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bstract

In this study, sepiolite, fly ash and apricot stone activated carbon (ASAC) were used as adsorbents for the investigation of the adsorption
inetics, isotherms and thermodynamic parameters of the basic dye (Astrazon Blue FGRL) from aqueous solutions at various concentrations
100–300 mg/L), adsorbent doses (3–12 g/L) and temperatures (303–323 K). The result showed that the adsorption capacity of the dye increased
ith increasing initial dye concentration, adsorbent dose and temperature. Three kinetic models, the pseudo-first-order, second-order, intraparticle
iffusion, were used to predict the adsorption rate constants. The kinetics of adsorption of the basic dye followed pseudo-second-order kinetics.
quations were developed using the pseudo-second-order model which predicts the amount of the basic dye adsorbed at any contact time, initial dye
oncentration and adsorbent dose within the given range accurately. The adsorption equilibrium data obeyed Langmuir isotherm. The adsorption

apacities (Q0) calculated from the Langmuir isotherm were 181.5 mg/g for ASAC, 155.5 mg/g for sepiolite and 128.2 mg/g for fly ash at 303 K.
hermodynamical parameters were also evaluated for the dye–adsorbent systems and revealed that the adsorption process was endothermic in
ature.

2007 Elsevier B.V. All rights reserved.

r kine

t
d
l
r
r
p
o
b
b
c
d

eywords: Adsorption kinetics; Pseudo-first-order kinetics; Pseudo-second-orde

. Introduction

Cationic dyes known as basic dyes are widely used in
crylic, nylon, silk, and wool dyeing. A large volume of dye-
ontaminated effluent is discharged in textile dyeing processes,
nd 10–15% of the dye is lost in the dye effluent. The colored
astewater damages the aesthetic nature of water and reduces the

ight penetration through the water’s surface and the photosyn-
hetic activity of aquatic organisms due to the presence of metals,
hlorides, etc., in them [1]. Basic dyes can also cause allergic
ermatitis, skin irritation, cancer, and mutations. Therefore, it

s necessary to remove the dye pollutions. There are several

ethods for dye removals, such as coagulation and chemical
xidation, membrane separation process, electrochemical, fil-

∗ Corresponding author. Tel.: +90 262 6053108; fax: +90 262 6053101.
E-mail address: erhan@gyte.edu.tr (E. Demirbas).
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ration, reverse osmosis and aerobic and anaerobic microbial
egradation but all of these methods suffer from one or other
imitations, and none of them were successful in completely
emoving the color from wastewater. Dyes can be effectively
emoved by adsorption process; in which dissolved dye com-
ounds attach themselves to the surface of adsorbents. Granular
r powdered activated carbon is the most widely used adsor-
ent for the removal of colors and treatment of textile effluents
ecause it has an excellent high surface area and high adsorption
apacity for organic compounds, but its use is usually limited
ue to its high cost [2–4].

For this reason, many researchers have investigated for
heaper and efficient alternative substitutes to remove dyes from
astewater such as various activated carbons [5–9], agricul-
ural wastes [10,11], sepiolite [12–14] and fly ash [15–17].
atural adsorbents in studies involving the removal of basic
yes from aqueous solutions [18–20] are reported in the
iterature.

mailto:erhan@gyte.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.01.003
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In the present study, the adsorption abilities of apricot
tone activated carbon (ASAC), fly ash and sepiolite as adsor-
ents for removal of the basic dye from synthetic aqueous
olutions were examined. Effects of initial dye concentra-
ion, adsorbent dose and temperature on these adsorbents
nder kinetic and equilibrium conditions were investigated.
he rate limiting step of the dye onto the adsorbents is
etermined from the adsorption kinetic results. Both Lang-
uir and Freundlich adsorption isotherms were applied to the

xperimental results and thermodynamic parameters were also
alculated.

