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ABSTRACT

The adsorption kinetics and thermodynamics of Maxilon Blue 5G, a cationic textile dye,
onto perlite were investigated in aqueous solution in a batch system for determining the
effect of contact time, stirring speed, initial dye concentration, initial solution pH, ionic
strength and temperature. Experimental data were evaluated according to the pseudo-first,
second-order and the Elovich equation, mass transfer and intra-particle diffusion models,
and it was found that adsorption kinetics can be described according to the pseudo-second-
order model, from which the rate constant and the adsorption capacity were determined.
The thermodynamic activation parameters, such as activation energy, enthalpy, entropy and
Gibbs free energy, were determined. The obtained results confirmed the applicability of this
mineral as an efficient adsorbent for cationic dyes.
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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].
Wastewaters containing dyes are very difficult to treat
since the dyes are recalcitrant organic molecules,
resistant to aerobic digestion, and are stable to light,
heat and oxidizing agents [2]. Such effluents contain a
number of contaminants, including acid or caustic,
dissolved solids, toxic compounds and colour [3].
Considering both volume-discharged and effluent
combustion, the wastewater from the textile industry
is rated as the most polluting one among all industrial
sectors’ wastewaters [4]. Colour is the first
contaminant that can be recognized in wastewater.
The presence of very small amounts of dyes in water

*Corresponding author.

is highly visible and undesirable [5]. Many techniques
have been found for the removal of dye-containing
wastewater, such as chemical oxidation, membrane fil-
tration, biodegradation, separation and adsorption
techniques [6]. The adsorption process is influenced
by the nature of the adsorbent and its substituent
groups. The presence and the concentration of surface
functional groups play an important role in the
adsorption capacity and the removal mechanism of
the adsorbent [7].

Many workers have been made to find alternative
sorbents, particularly for the sorption of basic and
acidic dyes, such as activated carbon, unburned car-
bon [6-9], silica and montmorillonite [10,11], and other
adsorbents such as orange peel [12], palm fruit bunch
[13], teak wood bark, cotton waste, sugar cane dust
[14,15], silica particles [16], chitosan [17], peanut hull
[18], pumice powder [19], glass fibres [20], oxihumolite
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(oxidized young brown coal) [21] and pyrophyllite
[22] have been extensively used as adsorbents.

Perlite is a glassy volcanic rock. The temperature
at which its expansion takes place ranges from 1,400
to 2,000°F (760-1,100°C), and a volume increase of
10-20 times is common [23]. Along the Aegean Coast,
Turkey possesses about 70% (70x10° tons) of the
world’s known perlite reserves [24]. The uses of
expanded perlite (EP) are many and varied and are
based primarily upon its physical and chemical prop-
erties. Most perlites have high silica content, usually
greater than 70%, and are adsorptive [25]. They are
chemically inert in many environments, and hence are
excellent filter aids and fillers in various processes and
materials.

The aim of this study was to determine the adsorp-
tion kinetics of cationic dye such as Maxilon Blue 5G
(MB-5G) on perlite over a range of physicochemical
conditions, which is important to identify various nat-
ural environmental systems. A number of experimen-
tal parameters in this study are considered, including
the effect of stirring speed, initial dye concentration,
initial solution pH, ionic strength 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 EP sample was obtained from Menderes Per-
lite Processing Plants of Etibank (Izmir, Turkey). The
chemical composition of the EP found in Turkey is
given in Table 1. The cation exchange capacity (CEC)
of the EP was determined by ammonium acetate
method and density by the picnometer method [25].
The specific surface area of the EP was measured by
BET N, adsorption by Micromeritics FlowSorb II-2300
equipment. The results are summarized in Table 2.

Table 1
Chemical composition of EP

Constituent Percentage present (%)
SiO, 72.35

ALO; 12.63

Na,O 2.82

KO 1.51

CaO 1.48

Fe2O3 0.98

MgO 0.05

Lol 8.18
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The sample of EP was subjected to morphological and
microstructural analysis using a SCM 5000 Benchtop
scanning electron microscope (SEM) (Neoscope).

