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Adsorptive Removal of Acid Blue 113
and Tartrazine by Fly Ash from Single
and Binary Dye Solutions

Siiheyla Pura and Giilten Atun
Istanbul University, Department of Chemistry, Faculty of Engineering,
Avcilar-Istanbul, Turkey

Abstract: Adsorption of two acid dyestuffs, acid blue 113 (AB) and tartrazine
(TA), has been studied from their single and binary solutions by using fly ash
(FA) as an adsorbent. The S shaped isotherms observed for dye adsorption from
single solutions show that both acid dyes are not preferred at a low concentration
region whereas adsorption of the dyes from binary solutions is enhanced via
solute-solute interactions. Although the L-shaped isotherm is observed in binary
solutions adsorbability of AB decreases in concentrated solutions with respect to
single one, time dependency of adsorption is well described with a pseudo-second-
order kinetic model as well as the linear relation of Bt vs. ¢ plots (not passing
through origin) indicates that film diffusion is effective on dye adsorption. Mod-
eled isotherm curves using isotherm parameters of the Freundlich and Dubinin-
Radushkevich (D-R) equations adequately fit to experimental equilibrium data.
Equilibrium adsorption of AB in binary solutions has been quite well predicted
by the extended Freundlich and the Sheindorf-Rebuhn-Sheintuch (SRS) models.
In general, the isotherm curves constructed in the temperature range of 298-328 K
show that the optimum temperature is 318 K for AB removal from both single
and binary solutions.
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INTRODUCTION

Many dyes present in industrial effluents are not readily degraded
because of their complex aromatic structures. They create odor, bad
taste, and unsightly color and cause carcinogenic effects on human and
animal health. Acid dyes having a large anionic colored component are
more problematic than basic and disperse dyes because anions are very
weakly retained by most of the soil components due to their structural
negative charge (1). Thus, they remain dissolved in the soil solution
and can rapidly move around leading subsequent contamination of
surface and ground waters. Adsorption is an effective and economic
treatment technique to reduce dye concentration to desired- and/or legis-
lated levels. There has been a growing interest in the developing of low
cost special adsorbents from industrial byproducts including some ashes
such as coal fly ash (2-14), bottom ash (15), rice husk ash (16), and
bagasse fly ash (17-19).

Fly ash (FA) is a major solid waste material generated in coal-based
thermal power plants produced annually 12.5 million tons in Turkey (20).
Fly ashes of different origin have different sorption potentials for basic
(2-12), acid (2-4,13), and reactive dyes (13,14). In general, the adsorption
ability of fly ashes has been compared using methylene blue (MB) as a
reference dye (2-9). The removal capacities of FA adsorbents for other
basic dyes such as rhodamineB (2,5,12), crystal violet (5,9), toluidne blue
(10), and chrysoidine R (11); acid dyes, egacid orange II, egacid red G,
egacid yellow G, midlon black VL (2), congo red (3), alizarin sulfonate
(AS) (4). Lanasyam Brown Grl (13) and reactive dyes, Verofix Red
(13) and Reactive Black 5 have been reported in the literature. Adsorp-
tion capacity for acid-, basic- and reactive dyes depend on both the
origin of FA and the molecular structure of the dye. For example, a
FA sample shows slightly higher affinity for different acid dyes compared
to basic dyes (2), while another sample has higher affinity for MB rather
than AS (4).

Acid blue 113 (AB) existing in textile effluents coming from the
nylon dying process has been removed using both UV/H,0, decoloriza-
tion (21) and adsorption processes (22). Although tartrazine (TA) is
used as a cosmetic, drug, and food coloring dye it is considered highly
toxic for humans due to high amounts in industrial effluents because
of its high solubility. The removal capacity of some adsorbents for
TA such as different types of carbon (23), bottom ash, de-oiled soya
(24), magnesium—palladium system (25), hen feathers (26), and ion
exchange resins (27,28) has been reported. It has been shown that TA
selectively displaces with some proteins on an anion exchanger, source

15Q (28).
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Although fly ash has been extensively used for dye adsorption, at
least to our knowledge, dye removal by fly ash from binary solutions
has not been studied before. The aim of this paper is to examine and
compare single and binary adsorption of Acid blue 113 and tartrazine
dyes onto fly ash.

EXPERIMENTAL
Adsorbate Specifications

Molecular structures of Acid Blue 113 and Tartrazine (FD&C Yellow
No. 5) are presented in Fig. 1. AB obtained from Aldrich has a solubility
of 40g/1 (21). TA was supplied from Sigma (St. Louis, MO, USA). Its
solubility is 200 g/1 at 298 K (24,26,27).