. Materials and methods

.1. Materials

Three adsorbents were used for removal of the basic dye
rom the aqueous solutions which are fly ash, sepiolite and
SAC. The fly ash was obtained from Afsin-Elbistan Ther-
al Power Station in Turkey. The Afsin-Elbistan power plant

onsumes 18 × 106 metric tonnes of coal per year and gener-
tes about 3.24 × 106 metric tonnes of fly ash returning to the
umping area of the mine as combustion waste. The chemical
omposition of used fly ash as oxides in wt.% was SiO2 15.14,
l2O3 7.54, Fe2O3 3.30, CaO 23.66, MgO 4.50, K2O 0.28, Na2O
.57, TiO2 1.03, SO3 13.22. Specific surface area, bulk density,
pecific gravity and LOI of the fly ash have been determined as
.342 m2/g, 1.05 g/cm3, 2.70 g/cm3 and 2.31 wt.%, respectively.
he particle size distribution of the fly ash was found between
and 300 �m [15].
Sepiolite samples used in this work were obtained from

skisehir, Turkey. Sepiolite is a natural hydrated magnesium
ilicate clay mineral, (Si12)(Mg8)O30(OH)6(OH2)4·8H2O.
tructurally it is formed by blocks and channels extending in the
ber direction. Sepiolite has several adsorption applications due

o its channel structure [14]. The surface area, cation exchange
apacity, density and particle sizes of sepiolite are 234.3 m2/g,
99 mmol/kg, 2.5 g/mL and 0.30–1.60 mm, respectively
12,21].

Apricot stones were obtained from Malatya in Turkey. Chem-
cal activation were carried out by using H2SO4 at moderate
emperatures produces a high surface area and high degree
f microporosity. The parameters of ASAC are bulk den-
ity 0.43 g/mL, ash content 2.21%, pH 6.0, moisture content
.18%, surface area 566 m2/g, solubility in water 0.85%, sol-
bility in 0.25 M HCl 1.22%, decolorising power 22.8 mg/g,
odine number 548 mg/g and particle size 1.00–1.25 mm, respec-
ively [6,22]. Astrazon Blue FGRL obtained from Dystar
as used for the adsorption study. This dye consists of two
ain components which are C.I. Basic Blue 159 and C.I.
asic Blue 3. The ratio of the two components is 5:1 (w/w),

espectively. The structures of these two dye components are
isplayed in Fig. 1. The basic dye is not regarded as acutely

oxic, but it can have various harmful effects [9]. On inhala-
ion, it can give rise to short periods of rapid or difficult
reathing. This dye is mainly used as acrylic dyeing in the
ndustry.

[
d
a
l

ig. 1. Chemical structures of (a) C.I. Basic Blue 159 and (b) C:I. Basic Blue 3.

.2. Methods

The effects of important parameters such as, initial dye con-
entration, adsorbent dose and temperature on the adsorptive
emoval of the basic dye were investigated by batch experiments.
n each kinetic experiment, a known quantity of adsorbent con-
acted with a dye solution in a 100 mL flask at desired pH and
emperature was shaken in a thermostat rotary shaker at con-
tant agitation speed (250 rpm) for a given time intervals. At
arious time intervals, the flasks were successively removed,
he liquid was separated from the solid by centrifugation, and
he remaining concentration of dye in solution was measured
pectrophotometrically on a Perkin-Elmer UV–vis spectropho-
ometer model 550S at a wavelength of 576 nm. In the adsorption
sotherm experiments, dye solutions were added to different
uantities of adsorbents into flasks and subsequently placed on
shaker for 24 h.

The concentration retained in the adsorbent phase (qe, mg/g)
as calculated by using the following equation:

e = (C0 − Ct)V

Ws
(1)

here C0 is the initial dye concentration, Ct the dye concentra-
ion (mg/L) at any time (t), V the volume of solution (L) and Ws
s the mass of the adsorbent (g). Each experiment was carried
ut in duplicate and the average deviation between experimental
nd predicted one lies between ±5%.

. Adsorption kinetics

The study of adsorption kinetics describes the solute uptake
ate and evidently this rate controls the residence time of adsor-
ate uptake at the solid–solution interface. Adsorption rate
onstants for the basic dye were calculated by using pseudo-first-
rder, second-order and intraparticle diffusion kinetic models

23,24] which were used to describe the mechanism of the
ye adsorption. The conformity between the experimental data
nd the model-predicted values was expressed by the corre-
ation coefficients (r2). A relatively high r2 value indicates
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hat the model successfully describes the kinetics of the dye
dsorption.

