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ABSTRACT

This paper deals with the removal of methyl green, a cationic dye, and methyl blue, an
anionic dye, from aqueous system by adsorption onto the montmorillonite clay. The effect
of different experimental conditions such as time, adsorbate concentrations, pH, tempera-
ture, and presence of other ions has been investigated. In order to understand the adsorp-
tion behavior of the dye molecules onto montmorillonite, the kinetics of the adsorption data
were analyzed using different models such as pseudo-first-order, pseudo-second-order,
intraparticle diffusion, Boyd, Elovich, Richi, and Bajpai model. This study shows that the
adsorption maximum reached at 60 min and follows the pseudo-second-order kinetics. The
adsorption isotherm has been investigated in the pH range of 49 at 25°C and analyzed
with different models namely Langmuir, Freundlich, Sips, Toth, Temkin, Scatchard, and
Dubinin and Raduskevich (D-R) models. The thermodynamic parameters such as the Gibbs
free energy (AG”), enthalpy (AH"), and entropy (AS°) changes were calculated. The interac-
tion of dye molecules onto montmorillonite has been investigated by X-ray diffraction anal-
ysis which indicates that adsorption takes place mainly into the interlayer region of the
clay. Maximum removal of methyl green and methyl blue dye molecules up to 68.35 and
95.95%, respectively was achieved by adsorption of the dye molecules onto montmorillonite
clay at pH 5 and 35°C.
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1. Introduction

Dyes are considered as one of the widely used
materials in modern world. A number of industries
such as textile, paper, food, leather, plastic, cosmetic,
printing etc. extensively use dyes. The release of

*Corresponding author.

colored wastewater from these industries may present
an ecotoxic hazard and have potential danger of bioac-
cumulation [1]. Therefore, the dye containing waste-
water must pass through some cleaning treatment
before releasing into main water stream. Over the
years, a number of technologies such as trickling filter,
active sludge, chemical coagulation, adsorption, photo-
degradation, nanofiltration etc. have been widely
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studied for dye removal from aqueous system [2].
Adsorption based processes have a special place in
this regard due to their simplicity and cost effective-
ness. Recent studies on adsorption technology have
focused on the development of low cost and easily
available adsorbent materials [3]. Use of clay minerals
as alternative adsorbents in wastewater treatments has
several advantages such as low cost, wide availability,
non-toxicity, and high potential of ion exchange for
charged pollutants etc. [3-8]. Adsorption of dye mole-
cules onto clay minerals such as montmorillonite, ben-
tonite, perlite etc. have been reported by a number of
researchers [3,4,7,8]. Das et al. group has focused on
the evaluation of different adsorption parameters for
adsorption of anionic and cationic dye molecules onto
different adsorbent in order to find out some efficient
adsorbent materials for removal of these dye mole-
cules from aqueous system. Recently, these authors
have investigated the adsorption of dye molecules
onto graphene oxide (GO) and reduced graphene
oxide (rGO) nanosheets [9,10]. GO and graphene have
attracted the researchers as new adsorbent materials
for removal of dye molecules from aqueous system
due to their large surface area, layered structure, and
possibility for electrostatic charge-charge interaction
[9-14].

In order to develop an adsorbent material with
optimum efficiency, detailed investigations of
adsorption parameters, effect of different factors on
adsorption, understanding the adsorption mechanism
and comparison of adsorption efficiency with other
adsorbent materials are very important. Montmoril-
lonite and other clay minerals are well known as
adsorbent materials due to their high surface area,
chemical, and mechanical stability, ion-exchange
capacity and layered structure. As already discussed,
GO and rGO also posses high surface area and lay-
ered structure. Due to such structural similarities of
GO, rGO, and montmorillonite clay, adsorption of a
cationic dye molecule, methyl green, and an anionic
dye molecule, methyl blue onto the montmorillonite
clay have been studied and results are compared
with adsorption of these two dye molecules onto
GO and rGO nanosheets. Methyl green (CI 42585)
and methyl blue (CI 42755) fall under the class of
triarylmethane. Triarylmethane dyes are reported to
be toxic and carcinogenic and therefore must be
eliminated from wastewater before surface discharg-
ing [15]. The adsorption mechanism is evaluated
with kinetics, isotherm, effect of pH, temperature,
presence of different electrolytes, FTIR, and XRD
analysis.
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2. Experimental
2.1. Materials
Montmorillonite  clay (Sigma-Aldrich, India),

hydrochloric acid (AR grade, Qualigens, India), NaOH
(99%, Qualigens, India), ascorbic acid (99%, Fisher Sci-
entific, India), methyl green (Loba Chemie, India), and
methyl blue (Loba Chemie, India) were used as
received. Deionized water was used throughout the
whole experiment.

