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In this study, methyl violet (MV) dye adsorption from synthetically prepared solutions onto
montmorillonite was investigated. Experimental parameters were selected as stirring speed,
adsorbent dosage, initial dyestuff concentration, initial solution pH, ionic strength, and tem-
perature. It was determined that adsorption rate increased with increased stirring speed, initial
dye concentration, solution pH, ionic strength, and temperature, but decreased with increased
adsorbent dosage. The experimental data were analyzed by Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich isotherms, and it was found that the isotherm data were reasonably corre-
lated by Langmuir isotherm. Maximum adsorption capacity of montmorillonite for MV dye was
calculated as 230.04 mg g . Pseudo-first-order, pseudo-second-order, Elovich, and intraparticle
particle diffusion models were used to fit the experimental data. Pseudo-second-order rate equation
provided realistic description of adsorption Kkinetics. Thermodynamic parameters were calculated
as 62.14kJmol ', 59.55kJmol ', 51.98kJ mol ', and 0.0242kJmol 'K ' for Ea, AH*, AG",
and AS* at 293 K, respectively. The value of the calculated parameters indicated that the physical
adsorption of MV on the clay was dominant and the adsorption process was also endothermic. The
positive values of AS° suggest the increased randomness. The positive AG® value indicated the
un-spontaneous nature of the adsorption model.
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1. INTRODUCTION

There are more than 100,000 types of dyes commercially
available, with over 7 x 10° tons of dyestuff produced annu-
ally, which can be classified according to their structure as
anionic and cationic. In aqueous solution, anionic dyes
carry a net negative charge due to the presence of sulfonate
(SO3) groups, while cationic dyes carry a net positive
charge due to the presence of protonated amine or sulfur
containing groups.!!

Dyes are widely used for dyeing of products in cotton,
plastic, textile and in addition to the food and paper-making
industries. Wastewaters discharged from the industries such
as textile, plastic, paper can cause serious environmental
problems. Dyes usually have a synthetic origin and complex
chemical structure which makes them very stable to light and
oxidation and very difficult to biodegrade.”” Most of the dyes
are toxic and carcinogenic compounds; they are also recalci-
trant and thus stable in the receiving environment, posing a
serious threat to human and environmental health.>* Dyes
and pigments cause decay of the soil. When dyes are mixed to
the surface waters they reduce photosynthetic activity in the
aqueous mediums by impeding the sunlight penetration to
the water.>®! Environmental research requires special atten-
tion to dye compounds because of the extensive environmen-
tal contamination arising from dyeing operations.!”!

Methyl violet (MV) is a member of the basic dyes, a group
with high brilliance and intensity of colors and that inhibits
photosynthesis of aquatic plants.®! Constant exposure to
MYV can cause eye and skin irritation and damage. Hence,
the MV treatment is of very importance. Many treatment
methods are available in the literature in dye removal such
as electrocoagulation,”!” electrooxidation,'!  photo-
oxidation,'*"¥!" chemical coagulation,!'¥ adsorption,[15’16]
etc. Adsorption is widely used in removal of dye effluents
from aqueous ambient using clay-type adsorbents such as
bentonite,!'” kaolinite,"'® montmorillonite,'*->"! perlite,[zu
sepiolite,m] zeolite,*’! and vermiculite.*¥

In this study, we aimed to remove cationic dye MV from
aqueous solutions by montmorillonite as a function agitation
speed, adsorbent dosage, initial dyestuff concentration, initial
solution pH, ionic strength, and temperature. Equilibrium
data was analyzed by the isotherm models such as Langmuir,
Freundlich, Dubinin—Radushkevich, and Temkin. Obtained
data of kinetic studies were applied to the kinetic models,
viz, pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion models. In addition, thermodynamic
parameters AH*, AG*, and AS* were also calculated.

