Journal of Hazardous Materials 165 (2009) 1142-1151

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Research Article
Adsorption kinetics of maxilon yellow 4GL and maxilon red GRL dyes on kaolinite
Mehmet Dogan®*, M. Hamdi KaraogluP, Mahir Alkan?

2 Balikesir University, Faculty of Science and Literature, Department of Chemistry, 10145 Balikesir, Turkey
b Mugla University, Faculty of Science and Literature, Department of Chemistry, Mugla, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 21 July 2008

Received in revised form 9 September 2008
Accepted 27 October 2008

Available online 5 November 2008

Kaolinite, a low-costly material, is the most abundant phyllosilicate mineral in highly weathered soils. In
this work, the adsorption kinetics of maxilon yellow 4GL (MY 4GL) and maxilon red GRL (MR GRL) dyes
on kaolinite from aqueous solutions was investigated using the parameters such as contact time, stir-
ring speed, initial dye concentration, initial pH, ionic strength, acid-activation, calcination and solution
temperature. The equilibrium time was 150 min for both dyes. The results showed that alkaline pH was
favorable for the adsorption of MY 4GL and MR GRL dyes and physisorption seemed to play a major role in

{:{) ‘;‘:ﬁlrfs the adsorption process. It was found that the rate of adsorption decreases with increasing temperature and
Dyes the process is exothermic. The adsorption kinetics followed the pseudo-second-order equation for both
Kinetics dyes investigated in this work with the k; values lying in the region of 1.79 x 10* to 107.87 x 10 g/mol min

for MY 4GL and 3.44 x 10* to 72.09 x 10% g/mol min for MR GRL. The diffusion coefficient values calcu-
lated for the dyes were in the range of 3.76 x 10~° to 62.50 x 102 cm?/s for MY 4GL and 1.98 x 10~? to
44.00 x 10~° cm?/s for MR GRL, and are compatible with other studies reported in the literature. The ther-
modynamic activation parameters such as the enthalpy, entropy and free energy were determined. The

Activation parameters

obtained results confirmed the applicability of this clay as an efficient adsorbent for cationic dyes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Various kinds of synthetic dyestuffs appear in the effluents of
wastewater in some industries such as dyestuff, textiles, leather,
paper, plastics, etc. [1]. Discharge of dye-bearing wastewater into
natural streams and rivers from textile, paper, carpet, leather, dis-
tillery, and printing industries poses severe problems because dyes
impart toxicity to the aquatic life and cause damage to the aesthetic
nature of the environment [2]. However, wastewater containing
dyes is very difficult to treat, since the dyes are recalcitrant organic
molecules, resistant to aerobic digestion, and are stable to light,
heat and oxidizing agents [3]. Such effluents contain a number
of contaminants, including acid or caustic, dissolved solids, toxic
compounds and color [4]. Considering both volume-discharged and
effluent combustion, the wastewater from the textile industry is
rated as the most polluting among all industrial sectors [2]. Color
is the first contaminant to be recognized in wastewater. The pres-
ence of very small amounts of dyes in water is highly visible and
undesirable [5].

During the past three decades, several physical, chemical and
biological decolorization methods such as aerobic and anaero-
bic microbial degradation, coagulation, and chemical oxidation,
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membrane separation process, electrochemical, dilution, filtration,
flotation, softening, and reverse osmosis, have been proposed [2].
However, all of these methods suffered with one or another limita-
tion, and none of these were successful in removing color from the
wastewater completely.

Amongst the numerous techniques of dye removal, the adsorp-
tion process is one of the effective techniques that have been
successfully employed for color removal from wastewater [1].
Almost all the work related to adsorption techniques for color
removal from industrial effluents was based on studies using acti-
vated carbon. However, although activated carbon is a preferred
sorbent, its widespread use is restricted due to high cost. In order
to decrease the cost of treatment, attempts have been made to find
inexpensive alternative adsorbents. There is growing interest in
using low cost, commercially available materials for the adsorption
of dyes. Various low-cost materials have been used for the removal
of dyes. Such materials range from industrial waste to agricultural
products.

