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bstract

Adsorption kinetic and equilibrium studies of three reactive dyes namely, Remazol Brillant Blue (RB), Remazol Red 133 (RR) and Rifacion
ellow HED (RY) from aqueous solutions at various initial dye concentration (100–500 mg/l), pH (2–8), particle size (45–112.5 �m) and temperature

293–323 K) on fly ash (FA) were studied in a batch mode operation. The adsorbent was characterized with using several methods such as SEM,
RD and FTIR. Adsorption of RB reactive dye was found to be pH dependent but both RR and RY reactive dyes were not. The result showed that

he amount adsorbed of the reactive dyes increased with increasing initial dye concentration and contact time. Batch kinetic data from experimental
nvestigations on the removal of reactive dyes from aqueous solutions using FA have been well described by external mass transfer and intraparticle
iffusion models. It was found that external mass transfer and intraparticle diffusion had rate limiting affects on the removal process. This was
ttributed to the relatively simple macropore structure of FA particles. The adsorption data fitted well with Langmuir and Freundlich isotherm
odels. The optimum conditions for removal of the reactive dyes were 100 mg/l initial dye concentration, 0.6 g/100 ml adsorbent dose, temperature
f 293 K, 45 �m particle size, pH 6 and agitation speed of 250 rpm, respectively. The values of Langmuir and Freundlich constants were found to
ncrease with increasing temperature in the range 135–180 and 15–34 mg/g for RB, 47–86 and 1.9–3.7 mg/g for RR and 37–61 and 3.0–3.6 mg/g
or RY reactive dyes, respectively. Different thermodynamic parameters viz., changes in standard free energy, enthalpy and entropy were evaluated
nd it was found that the reaction was spontaneous and endothermic in nature.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In textile dyeing processes, a large volume of dye-
ontaminated effluent is discharged, and it was estimated that
0–15% of the dye is lost in the dye effluent. The effluents of
hese industries are highly colored and the disposal of these
astes into receiving waters causes damage to the environment

s they may significantly affect photosynthetic activity in aquatic
ife due to reduced light penetration and may also be toxic to
ome aquatic life due to the presence of metals, chlorides, etc.,
n them [1].
Reactive dyes are typically azo-based chromophores com-
ined with different types of reactive groups. They differ from
ll other classes of dyes in that they bind to the textile fibers
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rticle diffusion

uch as cotton to form covalent bonds. They have the favorable
haracteristics of bright color, simple application techniques
nd low energy consumption and are used extensively in tex-
ile industries. Hence their removal is also of great importance
2].

There are a number of methods for dye removals which
nclude chemical coagulation, flocculation, chemical oxida-
ion, photochemical degradation, membrane filtration, including
erobic and anaerobic biological degradation but all of these
ethods suffer from one or other limitations, and none of them
ere successful in completely removing the color from wastew-

ter. Dyes can be effectively removed by adsorption process; in
hich dissolved dye compounds attach themselves to the sur-

ace of adsorbents [3,4]. Adsorption has been extensively used

n industrial processes for either separation or purification. Most
onventional adsorption plants use activated carbon, which is an
xpensive material. Besides, there is growing interest in search-
ng for cheaper sources as low-cost adsorbent materials for the

mailto:erhan@gyte.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.05.027
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Nomenclature

A total interfacial area of the particles (cm2)
b energy of adsorption (l/mg)
BN Biot number
C0 initial liquid-phase concentration (mg/l)
Ct initial liquid-phase concentration at time (mg/l)
Ce equilibrium liquid-phase concentration (mg/l)
d mean particle diameter (�m)
D sum of pore and surface diffusion (cm2/s)
Kc equilibrium constant of the adsorption process
kf initial external mass transfer coefficient (cm/s)
kF Freundlich isotherm constant (mg/g)
kid intraparticle diffusion rate constant (mg/g min1/2)
m adsorbent dosage (g/cm3)
qe solute concentration retained in the adsorbent

phase (mg/g)
qt solid concentration retained in the adsorbent

phase at time (mg/g)
Q0 adsorption capacity (mg/g)
R gas constant (J/mol K)
RB Remazol Blue
RR Remazol Red
RY Rifacion Yellow
t time (min)
T temperature (K)
V volume of solution (l)
Ws mass of the adsorbent (g)
�G◦ free energy change (kJ/mol)
�H◦ entalpy change (kJ/mol)
�S◦ entropy change (kJ/K mol)
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dsorption of dyes such as coir pith, sugar cane dust, sawdust,
ctivated carbon fibers [5–9], industrial solid wastes: fly ash,
hale oil ash, and so on [10–15].

