentially inhibiting photosynthe-
is. Owing to their chemical structure, dyes are resistant to fading
hen exposed to light, water and chemicals [2]. Reactive dyes

re the most widely used dyes in the textile industry. These types
f dyes are colored compounds that have highly soluble in water
nd have reactive groups which are able to form covalent bonds

etween dye and fiber [3]. Untreated disposal of this colored
ater into receiving water body causes damage to aquatic life

nd also it severe damages to the human bodies [4–6].
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The removal of color from dye-house wastewater is cur-
ently one of the major problems faced by the textile dyeing
ndustry. Various physical, chemical and biological treatment

ethods have been used for the treatment of these textile efflu-
nts. However, these methods have certain disadvantages such as
igh capital cost and operational costs or secondary sludge dis-
osal problems. Instead of these methods, the adsorption tech-
ique can be applied to remove these kinds of textile effluents.
dsorption offers significant advantages over traditional treat-
ent methods especially environmental point of view [7–13].
lthough activated carbon is widely used as an adsorbent for dye

emoval from colored waters owing to its excellent adsorption
bilities, it is high price, which limits their usage [14,15]. Hence,
lternative low-cost, novel, locally available adsorbents are cur-
ently used for the removal of textile dye effluents from aqueous
olutions, instead of activated carbon. For instance, clays such as
epiolite [5,6,8,16], zeolite [17–20], montmorillonite [21–23],

mectite [24–26] and bentonite [14,15,27,28] can be used in
hese respects.

One of the clay minerals, which is namely bentonite, is com-
osed of units made up of two silica tetrahedral sheets with a

mailto:aozcan@anadolu.edu.tr
mailto:cigdem@dumlupinar.edu.tr
mailto:yerdogan@dumlupinar.edu.tr
mailto:asozcan@anadolu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.06.138


1 rdous

c
t
S
d
e
A
a
f
t
t
n
s
o
f
t
c
o

u
n
w
b
d
a
p
F
d
F
a

2

B
a
t
n
c
a

c
a
b
a
N
w

b
I
C

r
i

H
D

t
m
(
f

f
t
o
×
w
o
w
a
t
u
r
d
s
l
t
o

1
t
b
c
fl
o

3
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entral Al octahedral sheet. It has permanent negative charges
hat increase owing to the isomorphous substitution of Al3+ for
i4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahe-
ral layer. This negative charge is balanced by the presence of
xchangeable cations (Na+, Ca2+, etc.) in the lattice structure.
cid and reactive dyes are water soluble anionic dyes are neg-

tively charged and are used to dye textile fibres. Due to the
act that the anionic dyes are negatively charged, the surface of
he natural clays has to be modified by a cationic surfactant for
he dye adsorption experiments. By the ion-exchange mecha-
ism, the inorganic cation could be exchanged by the organic
urfactant cation. Thus, this modification is termed as organ-
clay and the introduction of organic cation changes the clay
rom hydrophilic to hydrophobic form. As a result, the adsorp-
ion capacity of organoclay increases to compare with natural
lay mineral and it can be used as an adsorbent for the adsorption
f dyes [15,29,30].

The characteristics of the dye adsorption behavior are mainly
nderstood in terms of the equilibrium isotherms, thermody-
amic parameters and adsorption kinetics. The aim of the present
ork is to study the adsorption capacity of surfactant-modified
entonite for a dye (Reactive Blue 19, RB19), which is an anionic
ye, removal from aqueous solutions. The experimental data for
dsorbed RB19 onto surfactant-modified bentonite were com-
ared using two isotherm equations, which are Langmuir and
reundlich. The equilibrium thermodynamic parameters are also
etermined for the RB19 onto surfactant-modified bentonite.
inally, two kinetic models, which are the pseudo-second-order
nd intraparticle diffusion, were tested in this study.

. Materials and methods

A commercial textile dye Reactive Blue 19 (RB19) (Remazol
rilliant Blue R) (C.I. 61200) was provided from Bursa, Turkey
nd used in all adsorption experiments without further purifica-
ion. The chemical structure of RB19 is illustrated in Fig. 1. The
atural bentonite was obtained from Çanakkale, Turkey. It was
rushed, ground, sieved through a 63-�m sieve, and then dried
t 110 ◦C in a laboratory oven for 2 h prior to use.