2.2. Characterization of montmorillonite clay

The montmorillonite clay was characterized by
FTIR, XRD, SEM-EDX, and DTA-TGA analysis. The
FTIR spectra were recorded with an IR Affinity-1, Shi-
madzu, Japan FTIR spectrophotometer in KBr pellate.
In all cases, the spectra were recorded with 200 scan-
ning and 4 cm ™' spectral resolutions. X-ray diffraction
(XRD) measurement was carried out by Rigaku X-ray
diffractometer (Model: ULTIMA IV, Rigaku, Japan)
with CuKa X-ray source (1 = 1.54056 A) at a generator
voltage 40 kV, a generator current 40 mA with the scan-
ning rate 2 min~'. Thermogravimetric analysis (TGA) of
montmorillonite clay was carried out in a TA-SDT
(Model: Q600DT, TA Instruments, USA) Thermogravi-
metric analyzer at a rate of 5°C rise in temperature per
minute. The SEM-EDX analysis was carried out in a
JEOL JSM (Singapore) microscope of model 6,390 LV.

2.3. Preparation of dye solution

The methyl green and methyl blue dye of concentra-
tion 5 mM were taken as stock solution for the experi-
ments. The pH of the stock dye solutions were fixed at
the required value using a pH meter (u-pH system 362,
Systronics, India) calibrated with standard buffer solu-
tions of pH 4, 7, and 9. Dye solutions of different initial
concentrations were prepared for the experiments by
diluting the stock solution in accurate amount.

2.4. Adsorption kinetics

The effect of time on adsorption of the dye mole-
cules were studied by carrying out the adsorption
kinetic experiments at pH 5 and at four different tem-
peratures (18, 25, 30, and 35°C) in aqueous medium
(initial dye concentration: 0.2 mM). The kinetic experi-
ments were performed by adopting same procedure
reported elsewhere [9,10]. The adsorption capacity at
the time ¢, g, was determined using the Eq. (1)
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qu=(Co = Co)V/m M

where Cy is the initial concentration of the dye
molecules, Cy is the concentration of the dye mole-
cules at time t, V is the total volume of the solution,
and m is the mass of the montmorillonite clay used as
adsorbent.

2.5. Adsorption isotherm

The batch adsorption isotherm experiments were
carried out in the pH range 4-9 and at 25°C. The
experimental procedure adopted for isotherm study is
akin to that of our previous work [9,10].

3. Results and discussion
3.1. Characterization of montmorillonite clay

Preliminary characterization of the Montmorillonite
clay was carried out using FTIR, SEM-EDX, and XRD
analysis. The FTIR spectrum of the clay is presented
in Fig. 1. The bands at 3,447 and 1,602 cm™! are due to
—OH stretching of water [4,16]. The bands at 1,057 and
792 cm™! are due to Si-O stretching. Al-O-Si deforma-
tion and Si-O-Si deformation shows bands at 527 and
467 cm ™! respectively [16].

Presence of Si, Al and O in the montmorillonite
clay was further confirmed by SEM-EDX pattern
(Fig. 2) The XRD pattern indicates the presence of
Illite—-montmorillonite-type structure (JCPDS 00-35-
0652). The XRD pattern of the clay is shown in Fig. 3.
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Fig. 1. FTIR spectrum of montmorillonite clay.

P. Sharma et al. | Desalination and Water Treatment 57 (2016) 8372-8388

The TGA curve of montmorillonite clay shows a
weight loss at 150°C due to evaporation of water
(Fig. 4) [4,16]. Another weight loss at 670°C occurs
due to loss of structural hydroxyl groups [4,16].

The surface area and average pore size of the
montmorillonite clay was found to be 249 m*/g and
38.34 nm, respectively as determined from the BET
isotherm curve (Fig. 5).