.1. The pseudo-first-order equation

A pseudo-first-order equation can be expressed in a linear
orm as

og(qe − q) = log(qe) − k1

2.303
t (2)

here qe and q are the amount of dye adsorbed (mg/g) on the
dsorbents at the equilibrium and at time t, respectively, and k1
s the rate constant of adsorption (min−1). Values of k1 were
alculated from the plots of log(qe − q) versus t for different
oncentrations of the basic dye.

.2. The pseudo-second-order equation

The pseudo-second-order adsorption kinetic rate equation is
xpressed as

dqt

dt
= k2(qe − qt)

2 (3)

here k2 is the rate constant of pseudo-second-order adsorption
g/mg min). Integrating and applying the initial conditions, we
ave a linear form as

t

qt

)
= 1

k2q2
e

+ 1

qe
(t) (4)

here qe is the amount of dye adsorbed at equilibrium (mg/g).
he second-order rate constants were used to calculate the initial
orption rate, h = k2q

2
e . Values of k2 and qe were calculated from

ntercept and the slope of the linear plots of t/qt versus t.

.3. Intraparticle diffusion

The rate constant for intraparticle diffusion (kid) is calculated
y the following equation:

= kidt
1/2 (5)

here q is the amount dye adsorbed (mg/g) at time (t) and kid
mg/g min1/2) is the rate constant for intraparticle diffusion. Val-
es of kid were calculated from the slope of the linear plots of q
ersus t1/2.

. Results and discussion

.1. Effect of initial dye concentration on adsorption
inetics

The effects of initial basic dye concentrations on the rate
f adsorption by sepiolite, fly ash and ASAC are explored in
he range from 100 to 300 mg/L (Fig. 2). It is evident from

he figure that the amount dye adsorbed increases from 16.7
o 44.5 mg/g for sepiolite, from 14.9 to 40.3 mg/g for fly ash and
rom 16.2 to 50.1 mg/g for ASAC, respectively. It is obvious that
he removals of the dye by various adsorbents were dependent

a
o
p

ig. 2. The effect of initial dye concentration onto (a) sepiolite, (b) fly ash and
c) ASAC. Experimental conditions: T = 303 K; 250 rpm; 6 g/L.

n the concentration of the dye since the increase in the ini-
ial dye concentration increased the amount of the dye adsorbed
n the adsorbents. Moreover, the initial rate of adsorption was
reater for higher initial dye concentration because the resis-
ance to the dye uptake decreased as the mass transfer driving
orce increased.
Eqs. (2)–(5) were applied to the experimental data for the
dsorption of the basic dye onto three adsorbents. The values
f rate constants obtained from three kinetic models, r2 and the
redicted and experimental qe values for the basic dye–adsorbent
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Table 1
The effect of process variables on pseudo-first order model constants

Parameters Sepiolite Fly ash ASAC

k1 (×102) qe(mod) qe(exp) r2 k1 (×102) qe(mod) qe(exp) r2 k1 (×102) qe(mod) qe(exp) r2

C0 (mg/L)
100 1.47 10.06 16.70 0.96 0.62 10.64 14.90 0.97 0.85 8.40 16.20 0.96
200 0.80 21.24 31.10 0.97 0.83 21.01 28.80 0.98 0.74 15.70 32.30 0.97
300 1.39 29.95 44.50 0.96 0.99 31.24 40.30 0.98 0.99 25.98 50.10 0.96

ms (g/L)
3 0.95 27.05 65.10 0.97 0.88 24.72 55.10 0.97 0.96 33.75 57.30 0.98
6 0.80 21.24 31.10 0.97 0.83 21.01 28.80 0.98 0.74 15.70 32.30 0.97
12 1.03 11.37 16.50 0.97 0.60 8.99 14.80 0.96 0.84 6.87 16.40 0.95