Bentonite was characterized with respect to cation exchange
apacity (CEC), by ammonium acetate method and the surface
rea by using surface area analyzer and N2 gas was used as adsor-

ate. Dodecyltrimethylammonium (DTMA) bromide was used
s a cationic surfactant for the dye adsorption experiments. The
a-exchanged form of bentonite and DTMA modified bentonite
ere prepared according to the literature [15].

Fig. 1. Chemical structure of RB19.
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The chemical analysis of natural bentonite was carried out
y using an energy dispersive X-ray spectrometer (EDX-LINK
SIS 300) attached to a scanning electron microscope (SEM-
am Scan S4).

FTIR spectra for Na–bentonite and DTMA–bentonite were
ecorded (KBr) on a Jasco FT/IR-300E Model Fourier transform
nfrared spectrometer to confirm the surface modification.

The elemental analysis (Vario EL III Elemental Analyzer,
anau, Germany) was performed to determine C/N ratio in
TMA–bentonite.
The pH of each solution was measured by using a labora-

ory scale pH meter (Fisher Accumet AB15) and the absorbance
easurements were carried out on UV–vis spectrophotometer

Shimadzu UV-2101PC) at the respective λmax value (592 nm
or RB19).

Adsorption experiments with DTMA–bentonite were per-
ormed by batch technique at 20, 30 and 40 ◦C tempera-
ures. A series of 100 ml Erlenmeyer flasks containing 50 ml
f adsorbate solutions of various concentrations ((2.00–4.50)
10−4 mol dm−3) and required amount of DTMA–bentonite
ere employed at a desired pH by adding a small amount of HCl
r NaOH solutions and temperature. These flasks were closed
ith parafilm to avoid evaporation and then were stirred using
mechanical magnetic stirrer for 60 min to achieve equilibra-

ion, however, stirring for extra 2 h gave practically the same
ptake in each case. Once the equilibrium is through to be
eached, solution was carefully filtered and concentration of the
ye in the solution after equilibrium adsorption was determined
pectrophotometrically by measuring the absorbance. The wave-
ength was recorded before and after the adsorption and in all
he cases no shift in the absorbance peak (λmax = 592 nm) was
bserved.

For kinetic studies 50 ml solution of RB19 of 2.00 ×
0−4 mol dm−3 concentration and 0.030 g of adsorbent were
aken in a 100 ml Erlenmeyer flask. Keeping flask in a water
ath, maintained at desired temperature, mixture was mechani-
ally stirred. After a definite interval of time, the solution in the
ask was filtered and filtrate of each was analyzed for the uptake
f dye.

. Results and discussion

.1. Chemical composition of bentonite

The chemical composition and surface area of bentonite and
TMA–bentonite are given in Table 1. As it can be easily seen

rom Table 1, the major constituents in bentonite are silica and
lumina and the impurities are potassium, calcium, magnesium,
ron, titanium and sodium oxides. XRD results combined with
DX analysis indicate that most of the aluminum is in the form
f bentonite. XRD also indicated the presence of free quartz in
entonite. As a result, it is expected that the adsorbate species
ill be removed mainly by silica or alumina.

The ratio of C/N for modified-bentonite was obtained from

lemental analysis results is 12.61 and the calculated value of
/N ratio for DTMA is 12.86 and the percentage of DTMA
nto bentonite is 16.07. These results confirm that the inter-
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Table 1
Chemical composition of bentonite

Constituents Percentage
(%)

Cation exchange
capacity (CEC)

Specific surface area N2

atmosphere (m2 g−1)

SiO2 70.75 145.74 mequiv./
100 g

Bentonite: 35.09;
DTMA–bentonite: 32.86

Al2O3 16.18
K2O 2.12
CaO 1.62
MgO 1.25
Fe2O3 0.70
TiO 0.18
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amount and it was used for further experiments.

The adsorption capacity of RB19 removed by DTMA–
bentonite versus contact time is illustrated in Fig. 5. It can be
seen from this figure that the adsorption capacity of RB19 ions
2

Na2O 0.11
Loss of ignition 6.63

alation of DTMA molecules between the bentonite layers
ccurs.

FTIR spectra of natural bentonite and DTMA–bentonite are
epicted in Fig. 2. A pair of strong bands at 2856 and 2929 cm−1

as only observed DTMA–bentonite. They can be assigned
o the symmetric and asymmetric stretching vibrations of the
ethyl and methylene groups and their bending vibrations are

etween 1396 and 1486 cm−1, supporting the intercalation of
TMA molecules between the silica layers, but these stretch-

ng and bending bands are not observed in the natural bentonite.
his may be acceptable evidence for the surface modification
ccurring on bentonite. The band intensities were decreased
ith surfactant modification of bentonite around at 3400 cm−1

stretching band of the OH groups) and at 1600 cm−1 (related
o zeolitic water) (see Fig. 2). This is also the evidence for the

odification of bentonite with surfactant (DTMA). At the same
ime, all above FTIR results are consistent with elemental anal-
sis results.