Clays have been used as promising low-cost adsorbents. Kaolin-
ite is the most abundant phyllosilicate mineral in highly weathered
soils. Itisa 1:1 aluminosilicate comprising a tetrahedral silica sheet
bonded to an octahedral sheet through the sharing of oxygen atoms
between silicon and aluminium atoms in adjacent sheets. The tetra-
hedral sheet carries a small permanent negative charge due to
isomorphous substitution of Si4* by AI3*, leaving a single-negative
charge for each substitution [6]. Both the octahedral sheet and
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the crystal edges have a pH-dependent variable charge caused by
protonation and deprotonation of surface hydroxyl (SOH) groups.
Kaolinite has a low-cation exchange capacity (CEC) of the order of
3-15mequiv./100g and therefore it is not expected to be an ion-
exchanger of high order. The small number of exchange sites is
located on the surface of kaolinite and it has no interlayer exchange
sites. Nevertheless, the small CEC and the adsorption properties
may play an effective role in scavenging inorganic and organic pol-
lutants from water [7,8].

In our previous works, we investigated the electrokinetic prop-
erties of kaolinite suspensions [8]; and also the adsorption of
copper(Il) [9] and trivalent chromium ions [7] from aqueous solu-
tions onto kaolinite samples. Therefore, the aim of this study was to
determine the adsorption kinetics of cationic dyes such as maxilon
yellow 4GL (MY 4GL) and maxilon red GRL (MR GRL) on kaolin-
ite over a range of physicochemical conditions that are important
to identify various natural environmental systems. For a success-
ful scale-up of such a process, kinetic studies are essential since
they describe the adsorbate removal rate, which in turn controls
the residence time in the adsorbent-solution interface. A number
of experimental parameters in this study are considered, including
the effect of stirring speed, initial dye concentration, initial solution
pH, ionic strength, acid activation, calcination and solution temper-
atures. The thermodynamic activation parameters of the process,
such as activation energy, enthalpy, entropy and the free energy,
were also determined.

2. Materials and methods
2.1. Materials

The kaolinite sample was obtained from Giizelyurt (Aksaray,
Turkey). Kaolinite was treated before using in the experiments
as follows [10]: the suspension containing 10g/L kaolinite was
mechanically stirred for 24 h, after waiting for about 2 min the
supernatant suspension was filtered through a white-band filter
paper (@ =12.5cm). The solid sample was dried at 110°C for 24 h.
The particles were crushed using a ball mill to pass through a 100-
pm metal sieve. The fraction of the particles between 0 and 100 wm
was used in further experiments.

All chemicals used were of analytical reagent grade and were
used without further purification. The chemical structures of max-
ilon yellow 4GL and maxilon red GRL are illustrated in Fig. 1.
The cation exchange capacity of kaolinite was determined as
13 mequiv./100g by the ammonium acetate method [11]. The
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Fig. 1. (a and b) Structures of dyes.

chemical composition of this clay obtained by X-ray florescence
(XRF) is 53.00% Si0,, 26.71% Al, 05, 0.62% Na, 0, 0.37% Fe,03, 0.57%
Cao, 1.39% K50, 0.28% MgO and 17.20% loss ignition [8].

2.2. Kinetic experiment

Adsorption kinetic experiments were carried out using
mechanic stirrer. All of the dye solution was prepared with ultra-
pure water. Kinetic experiments were carried out by agitating 2 L of
solution of a constant dye concentration with 20 g of kaolinite at a
constant agitation speed, 30 °C and natural pH. Agitation was made
for 150 min, which is more than sufficient time to reach equilibrium
at a constant stirring speed of 400 rpm. Preliminary experiments
had shown that the effect of the separation time on the adsorbed
amount of dye was negligible. Two millilitres of samples were
drawn at suitable time intervals. The samples were then centrifuged
for 15 min at 5000 rpm and the left out concentration in the super-
natant solution were analysed using UV-vis spectrophotometer
(PerkinElmer Lamda 25 UV-vis spectrophotometer) by monitoring
the absorbance changes at a wavelength of maximum absorbance
(410 and 531 nm for MY 4GL and MR GRL, respectively). Each exper-
iment continued until equilibrium conditions were reached when
no further decrease in the dye concentration was measured. Cali-
bration curves were plotted between absorbance and concentration
of the dye solution [12]. It was investigated the effects of the fol-
lowing parameters to the removal rate of maxilon yellow 4GL and
maxilon red GRL dyes on kaolinite in the experiments.

2.2.1. Effect of stirring speed

The effect of stirring speed on removal rate of maxilon yellow
4GL and maxilon red GRL dyes with kaolinite was investigated at
different stirring speeds such as 200, 400 and 600 rpm at the ini-
tial dye concentrations of 5 x 10~4 and 2 x 10~4 mol/L at 30°C and
natural solution pH (4.5 and 5.8), respectively.

