Chapter — 4

Synthesis, Characterization and adsorption performance of

Biocomposites of clay

Equilibrium, Kinetics and Thermodynamic study on Adsorption of individual
dyes and binary mixture of dyes by Chitosan-Organically modified Nanoclay
(Cloisite 30B) nano-bio composite

4.1 Introduction

The most efficient method for the removal of dyes from aqueous effluents is
adsorption [1], where one of the most widely used adsorbents, due to its high
adsorption capacity is activated carbon as mentioned in Chapter 1 [2-4]. However, it
is expensive and difficult to regenerate. Much attention has thus recently been focused
on biosorbent materials [5-8] than those that are not expensive, can be obtained from
renewable resources, and are harmless to nature. Special attention has been given to
polysaccharides such as chitosan—the deacetylated form of chitin, which is a linear
polymer of acetylamino-d-glucose. Chitosan has excellent properties for adsorption of
anionic dyes, principally due to the presence of protonated amino groups (-NH**) in
the polymer matrix, which interact with dyes in solution by ion exchange at an
appropriate pH [9-11]. Removal of dyes using chitosan has its drawbacks as its
adsorption potential is strongly pH dependent, so the pH of the wastewater has to be
adjusted before treatment. The other attractive adsorbents are layered silicates clays,
due to their low cost and their abundance across the globe [12-18]. Clays themselves
have adsorption potential, so combining clays with chitosan can produce a very good
sorbent, at the same time decreasing the chitosan drawbacks. Since each chitosan unit
possesses one amino and two hydroxylic groups, these functional groups can form
hydrogen bonds with the silicate hydroxylated end groups of clay, leading to strong
interaction between chitosan and clay. Dissolution of chitosan in acetic acid resulted
in reaction between amine group from chitosan and acetic acid residue (NH**Ac").
Chitosan hydroxyl group form H-bonds with Si-O-Si groups of silicate multilayer of
montmorillonite (MMT). Nanocomposites of chitosan and MMT have been already
tested as electrochemical sensors, as adsorbents for tannic acid [19, 20], and for
controlled release of ofloxacin [21]. The beads of chitosan/MMT were studied for
removal of Reactive Red 120 [22] Basic Blue 9, Basic Blue 66 and Basic Yellow 1
[23]
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Thus clay-based nanocomposites and bionanocomposites have become
materials of increasing interest due to their nanosized structural and functional
properties. This has thus become an attractive way to develop organic—inorganic
nanohybrid materials with properties that are inherent to both types of components
[24].