3.2. Adsorption kinetics

The influence of time on adsorption of the dye
molecules onto the montmorillonite clay in aqueous
medium has been studied at pH 5 and at four differ-
ent temperatures (18, 25, 30, and 35°C). The removal
efficiency of methyl green and methyl blue dye mole-
cules was found to be 50.75% and 67.60%, respectively
at 18°C which increases up to 68.35% and 95.95%,
respectively at 35°C. Fig. 6 represents the plot of
adsorption capacity (g,) vs. time which shows that the
kinetic equilibrium for adsorption of the dye mole-
cules onto the clay is reached at 60 min and the
adsorption capacity increases with the increase in tem-
perature. The adsorption capacity gradually decreases
after attaining equilibrium at all four temperatures
which may be attributed to the fact that desorption of
the dye molecules takes place from the adsorbent sur-
face. Occurrence of such desorption phenomenon after
equilibrium indicates physical nature of adsorption
process for which the dye molecule tends to go back
to the solution after attaining equilibrium. Such
desorption was also observed for adsorption of these
two dye molecules onto GO and rGO nanosheets
[9,10]. The kinetic data were analyzed with six differ-
ent models namely pseudo-first-order, pseudo-second-
order (linear), pseudo-second-order (non-linear), Elo-
vich, Richi, and Bajpai kinetic models [17-22]. The
plots for these kinetic models are shown in Figs. 7(a)-
(e) and 8(a)-(e). The adsorption kinetic parameters
were calculated from the models and presented in
Table 1. The summery of these kinetic models are pre-
sented in Table 2. The R® values of the pseudo-sec-
ond-order model (linear) more closely approaches to
unity than the other kinetic models. It is also observed
that the experimental g, values and the calculated g,
values are more closer in pseudo-second-order model
(linear) compared to other models. Therefore, it is con-
cluded that pseudo-second-order model (linear) is the
best fit model among all the kinetic models. Similar
results were obtained for the adsorption of methyl
green and methyl blue dye molecules onto the GO
and rGO nanosheets [9,10].
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Fig. 2. SEM-EDX pattern of montmorillonite clay.
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Fig. 3. XRD pattern of montmorillonite clay.
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Fig. 4. TGA pattern of montmorillonite clay.

3.3. Thermodynamic study

The thermodynamics of the adsorption of methyl
green and methyl blue dye molecules onto the mont-
morillonite clay was studied by performing the
adsorption experiments in the temperature range (18-
35)°C at pH 5. The variation of adsorption capacity of
methyl green and methyl blue dye molecules with
temperature is shown in Fig. 9. In common practice
the thermodynamic parameters, namely standard
Gibbs free energy change (AG®), enthalpy change
(AH"), and entropy change (AS®) of an adsorption pro-
cess are calculated by using the equations [23].

Ky = %/Ce ()
AG°® = —RTInKy4 €)]
InKy = AS°/R — AH®/RT @

where Ky is the distribution coefficient (L/g), T is the
temperature (K), and R is the gas constant (8.314 ]/
K mol), respectively. AH® and AS® are calculated from
the slope and intercept of the plot of In Kq vs. T "
However, use of Kq with dimension in calculation of
thermodynamic parameters contains some errors
[24,25]. Such errors can be avoided by multiplying Kg4
by 1,000 if the adsorption takes place from aqueous
solution, whereby Ky becomes dimensionless (since,
density of water ~1 or 1,000 g/L) [25]. Therefore, Egs.
(3) and (4) can be modified as

AG® = —RTln (1,000 Ky) )

In(1,000Kq) = AS°/R — AH® /RT )
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(a)1s
A 35°C
4, Y 30°C
13} AA A4 m 25°C
AA“ ® 13°C
- A A
. AyyyvvyYYY Vv vy A
Dqaf . av?Y mg v oo
° A m EERE my v oy
£ yY B8 ,0000 A
°
EOQ V.I. ..
~— 09 F [ .
3 v'O [}
Ym =
0.7r e
°
0.5 . . . . . .
0 20 40 60 80 100 120
Time (min)