Adsorbent Preparation and Specifications

The fly ash sample used as an adsorbent in this study was obtained from
Ankara Cayirhan Thermal Power Plant in Turkey that is fuelled with
Beypazari lignite. The chemical composition of the raw FA has been
determined using RIGAKU RIX2000 X-Ray Fluorescence (XRF)
spectrometer. The following oxides are involved in w/w %: SiO,, 41.30;

Acid Blue 113

Na03s—@N=N OH
NaO —C / ; \©

No
SO3Na

Tartrazine

Figure 1. Chemical structure of two acid dyestuffs.
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CaO, 16.3; Al,O5, 12.30; Fe,03, 11.30; K0, 5.62; MgO, 4.10; SOs, 5.43;
Na,0, 1.43; TiO,, 0.981; P,Os, 0.625; MnO, 0.135; NiO, 0.092; SrO,
0.090; Cr,03, 0.069; ZrO,, 0.058; V,0s, 0.055; As,Os, 0.037; ZnO,
0.026; CuO, 0.013; Rb,0, 0.012; PbO, 0.008; Nb,Os, 0.005; LOI, 0.00.

Mainly quartz and mullite minerals have been identified as crystalline
phases in the glass forming fly ash (10). In scanning electron micrograph
(SEM) studies, it has been shown that the average particle size of
spherically shaped powder particles is about 3 pum (20).

20 g of FA was added to 2-liter distilled water and stirred for two
hours until constant solution conductivity was attained. FA was
separated by filtration and dried at 378 K for 24 hour before using as
adsorbent. The chemical composition of the FA after water treatment
is as follows (10): SiO,, 43.40; CaO, 14.70; Al,Os;, 12.80; Fe,Os,
11.60; K,O, 5.68; MgO, 4.91; SO, 3.40; Na,O, 1.24; TiO,, 1.05;
P,0s, 0.679; MnO, 0.187; NiO, 0.095; SrO, 0.088; Cr,Os3, 0.075;
Zr0,, 0.062; V,0s, 0.052; As,O3, 0.030; ZnO, 0.026; CuO, 0.012;
Rb,0, 0.011; PbO, 0.010; Nb,Os, 0.004; LOI, 0.00. BET surface area
and the point of zero charge of the FA are 7.1m?/g and 2.1, respec-
tively (10). Filtrate was used for preparation of dye solutions in order
to avoid any changes of UV spectra during sorption experiments
because of interactions of soluble components of FA with dye mole-
cules. The concentrations of soluble heavy metals in the leachate do
not exceed regulatory limits (10).

Kinetic Studies

Time dependent studies were performed for the determination of equili-
bration time in dye adsorption process. The upper concentration limit
is 0.4mM for studying AB adsorption because of solubility problems
in the solutions equilibrated with FA. Adsorption kinetics of AB was
studied at 0.1, 0.2, and 0.4 mM initial concentrations. Although TA
has a high solubility it is hardly adsorbed on FA in the solutions above
0.2mM. Thus, time dependency of TA adsorption was studied in 0.1
and 0.2mM dye solutions. In order to study binary sorption kinetics,
equal volumes of dye solutions were mixed to give the final TA concen-
trations of 0.1 mM and 0.2 mM.

50 milliliters of dye solution at a given concentration were placed in a
water jacketed Pyrex cell at 298 K. Solutions were continuously stirred
with a magnetic stirrer after adding 0.5 g of FA. The solutions sampled
in various time intervals were separated by centrifugation at 7000 rpm.
Concentrations of the solutions were measured using Perkin Elmer 554
UV spectrophotometer. UV spectra were recorded in the wavelength
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range of 200-700 nm employing quartz quvettes with a pathway of 1 cm.
The concentrations of AB and TA in their individual solutions were
determined from the peaks located at around a ,,, of 520 and
420 nm, respectively. The peak of AB shifted to 544nm in binary
solutions. Absorbances of the AB and TA peaks located at 544 nm and
420 nm show a linear dependence on concentration in binary solutions.
Concentrations of AB and TA in binary solutions were determined from
their respective absorbances.

Amount of dye adsorbed at any time was calculated from the
concentration changes during adsorption process as follows:

V

q: = (Co Ct)m (1)

Where, ¢, is amount of the dye adsorbed (in mmol/g, i.e., mol/kg),

Cop and C; are dye concentrations at initial and time ¢ (in mM, i.e.,

mol/m?) and V/m is the ratio of the solution to the mass of adsorbent
(in 1/g, ie., m’/kg).

A slower process follows the initial fast process. Although adsorption

is very fast up to Smin. the adsorption equilibrium is established in a

week. Adsorption data up to 30 minutes were used for kinetic calcula-

tions whereas relevant data for constructing the adsorption isotherms

could be obtained from the concentration measurements at the end of

a week.

Equilibrium Studies

AB solutions in the concentration range of 0.05-0.40 mM were shaken
with FA at a constant solution/solid ratio of 0.11/g in a thermostatic
shaker for 4 hours, then intermittently agitated during a week until
the establishment of equilibrium. The initial and final pH values of
AB solutions were around 9.6 and 9.2, respectively. The suitable
concentration range for studying single TA adsorption was 0.05-0.20
mM. The values of pH increased from 9.4 to 10.2 during adsorption
experiments in TA solutions. Dye adsorption from binary solutions
was studied in the concentration range of 0.05-0.30mM AB in the
presence of 0.05 and 0.10mM TA under similar conditions. The
values of initial and final pH of the mixed solutions were in the range
of 7.9-8.1.

