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a b s t r a c t

This investigation reveals the adsorption characteristics of two basic dyes, thionine (TH) and safranine
T (ST), onto fly ash (FA) and its three zeolitized products prepared at different hydrothermal condi-
tions. Typical two-step isotherms were observed for TH adsorption onto four adsorbents, whereas the
isotherms of the larger ST molecules were S-shaped. The adsorption capacities of the zeolitized fly ash
(ZFA) estimated from the first plateau region of the TH isotherms was nearly twice the FA capacity. The
eywords:
ly ash zeolites
dsorption
asic dyes
hionine
afranine T

capacities increased by up to five times in the second plateau region. The adsorption capacity of FA for
ST is equivalent that of TH, whereas the capacities of ZFA are lower than those found for TH. The equi-
librium results were well-described by the Freundlich isotherm model. The kinetic data obtained in the
temperature range of 298–318 K was analyzed using Paterson’s and Nernst Plank’s approximations based
on the homogeneous surface diffusion model (HSDM). The thermodynamic functions for the transition
state were evaluated from the temperature-dependence of the surface diffusion coefficients by applying

the Eyring model.

. Introduction

It has been estimated that coal-based thermal power plants
nnually generate more than 500 million tons of fly ash (FA) as
byproduct [1]. FA is widely used as an additive in the cement and
oncrete building industry, and is largely still disposed in landfills
2]. There is an active field of research directed towards developing
lternate uses for FA, such as adsorption of water pollutants and
reparation of zeolitic materials.

Different varieties of fly ash have different sorption propen-
ities for inorganic and organic pollutants such as cesium [3,4],
trontium [4], organic-basic [5–15], organic-acidic [5–7,16] and
rganic-reactive dyes [17,18]. Because the adsorption capabili-
ies of fly ash for cationic species are relatively low, they can
e enhanced by surfactant modification [5,13], heat and acid
reatment [8,9] and zeolitization under alkaline hydrothermal con-
itions [1,2,7,10,12,19–35].
Fly ash is an ideal precursor for the production of zeolites, due
o its compositional similarity to volcanic materials with high SiO2
nd Al2O3 content. Volcanic ash is converted into zeolites in the
nvironment by the action of alkaline/saline surface and/or ground-
ater in a slow process that takes hundreds to thousands of years

∗ Corresponding author. Tel.: +90 212 4737070; fax: +90 212 4737180.
E-mail address: gultena@istanbul.edu.tr (G. Atun).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.075
© 2011 Elsevier B.V. All rights reserved.

[19]. Some zeolitic materials have also been successfully synthe-
sized from FA by relatively inexpensive and quick hydrothermal
conversion processes. The fly ash-based zeolites are capable of
absorbing both volatile compounds and water pollutants. They
can selectively adsorb molecules that are smaller than their pore
sizes, and their large surface areas make them versatile materi-
als for targeting a wide range of pollutants. It has been found that
the zeolitized fly ash (ZFA) has promising potential as a molecular
sieve in purification treatments of CO2, SO2 and NH3 [2,19,20]. ZFA
has been extensively used for reducing the heavy metal content of
acidic mine water [21] and for the removal of ammonium, phos-
phate [22] and arsenate ions [23] from urban and industrial waste
water.

Although the adsorption of dyes onto zeolites has been exten-
sively investigated [36–44] only a few studies have been reported
about the adsorption of dye onto fly ash-based zeolites [7,12]. It
has been shown that the molecular dimensions of thionine (TH)
allow it to fit into the main channel of a zeolite L, and it can fill
in the cage by ion exchange. However, the related, yet slightly
larger methylene blue and ethylene blue molecules cannot be intro-
duced into the channel [43,44]. A comparison of the adsorption
capabilities of TH with larger dyes may provide valuable infor-

mation about adsorption mechanisms and the structure of the
zeolites. In this study, the adsorption behavior of TH and the slightly
larger safranine T (ST) molecules onto FA were compared, and its
three ZAFs products were produced under several hydrothermal
conditions.

dx.doi.org/10.1016/j.jhazmat.2011.01.075
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gultena@istanbul.edu.tr
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dous Materials 187 (2011) 562–573 563

2

2

a
T
5
w

2

s
w
p
N
1
l
e
f

u
i
a
b
N
N
a
c
s
c
a
fi
Z

u
[
b
a
m
r
z

m
r
T
a
b
T
a
7

d
t
t
i
c
a
t

2

2

t

10 20 30 40 50 60 70 80 90
2

0

1000

2000

3000

cp
s

ZFA150d1d
S

A A

10 20 30 40 50 60 70 80 90

0

1000

2000

3000

cp
s

a
FA

M
Q

M

M

10 20 30 40 50 60 70 80 90

0

1000

2000

3000

cp
s

b
ZFA90d1d

ZX

ZX
ZX

ZX ZX
S

S

10 20 30 40 50 60 70 80 90

0

1000

2000

3000

cp
s

c

d

ZFA90d7d

N
a-

P1

N
a-

P1

ZY
A

ZY ZY

ZX
S

ZX ZX

Fig. 1. XRD patterns of the FA and zeolitized FA adsorbents produced at different
hydrothermal conditions.