Table 2
The effect of process variables on pseudo-second-order model constants

Parameters Sepiolite Fly ash ASAC

k2 (×103) h qe(mod) qe(exp) r2 k2 (×103) h qe(mod) Qe(exp) r2 k2 (×103) h qe(mod) qe(exp) r2

C0 (mg/L)
100 3.15 0.94 17.32 16.70 0.99 1.98 0.46 15.22 14.90 0.99 3.86 1.05 16.46 16.20 0.99
200 2.19 1.72 32.24 31.10 0.99 1.11 0.99 29.99 28.80 0.99 2.17 2.30 32.56 32.30 0.99
300 1.49 3.10 45.56 44.50 0.99 0.85 1.50 41.95 40.30 0.99 1.56 4.04 50.79 50.10 0.99

ms (g/L)
4.86
0.99
0.51

s
l
t
n

T
T

A

S

F

A

A

S

F

A

3 0.77 6.78 65.79 65.10 0.99 0.66
6 1.16 1.72 32.24 31.10 0.99 1.11
12 2.29 0.68 17.22 16.50 0.99 2.20
ystem are given in Tables 1–3. The intercept of the straight
ine plots of log(qe − q) versus t should equal to log(qe) and
he intercept did not equal to qe (Table 1) then the reaction is
ot likely to be first-order, irrespective of the magnitude of the

able 3
he effect of process variables on intraparticle diffusion model constants

dsorbent Parameter,
C0 (mg/L)

Model constants

kid qe(mod) qe(exp) r2

epiolite
100 0.273 11.38 16.70 0.95
200 0.638 16.73 31.10 0.99
300 0.901 26.55 44.50 0.97

ly ash
100 0.415 5.55 14.90 0.99
200 0.854 11.12 28.80 0.98
300 1.293 14.10 40.30 0.97

SAC
100 0.259 10.65 16.20 0.96
200 0.571 19.97 32.30 0.99
300 0.928 30.98 50.10 0.97

dsorbent Parameter,
ms (g/L)

Model constants

kid qe(mod) qe(exp) r2

epiolite
3 0.741 49.52 65.10 0.98
6 0.638 16.73 31.10 0.99

12 0.382 8.80 16.50 0.97

ly ash
3 0.744 39.43 55.10 0.98
6 0.854 11.12 28.80 0.98

12 0.288 8.17 14.80 0.99

SAC
3 1.232 32.25 57.30 0.98
6 0.571 19.97 32.30 0.99

12 0.226 11.85 16.40 0.97

c
f
t
fi
t
d
T
i
t
k
t
r
s

n
a
a
d
p
v
r
o
p
i
d
t
t

v
i

55.77 55.10 0.99 1.00 3.47 58.69 57.30 0.99
29.99 28.8 0.99 2.17 2.30 32.56 32.30 0.99
15.19 14.80 0.99 5.08 1.42 16.71 16.40 0.99

orrelation coefficient. The predicted and experimental qe values
or the basic dye–adsorbent system were compared with the
hree kinetic models (Tables 1–3). Since most of the pseudo-
rst-order and intraparticle diffusion model values deviate from

he experimental values, it suggests that the adsorption of the
ye onto the adsorbents follows the pseudo-second-order model.
he agreement between the experimental and predicted curves

s extremely good. Hence, the concentration of the basic dye in
he solution had a strong influence on the pseudo-second-order
inetics. This model also assumes the rate limiting step may be
he adsorption in agreement with chemical adsorption being the
ate controlling step, which may involve valence forces through
haring or exchange of electrons between dye and adsorbent.

It was observed that there were two linear portions (plots
ot depicted here), indicating two-stage diffusion of dye onto
dsorbent materials. The slope of the second linear portion char-
cterizes the rate parameter corresponding to the intraparticle
iffusion, whereas the intercept of this second linear portion is
roportional to the boundary layer thickness. Table 3 gives the
alues of kid and model constants for the three adsorbents with
espect to initial concentration and adsorbent dose. The values
f the initial adsorption rates, h determined from the straight line
lots for each adsorbent system, increased with an increase in the
nitial dye concentration can be attributed to the increase in the
riving force for mass transfer, allowing more dye molecules
o reach the surface of the adsorbents in a shorter period of

ime.