In order to evaluate thermodynamic parameters, all equilibrium
experiments were performed at the temperatures of 298, 308, 318, and
238 K.
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RESULTS AND DISCUSSION
Adsorption Kinetics

Time dependency of adsorption data obtained from single and binary
solute adsorption has been tested in terms of some well-known kinetic
equations and the best fit is obtained for the pseudo-second-order kinetic
model proposed by Ho and McKay (29,30). The linearity test of Bt vs. ¢
plots proposed by Boyd et al. and Reichenberg has also been employed
to calculate effective diffusion coefficients corresponding to external
transport or intraparticle-transport controlled rates of dye sorption
process (31,32).

Pseudo-Second-Order Kinetic Model

Representative ¢, vs. ¢ curves for 0.2mM AB and 0.1 mM TA obtained
from single and binary solutions are shown in Fig. 2a. The data well fit
to the pseudo-second-order kinetic model represented as follows:

d
b= kalge — a1’ 2)
where, k, is the pseudo-second-order rate constant (in g/mmol s) and ¢,
is the amount of dye adsorbed at equilibrium conditions (in mmol/g).
The integration of Eq. (2) results in following equation:

kgt

=Tt kgt )

q:

The boundary conditions are ¢,=0 at t=0 and ¢,=¢; at t=t.

Since a plot constructed between ¢/¢, and t according to the
following linear relation yields always perfect correlation kinetic data
must be calculated from the non-linear regression method (33).

t 1 1
—=—+—1 4
qt k2qg qe ( )

The initial sorption rate /; = kzqg and k, have been correlated to the

initial dye concentration as follows:

B aCo+b

(5)

ko
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Figure 2. Plots for evaluation of kinetic parameters: (a) Time dependencies of
dye adsorbed from single AB, single TA and their binary solutions at selected
concentrations. (b) Time dependencies of fractional attainment at equilibrium
and evaluation of Bt vs. t plots for calculation of diffusion coefficients (in the
inset).
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The pseudo-second-order kinetic parameters, ¢., k>, and &, together
with a, b, o, and f, have been calculated by minimizing standard
deviations between experimental and calculated values of ¢, according
to the following relation:

1 n p p P 1/2

texp — Yt,cal
= 7
o lne—zz,-_l( )] (7)

qtexp

where, n, is the number of experimental observations, subscripts “exp’” and
““cal” represent the experimental and calculated values of the dye adsorbed.

As it is seen from the kinetic parameters presented in Table 1, amount
of AB adsorbed at equilibrium conditions increase from 7.50 mmol/g to
24.21 mmol/g as initial concentrations increase the 0.1-0.4 mM range.
Their k, values also increase from 1.83 x 10? to 2.11 x 10> g/mmol s in
the same concentration range showing the best fit to the model. Similar
trends are also observed for single TA adsorption but the values of ¢,
are lower than those of AB. This may be arising from the difference of
the chemical structures and orientations of two dyes. Although both
of the dyes involve in two sulphonate groups TA charges more negatively
than AB when it ionizes in aqueous solutions because of its additional
carboxylate and phonolate groups. More efficient coulombic repulsion
forces between the TA molecules and the adsorbent surface may be
responsible for the lower uptake TA. However, the ¢, values for both
AB and TA in binary solutions are higher than those obtained from their
single solute adsorption suggesting that solute-solute interactions between
AB and TA enhance their adsorption ability under these conditions.

Diffusion Coefficients

Assuming that all adsorbent particles are uniform spheres of radius r, the
expression developed by Boyd et al. for the diffusion-controlled kinetics
is as follows:

n’ Bt
n2

q: 6 Xe
F=9_1_ 2 8
t qe 7[2; ()

Where, F; is the fractional attainment at equilibrium.
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Integrating of Eq. (8) with respect to Bt gives following equation:

X 2B
Bt d
F=— (B = 2 (B +— = 9)
LY 2 32 (Bt)l/z
0

The third term is neglected and only the first two terms are considered for
calculation of Bt for low F, values up to 0.85. At higher F, values the rela-
tion is given as follows:

6 Bt

F=1-——=¢ 10
t TCZ 4 ( )
where, B, the time coordinate, is defined by:
2
Y

here, D; is the effective diffusion coefficient of the adsorbing ions.

The F, values derived from the data in Fig. 2a are plotted vs. 7 in Fig.
2b. For every observed value of F,, corresponding Bt values, as derived
from above Egs. (9) and (10), can also be obtained from the Reichenberg
table (32). It can be seen from the inset in Fig. 2b, Bt vs. ¢ plots are linear
but do not pass through the origin except for 0.1 mM TA, indicating that,
film-diffusion mainly governs the rate-limiting process. The straight-line
passing through the origin implies that the adsorption rate of TA in single
solution is controlled by particle diffusion whilst film-diffusion is the rate
limiting step in binary solutions. It has been reported that TA adsorption
on bottom ash, deoiled soya, and hen feather is dominated by film-
diffusion at low concentrations whereas the particle diffusion takes place
at high concentrations of dye solutions (15,24).