2.2.2. Effect of initial dye concentration

The initial tested concentrations of dyes were 3 x 1074, 5 x 10~
and 7 x 10~4mol/L for MY 4GL and 1.5x 1074, 2.0x10~* and
2.5 x10~*mol/L for MR GRL at 30°C, natural solution pH and
400 rpm.

2.2.3. Effect of pH

The effect of pH on the rate of color removal was analysed in
the pH range from 3 to 9 at 30 °C, natural solution pH, 400 rpm and
constant initial dye concentration. The pH was adjusted using 0.1N
NaOH and 0.1N HCI solutions by using an Orion 920A pH-meter
with a combined pH electrode. pH-meter was standardized with
NBS buffers before every measurement.

2.2.4. Effect of ionic strength

The effect of ionic strength to removal rate of dyes on kaolin-
ite was investigated at 0.001-0.100 mol/L KCI salt concentrations
at 30°C, natural solution pH, 400 rpm and constant initial dye con-
centration.

2.2.5. Effect of acid-activation

In order to obtain the acid-activated kaolinite samples H,SO4
solutions were used. The aqueous suspensions of kaolinite in 0.2,
0.4 and 0.6 M H;,SO4 solutions (so that acid/solid ratios were 1/5,
2/5 and 3/5g/g) were refluxed with a reflux apparatus, then fil-
tered and dried at 110 °C for 24 h [10]. In order to study the effect of
acid-activation on removal rate of dyes, the experiments were made
using acid-activated kaolinite samples at 30 °C, natural solution pH,
400 rpm and constant initial dye concentration.
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2.2.6. Effect of calcination temperature

After cleaning the sample mechanically of the visible impuri-
ties, it was ground and sieved to obtain 100 p.m size fraction. Then,
it was dried at 110°C, and used in further experiments. Calcinated
kaolinite samples have been prepared in the temperature range of
110-800°C with a Nuve MF-140 furnace [9]. The effect of calcina-
tion temperature on the removal rate of dyes was investigated using
calcinated-kaolinite samples at 30 °C, natural solution pH, 400 rpm
and constant initial dye concentration.

2.2.7. Effect of solution temperature

The effect of temperature to the adsorption capacity of kaolinite
was carried out at 30, 40, 50 and 60°C in a constant temperature
bath at natural solution pH, 400 rpm and constant initial dye con-
centration.

2.3. Data evaluation

In the kinetic experiments the amount of dyes adsorbed at any
time t, g (mol/g), was calculated using the following mass balance
equation by (1)

ai=(Co— ) (1)

where Cy and C; are the initial and liquid-phase concentrations at
any time t of dye solution (mol/L), respectively; q; is the dye con-
centration on adsorbent at any time t (mol/g), V the volume of dye
solution (L), and m is the mass of kaolinite sample used (g).

3. Results and discussion
3.1. Adsorption rate

The adsorption of dyes from aqueous phase onto a solid surface
can be well described as a reversible reaction under an equilib-
rium condition established between the two phases [13]. The rate
at which the species are removed from solution onto an adsorbent
surface is an important factor for designing treatment plants. Thus,
in order to characterise the adsorption process of the dyes on kaoli-
nite, in this section, we have discussed the effect of factors such as
contact time, stirring speed, initial dye concentration, initial solu-
tion pH, ionic strength, acid-activation, calcination and solution
temperatures on the removal rate of cationic dyes onto kaolinite
from aqueous solution.

3.1.1. Effect of contact time and initial dye concentration

From an economical point of view, the contact time required
to reach equilibrium is an important parameter in the wastewater
treatment. The adsorption of MY 4GL and MR GRL dyes on kaolinite
at different initial concentrations and stirring speed of 400 rpm was
studied as a function of contact time in order to determine the equi-
librium time. Fig. 2 shows time course of the adsorption equilibrium
of MY 4GL and MR GRL onto kaolinite. The removal of dyes was
rapid in the initial stages of contact time and gradually decreased
with lapse of time until equilibrium. The rapid adsorption observed
during the first 5 min is probably due to the abundant availability
of active sites on the kaolinite surface, and with the gradual occu-
pancy of these sites, the sorption becomes less efficient. At this
point, the amount of dye being adsorbed onto the adsorbent was
in a state of dynamic equilibrium with the amount of dye desorbed
from the adsorbent. The time required to attain this state of equi-
librium was termed as the equilibrium time and the amount of
dye adsorbed at the equilibrium time reflected the maximum dye
adsorption capacity of the adsorbent under these particular con-
ditions [14]. It is clear from Fig. 2 that the contact time needed to
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Fig. 2. (a and b) The effect of contact time and initial dye concentration to the
adsorption rate of dyes on kaolinite.

reach equilibrium conditions was about 150 min. The time required
to reach the equilibrium is in accordance with the results obtained
by Kargi and Ozmihci [15] investigating dyestuffs biosorption by
powdered activated sludge; by Sun et al. [16] investigating mala-
chite green biosorption by aerobic granules; and by Senthilkumaar
etal.[17] investigating various dyes adsorption by activated carbon.