During coal-fired electric power generation, two main types
f coal combustion by-products are obtained, fly ash (FA) and
ottom ash. The current annual worldwide production of coal
sh is estimated about 700 million tones of which at least 70%
s FA [16]. Although, significant quantities are being used in a
ange of applications and particularly as a substitute for cement
n concrete, large amounts are not used and this requires disposal.

aking a more productive use of FA would have considerable
nvironmental benefits, reducing air and water pollution. About
5 million tons of coal and lignite is combusted annually in
urkey resulting in more than 15 million tones of FA.

In the present study, the adsorption ability of three reac-
ive commercial dyes, Remazol Brillant Blue (RB), Remazol
ed 133 (RR) and Rifacion Yellow HED (RY) using FA as
n adsorbent from aqueous solutions was examined. Effects of

nitial dye concentration, pH, particle size and temperature on
A under kinetic and equilibrium conditions were investigated.
he rate limiting step of three reactive dye adsorptions onto FA

s determined from the adsorption kinetic results. Both Lang-

o
o
t
i
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uir and Freundlich adsorption isotherms were applied to the
xperimental results and thermodynamic parameters were also
alculated.

. Materials and methods

.1. Materials

The FA was obtained from Afsin-Elbistan Thermal Power
tation in Turkey. The Afsin-Elbistan power plant consumes
8 × 106 metric tones of coal per year and generates about
.24 × 106 metric tones of FA returning to the dumping area of
he mine as combustion waste. The particle size distribution of
A was found between 3.6 and 181 �m. Higher percentage of FA
onsists of particles with diameter 40–125 �m (determined by
he method of laser beam dispersion using the Malvern 2000 par-
icle size analyzer). FA was sieved by using a sieve set and then
as collected in the range of 40–50, 63–80 and 100–125 �m,

espectively. The surface area of the FA was measured by BET
Brunauer–Emmett–Teller nitrogen adsorption technique). The
ulk density of the adsorbent was determined with a densito-
eter. FA was used as received without any pretreatment in the

dsorption experiments.
Three reactive dyes obtained from Dystar and Itochu were

sed in the adsorption study. Their chemical structures and char-
cterizations are displayed in Fig. 1 and Table 1, respectively.

.2. Methods

The study of adsorption kinetics and equilibrium is essen-
ial in supplying the fundamental information required for the
esign and operation of adsorption equipments for wastewa-
er treatment. The effect of experimental parameters such as,
H (2–8), initial dye concentration (100–500 mg/l), particle size
45–112.5 �m) and temperature (293–323 K) on the adsorp-
ive removal of reactive dyes on FA was investigated in batch
xperiments. The minimum amount of FA corresponding to the
aximum adsorption is declared as the optimum dosage. The

ptimum dose observed in the present study is 0.6 g/100 ml. For
ach experimental run, 50 ml of dye solution of known concen-
ration, pH and known amount of the adsorbent were taken in a
50 ml conical flask. The mixture was agitated in a temperature
ontrolled shaker at a constant speed of 250 rpm for 24 h at a
onstant temperature of 293 K. At predecided intervals the solu-
ions of the specified flask were separated from the adsorbent

aterials and concentration of dye was determined spectropho-
ometrically on a Perkin-Elmer UV–visible spectrophotometer

odel 550S by measuring absorbance at a wavelength of 518,
85 and 411 nm for RR, RB and RY reactive dyes, respec-
ively. The pH of the dye solution was adjusted by 0.1N NaOH
r 0.1N HCl. Kinetics of adsorption was determined by ana-
yzing adsorptive uptake of the dye from aqueous solution at
ifferent time intervals. For adsorption isotherms, dye solutions

f different concentrations were agitated with known amount
f adsorbent at fixed pH, agitation speed and particle size till
he equilibrium was reached (48 h). The concentration retained
n the adsorbent phase (qe, mg/g) was calculated by using the
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Fig. 1. Chemical structure of the reactive dyes (a) Remazol Brillant Blue (RB), (b) Remazol Red 133 (RR) and (c) Rifacion Yellow HED (RY).