Table 1
Chemical compositions and textural properties of FA and ZFA adsorbents.

FA ZFA90d1d ZFA90d7d ZFA150d1d

SiO2 41.30 38.55 36.95 37.55
CaO 16.30 13.86 13.54 13.79
Al2O3 12.30 10.95 10.01 10.52
Fe2O3 11.30 11.45 11.57 11.96
K2O 5.62 5.03 4.75 4.83
MgO 4.10 3.67 3.50 3.52
SO3 5.43 4.62 4.56 4.60
G. Atun et al. / Journal of Hazar

. Materials and methods

.1. Adsorbate specifications

TH and ST were supplied from Aldrich Chem. Co. (purity, 88%)
nd Sigma Co. (purity, 90%), and they were used as received.
he molecular dimensions of TH and ST were calculated to be
.00 Å × 11.54 Å and 9.24 Å × 11.29 Å by using the Gaussian 03 soft-
are package.

.2. Adsorbent preparation and specifications

The fly ash sample used to prepare the zeolitic materials was
upplied from the Ankara Çayırhan Thermal Power Plant in Turkey,
hich is fuelled by Beypazarı lignite. The fly ash zeolites were pre-
ared as described previously [19]. Typically, 10 g of FA, 25 g of 3 M
aOH solution, and 2 g of NaCl were mixed and heated to 90 ◦C and
50 ◦C in Teflon-lined hydrothermal pressure vessels for varying

engths of time. Three types of zeolitized fly ash (ZFA) were consid-
red, which were maintained at 90 ◦C for 1 day (ZFA90d1d), 90 ◦C
or 7 days (ZFA90d7d), and 150 ◦C for 1 day (ZFA150d1d).

X-ray diffraction (XRD) patterns of FA and its zeolitized prod-
cts are presented in Fig. 1a–d. As shown in Fig. 1a, the FA

s mainly composed of a silica-rich glassy phase with minor
mounts of mullite (Al6Si2O13) and quartz (SiO2) [45]. As can
e seen in Fig. 1b–d, the FA was converted into zeolite X (ZX,
a2Al2Si2.5O9.6·2H2O), zeolite Y (ZY, Na2Al2Si4.5O13·9H2O), zeolite
a-P1 (Na-P1, Na6Al6Si10O32·12H2O), analcime (A, NaAlSi2O6·H2O)
nd sodalite (S, Na8Al6Si6O24Cl2) type zeolites. These results are
onsistent with previous investigations, which suggest that the
ynthesis process is relatively insensitive to the starting material
omposition, and depend more so on the synthesis temperature
nd time [19]. The amounts of the zeolites in the samples identi-
ed from the XRD patterns was characterized as ZFA90d1d: ZX � S;
FA90d7d: NaP1 > ZY > ZX > A > S and ZFA150d1d: S > A.

Chemical compositions of FA and ZFA products were determined
sing a RIGAKU RIX2000 X-ray fluorescence (XRF) spectrometer
16]. The specific surface area and pore properties of the adsor-
ents were examined by analyzing the data obtained from nitrogen
dsorption experiments using a Quantachrome Autosorb Auto-
ated Gas Sorption System. The chemical compositions and BET

esults given in Table 1 suggested that FA partly converted into
eolitic products.

The reported cation exchange capacities (CECs) of the zeolitic
aterials ZX, ZY, Na-P1, A and S were 4.7, 3.2, 2.7, 0.6 and 0.3 meq/g,

espectively [2,20,24]. The pore openings of ZX and ZY were 7.3 Å.
he Na-P1 had two openings of 3 and 5 Å. The pore widths of A
nd S were 2.6 and 2.3 Å, respectively [2]. The particle size distri-
utions of the adsorbents based on mass fraction are presented in
able 2. The mean particle diameters of FA, ZFA90d1d ZFA90d7d
nd ZFA150d1d adsorbents were estimated as 90, 185, 110 and
5 �m, respectively.