.2. Adsorption dynamics

Adsorption of RB19 onto DTMA–bentonite was carried out
or the examination of the effect of pH at a range of 1–9 and it was
ound that the adsorption decreased with an increase in pH; as
t can be seen from Fig. 3. The variation in the removal of RB19
ith respect to pH can be explained by considering the surface
harge of the adsorbent. The higher adsorption capacity of the
ye onto DTMA–bentonite at low pH values may be due to neu-
ralization of the negative charge at its surface as –SO3

− anion,
hich increases the protonation and the other words, increas-

Fig. 2. FTIR spectra of natural bentonite and DTMA–bentonite.
F
D

ig. 3. pH effect for the adsorption of RB19 onto DTMA–bentonite at 20 ◦C.

ng the electrostatic attraction between the negatively charged
SO3

− anion and the positively charged adsorption site. The
eason for the high adsorption capacity at low pH is due to the
trong electrostatic interaction between the cationic surfactant
ead groups and dye anions.

Decrease in the dye adsorption capacity with increasing pH
ay be due to the positive charge on the oxide or solution surface

ppears negatively charged OH− ions and the facilities leads
o ionic repulsion between the negatively charged surface and
he anionic dye molecules. At higher pH values are also not
xchangeable anions on the outer surface of the adsorbent and
onsequently the adsorption capacity decreases. The maximum
dsorption capacity of the RB19 takes place at around acidic
H 1.5, which was therefore selected for all further adsorption
xperiments.

Fig. 4 shows the removal of RB19 by DTMA–bentonite at
arious adsorbent doses (0.015–0.040 g) for the volume of 50 ml,
t the dye concentration 2.00 × 10−4 mol dm−3. It is evident
rom the figure that as the amount of adsorbent dosage increases
p to 0.030 g, the maximum dye removal was attained with this
ig. 4. The effect of adsorbent doses for the adsorption of RB19 onto
TMA–bentonite at 20 ◦C.
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Fig. 6. Langmuir plots for the adsorption of RB19 onto DTMA–bentonite at
various temperatures.
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i
(RL) as unity, between 0–1 and zero, respectively. The separa-
tion factor “RL”, a dimensionless constant, can be calculated by

Table 2
Adsorption isotherm parameters for the adsorption of RB19 onto
DTMA–bentonite

t (◦C)

20 30 40

Langmuir
qmax (mol g−1) 3.30 × 10−4 3.15 × 10−4 2.98 × 10−4

KL (dm3 mol−1) 2.89 × 104 2.72 × 104 2.57 × 104

r2
L 0.995 0.995 0.982

RL 7.14 × 10−2 7.56 × 10−2 7.97 × 10−2
ig. 5. Effect of contact time for the adsorption of RB19 onto DTMA–bentonite
t various temperatures.

ncreased with contact time up to 40 min after that a maximum
emoval is attained. For this reason, the optimum contact time
as selected as 40 min.
The equilibrium adsorption capacity of RB19 onto DTMA–

entonite decreases with increasing temperature (Fig. 5), which
ndicates that the adsorption of RB19 in controlled by an exother-
ic and physical adsorption process and due to a weakening of

he attractive forces between RB19 and DTMA–bentonite sites.
Adsorption data obtained in the concentration range

2.00–4.50) ×10−4 mol dm−3 were correlated with the follow-
ng linear forms of Langmuir (Eq. (1)) [31] and Freundlich (Eq.
2)) [32] adsorption isotherm models:

Langmuir equation:

1

qe
= 1

qmax
+

(
1

qmaxKL

)
1

Ce
(1)

Freundlich equation:

ln qe = ln KF + 1

n
ln Ce (2)

here qe is the equilibrium dye concentration on the adsor-
ent (mol g−1), Ce the equilibrium dye concentration in solu-
ion (mol dm−3), qmax the monolayer capacity of the adsor-
ent (mol g−1), KL the Langmuir constant (dm3 mol−1) and
elated to the free energy of adsorption, KF the Freundlich
onstant (dm3 g−1) and n (dimensionless) is the heterogeneity
actor.