(b)2.00
00‘ al £ .
175} ¢
A A *

. A A *
< s0f at a2
Eo)) o 4 EEE = m om g A
3 ngPee
8125_ . a"s° ° n
£ A .I.. ° ° al
~ L |
G100 e o

e +asoc]
0.75 A 30°C °

- m 25°C
050 S 18°c

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

Fig. 6. Plot of adsorption capacity vs time for adsorption of (a) methyl green and (b) methyl blue onto montmorillonite
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The AG® value was calculated using Eq. (5). The Vant
Hoff plot was generated by plotting In (1,000 Kg) vs.
1/T for determination of the AH® and AS® values and
presented in Fig. 10. The values of thermodynamic
parameters obtained using these equations are given
in Table 3. The negative AG® values indicate the spon-
taneity of the process. The numerical value of AG* are
very close to the characteristic range of physisorption
which is reported to be (0 to —20) kJ/mol [11,26,27]
and are significantly lower than that of chemisorption
which is reported to be (—80 to —400) kJ/mol [26].
Table 3 shows that as temperature increases, the AG®
value becomes more negative indicating increase of
adsorption capacity with temperature. The AH" values
are also in the range of physisorption process which is
reported to be 1-93 kJ/mol [28]. The positive value of
AH"® indicates endothermic nature of the adsorption
process [26-28]. The increased randomness at the

clay-water interface and good affinity of the dye mol-
ecules towards montmorillonite clay is proved by the
positive AS® value [23]. The thermodynamic parame-
ters of the present adsorption process is similar to the
previous results obtained by this group and also many
other literatures [9,10,23].

3.4. Activation energy

The adsorption process was further characterized
by determining the activation energy, E,, of the
adsorption process using Arrhenius equation [29]. The
activation energy of the adsorption of methyl green
and methyl blue onto montmorillonite clay were
found to be 23.212 and 9.486 kJ/mol as calculated
from the slope of the Arrhenius plot. The low value of
activation energy also suggests that the adsorption is
governed by physisorption process (Fig. 11) [29].
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Fig. 7. Plots for kinetic models for adsorption of methyl green onto montmorillonite clay (a) pseudo-first-order (b) linear
pseudo-second-order (c) pseudo-second-order (non-linear) (d) Elovich and (e) Bajpai model.

3.5. Adsorption isotherm

The adsorption isotherm experiments were carried
out for adsorption of methyl green and methyl blue
dye molecules at five different pHs namely 4, 5, 6, 7, 9,
and at 25°C. The adsorption equilibrium data were
analyzed using different isotherm models such as
Langmuir, Freundlich, Sips, Toth, Temkin, Scatchard,
and Dubinin and Radushkevich (D-R) models and are
presented in Figs. 12(a)—(g) and 13(a)—(g), respectively
[30-34]. The isotherm parameters obtained from these

models are presented in Table 4. The used models are
summarized in Table 5. The values of R for the iso-
therm plots indicate that the Toth isotherm is the best
fit model for both the dye molecules. The fitting of the
adsorption isotherm data to Toth isotherm model sug-
gests that the adsorption energy of most sites of the
montmorillonite clay consists of less energy than mean
adsorption energy [35].

It is observed from the Figs. 12 and 13 that the
adsorption capacity of methyl green onto the clay
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increases and that of methyl blue onto the clay
decreases with increase of initial pH of the suspen-
sion. At low pH, there is a high abundance of posi-
tively charged H' ions on the clay—water suspension
which imparts a repulsive force towards the positively
charged methyl green dye molecule. As the pH
increases, amount of OH™ ions also increases. As a
result, the amount of negative charge on the suspen-
sion also increases which facilitates the adsorption of

the methyl green dye molecule onto the montmorillon-
ite clay. On the other hand, the adsorption of anionic
methyl blue dye molecule is more at lower pH due to
the high abundance of positive charge in the suspen-
sion which decreases with increase in pH due to the
repulsive force of negative charges at higher pH. The
adsorption capacity of the methyl green dye molecule
onto montmorillonite clay was found to be
3.976 mmol/g which is 49.120% more than that onto