Table 1
Characterizations of RB, RR and RY reactive dyes

Parameters Remazol Brillant Blue (RB) Remazol Red 133 (RR) Rifacion Yellow HED (RY)

Color index name Reactive Blue 19 Reactive Red 198 Reactive Yellow 84
Chromophore group Anthraquinone Azo Disazo
Reactive anchor systemsa VS MCT + VS ACT
Molar mass (g/mol) 506.5 984.2 1922
Max absorbance, λm (nm) 585 518 411
Purity (%) ∼50 ∼63 ∼80
Water solubility at 293 K (g/l) 100 70 70
Acute oral toxicity LD50 (mg/kg) 2000 2000 –
Fish toxicity LC0 (mg/l) – >500 –
pH value (10 g/l water) 5–5.5 7 6.5
COD (mg/g) – 540 160
BOI5 (mg/g) – <10 –
D
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OC (mg/g) –
ompany Dystar

a Monochlortriazine (MCT); Bisaminochlorotriazine (ACT); vinylsulfone (V

ollowing equation:

e = (C0 − Ct)V

Ws
(1)

here C0 is the initial dye concentration and Ct is the dye con-
entration (mg/l) at any time, V the volume of solution (l) and

s is the mass of the adsorbent (g). Each experiment was carried
ut in duplicate and the average results are presented.

. Diffusion controlled kinetic models

Mass transfer within FA particles can be complex since
dsorption is inherently a transient process involving some sort

f Fickian diffusion in both the fluid and adsorbed phases. An
nderstanding of significance of diffusional mechanisms and
ccurate estimates of the diffusivities inside the adsorbent parti-
les are determined from the diffusion controlled kinetic models

w
d

120 –
Dystar Itochu

ased on interpretation of the experimental data. The exter-
al diffusion model [17,18] assumes that the concentration at
he adsorbent surface tends to zero and the intraparticle diffu-
ion is negligible at early times of contact. External diffusion is
escribed in the following equation:

n
Ct

C0
= −kf

A

V
t (2)

here C0, Ct, A/V and t are the initial ion concentration, concen-
ration at time, the total interfacial area of the particles (cm2) to
he total solution volume (l) and adsorption time, respectively.
/V is expressed as

A 3m
V
=

ρd
(3)

here m is the adsorbent dosage (g/cm3), d the mean particle
iameter (�m), and ρ is the apparent density of the adsorbent
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magnetite and calcite. The result suggests that the dye-loaded
FA will not induce bulk phase changes.
40 N. Dizge et al. / Journal of Haza

g/cm3). By plotting ln(Ct/C0) against t, the initial external mass
ransfer coefficient, kf (cm/s) may be determined.

The mathematical relationship between the concentration of
dsorbed substance onto the solid surface and t1/2 has been
educed by considering the adsorption mechanism being con-
rolled by intraparticle diffusion in the adsorbent [19]

t = kidt
1/2 + C (4)

here kid is the intraparticle diffusion rate constant
mg/g min1/2). According to Eq. (4), a plot of qt versus t1/2 should
e a straight line with a slope kid and intercept C when adsorption
echanism follows the intraparticular diffusion process. Values

f the intercept give an idea about the thickness of boundary
ayer, i.e., the larger the intercept is the greater the boundary
ayer effect.

Pore and surface mass diffusion is governed by Fick’s law and
ntraparticle diffusion, D, the sum of pore and surface diffusion,

ay simply be calculated from the following equation [20]:

log

(
1 −

(
qt

qe

)2
)

=
(

4π2D

2.3d2

)
t (5)

here qt and qe are the solute concentration in the solid at time
and at equilibrium. Once the external and internal diffusion
oefficients are determined for a given adsorption system, the
iot number can then be estimated from the following equation:

N = kf
d

D
(6)

he Biot number gives a criterion for the predominance of sur-
ace diffusion against external diffusion. Adsorption processes
re mainly controlled by internal diffusion mechanisms where
he Biot number is greater than 100 [21].

