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Abstract

In this study, sepiolite, fly ash and apricot stone activated carbon (ASAC) were used as adsorbents for the investigation of the adsorption
kinetics, 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
with increasing initial dye concentration, adsorbent dose and temperature. Three kinetic models, the pseudo-first-order, second-order, intraparticle
diffusion, were used to predict the adsorption rate constants. The kinetics of adsorption of the basic dye followed pseudo-second-order kinetics.
Equations were developed using the pseudo-second-order model which predicts the amount of the basic dye adsorbed at any contact time, initial dye
concentration and adsorbent dose within the given range accurately. The adsorption equilibrium data obeyed Langmuir isotherm. The adsorption
capacities (Qp) 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.
Thermodynamical parameters were also evaluated for the dye—adsorbent systems and revealed that the adsorption process was endothermic in

nature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cationic dyes known as basic dyes are widely used in
acrylic, nylon, silk, and wool dyeing. A large volume of dye-
contaminated effluent is discharged in textile dyeing processes,
and 10-15% of the dye is lost in the dye effluent. The colored
wastewater damages the aesthetic nature of water and reduces the
light penetration through the water’s surface and the photosyn-
thetic activity of aquatic organisms due to the presence of metals,
chlorides, etc., in them [1]. Basic dyes can also cause allergic
dermatitis, skin irritation, cancer, and mutations. Therefore, it
is necessary to remove the dye pollutions. There are several
methods for dye removals, such as coagulation and chemical
oxidation, membrane separation process, electrochemical, fil-
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tration, reverse osmosis and aerobic and anaerobic microbial
degradation but all of these methods suffer from one or other
limitations, and none of them were successful in completely
removing the color from wastewater. Dyes can be effectively
removed by adsorption process; in which dissolved dye com-
pounds attach themselves to the surface of adsorbents. Granular
or powdered activated carbon is the most widely used adsor-
bent for the removal of colors and treatment of textile effluents
because it has an excellent high surface area and high adsorption
capacity for organic compounds, but its use is usually limited
due to its high cost [2-4].

For this reason, many researchers have investigated for
cheaper and efficient alternative substitutes to remove dyes from
wastewater such as various activated carbons [5-9], agricul-
tural wastes [10,11], sepiolite [12—-14] and fly ash [15-17].
Natural adsorbents in studies involving the removal of basic
dyes from aqueous solutions [18-20] are reported in the
literature.
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In the present study, the adsorption abilities of apricot
stone activated carbon (ASAC), fly ash and sepiolite as adsor-
bents for removal of the basic dye from synthetic aqueous
solutions were examined. Effects of initial dye concentra-
tion, adsorbent dose and temperature on these adsorbents
under kinetic and equilibrium conditions were investigated.
The rate limiting step of the dye onto the adsorbents is
determined from the adsorption kinetic results. Both Lang-
muir and Freundlich adsorption isotherms were applied to the
experimental results and thermodynamic parameters were also
calculated.

2. Materials and methods
2.1. Materials

Three adsorbents were used for removal of the basic dye
from the aqueous solutions which are fly ash, sepiolite and
ASAC. The fly ash was obtained from Afsin-Elbistan Ther-
mal Power Station in Turkey. The Afsin-Elbistan power plant
consumes 18 x 10° metric tonnes of coal per year and gener-
ates about 3.24 x 10° metric tonnes of fly ash returning to the
dumping area of the mine as combustion waste. The chemical
composition of used fly ash as oxides in wt.% was SiO; 15.14,
Al;037.54,Fe;03 3.30, Ca0 23.66, Mg0 4.50,K,0 0.28,Na, O
0.57, TiO, 1.03, SO3 13.22. Specific surface area, bulk density,
specific gravity and LOI of the fly ash have been determined as
0.342m?/g, 1.05 g/em?, 2.70 g/cm® and 2.31 wt.%, respectively.
The particle size distribution of the fly ash was found between
2 and 300 pwm [15].

