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Abstract

The main objective of this research is to study the adsorption behaviour of malachite green and methylene blue dyes on-
to the surfactant modified natural clays. The results of SEM, XRD, IR, and thermal analysis confirms the intercalation
of organic moiety in to the clay. The adsorption results show that pseudo-first order kinetics best fitted for both the dyes
adsorbed on organo-clay. The data also reveals that both dyes are in a good agreement with Langmuir isotherm in both
types of modified clays. The value of separation factor, R, , from Langmuir equation and Freundlich constant, n, give an
indication of favourable adsorption. The maximum adsorption capacity q_ based on Langmuir model was found to be
294-303 mg/g at 25 °C, is in good agreement with the experimental values.
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1. Introduction:

Ecological issues have turned into a worldwide con-
cern in the light of their effect on public health."? Almost
25% of the sicknesses confronting people today is because
of their long-term exposure to environmental pollutants.’
Dye-bearing effluents are one of the most significant con-
tributors from the textile field and such effluents have a
wide detrimental impact on the human health.*> It has
been estimated that annually 7 x 10° metric ton of different
commercial dyes and pigments are being produced global-
ly, and of which 5-10% are being lost and discharged into
the wastewater in the form of industrial effluents.®’ Among
them azo dyes are the one most widely used and accounts
65-70% of the total dyes produced.® A great deal of dyes
exists and exhibit structural variations and can be classified
in several ways. These can be classified due to their struc-
tural similarity or application to the fiber type.>'°

Dyes, such as malachite green (MG) and methylene
blue (MB) have been used extensively as model dyes for
adsorption studies onto various low cost adsorbents.® In
addition, MG is largely being utilized as a food colouring
agent, food additive, and a therapeutic disinfectant and an-
thelminthic as well as a dye in a vast majority of indus-
tries,'" On the other hand, MB is generally being utilized
as a colouring agent in the biomedical field such as in mi-
crobiology, surgery, and diagnostics.'”> Beside their
greater use, they have now turned into an exceedingly
questionable compounds because of the risks it (MG) pos-
tures to the consumers of treated fish including its effects
on the immune and reproductive system,'*'* similarly, in-
tense exposure to MB can bring about numerous health
risks such as fast pulse, skin disease, jaundice, and
tetraplegia and tissue necrosis.®

In response to concerns regarding the health risks
associated with the utilization of dyes, adsorption is prob-
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ably the most adaptable and versatile approach for the ex-
pulsion of dyes from aqueous solutions.'> Sometimes, it is
conceivable to recoup the adsorbed dye through desorp-
tion and also to reuse the huge amount of water utilized by
textile sector. Adsorption has been observed to be one of
the very most effective physicochemical techniques, bet-
ter than numerous different approaches for water reuse in
terms of the simplicity of operation. The design of adsorp-
tion system play a crucial role in order to generate high
quality treated effluent.'®!” Activated carbon has been
generally utilized for this reason in view of its high ad-
sorption capacity; however, its high cost tends to limit its
use. In the past few decades, much research has been fo-
cused on the development of adsorbents from natural
sources, for example, naturally occurring clays, zeolites,
and other cheap and accessible solid materials to remove
dyes from wastewater.'® Clay minerals are appropriate for
adsorption process because of their specific surface area
and nanometer-scale size.'” Recent progress in the synthe-
sis of nanostructured materials offers a broader spectrum
to change surface properties of naturally occurring clays
in order to increase their adsorption properties. The organ-
oclays (OCs) are set up by introducing cationic surfactant
molecules (e.g. hexadecyltrimethylammonium, HDTMA,
trimethylammonium TMA etc) into the interlamellar
space of a clay (e.g. smectite) through ion exchange
which consequently change the surface properties of natu-
ral clay from hydrophilic to hydrophobic.”” The OCs have
long been used for the adsorption of a range of organic
compounds from water and wastewater.'®?'~%