Darder et al. [25] showed that chitosan can be intercalated into Na+-saturated
montmorillonite providing compact and robust three-dimensional nanocomposites
with interesting functional properties. Chitosan chains formed mono- or bilayer
structures within the clay mineral interlayer depending on the relative amount of
chitosan with respect to the cationic exchange capacity (CEC) of the clay. Subsequent
studies have shown that a number of factors, such as pH and temperature, can affect
the extent and mode of chitosan adsorption on montmorillonite [26]. For instance,
since the pKa of the primary amine groups in the chitosan structure is 6.3, an increase
in pH leads to a decrease in the degree of protonation of the biopolymer, which
increases the amount adsorbed on montmorillonite [26]. Adsorption of chitosan on
montmorillonite, particularly when in excess of the CEC of the clay mineral, results in
structures with good adsorption properties for anions because the —~NH** groups not
directly involved in the interaction with the clay surfaces can act as anionic exchange
sites [25]. Accordingly, montmorillonite—chitosan bionanocomposites have recently
been proposed for anion-adsorption related applications, such as the development of
potentiometric sensors for anions or the removal of selenate and tannic acid from
water [27-29]. Clay minerals are good adsorbents for cationic and very polar
pesticides [30-41]. However, they usually display limited affinity for anionic
pesticides, as a result of repulsions between the anionic pesticide species and the
negatively charged clay surfaces [42]. The interaction of organic cations with clay
minerals can reduce such repulsions, changing the nature of the clay mineral surfaces
from hydrophilic to hydrophobic or if adsorbed in excess of the CEC of the clay, even
producing charge reversal. Thus, modification with organic cations is a potentially
useful strategy to enhance the affinity of clay minerals for anionic pesticides [35, 38,
42-46]. Efforts in this direction have led us to the development of chitosan clay
nanocomposites. In this work, the adsorption potential of chitosan (C), nanoclay (NC)
as well as chitosan-clay nanocomposite (CC) for the individual dyes ( Reactive blue-
21 (R-21), Reactive red-141(RR-141), Rhodamine (Rh-6G ) and binary mixture of
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dyes (RB+RH, RB+RR, and RR+RH) was investigated. The influence of several
parameter such as initial dye concentration, pH, adsorbent dosage and temperature on
the adsorbents under kinetic and equilibrium conditions were explored. The rate
limiting step of the dye onto the adsorbents was determined from the adsorption
Kinetic results. Adsorption isotherm equations were used to treat the equilibrium data
and thermodynamic parameters were calculated. Furthermore since luminescent and
photoactive low cost hybrid materials or composites present significant potential
utility in modern industrial applications, it was felt that Rh6G loaded adsorbents could
prove to be potential materials with interesting optical properties. We thus studied the
photophysical properties of the dye loaded adsorbents. Literature search has shown
that, there are limited reports on the removal of reactive red 141 (RR-141) and
Rhodamine 6G (Rh-6G), an azo dye and no reports on the removal of reactive blue
21 (RB-21) a copper containing phthalocyanine dye using chitosan composites.
Furthermore, there are no reports on the use of chitosan/nano clay composites
especially organoclay for the removal of dyes. B. H. Hameed et al prepared modified
ball clay chitosan composite adsorbent for adsorption of methylene blue [47].

Therefore the aim of the present work was to explore the feasibility of
utilizing chitosan/Organically modified Nanoclay-Cloisite 30B nano biocomposite
(CC) for the removal of dyes and to apply various isotherm and Kkinetic models to
understand the adsorption mechanism.
4.1.1 Materials and methods

Chitosan flakes (87.6% deacetylated and molecular weight 5.5 x 105 g/mol)
procured from Sigma was used directly for experimental studies as adsorbent (C).
Commercial grade Reactive blue (RB-21), Reactive red (RR-141) and Rhodamine 6G
(Rh-6G) were used without further purification. Vinyl pyrrolidone (VP) used in this
study were purchased from Sigma-Aldrich. Methylene bisacrylamide (MBA) was
purchased from National chemicals and Ammonium persulphate from SISCO
Research Pvt Ltd. Organically modified Nanoclay (NC) (montmorillonite modified
with 25-30 wt% methyl dihydroxyethyl hydrogenated tallow ammonium) was
procured from Sigma Aldrich and was directly used for the synthesis of
nanocomposite (CC). Hydrotalcite (HT) was a gift sample from Heubach Colour

Private Limited, Ankleshwar, Gujarat, India.
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4.1.2 Synthesis of Chitosan clay nanocomposite (CC)

A 1% aqueous clay suspension was added to 1% Chitosan solution in acetic
acid whose pH was adjusted to 5. The mixture was then stirred for 8 h at 323K. The
Chitosan-clay nanocomposite (CC) was then centrifuged washed and dried at 323 K.
The surface areas of C, NC and CC as measured by BET analysis were found to be
7.336, 157.404 and 209.121 m?/g respectively.

4.1.3 Characterization

FTIR was used to determine the changes in vibrational frequencies of the
functional groups in the adsorbents under study and dye loaded adsorbents. The
spectra were collected by a Perkin EImer RX1 model within the wave number range
of 400-4000 cm™. Topography of the adsorbents was visualized using a SEM
microscope (JEOL, Model JSM-5610LV).TEM images were recorded using Philips
(Model CM200) transmission electron microscope. Confocal images were visualized
using ISM-710CARLZEISS GERMANY. Optical images were visualized using Leica
DM 2000 optical instrument. Thermogravimetric analysis was done using
EXSTARG6000 TG/DTA 6300 model instrument. X-ray diffraction patterns were
measured by a Rigaku ultima-3 diffractometer Cu Ka radiation of wavelength
1.54184 A,

4.1.4 Preparation of dye solutions and batch sorption Experiments for single and
binary mixture of dyes
Preparation of dye solutions

Stock solutions of dyes (1g/L) were prepared by dissolving accurately
weighed amount of Reactive blue -21(RB-21), Reactive red 141 (RR-141) and
Rhodamine 6G (RH-6G) in double distilled water and subsequently diluting to the
required concentration.