The effective diffusion coefficients calculated according to Eq. (10)
using the average particle radius of 1.5 um are also presented in the Table
1 for studied systems. The values of D; in Table 1 fall in the range of
8.0 x 107'7-1.48.0 x 10~">m?/s, which are within the ranges for chemi-
sorption systems (10721710713m2/s) (33). They are less than the reported
values of effective diffusion coefficients for TA adsorption on bottom ash
and deoiled soya of 1.809 x 10" m?/s and 3.179 x 10~ "*m?/s, respec-
tively. This implies that the magnitude of diffusion coefficients strongly
depends on the nature of the adsorbent. The diffusion coefficients in
the present systems may also be reduced by the formation of large-size
dye aggregates.
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Adsorption Equilibria

AB Adsorption in Single Solute System

The adsorption isotherms of AB obtained from the equilibrium data in the
different temperature range of 298-328 K are depicted in Fig. 3a. As is
seen from Fig. 3a, an S shaped isotherm is observed at low concentrations.
The curves shift towards the left side as the temperature increases up to
308 K while a reverse temperature effect is observed at 328 K.

0.06 5

0.04 —

q (mmol/g)
.
o
Q

0.02 — o)

Y, 4k

/,

Inq

Freundlich isotherms

0.00 T T T T T T
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-4.00 —

Inq,

-4.50 —
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— 550 4 T . : T |
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Figure 3. (a) Adsorption isotherms -, (b) Freundlich and (c¢) (D-R) isotherm
plots - of AB at different temperatures. (Solid and dashed curves in (a) were cal-
culated from Freundlich and D-R models, respectively.).
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The data presented in Fig. 3a were analyzed according to the
Freundlich and the Dubinin-Radushkevich (D-R) isotherm equations.
The Freundlich adsorption isotherm can be written as follows:

qe =krC, (12)

where, kr is the Freundlich constant, which is a comparative measure of
the adsorption capacity of the adsorbent, and » is an empirical constant
which gives valuable information about the isotherm shape. The n> 1
value represents an S shaped isotherm with a concave profile at initial
which is an indication of unfavorable adsorption. The value of n=1
corresponds to a C-shaped isotherm curve which is strictly linear whereas
the value of n <1 indicates favorable adsorption having a convex iso-
therm profile. The convex isotherms are classified as the L- and H-
shaped. When n value closes to 0 an L shaped isotherm converts into
H shaped.

The Freundlich parameters can be obtained from the following
linearized equation:

Ing. =Inkpg+ninC, (13)

As shown in Fig. 3b, a plot of Ing, vs In C, gives two straight lines
having lower slope in the second part. As is seen from Table 2, the Freun-
dlich exponents n corresponding to the initial part of the isotherm are
higher than unity whereas n’ < 1. These results imply that AB adsorption
onto FA is more favorable at higher concentrations. It can be concluded
that the adsorption of acid dye AB is initiated by hydrophobic inter-
actions between the solute and the adsorbent rather than the electro-
static one because of negative surface charge of the adsorbent under

Table 2. Freundlich and D-R isotherm parameters for AB adsorption from single
solute system

Freundlich parameters D-R parameters
kF le KD—R X 10‘; qm
T(K) »n mmol/g r n mmol/g r mol’/kJ> mmol/g r
298 1.36 2488 091 0.84 1.55 095 7.56 17.32  0.96
308 1.73  340.02 1.00 0.73  0.81 1.00 5.44 336  0.99
318 0.59 0.54 0.99 3.40 0.83  0.99

328 1.13 6.13 0.88 0.87 1.71 1.00 5.71 8.50  0.95
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experimental conditions. Then, solute-solute interactions at higher con-
centrations play more important role on adsorption mechanisms.

The D-R isotherm equation can be useful for the calculation of
adsorption capacity (g,,) when solute-solute interactions on the adsorbent
are important. The D-R isotherm equation and its linear form can be

written as follows:
2

e = qmeiKDiRs (14)
Ing. = Ing, — Kp_gé’ (15)

where, Kp_g is the constant related to the mean adsorption energy and ¢ is
the Polanyi potential:

¢=RTIn(1+1/C.), (16)

where, R is the gas constant and 7 is the absolute temperature.

The mean adsorption energy is defined as the free energy change when
one mole of solute is transferred to the adsorbent surface from infinity in
the solution and it can be estimated using constant K as follows:

E=(2Kp_g) '? (17)

As it is seen in Fig. 3c, a plot of In ¢, vs. &2, allows the estimation of gy,
from the intercept and Kp_r from the slope, respectively. The D-R con-
stants in Table 2 show that the predicted adsorption capacity for the
L-shaped isotherm at 308 K is 0.83mmol/g. The higher capacities at
other temperatures arise from solute-solute interactions at higher concen-
trations. Unfortunately, it could not be attained to the predicted adsorp-
tion capacities under experimental conditions because AB precipitates in
higher solute concentrations than 0.4 mM. However, its experimentally
observed value of 3.9 x 10~>mmol/g is higher than the reported adsorp-
tion capacities for other acid dyes on a FA from a plant used brown coal
such as egacid orange 11, egacid red G, egacid yellow G and midlon black
VL of 47x 1073, 22x 1073, 1.5x 107> and 1.5 x 10> mmol/g, respec-
tively (2). The adsorption capacity of a fly ash obtained a plant
fuelled with lignit coal has been reported as 6.3 x 1073 mmol/g for CR
(3) whereas a modified FA with NaOH has a capacity for AS of
7.13 x 10> mmol/g (4).