Adsorption process is a surface phenomenon, where
substance of interest is concentrated on the surface of sol-
id adsorbent material. Liquid and gaseous substances can
be adsorbed in suitable adsorbent and is widely used in
isolation and purification processes in the chemical indus-
tries including biotechnology and environmental technol-
ogy.>*?% Adsorption is very reasonably superior technique
because of simplicity of design availability, ability to treat
dyes more concentrated from other techniques.””?® Being
a dynamic process, the rate of adsorption in adsorption
equilibrium is controlled by mass transfer processes. The
amount of adsorbate (analyte) adsorbed per unit mass is
determined through equilibrium, where data is represent-
ed in the form of adsorption isotherms.* Literature review
shows the number of models which govern adsorption
equilibrium, out of them the Langmuir and the Freundlich
isotherm models are the most commonly used, others in-
clude modified Freundlich, Sips, Redlich—Peterson,
Dubnin—Radushkevich constants, Tempkin constants
etc.*? Several steps can be used to study the controlling
mechanism of adsorption process such as chemical reac-
tion, diffusion control, and mass transfer; kinetic models
are used to the experimental data from the adsorption
process.”® The kinetic parameters are useful for the pre-
diction of adsorption rate, and gives valuable information
for designing and modelling the adsorption processes.

Various structural and non-structural models have been
described in the literature with variable degree of suc-
cess.?*¥ Some of them are: pseudo first and second-order
rate expressions; which are most often used, other in-
cludes intraparticle diffusion model, Bangham’s equation
et 243031

The aim of this study was to examine the adsorption
capability of natural clay (Pakistan based montmoril-
lonite) for removal of malachite green (MG) and methyl-
ene blue (MB) as a model dyes from aqueous solutions.
The peculiar montmorillonite was gotten from Khyber
Pakhtunkhwa region of Pakistan, and emended with a
cationic surfactant, Hexadecyl trimethylammonium bro-
mide (HDTMA) and Hexadecylpyridinium chloride
(HDPy), in order to assess the changes in the clays and its
adsorption capacity. The structures of natural and organ-
oclay were assessed by utilizing, Powdered X-ray dif-
fraction (XRD), X-ray Fluorescence microscopy (XRF)
Fourier Transform infrared (FT-IR) spectroscopy,
Scanning electron microscopy (SEM) and Ther-mogravi-
metric analysis (TGA). The impacts of various parame-
ters, for example, pH, contact time, dye concentration
and adsorbent dosage were also studied. The adsorption
systems of dyes (MG & MB) onto organoclay were as-
sessed in terms of adsorption isotherms which were por-
trayed by utilizing Langmuir and Freundlich isotherm
models.

2. Materials and Methods
2. 1. Materials

Both quaternary ammonium salts, hexadecylpyri-
dinium chloride (HDPy) and hexadecyltrimethylammoni-
um bromide (HDTMA) were purchased from Sigma-
Aldrich and used without any purification. The cationic
dyes methylene blue (MB) C, H,,CIN,S-3H,0 (98%) and
malachite green (MG) C,;H,.CIN, (96%) were used as the
adsorbate in this study and obtained from Sigma-Aldrich.
All the chemicals used were of analytical reagents grade
being purchased from Merck and were used without fur-
ther purification.

2. 2. Preparation of Organoclays

The organoclays were synthesized according to the
general procedure described as under. The clay impurities
were removed by sedimentation method, followed by oven
drying at 110 °C for 3h and pulverized through 200 um
sieve. Briefly, thirty millilitres of the quaternary ammoni-
um salt solution (1:1 CEC) was placed in a beaker and 1g
of pre-dried clay was added into it. The mixture was stirred
with the magnetic stirrers for about 16 h at room tempera-
ture, followed by centrifugation and washing several times
with deionized water until no halides ions were detected
from the supernatant. The modified clays were oven dried
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at 60 °C for 5 hours, ground to 74 um sizes and finally
stored in a desiccator for later use.

2. 3. Characterization Methods

Characteristics of the adsorbent materials are im-
perative in evaluating the mechanism of adsorbate bind-
ing onto the surface of the adsorbent. The chemical
analysis of the natural clay was determined using X-ray
fluorescence (XRF) spectrometer (Phillips PW 1404 X-
ray spectrometer). The basal spacing patterns of the clay
mineral were analysed through X-ray diffraction (XRD).
The data are recorded on a Philips PANanalytical X’ pert
PRO diffractometer using CuKo radiation (A = 1.540598
A). The diffractometer was operated at accelerating volt-
age of 40kV and the emission current of 30mA, and scan
range (20 = from 2 to 10) at a step size of 0.015°. The
Fourier Transform Infrared (FT-IR) spectra of natural
and organoclay were recorded to examine the surface
functional group using Nicolet Nexus 870 FT-IR spec-
trometer in the region 500-4000 cm™! with resolution of
4 cm™ and ten interferograms recorded for each sample.
An FEI Quanta 450 scanning electron microscope
(SEM) was used to define the change in surface mor-
phology of natural and organoclay. The thermogravimet-
ric analyses (TGA) were performed using PerkinElmer
Thermogravimetric analyser instrument in an atmos-
phere of nitrogen (90 cm*/min) at a heating rate of 10
°C/min in a temperature range of 25-800 °C. The BET
surface area and average pore size of the samples were
performed by (Micromeritics, ASAP 2020) System. The
cation exchange capacity (CEC) of the clay was meas-
ured using a simple BaCl, method.*