P. Sharma et al. | Desalination and Water Treatment 57 (2016) 8372-8388 8379
Table 1
The kinetic model parameters for adsorption of methyl green and methyl blue onto the montmorillonite clay
Dye molecule
Methyl green Methyl blue
Models Parameters T (°O)
18 25 30 35 18 25 30 35
Jesexp (mmol/g) 1.015 1.087 1.146 1.367 1.352 1447 1.840 1.919
Pseudo-first-order K; (min™") 1932 0593 0576 0.973 0.120 0.022 0.035 0.107
Je,cal (mmol/g) 6.899 0552 0562 0.378 3.180 1.028 1.004 1.437
R? 0.696 0.448 0.951 0.909 0.738 0.938 0.981 0.568
Pseudo-second-order (linear) K5 (L/(mol min)) 0.159 0.167 0.207 0.271 0.061 0.070 0.073 0.074
Je,cal (mmol/g) 1.123 1.168 1230 1.344 1590 1.634 1929 2142
R? 0998 0.99 0.998 0.997 0993 0.997 0.988 0.997
Pseudo-second-order (non-linear) Kj,; (mmol/(L min)) 0.233 0.297 0.245 0.638 0.065 0.070 0.126 0.097
Je,cal (mmol/g) 1.081 1.080 1.205 1.268 1.573 1.636 1.768 2.042
R? 0.800 0.827 0.930 0.675 0991 0.988 0.988 0.951
Elovich a (mg/g min) 1.054 1.689 2.682 124932 0.371 0498 1.217 1.223
B (g/mg) 5.847 5814 5747 8475 3.049 3.096 3.116 2.646
R? 0975 0.948 0.930 0.835 0982 0977 0.973 0.958
Richi K; 0253 0.321 0296 0.810 0.102 0.115 0.223 0.197
Je,cal (mmol/g) 1.081 1.080 1.205 1.268 1573 1.636 1.768 2.042
R? 0.252  0.321 0.295 0.809 0991 0.988 0.988 0.951
Bajpai Ky, 0.007 0.008 0.007 0.008 0.023 0.024 0356 0.222
Co,cal (mM) 0.134 0.129 0.117 0.099 0.147 0.134 0.523 0.106
R? 0.663 0719 0.672 0.832 0965 0.963 0.707 0.949

rGO (adsorption capacity: 2.023 mmol/g) and 38.229%
less than that onto GO (adsorption capacity:
5.496 mmol/g). The adsorption capacity of the methyl
blue dye molecule onto montmorillonite clay was
found to be 5.105 mmol/g which is 20.078% more than
that onto GO (adsorption capacity: 4.080 mmol/g) and
14.829% less than that onto rGO (adsorption capacity:
5.862 mmol/g).

3.6. Effect of presence of other ions on adsorption

The effect of presence of different ions such as
Na*, Ca®*, Mg2+, and SOi_ on adsorption isotherms of
methyl green and methyl blue onto montmorillonite
clay was studied at pH 5 and 30°C and the results are
presented in Fig. 14. Fig. 14 shows that the adsorption
capacity of methyl green dye molecule onto montmo-
rillonite clay increases in presence of SO;  ion and
decreases in presence of the cations in the order: with-

out salt>Na*>Ca* >Mg>*. As discussed earlier,
methyl green is a cationic dye molecule. Presence of
the cations at the clay-water interfaces imparts a
repulsive force to the cationic dye molecule and
thereby decreasing the adsorption capacity of methyl
green onto montmorillonite clay. The divalent cations
(Ca®*, Mg”") impart greater shielding effect than
monovalent ions (Na*) on the adsorption of methyl
green onto the montmorillonite clay due to their high
polarizing power [36]. The adsorption capacity of
methyl green on the montmorillonite clay is higher in
presence of SOF~ ions than without salt. Presence of
SO~ ions increases the negative charge on the solu-
tion which favors the adsorption of cationic dye mole-
cule onto montmorillonite clay. On the other hand, the
adsorption capacity of methyl blue dye molecule
increases in presence of the ions in the order without
salt < SOF~ < Na* < Ca®" < Mg?*. As methyl blue is an
anionic dye, presence of the cations at clay—water
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Table 2
Summary of adsorption kinetic models used in the present study