Scanning electron microscopy (SEM) investigations were con-
ucted in a Jeol-JSM 5600 scanning electron microscope to observe
he microstructure of the samples before and after hydrothermal
reatments. SEM images of FA and ZFA products can be compared
n Fig. 2a–d. The FA sample in Fig. 2a was characterized by spheri-
ally and irregularly round-shaped. As clearly shown in Fig. 2b–d,
n agglomeration is observed in each case and FA undergoes zeoli-
ization after hydrothermal treatments.
.3. Adsorption experiments

.3.1. Kinetic studies
Kinetic experiments were conducted in 5 × 10−5 M dye solu-

ions because the calibration plots constructed for concentration

Na2O 1.43 7.50 6.44 8.25
TiO2 0.98 0.93 0.88 0.92
SBET (m2/g) 7.1 28.5 27.4 29.4
V (cm3) 0.010 0.056 0.065 0.081
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Table 2
Particle size distribution based on mass fraction.

Particle size (d, �m) FA ZFA90d1d ZFA90d7d ZFA150d1d

d > 350 0.020 0.219 0.343 0.131
350 > d > 250 0.017 0.066 0.063 0.058
250 > d > 150 0.114 0.143 0.146 0.220

d
b
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p
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w
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a

The ATR FT-IR spectra of FA and ZFA samples before and after dye
150 > d > 70 0.222 0.381 0.202 0.239
70 > d > 40 0.572 0.132 0.171 0.196
40 > d 0.055 0.059 0.075 0.156

etermination of TH and ST were linear and obeyed Beer’s law for
oth dyes up to this concentration. The concentrations of the dye
olutions were determined using the monomer peak absorbances
ocated at 599.0 and at 519.5 nm using a Perkin-Elmer model 554
V-spectrophotometer. Time dependent experiments were carried
ut using the batch method at the temperatures of 298, 305, 308
nd 318 K. For each individual experiment, 0.1 g of adsorbent was
laced into a screw-capped polypropylene vials that was 20 cm3.
ials containing 10 cm3 of dye solution were agitated in a thermo-
tatic shaker at 200 rpm for varying time at constant temperature
ith a precision of ±0.01 ◦C. The two phases were separated by

entrifugation at 4000 rpm and concentration of the solutions was
etermined.

The time-dependent amount of dye adsorbed (qt) was calculated
rom the concentration changes during the adsorption process
sing the following equation:

t = (C0 − Ct)
V

(1)

W

here C0 and Ct are the molar concentrations of dyes at times zero
nd t, respectively. V/W is the ratio of the solution to the mass of
dsorbent (in L/g).

Fig. 2. SEM images of four systems studied: (a) FA, (b
aterials 187 (2011) 562–573

The pH values of 5 × 10−5 M TH and ST solutions were mea-
sured as 6.39 and 6.34, respectively. The effect of solution pH on
dye removal at 298 K was investigated by changing the initial pH
(2–10) adjusting by HCl or NaOH.

2.3.2. Equilibrium studies
Equilibrium experiments for the construction of adsorp-

tion isotherms were carried out at the lowest possible dye
concentrations to avoid interactions of dyes in the solutions. Ini-
tially, the dye concentration was kept constant at 5 × 10−5 M
and solution/adsorbent ratio was changed in the range of
0.0125–2 L/g for ST and 0.0125–6 L/g for TH at 298 K. Then, the dye
concentration was increased up to 1.5 × 10−4 M at the highest solu-
tion/adsorbent ratio to observe the plateau region on the isotherm
curves.

2.3.3. Infrared spectral measurement
The interactions of the dyes with the adsorbents were examined

by attenuated total reflectance Fourier-transform infrared (ATR FT-
IR) spectroscopy using a Bruker Alpha-P platinum diamond ATR
FT-IR spectrometer. The spectra of TH loaded adsorbents at low
(I), medium (II) and high (III) loadings were compared with their
corresponding bare adsorbents. The loaded samples I and II were
prepared using 5 × 10−5 M dye solution at adsorbent dosages of 10
and 2 g/L, respectively. The sample III was loaded with 1.5 × 10−4 M
dye solution at a solid/solution ratio of 0.5 g/L. The infrared pat-
terns of ST were recorded at low (I) and high (III) dye loadings.
adsorption were presented in Fig. 3a–d and a′–d′ for TH and ST,
respectively. As a representative, the spectra of free TH and ST were
also compared with ZFA150d1d at low dye loading in Fig. 4a and b,
respectively.

) ZFA90d1d, (c) ZFA90d7d and (d) ZFA150d1d.
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Fig. 3. FT-IR spectra of the adsorbents before and after TH (a–d) and ST (a′–d′) loading.
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. Results and discussion

.1. Adsorption kinetics

The data for time dependent TH and ST adsorption onto
A, ZFA90d1d, ZFA90d7d and ZFA150d1d are represented in
igs. 5a–d and 6a–d, respectively.