2. MATERIALS AND METHODS

2.1. Materials

Montmorillonite sample was obtained from the Siid-
Chemie (Balikesir, Turkey). Chemical composition and
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physical properties of montmorillonite were given in
Table 1. All reagents used had analytical grade. MV dye
was obtained from Dystar (Frankfurt, Germany)
(393.958 gmol ' molecular weight and molecular formula
C»4HosN5CI).2)

2.2. Methods

The effects of variables including pH, stirring speed,
temperature, ionic strength, adsorbent dosage, contact
time, and initial dye concentration on the adsorptive
removal of MV were investigated in batch mode. In each
experimental run, 100 mL of MV solutions which have dif-
ferent concentrations changing from 10 to 300 mg L™ were-
treated with varying amount of montmorillonite in a 250 ml
Erlenmeyer flask. In the experiments, the studied stirring
speeds changed from 100 to 400 rpm and solution tempera-
tures changed from 293 to 333 K. Ionic strength of aqueous
solutions was adjusted with NaCl solutions. The solution
pH was adjusted by addition of dilute aqueous solutions
of HCI (0.01 M) or NaOH (0.01 M) using a WTW multi
3401 pH-meter. Samples were taken at different contact
times to determine the time required to reach equilibrium.
After centrifugation at 10,000 rpm, the absorbance of
the supernatant was measured at 584nm!” (Spekol-1100
UV-Vis spectrophotometer) and then converted into
concentration.

The adsorption equilibrium of MV was calculated using
the following relationship:

Co—Co) xV
qe :% [1]
TABLE 1

Chemical composition of montmorillonite a) and
physicochemical properties of montmorillonite b)

Component Weight (%)
SiO, 49.90
Al,O3 19.70
MgO 0.27
CaO 1.50
F6203 0.30
Na,O 1.50
H,O 25.67
Parameters Value

Color White

Density (gcm ) 2.3-3

Transparency Semi-transparent and opaque
Brightness Matt

Surface area (m”g ") 95.36

Reflective index 1-2
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TABLE 2
Isotherm models equations a) and kinetic models equations b)
Isotherm Mathematical equations Pilots Equations  References
Langmuir 3_ = L qQ (C./q.) versus C, [3] [26]
e mAL m
Freundlich Ing. =InKp + %ln C, In q. versus In C, [4] [27]
Temkin ge =2 In K7 +£LIn C, ge versus In C, [5] [28]
Dubinin-Radushkevich  Ing, = Ing,, — B(RTIn(1 + 1/1C,C,))>  In q. versus [6] [29]
(RTIn(1+1/C,))*
Kinetic model Mathematical equations Pilots Equations References
Pseudo-first-order In(g. — q;) =Ing, — kit Ln (q—q,) versus t [7] [31]
Pseudo-second-order 1 _ [ 1 } 41y t/q, versus ¢ [8] [32]
q kg’ 4e
Elovich g = %ln(aﬁ) + %lnz g, versus In ¢ [9] [33]
Intraparticle diffusion q;= kdl»le/ 2y cC g, versus ¢'/? [10] [34]

where Cy (mgL ") and C, (mgL ") are the dye concentra-
tions at initial and after equilibrium time, respectively. V' is
the volume of the solution (L) and m is the mass (g) of
montmorillonite.

The adsorption capacity of MV was calculated for
kinetic studies by the following equation:

y= Q=1 Y o

where Cy (mgL™") and C, (mgL~") are the dye concentra-
tions at initial and after time ¢, respectively. V' is the volume
of the solution (L) and m is the mass (g) of montmorillonite.

3. RESULTS AND DISCUSSIONS

3.1. Adsorption Isotherm Models

The results obtained for the adsorption of MV were
analyzed by the well-known models such as Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich model.
The mathematical equations for these models were given
in Table 2.2 The isotherm parameters related to the iso-
therms defined above were given in Table 3. The adsorption
isotherm indicates how the adsorption molecules distribute
between the liquid phase and the solid phase when the
adsorption process reaches an equilibrium state. The
analysis of the isotherm data by fitting them to different iso-
therm models is an important step to find the suitable model
that can be used for design purposes.”” The fitness of
experimental data to the isotherm models were shown in
Figure 1. The best fitted model was selected based on the
coefficient of determination values (R® Table 3). The R>
values of the Langmuir isotherm model for the tested tem-
perature was higher than the other fitted models, showing

that the equilibrium experimental data was better explained
by the Langmuir equation.!'”!