Sepiolite samples used in this work were obtained from
Eskisehir, Turkey. Sepiolite is a natural hydrated magnesium
silicate clay mineral, (Sij2)(Mgg)O30(OH)g(OH»)4-8H2O.
Structurally it is formed by blocks and channels extending in the
fiber direction. Sepiolite has several adsorption applications due
to its channel structure [14]. The surface area, cation exchange
capacity, density and particle sizes of sepiolite are 234.3 m?/g,
299 mmol/kg, 2.5g/mL and 0.30-1.60 mm, respectively
[12,21].

Apricot stones were obtained from Malatya in Turkey. Chem-
ical activation were carried out by using H,SO4 at moderate
temperatures produces a high surface area and high degree
of microporosity. The parameters of ASAC are bulk den-
sity 0.43 g/mL, ash content 2.21%, pH 6.0, moisture content
7.18%, surface area 566 m>/g, solubility in water 0.85%, sol-
ubility in 0.25M HCI 1.22%, decolorising power 22.8 mg/g,
iodine number 548 mg/g and particle size 1.00-1.25 mm, respec-
tively [6,22]. Astrazon Blue FGRL obtained from Dystar
was used for the adsorption study. This dye consists of two
main components which are C.I. Basic Blue 159 and C.I
Basic Blue 3. The ratio of the two components is 5:1 (w/w),
respectively. The structures of these two dye components are
displayed in Fig. 1. The basic dye is not regarded as acutely
toxic, but it can have various harmful effects [9]. On inhala-
tion, it can give rise to short periods of rapid or difficult
breathing. This dye is mainly used as acrylic dyeing in the
industry.
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Fig. 1. Chemical structures of (a) C.I. Basic Blue 159 and (b) C:I. Basic Blue 3.

2.2. Methods

The effects of important parameters such as, initial dye con-
centration, adsorbent dose and temperature on the adsorptive
removal of the basic dye were investigated by batch experiments.
In each kinetic experiment, a known quantity of adsorbent con-
tacted with a dye solution in a 100 mL flask at desired pH and
temperature was shaken in a thermostat rotary shaker at con-
stant agitation speed (250 rpm) for a given time intervals. At
various time intervals, the flasks were successively removed,
the liquid was separated from the solid by centrifugation, and
the remaining concentration of dye in solution was measured
spectrophotometrically on a Perkin-Elmer UV-vis spectropho-
tometer model 5508 at a wavelength of 576 nm. In the adsorption
isotherm experiments, dye solutions were added to different
quantities of adsorbents into flasks and subsequently placed on
a shaker for 24 h.

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

_ (Co—C)V o
de = 7Ws
where Cy is the initial dye concentration, C; the dye concentra-
tion (mg/L) at any time (f), V the volume of solution (L) and W;
is the mass of the adsorbent (g). Each experiment was carried
out in duplicate and the average deviation between experimental
and predicted one lies between +5%.

3. Adsorption kinetics

The study of adsorption kinetics describes the solute uptake
rate and evidently this rate controls the residence time of adsor-
bate uptake at the solid-solution interface. Adsorption rate
constants for the basic dye were calculated by using pseudo-first-
order, second-order and intraparticle diffusion kinetic models
[23,24] which were used to describe the mechanism of the
dye adsorption. The conformity between the experimental data
and the model-predicted values was expressed by the corre-
lation coefficients (). A relatively high 72 value indicates
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that the model successfully describes the kinetics of the dye
adsorption.

3.1. The pseudo-first-order equation

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

ki
1 —qp=1 -t 2
0g(qe — q) = log(ge) 2303 ()

where ¢g. and g are the amount of dye adsorbed (mg/g) on the
adsorbents at the equilibrium and at time ¢, respectively, and k;
is the rate constant of adsorption (min—!). Values of k; were
calculated from the plots of log(ge — g) versus ¢ for different
concentrations of the basic dye.

3.2. The pseudo-second-order equation

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

d
% = ka(ge — q:)° 3)

where k> is the rate constant of pseudo-second-order adsorption
(g/mg min). Integrating and applying the initial conditions, we
have a linear form as

Y )
(%) " i 4

where ¢, is the amount of dye adsorbed at equilibrium (mg/g).
The second-order rate constants were used to calculate the initial
sorptionrate, h = kgqg. Values of k; and g. were calculated from
intercept and the slope of the linear plots of #/q; versus t.