The amount of dyes adsorbed, q;, increases with time for all ini-
tial concentration. However, the uptake rate of the dyes was found
to decrease with increase in time until it approaches a pseudo-
steady-state value known as the equilibrium loading capacity,
ge. When the equilibrium conditions are reached the adsorbate
molecules in the solutions are in a state of dynamic equilibrium
with the molecules adsorbed by the adsorbent. This behaviour indi-
cates negligible further removal of the dye. From Fig. 2, it was clear
that the removal of dye was dependent on the concentration of the
dye. At low concentrations, adsorption sites took up the available
dye more quickly. However, at higher concentrations, dye needed
to diffuse to the sorbent surface by intraparticle diffusion. Also, the
steric repulsion between the solute molecules could slow down the
adsorption process. The equilibrium loading capacity increases at
30°C from 2.92 x 107> to 6.46 x 10~ mol/L as the initial concen-
tration increases from 3 x 10~ to 7 x 10~% mol/L for MY 4GL; and
from 1.48 x 107 to 2.41 x 10> mol/L as the initial concentration
increases from 1.5 x 1074 to 2.5 x 10~4 mol/L for MR GRL, indicat-
ing that the initial concentration provided a powerful driving force
to overcome the mass transfer resistance between the aqueous and
solid phases [18]. The shapes of the curves are similar and approx-
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Fig.3. (aandb)The effect of stirring speed to the adsorption rate of dyes on kaolinite.

imately independent on the initial dye concentration (Fig. 2). This
indicates a monolayer formation of the dye on the external sur-
face [19]. A similar trend was reported for the adsorption of dyes
such as MG onto treated sawdust [20], reactive dyes onto dried acti-
vated sludge [21], metal complex dyes onto pine sawdust [22] and
Rhodamine-B onto activated carbon [23].

3.1.2. Effect of stirring speed

Fig. 3 shows the effect of stirring speed (i.e., 200, 400 and
600rpm) on the cationic dye adsorption at initial dye concentra-
tions of 5 x 10~% mol/L for MY 4GL and 2 x 10~4 mol/L for MR GRL.
The difference of adsorption rate was insignificant as the stirring
speed increases. Similar phenomena were observed in the kinetic
experiments of victoria blue [24], methyl violet [25] and methylene
blue [26] on perlite, basic brilliant green on modified peat-resin
particle [27], maxilon blue 5G on sepiolite [12] and maxilon blue
GRL on sepiolite [28]. Therefore, the stirring speed was taken as
400rpm in further experiments.

3.1.3. Effect of initial pH

Since pH is one of the main variables affecting the adsorption
process [29], influencing not only the surface charge of the sorbent,
the degree of ionization of the material present in the solution and
the dissociation of functional groups on the active sites of the sor-
bent, but also the solution dye chemistry [30]. In this work, the
effect of the four initial solution pH (i.e., 3.0, 5.0, 7.0 and 9.0) on the
removal rate of MY 4GL and MR GRL dyes by kaolinite was inves-
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Fig. 4. (a and b) The effect of initial pH to the adsorption rate of dyes on kaolinite.

tigated at stirring speed of 400 rpm and initial dye concentrations
of 5x 10~4 mol/L for MY 4GL and 2 x 10~% mol/L for MR GRL. As
seen from Fig. 4, the adsorption capacity for both dyes increased
when the initial pH was increased from 3.0 to 9.0. The adsorption
patterns of both dyes were similar in the studied pH range. The
pH effect on dye adsorption observed in this study was explained
by electrostatic interaction between kaolinite and dye molecules.
Maximum adsorption occurs at basic pH (pH 9). In our previously
study [8], we found that the charge sign on the surface of kaolinite
was negative in a wide pH range (i.e., 3-9). As the pH of the system
increases, the number of negatively charged sites increases and the
number of positively charged sites decreases. Therefore, the extent
of dyes adsorbed on kaolinite tended to increase with the increase
of pH values, which can be attributed to the electrostatic attraction
between the negatively charged surface and the positively charged
dye molecule according to the following reaction:

SO~ +Dye* = SO™-..Dye* (2)

Also, lower adsorption of cationic dyes at acidic pH is because of
the presence of excess H* ions competing with dye cations for the
adsorption sites. These observations were similar to earlier findings
by other workers for adsorption of methylene blue (i.e., basic blue

9) on kaolinite [31] and perlite [26], and MG onto activated charcoal
[32].