Batch sorption Experiments

Experiments were conducted to study the effect of various parameters for the
removal of RB-21, RR-141 and RH-6G onto Chitosan (C) Nanoclay (NC) and
Chitosan clay nanocomposite (CC). For each experiment 25 mL of dye solution of
known initial concentration and pH were taken in a 100 mL stoppered conical flask. A

suitable adsorbent dose is added to the solution and the mixture was shaken at a
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constant speed. The supernatant was separated from the adsorbent by filtration and
analyzed for the presence of unadsorbed dye by using SYSTRONICS Digital 166
model visible spectrophotometer at maximum wavelength (RB-21=610 nm, RR-
141=540, RH-6G=525 nm). The percentage removal of the dye and the amount

adsorbed (mg/g) were calculated by the following relationship:

Ci—C,
q. = T ... €Q. (1)
Where, Ci-initial concentration of dye in mg/L; C. — Equilibrium

concentration of dye in mg/L; m — Mass of adsorbent g/L; ge — Amount of dye

adsorbed per gram of adsorbent.
Experiments were done to determine the pH range at which the maximum uptake of
dyes would take place on the adsorbents under study by varying the initial pH of the
solution in the range 1to 11using 0.1 N NaOH and/or HCI. The effect of the initial
concentration (100to1000mg/L) was also studied in order to determine the effect of
the parameter on the adsorption of dye from the solution. The optimum equilibrium
time was determined as the contact time required for the concentration of dye in the
solution to reach equilibrium and was obtained by varying the contact time in the
range 30 to 300 minutes. The effect of dose was determined by varying the dose
from 0.01 g to 0.1 gm. At the end of the predetermined time intervals, the
suspensions were filtered and the dye content in the filtrate was analysed by using
absorption spectrophotometer. The uptake of dye by the adsorbents under study
(ge) was calculated from the difference between the initial and final concentration as
follows:

ge= (Ci- Co)/m.... eq. (2)

Where,C;-initial concentration of dye mg/L; Ce—Equilibrium concentration of dye in
mg/L; m-Mass of adsorbent g/L; ge —Amount of dye adsorbed per gram of
adsorbent. Each experimental result was obtained by averaging the data from three
parallel experiments.

Adsorption isotherm experiments were also performed by agitating 0.05g of
the adsorbent under study with a series of 25mL solutions at optimum pH,
containing different initial concentrations of (100 to 1000 mg/L) at 30 °C. After the
established contact time was attained, the suspension was filtered, and supernatant
was analysed for the dye concentration. The adherence of the equilibrium isotherm
and data obtained to different adsorption isotherms models as given in Table 3.1
was tested.
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For binary system, all the dye solutions were prepared with equal concentrations and
the batch experiment was done in a similar method as described for single component
system. Analysis was done using SYSTRONICS Digital 166 model visible
spectrophotometer by measuring the maximum absorbance of the individual
components in the mixture at its particular maximum wavelength. Calibration for
cross interference was carried out by a previously described method as described by
Al Duri and McKay [43]. The dye concentrations were calculated as follows. For a
binary system of components A and B measured at A; and A, respectively, to give

optical densities of d; and d,
kpzdi1—kp1d;
ka1kp2—kazkp1
ka1dz—kgzdq
—_— ....e0. (4
ka1kp2z—kazkp1 g ( )

Where, Kai, Kg1, Kaz andKpg; are the calibration constants for components A

Cy= ... 0. (3)