3.2. Adsorption Kinetic Models

Several steps can be used to examine the controlling
mechanism of adsorption process such as chemical reaction,
diffusion control, and mass transfer. Kinetic models were
used to test experimental data from the adsorption of MV
onto montmorillonite clay. The kinetics of dyes adsorption
onto montmorillonite is required for selecting optimum
operating conditions for the full-scale batch process. The
kinetic parameters, which are helpful for the prediction of
adsorption rate, give important information for designing
and modeling the adsorption processes. Thus, the kinetics
of MV adsorption onto montmorillonite was analyzed
using pseudo-first-order, pseudo-second-order, Elovich
kinetic models, and intraparticle diffusion models. Kinetic
model equations were given in Table 2.2'73%

The results of kinetic analysis were shown in Table 4. The
fitness of kinetic data to the pseudo-second-order model

TABLE 3
Isotherm constants for MV adsorption onto
montmorillonite

Langmuir isotherm Freundlich isotherm

K; 0.668 Kr 76.29
I 230.04 n 4.05
R? 0.9998 R? 0.7977

Temkin isotherm Dubinin—-Radushkevich isotherm

K 36.76 Gm 205.69
b 87.44 B 1.109 x 1077
R? 0.8999 R? 0.9044
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FIG. 1. Comparison of isotherm models a) and pseudo-second-order

kinetic equation for adsorption of MV on montmorillonite at different
initial dyestuff concentrations b).

was given in Figure 1. It was seen that the data were fitted
with the pseudo-second-order kinetic model. As seen in
Table 4, the correlation coefficients for the Elovich equation
have changed in the range of 0.642-0.988, the pseudo-first-
order have changed in the range of 0.549-0.913, and the
intra-particle have changed in the range of 0.497-0.962.
These results have shown that the experimental data did
not fit the Elovich equation, pseudo-first-order, and
intraparticle.

3.3. Effect of Agitation Speed

The stirring speed experiments were carried out at 293 K
temperature, pH: 4.87 (natural), 0.75gL"" the amount of
adsorbent, 100mgL ™" the initial dyestuff concentration,
and stirring speed at 100, 200, 300, and 400 rpm for different
time intervals (5, 10, 15, 20, 30, 45 minutes). Stirring speed

E. ALADAG ET AL.

affects solution distribution on solid-liquid system so this
parameter is very important for adsorption phenomenon.
In the batch adsorption systems, agitation speed plays a sig-
nificant role in affecting the external boundary film and the
distribution of the solute in the bulk solution.’>! Adsorp-
tion capacity increased with the increase in agitation speed
as shown in Figure 2a. When the stirring speed increased
from 100 to 300rpm maximum adsorption capacity
increased as 19.78 mgg~"'. In addition, when stirring speed
was increased from 300 to 400 rpm, the adsorption capacity
increased only 0.29 mgg ' at 45 minutes.”®

3.4. Effect of Adsorbent Dosage

The adsorption of MV was studied by changing the
quantity of adsorbent and the parameters were as follows:
0.05, 0.075, 0.1, and 0.15g/100mL at 293K temperature,
pH: 4.87 (natural), 100mgL~" the initial dyestuff concen-
tration, and 300rpm stirring speed. As can be seen in
Figure 2b, the adsorbent capacity decreased from 182.32
to 66.47 mg g~ while the adsorbent dosage increased from
0.05 to 0.15g/100mL. Tt is readily understood that the
number of available sorption sites increases by increasing
the adsorbent dosage, and therefore results in the increase
of removal efficiency for MV. The decrease in sorption den-
sity can be attributed to the fact that some of the sorption
sites remain unsaturated during the sorption process.””!