The data were well approximated by the homogeneous surface
iffusion model (HSDM). A single diffusion coefficient was assumed

n the model, and the rate-limiting step is surface diffusion. The
ariation of the solute phase concentration, q, with distance, r, and
ime, t, for spherical particles, assuming symmetry in two direc-
ions, is given by the following equation [46]:

∂q

∂t
= Ds

(
∂2q

∂r2
+ 2

r
× ∂q

∂r

)
(2)

ere Ds is the solid phase surface diffusion coefficient.

The initial and boundary conditions for the solution and solid

hases are given as:

t(0) = C0 (3)

t(r, 0) = 0 (4)
aterials 187 (2011) 562–573

q(R, t) = qs(t) (5)

∂q

∂t
(0, t) = 0 (6)

Here qs is solid-phase concentration at the particle surface, and R
is the radius of adsorbent particles.

Typical adsorption kinetics were described in terms of the
fractional approach towards equilibrium, Ut, at time t and were
determined experimentally as:

Ut = qt

qe
(7)

where qe is solid phase concentrations of solute at equilibrium.
Ut can be estimated by applying a finite difference technique

according to Paterson’s and Nernst–Plank’s (N–P) approximations.

3.1.1. Paterson’s approximation
The exact solution of Eq. (4) for a limited bath technique (finite

solution volume) is:

Ut = 1 − 2
3w

∞∑
n=1

exp(−S2
nP)

1 + S2
n/9w(w + 1)

(8)

where Sn is the root of the equation.

Sn cot Sn = 1 + S2
n

3w
(9)

The following approximation was proposed by Paterson for the
solution of Eq. (4) [47]:

Ut = w + 1
w

(1 − f1[f2(1 + f3) − f4(1 + f5)]) (10)

where f1 = 1/(a − b), f2 = a exp(a2P), f3 = erf(aP1/2), f4 = b exp(b2P),
f5 = erf(bP1/2); a and b roots of equation: x2 + 3wx − 3w = 0 (a > b),
w = CeV/CeV , Ce and Ce are equilibrium concentrations in solid
and solution phases and V is the volume of the solid phase, and
P = Dst/R2.

The values of Ut have been computed from Paterson’s approx-
imation by minimizing the standard deviations between the
experimental and calculated qt values according to:

� =
[

1
ne

n∑
i=1

(qt,exp − qt,cal)
2

]0.5

(11)

where ne is the number of experimental observations; the sub-
scripts “exp” and “mod” are the experimental and modeled values
of qt, respectively.

The values of Ds and qe were calculated using Paterson’s approx-
imation and the standard deviations are presented in Table 3 for
TH and ST adsorption systems. The modeled curves (dashed lines)
were compared with the experimental points in Figs. 5a and 6a–d,
respectively. As can be seen from the figures, Paterson’s approxima-
tion could be applied to ST adsorption for all adsorbents, whereas
only the FA–TH adsorption system can be described by the approx-
imation. The magnitude of Ds values for ST adsorption onto all
adsorbents is ∼10−13 m2/s where they fall into 10−12 to 10−11 m2/s
for TH onto zeolitized products of fly ash. This suggests that this
approximation is applicable to model the relatively slower adsorp-
tion process.

Higher values of the diffusion coefficient for TH indicate that
the smaller TH molecules can more easily access the pores. As it

is seen in Fig. 5a, the amount of TH adsorbed onto FA increases
rapidly until 30 min and then gradually decreases. Similar behav-
ior has been reported for some dye–adsorbent systems [48]. The
functional form of the kinetic curve can be predicted using only the
Paterson’s approximation.
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ig. 5. Time-dependence of the TH adsorption onto FA and its zeolitized adsorben
odeled according to Nernst–Plank’s and Paterson’s approximations, respectively)

The diffusion coefficients of both dyes increase with tempera-
ure for FA, ZFA90d1d and ZFA90d7d whereas an opposite behavior
s observed for ZFA150d1d.

The removal mechanism of dyes may be elucidated by con-
idering the FT-IR spectra of the adsorbent before and after dyes
dsorption in Figs. 3a–d and 4a for TH as well as in Figs. 3a′–d′ and 4b
or ST. The curves (I) for low loadings correspond to equilibrium
dsorption of time dependent experiments at 298 K.

As shown from the figures, the two most intense bands for fly ash
eolites usually occur at 1300–800 cm−1 and 500–400 cm−1 of the
R patterns. The first can be assigned to an asymmetric stretching
nd the second one to a bending mode of the T–O bond. The peaks
re located at approximately 1700–1450 cm−1 for O–H bending.
he band at 420–400 cm−1 is assigned to pore opening on external
inkage. The pseudo-lattice bands between 800 and 500 cm−1 are
ssociated with the presence of rings containing different numbers
f units [25,49].