Best-fitted straight lines with high correlation coefficients
btained in case of Langmuir (Fig. 6) and Freundlich (Fig. 7).
he all isotherm parameters derived from the respective plots
re presented in Table 2. The fit of the data for RB19 adsorp-
ion onto DTMA–bentonite suggests that the Langmuir model
ave slightly better fitting than that of Freundlich model, as it is

2
bvious from a comparison of the r values in Table 2. It is also
vident from these data that the surface of DTMA–bentonite is
ade up of homogenous adsorption patches than heterogeneous

dsorption patches.

F

ig. 7. Freundlich plots for the adsorption of RB19 onto DTMA–bentonite at
arious temperatures.

The favorability of the adsorption process was confirmed by
sing a basic method applied by Weber and Chakravorti [33],
hich suggests that the linear, favorable or unfavorable nature of

sotherm is dependent on the obtained value of separation factor
reundlich
n 4.946 4.896 4.793
KF (dm3 g−1) 1.56 × 10−3 1.51 × 10−3 1.46 × 10−3

r2
F 0.958 0.947 0.971



rdous Materials 140 (2007) 173–179 177

f

R

w
h
c
u
o
s

l
a
t
t
v
a
t
b
t
i

d
e
a

�

l

s
s
p
p
c
v
b
o
p

F
a

Table 3
Thermodynamic parameters calculated from the Langmuir isotherm constant
(KL) for the adsorption of RB19 onto DTMA–bentonite

t (◦C) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1)

20 −25.04
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ollowing equation:

L = 1

1 + KLC0
(3)

here KL is the Langmuir constant (dm3 mol−1) and C0 is the
ighest initial dye concentration (mol dm−3). The values of RL
alculated as above equation (Table 2) were found less than
nity at all studied temperatures, and therefore the adsorption
f RB19 onto DTMA–bentonite is especially favorable at all
tudied temperatures.

The Freundlich constant n is a measure of the deviation from
inearity of the adsorption. If a value for n is equal to unity the
dsorption is linear. If a value for n is below to unity, this implies
hat adsorption process is chemical, but a value for n is above
o unity, adsorption is favorable a physical process. The highest
alue of n at equilibrium is 4.946 at 20 ◦C, represents favorable
dsorption at low temperature, and therefore this would seem
o suggest that physical, which is referred the adsorption bond
ecomes weak and conducted with van der Waals forces, rather
han chemical adsorption is dominant when it is used for adsorb-
ng RB19.

Langmuir constant KL can be used for calculating thermo-
ynamic parameters, such as the change in free energy (�G◦),
nthalpy (�H◦) and entropy (�S◦), which are associated to the
dsorption process, on the basis of the following equations:

G◦ = −RT ln KL (4)

n KL = −�G◦

RT
= −�H◦

RT
+ �S◦

R
(5)

The plot of ln KL as a function of 1/T (Fig. 8) yields a
traight line from which �H◦ and �S◦ were calculated from the
lope and intercept, respectively. The results of thermodynamic
arameters are given in Table 3. The change of free energy for
hysisorption is usually between −20 and 0 kJ mol−1, whereas
hemisorption is a range of −80 to 400 kJ mol−1 [34]. The �G◦

alues for the temperatures at a range of 20–40 ◦C were obtained
etween−25.04 and−26.43 kJ mol−1, which indicate the nature
f adsorption spontaneous. These values were in the middle of
hysisorption and chemisorption. It may be concluded that this is

ig. 8. Plot of ln KL vs. 1/T for estimation of thermodynamic parameters for the
dsorption of RB19 onto DTMA–bentonite.

t
o
o
d

F
D

30 −25.73 −4.55 +69.88
40 −26.43

nterpreted a physical adsorption enhanced by a chemical effect
35]. The negative value of the �H◦ (−4.55 kJ mol−1) indicates
hat the adsorption is exothermic and the value of �H◦ implies
hat adsorption is also physical in nature involving weak forces of
ttraction. The positive value of �S◦ (+69.88 J mol−1 K−1) cor-
esponds to an increase in the degree of freedom of the adsorbed
pecies.

.3. Kinetic studies

The kinetics of adsorption data was evaluated to understand
he mechanism of adsorption process by means of the pseudo-
econd-order kinetic and intraparticle diffusion models.