3.1.4. Effect of ionic strength
Since industrial effluents are always contaminated with vari-
ous additives such as inorganic salts, it is important to study the
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Fig.5. (aandb)The effect ofionic strength to the adsorption rate of dyes on kaolinite.

effect of these ions on the adsorption property of dye solutions.
The adsorption of dye in the presence of salt was therefore car-
ried out. The adsorption of dyes on kaolinite was slightly negatively
affected by the presence of KCl (Fig. 5). The concentrations of KCI
in solution were in the range of 0.001-0.1 mol/L. Increasing ion
strength decreased adsorption capacity when there is the electro-
static attraction between the adsorbent surface and adsorbate ions
[33,34]. As ionic strength of solution increases, final pH of suspen-
sion decreases. This means that the number of positively charged
sites on kaolinite increases. Therefore, the adsorption capacity of
dyes on kaolinite decreases. Furthermore, since the salt screens the
electrostatic interaction of opposite changes of the oxide surface
and the dye molecules, the adsorbed amount will also decrease
with increase of KCI concentration [35].

3.1.5. Effect of acid-activation

The adsorption rate of MY 4GL and MR GRL dyes on the acid-
activated kaolinite samples was investigated at 30°C and 400 rpm
as a function of time. Fig. 6 shows the relationship between the
adsorbed dye amount and time. As seen from Fig. 6, the adsorp-
tion rate and amount of MY 4GL and MR GRL dyes on the kaolinite
surface decreased with increase in acid-activation. The fact that the
amount of dyes adsorbed decreases with increase in acid-activation
may be due to transforming of SOH groups to SOH,* groups on
kaolinite surface according to the following reaction [9]:

S—OH+H' =SOH,™ (3)
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Fig. 6. (a and b) The effect of acid-activation to the adsorption rate of dyes on
kaolinite.

3.1.6. Effect of calcination-temperature

The removal rate of MY 4GL and MR GRL dyes on calcinated
kaolinite samples at 110, 300, 600 and 800 °C was studied at 30°C
and 400 rpm. Fig. 7 shows the plots of adsorbed amount (g;) ver-
sus time (t). The removal rate of dyes has decreased with increase
in calcination temperature. During calcination, the silicon atoms
experience a range of environments of differing distortion due to
dehydroxylation [36]. In our previous works, we found that the
intensity of hydroxyl peaks decreased with increase in calcination
temperature [9]. Therefore, the decrease in the amount adsorbed
of MY 4GL and MR GRL dyes with increasing activation tempera-
ture may be a result of the removal of most of the micropores due
to heating the sample and due to the decrease in OH groups in
kaolinite during the calcination process.

3.1.7. Effect of solution temperature

The degree of adsorption depends on the temperature of the
solid-liquid interface. The rates of adsorption were studied in the
temperature range of 303 and 333 K. The effect of temperature on
the adsorption is shown in Fig. 8. It is observed that at higher
temperatures the adsorption is slower, and the adsorption pro-
cess was exothermic process. The fact that the adsorption capacity
of kaolinite for MY 4GL and MR GRL dyes tends to decrease with
increase in temperature shows that the adsorption process occurs
as a physisorption in this case, in which adsorption arises from the
weaker van der Waals and dipole forces which are usually associ-
ated with low heat of adsorption. Moreover, careful examination of
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Fig. 7. (a and b) The effect of calcination temperature to the adsorption rate of dyes
on kaolinite.

Fig. 8, in particular at high temperatures, reveals that desorption
might be occurring. This behaviour could be attributed to either

a reversible adsorption or a back diffusion controlling mechanism
[37].