Theoretical isotherm curves calculated using the Freundlich and the
D-R constants in Table 2 are compared to experimental data points in
Fig. 3a. Both of the isotherm equations are able to adequately predict
the equilibrium behavior of single AB adsorption.
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TA Adsorption in Single Solute System

Adsorption isotherms of TA on FA are shown in Fig. 4. The experi-
mental data were fitted to Freundlich and D-R equations and the iso-
therm constants presented in Table 3 are used for the calculations of
theoretical isotherm curves. Although both Freundlich and D-R curves
are in accordance with experimental data k and ¢, values presented in
Table 3 can not be correlated to the adsorption capacity of the adsorbent.
An S shaped isotherm is typical for surfactant adsorption. Four-region or
reverse orientation model has been proposed for interpretation of the
straight lines in Ing,—In C, plot of a completed S shaped isotherm
(34-36). In region I corresponding to the lowest concentrations, the sur-
factant monomers are adsorbed with head groups and their tail groups
interact with any hydrophobic regions of the adsorbent surface. Region
IT involves strong lateral interaction between adsorbed monomers, result-
ing in the formation of primary aggregates at higher concentrations.
Increases in the amount of surfactant adsorbed in region III are thought

0.008 —
TA
T (K)
- O 28
O 308
O 318
0.006 — | A s 2
Freundlich
] — — DR
o0 -
=
(=]
£ 0.004 —
g
= i
0.002 —
0.000 — T T T I T I T |
0.00 0.04 0.08 0.12 0.16

C.(mmol/l)

Figure 4. Adsorption isotherms of TA at different temperatures. (Solid and
dashed curves were calculated from Freundlich and D-R models, respectively.).
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Table 3. Freundlich and D-R isotherm parameters for TA adsorption from single
solute system

Freundlich Parameters D-R Parameters
kF KD-R X 103 qm
T (K) n mmol/g r mol?/kJ? mmol/g r
298 1.46 0.10 0.99 1.25 2.31 0.99
308 1.64 0.13 0.98 1.32 4.88 0.98
318 1.37 0.06 0.98 1.03 1.28 0.98
328 3.18 2.11 0.88 2.30 3016.94 0.89

to result from the growth of the structures formed in region II, without
any increase in the number of surface aggregates. Adsorption capacity
can be calculated from the intercept of the staight line of region IV that
the surface morphology is assumed to be a fully formed bilayer (37).
Adsorption of organic dyes can also be explained based on this model
(10). Since TA was not adsorbed above 0.2mM initial concentrations
only the initial part of an S shaped isotherm could be observed. This
result suggests that TA molecules exist in monomer form at the low con-
centrations while at higher concentrations dimers or higher dye aggre-
gates might occur. Monomer dye molecules adsorbed on FA behave as
nucleation sites for TA adsorption via solute-solute interactions in dilute
solutions whereas these interactions might be higher in solution phase in
more concentrated solutions than 0.2 mM TA. Similar behavior has been
observed for adsorption of some organic molecules having phenolic moi-
ety (38). It can be concluded from Fig. 4, adsorption ability of FA of
5.9 x 10> mmol/g for TA is comparable to the adsorption capacities
reported for other acid dyes (2-4).

AB and TA Adsorption in Binary Solutions

Adsorption isotherms of AB in the presence of 0.05 and 0.10mM TA
are depicted in Figs. 5a and 5b, respectively. It can be concluded
from the figures and from the Freundlich exponents (n < 1) presented
in Table 4 AB adsorption from binary solutions are favorable at the
whole temperature range. A comparison of n values in Tables 2 and 4
indicates that AB adsorption in binary system at low concentration
region is more preferential than the single one. However, the maximum
values of the adsorbed amount under experimental conditions are
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Figure 5. Adsorption isotherms of AB (a) in the presence of 0.05 mM TA- and (b)
in the presence of 0.10mM TA, (a’) Polynomial relation between TA and AB
adsorbed in the presence of 0.05mM TA- and (b') in the presence of 0.10mM
TA at different temperatures. (Solid and dashed curves in (a) and (b) were calcu-
lated from Freundlich and D-R models, respectively.).

2.8x 1072 and 2.5 x 10" >mmol/g in the presence of 0.05 and 0.10 mM
TA indicating that the AB adsorption from the single solution is more
favorable than binary solutions at higher concentrations than 0.2 mM
AB. These results suggest that solute-solute interaction between AB
and TA molecules on the adsorbent surface are less favorable in concen-
trated solutions.