CB=

and B at the two wavelengths respectively.
4.1.5 Equilibrium Sorption Studies

Adsorption isotherms were determined by the treatment of 0.05 g of adsorbent
under study with dye solution having an initial concentration varied from 100 to 1000
mg/L in a thermostated rotary mechanical shaker. After agitation the contents of the
flasks were filtered. The concentration of dye remaining in the solution was
determined by Spectrophotometer. The results of experimental measurements were in
the form of adsorption isotherms. Attempts were made to fit the equilibrium dye
sorption isotherm data to a number of well-known models (Table 1) like Freundlich,
Langmuir, Temkin, and Halsey for the better understanding of the processes

governing adsorption of dye on to the adsorbents under study.
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Table 4.1 Isotherm and Kinetic models

Models

Assumptions

Isotherm models

Freundlich

Freundlich isotherm [48] describes the
non-ideal and reversible adsorption.
This empirical model can be applied to
multilayer adsorption, with non-
uniform distribution of adsorption heat
and affinities over the heterogeneous
surface. Freundlich isotherm is widely
applied in heterogeneous systems
especially for organic compounds or
highly interactive species on activated
carbon and molecular sieves. The
slope ranges between 0 and 1 is a
measure of adsorption intensity or
surface heterogeneity, becoming more
heterogeneous as its value gets closer
to zero. Whereas, a value below unity
implies the process to  be
chemisorption.

High wvalues for K; shows high
adsorption capacity; The constant n is
the empirical parameter related to the
intensity of adsorption, which varies
with the heterogeneity of the material.
To describe heterogeneous systems
1/n values indicate the type of
isotherm to be irreversible (1/n = 0),
favorable (0 <1/n < 1) and unfavorable
(1/n>1) shows the adsorption capacity
of an adsorbent.

Langmuir

Equation
e = KfCel/n
e _ K, C,
qm 1+ K.C,

Langmuir isotherm [49] refers to
homogeneous adsorption, which each
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molecule possess constant enthalpies
and sorption activation energy. The
Langmuir  theory is valid for
monolayer adsorption onto a surface
containing a finite number of identical
sites. Langmuir model for isotherm
modeling were unsuccessful in the low
concentration. gqm and K, represent
maximum adsorption capacity and
energy of adsorption. Separation
factor (R.) defined by Webber and
Chakkravorti  [50]. O<RL<limplies
favorable adsorption; RL values
indicate the type of isotherm to be
irreversible (RL = 0), favorable (0 <
R< 1), linear (RL = 1) or unfavorable
(R>1).

Temkin

de

m

Ry
= E Ln(KTCe)

Temkin isotherm model [51] describes
the adsorption of hydrogen onto
platinum electrodes within the acidic
solutions. This isotherm contains a
factor that accounts the interaction of
adsorbent—adsorbate. By ignoring the
extremely low and large value of
concentrations, the model assumes
that heat of adsorption (function of
temperature) of all molecules in the
layer would decrease linearly rather
than logarithmic with coverage.
Parameters from Temkin model
describes The heat of adsorption of all
the molecules in the layer decreases
linearly with coverage due to
adsorbent—adsorbate interactions, and
that the adsorption is characterized by
a uniform distribution of binding
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energies, up to some maximum
binding energy; Ky

constant corresponds to maximum

equilibrium

binding energy and Br is related to
heat of adsorption.

Halsey

Ge = Ky/CL/™

Halsey proposed [52] an expression
for condensation of a multilayer at a
relatively large distance from the
surface.

Kinetic models

Pseudo first order

dq ,
P K/(qe — q¢)

Lagergren (1898) [53] presented a
first-order rate equation to describe the
Kinetic process of liquid-solid phase
adsorption of oxalic acid and malonic
acid onto charcoal, which is believed
to be the earliest model pertaining to
the adsorption rate based on the
adsorption capacity.

Pseudo second
order

__q:Kst
1+ q.Kt

The adsorption rate of adsorbate
depends on the concentration of
adsorbate at the absorbent surface.
Mechanism being the rate controlling
step, involve valency forces through
sharing or exchange of electrons
between adsorbate and adsorbent.
Kinetic performance is proportional to
the adsorption rate. Based on the
sorption equilibrium capacity [54].The
adsorption process and the overall rate
of the adsorption process appear to be
controlled by the chemical reaction.
Chemisorption significantly
contributes to the adsorption process.