3.5. Effect of Initial Dyestuff Concentration

To study the effect of initial dye concentrations on MV
adsorption in aqueous solutions on montmorillonite, the
experiments were carried out by 50, 100, and 200mgL~!
initial dye concentration at 293 K temperature, pH: 4.87
(natural), 0.075g/100mL the amount of adsorbent, and
300rpm stirring speed. When the MV concentration
increased from 50 to 200mg L', the amount of adsorbed
MV increased from 65.474 to 215.825mgg ' as shown in
Figure 2c. Apparently, the initial MV concentration plays
an important role in affecting the capacity of MV to absorb
onto montmorillonite. The higher the MV concentration is,
the stronger the driving forces of the concentration gradi-
ent, and therefore the higher the adsorption capacity.*®

3.6. Effect of lonic Strength

The effect of electrolyte concentrations was investigated
in OM, 1x107'M, 1x10>M, and 1x107*M NaCl
solutions with 293K temperature, pH: 4.87 (natural),
0.75gL~"! the amount of adsorbent, 100mgL~" the initial
dyestuff concentration, and 300 rpm stirring speed. As seen
in Figure 2d, the presence of NaCl significantly affects the
adsorption rate of dye. The salt caused an increase in the
degree of dissociation of the dye molecules by facilitating
the protonation.*®! The presence of NaCl in the solution
may have two opposite effects. On the one hand, since
the salt screens the electrostatic interaction of opposite



9%9°0 000°T  S¥PPLI'O Yy vr69 Yyl 0 98L°0 00€ 00°T1 000°0 001 £6C SLOO
6s8°0 6660 6S8LC0°0 LC8PITI YSL0 6680 00¢ 006 0000 001 £6¢ SLO0
188°0 000°T  LESTIOO LSELOS §C89°0 9960 00¢ 00°L 000°0 00T £6¢ SLOO
688°0 000°T 85£600°0 LS9'SLE L68°0 1,670 00¢ L8V 000°0 00T €6¢ SLO0
£56°0 666'0 00,9000 86£°C9C vI8°0 856°0 00€ 00°¢ 000°0 001 £6¢ SLO0
S0L0 000°T  €20LC00 6vL 8LO1 8¢8L°0 [€8°0 00€ L8V 001°0 001 £6C SLO0
<08°0 000°T 8688100 LILYSL v6L8°0 8160 00¢ L8V 0100 001 £6¢ SLO0
0880 000°T  2CO¥P¥10°0 VLESLS 80060 8960 00¢ L8V 100°0 001 £6¢ SLO0
688°0 000°T 8S£600°0 LS9SLE 69680 1L6°0 00¢ L8V 000°0 00T £6¢ SLO0
0v6°0 6660 LL68IOO 9LS'LSL [437A0) 886°0 00¥ L8V 000°0 001 £6C SLO0
1€6°0 000°T  LSYPOI00 L8CT 61V 0598°0 €860 00€ L8V 000°0 001 £6C SLO0
9¢6°0 6660 <CTISS00°0 8¢9°91¢ 1688°0 186°0 00¢ L8V 000°0 001 £6¢ SLO0
6880 866'0 160¥00°0 LL6'0TIT §98°0 $96°0 001 L8V 000°0 00T £6¢ SLO0
9990 000°T TcC88tc°0 CCCCLYE YrL0 98L°0 00¢ L8V 000°0 00T £6¢ 0s1°0
£88°0 000°T €C06C1°0 Y06°LLTC S6L0 9v6°0 00¢ L8V 000°0 00T £6¢ 001°0
688°0 000°T 8S£600°0 LS9'SLE L68°0 1,670 00€ L8V 000°0 001 €6¢ SLOO
996°0 166°0 8EEI100°0 0€9°6L1 61L°0 £88°0 00€ L8V 000°0 001 £6C 050°0
2960 L66°0 0920070 CLY9LT 6IL0 0€6°0 00¢ L8V 0000 00T £6¢ SLO0
688°0 000°T 8S£600°0 LS9'SLE L68°0 1L6°0 00¢ L8V 000°0 00T £6¢ SLOO
LESO 000°T SOI€90°0 9£6°879 8660 6160 00¢ L8V 000°0 0s €6¢ SLO0
L6V'0 000°T 980¥£T0 881°LCEO 86690 w90 00€ L8V 000°0 001 1333 SLO0
199°0 000°T  €L0090°0 142 X413 X 6vS°0 €6L°0 00€ L8V 000°0 001 1343 SLO0
190 000°T 8650€0°0 100°T¢Cl 06¥5°0 9¢L0 00¢ L8V 0000 001 ele SLO0
08L°0 000°T €IL910°0 £00°899 €160 ¥06°0 00¢ L8V 000°0 001 €0t SLO0
688°0 000°T 8S£600°0 LS9SLE L68°0 1L6°0 00¢ L8V 000°0 00T £6¢ SLO0
A A U (w3 3w) A A (wdi) Hd (1DeN (,_15uw) D (Twro01/3)
|_dw3) % x Ty =y paads ,_Tow) uonenueouod  ornjeredwog, o3esop
O xey  © uonedy I3uans 9Ap 1enIug JUqQIOSPY
opnredenuy pio  uonenbo oTuoy
I9PIO-PUOIIS-0PNAsSq 81y yoIA0[g
-opnasq oy L
S[opow d1aury| sI9)oweIRd