. Results and discussion

.1. Characterization of the adsorbent material

Chemical composition of FA as determined by chemical anal-
sis is SiO2, 15.14; Fe2O3, 3.30; Al2O3, 7.54; CaO, 23.66; MgO,
.5; SO3, 13.22; K2O, 0.28; Na2O, 0.57 and TiO2, 1.03 and lost
n ignition, 2.31 wt%. The specific surface area, bulk density,
pecific gravity and moisture content of FA are determined as
.342 m2/g, 1.05 g/cm3, 2.70 g/cm3 and 3%, respectively [22].
he zero point charge (ZPC) for FA is found to be 7.0 [13].
he surface of adsorbent was characterized by scanning elec-

ron microscopy (SEM, Philips XL30S-FEG) before and after
he adsorption experiments using RR dye (Fig. 2). The SEM
mage clearly shows that FA particles are mainly composed of
rregular and porous particles.

.2. XRD measurements
The XRD for the adsorbent was measured with an automated
igaku X-ray diffractometer D-Max Rint 2200 Series instru-
ent using Cu K� radiation at 40 kV and 40 mA over the range

2θ of 5–70◦). The XRD pattern for FA is shown in Fig. 3. It
ig. 2. Typical SEM micrograph of FA (magnification: 2000×) (a) before dye
dsorption and (b) with dye adsorbed.

s seen that there are not much significant difference for XRD
rofiles. But RR dye-loaded FA sample present higher intensity
f diffraction peaks. Differences in the XRD patterns are caused
y the lowering in crystallinity of the FA during the sorption.
he major phases for the sample are quartz, mullite with some
Fig. 3. XRD patterns of (a) FA and (b) RR dye-loaded FA.
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Fig. 4. FTIR spectra of FA and dye-loaded FA samples.

.3. FTIR measurements

FTIR technique was used to examine the surface groups
esponsible for dye adsorption. FA and dye-loaded FA samples
fter adsorption were placed in a oven at 80 ◦C for 6 h. Samples
ere made as pellet and then the infrared spectra of three dyes on
A before and after the adsorption process were recorded in the
ange 4000–400 cm−1 on a Bio Rad FTS 175 C spectrophotome-
er (Fig. 4). The adsorption bands at 595.5–1637.8 cm−1 were
ssigned to SO3 and –N N– groups on the samples. The strong
ands at 993.3, 1120.9 and 1149.4 cm−1 regions are attributed
o S O stretching and the bands at 1626–1637.8 cm−1 attributed
o –N N– stretching, diminished after adsorption. Furthermore,
he bands at 1450 and 1627 cm−1 assigned to aromatic skele-
al vibrations have been shifted, broadened and reduced after
dsorption. Strong Si–O bands at 875–1121 cm−1 are shifted
o higher frequencies as a function of chemical interaction of
he dyes with FA. The stretching adsorption band of O–H in
he crystal structure of the adsorbent is observed at 3645 cm−1

ssigned to free hydroxyl and diminished after adsorption with
he reactive dye. All these findings suggest the attachment of
yes on the FA [13,23].

.4. Effect of pH on adsorption kinetics

The variation of adsorption of three reactive dyes by FA over a
road pH range (2–8) at an initial dye concentration of 100 mg/l,
temperature of 293 K and agitation speed of 250 rpm is shown

n Fig. 5. The amount adsorbed increased from 11 to 44 mg/g
or RB, from 23 to 49 mg/g for RR and from 23 to 43 mg/g for
Y reactive dyes, respectively, as the pH increased from 2 to 8.
dsorption of RB reactive dye was found to be pH dependent to

ome extent but the adsorption capacity of FA for both RR and
Y reactive dyes was not affected significantly with changes of
H. pH of the dye solution without pH being adjusted is 6 and
here is also not much difference between values of the adsorbent
apacities for three reactive dyes. pH 6.0 is selected in the subse-

uent experiments since surface charge of FA is positive below
he pHpzc, i.e., 7.0 which maximizes the adsorption. Similar
bservations have been reported by other workers for adsorption
f dyes indicating that the adsorbent has a net positive charge

v
r
d
e

ig. 5. Concentration–time profiles of RB, RR and RY reactive dyes on FA at
ifferent pHs. Conditions: C0: 100 mg/l, 0.6 g/100 ml adsorbent dose, 293 K,
5 �m particle size, 250 rpm.

n its surface [24] and this would attract the negatively charged
unctional groups located on the dye.