The pseudo-second-order kinetic model equation [36] can be
ritten as follows:

t

qt

= 1

k2q
2
2

+ 1

q2
t (6)

The intraparticle diffusion equation [37] is expressed as:

t = kpt
1/2 + C (7)

here q2 and qt are the amounts of the dye adsorbed at equilib-
ium and at time t, in mol g−1, k2 the equilibrium rate constant
f the pseudo-second-order model for the adsorption process
g mol−1 min−1), C the intercept and kp is the intraparticle dif-
usion rate constant (mol g−1 min−1/2). The straight-line plots of
/qt versus t for the pseudo-second-order (Fig. 9) and qt against

1/2 for the intraparticle diffusion (Fig. 10) for the adsorption
f RB19 onto DTMA–bentonite have been also examined to
btain the rate parameters. All of kinetic data of RB19 under
ifferent conditions were calculated from these plots and are

ig. 9. Pseudo-second-order kinetic plots for the adsorption of RB19 onto
TMA–bentonite at various temperatures.
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ig. 10. Intraparticle diffusion plots for the adsorption of RB19 onto
TMA–bentonite at various temperatures.

isted in Table 4. From this table, the maximum adsorption
apacities (q2) at equilibrium are decreased from (2.16 to 2.01)
10−4 mol g−1 for RB19 when the temperature is increased

rom 20 to 40 ◦C for DTMA–bentonite. This effect can be inter-
reted as assuming that a higher temperatures the total energy
f the adsorbate molecules is increased and then their escaping
endency is also increased, thus, the adsorption of the adsorbate
pecies is decreased. As a result, the adsorption process in this
tudy favors a low temperature physical adsorption mechanism
nd to depend on the temperature [15,38].

The pseudo-second-order rate constants for RB19 onto
TMA–bentonite show a steady increase with solution tempera-

ure (Table 4). In generally, during a physical adsorption process,
ncreasing temperature leads to increase the rate of approach
o equilibrium, whereas decreases the equilibrium adsorption
apacity [36].

As discussed above, the validity of the pseudo-second-order
inetic and intraparticle diffusion models can be quantitatively
hecked by using a normalized standard deviation �q (%) cal-
ulated by the following equation [39]:
q (%) =
√∑

[(qexp − qcal)/qexp]2

n − 1
× 100 (8)

able 4
inetic parameters and the normalized standard deviations for the adsorption of
B19 onto DTMA–bentonite at various temperatures

t (◦C)

20 30 40

seudo-second-order
k2 (g mol−1 min−1) 3.60 × 103 5.65 × 103 1.15 × 103

q2 (mol g−1) 2.16 × 10−4 2.10 × 10−4 2.01 × 10−4

�q (%) 1.804 1.951 0.598
r2

2 0.999 0.999 0.999

ntraparticle diffusion
kp (mol g−1 min−1/2) 5.02 × 10−6 4.80 × 10−6 3.85 × 10−6

C 1.78 × 10−4 1.77 × 10−4 1.77 × 10−4

�q (%) 1.226 1.834 4.005
r2

p 0.892 0.969 0.956

[

[

Materials 140 (2007) 173–179

here n is the number of data points and the calculated results
re given in Table 4. According to Table 4, the values of �q
or the best-fitted model are less than 1.952%. It is concluded
hat the adsorption of RB19 onto DTMA–bentonite can be best
escribed by the pseudo-second-order kinetic model.

. Conclusions

The research was carried out in this paper clearly suggests
hat surfactant-modified bentonite acts a well adsorbent for
he removal of Reactive Blue 19 (RB19) from aqueous solu-
ions. The surface modification of bentonite was tested by using
he FTIR technique and elemental analysis. Batch studies sug-
est that the high adsorption capacity (3.30 × 10−4 mol g−1 or
06.58 mg g−1) of DTMA–bentonite in acidic solutions (pH
round 1.5) is due to the strong electrostatic interactions between
ts adsorption site and dye anion. The straight lines obtained
or the Langmuir and Freundlich models obey to fit well with
he experimental equilibrium data but the Langmuir model
ives slightly better fitting than Freundlich model. The ther-
odynamic parameters obtained from Langmuir constant (KL)

ndicate a feasible, spontaneous and exothermic adsorption. A
seudo-second-order kinetic and intraparticle diffusion models
ave been applied to predict the rate constants of adsorption and
quilibrium adsorption capacities.
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18] B. Armağan, M. Turan, M.S. Çelik, Equilibrium studies on the adsorption
of reactive azodyes into zeolite, Desalination 170 (2004) 33–39.

19] Y.E. Benkli, M.F. Can, M. Turan, M.S. Çelik, Modification of organozeolite
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