Q)IuO[[LIOWUOW 0ju0 uondiospe AJA 10J SIUBISUOD OIQULY]

¥ 41dV.L

1741



1742

E. ALADAG ET AL.

400

200 o—
185 (a) 200 (b)
——0.050 g/100 ml
170 —&—0.075 g/100 ml
= = —8—0.100 ¢/100 ml
o0 x ——0.150 g/100 ml
2 155 2 200
g g
S [S3
140
100
125
110 0
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)
450 200
360 © @
190
=270 —&— 50 ppm —&—100 ppm —<—200 ppm ~
% % ——0.000 mol L™ NaCl
E 180 % —€—0.001 mol L™ NaCl
S &
130 —8—0.010 mol L™ NaCl
90 —4—0.100 mol L™ NaCl
0 170
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)
200 200
195
190
= ~ 19
& &0
g —e—pH: 3.0 téﬂ
~ —&— pH: 4.87 (natural) = 185
S 180 &
—&—pH: 7.0
—e—pH: 11.0 180
—*—pH: 9.0
170 175
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)

FIG. 2.

concentration, d) ionic strength, e) solution pH, and f) temperature.

changes of the oxide surface and the dye molecules, the
adsorbed amount should decrease with increase of NaCl
concentration. On the other hand, the salt causes an increase
in the degree of dissociation of the dye molecules by facili-
tating the protonation. The adsorbed amount increases as
the dissociated dye ions free for binding electrostatically
onto the solid surface of oppositely changed increase.[*”!

3.7. Effect of Initial Solution pH

The effect of pH on the removal of MV from aqueous
solutions on montmorillonite was observed at pH: 3, 4.87
(natural), 7, 9, and 11 with 293 K temperature, 0.75gL™"
the amount of adsorbent, 100mgL ™" the initial dyestuff
concentration, and 300 rpm stirring speed. The results were
given in Figure 2e. Results showed that the adsorption

Effect of all studied parameters on MV adsorption onto montmorillonite: a) agitation speed, b) adsorbent dosage, c) initial dyestuff

capacity increased significantly with an increase in the pH.
This could be explained by the adsorption mechanism. At
basic pH, the negatively charged species started to dominate
on the montmorillonite surface and the surface acquired
negative charge, but the adsorbate species still had positive
charge. As the negatively charged adsorbent surface
increased the electrostatic attraction of positively charged
adsorbate species on the adsorbent particles, adsorption of
the MV ions increased.*!! With increase in pH from 3 to
11, the adsorption capacity increased from 19597 to
199.42mg g "' 1%

3.8. Effect of Temperature

The temperature experiments were carried out at 293, 303,
313, 323, and 333K with pH: 4.87 (natural), 0.75gL""!
the amount of adsorbent, 100mgL~" the initial dyestuff
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concentration, and 300 rpm stirring speed. The results were
given in Figure 2f. From this figure, it has been observed that
when solution temperature increased from 293 to 333K,
adsorption capacity of MV onto montmorillonite increased
from 198.34 to 199.52mgg~". The kinetic energy between
the dye molecules and the montmorillonite particles
increased with increasing the temperature of the solution.
When the collision frequency between adsorbent and the
dye molecules increased then the dye molecules electrostati-
cally adsorbed onto the surface of the adsorbent particles.*”