2. 4. Adsorption Studies Method

The adsorption study of dyes on modified MMt was
carried out by batch equilibrium experiment of known
amount of the adsorbent with 50 ml of aqueous dye solu-
tions of known concentration in a series of 100 ml stop-
pered flasks. The solution mixtures were kept under
isothermal conditions in a shaking water bath at 150 rpm
at the desired temperature. At predefined time, the solu-
tion mixtures were removed from the shaker, and cen-
trifuged. The residual dye concentration in the reaction
mixture were analyzed by UV/Vis spectrophotometer
(Shimadzu UV1700 Japan) using calibration curve. The
effect of various experimental factors such as pH, adsor-
bent dose, initial dye concentration and contact time were
investigated employing the univariate approach. After
each adsorption experiment, the suspensions were cen-
trifuged, filtered through 0.45 pum of nitrocellulose mem-
brane (Sartorius Stedim Biotech. GmbH), to remove the
solid organoclays particles and the supernatant were sub-
sequently analysed by spectrophotometer for the residual
concentration of the MB and MG. The sorption efficiency

(S%) and adsorption capacity at equilibrium (g,) were cal-
culated by using the following equations:

(Co — C&)
C

o

Sorption Ef ficiency (5%) = X 100

=(CO-C.))<V M

m
Where C, (mg/L) represents is the initial dye con-
centration, C, (mg/L) is the equilibrium concentration of
dye, V is the volume of solution (L), and m is the mass of
adsorbent (g).

3. Results and Discussion

3. 1. Material Characterization
3. 1. 1. XRF, CEC & BET

The host clay utilized was a montmorillonite (MMt)
(Smectite clay) from Khyber-Pakhtunkhwa (KPK) region
of Pakistan. There are many MMt deposits available in
Pakistan, but most of them including KPK are Ca ben-
tonites. The chemical compositions of MMt was found to
be (weight %) 57.38 + 0.11% SiO,, 2.33 + 0.05% MgO,
15.20 £ 0.10% ALO,, 1.10 = 0.03% K,0, 4.07 = 0.06%
Ca0, 2.72 £ 0.03% Na,O, 0.1 £ 0.02% SO,, 6.49 + 0.07%
(FeO + Fe,0,) as determined by XRF. Results of XRF de-
clare that predominant exchangeable cation was calcium
along with sodium and potassium. The cation exchange
capacity (CEC) of MMt clay was found to be 68.3
meq/100g and a BET surface area of 58 m?/g.

3.1.2. FT-IR

To understand the presence of functional groups on-
to the surfaces of the adsorbent with and without modifi-
cation, the FT-IR spectral analysis was performed within
the range of 400-4000 cm™'. The FT-IR spectra of natural
clay, HDP-clay and HDTMA-clay are shown in Figure 2.
The IR region between 3700-3000 cm™' shows the region
of OH stretching and is observed by two key bands and is
observed in almost all the natural hydrous silicate (Fig. 1).

Different stretching vibrations of OH are present in
this region. A peak at 3621 cm™' for MMt is assigned to
OH stretching vibrations for the structural hydroxyl group
attached to the octahedral magnesium and the tetrahedral
silicon. The bands at 3404, and 3243 cm™! can be ascribed
to water molecules, within the interlayer of the clay which
are hydrogen bonded adsorbed. The bands between
3500-3000 cm™ are relatively dependent on the concen-
tration of surfactant loaded on clay and becomes broad
upon loading. The conformational changes of the surfac-
tant loading on clay can be monitored through the sensi-
tive CH stretching bands. The CH stretching region (2700
and 2900 cm™) for the clay loaded with surfactant mole-
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cule shows asymmetric v, (CH,) and symmetric v,(CH,)
stretching modes of 2920 cm™ and 2853cm™. The region
between 17001600 cm™ shows the HOH bending of ad-
sorbed water molecules in both clay and organoclays (Fig.
2. peak observed at 1641 cm™). The strong band between
1100-900 cm™ for natural clay and organoclays were as-
sign to the Si—O-Si and Si—O-Al stretching. The peak be-
tween 910-800 cm™ corresponds for the OH deformation
linked to the Mg and Al . The peaks between 800—-600
were assigned to the Si—O quartz vibrations.