Sl. No.  Models

1. Pseudo-first-order kinetics
log (ge — g0 = log ge — (k1t/2.303)
where

kq: Rate constant of the pseudo-first-order kinetic equation

ge Adsorption capacity of dye molecules at time ¢

ge: Adsorption capacity of dye molecules at equilibrium
2. Pseudo-second-order (linear) kinetics

t/qe=1/kaq? + 1/qet

where,

k;: Rate constant of the pseudo-second-order kinetic equation
3. Pseudo-second-order (non-linear) kinetics

qe = knlqgt/(knlqet +1)

where,

kny: Rate constant of the pseudo-second-order kinetic equation in non-linear form
4. Elovich kinetics model

g = (1/Pp)Inaf + (1/p)Int

where,

a: Initial adsorption rate

p: Elovich coefficient related to the extent of surface coverage and activation energy
5. Richie kinetics model

ge = qekit / (kit + 1)

where,

k;: Rate constant of the Richie kinetic equation
6. Bajpai model

1/Ct = kIt/CO + l/Co

where,

ki: Rate constant of the Bajpai kinetic equation

Co: Concentration of dye at time, t =0

Cy: Concentration of dye at time, ¢

(a)e

—_—
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ge (mmol g™)
de (mmol g™)

0 0 e
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Ce (mM) Ce(mM)

Fig. 9. Plot of equilibrium adsorption capacity vs equilibrium concentration for adsorption of (a) methyl green and (b)
methyl blue onto montmorillonite clay at different temperatures (pH 5). (The results are average of triplicate experiments
and the error bar is shown for reference.)



P. Sharma et al. | Desalination and Water Treatment 57 (2016) 8372-8388

(a)ss
6.2 F
6.1F
6.0 F
59F

In Kq4

58F
57F
56

55F S

0.00333 0.00338 0.00343

1T (KT

54 L
0.00323 0.00328

8381

(b)es
8.2
81|

8.0

In Ky
[ ]

79

78|

7.7F
]

7.6 L
0.00324 0.00344

0.00334 0.00339

1T (K"

0.00329
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Table 3

Thermodynamic parameters for the adsorption of methyl green and methyl blue onto montmorillonite clay

Dye molecules

Methyl green Methyl blue
T(°C) AG” (K] /mol) AH" (kJ /mol) AS° (kJ/mol K) AG® (kJ/mol) AH" (kJ /mol) AS° (kJ]/mol K)
18 —20.3683 30.628 18.15 —18.541 25.282 0.150
25 —21.3656 —19.7465
30 —22.3665 —20.5441
35 —23.3328 —21.0602
(a)-1.2 (b)-254
A3p o= 259 F .
14F
15F -2.64
n
E u
= e X a60f
= a7f =
18F L] 274}
[ ]
9 2.79
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Fig. 11. Arrhenius plot for adsorption of (a) methyl green and (b) methyl blue onto montmorillonite clay.

interface facilitates the adsorption process. The
adsorption capacity increases in presence of SO; ions
due to the presence of Na™ ions as the salt used was
Na,SO,. The increase is not so much recordable due
to the repulsive force of SO~ ions. Presence of Cl-
ions in the other salts have negligible effect due to its
lower polarizability than SO;  ions (Cl” =3.76 AS,

SOi* =6.33 A% [35]. However, in case of adsorption
of methyl blue onto GO and rGO nanosheets effect of
presence of other ions is more prominent. The maxi-
mum adsorption capacity of methyl blue onto GO and
rGO nanosheets in presence of Mg** ions was found
to be 133.165 and 103.172% higher than that onto
montmorillonite clay.
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Table 5
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Summary of adsorption isotherm models used in the present study

SI. No Models

1. Langmuir
Ce/qe = 1/QOKL + (1/QO)C9

where,

Ky: Langmuir constant related to the energy of adsorption
Qo: Maximum adsorption density

2. Freundlich
Je = KFCe]/n
where,

Kg: Freundlich constant related to adsorption capacity
n: Freundlich constant related to adsorption intensity

3. Sips

e = Qo(KC'* /11 + (K,CA'°]

where,

Ks: Sips equilibrium constant related to adsorption affinity

S: Heterogeneity factor
4, Toth
e = QuKrCe/ [(1 + KC'T*
where,
K,: Toth constant
t: Heterogeneity factor
5. Temkin
ge=BIn A+ B InC,
where,

B = RT/b; B: Temkin constant

A: Temkin isotherm constant
6. Scatchard

Ce/qe = Ks (QO - EIe)

where,

Ks: Adsorption isotherm parameter

7. Dubinin and Radushkevich (D-R)

fe = Gmaxexp(—Kpge?)
where,

Kp_gr: Adsorption constant
e =RT log(1 + 1/C,)

3.7. Mechanism of adsorption

To study the mechanism of adsorption of the dye
molecules onto montmorillonite clay FTIR spectro-
scopic and XRD analysis of the montmorillonite clay
before and after adsorption of dye molecules was car-
ried out.