3.3. Intraparticle diffusion

The rate constant for intraparticle diffusion (kiq) is calculated
by the following equation:

q = kiat'? ®)

where ¢q is the amount dye adsorbed (mg/g) at time () and kiq
(mg/g min'?) is the rate constant for intraparticle diffusion. Val-
ues of kjq were calculated from the slope of the linear plots of g
versus 112,

4. Results and discussion

4.1. Effect of initial dye concentration on adsorption
kinetics

The effects of initial basic dye concentrations on the rate
of adsorption by sepiolite, fly ash and ASAC are explored in
the range from 100 to 300 mg/L (Fig. 2). It is evident from
the figure that the amount dye adsorbed increases from 16.7
to 44.5 mg/g for sepiolite, from 14.9 to 40.3 mg/g for fly ash and
from 16.2 to 50.1 mg/g for ASAC, respectively. It is obvious that
the removals of the dye by various adsorbents were dependent
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Fig. 2. The effect of initial dye concentration onto (a) sepiolite, (b) fly ash and
(c) ASAC. Experimental conditions: 7=303 K; 250 rpm; 6 g/L.

on the concentration of the dye since the increase in the ini-
tial dye concentration increased the amount of the dye adsorbed
on the adsorbents. Moreover, the initial rate of adsorption was
greater for higher initial dye concentration because the resis-
tance to the dye uptake decreased as the mass transfer driving
force increased.

Egs. (2)—-(5) were applied to the experimental data for the
adsorption of the basic dye onto three adsorbents. The values
of rate constants obtained from three kinetic models, > and the
predicted and experimental g, 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
ki (x 102) ge(mod) Ge(exp) 2 ky (x 102) Ge(mod) Ge(exp) r? ky (x 102) ge(mod) Ge(exp) r?
Co (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
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
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
ky (x 103) h Ge(mod) e(exp) I ko (x 103) h e(mod) Qe(exp) r? ka (x 103) h Ge(mod) qe(exp) I
Co (mg/L)
100 3.15 094 17.32 16.70 099 198 046 15.22 14.90 099 3.86 1.05 16.46 1620  0.99
200 2.19 172 32.24 31.10 099 1.11 0.99  29.99 28.80 099 2.17 230 3256 3230 099
300 1.49 3.10 45.56 4450 099 0.85 1.50 41.95 40.30 099 1.56 4.04 50.79 50.10  0.99
ms (g/L)
3 0.77 6.78  65.79 65.10 099 0.66 4.86 55.77 55.10 099 1.00 347  58.69 57.30  0.99
1.16 1.72 3224 31.10 099 1.11 0.99  29.99 28.8 099 2.17 230 3256 3230 099
12 2.29 0.68 17.22 16.50 099 220 051 15.19 14.80 099 5.08 142 16.71 1640  0.99

system are given in Tables 1-3. The intercept of the straight
line plots of log(ge — g) versus ¢ should equal to log(g.) and
the intercept did not equal to g. (Table 1) then the reaction is
not likely to be first-order, irrespective of the magnitude of the

Table 3
The effect of process variables on intraparticle diffusion model constants

Adsorbent Parameter, Model constants
Co (mg/L)
kid e(mod) qe(exp) I
100 0.273 11.38 16.70 0.95
Sepiolite 200 0.638 16.73 31.10 0.99
300 0.901 26.55 44.50 0.97
100 0.415 5.55 14.90 0.99
Fly ash 200 0.854 11.12 28.80 0.98
300 1.293 14.10 40.30 0.97
100 0.259 10.65 16.20 0.96
ASAC 200 0.571 19.97 32.30 0.99
300 0.928 30.98 50.10 0.97
Adsorbent Parameter, Model constants
ms (/L)
) kid Ge(mod) Ge(exp) r?
3 0.741 49.52 65.10 0.98
Sepiolite 6 0.638 16.73 31.10 0.99
12 0.382 8.80 16.50 0.97
3 0.744 39.43 55.10 0.98
Fly ash 6 0.854 11.12 28.80 0.98
12 0.288 8.17 14.80 0.99
3 1.232 32.25 57.30 0.98
ASAC 6 0.571 19.97 32.30 0.99
12 0.226 11.85 16.40 0.97