HDTMA clay
HODPy clay
Montmorillonite

Transmittance (%)

2000 1500 41000 500

1

4000 3500 3000 2500

Wavenumber cm™

Figure 1. FT-IR spectra of (a) pure clay, (b) HDP-clay, (c) HDT-
MA-clay

3.1.3. XRD

The potential arrangements of intercalated organic
molecules (surfactants) were proposed according to the
obtained basal spacing of organoclays and the size of or-
ganic cations.'>?**-3 In the current work, the unmodified
MMt has a d-spacing of 1.23 nm, which expanded when
the intercalated ions were exchanged with surfactants

(1.81 nm HDP clay)

|~ (1.9nm HDTMA clay)

(1.23 nm MMt clay)

2(26) a4 6 8 10

Figure 2. Powder XRD patterns of MMt modified and unmodified
clay

(HDTMA or HDP). Upon increasing the HDTMA and
HDP loading, the peak at 1.23 nm disappears due to the
increase in interlayer basal spacing and new peaks ap-
peared at 1.81 and 1.90 nm respectively (Fig. 2). The ob-
served interlayer spacing of MMt and organoclays is used
to observe the structural configuration of modified mole-
cule, in the present study lateral-monolayer arrangement
was observed with CEC of 1:1,20333637

3.1.4 SEM

The resulted SEM photomicrographs of natural clay
and organoclays are shown in Figure 4. It is observed that
(Fig. 3a), that natural clay has agglomerated structure with

Figure 3. SEM micrograph of (a) pure clay, (b) HDP-clay, (c)
HDTMA-clay
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small particle size, smooth and micro-porous surface with
fluffy appearance due to the closely packed flakes. The
BET surface area of unmodified MMt clay was found to be
58 m?/g, whereas the modified MMt clay shows the de-
crease of surface area to 18.5 m*/g & 16.5 m*/g for HDT-
MA and HDPy surfactant respectively. These results are
attributed to the fact that the most of the exchange sites of
MMt clay is occupied by organic surfactants molecules
with large molecular size and the inaccessibility of the in-
ternal surface to nitrogen gas.*® However, larger average
pore size (12.2 nm) was observed in modified clay than the
precursor clay (5.2nm). After the modification of clay with
HDMA and HDPy surfactant, the surface morphology
slightly changed from foliated structure to non-agglomer-
ated and crumpled structure containing heterogeneous
pores with large particles as depicted in Figure 3. MMt
have massive and curved plates (Fig. 3a) generally as a het-
erogeneous surface morphology.** However, the clay mod-
ified with organic surfactants shows significant changes in
the morphology. Compared with the morphology of the
MMt, there are many small and aggregated particles and
the plates become relatively flat in while the introduction
of organic moiety leads to large particles and coarse
porous surface, which may be due to the penetration of or-
ganic molecules into the galleries of MM, resulting in an
increase in the adsorption capacity of modified clay.”’

3.1.5. TGA

Thermogravimetric analysis has been performed to
study the arrangement and packing of surfactant mole-
cules within the organoclays and the thermal decomposi-
tion behaviour of the organoclay. Thermogravimetric
analysis curve for the natural clay and organoclays are
shown in Figure 4. TGA pattern of the unmodified natural
clay reveals that mass loss occurs mainly at two stages; a)
the initial mass loss due to desorption of water occurs at