Equilibrium isotherms of AB in the presence of TA have also
been analyzed by using the extended Freundlich and the Sheindorf-
Rebuhn-Sheintuch (SRS) models for multicomponent adsorption
systems (39-41).
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Table 4. Freundlich and D-R isotherm parameters for AB adsorption from
binary solutions

Freundlich parameters D-R parameters
kF KD-R X 103 dm
TK) n mmol/g r mol?/kJ?  mmol/g r
0.05mM TA 298 0.65 0.28 0.94 4.49 0.54 0.94
308 0.48 0.19 0.99 3.16 0.32 0.99
318 0.42 0.14 0.81 1.38 0.08 1.00
328 0.63 0.28 0.99 3.65 0.57 0.99
0.10mM TA 298 0.80 0.25 0.95 6.11 0.90 0.98
308 0.97 0.57 0.95 6.93 2.64 0.98
318 0.30 0.07 0.86 1.98 0.07 0.93
328 0.30 0.06 0.91 1.84 0.09 0.96

Extended Freundlich Model

The extended Freundlich isotherm for binary adsorption systems can be
formulated as follows:

ny+Xx1
kp1CYy

e,

= 18
G +nClh (18)

Ge,1

where, kr; and n; are Freundlich isotherm constants of the first
component in single solute system and other three parameters (x;, yi,
and z;) are its extended Freundlich constants. ¢.; is the equilibrium
adsorption of the first component; C,; and C,., are equilibrium
concentrations of the first and the second components in binary
solutions, respectively. The equilibrium adsorption of AB in the
presence of 0.05 and 0.1mM TA has been calculated by nonlinear
regression from Eq. (18) by minimizing standard deviations between
the observed and the calculated g.; values. The calculated amounts
of AB adsorbed (g...) together with isotherm parameters are pre-
sented in Table 5. The parameters, x;, y;, and z; have been calculated
using kr; and n; values corresponding to low concentration region
whereas x'y, 'y, and z/; correspond to k’x; and n'; for higher concen-
trations in Table 2. As can be seen from the ¢ values, the extended
Freundlich isotherm adequately well fits to equilibrium data of AB in
binary solutions.
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Table 5. Extended Freundlich isotherm parameters and calculated values of AB
adsorbed

q1,cal mmOI/g

Cy mM 298K 308K 318K 328K
0.05mM TA 0.05 0.0033 0.0045 0.0005 0.0025
0.10 0.0099 0.0039 0.0001 0.0049
0.15 0.0148 0.0119 0.0032 0.0095
0.20 0.0200 0.0190 0.0022 0.0163
0.30 0.0200 0.0296 0.0278 0.0277
o 0.006 0.059 0.322 0.108
X1 0.80 —-1.23 - —0.13
Vi 0.01 0.01 - 0.01
1. 0.10 0.10 - 0.10
X'y —0.84 —0.23 1.35 0.09
Y 0.01 1.80 0.01 2.00
. 0.10 0.10 0.10 0.20
0.10mM TA 0.05 0.0033 0.0033 0.0003 0.0031
0.10 0.0098 0.0033 0.0019 0.0031
0.15 0.0118 0.0175 0.0020 0.0042
0.20 0.0186 0.0192 0.0043 0.0129
0.30 0.0237 0.0246 0.0249 0.0279
o 0.005 0.068 0.316 0.146
X1 1.50 2.27 - 2.07
Vi 0.01 0.01 - 0.01
1. 0.10 0.10 - 0.10
X'y —0.34 —0.63 0.79 —0.12
V1 18.00 24.00 0.01 6.60
. 0.10 0.100 0.10 0.1

Sheindorf-Rebuhn-Sheintuch (SRS) Model

The SRS equation is a multicomponent adsorption isotherm that assumes
each component individually obeys the Freundlich isotherm. A general
SRS equation for a component i in an N component system can be
written as follows:

N ni—1
Gei =kriCei (Z aijCe.j> (19)
J=1

where, kr; and n; are Freundlich constants for the single component
system, a;; is the competition coefficient which describes the inhibition
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to the adsorption of component i by component j. Competition
coefficient a; for the binary system is reciprocal of @; and can be
determined from the experimental data.

The SRS parameters for AB adsorption in the presence of TA have
been calculated by minimizing ¢ values and presented in Table 6. As can
be seen from Table 6, ¢y, calculated from the individual Freundlich
parameters (k'r and #') in Table 2 equals to 1/d’,; for high concentra-
tion region. In this region, ¢’;>,<1 and a5;>1 indicate that AB
adsorption is inhibited by TA at high concentrations. On the other
hand, since AB adsorption increases in the presence of TA it does
not obey SRS equation at low concentration region. However, the
amount of AB could be calculated from the SRS equation by assuming
a5 and a,; are independent variables for the enhancement of adsorp-
tion. The values of a,; < a;, calculated from kg; and n; parameters in
Table 2 may be considered as an indication for enhancement of adsorp-
tion by the second component.