The kinetics of the reactive dyes adsorption on FA is treated
ith diffusion controlled kinetic models. Higher values of kid

llustrate an enhancement in the rate of adsorption (Table 2). The
onformity between experimental data and the model-predicted

alues was expressed by the correlation coefficients (r2). A
elatively high r2 value indicates that the model successfully
escribes the kinetics of reactive dye adsorption. Kinetic param-
ters such as the diffusion coefficients (external and internal
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Table 2
Kinetic parameters for adsorption of RB, RR and RY reactive dyes on FA; pH

Dye pH kid (mg/g min1/2) r2 kf (cm/s) × 105 r2 D (cm2/s) × 108 r2

RB

2 0.374 0.997 1.276 0.997 2.263 0.989
4 0.728 0.994 1.839 0.992 5.140 0.974
6 1.199 0.975 1.815 0.946 10.288 0.989
8 0.739 0.874 2.263 0.985 14.146 0.933

RR

2 0.076 0.968 0.024 0.966 6.224 0.971
4 0.080 0.952 0.025 0.969 6.430 0.987
6 0.091 0.902 0.028 0.981 6.687 0.988
8 0.095 0.917 0.596 0.973 7.356 0.986

RY

2 0.113 0.979 0.808 0.961 0.875 0.985
4 0.119 0.998 0.937 0.978 0.926 0.999

0.9
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with the increasing of the initial dye concentration. The dif-
fusion coefficients inside the particle pores, D, also increased
in the same concentration range. This behavior of concentra-
tion dependent diffusivity agrees with literature works [27].
6 0.141 0.989
8 0.143 0.959

iffusion coefficients), adsorption rates and Biot numbers are
valuated from Eqs. (2)–(6) and compiled in Table 2.

For the present systems, the values of the internal diffusion
oefficient, D shown in Table 2, fall well within the magni-
udes reported in literature [25], specifically for chemisorption
ystems (10−5 to 10−13 cm2/s). The corresponding diffusion
oefficients for the various concentrations of the reactive
yes varied from 2.26 × 10−8 to 14.15 × 10−8 cm2/s for RB,
.22 × 10−8 to 7.36 × 10−8 cm2/s for RR and 0.88 × 10−8

o 0.96 × 10−8 cm2/s for RY reactive dyes, respectively. The
ncrease in D values is attributed to the increase in the internal
urface affinity [26]. The Biot number obtained in the present
tudy are higher than 100 indicating that the intraparticle dif-
usion is rate determining step since external diffusion has no
hysical significance for the reactive dye adsorptions onto FA.

.5. Effect of initial concentration on adsorption kinetics

The effects of initial RB, RR and RY reactive dye concentra-
ions on the rate of adsorption are shown in Fig. 6 as a plot of
imensionless concentration versus time for dye concentrations
anging from 100 to 500 mg/l. It is evident from figure that the
mount adsorbed increases approximately from 73 to 235 mg/g
or RY, from 52 to 165 mg/g for RB and from 56 to 135 mg/g
or RR reactive dyes, respectively, when the initial concentra-
ion changed from 100 to 500 mg/l (Fig. 6). It is clear that the
emovals of the dyes were dependent on the concentration of
he dyes. The rate of adsorption decreased with time until it
radually approached a plateau due to the continuous decrease
n the concentration driving force. Moreover, the initial rate of
dsorption was greater for higher initial dye concentration since
he resistance to the dye uptake decreased as the mass transfer
riving force increased.