correlation coefficient. The predicted and experimental g values
for the basic dye—adsorbent system were compared with the
three kinetic models (Tables 1-3). Since most of the pseudo-
first-order and intraparticle diffusion model values deviate from
the experimental values, it suggests that the adsorption of the
dye onto the adsorbents follows the pseudo-second-order model.
The agreement between the experimental and predicted curves
is extremely good. Hence, the concentration of the basic dye in
the solution had a strong influence on the pseudo-second-order
kinetics. This model also assumes the rate limiting step may be
the adsorption in agreement with chemical adsorption being the
rate controlling step, which may involve valence forces through
sharing or exchange of electrons between dye and adsorbent.

It was observed that there were two linear portions (plots
not depicted here), indicating two-stage diffusion of dye onto
adsorbent materials. The slope of the second linear portion char-
acterizes the rate parameter corresponding to the intraparticle
diffusion, whereas the intercept of this second linear portion is
proportional to the boundary layer thickness. Table 3 gives the
values of kig and model constants for the three adsorbents with
respect to initial concentration and adsorbent dose. The values
of the initial adsorption rates, & determined from the straight line
plots for each adsorbent system, increased with an increase in the
initial dye concentration can be attributed to the increase in the
driving force for mass transfer, allowing more dye molecules
to reach the surface of the adsorbents in a shorter period of
time.

The corresponding linear plots of the values of ge, k> and &
versus Coy were regressed to obtain expressions for these values
in terms of the initial dye concentration with high correlation
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Table 4
Empirical parameters for predicted ge, k2, and h
Parameter Adsorbent Age By, Ag, By, Ap By,
Sepiolite 4.15x 1073 5.36 768.54 —47007.9 0.02 x 1072 107.06
Co (mg/L) Fly ash 234 %1073 6.32 1446.34 —95657.5 —11.45 x 1072 229.16
ASAC —0.36 x 1073 6.12 777.98 —53169.1 —9.99 x 1072 105.74
Sepiolite 187.62 —-0.97 3.09 x 10~ 0.788 39.14 —1.66
mg (g/L) Fly ash 157.89 —0.94 249 x 1074 0.865 25.01 —1.63
ASAC 160.90 —0.91 273 x 1074 1.172 7.14 —0.65
coefficients (Table 4). Therefore, it is useful for process design
purposes if the terms ge, k7 and & can be expressed as a function =
of Cy for the dye as follows [24,25]: |
70
Co 1 O o}
Ge = (7 (©6) 60- o
A‘Ie CO + B‘Ie E /O/O
= 504§
C <
k= ——2 (N £ 0l2
Ak2 CO + Bk2 =3 _T
30-0 __;H.A & A
C 1
h = A,C (ir B (3) 20-3,5,&/&//‘A m. (g/L)
ht0 h ul o 0 0—3
Substituting the values of g, and & from Table 2 into Eqs. 'Oj§'] i > ?2
(6)—(8) and then Eq. (4) derives the rate law for pseudo-second- 0 . ‘ : . . : .
order and the relationship of g, Cy and ¢ for each adsorbent can @ 00 200, 30 r?ﬁ?in) AN o oo D
be presented in the following equations:
g= Cot 60
(4.15 x 1073Cy + 5.36)t — 1.62 x 1074Cy + 107.06 ___o—> o
o 50 i
(for sepiolite) O] -~
S
= 404 /
q= Cor BT
(2.34 x 1073Co + 6.32)1 — 11.45 x 1072Co + 229.16 = 3047 el
o i /A/_,A
(for fly ash) (10) 20?' A
Cot jf/ ___p—= 0 g m, (o)
q= 10}4g-0—" —0—3
(—=3.56 x 107%Cy 4 6.12)r — 9.99 x 1072C¢ + 105.74 g $?2
0 1 T T T T T T T T
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Egs. (9)—(11) show generalized predictive models for the (b) ¢ (min)
amount of the dye adsorbed at any contact time and initial
. o1 e . . 70
concentration within the given ranges. The equations clearly
indicate that the dye adsorbed at any contact time per unit mass 604
o . . o0 o
is higher for a greater initial dye concentration. o) e
o/
4.2. Effect of adsorbent dose on adsorption kinetics % 40 /o/
E) d
. g
The effect of the adsorbent dose on the adsorption rate of the = 304 éf a0 a “
basic dye was investigated with adsorbent dose varying from 3 to g A,A”A
12 g/L at fixed pH, temperature and dye concentration. The study 204 . . . 0 ml
shows an enhancement in adsorption with the increase in dose of 104 a0 ——3
the adsorbent (Fig. 3). The amount dye adsorbed increases from & (I!Z
16.5 to 65.1 mg/g for sepiolite, from 14.8 to 55.1 mg/g for fly 0~