Table 6. The SRS isotherm parameters and calculated values of AB adsorbed

q1,cal mmOI/g

ComM 298 K 308K 318K 328K

0.05Mm TA  0.05  0.0043 0.0049 0.0049 0.0020
0.10  0.0100 0.0086 0.0028 0.0098
0.15  0.0146 0.0087 0.0103 0.0147
0.20  0.0200 0.0182 0.0090 0.0194
0.30  0.0173 0.0285 0.0246 0.0286

o 0.061 0.057 0.186 0.003

i 0.28 1.00 8.00 1.00 x 1072

@, 510107 0.10 0.30 40x107°

di, 0.08 8.00 x 10~* 0.30

s, 1.25x 10 1.25 x 10? 3.33

0.10mM TA  0.05  0.0049 0.0032 0.0004 0.0049
0.10  0.0088 0.0031 0.0064 0.0100
0.15  0.0070 0.0114 0.0066 0.0022
0.20  0.0158 0.0137 0.0102 0.0092
0.30  0.0243 0.0244 0.0281 0.0249

o 0.040 0.069 0.169 0.203

a5 1.00x 107 2.8x107°

ar 500x10°*  2.00x10°*

di, 1.20x 107 1.30x10* 1.80 x 10 5.10x10°°

dy, 8.33x 10  7.69x107° 555x1072 1.96x 10°
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Relation between AB and TA Adsorption

The amount of TA adsorbed (g.,) in the presence of 0.05mM and
0.10mM TA were also determined corresponding to AB loading (q. ;)
and presented in Figs. 5a’ and 5b/, respectively. Although experimental
equilibrium data of AB are quite well described by the extended
Freundlich and the SRS equations standard deviations for TA increase
up to 0.55 (not shown here). This may be arising from the enhancement
of experimental values instead of an inhibition in the model predictions.
However, a polynomial relation is observed between experimental
equilibrium adsorption values of AB and TA which, can be formulated
as follows:

Ge2 = Aqg,l + qul + Cqen + D (20)

where, A, B, C, and D are polynomial coefficients and their values are
presented in Table 7. As clearly shown in both figures and the polynomial
coefficients, the shape of curves obtained from 0.05mM and 0.10 mM TA
solutions are opposite directions. In the presence of 0.05M TA in binary
solution, ¢., values increase with respect to the single solution (i.e.,
de.q1 =0) indicating favorable TA-AB interactions at low AB coverage.
The reverse effect is observed at higher AB loadings suggesting that
orientation of AB adsorbed on the surface at low loadings is in opposite
directions with those of high loadings. It can be concluded that from
these observations the organophilic character of the adsorbent surface
changes depending on the AB loading and polynomial maximum and/or
minimum appear at the points of organophilic-organophobic change.
The opposite shape of the polynomial curves in Figs. 5a and 5b suggest
that solute-solute interactions in the solution phase also contribute to

Table 7. Polynomial coefficients for TA adsorption in the presence of AB

TA T (K) A B C D

0.05mM 298 394.9 —18.8 0.293 0.0009
308 273.4 —14.3 0.270 0.0007
318 89.7 —3.6 0.109 0.0007
328 471.0 —-12.2 0.074 0.0000

0.10mM 298 —3054 109.4 —0.749 0.0025
308 —2138 84.5 —0.670 0.0022
318 —2028 73.7 —0.508 0.0020

328 —2514 96.8 —0.798 0.0019
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TA adsorption. The TA molecules in 0.05 and 0.10mM solutions are
adsorbed with their opposite poles on the adsorbent surface loaded with
the same amounts of AB.

As is seen in Figs. 5a’ and 5b/, although the parameters presented in
Table 2, 3, and 4 show no specific trend for the effect of temperature
equilibrium adsorption of TA under experimental conditions regularly
increases with temperature in binary solutions. Thus, the curves may be
useful for determination of optimum conditions for the separation or
the binary adsorption of two dyes.

Thermodynamic Calculations

Free energy changes (AGY) in the systems were calculated according to
Eq. (17) using K constants of D-R equation in Tables (2-4) and presented
in Fig. 6a depending on temperature. In general, the values of AG® show
a minimum at around 308 K indicating dye adsorption is more sponta-
neous at this temperature. These results are consistent with the isotherm
curves constructed in Figs. 3a, 4, and 5a, which show maximum dye
adsorption at 308 K. On the other hand, as it is seen in Fig. 5b, AB
adsorption in the presence of 0.10mM TA regularly increases with
temperature under experimental conditions and this behavior is reflected
in its corresponding curve in Fig. 6a.

The shapes of AG® vs. T curves may be arisen from the changes in
exothermic and endothermic nature of adsorption as a result of entropy
changes arising from orientation of the dye molecules on adsorbent
surface.

The standard entropy was evaluated from AG® — T curves using the
following well-known equation:

OAG"
— 0 —
AS ( 57 )P (1)

By substituting these AS® values in the following equation, the stan-
dard enthalpy AH® were calculated.