110

30-120 °C temperature range; b) the second mass loss due
to the loss of structural hydroxyl group occurs at 400-540
°C and 580-690 °C temperature range respectively.®
While there are three stages of mass loss with the increase
in temperature are occurred for the HDTMA and HDPy
modified clay. The first weight loss corresponds to the de-
hydration of water from organoclays that occur at 30
°C-180 °C, the weight loss in both the organoclays are
lower than the unmodified clay because in organoclays the
surfactant molecules replaced some of the water molecules
present in clay structure. The second mass loss that is only
present in both organoclays is attributed to the removal of
surfactant molecules from the organoclays that occurs at
220 °C-350 °C temperature range. This is consistent with
the previously reported studies.***’ This corresponds to 7
to 8% mass loss for both clays, which indicates the surfac-
tant loading to the clays is not very efficient. The last stage
shows that besides degradation of Al, Si-polyoxy cations,
dehydroxylation of structural hydroxyl unit in clay in the
octahedral layer of montmorillonite also takes place.***°

3. 2. Adsorption Optimization Experiments

Effect of various parameters i.e, the effect of pH,
time, adsorbate, and adsorbent concentrations respective-
ly were investigated in univariate design at room tempera-
ture (25 °C).

3. 2. 1. Effect of pH

To investigate the impact of pH on the adsorption
capacity of HDTMA- and HDPy-organoclays for the MG
and MB, adsorption tests were performed with an initial
dye concentration of 150 mg/L and organoclay concentra-
tion was 0.1g and contact time of 30 minutes by varying
the pH of solutions over a range of 3—10. It is clear from
the Figure 5 that increasing pH of a solution, the adsorp-

Mass loss (%)

30 130 230 330

430 530 630 730

Temperature (°C)

Figure 4. Thermogram of (a) pure clay, (b) organoclay
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tion of cationic dyes also increases. Basically, cationic
dyes produces molecular cations (C*) and reduced ions
(CH") on dissolution in water’' and depends on the water
pH. At lower pH, the surface of the adsorbent become pro-
tonated results in lower adsorption of the protonated
dyes.*! Increase in adsorption of dyes with the increase of
pH from 3 to 10; is because of the way that the overall pos-
itive charge in aqueous solution diminishes and at neutral
pH, it shows a balanced surface charge that is required for
the adsorption.?>**** It was observed that both dyes show
little increase in sorption after pH 7, it is therefore pH 7
was selected to investigate the effects of other parameters.
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Figure 5. Effect of pH on the adsorption of MB and MG dyes on
(a) HDPy-clay (b) HDTMA-clay

3. 2. 2. Effect of Time

The effect of contact time on the adsorption of MG
and MB dyes at various time points onto HDTMA- and
HDPy-clays were examined using a fixed adsorbent dose
of 0.1g and dye concentration was 150 mg/L at pH 7. As
depicted by the Figure 6 that adsorption of both dyes onto
the organoclays increases with the increase of contact
time, which is consistent with the previous studies.'*>*
At first, the adsorption of dyes occurs through boundary
layer adsorption and the adsorptions rates were high be-
cause of the accessibility of the higher surface area for the
rapid attachment of these dyes to the external exposed sur-
faces of the organoclays and backs off step by step in the
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Figure 6. Effect of time on the adsorption of MB and MG dyes on
(a) HDPy-clay (b) HDTMA-clay

wake of achieving the equilibrium. After the initial rapid
adsorption of dyes, the adsorbent surface gets saturated
enough that opposed further adsorption due to the repul-
sive forces presents between the cationic dye molecules on
solid surface and cationic dye molecules present in the
bulk phases.

Hence, the adsorption happens because of the diffu-
sion of dyes into the pores of organoclays or might be be-
cause of the surface reaction of dyes with the adsorbent
clay.*¢ There is little increase in dyes adsorption after 60
minutes of equilibrium time, hence 60 minutes selected
for further studies.