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

A plot of /g against ¢ for adsorption of the basic dye for the
pseudo-second-order model and a plot of g against the square
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Fig. 3. Effect of adsorbent dose onto (a) sepiolite, (b) fly ash and (c) ASAC.
Experimental conditions: Cp =200 mg/L; T=303 K; 250 rpm.
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root of ¢ for the intraparticle diffusion rate model onto three
adsorbents (plots not depicted) used to calculate values of the
rate constants for three kinetic models are shown in Tables 1-3.
The data showed good compliance with the pseudo-second-

Substituting the values of g. and 4 from Table 2 into Egs.
(12)—(14) and then Eq. (4) derives the rate law for pseudo-
second-order and the relationship of g, Cp and ¢ for each
adsorbent:

t

N 2 (for sepiolite) (15)
[1/(3.09 x 10~*mQ788)(187.62ms ***") ] + [1/187.62m5 "]
t
7= 2 (for fly ash) (16)
[1/(2.49 x 10~*mQ865)(157.89ms )] 4 [1/157.89m5 "]
t
(for ASAC) (17)

q =
[1/(2.73 x 10~4m1172)(160.90m3 *9%)*] + [1/160.90m; 2%

order kinetic model in terms of higher correlation coefficients
(>0.99) and very close values of predicted and experimental g,
for the dye—adsorbent system. There was a decrease in &, the
initial rate parameter with adsorbent dose (Table 2). The values
of k> increased with increasing adsorbent dose which result in
an increase in the surface area for adsorption and an increase
in the available sites for adsorption. The intraparticle diffusion
coefficients are all high (>0.95) which suggests that for the dye
adsorption onto the adsorbents the mechanism is predominantly
intraparticle diffusion but the distinction is not completely clear.
The rate controlling mechanism may change during the course of
adsorption process. Three possible mechanisms may be occur-
ring. There is an external mass transfer of film diffusion process
that controls the early stages of the adsorption process. This may
be followed by a constant rate stage and finally by a diffusion
stage where the adsorption process slows down considerably.
The overall of the dye adsorption process appears to be con-
trolled by the chemical process in this case in accordance with
the pseudo-second-order reaction mechanism.

The corresponding linear plots of the values of ge, k> and &
versus the adsorbent dose, m for the dye were regressed to obtain
expressions for these values in terms of mg with high correlation
coefficients (Table 4). Therefore, it is further considered that g,
k> and h can be expressed as a function of my as follows [24,25]:

ge = Ag(ms)Pee (12)
ky = Ak, (ms)Bi (13)
h = Ap(mg)®n (14)
Table 5

Isotherm parameters for adsorption of the basic dye by various adsorbents

These equations can be used to derive the amount of dye
adsorbed at any given reaction time for any adsorbent dose
within the given range. The result also indicates that the dye
adsorbed at any contact time is lower for a greater adsorbent
dose.