EP was treated before using in the experiments as
follows [25]: the suspension containing 10g L™' EP
was mechanically stirred for 24h, and after waiting
for about 2 min the supernatant suspension was fil-
tered through filter paper. The solid sample was dried
at 105°C for 24 h, ground and then sieved by 150 um
sieves. The 150 pm and smaller particles were used in
further experiments.

MB-5G [C16H26N30, Myy: 266 g/mol, Apax = 654 nm]
was obtained from Setas Textile Co. (Bursa, Turkey)
[26]. The molecular structure of MB-5G used is shown
in Fig. 1. All other chemicals used were of analytical
grade. All water used was of MilliQ quality or doubly
distilled.

2.2. Experimental procedure

Sorption 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 dye solution of
initial concentration 2 x 107> mol/L with dye of EP at
a constant agitation speed of 400 rpm, 1x 10> mol/L
ionic strength (NaCl), 298 K and pH 8.5. Agitation was
done for 60 min, which is more than sufficient time to
reach equilibrium at a constant agitation speed of
400 rpm. Preliminary experiments had shown that the
effect of the separation time on the adsorbed amount
of dye is negligible. The initial tested concentrations of
MB-5G solution were 15x1073, 2.0x10"° and
2.5x 10 mol/L. The effect of pH on the amount of
colour removal was analysed in the pH range from 5
to 10. The pH was adjusted using 0.1 N NaOH and
0.1 N HCI solutions by using an Orion 920A pH-meter
with a combined pH electrode. The pH-meter was
standardized with NBS buffers before every measure-
ment. The effect of ionic strength was investigated at
0.001-0.100mol/L  NaCl salt concentrations. The
experiments were carried out at 288, 298, 308 and
318K in a constant temperature bath. Two millilitres

Table 2

Some physicochemical properties of EP used this study
Particle size (um) -150
Colour White
pH 7.20
CEC (meq/100 g) 22.50
Density (gml™") 2.20
Specific suface area (m?g ") 7.30




O. Demirbas and M. Alkan | Desalination and Water Treatment 53 (2015) 3623-3631

(CyHs)N Q N(C;Hs),

Fig. 1. Structures of MB-5G.

of samples were drawn at suitable time intervals. The
samples were then centrifuged for 15 min at 5,000 rpm
and the left out concentration in the supernatant
solution was analysed using UV-Vis spectrophotome-
ter (Cary 1E UV-Vis spectrophotometer, Varian) by
monitoring the absorbance changes at a wavelength of
maximum absorbance. Each experimental run contin-
ued wuntil no significant change in the dye
concentration was measured. Calibration curves were
plotted between absorbance and concentration of the
dye solution. The adsorbed amount of dye at any time
t, g, was calculated from the mass balance (Eq. (1))
[26].

7=(Co—C). (1)

where Cy and C; are the initial and liquid-phase con-
centrations at any time t of dye solution (mol/L),
respectively; g, is the dye concentration on adsorbent
at any time ¢t (mol/g), V is the volume of the dye
solution (L), and m is the mass of the EP sample used
(g) [26].

3. Results and discussion

3.1. Effect of contact and equilibrium times and initial
dye concentration

The adsorption of MB-5G dye on EP at different
initial concentrations and stirring speed of 400 rpm
was studied as a function of contact time in order to
determine the equilibrium time. As can be seen clearly
in Fig. 2, the perlite and the dye adsorbed on the
surface of the perlite show time-dependent
morphological changes. Perlite surface morphology
completely changed after 60 min. It can be concluded
that the images are consistent with experimental data.