Intraparticle
diffusion

qe = Kit®®

Intraparticle diffusion model [55] is
used to identify the steps involved in
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adsorption. If it passes through origin
applicability  of
diffusion

it infers the
intraparticle whereas

presence of intercept shows the
surface adsorption / boundary layer
effects. The term k calculated from the
slope is indicative of an enhancement
in the rate of adsorption. [56].
Adsorption is said to be intra-particle
diffusion controlled if the reaction
sites are internally located in the
porous adsorbents and the external
transport

process is much less than the internal

resistance to diffusive

resistance.

Bangham

LogLog(

=L<
ng

« Logt)

G )
Co —qm

m

.303V+

Bangham equation [57] indicates that
diffusion of adsorbate into the pores of
adsorbent. It is a pore diffusion
controlled process.

Liquid film
diffusion

Ln (1 — &>
e

= _KFDt

When the transport of the solute
molecules from the liquid phase up to
the solid phase, boundary plays the
most significant role in adsorption; the
liquid film diffusion model may be
applied [58] determines whether the
main resistance to mass transfer is in
the thin film (boundary layer)
surrounding the adsorbent particle, or
in the resistance to diffusion inside the
pores. Applicable when flow of the
reaction from the bulk liquid to the
surface of the adsorbent determines
the rate constant.
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4.1.6 Sorption Dynamics

The kinetics of adsorption process describes the solute uptake, which, in turn
governs the residence time of the adsorption reaction. The study was carried out at
optimum conditions of pH, Dose, concentration and temperature with the variable in
time.

In order to investigate the sorption process of the dyes Pseudo First order, Pseudo
Second order, Intraparticle diffusion, Bangham, and Liquid film diffusion models
were used as kinetic models (Table 1). The Values of correlation coefficients and
standard deviation were used to compare the models.

4.1.7. Thermodynamics of Sorption Studies

The thermodynamic parameters of the sorption process could be determined
from the experimental data obtained at various temperatures using the equations: The
Gibbs free energy (AGe) can be calculated from the equation:

AG = —RTInKi ... €q. (5)

Where K| is Langmuir’s equilibrium constant, T is the temperature (K) and R
is the universal gas constant. The standard enthalpy change (AHe) and standard
entropy change (ASe) of the adsorption process could be calculated using the
equation:

AG’= AH® - TAS® ... eq. (6)
While the values of AHe and ASe could be calculated from the linear plot of AG

versus T.

4.2. Results and Discussion

4.2.1. FT-IR spectroscopy

Figure 4.1, 4.2 and 4.3 shows the IR spectra of Chitosan (C), Nanoclay (NC),
Chitosan nanoclay nanocomposite (CC) and the dye loaded adsorbents of C (C-RB,C-
RR,C-RH), NC (NC-RB,NC-R,NC-RH) and CC (CC-RB,CC-RR and CC-RH).Table
4.2, 4.3 and 4.4 shows the Absorption frequencies and stretching frequencies for free

and dye loaded adsorbents.
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Figure 4.1 IR spectra of C, C-RB, C-RR and C-RH
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Figure 4.2 IR spectra of NC, NC-RB, NC-RR and NC-RH
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Figure 4.3 IR spectra of CC, CC-RB, CC-RR and CC-RH