3.7.1. FTIR analysis

The bands in the FTIR spectrum of montmorillon-
ite clay are assigned in characterization section.
Assignment of the bands of methyl green and methyl
blue dye molecules are described in our previous pub-
lications [9,10]. The intensity of the band at 1,057 cm™!

of FTIR spectrum of montmorillonite clay due to Si-
O-Si stretching decreases after adsorption of methyl
green dye molecule (Fig. 15(a)). This indicates involve-
ment of electrostatic interaction between the (=NH)"
groups with negatively polar oxygen moiety of SiO,
groups of montmorillonite clay. On the other hand,
the intensity of band at 1,346 cm™" corresponds to SO;
groups of methyl blue dye molecule decreases and
another band at 1,163 cm™' due to same group disap-
pears after getting adsorbed onto montmorillonite clay
(Fig. 15(b)). This indicates interaction between the neg-
atively charged SO; groups with AI** groups of mont-
morillonite clay. Similar interaction is also reported by
Errais et al. for adsorption of anionic RR120 dye mole-
cules onto clay minerals [3].
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Fig. 16. XRD pattern of montmorillonite clay before dye
adsorption (Clay), after adsorption of methyl green
(MG—-Clay) and after adsorption of methyl blue (MB-Clay).

3.7.2. XRD analysis

The raw montmorillonite clay shows a peak for
(001) plane at 20 =8.880 with d spacing value of
9.9500 (Fig. 16) which increases up to 10.1322 and
9.9724 after adsorption of methyl green and methyl
blue, respectively. Such increase in the d—spacing
value indicates the insertion of these dye molecules
into the interlayer spacing of the clay [7].

3.7.3. Comparative study

The adsorption efficiency of the adsorption of
methyl green and methyl blue dye molecules onto
montmorillonite clay has been compared with other
adsorbent materials available in literature. The results
are presented in Table 6. It was observed from Table 6
that montmorillonite clay, under our experimental
conditions shows good efficiency which is even better
than numbers of other adsorbent materials for both
the dye molecules.
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Table 6
Comparison of adsorption efficiency of methyl green and methyl blue dye molecules onto different adsorption materials
Dye molecules Adsorbents Adsorption efficiency (%) References
Methyl green NiFe,O,—carbon nanotube composites 56 [37]
Methyl green Carbon nanotube 60 [37]
Methyl green Montmorillonite 67 [8]
Methyl green Cross-linked amphoteric starch 84 [38]
Methyl green Graphene oxide 93 [10]
Methyl green Montmorillonite 68 This study
Methyl blue Magnetic charcoal 64 [39]
Methyl blue rGO 85 (7]
Methyl blue GO 58 [9]
Methyl blue Montmorillonite 96 This study

4. Conclusions

This study shows that methyl green and methyl
blue dye molecules can be successfully removed from
water system by adsorption onto montmorillonite clay.
Temperature and pH of the solution have the major
impact on the adsorption capacity of the dye mole-
cules onto the clay. Negative value of Gibbs free
energy indicates the spontaneity of the process. The
values of AH®, AS°, E, and increase of adsorption
capacity with temperature prove that the adsorption is
governed by physisorption. FTIR analysis indicates
involvement of electrostatic interaction between the
functional groups of the dye molecules with montmo-
rillonite clay. XRD analysis shows the insertion of the
dye molecules into the interlayer spacing of the clay.
The adsorption capacity of methyl green onto mont-
morillonite clay increases in presence of anions and
decreases in presence of cations. The adsorption
capacity of methyl blue onto montmorillonite clay
increases in presence of the ions. The adsorption effi-
ciency of methyl blue dye molecule onto montmoril-
lonite clay is found to be higher than that of methyl
green onto montmorillonite clay. A removal of methyl
green and methyl blue dye molecules up to 68.35 and
95.95%, respectively was achieved at pH 5 and 35°C
by this method. This study will be helpful for optimiz-
ing the adsorption parameters for effective removal of
dye molecules from aqueous system using clay based
adsorbent materials.
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