AH" = AG® + TAS® (21)

The plots of A S° and AH® vs. T were represented in Figs. 6b and 6c,
respectively. AS® and AH® show a linear dependency on temperature
with a negative slope with one exception as mentioned above. The
adsorption process for TA in single solution and for AB in the presence
of high TA concentration is of an endothermic nature while it converts



09: 06 25 January 2011

Downl oaded At:

96 S. Pura and G. Atun

TA single 12—
ABsingle
AB+0.05mM TA b B\E\E\B
AB+0.10mMTA
B\_/D 0.8
g E 0.4 —
S
3 .
aa’ =
3 Q(<nl 0.0
1 | 04—
20 04
— T T 08 — T
290 300 310 320 330 290 300 310 320 330
T (K) T (K)
() (®)

AH°(kJ/mol)

-200 —

-400 — T
290 300 310 320 330
T (K)

(©)

Figure 6. Temperature dependency of thermodynamic parameters (a) Free energy
(b) entropy and (c) enthalpy changes for single and binary dye adsorption
systems.

into exothermic in single AB and in the presence of TA at low concentra-
tion. This suggests that AB adsorption is more favorable than TA. An
increase in AB concentration varies the sign of enthalpy from positive
to negative. Similar trend is also observed for the sign of entropy values
as the temperature increases. As a result of more regular orientation, rota-
tional and vibrational motions of adsorbed dye molecules, which are
responsible for enthalpy changes, are restricted (42). The reverse effect
of temperature on entropy changes is in agreement with experimental
observations in the presence of 0.10mM TA in binary solute system.
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CONCLUSIONS

Optimum conditions for adsorptive removal of AB and TA on FA have
been evaluated from kinetic and equilibrium experiments performed in
single and binary dye solutions.

e Equilibrium amounts of dyes adsorbed calculated from pseudo-
second-order kinetic model for binary solutions are higher than those
found for their corresponding single solutions because of solute —
solute interactions between two dyes.

e Similar relation is also observed on initial parts of the AB isotherm
curves constructed in the presence of TA whereas AB adsorption
decreases in concentrated binary solutions.

e Polynomial relation observed between amounts of adsorbed of two
dyes reflects suitable conditions for single or binary adsorption from
mixed solutions. Especially, the minima on the curves at the highest
temperature correspond to separation of AB on the FA.

e Isotherm curves are quite well defined with the Freundlich and the
D-R isotherm equations. Equilibrium adsorption of AB in binary
solutions could also be calculated from the extended Freundlich and
the Sheindorf-Rebuhn-Sheintuch (SRS) models by using the individual
Freundlich constants in single solutions.

e The amount of AB adsorbed on FA under experimental conditions is
much higher than those found for other acid dyes in the literature
while TA adsorption falls in the same range.

Consequently, both AB and TA are successfully removed by fly ash
from colored solutions. The kinetic and equilibrium parameters might be
useful for designing a treatment plant for color removal from both single
and binary solutions.

Based on the data obtained in this study, further experiments are
planned for adsorption of other acid dyes from binary solutions using
fly ash as an adsorbent.

NOMENCLATURE

a parameter of the pseudo-second-order model

AB acid blue 113

ay competition coefficients of component i by component j,
dimensionless

ay competition coefficients of component i by component j for the

second part of isotherm, dimensionless
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parameter of the pseudo-second-order model

time coordinate, 1/s

initial sorption rate, mmol/g s

initial concentration of adsorbate in solution, mmol/1
equilibrium concentration in single component system, mmol/1
equilibrium concentration of each component in binary solution,
mmol/1

adsorbate concentration in solution at time t, mmol/l

effective diffusion coefficient, m?/s

mean adsorption energy, kJ/mol

fly ash

fractional attainment at equilibrium

Standard free energy

Standard enthalpy

pseudo-second-order rate constant, g/mmol s

The D-R isotherm constant related to the mean adsorption
energy, mol®/kJ?

pre-exponential Freundlich isotherm constant of the single
component system, mmol/g

pre-exponential Freundlich isotherm constant of the single
component system for the second part of isotherm, mmol/g
pre-exponential Freundlich constant of individual isotherm of
each component, mmol/g

mass of adsorbent, g

Freundlich exponent of the single component, dimensionless
Freundlich exponent of the single component for the second part
of isotherm, dimensionless

number of experimental observations

individual Freundlich exponent of each component, dimension-
less

amount of dye adsorbed at equilibrium, mmol/g

equilibrium solid phase concentration of each component in
binary solution, mmol/g.

calculated value of solid phase concentration of adsorbate at
equilibrium, mmol/g.

experimental value of solid phase concentration of adsorbate at
equilibrium, mmol/g.

adsorption capacity predicted from isotherm parameters,
mmol/g

solid phase concentration of adsorbate at time 7, mmol/g.
experimental value of solid phase concentration of adsorbate at
time t, mmol/g.
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drcas  calculated value of solid phase concentration of adsorbate at time

t, mmol/g.

R universal gas constant, kJ/mol K

r correlation coefficient

s° Standard enthalpy

t time, min

T absolute temperature, K

TA tartrazine

V solution volume, 1

X; extended Freundlich isotherm parameter for component i

Vi extended Freundlich isotherm parameter for component i

z; extended Freundlich isotherm parameter constant for component i
Greek Symbols

o parameter of the pseudo-second-order model

p parameter of the pseudo-second-order model

€ Polanyi potential, kJ/mol

o standard deviation
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