The adsorption data for qt versus t1/2 for the reactive dyes is
hown in two stages (Fig. 7). The first straight portion depicts
acropore diffusion and the second representing micropore
iffusion [27]. These show only the pore diffusion data. Extrap-
lation of the linear portions of the plots back to the y-axis
ives the intercepts, which provide the measure of the bound-
ry layer thickness. The initial period is attributed to boundary

F
a
2

92 0.959 0.977 0.992
50 0.903 0.957 0.971

ayer diffusion effects or external mass transfer effects. The
inetic parameters calculated from the diffusion kinetic models
re listed in Table 3. It was found that the intraparticle diffu-
ion coefficients, kid, and mass transfer coefficient, kf, increased
ig. 6. Concentration–time profiles of RB, RR and RY reactive dyes on fly ash
t different initial dye concentrations. Conditions: 0.6 g/100 ml adsorbent dose,
93 K, 45 �m particle size, pH 6, 250 rpm.
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Table 3
Kinetic parameters for adsorption of RB, RR and RY reactive dyes on FA; C0

Dye C0 (mg/l) kid (mg/g min1/2) r2 kf (cm/s) × 105 r2 D (cm2/s) × 108 r2

RB

100 0.108 0.983 0.023 0.961 0.383 0.975
150 0.127 0.992 0.060 0.952 0.419 0.921
300 0.245 0.946 0.072 0.927 0.462 0.960
500 0.374 0.975 1.839 0.946 0.514 0.989

RR

100 0.037 0.958 0.603 0.981 0.419 0.982
150 0.058 0.966 1.467 0.927 0.431 0.974
300 0.119 0.984 1.543 0.979 0.566 0.964
500 0.178 0.963 1.689 0.954 0.687 0.988

RY

100 0.119 0.989 0.808 0.981 0.535 0.961
150 0.179 0.956 0
300 0.362 0.964 0
500 0.636 0.970 0
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ig. 7. The adsorption data for qt vs. t1/2 for RR reactive dye on FA at different
nitial concentrations. Conditions: 0.6 g/100 ml adsorbent dose, 293 K, 45 �m
article size, pH 6, 250 rpm.

he corresponding diffusion coefficients of the reactive dyes
or 100–500 mg/l concentration range varied from 3.83 × 10−9

o 5.14 × 10−9 cm2/s for RB, 4.19 × 10−9 to 6.87 × 10−9 cm2/s
or RR and 5.35 × 10−9 to 9.26 × 10−9 cm2/s for RY reactive
yes, respectively. Hence, the concentration of reactive dye in the
olution had a strong influence on both the adsorption diffusion
inetics and the mechanism controlling the kinetic coefficient.

. 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 [28,29].

The Langmuir isotherm assumes that sorption takes place at
pecific homogeneous sites within the adsorbent and has been
uccessfully applied to many sorption processes. The linear form

f Langmuir isotherm is given by the following equation:

Ce

qe
= 1

Q0b
+ Ce

Q0
(7)

5

R

.140 0.951 0.567 0.955

.143 0.991 0.617 0.945

.154 0.978 0.926 0.992

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,
/mg). The values of Q0 and b were calculated from the slope
nd intercept of the linear plots Ce/qe versus Ce which gives
straight line of slope 1/Q0 which corresponds to complete
onolayer coverage (mg/g) and the intercept is 1/Q0b (plots not

hown).
The Freundlich isotherm describes equilibrium on heteroge-

eous surfaces and hence does not assume monolayer capacity.
he isotherm is described by the following equations:

e = kFC1/n (8)

he logarithmic form of the equation becomes

og(qe) = log kF + 1

n
log(Ce) (9)

here kF and n are Freundlich constants and were calculated
rom the slope and intercept of the Freundlich plots. It has been
hown that n values between 1 and 10 represent good adsorption
otential of the adsorbent. The values of Langmuir and Fre-
ndlich constants at different temperatures are shown in Table 4.
he experimental data fit well with both adsorption isotherm
odels since the values of correlation coefficients (r2) are close

o 1 (Table 4). The increase in adsorption capacity of FA at higher
emperature may be attributed to the enlargement of pore size
r activation of the adsorbent surface. The calculated adsorption
apacities with three FA particle sizes are given in Table 5 for
hree reactive dyes. As seen in Table 5, the adsorption capacity
or the reactive dyes increased with the decrease in the particle
iameter. At a particle size range of 45–112.5 �m the values of
aturation capacities are 89–106, 48.8–54.6 and 22.5–33.3 mg/g
or RB, RR and RY reactive dyes, respectively. The increase in
apacity with decreasing particle size range mainly suggests that
eactive dyes did not seem to penetrate the whole particle but
nstead adsorb near or on the FA surface [30].
.1. Effect of adsorbent particle size