3. 2. 3. Effect of Initial Dye Concentration

The initial concentration of adsorbate (dyes) plays
important role in adsorption capacity of organoclays.***’
The influence of initial dye concentrations was examined
using 0.1g of the HDPy and HDTMA-organoclays at pH 7
with equilibrium time of 60 minutes. Figure 7 shows that
adsorption of dyes onto organoclays increases with the in-
crease in the concentration of dyes in a solution up to a cer-
tain value after which it levelled off. This is because of the
fact that an increase in the concentration of dye solution re-
sults to produce the high mass gradient pressure between
the dye solution and organoclay, this pressure gradient than
acts as a driving force for the transfer of dye molecules into
the particle surface of the organoclays.**~° The results also
indicate that percent removal and adsorption capacity of
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dye onto the organoclay shows opposite trends by varying
the concentration of dye solution. Several researchers also
found the same adsorption results as function of MB and
MG dye concentration.?®3*%475! The inverse patterns for
the adsorption capacity and percent removal can be clari-
fied with the way that: there are fixed number of binding
sites on the organoclay surface. At the point when the dyes
are available in little concentration, the adsorption will be
fast and the percent removal of dyes will be high because of
the higher number of accessible sites on the surface of
organoclays. The quantity of accessible sites for adsorption
is higher at lower dyes concentration and deceased with the
increase in the concentration of dyes because of the satura-
tion of adsorbed dye molecule. The dye molecules at high
concentration compete with each other for the fixed number
of binding sites, thus, some of the dye molecules did not get
adsorbed and remains in solution, causing lower percent re-
moval of dyes.>"**5

3. 2. 4. Effect of Adsorbent Dose

The effects of organoclay concentration on the re-
moval of dyes from aqueous solutions were investigated
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Figure 7. Effect of initial dye concentrations on the adsorption of
MB and MG dyes on (a) HDP-clay (b) HDTMA-clay.

by using different concentrations of organoclays in the
range of 0.1-0.3 grams and initial dye concentration of
150 mg L™" at pH 7.0 and equilibrium time of 60 minutes.
The results indicate (Fig. 8) that the adsorption efficiency
(%) increases with the increase of adsorbent dosage but
show opposite trend for the adsorption capacity, i.e., less-
er amount of dye is adsorbed per gram of organoclay.
Increase in adsorption efficiency is attributed due to the
higher surface area of adsorbent and number of available
binding sites for adsorption at a high adsorbent dose.***
While the decrease in adsorption capacity are attributed
due to the fact that total number of dye molecules are
fixed (C,= 150mg/L) against the increasing organoclay
dose (0.1g to 0.3), at higher adsorbent dose some of the
adsorption site remains uncovered and thus causing the
decrease in the adsorption capacity of the adsor-
bent.34’53_55
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Figure 8. Effect of adsorbent dose on the adsorption of MB and
MG dye on (a) HDP-clay (b) HDTMA-clay.

3. 3. Kinetic Study

The kinetic study is important to understanding the
mechanism of the adsorption process. During the process
of adsorption of dyes onto the organoclay, the adsorbate
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molecules undergo various stages while moving from the
bulk solution to the organoclay surface. Usually to under-
stand the adsorption mechanism, pseudo first-order and
pseudo second-order kinetics model were applied. The
pseudo first-order model proposed by Lagergren is widely
applied for the adsorption of an adsorbate from an aque-
ous solution. According to this model, the change in rate
of the solute uptake with time is directly proportional to
the difference in saturation concentration and the solute
uptake with time.*** The linearized integral form of the
pseudo first-order model can be expressed as follows:

M g )
2.303

log(q, — q.) = logq, —

Where g, (mg/g) and q, (mg/g) are the amounts of
dyes adsorbed by organoclay at equilibrium and time t
(min) respectively. k, (min™") is the equilibrium rate con-
stant of pseudo first-order adsorption. The values of q, and
adsorption rate constant (k,) can be calculated from the in-
tercept and the slope of the linear plot of log (q,—q,) vers-
es t, respectively. The plot should give a straight line with
slope of -k,/2.303 and intercept log qe which allows cal-
culation of adsorption rate constant k, and equilibrium ad-
sorption capacity ge (cal).

The pseudo second-order proposed by Ho and
Mckay,”” based on the assumption that “the rate limiting
step are chemisorption involves forces by sharing or ex-
changing electrons between the adsorbent and the adsor-
bate” 29386 and is given as:

dg

2 = K2 (3. —a)? 3)

Integrating with the boundary conditions at t = 0,
q,= 0, and t = t, q, = q, and rearranging, we received.
t 1 t
ar  (k2ag2) a6
Where k, (g/mg min) is the rate constant of pseudo
second-order adsorption. Ideally the plot of t/q, versus tis
a straight line with slope of 1/q, and intercept 1/k,qe’.
The values of k, and g, were calculated from the intercept
and slope of the plot respectively. Figure 9, represents the
plots of the pseudo-first-order and pseudo-second-order
kinetic models of MG and MB onto the organoclays. The
optimized condition used for the kinetic studies includes

the concentrations of organoclays as 0.1 grams and initial
dye concentration of 150 mg L™" at pH 7.0 at room tem-
perature (25 °C) with varying time. The calculated kinet-
ic parameters of pseudo-first order and pseudo-second
order are given in Table 1. The regression coefficients
(R?) values of pseudo-first order kinetic model are better
than those for the pseudo-second order for both types of
organoclays. Moreover, the calculated values of equilibri-
um adsorption capacity are found close to the experimen-
tal adsorption capacity onto the organoclays also con-
firms further the feasibility of the pseudo-first order ki-
netic model.