4.3. Adsorption isotherms

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

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

Ce 1 Ce

ge  Qob - Qo
where C. is the equilibrium concentration (mg/L), g the amount
adsorbed at equilibrium (mg/g), Qo the adsorption capacity
(mg/g) and b is the energy of adsorption (Langmuir constant,
L/mol). The maximum adsorption capacity and Langmuir con-
stant were calculated from the slope and intercept of the linear
plots Ce/q. versus C. which gives a straight line of slope 1/Q
which corresponds to complete monolayer coverage (mg/g) and
the intercept is 1/Qpb (Fig. 4). The results are presented in
Table 5. The Langmuir parameters, Qo and b, were found to

(18)

Adsorbent Temperature, T (K) Langmuir isotherm constants Freundlich isotherm constants Separation parameter, Ry,
Qo b P kg 1/n 2
303 155.52 0.0064 0.995 5.294 0.4872 0.986 0.049-0.57
Sepiolite 313 190.11 0.0066 0.997 6.666 0.4850 0.988 0.047-0.56
323 209.21 0.0099 0.998 11.651 0.4260 0.979 0.032-0.46
303 128.21 0.0057 0.997 4.761 0.4688 0.987 0.054-0.60
Fly ash 313 141.84 0.0092 0.999 11.165 0.3653 0.985 0.034-0.48
323 152.44 0.0123 0.999 17.033 0.3178 0.984 0.026-0.41
303 181.50 0.0055 0.996 5.952 0.4890 0.987 0.056-0.61
ASAC 313 188.68 0.0076 0.999 7.730 0.4685 0.974 0.042-0.53
323 201.61 0.0083 0.999 9.305 0.4526 0.969 0.038-0.51
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Fig. 4. Langmuir isotherm plots for the adsorption of the basic dye at different
temperatures by different adsorbents: (a) sepiolite, (b) fly ash and (c) ASAC.

be increased with temperature. High temperatures increased the
kinetic energy of the dye and therefore enhanced the mobility
of the dye ions. This led to a higher chance of the dye being
adsorbed onto the adsorbent and an increase in its adsorption
capacity which results in the enlargement of pore size or activa-
tion of the adsorbent surface. This agreed well with the findings
in Ref. [27].

The essential feature of the Langmuir isotherm can be
expressed by means of dimensionless constant separation fac-
tor or equilibrium parameter, Ry, which is calculated using the

following equation:

1

RL= ——
L= 1500,

303

19)

The values of Ry, calculated as above equation are incorpo-

rated in Table 5.

Ry 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.
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Fig. 5. Effect of temperature on the adsorption of the basic dye onto (a) sepiolite,

(b) fly ash and (c) ASAC.
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The isotherm is described by the following equations:
ge = krC'/" (20)

The linearized form of the equation can be written as follows

1
log(ge) = log kg + ~log(Ce) 2

where kg and n are Freundlich constants and were calculated
from the slope and intercept of the Freundlich plots. The Fre-
undlich parameters at different temperatures for the adsorption
of the dye onto three adsorbents are shown in Table 5. It has been
shown that n values between 1 and 10 represent that the dye was
favorably adsorbed onto the adsorbents. The fit of the data for
the dye onto these adsorbents suggests that Langmuir model
(r*>0.999) gave closer fittings than the Freundlich model.

4.4. Effect of temperature

The amount of dye adsorbed at different temperatures
(303-323K) has been examined to obtain thermodynamic
parameters for the adsorption system. Adsorption increased
with increase in temperature is shown in Fig. 5. The increase
in adsorption with a rise in temperature can be explained on
the basis of thermodynamic parameters, change in free energy
(AG®), enthalpy (AH®) and entropy (AS°) were calculated by
using the following equations:

AG® = —RTInK, 22)
AS° AH° 1

log K. = — = (23)
2.303R 2303R \T

where K., R and T are the equilibrium constant of the adsorp-
tion process expressed as the product of the Langmuir constants
b(=K.), gas constant and absolute temperature, respectively.