3.2. Kinetic models

The kinetic study of the adsorption processes provides use-
ful data regarding the efficiency of adsorption and feasibility of
scale-up operations. To evaluate the effectiveness of an adsor-
bate, studies of kinetics of adsorption equilibria are also needed.
Several kinetic models are available to examine the controlling
mechanism of the adsorption process and to test the experimen-
tal data. The rate constant of the dye removal from the solution
by kaolinite was determined using Lagergren pseudo-first-order
and pseudo-second-order equations. These equations have been

used widely for the adsorption of an adsorbate from aqueous
solution.

3.2.1. Lagergren pseudo-first-order equation

The Lagergren pseudo-first-order equation was used to fit the
experimental results [38]:

In(ge — g¢) = In ge — kqt (4)

where ¢e and g; are the amount of dye adsorbed per unit weight
of the adsorbent (mol/g) at equilibrium time and time t, respec-
tively. kq is the rate constant for the first-order kinetics. The values
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Fig. 8. (aand b) The effect of temperature to the adsorption rate of dyes on kaolinite.

of adsorption rate constant for dyes adsorption on kaolinite were
determined from the plots of In(ge — q¢) against t.
In many cases the above equation does not fully describes the

adsorption kinetics. In such cases, a pseudo-second-order equation
can be used.

3.2.2. Pseudo-second-order equation

The pseudo-second-order equation is often successfully used to
describe the kinetics of the fixation reaction of pollutants on the
adsorbent. The pseudo-second-order kinetics may be expressed as
(39]

t 1 t

1t 5
qe kzqg de (5)

where k; is the rate constant of adsorption, ge is the amount
of dye adsorbed at equilibrium (mol/g) and g; is the amount of
dye adsorbed at time t (mol/g). The equilibrium adsorption capac-
ity (ge) and the second-order rate constant k, (g/mol min) can be

determined experimentally from the slope and intercept of plot of
t/q; versus t.

3.3. Kinetic analysis

As mentioned above, two kinetic models were used to exam-
ine the kinetics of the adsorption process. First, kinetic data were
treated with the pseudo-first-order kinetic model. Values of the
rate constant (k;), equilibrium adsorption capacity (qe), the corre-
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lation coefficient (R?) were calculated from the plots of In(ge — q¢) =
versus t for each individual dye under different conditions and are g MES9RcEgNBE8sNeR8eR9s8 Y
presented in Tables 1 and 2. The experimental data deviated greatly z 2523825238 E583382s3838¢8
from linearity. Based on regression coefficient (R?), it appeared that =
the first-order model was not well fit with the experimental data. NE
In addition, the calculated equilibrium adsorption capacities do not U;
agree with experimental values (these data not given in tables). b X002 9LR288823V8I2AxTe
Kinetic data were further treated with the pseudo-second-order a S 1B i G RO - =T RO I B T B Ry
kinetic model. If the pseudo-second-order kinetics is applicable, .
the plot of t/q; versus t should show a linear relationship. The cor- L |88 8888888888388 383833883
relation coefficients (R2), the second-order rate constants (ky) and s|eeeeesseeeceeesessssssss
calculated (g5 ) and experimental (ge ) equilibrium sorption capaci- E
ties are shown in Tables 1 and 2 for both dyes. The linear plots of t/q; s
versus t show that the experimental data agree with the pseudo- %
second-order-kinetic model for two dyes. In addition, the values of Y
calculated g, in the case of the second-order model are very close S REEoE R EEEYEREERER
to the experimental values under all work conditions. The correla- ST YoRRR RSN e e g RN
tion coefficients for the second-order kinetic model are higher than _
0.99in all cases. The values of k, and ge all increased with increasing %"
concentration of dye presumably due to the enhanced mass transfer E
of dye molecules to the surface of kaolinite. This observation sug- E
gested that the boundary layer resistance was not the rate-limiting S EEEEEEE AR B ER R R
step [40]. These results, which confirmed that the adsorption of S A
dyes by kaolinite is best described by the pseudo-second-order )
model are in agreement with many work in literature [24,26,39]. 5 g
The half-adsorption time, t;, is another parameter which can s
be calculated from the equilibrium concentration and the diffusion 5| <
coefficient rate values. Half-adsorption time, t;, is defined as the Sl I AR NN2TLNESIBRINE]I<AN
time required for the adsorption to take up half as much kaolinite B Rl I R I R R
as its equilibrium value. This time is often used as a measure of the A
adsorption rate. This was calculated by using the following equation i
. =
il Elf |BBBE388RFILLTIARRREREE
<[ SRR pS R = e e e = = = o o = = = = = P e
ty2 = %20e (6)
The diffusion coefficient largely depends on the surface prop- §
erties of adsorbents. The diffusion coefficient for the intra particle 2
transport of the two dyes under different conditions were also cal- 72
culated by using the following relationship [42]: § é N e
. 0.030r(2] 7) o
1/2 D E
where ty, is the half life in seconds as calculated from Eq. (6), ro é =
the radius of the adsorbent particle in centimeters and D is the 28
diffusion coefficient value in cm?/s. In these calculations, it has been 3‘2 5 2888
assumed that the solid phase consists of spherical particles with _
an average radius between the radii corresponding to upper- and =
lower-size fractions. The value of ry was calculated as 2.5 x 1073 cm ] \% 528
for kaolinite samples. Calculated values of t;, and D are given in % = LR LR
Tables 1 and 2. D values for the adsorption of MY 4GL and MR GRL on £
kaolinite under different conditions are in the range of 2.65 x 102 é §
t062.5 x 1072 and 1.98 x 10~9 to 25 x 10~2 cm?/s, respectively. The Q a
D values obtained in our study are comparable to those available = E I
in the literature [25,26,28,43-46]. Similar results were found for k] ZE[(223323838338823%3%8%88238383828¢83¢2¢8¢
methylene blue on fly ash [43], phenol and benzene on carbon [45], é === = == T T T S T S
methylene blue and methyl violet on perlite [25,26], and maxilon = R EEEEEEEEEEEEEE:
blue GRL on sepiolite [28]. On the other hand, the D values obtained < E |22220unnal22222 232223232223
for adsorption of reactive dyes on shale oil ash were higher than 5 =
those in this study [44], whereas our values were lower than those T =
obtained for astrazone blue and telon blue on wood [46]. ’—: é
3.4. Activation parameters 2| e|=
According to the results of the kinetic study the pseudo-second- = q“; g ()
order model was found to be the best model to describe the [l S FRSRBRARRIERIRRIIBIIIIIRKS