a) 20
[ ]
| |
1.8+ ®
]
1.64 =
= n
3 1.44
k= [ ]
9 []
T 124
1.04 ]
= MG « MB
08 : v T T T
10 20 30 40 50 60
Time (min)
b) 20
H
1.84
"
1.64 -
_ L ]
Z 1.44
g a
1.24
L ]
1.04 -
= MG « MB
0.8 v T v v v
0 10 20 30 40 50 60
Time (min)

Figure 9. Pseudo-first-order-kinetic model for the adsorption of
MB and MG dye on (a) HDP-clay (b) HDTMA-clay.

Table 1. The Pseudo-first and Pseudo-second order kinetic parameters for adsorption of MG and MB on organoclays.

Pseudo-first order

Pseudo-second order

Adsorbent Dye D) Qe @m@  kmin) R g .mgp kmgy R

HDTMA-clay MG 147.99 145.85 0.0532 0.9778 181.82 33x10* 0.9848
HDTMA-clay MB 142.22 135.67 0.0444 0.9967 175.44 2.8x 10 0.9847
HDP-clay MG 145.5 133 0.0493 0.9900 178.57 331 x 10 0.9843
HDP-clay MB 142.5 158.52 0.0514 0.9763 196.07 20x 10 0.9856
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3. 4. Adsorption Isotherm Models

Different isotherm models can be used to analyse
the equilibrium adsorption data.”>?*?° In this work, the
Langmuir and Freundlich isotherm models were used to
showing the relationship between the amount of adsorbed
MG and MB dyes and their concentration in solution at
constant pH at room temperature. Langmuir isotherm
model suggests that the adsorption of adsorbate molecules
by the adsorbent materials takes place on a homogenous
surface by monolayer without any interaction with adja-
cent adsorbed molecules.”® The linear form of the
Langmuir isotherm equation can be represented as fol-
lows:

1
KLqm

=t

9 Am

4)

Where q,, (mg/g) represents the maximum adsorp-
tion capacity and K| (L/mg) is Langmuir adsorption equi-
librium constant related to the free energy of adsorption.
The adsorption isotherm can be plotted by C./q, vs C,,
best fit data should give a straight line, and shows the suit-
ability of the model, where slope of the curve equals to
1/q,, and intercepts 1/K,q, .

Freundlich adsorption isotherm is applicable for a
reaction where the multilayer formation occurs due to the
heterogeneous adsorption reactions.’® The linear form of

Table 2. The Langmuir and Freundlich adsorption isotherm parameters.

the Freundlich adsorption isotherm equation can be ex-
pressed as:

Inqe = InK, +i£nCe (5)
e

Where q, (mg/g) represent the amount of adsorbate
adsorbed per unit mass of the adsorbent at equilibrium, C,
(mg/L) is the equilibrium adsorbate concentration in solu-
tion, K (mg/g) is the Freundlich constants related to the
adsorption capacity and 1/n; is the heterogeneity factor,
the value of “n.” is large than 1 indicates the favourable
adsorption. These values can be obtained from the linear
plot of the Ing, vs InC, where slope = 1/n;; and intercept =
InK.

The results in Table 2, shows that the experimental
data fits well for both the isotherm models, however, the
regression coefficient (R?) values of Langmuir isotherm
for both of the dyes are better than that of the Freundlich
isotherm, which indicates that adsorption of both dyes
takes place as a monolayer on the surface of the modified
clay. Further the experimental maximum adsorption ca-
pacity is well matched with the g, calculated from the
Langmuir isotherm model. Based on the Langmuir equa-
tion, a dimensionless separation factor, R, an important
parameter indicating the favourability of the adsorption
can be calculated using equation given as follows.”!#2%34