Table 6
Thermodynamic parameters for adsorption of the basic dye on various
adsorbents

Adsorbent Temperature, Thermodynamic parameters
T (K)
—AG° AH° AS°
(kJ/mol) (kJ/mol) (kJ/mol K)
303 12.73
Sepiolite 313 13.05 17.82 0.016
323 17.76
303 13.02
Fly ash 313 12.21 31.31 0.061
323 11.82
303 13.10
ASAC 313 12.70 16.60 0.012
323 12.87

AH° and AS° were calculated from the slope and intercept of
van’t Hoff plots of In K, versus 1/T (plots not shown). The results
are given in Table 6. The values of AH® varied in the range of
16.60-31.31 kJ/mol indicated that the process is endothermic.
The variations in AH® values confirm the formation of strong
chemical bonds between the dye molecules and the adsorbents
and adsorption process was likely to be chemisorption, proba-
bly indicating adsorbent/dye complexation. AG®° values were
negative and varied from 11.82 to 17.76 in the temperature
range of 303-323 K indicating that the adsorption process led
to a decrease in Gibbs free energy. Negative AG® indicates the
feasibility and spontaneity of the adsorption process. The posi-
tive values of AS° suggest that the increased randomness at the
solid—solution interface during the adsorption of the dye in aque-
ous solution on the adsorbents. The adsorbed solvent molecules
which are displaced by the adsorbate species gain more trans-
lational entropy than is ions lost by adsorbate thus allowing

Table 7

Maximum adsorption capacity of various basic dyes by some adsorbents

Adsorbent Adsorbate Qo (mg/g) Reference
Clay Basic Red 9, Basic Violet 3, Basic Violet 4 345,70, 51 [28]

Palm fruit bunch particle Basic Yellow 327 [38]

Palm kernel shell activated carbon Basic Blue 9 311 [29]

Peat, Kudzu Astrazon Yellow 7GL 300, 270 [31,32]
Activated carbon Basic Violet 10, Basic Violet 3, Basic Red 9 254,244,127 [33]

Peat, Kudzu Maxilon Red BL-N 240, 219 [31,32]
Sepiolite Astrazon Blue FGRL 209 This study
Coir pith Basic Violet 10 203 [37]
ASAC Astrazon Blue FGRL 202 This study
Activated carbon (F-400) Basic Blue 69 202 [30]
Diatomaceous earth Methylene Blue 198 [36]

Palm fruit bunch particle Basic Red, Basic Blue 180, 91 [38]
Activated carbon Maxilon Schwarz FBL-01 159 [34]
Bagasse pith Basic Blue 69, Basic Red 22 158,77 [36]

Fly ash Astrazon Blue FGRL 152 This study
Zeolite Maxilon Goldgelb GL EC 56 [34]
Macroalga C. lentillifera Astrazon Blue FGRL 49 [9]
Activated carbon Basic Fuchsin 34 [4]
Bagasse pith Basic Red 22, Basic Blue 69 18, 16 [34]
Activated carbon Maxilon Schwarz FBL-01 15 [34]

Silica Basic Blue 3 11 [35]
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for prevalence of randomness in the system. The parameters,
AH°, AS°, and AG°, for the adsorbate—adsorbent interactions
changed in a way that made the adsorption thermodynamically
feasible with a high degree of affinity of the dye molecules for
the adsorbent surface.

4.5. Comparison of adsorbents

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

5. Conclusions

The adsorption kinetic and equilibrium parameters such as
kinetic rate constants, the Langmuir and Freundlich constants,
maximum capacity of adsorption, enthalpy of adsorption, were
obtained from the adsorption experiments. These parameters are
very important for scale-up batch experiments. The removals of
the dye by various adsorbents were dependent on the concentra-
tion of the dye since the increase in the initial dye concentration
increased the amount of the dye adsorbed on the adsorbents. The
concentration of the adsorbate on the adsorbent increased with a
decrease in the adsorbent dose. A comparison of kinetic models
on the overall adsorption rate showed that dye/adsorbent system
was best described by the pseudo-second-order rate model. The
internal diffusion rate decreased with an increase in mass due
to the increased external surface for adsorption. Equations were
developed using the pseudo-second-order model that accurately
predict the amount of the basic dye adsorbed at any contact time,
initial dye concentration and adsorbent dose within the given
range. The adsorption data fitted well the Langmuir isotherm.
Thermodynamical parameters were also evaluated for the basic
dye and revealed that the adsorption of the dye is endothermic in
nature. The experimental results showed that these adsorbents
could potentially be used in the removal of the basic dyes in
aqueous solutions and industrial wastewater treatments.
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