The band at 990 cm−1 in Fig. 3a and a′ is associated with the
itreous component of the FA. The bands at 965 and 849 cm−1 in

ig. 3b–d and b′–d′ can be assigned to Si–O-terminal vibrations
nd shoulder at 1140–1010 cm−1 to Si–O–Si bridge vibrations. As
he curing temperature increases the intensity of the bands in the
i–O–Si bridge bonds grows with respect to the intensity of bands
ttributed to the Si–O-terminal bonds.
t (min)

pared under different hydrothermal conditions (solid and dashed lines have been

The absorption bands at 1607 and 1488 cm−1, as shown by the
curve of free TH in Fig. 4a, are assigned to the skeletal vibration of
the phenyl ring of TH, which are also shown by the adsorbed TH
curve, confirming the presence of TH on the ZFA150d1d surfaces
[49]. The absorption bands at 3309 and 3132 cm−1 are ascribed to
the N–H stretching vibration of the amino moieties, which are not
observed in the IR spectrum of the adsorbed TH curve, indicating
that the nitrogen atoms of the NH2 moieties of TH bind strongly to
adsorbent surfaces [50]. Similar behavior is also observed for ST as
shown in Fig. 4b.

As can be seen in Fig. 3d and d′, shoulder at 1140–1010 cm−1

belonging to Si–O–Si bridge vibrations disappears after dye load-
ing indicating dye adsorption in internal tetrahedral of ZFA150d1d.
On the other hand, the bands at 965 and 849 cm−1 shift towards
higher frequencies. This behavior is an indication of interac-
tions between dye and Si–O-terminal bonds. Intensities of the
shoulders for ZFA90d1d and ZFA90d7d in Fig. 3b–c and b′–c′

are lower than those of ZFA150d1d in Fig. 3d and d′ and the
bands moved to higher frequencies after dye loading exhibit more

effective dye – Si–O-interactions. It can be concluded that the
rate of adsorption processes onto ZFA adsorbents may be con-
trolled by both Si–O–Si and Si–O-interactions with dyes. The
inverse temperature dependence suggests that rate limiting step
is dye – Si–O–Si interactions onto ZFA150d1d whereas the rate of
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Fig. 6. Time-dependence of ST adsorption onto FA and its zeolitized adsorbents produced under different hydrothermal conditions (solid and dashed lines have been modeled
according to Nernst–Plank’s and Paterson’s approximations, respectively).

Table 3
Kinetic parameters for TH and ST adsorption onto FA and ZFA adsorbents.

Sample T (K) TH ST

Ds (m2/s) qe × 106 (mol/g) �Paterson �N–P Ds × 1013 (m2/s) qe × 106 (mol/g) �Paterson �N–P

FA 298 3.04 × 10−13 2.03 0.056 0.091 1.62 0.29 0.248 0.221
303 3.65 × 10−13 2.13 0.249 0.220 2.03 0.58 0.213 0.219
308 4.05 × 10−13 2.23 0.185 0.156 2.43 0.60 0.027 0.029
318 4.46 × 10−13 2.66 0.637 0.813 3.24 0.30 0.015 0.018

ZFA90d1d 298 5.08 × 10−12 3.60 – 0.085 5.92 1.70 0.079 0.151
303 8.46 × 10−12 3.45 – 0.029 6.77 1.90 0.055 0.052
308 9.31 × 10−12 3.50 – 0.035 7.11 2.10 0.044 0.081
318 1.02 × 10−11 3.53 – 0.080 8.46 2.20 0.136 0.115

ZFA90d7d 298 1.20 × 10−11 3.20 – 0.036 6.05 1.50 0.017 0.004
303 1.23 × 10−11 3.37 – 0.038 7.26 1.58 0.069 0.058
308 1.28 × 10−11 3.60 – 0.073 9.68 1.70 0.074 0.061
318 1.35 × 10−11 3.65 – 0.040 12.10 2.20 0.071 0.083

ZFA150d1d 298 2.25 × 10−12 3.60 – 0.033 5.63 1.32 0.056 0.043
303 2.19 × 10−12 3.25 – 0.073 5.06 1.27 0.099 0.071
308 2.14 × 10−12 3.22 – 0.187 3.94 1.22 0.092 0.076
318 2.08 × 10−12 3.20 – 0.221 3.38 1.15 0.093 0.085
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dsorption is dominated by dye – Si–O-interactions on the other
dsorbents.