Table 2

Kinetic data calculated for adsorption of MR GRL on kaolinite.

ty2 (min)

D (x10° cm?/s)

Kinetic models

Parameters

Second-order

First-order R?

Acid-activation

(mol/L)

[Co]l (x10* mol/L) pH Stirring speed  [I] (mol/L) Calcination
(rpm)

T(°C)

ks (x10~% g/mol min) R?

Ge(cany (x10° mol/g)  ge (x10° mol/g)

1.96
1.

temperature (°C)

0.327

9.55
8.15
11.40
18.80

0.999

15.77

1.96
1.95
1.95
1.94
1.96
1.95
1.94
1.90
1.96
1.96
1.48
241
1.94
1.92
1.84
1.97
1.93
1.43
0.98
1.95
1.94
1.93

0.920
0.986

400
400
400
400
400
400
400
400
200
600
400
400
400
400
400
400
400
400
400
400
400
400

Natural

30
40
50
60
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

0.383
0.272
0.166
0.550
0.707
0.497

0.999

9.52
7.63
5.34
9.27
7.25
10.36

95
94
93

Natural

0.999

1.

0.998
0.933

Natural

0.999

1.

Natural

5.68
4.42
6.28
5.17
9.32
9.11

0.999

1.96
1.96
1.94
1.90
1.96
1.96
1.48
2.41
1.

0.915

0.999

0.973

0.999

0.935

0.604
0.335

0.999

8.70
15.19

0.919

0.999

0.872

Natural

0.343
0.123
0.560
0.291

0.999

14.85
54.70

0.817

Natural

0.999 25.40

0.999

0.383
0.843

0.958

Natural

1.5
25

M. Dogan et al. / Journal of Hazardous Materials 165 (2009) 1142-1151 1149

5.58
10.70
3.29
1.98

7.40
17.69

Natural

0.999

94
92

0.001

Natural

0.947
1.576
0.121
0.071

5.49 0.999
3.44

41.66
72.09

1.