Fig. 3 shows the plot of amount of dye adsorbed vs.
time at different initial dye concentrations. From the
figure, it was observed that the amount of dye adsorbed
gets increased from 0.275x107* to 0.510 x 10 *mol/g
for an increase in initial dye concentration from 1.5 x
107 t0 2.5 x 10 mol/L.
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3.2. Effect of stirring speed

The effect of stirring speed on the removal rate of
MB-5G with EP was investigated at different stirring
speeds, such as 200, 400 and 600 rpm. Fig. 4 shows the
sorption of MB-5G by EP adsorbent at different stir-
ring speeds, ranging from 200 to 600 rpm using a con-
tact time of 60 min. The amount of dye adsorbed mass
in the sorbent at equilibrium sorption capacity
increased with increase in stirring speed. This can be
explained by the fact that increasing the agitation
speed reduces the film boundary layer surrounding
the particles, thus increasing the external film transfer
coefficient, and hence the adsorption capacity. This
result is surprising since the agitation speed can
change the kinetics, not the equilibrium capacity [27].
McKay [28] reported that the rate of dye removal was
influenced by the degree of agitation and the uptake
increased with stirring rate. The degree of agitation
reduced the boundary layer resistance and increased
the mobility of the system. An agitation speed of 400
rpm was chosen for further experiments.

3.3. Effect of solution pH

The variation in the removal rate of MB-5G with
respect to pH can be elucidated by considering the
surface charge of the adsorbent materials. From Fig. 5,
it was observed that the solution pH affected the
amount of dye adsorbed. The dye uptake was found
to increase with increasing pH and it increases from
0.299 x 10~ to 0.410 x 10 *mol/g for an increase in pH
from 5 to 10. The figure demonstrates that the adsorp-
tion increases with increasing pH because of the elec-
trostatic attraction between the dye and the negatively
charged EP surface. As the pH increases from 5 to 10,
the number of ionisable sites on EP increases. In this
case, Eq. (2):

Surface

2

The removal of dye at higher pH values may be
due to the abundance of OH™ ions and because of
electrostatic attraction between the negatively charged
surface of the adsorbent and the cationic dye mole-
cules [29]. The negatively charged sites favour the
adsorption of dye cations due to electrostatic attraction
[29]. In this case, it can be written as follows:



3626

Vac-High PC-Std.

BALIKESIR UNIVERSITY

50 ym 001785 10 pm
10 kV x 540 Vac-High PC-Std.
BALIKESIR UNIVERSITY

001746

10 kV x 2700

O. Demirbas and M. Alkan | Desalination and Water Treatment 53 (2015) 3623-3631

Fig. 2. SEM microphotographs of (a) Expanded perlite and (b) MB-5G adsorbed by expanded perlite after 60 min.
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Fig. 3. The effect of initial dye concentration to the adsorp-

tion rate of MB-5G on expanded perlite.

Fig. 5. The effect of solution of pH to the adsorption rate

of MB-5G on expanded perlite.
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Fig. 4. The effect of stirring speed to the adsorption rate of

MB-5G on expanded perlite.

MB-5G on expanded perlite.

Fig. 6. The effect of ionic strength to the adsorption rate of
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Fig. 7. The effect of temperature to the adsorption rate of
MB-5G on expanded perlite.
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A similar effect was previously reported by Mall
and Upadhyay [30] for methylene blue adsorption on
fly ash particles, and Dogan and Alkan [31] for methyl
violet adsorption on perlite.

Table 3
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3.4. Effect of ionic strength

The presence of inorganic salt had significantly
influenced the adsorption rate of MB-5G. As seen in
Fig. 6, the adsorption was found to decrease with
increasing ionic strength. Since the salt screens the elec-
trostatic interaction of opposite changes of the oxide
surface and the dye molecules, the adsorbed amount
will decrease with increase in NaCl concentration [32].

3.5. Effect of temperature

Fig. 7 shows the adsorption kinetics of MB-5G at
288, 298, 308 and 318 K by plotting its uptake capacity,
g, vs. time at the initial dye concentration of 2 x 107>
mol/L. Increasing the temperature is known to
increase the rate of diffusion of the adsorbate mole-
cules across the external boundary layer and in the
internal pores of the adsorbent particle, owing to the
decrease in the viscosity of the solution. In addition,
changing the temperature will change the equilibrium
capacity of the adsorbent for a particular adsorbate
[26,32]. When the temperature was raised from 288 to
318K, the removal of dye by adsorption onto
expanded perlite increased from 0.368 x 10™* to 0.476 x
10*mol/g, indicating that the process is endothermic.