.1.2. Nernst–Plank’s approximation
In order to determine Ut according to the Nernst–Plank’s

pproximation based on ion exchange, the following equation is
mployed [51]:

t = [1 − exp(m)]1/2 (12)

ith

= �2(c1P + c2P2 + c3P3) (13)

here the constants c1, c2 and c3 are functions of ˇ. The con-
tants were calculated as follows by minimizing standard deviation
etween experimental and modeled qt values:

1 = − 10
0.01 + 0.2ˇ0.92

(14)

2 = − 1
0.94 − 2ˇ0.4635

(15)

3 = − 1
0.27 + 0.09ˇ1.14

(16)

Here ˇ is the ratio of diffusion coefficients of the exchanging
pecies.

The values of ˇ used to obtain the Ds and qe values predicted
y Paterson’s approximation for TH adsorption systems were 1, 2,
and 1 for FA, ZFA90d1d, ZFA90d7d and ZFA150d1d, respectively.
hey decrease in the order of 3, 2, 1.5 and 1 for ST adsorption on the
ame adsorbents. The modeled curves in Figs. 5a–d and 6a–d and
tandard deviations presented in Table 3 show that all adsorption
ystems adequately well predicted by Nernst–Plank approxima-
ion.

The equilibrium values of TH adsorbed were
2.03–2.66) × 10−6, (3.45–3.60) × 10−6, (3.20–3.65) × 10−6 and
3.60–3.20) × 10−6 mol/g for FA, ZFA90d1d, ZFA90d7d and
FA150d1d in temperature range of 298–318 K.

The values of qe for ST onto FA regularly increased from
.29 × 10−6 to 0.60 × 10−6 mol/g in 298–308 K range, and a decrease
as observed at the highest temperature of 318 K. A similar tem-
erature dependence was reported for TB adsorption onto FA
13]. The equilibrium values of ST onto ZFA90d1d, ZFA90d7d
nd ZFA150d1d are (1.70–2.20) × 10−6, (1.50–2.20) × 10−6 and
1.32–1.15) × 10−6 mol/g, respectively. The lower qe values for ST
an be correlated to its larger molecular size than that of ST.

.2. Thermodynamic parameters

Thermodynamic parameters for dye–adsorbent systems at the
ransition state were evaluated from the temperature dependen-
ies of the surface diffusion coefficients using the linearized Eyring
quation [52]:

n
Ds

T
= Ln2.72d2 k

h
+ �S∗

R
− �H∗

T
(17)

here k and h are Boltzmann and Planck constants, T is the absolute
emperature, R is the gas constant (kJ/mol K), d is the average dis-
ance between the successive adsorption sites (∼10−10 m), and �S*

nd �H* the entropy and the enthalpy of activation, respectively.
The values of �H* and �S* for TH and ST systems have been
alculated from the slope and the intercept of the Eyring plots in
ig. 7a and b, respectively. The Gibbs free energies of activation �G*

ave been computed using the following equation:

G∗ = �H∗ − T�S∗ (18)
1/T . 10  (K   )3        -1

Fig. 7. Eyring plots for calculation of the thermodynamic parameters at transition
states of the dyes: (a) TH and (b) ST.

Values of thermodynamic parameters for transition states of TH
and ST are also presented in Table 4. As can be inferred from Table 4,
the adsorption processes are endothermic for FA, ZFA90d1d and
ZFA90d7d, but not for ZFA150d1d.

The endothermic nature of the systems may be arising from
strong dye – Si–O-interactions whereas the exothermic nature may
be attributed to dye – Si–O–Si interactions in the activated state.

The negative values of �S* imply that the transition state is more
ordered than the initial state and no significant change occurs in
the internal structure of the adsorbents. The positive free energy
changes indicate the presence of an energy barrier in all systems
which may partially arise from hydration of the dyes in solution
[53]. When the dyes adsorb to the particle surface from solution, at
least some of the water molecules forming a hydration shell of dye
cations are shed.

3.3. Effects of pH on dye adsorption

Fig. 8 displays the influence of pH on dye adsorption at various

initial solution pH under the same conditions with kinetic experi-
ments. Adsorption of two dyes on the FA slightly increases at lower
pH and a sharp increment is observed above pH 9. On the other
hand, dye adsorption onto ZFA products slightly depends on pH and
nearly constant in the pH range of 5–10. Similar findings reported
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Table 4
Thermodynamic parameters for activated states of the dyes.