3.9. Activation Energy and Thermodynamic Parameters
3.9.1. Activation Energy

Temperature dependence of the adsorption rate
constant can be given as follows!):
E, 1
lnkzzlnko—R—‘;XT [11]

where E, activation energy (kJmol™'); ko, Arrhenius
constant; R,, universal gas constant (8.314Jmol™" K.
For calculate kg and E, value at different temperatures,
pseudo-second-order rate constants piloted for Ink, against
to 1/T and ko and E, values were calculated from this
graphs (Equation (11)). Figure 3a showed pilot of Ink,
against to 1/7 giving a straight line. In aqueous solution
activation energy was found to be 62.14kJmol~! for MV
adsorption onto montmorillonite surface. Activation energy
basically gives an idea about whether adsorption is physical
or chemical. If adsorption process occurred with low acti-
vation energy (0-88kJmol™') it means that adsorption
has physical nature and if adsorption occurred with high
activation energy (88-400kJmol~") it means that adsorp-
tion has chemical nature.*”

3.9.2. Thermodynamics Parameters

Thermodynamic activation parameters Gibbs free
energy (AG"), enthalpy (AH*), and entropy (AS*) changes
were calculated using Eyring equation'®!:

ln<ﬁ> = [In(l&) —i—AS} _AH ><l [12]
T h) "R, R, T

where, respectively, k, and / is the Boltzmann (R,/N,
1.38.1072 Tmol ' K ') and Planck (6.62.107*J s) constant.
The pilot In(k,/T) against 1/T gives a straight line with the
slope  —(AH*/R,) and intercept [In(ky/h)+(AS*/R,)]
(Figure 3b). The relationship between activation Gibbs

free energy, enthalpy, and entropy can be found with the
following equation:

AG* = AH* — T x AS* [13]

from Equation (12); enthalpy (AH*) and entropy (AS*)
values were found, respectively, to be 59.55 and
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FIG. 3. Arrhenius plots for adsorption of dye on montmorillonite

a) and plots of In(ky/T) versus 1/T for adsorption of dye on montmoril-
lonite b).

0.0242kJmol 'K ~! and Gibbs free energy (AG*) for MV
calculated from Equation (13) at 293K is 52.46kJmol .
Thermodynamic coefficients were given in Table 5. The
positive values of AG* indicated that dye adsorption by
montmorillonite was un-spontaneous at lower temperatures
and lower concentrations. Increasing of temperatures and
concentrations caused the increasing of feasibility of dye
uptake. Positive values of AS* reveal the increased random-
ness at the solid-solution interface during dye removal.

TABLE 5
Thermodynamic parameters of MV adsorption
onto montmorillonite

T (K)
293 303 313 323 333

AG* (kJmol ™) 5246 5222 5198 51.74 51.50

AH* (kJmol™") 59.55

AS* (kJmol ' K™ 0.0242
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4. CONCLUSIONS
In this study, the MV adsorption by montmorillonite
was studied and the main results were as follows:

e The adsorption capacity of the used montmoril-
lonite increased with stirring speed, initial dyestuff
concentration, pH, ionic strength, and tempera-
ture rise.

e The adsorption capacity of the used montmoril-
lonite decreased with adsorbent dosage increase.

e The experimental results were fitted well to the
Langmuir isotherm model. The kinetic analysis
indicated that the adsorption data followed the
pseudo-second-order rate.

e Activation energy for adsorption of MV onto
montmorillonite surface in aqueous solution was
calculated as 62.14 kJmol .

e Enthalpy (AH*) value was calculated as
59.55kJ mol ! and according to this value process
was determined as endothermic.

e Entropy (AS*) wvalue was calculated as
0.0242kJmol ' K~! and according to this value
adsorption process irregularity decreases.

e Gibbs free energy (AG*) value was calculated for
293K as 52.46kJmol~! and according to this
value adsorption system was un-spontaneous.

e Montmorillonite can be used for the removal of
cationic dyes from aqueous solutions.

Results can be concluded.
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