The influence of adsorbent particle size was studied using
B, RR and RY reactive dyes on FA. Fig. 8 shows the experi-
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Table 4
Parameters of Langmuir and Freundlich isotherms for RB, RR and RY reactive dyes on FA at different temperatures

Reactive dye Parameters T (K) Langmuir isotherm Freundlich isotherm

Q0 (mg/g) b (l/mg) r2 kf (mg/g) n r2

RB

293 135.69 0.1421 0.996 15.54 1.77 0.967
303 157.98 0.1734 0.999 20.11 1.82 0.948
313 168.07 0.2456 0.999 26.68 1.99 0.944
323 179.64 0.3130 0.999 34.22 2.04 0.944

RR

293 47.26 0.1280 0.989 1.965 2.04 0.989
303 58.86 0.1210 0.970 2.758 2.03 0.970
313 73.53 0.1320 0.993 3.119 2.15 0.993
323 87.41 0.1160 0.998 3.672 2.29 0.976

R

293 37.26 0.2540 0.974 4.82 3.12 0.974
.2421
.2430
.2436

m
u
o
f
t
t
b
m
s
m
p
c

5

w
w
o
t
o
t
l
r

T
P
d

D

R

R

R

n
(
e

(

l

w
p
�

v
m
r
p
f
t
e
spontaneous adsorption of reactive dyes on the adsorbent and
the positive values of �S◦ suggest that the increased randomness
Y
303 45.27 0
313 53.82 0
323 61.24 0

ental results obtained from a series of experiments performed
sing different particle sizes of FA. For a particle size range
f 45–112.5 �m, the values of adsorption capacities decreased
rom 74.4 to 55.4 mg/g for RB, 45.6 to 36.6 mg/g for RR and 30.2
o 21.0 mg/g, respectively (Fig. 8). The adsorption capacities for
he reactive dyes increased with the decrease in the particle size
ecause the higher adsorption with smaller adsorbate particle
ay be attributed to the fact that smaller particles give large

urface areas. Moreover, the inability of the large dye molecule
ight penetrate all the initial pore structure of FA. A similar

henomenon was also reported previously for the adsorption of
ertain dyes [31,32] in the literature.

.2. Effect of temperature

The effect of temperature on adsorption of three reactive dyes
as studied in the temperature range 293–323 K, and the results
ere shown for RR reactive dye as an example in Fig. 9. It was
bserved from the figure that the adsorption capacity of RR reac-
ive dye increased from 42.4 to 80.1 mg/g due to the enlargement

f the pore sizes of adsorbent particles at elevated tempera-
ures. Similar trends are also observed by other researchers for
iquid-phase adsorption [33]. This increase in adsorption with a
ise in temperature can be explained on the basis of thermody-

able 5
arameters of Langmuir and Freundlich isotherms for RB, RR and RY reactive
yes on FA at different particle sizes at 293 K

dp (�m) Langmuir isotherm Freundlich isotherm

ye Q0 (mg/g) b (l/mg) r2 kf (mg/g) n r2

B
45.0 106.16 0.0016 0.996 8.02 1.62 0.973
71.5 90.99 0.0024 0.987 6.43 1.59 0.970

112.5 89.21 0.0033 0.973 4.31 1.41 0.968

R
45.0 54.56 0.0509 0.969 2.47 2.20 0.954
71.5 50.14 0.0778 0.968 1.25 1.81 0.949

112.5 48.80 0.1161 0.961 1.89 1.47 0.956

Y
45.0 32.30 0.0326 0.993 3.69 3.12 0.984
71.5 29.85 0.0533 0.987 3.23 2.75 0.987

112.5 22.53 0.0773 0.994 3.17 2.73 0.983

a
d

T
T
o

D

R

R

R

0.991 7.29 3.53 0.991
0.993 8.76 3.57 0.993
0.992 10.22 3.62 0.991

amic parameters such as change in free energy (�G◦), enthalpy
�H◦) and entropy (�S◦) were calculated using the following
quations:

�G◦) = −RT ln(Kc) (10)

og Kc = �S◦

2.303R
− �H◦

2.303RT
(11)

here Kc, R and T are the equilibrium constant of the adsorption
rocess, gas constant and absolute temperature, respectively.
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 ther-
odynamic parameters for the adsorption of RB, RR and RY

eactive dyes in aqueous solutions on FA are at various tem-
eratures summarized in Table 6. The calculated �H◦ values
or RB, RR and RY are 28.85, 13.93 and 13.29 kJ/mol, respec-
ively. The positive value of �H◦ indicates that the process is
ndothermic in nature. The negative values of �G◦ showed the
t the solid-solution interface during the adsorption of reactive
yes in aqueous solution on FA. The adsorbed solvent molecules

able 6
hermodynamic parameters for the adsorption of RB, RR and RY reactive dyes
n FA at different temperatures

ye Temperature
(K)

−�G
(kJ/mol)

�H
(kJ/mol)

�S
(kJ/K mol)

r2

B

293 7.21

28.85 0.122 0.999
303 8.34
313 9.68
323 10.82

R

293 4.39

13.93 0.063 0.961
303 4.95
313 5.92
323 6.18

Y

293 5.48

13.29 0.064 0.956
303 6.03
313 6.69
323 7.26
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Fig. 8. Adsorption isotherms for (a) RB, (b) RR and (c) RY reactive dyes on FA
a
d

w
l
p

5

i
l

Fig. 9. Effect of temperature on the adsorption of RR reactive dye onto FA.
Conditions: C0: 50–1500 mg/l, 0.6 g/100 ml, 293 K, 45 �m particle size, pH 6,
250 rpm.

Table 7
Maximum adsorption capacity of various reactive dyes by some adsorbents

Adsorbent Adsorbate Adsorption
capacity (mg/g)

Refs.

Baggase fly ash Malachite Green 170.33 [34]
Fly ash Reactive Blue 135.69 This study
Bagasse fly ash Brillant Green 133.33 [38]
Fly ash (CFA) Egacid Orange II 106.94 [11]
Coal fly ash Methylene Blue 53.84 [39]
Fly ash Reactive Red 47.26 This study
Coal fly ash Crystal Violet 39.82 [14]
Fly ash Reactive Yellow 37.26 This study
Bagasse fly ash Methyl Violet 26.25 [35]
Bagasse fly ash Orange-G 18.79 [35]
Baggase fly ash Congo Red 11.88 [37]
Fly ash Methylene Blue 8.23 [36]
Fly ash Methylene Blue 7.55 [40]
Fly ash (CFA) Methylene Blue 7.07 [11]
Fly ash (CFA) Rhodamine B 5.51 [11]
Coal fly ash Rosaline Hydrochloride 4.56 [14]
F
F

i
h
t

6

p
r
c
m
u
T

t various particle sizes. Conditions: C0: 50–1500 mg/l, 0.6 g/100 ml adsorbent
ose, 293 K, pH 6, 250 rpm.

hich are displaced by the adsorbate species gain more trans-
ational entropy than is ions lost by adsorbate thus allowing for
revalence of randomness in the system.

.3. Comparison of adsorbents
A comparative evaluation of the adsorbent capacities of var-
ous types of adsorbents for the adsorption of reactive dyes is
isted in Table 7. The adsorption capacities of the adsorbents used

p
a
l
m

ly ash Acid Blue 9 4.31 [5]
ly ash Acid Red 91 1.46 [5]

n this 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

These experimental studies have indicated that FA has the
otential to act as an adsorbent for the removal of RB, RR and RY
eactive dyes from aqueous solutions. The effects of initial dye
oncentration and pH on the reactive dye removal were deter-
ined with the experimental data mathematically described

sing intraparticle and external mass transfer diffusion models.
he experimental data showed conformity with an adsorption

rocess, with the removal rate dependent on both intraparticle
nd external mass transfer diffusion. The adsorption data corre-
ated well with Langmuir and Freundlich adsorption isotherm

odels. The adsorption of the reactive dyes increased with
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[39] T. Viraraghavan, K.R. Ramakrishna, Fly ash for colour removal from syn-
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ncreasing of initial dye concentration and temperature while
ecreasing with the particle size. Thermodynamical parame-
ers were evaluated for three reactive dyes and revealed that
he adsorption of the dyes is endothermic in nature. The posi-
ive value of �H◦ shows that adsorption is favorable at higher
emperature and the presence of possible chemisorption phe-
omenon.
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