The corresponding linear plots of the values of qe, k2 and h
ersus C0 were regressed to obtain expressions for these values
n terms of the initial dye concentration with high correlation



B. Karagozoglu et al. / Journal of Hazardous Materials 147 (2007) 297–306 301

Table 4
Empirical parameters for predicted qe, k2, and h

Parameter Adsorbent Aqe Bqe Ak2 Bk2 Ah Bh

C0 (mg/L)
Sepiolite 4.15 × 10−3 5.36 768.54 −47007.9 0.02 × 10−2 107.06
Fly ash 2.34 × 10−3 6.32 1446.34 −95657.5 −11.45 × 10−2 229.16
ASAC −0.36 × 10−3 6.12 777.98 −53169.1 −9.99 × 10−2 105.74

m
3.09 × 10−4 0.788 39.14 −1.66
2.49 × 10−4 0.865 25.01 −1.63
2.73 × 10−4 1.172 7.14 −0.65

c
p
o

q

k

h

(
o
b

a
c
i
i

4

b
1
s
t
1
a
t

p

s (g/L)
Sepiolite 187.62 −0.97
Fly ash 157.89 −0.94
ASAC 160.90 −0.91

oefficients (Table 4). Therefore, it is useful for process design
urposes if the terms qe, k2 and h can be expressed as a function
f C0 for the dye as follows [24,25]:

e = C0

AqeC0 + Bqe

(6)

2 = C0

Ak2C0 + Bk2

(7)

= C0

AhC0 + Bh

(8)

Substituting the values of qe and h from Table 2 into Eqs.
6)–(8) and then Eq. (4) derives the rate law for pseudo-second-
rder and the relationship of q, C0 and t for each adsorbent can
e presented in the following equations:

q = C0t

(4.15 × 10−3C0 + 5.36)t − 1.62 × 10−4C0 + 107.06

(for sepiolite) (9)

q = C0t

(2.34 × 10−3C0 + 6.32)t − 11.45 × 10−2C0 + 229.16

(for fly ash) (10)

q = C0t

(−3.56 × 10−4C0 + 6.12)t − 9.99 × 10−2C0 + 105.74

(for ASAC) (11)

Eqs. (9)–(11) show generalized predictive models for the
mount of the dye adsorbed at any contact time and initial
oncentration within the given ranges. The equations clearly
ndicate that the dye adsorbed at any contact time per unit mass
s higher for a greater initial dye concentration.

.2. Effect of adsorbent dose on adsorption kinetics

The effect of the adsorbent dose on the adsorption rate of the
asic dye was investigated with adsorbent dose varying from 3 to
2 g/L at fixed pH, temperature and dye concentration. The study
hows an enhancement in adsorption with the increase in dose of
he adsorbent (Fig. 3). The amount dye adsorbed increases from
6.5 to 65.1 mg/g for sepiolite, from 14.8 to 55.1 mg/g for fly

sh and from 16.4 to 57.3 mg/g for ASAC, respectively, when
he amount of adsorbent is increased from 3 to 12 g/L.

A plot of t/q against t for adsorption of the basic dye for the
seudo-second-order model and a plot of q against the square

Fig. 3. Effect of adsorbent dose onto (a) sepiolite, (b) fly ash and (c) ASAC.
Experimental conditions: C0 = 200 mg/L; T = 303 K; 250 rpm.
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oot of t for the intraparticle diffusion rate model onto three
dsorbents (plots not depicted) used to calculate values of the
ate constants for three kinetic models are shown in Tables 1–3.
he data showed good compliance with the pseudo-second-