�H* (kJ/mol) �S* (kJ/mol K) �G* (kJ/mol) r

298 K 303 K 308 K 318 K

TH
FA 11.91 −0.070 32.64 32.99 33.34 34.03 0.933
ZFA90d1d 21.69 −0.123 25.35 25.41 25.47 25.59 0.815
ZFA90d7d 2.18 −0.072 23.67 24.04 24.44 25.12 1.000
ZFA150d1d −5.63 −0.112 27.81 28.37 28.93 30.05 0.997
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in Fig. 9a. The adsorption capacities of TH estimated from
the plateau region are 0.45 × 10−5, 0.90 × 10−5, 0.75 × 10−5 and
0.85 × 10−5 mol/g for FA, ZFA90d1d, ZFA90d7d and ZFA150d1d,
respectively. Even though different types of the zeolitized prod-

2.0

3.0

4.0

5.0

q 
.1

0 
 m

ol
/g

5

TH

e

a

FA 24.44 −0.033
ZFA90d1d 10.95 −0.068
ZFA90d7d 25.32 −0.019
ZFA150d1d −23.53 −0.184

or MB adsorption have been attributed to adsorption of dyes on
onizable surface of the FA with different origin [5,8–10] while dye
s adsorbed on pH independent ion exchange sites of zeolite [54].

.4. Adsorption equilibria

.4.1. Adsorption isotherms of TH
The adsorption isotherms of TH in Fig. 9a typically display two

lateau regions. A two-step adsorption isotherm can be better ana-
yzed on a log–log scale corresponding to the Freundlich isotherm
55]:

og qe = log kF + n log Ce (19)

here kF and n are Freundlich constants, which describe the
dsorption capacity and surface heterogeneity, respectively.

A linearized plot of the two-step adsorption isotherm yields four
traight lines whose slopes obey n1 > n2 < n3 > n4 [56]. The values of
obtained from the Freundlich isotherms in Fig. 9b for TH–FA and
FA systems are shown in Table 5. The order of the n values pre-
ented in Table 5 is consistent with previous investigations [13,56].

The values of n1 > 1 correspond to the initial portion of an
shaped adsorption isotherm. The low surface excess in this
egion can be attributed to a competition between dye and water
olecules for adsorption sites. Strong medium bands at about

700–1450 cm−1 attributed to the presence of the H2O mode and
ncomplete dehydration of the zeolite samples. However, it can-
ot be clearly shown dye–water competition because these bands
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ig. 8. Effect of pH on dye adsorption in 5 × 10−5 M dye solution at 10 g/L adsorbent
osage.
7 34.43 34.60 34.93 0.995
8 31.42 31.76 32.43 0.987
1 31.11 31.20 31.40 0.980
9 32.21 33.13 34.97 0.980

overlap with aromatic skeletal vibration bands of dyes at 1607 and
1488 cm−1.
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Fig. 9. Adsorption isotherms of TH onto FA and zeolitized FA adsorbents (a) on a
linear scale and (b) on a log–log scale.
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Table 5
The values of the n parameter evaluated from the Freundlich isotherms for TH and
ST interacting with FA and its zeolitized adsorbents.

Dye Sample Regions Experimental points n r

TH FA 1 7 2.38 0.99
2 5 1.42 0.99
3 4 6.45 0.52
4 3 0.57 1.00

ZFA90d1d 1 4 9.65 1.00
2 4 1.51 0.97
3 4 8.59 0.99
4 3 0.16 1.00

ZFA90d7d 1 5 4.84 0.99
2 5 1.48 0.96
3 4 4.28 0.75
4 3 0.44 0.86

ZFA150d1d 1 4 5.41 0.91
2 5 1.84 0.99
3 4 4.45 0.82
4 3 0.23 0.98

ST FA 1 11 23.75 0.92
2 3 0.22 0.98

ZFA90d1d 1 10 20.00 0.93
2 3 0.16 0.97
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Table 6
A comparison of adsorption capacities of zeolitized fly ash products for cationic dyes.

Dye NaOH Curing
temperature, t (◦C)

Time q (mol/g)

ZFA90d1d TH 3 M 90 1 d 3.60 × 10−5 This study
ZFA90d7d TH 3 M 90 7 d 3.00 × 10−5 This study
ZFA150d1d TH 3 M 150 1 d 4.25 × 10−5 This study
ZFA90d1d ST 3 M 90 1 d 1.80 × 10−5 This study
ZFA90d7d ST 3 M 90 7 d 2.00 × 10−5 This study
ZFA150d1d ST 3 M 150 1 d 1.50 × 10−5 This study
FA-100 MB 5 M 100 1 d 4.46 × 10−5 [10]
FA-140 MB 5 M 140 1 d 5.32 × 10−5 [10]
FA-140 RB 5 M 140 1 d 3.98 × 10−6 [10]
ZFA90d7d 1 11 7.79 0.95
2 3 0.12 0.95

ZFA150d1d 1 9 20.31 0.93
2 3 0.09 0.98

cts are formed the capacities of ZFA adsorbents are around two
imes that of the raw fly ash. The order of adsorbent capacities is
n agreement with the BET results in Table 1. These results suggest
hat raw fly ash is partly converted into the zeolitic products during
n alkaline hydrothermal process.