3.6. Adsorption kinetics

In order to examine the controlling mechanism of
sorption process, several kinetic models were used to

Kinetic data calculated for adsorption of MB-5G on expanded perlite

Kinetic models

Parameters Pseudo-second-order
Pseudo- QQ(Cal.) QE(exp.)

Conc. Stirring [1] first- (mol (mol ky (g k. (Lg h (mol

(mol speed (mol  order gfl) gfl) mol ! min ! min " * t o Elovich
T/K L) x10° pH (rpm) L™ R? x10* x10* min™) mA)x10° R* g Hx10* (5) R
298 2 8.5 400 0.001 0.97 0.373 0.368 62122 1.806 0.98 5.019 41.00 0.82
308 2 8.5 400 0.001 0.85 0.441 0440 69421 2.872 0.99 7.985 30.74 0.78
318 2 8.5 400 0.001 0.88 0.468 0476 83025 3.899 0.99 11.148 23.78 0.86
298 2 10.0 400 0.001 0.82 0417 0410 3171.3 1.186 0.98 3.163 72.23  0.92
208 2 8.5 400 0.001 0.93 0.385 0.382 5081.6 1.614 0.99 4.415 4828 0.89
208 2 5.0 400 0.001 0.94 0.303 0299 69346 1.367 0.99 3.701 4512 091
298 2 8.5 200 0.001 0.98 0.363 0360 73195 2.064 0.99 5.656 35.56 0.84
208 2 8.5 600 0.001 0.92 0.395 0.391 49105 1.647 0.98 4.492 48.69 0.83
298 1.5 8.5 400 0.001 0.88 0.277 0275 91414 2.010 0,98 4.080 37.47 0.90
298 2.5 8.5 400 0.001 0.91 0.515 0510 33224 1.510 0.99 5.130 55.43 0.88
208 2 8.5 400 0.010 0.92 0.371 0.367 4601.0 1.356 0.99 3.679 55.57 0.97
298 2 8.5 400 0.100 0.94 0.355 0.346 2105.0 0.571 0.99 1.504 128.75 0.96
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test the experimental data. From a system design
viewpoint, a lumped analysis of sorption rates is thus
sufficient for practical operation.

3.6.1. Pseudo first-order equation

The pseudo first-order equation is generally
expressed as follows [33]:
In(ge — q;) = Inge — kat 4)

where g. and g; are the amount of dye ions adsorbed
at equilibrium at time ¢ (mol g "), respectively, and k;
is the rate constant of pseudo-first-order adsorption
(min™Y). The fitting results are given in Table 3.

3.6.2. Pseudo-second-order equation

If the rate of adsorption is a second-order mecha-
nism, the pseudo-second-order equation is expressed
by Eq. (5) [33]:

t 1 1
a:@‘i‘it (5)

where g, is the amount of dye ions adsorbed at equi-
librium (molg™) and k; is the equilibrium rate con-
stant of pseudo-second-order sorption (g (mol min) ™).

The half-adsorption time of the dye ions, t;,,, is
expressed by Eq. (6):

Table 4

O. Demirbas and M. Alkan | Desalination and Water Treatment 53 (2015) 3623-3631

b =p 0 ©)
The initial adsorption rate, h (mol/(gmin)), is
expressed by Eq. (7):

h= kZQe 7)

The values ky, ge, t1/2 and h are given in Table 3. As
shown in Table 3, experimental data can be explained
by pseudo-second-order kinetic equations.