rder kinetic model in terms of higher correlation coefficients
>0.99) and very close values of predicted and experimental qe
or the dye–adsorbent system. There was a decrease in h, the
nitial rate parameter with adsorbent dose (Table 2). The values
f k2 increased with increasing adsorbent dose which result in
n increase in the surface area for adsorption and an increase
n the available sites for adsorption. The intraparticle diffusion
oefficients are all high (>0.95) which suggests that for the dye
dsorption onto the adsorbents the mechanism is predominantly
ntraparticle diffusion but the distinction is not completely clear.
he rate controlling mechanism may change during the course of
dsorption process. Three possible mechanisms may be occur-
ing. There is an external mass transfer of film diffusion process
hat controls the early stages of the adsorption process. This may
e followed by a constant rate stage and finally by a diffusion
tage where the adsorption process slows down considerably.
he overall of the dye adsorption process appears to be con-

rolled by the chemical process in this case in accordance with
he pseudo-second-order reaction mechanism.

The corresponding linear plots of the values of qe, k2 and h
ersus the adsorbent dose, ms for the dye were regressed to obtain
xpressions for these values in terms of ms with high correlation
oefficients (Table 4). Therefore, it is further considered that qe,
2 and h can be expressed as a function of ms as follows [24,25]:

q =
[1/(3.09 × 10−4m0.788

s )(18

q =
[1/(2.49 × 10−4m0.865

s )(15

q =
[1/(2.73 × 10−4m1.172

s )(16
e = Aqe (ms)
Bqe (12)

2 = Ak2 (ms)
Bk2 (13)

= Ah(ms)
Bh (14)

p
w
t
T

able 5
sotherm parameters for adsorption of the basic dye by various adsorbents

dsorbent Temperature, T (K) Langmuir isotherm constants

Q0 b r2

epiolite
303 155.52 0.0064 0.995
313 190.11 0.0066 0.997
323 209.21 0.0099 0.998

ly ash
303 128.21 0.0057 0.997
313 141.84 0.0092 0.999
323 152.44 0.0123 0.999

SAC
303 181.50 0.0055 0.996
313 188.68 0.0076 0.999
323 201.61 0.0083 0.999
ous Materials 147 (2007) 297–306

Substituting the values of qe and h from Table 2 into Eqs.
12)–(14) and then Eq. (4) derives the rate law for pseudo-
econd-order and the relationship of q, C0 and t for each
dsorbent:

t

m−0.967
s )

2
] + [t/187.62m−0.967

s ]
(for sepiolite) (15)

t

m−0.938
s )

2
] + [t/157.89m−0.938

s ]
(for fly ash) (16)

t

m−0.906
s )

2
] + [t/160.90m−0.906

s ]
(for ASAC) (17)

These equations can be used to derive the amount of dye
dsorbed at any given reaction time for any adsorbent dose
ithin the given range. The result also indicates that the dye

dsorbed at any contact time is lower for a greater adsorbent
ose.

.3. Adsorption isotherms

The equilibrium adsorption isotherm is of importance in the
esign of adsorption systems. Several adsorption isotherm equa-
ions are available and the two important isotherms are selected
n this study, the Langmuir and Freundlich isotherms [26].

The Langmuir model assumes that the uptake of adsorbate
ccur on a homogeneous surface by monolayer adsorption with-
ut any interaction between adsorbed ions. The Langmuir’s
quation can be expressed in a mathematical form as shown
n Eq. (18):

Ce

qe
= 1

Q0b
+ Ce

Q0
(18)

here Ce is the equilibrium concentration (mg/L), qe the amount
dsorbed at equilibrium (mg/g), Q0 the adsorption capacity
mg/g) and b is the energy of adsorption (Langmuir constant,
/mol). The maximum adsorption capacity and Langmuir con-
tant were calculated from the slope and intercept of the linear

lots Ce/qe versus Ce which gives a straight line of slope 1/Q0
hich corresponds to complete monolayer coverage (mg/g) and

he intercept is 1/Q0b (Fig. 4). The results are presented in
able 5. The Langmuir parameters, Q0 and b, were found to

Freundlich isotherm constants Separation parameter, RL

kF 1/n r2

5.294 0.4872 0.986 0.049–0.57
6.666 0.4850 0.988 0.047–0.56

11.651 0.4260 0.979 0.032–0.46

4.761 0.4688 0.987 0.054–0.60
11.165 0.3653 0.985 0.034–0.48
17.033 0.3178 0.984 0.026–0.41