The second plateau regions of the isotherm curves occur around
.25 × 10−5, 3.60 × 10−5, 3.00 × 10−5 and 4.25 × 10−5 mol/g for FA,
FA90d1d, ZFA90d7d and ZFA150d1d, respectively.

The curves II and III in FT-IR spectra in Fig. 3b–d correspond to
he first plateau and the second plateau regions, respectively. The
ntensity of the bands of curves (II) was suppressed with respect
o corresponding bands of curves (I) whereas increasing intensity
as observed for curves (III). The lower intensity of the curves may

e attributed to a stronger interaction of Si–O-terminal bonds and
i–O–Si bonds with dyes or vice versa. Thus, it can be concluded
hat TH molecules are loosely bound to the surface in the second
lateau region.

.4.2. Adsorption isotherms of ST
As it is seen in Fig. 10a, S shaped isotherms are observed for ST

dsorption onto FA and ZFA adsorbents. The Freundlich isotherms
n Fig. 10b, yield two straight lines with decreasing slopes. The n
alues, which correspond to the slopes of the first, and the sec-
nd straight lines are also presented in Table 5. The adsorption
apacities of the adsorbents can be identified from the plateau in
ig. 10a.

The ST capacity of FA (0.45 × 10−5 mol/g) was equal to its
H capacity at the first plateau. This indicates that both dyes
re adsorbed onto the same adsorption site on the surface in
he low concentration region. The adsorption capacity of ST of
.80 × 10−5 mol/g for ZFA90d1d is two-fold higher than that of
H of 0.90 × 10−5 mol/g at the first plateau. The adsorption capac-
ties of ZFA90d7d and ZFA150d1d for ST are 2.00 × 10−5 and
.50 × 10−5 mol/g, respectively.

As shown in Fig. 3b′–d′, the intensity of the bands of ST curves

III) corresponding to the plateau region was also decreased with
espect to curves (I), just like in the first plateau of TH (i.e., curves
II)).

Adsorption capacities for TH and ST of the zeolitized adsorbents
re compared with some cationic dyes onto other zeolitic materials
FA zeolite MB 7 M – 21 h 3.38 × 10−5 [7]
FA-550 MB Solid 550 1 h 1.00 × 10−4 [12]
FA CV Solid 550 1 h 1.00 × 10−4 [12]

derived from fly ash in Table 6. Our results are comparable with the
MB capacities of the zeolitic products in Refs. [7,10].
4. Conclusions

The adsorption kinetics and equilibria of two basic dyes TH and
ST were studied onto FA and its three zeolitic products obtained
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nder alkaline hydrothermal conditions. The amounts of zeolite
, zeolite Y, Na-P1, analcime and sodalite formed in the products
ecrease in the order ZFA90d1d, ZFA90d7d and ZFA150d1d, which
ere prepared by increasing the curing time and temperature.

The magnitudes of the surface diffusion coefficients of ST were
alculated using Paterson’s and Nernst Plank’s approximations as
10−13 m2/s for all adsorbents. Although the values of Ds for TH
nto FA are the same order as those obtained for ST, they increase up
o 100 times for the zeolitic adsorbents. The higher diffusion coef-
cients of TH relative to ST can be rationalized by its smaller size,
hich can more readily fit into the pores of the zeolitic products

nvolved.
Positive values of �H* for all of the dyes except for the

FA150d1d adsorbent indicate that the primary mode of the
dsorption process is dye – Si–O-interactions. The energy barrier
resent in the activated state may arise from the negative entropy
hanges of the activated state because of a regular distribution of
he dyes on the adsorbent.

One and two-step isotherm curves were observed for ST and TH,
espectively. The S shaped isotherm profile of an initial part of both
urves can be attributed to a competition between dyes and water
olecules for the same adsorption sites on the adsorbents at low

ye concentrations. Freundlich isotherm plots of ST and TH yield
wo and four straight lines, respectively.

Zeolitized fly ash products can be successfully used as low cost
dsorbents for cationic dyes. The highest dye removal was observed
t 318 K on FA, ZFA90d1d and ZFA90d7d except for ST–FA sys-
em whereas dye adsorption onto ZFA150d1d was more efficient
t 298 K. Equilibrium and kinetic results obtained in this study may
e useful for designing a treatment plant for dye removal from

ndustrial colored effluents.
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