3.6.3. Elovich equation

In reactions involving chemisorption of adsorbates
on a solid surface without desorption of the products,
the rate decreases with time due to an increased sur-
face coverage. One of the most useful models for
describing such activated adsorption is the Elovich Eq.
(8) [34,35]:

q=pe@p)+pet (8)

where o is the initial adsorption rate (mol/(gmin))
and p is related to the extent of surface coverage and
activation energy for chemisorption (g/mol). The test-
ing of experimental data for correspondence with the
Elovich equation carried out by plotting g, vs. Int and
correlation coefficients are shown in Table 3. As

Adsorption mechanism and diffusion coefficients of MB-5G on expanded perlite

Mechanism of adsorption

Mass Intra-particle diffusion

transfer
Parameters Conc. Stirring  [I] king1 X kingo X D
T/K (mol Speed (mol 10° mol g_] 10° mol g_] (cm?s7h

L) x10° pH (pm) L'h R min /2 R? min~"/? R} x 10°
288 2 85 400 0.001 0.58 3.91 0.96 2.94 0.72 5.51
308 2 85 400 0.001 0.80 4.27 0.90 3.89 0.82 7.35
318 2 85 400 0.001 0.90 4.36 0.96 3.97 0.91 9.50
298 2 10 400 0.001 0.71 4.58 0.94 7.00 0.84 3.13
298 2 85 400 0.001 0.79 4.25 0.88 4.36 0.91 4.68
298 2 5.0 400 0.001 0.97 3.67 0.84 2.90 0.86 5.01
298 2 85 200 0.001 0.82 3.95 0.90 2.68 0.84 6.35
298 2 85 600 0.001 0.68 4.05 0.87 4.55 0.91 4.64
298 1.5 85 400 0.001 0.63 3.44 0.93 1.81 0.76 6.03
298 25 85 400 0.001 0.67 6.15 0.97 6.02 0.89 4.08
298 2 85 400 0.010 0.88 3.35 0.98 4.26 0.89 4.06
298 2 85 400 0.100 0.68 4.05 0.93 9.44 0.90 1.75
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shown in Table 3, Elovich equation is not compatible
with the experimental data.

3.6.4. The diffusion coefficients, intra-particle diffusion
equation and mass transfer

The fractional approach to equilibrium changes
according to the function of (D./ )2, where r is the
particle radius and D the diffusivity of solute within
the particle. The diffusion coefficient largely depends
on the surface properties of adsorbents. The diffusion
coefficients for the adsorption of MB-5G on expanded
perlite particles have been calculated under various
conditions by employing the following Eq. (9):

0.03072
tip = D : )

where D is the diffusion coefficient with the unit
cm?/s; t1,2 is the time (s) for half adsorption; and rj is
the radius of the adsorbent particle in cm. The value
of ry was calculated as 2.5x 107> cm for expanded per-
lite sample. In these calculations, it has been assumed
that the solid phase consists of spherical particles with
an average radius between the radii corresponding to
upper- and lower-size fractions. Table 4 has shown
the diffusion coefficients calculated for adsorption of
MB-5G on expanded perlite from aqueous solutions.
We found that the diffusion coefficients in this study
changed in the range of 1.75-9.50 x 10~° cm?/s under
various conditions.

The initial rate of the intraparticle diffusion is cal-
culated by the following Eq. (10) [29]:

g = kint'/2 4+ C (10)

where ki, is the intraparticle diffusion rate constant

(mg (g min"?)™"! and is given in Table 4.
0.5
0.45
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=
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50035
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Fig. 8. Intra-particle diffusion plots for different tempera-
tures.
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The intraparticle diffusion coefficient for the sorp-
tion of MB-5G was calculated from the slope of the plot
of square root of time (min®®) vs. amount of dye
adsorbed (mol/g). Previous studies by various
researchers showed that the plot between g, and *°
represents multi-linearity, which characterizes the two
or more steps involved in sorption process [29,31].
Fig. 8 shows the plot between g, and t°° for MB-5G
onto expanded perlite particles. From Fig. 8 (other
figures not shown), it can be seen that the sorption pro-
cess tends to be followed by two phases. It was found
that the initial linear portion ended with a smooth
curve followed by second linear portion. The two
phases in the intraparticle diffusion plot suggest that
the sorption process proceeds by first surface sorption,
and then intraparticle diffusion. The initial curved por-
tion of the plot indicates boundary layer effect while
the second linear portion is due to intraparticle or pore
diffusion. The calculated intraparticle diffusion coeffi-
cient values, kint1 and kino, at different conditions are
shown in Table 4. Since ki1 values for the first part of
the plot are high, this step is not a rate-limiting step.
The slope of the second linear portion of the plot has
been defined as the intraparticle diffusion parameter
kint.2 (mol/(g min®®)) [36].