Langmuir Freundlich

Adsorbent Dye Exp. q,, (mg/g) q, (mgg) K, (L/mg) R? R, n K, (mg/g) R?
HDTMA-clay MG 285.5 294.12 0.22 0.9871 0.03 5.57 130.61 0.9786
HDTMA-clay MB 270.13 303.03 0.10 0.9987 0.06 3.65 84.26 0.9825
HDP-clay MG 279.4 294.12 0.145 0.9876 0.04 4.51 106.64 0.9732
HDP-clay MB 265.2 294.12 0.158 0.9974 0.04 3.93 87.67 0.989

Table 3. Adsorption efficiency of different adsorbents for MB and MG.
Adsorbent MG (mg/g)/Temp. MB (mg/g)/Temp. Reference
HDTMA-clay 285.71 (298K) 303.03 (298K) This study
HDPy-clay 277.77 (298K) 285.71 (298K) This study
Carbon nanotubes 11.73 (328K) - 14
Algerian halloysite heat/acid treated 192.6 (298K) - 60
Diatomite 23.64 (298K) - o1
Montmorillonite clay 262.5 - 62
Activated carbon loaded with ZnO nanoparticles 322.58 - 63
Halloysite nanotubes 99.6 - 64
Clayey soil 78.57 (303K) - 63
Chitosan coated bentonite 435 - 4
Fe,0,/activated montmorillonite nanocomposite - 106.38 (293K) 66
kaolinite clay-water interface electrolyte enhanced adsorption - 15.6 z
Chitosan/bentonite composite - 142.86 (313K) 7
Montmorillonite clay modified with iron oxide - 71.12 (333K) 67
Dodecyl sulfobetaine modified montmorillonite clay - 254 (298K) 68
Acid/Al(OH), modified clay - 223.19 (303K) 52
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Where K is the Langmuir constant and C, is the
highest initial dye concentration. The value of R, indicates
the type of the isotherm to be either favourable (0 < R, <
1), unfavourable (R, > 1), linear (R, = 1) or irreversible
(R; = 0). The results in Table 2 further indicate that the R;
values lies between O and 1, which shows the favourable
Langmuir adsorption process. Comparison of the maxi-
mum adsorption capacities and optimized temperature of
the removal of MG and MB using proposed organoclays
with that of the other similar adsorbent previously report-
ed has been made and presented in Table 3. It shows that
most of the recent studies for MG and MB removal pos-
sess less Langmuir maximum adsorption capacities com-
paratively than the low cost proposed organoclays.

4. Conclusions

The performance of hexadecyltrimethylammoni-
um/Hexadecylpyridinium-intercalated montmorillonite
clay for the removal of malachite green/methylene blue
from aqueous solutions has been evaluated in this study.
The surface and physical properties of clay and organ-
oclay were evaluate using SEM, XRD, IR, thermal analy-
sis and the results indicated the successful intercalation of
these surfactants onto clay. Kinetic characteristic con-
stants of sorption were determined using a pseudo-
first/second order equation of Lagergren based solid ca-
pacity and pseudo-first order was found suitable. The ex-
perimental data were applied to the Langmuir and
Freundlich isotherm equations. The results indicate that
the experimental data fits well for both the isotherm mod-
els, however, the regression coefficient (R?) values of
Langmuir isotherm for both dyes are better than that of
the Freundlich isotherm, which indicates that adsorption
of both dyes takes place as a monolayer on the surface of
the modified clay. Further the experimental maximum ad-
sorption capacity is well matched with the g calculated
from the Langmuir isotherm model.
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Povzetek

Glavni namen raziskav je Studij adsorpcije barvil malahitno zeleno in metilensko modro na dve vrsti naravne gline, ob-
delane s povrSinsko aktivnimi snovmi. Rezultati SEM, XRD, IR in termi¢ne analize potrjujejo vezavo organskega dela
na glino. Rezultati kaZejo najboljse ujemanje s kinetiko psevdo prvega reda na organo-glino za obe barvili. RavnoteZzji
za obe vrsti barvil lahko opiSemo z Langmuirjevo izotermo za obe vrsti modificirane gline. Vrednosti parametrov
Langmuirjeve in Freundlichove izoterme kaZejo na ugodno adsorpcijo. Maksimalna adsorpcijska kapaciteta q,, po
Langmuirjevem modelu pri 25 °C je 294-303 mg/g in se dobro ujema z eksperimentalnimi podatki.
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