5.952 0.4890 0.987 0.056–0.61
7.730 0.4685 0.974 0.042–0.53
9.305 0.4526 0.969 0.038–0.51
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RL values lie between 0 and 1 indicates the on-going adsorp-

tion process is favorable for the dye using different adsorbents.
The Freundlich isotherm describes equilibrium on heteroge-

neous surfaces and hence does not assume monolayer capacity.
ig. 4. Langmuir isotherm plots for the adsorption of the basic dye at different
emperatures by different adsorbents: (a) sepiolite, (b) fly ash and (c) ASAC.

e increased with temperature. High temperatures increased the
inetic energy of the dye and therefore enhanced the mobility
f the dye ions. This led to a higher chance of the dye being
dsorbed onto the adsorbent and an increase in its adsorption
apacity which results in the enlargement of pore size or activa-
ion of the adsorbent surface. This agreed well with the findings
n Ref. [27].
The essential feature of the Langmuir isotherm can be
xpressed by means of dimensionless constant separation fac-
or or equilibrium parameter, RL, which is calculated using the

F
(

ous Materials 147 (2007) 297–306 303

ollowing equation:

L = 1

1 + bC0
(19)

The values of RL calculated as above equation are incorpo-
ated in Table 5.
ig. 5. Effect of temperature on the adsorption of the basic dye onto (a) sepiolite,
b) fly ash and (c) ASAC.
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Table 6
Thermodynamic parameters for adsorption of the basic dye on various
adsorbents

Adsorbent Temperature,
T (K)

Thermodynamic parameters

−�G◦
(kJ/mol)

�H◦
(kJ/mol)

�S◦
(kJ/mol K)

Sepiolite
303 12.73

17.82 0.016313 13.05
323 17.76

Fly ash
303 13.02

31.31 0.061313 12.21
323 11.82

A
303 13.10

�

v
a
1
T
c
a
b
n
r
t
f
t

T
M
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C
P
P
P
A
P
S
C
A
A
D
P
A
B
F
Z
M
A
B
A
S

04 B. Karagozoglu et al. / Journal of H

he isotherm is described by the following equations:

e = kFC1/n (20)

The linearized form of the equation can be written as follows

og(qe) = log kF + 1

n
log(Ce) (21)

here kF and n are Freundlich constants and were calculated
rom the slope and intercept of the Freundlich plots. The Fre-
ndlich parameters at different temperatures for the adsorption
f the dye onto three adsorbents are shown in Table 5. It has been
hown that n values between 1 and 10 represent that the dye was
avorably adsorbed onto the adsorbents. The fit of the data for
he dye onto these adsorbents suggests that Langmuir model
r2 > 0.999) gave closer fittings than the Freundlich model.

.4. Effect of temperature

The amount of dye adsorbed at different temperatures
303–323 K) has been examined to obtain thermodynamic
arameters for the adsorption system. Adsorption increased
ith increase in temperature is shown in Fig. 5. The increase

n adsorption with a rise in temperature can be explained on
he basis of thermodynamic parameters, change in free energy
�G◦), enthalpy (�H◦) and entropy (�S◦) were calculated by
sing the following equations:

G◦ = −RT ln Kc (22)

og Kc = �S◦
− �H◦ (

1
)

(23)

2.303R 2.303R T

here Kc, R and T are the equilibrium constant of the adsorp-
ion process expressed as the product of the Langmuir constants
(=Kc), gas constant and absolute temperature, respectively.