For mass transfer, a linear graphical relation
between In[(C;/Cp)—1/(1 + mK)] vs. t was not obtained
(equation from M. Dogan et al. et al. [29]). This result
indicates that the model mentioned above for the sys-
tem is not valid. The values of regression coefficient cal-
culated from the equation mentioned above are given
in Table 4.

3.7. Thermodynamic parameters

The second-order rate constants are used to esti-
mate the activation energy of the MB-5G adsorption
on expanded perlite using Arrhenius Eq. (11):

9

8.9 1

8.8 1

8.7 1

Ink 2

8.6 1
pH : 85
8.5 - 1 : 1.0x10° molL"!

Co : 2.0x10° molL’

8.4 T T T T
2.85 2.95 3.05 3.15 3.25

UT (KHx 10°

Fig. 9. Arrhenius plot for the adsorption of MB-5G on
expanded perlite.
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Fig. 10. Plot of In (ky/T) vs. 1/T for adsorption of MB-5G
on expanded perlite.

Ea

Ink, =InA —
n Ky n RgT

(11)

where E, is the activation energy (J/mol), k; is the rate
constant of sorption (g/(mol s)), A is the Arrhenius
factor, which is the temperature-independent factor
(g/(mol s)), R, is the gas constant (J/(Kmol)) and T is
the solution temperature (K). The slope of the plot of
In ky vs. 1/T is used to evaluate E,, which was found
to be 2244kJ/mol physisorption (Fig. 9). Low
activation energies (540 kJ/mol) are characteristics for
physisorption, while higher activation energies
(40-800kJ/mol)  suggest chemisorption  [26,29].
Therefore, the thermodynamic activation parameters
of the process, such as enthalpy AH*, entropy AS* and
free energy AG*, were determined using the Eyring
Eq. (12) [37]:

k\ . (k)  AS* AH*
1“(?)““(%)*& CRT

where k;, is the Boltzmann constant (1.3807 x 102 J/K),
I is the Planck constant (6.6261 x 10>*] s) and Ry is the
ideal gas constant (8.314 ] mol ' K™'. Fig. 10 shows the
plot of In (ky/T) against 1/T. The result obtained for the
change of Gibbs energy are + 58.23 kJ /mol at 298 K. This
indicated that the adsorption reaction was not a sponta-
neous one and that the system gained energy from an
external source. The value of the standard enthalpy
change (18.25kJ/mol) indicates that the adsorption is
physical in nature involving weak forces of attraction
and is also endothermic. At the same time, the low
value of AH* implies that there was loose bonding
between the adsorbate molecules and the adsorbent

(12)
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surface [38]. The negative standard entropy change
(AS*) value (—=165.4 J/(K mol)) corresponds to a decrease
in the degree of freedom of the adsorbed species.

4. Conclusions

The present study shows that expanded perlite can
be used as an adsorbent for the removal of MB-5G
from its aqueous solutions. The amount of dye uptake
(mol/g) was found to increase with increase in contact
time, initial dye concentration, stirring speed, pH and
solution temperature, and found to decrease with
increase in ionic strength. The adsorption system stud-
ied belongs to the second-order kinetic model. The
dye uptake process was found to be controlled by
intraparticle diffusion. Thermodynamic activation
parameter shows that the process is endothermic. The
positive value of the Gibbs energy change of the
adsorption indicates that the adsorption is not sponta-
neous. The positive value of the enthalpy change of
the adsorption shows that the adsorption is an endo-
thermic process. Thus, raising the temperature leads
to higher MB-5G adsorption at equilibrium. The
kinetic data may be useful for environmental technolo-
gists in designing treatment plants for colour removal
from wastewaters enriched with MB-5G. Expanded
perlite has a high potential to adsorb these dyes from
aqueous solutions. Therefore, it can be effectively used
as an adsorbent for the removal of this dye from
wastewaters.
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