0.887

0.010

Natural

0.999

1.83
1.97
1.93
1.43
0.98
1.95
1.94
1.93

0.957

0.100

Natural

0.999 25.80
0.999 44.00

0.999

0.780
0.982

100
300
600
800

Natural

Natural

1.193
0.356
0.237
0.210

2.61
8.77
13.10

5.85
28.65

0.937

Natural

0.999

0.691

Natural

0.999

21.59
24.44
16.97

0.780
0.993
0.956

0.2

Natural

14.80
10.20

0.999

0.4
0.6

Natural

0.305

0.999

Natural
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Fig. 9. (a and b) Arrhenius plot for the adsorption of dyes on kaolinite.

experimental kinetic data for the adsorption of dyes with kaoli-
nite. The second-order rate constants listed in Tables 1 and 2 are
used to estimate the activation energy of MY 4GL and MR GRL dyes
adsorption on kaolinite using Arrhenius equation:

In ky =1In kg — REg—aT (8)
where E, is the activation energy (J/mol), k, is the rate constant of
adsorption (g/mols), kg is Arrhenius factor, which is the tempera-
ture independent factor (g/mols), Rg is the gas constant (J/Kmol),
and T is the solution temperature (K). Accordingly the activation
energies of the adsorption of the dyes were calculated using Eq.
(8). The value of E; was obtained from the slope of the plot of Ink,
versus 1/T as shown in Fig. 9. E; values were found to be 17.72 and
29.13 kJ/mol for MY 4GL and MR GRL, respectively. The magnitude of
activation energy gives an idea about the type of adsorption which
is mainly physical or chemical. Since the values of the activation
energy are lower than 40 kJ/mol [47], this indicates that the adsorp-
tion has a potential barrier corresponding to a physisorption. There-
fore, the affinity of dyes for kaolinite may be ascribed to Van der
Wiaals forces, electrostatic attractions or hydrogen bonds between
the dye and the surface of the particles. These values are consistent
with the values in the literature where the activation energy was
found to be 43.0kJ/mol for the adsorption of reactive red 189 on
crosslinked chitosan beads [48], 5.6-49.1 k]/mol for the adsorption
of polychlorinated biphenyls on fly ash [49] and 33.96 kJ/mol for
the adsorption of maxilon blue GRL on sepiolite [28].
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Fig. 10. (a and b) Plot of In(k,/T) vs. 1/T for adsorption of dyes on kaolinite.

Another aim of this paper is to consider the effect of solution
temperature on the transport/kinetic process of dye adsorption.
Therefore, the thermodynamic activation parameters of the pro-
cess such as enthalpy (AH"), entropy (AS") and free energy (AG)
were determined using the Eyring equation [50]:

ka\ kg AS*  AH*
In (7) —In (E) R 9)

where kg is the Boltzmann constant (1.3807 x 10-23 J/K) and hp is
the Planck constant (6.6261 x 10-34]s). Fig. 10 shows the plot of
In(k,/T) against 1/T. The values of AH" for MY 4GL and MR GRL dyes
are —13.64 and —31.77 kJ/mol, respectively. The value of the activa-
tion enthalpy change indicates that the adsorption is physical in
nature involving weak forces of attraction and is also exothermic.
At the same time, the low value of AH" implies that there was loose
bonding between the adsorbate molecules and the adsorbent sur-
face [51]. The values of AS" for MY 4GL and MR GRL dyes from
Eq. (9) were found as —196.2 and —250.7 ]/mol K, respectively. The
negative activation entropy change (AS") value corresponds to a
decrease in the degree of freedom of the adsorbed species. The
change of activation Gibbs energy is given by following equation:

AG* = AH* — T AS* (10)

The results obtained for the change of Gibbs energy are 45.80
and 44.19 kJ/mol for MY 4GL and MR GRL dyes, respectively, at 30 °C.

3.5. Conclusions

Results of this study provide for a better understanding of the
adsorption kinetics of MY 4GL and MR GRL dyes on kaolinite. The
adsorption of MY 4GL and MR GRL was highly dependent on initial
dye concentration, pH, ionic strength, acid-activation, calcination
and solution temperature. An increase in the initial dye con-
centration enhances the interaction between dyes and kaolinite,
resulting in greater adsorption capacity. The dyes adsorption capac-
ity increased with the increase of pH in the range of 3-9. The results
showed that the adsorption system could be explained by the elec-
trostatic attraction between the negatively charged surface and the
positively charged dye molecule in the basic medium. The addition
of salt had a negative effect on the adsorption capacity of kaoli-
nite. The loading capacity of kaolinite decreased with increase in
temperature indicating that the adsorption process is exothermic.
The adsorption kinetics is fast with 150 min needed to reach equi-
librium. Furthermore, the adsorption kinetics of cationic dyes onto
kaolinite can be well described by pseudo-second-order reaction
model. The kinetic parameters thus obtained from the fittings of the
model were dependent on initial adsorbate concentration, pH, ionic
strength and temperature. Kaolinite has proven to be a promising
material for the removal of contaminants from aqueous phase.
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