s
o
w
l

able 7
aximum adsorption capacity of various basic dyes by some adsorbents

dsorbent Adsorbate

lay Basic Red 9, Basic Violet 3, B
alm fruit bunch particle Basic Yellow
alm kernel shell activated carbon Basic Blue 9
eat, Kudzu Astrazon Yellow 7GL
ctivated carbon Basic Violet 10, Basic Violet 3
eat, Kudzu Maxilon Red BL-N
epiolite Astrazon Blue FGRL
oir pith Basic Violet 10
SAC Astrazon Blue FGRL
ctivated carbon (F-400) Basic Blue 69
iatomaceous earth Methylene Blue
alm fruit bunch particle Basic Red, Basic Blue
ctivated carbon Maxilon Schwarz FBL-01
agasse pith Basic Blue 69, Basic Red 22
ly ash Astrazon Blue FGRL
eolite Maxilon Goldgelb GL EC
acroalga C. lentillifera Astrazon Blue FGRL
ctivated carbon Basic Fuchsin
agasse pith Basic Red 22, Basic Blue 69
ctivated carbon Maxilon Schwarz FBL-01
ilica Basic Blue 3
SAC 16.60 0.012313 12.70
323 12.87

H◦ and �S◦ were calculated from the slope and intercept of
an’t Hoff plots of ln Kc versus 1/T (plots not shown). The results
re given in Table 6. The values of �H◦ varied in the range of
6.60–31.31 kJ/mol indicated that the process is endothermic.
he variations in �H◦ values confirm the formation of strong
hemical bonds between the dye molecules and the adsorbents
nd adsorption process was likely to be chemisorption, proba-
ly indicating adsorbent/dye complexation. �G◦ values were
egative and varied from 11.82 to 17.76 in the temperature
ange of 303–323 K indicating that the adsorption process led
o a decrease in Gibbs free energy. Negative �G◦ indicates the
easibility and spontaneity of the adsorption process. The posi-
ive values of �S◦ suggest that the increased randomness at the

olid–solution interface during the adsorption of the dye in aque-
us solution on the adsorbents. The adsorbed solvent molecules
hich are displaced by the adsorbate species gain more trans-

ational entropy than is ions lost by adsorbate thus allowing

Q0 (mg/g) Reference

asic Violet 4 345, 70, 51 [28]
327 [38]
311 [29]
300, 270 [31,32]

, Basic Red 9 254, 244, 127 [33]
240, 219 [31,32]
209 This study
203 [37]
202 This study
202 [30]
198 [36]
180, 91 [38]
159 [34]
158, 77 [36]
152 This study
56 [34]
49 [9]
34 [4]
18, 16 [34]
15 [34]
11 [35]
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or prevalence of randomness in the system. The parameters,
H◦, �S◦, and �G◦, for the adsorbate–adsorbent interactions

hanged in a way that made the adsorption thermodynamically
easible with a high degree of affinity of the dye molecules for
he adsorbent surface.

.5. Comparison of adsorbents

A comparative evaluation of the adsorbent capacities of vari-
us types of adsorbents for the adsorption of basic dyes is listed
n Table 7. The adsorption capacities of the adsorbents used in
his study were not among the highest available but a relatively
igh uptake capacity of the dye could be obtained which makes
he adsorbents suitable for colors removal in textile industry.

. Conclusions

The adsorption kinetic and equilibrium parameters such as
inetic rate constants, the Langmuir and Freundlich constants,
aximum capacity of adsorption, enthalpy of adsorption, were

btained from the adsorption experiments. These parameters are
ery important for scale-up batch experiments. The removals of
he dye by various adsorbents were dependent on the concentra-
ion of the dye since the increase in the initial dye concentration
ncreased the amount of the dye adsorbed on the adsorbents. The
oncentration of the adsorbate on the adsorbent increased with a
ecrease in the adsorbent dose. A comparison of kinetic models
n the overall adsorption rate showed that dye/adsorbent system
as best described by the pseudo-second-order rate model. The

nternal diffusion rate decreased with an increase in mass due
o the increased external surface for adsorption. Equations were
eveloped using the pseudo-second-order model that accurately
redict the amount of the basic dye adsorbed at any contact time,
nitial dye concentration and adsorbent dose within the given
ange. The adsorption data fitted well the Langmuir isotherm.
hermodynamical parameters were also evaluated for the basic
ye and revealed that the adsorption of the dye is endothermic in
ature. The experimental results showed that these adsorbents
ould potentially be used in the removal of the basic dyes in
queous solutions and industrial wastewater treatments.
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