142



The IR spectra of Chitosan (C) showed peaks at ~3362cm™(O-H and N-H
stretching), 2879 cm™(aliphatic C—H stretching). The absorption bands at 1661, 1601,
1380, 1082 and 1026 cm-1 are attributed to C=0 stretching of amide I, NH of amide
I11 (combination of NH deformation and the =CN stretching vibration), C3-OH and
C6-OH of chitosan respectively, while Nanoclay (NC) showed vibrational bands at
3626cm™ (O-H stretching),1682 and 1660 cm™ (H-O-H bending) and 911 cm™,
884 cm® (AI-OH and Si-OH vibrations respectively). The chitosan clay
nanocomposite (CC) showed peaks at 3626 cm™ (O-H stretching of Al-OH and
Si-OH), 3382cm™ (O-H and N-H stretching), 1643 cm™ (C=0 and N-H vibrations),
1850 cm™ (C=0 stretching vibration), 1570 cm™ (a combination of N-H in plane
bending and C—N stretching), as well as 996, 847 and 799 cm™ (Al-OH and Si-OH
vibrations) confirming the interaction of clay and chitosan in the composite [59]. Due
to the interaction of the protons in chitosan with the oxygen species of Si—O and Al-O
in nanoclay the tetrahedral symmetry of these moieties would have been distorted.
The composite thus shows the presence of organic and inorganic groups which is due
to intercalation of chitosan into layers of clay. FTIR analysis further shows that after
adsorption of dye there is a significant shift in the O—H stretching and -CHjs, -CH,
symmetric stretching frequency of chitosan, nanoclay and the composite. In all the
dye loaded adsorbents. The intensity of symmetric Si—O-Si stretching vibrations at
799 cm™ were reduced and the bands were shifted slightly in both dye loaded
nanoclay and the composite. The peaks at 1682 and 1660 cm™in the case of nanoclay
has been shifted to 1659 and 1643cm™ in the case of NC-RB, 1644 cm™ in the case of
NC-RR and 1613 in the case of NC-RH indicating the interaction of the nanoclay with
the dyes. The frequency of Al-OH stretching vibrations at 915 cm™ and 995 cm™ for
the composite has also been shifted after loading of the dyes onto the adsorbents. The
—N-H bending frequency at 1601 cm™of chitosan have been shifted 1649,1646 and
1643 cm™after loading of RB,RR and RH respectively which clearly shows the

involvement of —-N-H groups of chitosan in adsorption of dyes.
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Table 4.2 Typical IR stretching frequencies of Infrared spectra for chitosan and dye

loaded chitosan

Chitosan(C) | C-RB C-RR C-RH Inference
-N-H, -O-H
3362 3435 3420 3438 :
stretching
CHs, -CH;
2879 2160, 2353 2350,2216 symmetric
stretch
1759 1864,1738
-N-H bending,
1601 1659 1662,1646,1603 | 1659,1643 H-O-H
bending
- 1599,1566,1515, | 1553 1555
- 1427 1427 1462,1426 -CH»-
1424 1384,1323,1252 | 1381,1322 1384,1323,1259 | stretching
1155,1084,1032 | 1155,1086,1036 | 1157,1081,
-C-H stretch/
1380 1384,1323,1252 | 1381,1322 1384,1323,1259 _
N-H bending
1158 1155,1084,1032 | 1155,1086,1036 | 1157,1081, -C-O stretch
712 710 770,728 -C-CI/s-0

Table 4.3 Typical Absorption frequencies and stretching frequencies of Infrared

spectra for nanoclay and dye loaded nanoclay

Nanoclay
© NC-RB NC-RR NC-RH Inference
3627,3359 3626,3337 | 3633,3385 | 3626,3389 -N-H, -O-H stretching
-CHjs, -CH, symmetric
2924,2851 2924,2852 | 2925,2851 | 2924,2851
stretch
1851 - 1724
1650 1659,1643 | 1644 1613 N-H bending
- 1565,1516 | 1563 1564,1535,1505 | -N-H bending,
1470 1470,1433 | 1471,1409 | 1470,1367,1324 | -CH,- stretching
1001 - 1045 1003 -Si-O Stretch
915,882 887 916,884 915 Al-OH Stretch,Si-O
987,896 799,723 798,722 725 Stretch
623 625,525 626,525
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Table 4.4 Typical Absorption frequencies and stretching frequencies of Infrared

spectra for Chitosan clay nanocomposite and dye loaded nanocomposite

Chitosan clay
) CC-RB CC-RR CC-RH Inference
nanocomposite (CC)
-N-H, -O-H
3626, 3382 3635,3386 | 3634,3408 | 3627, 3385 _
stretching
-CHgs, -CH,
2926,2851 2925,2852 | 2925,2852 | 2924,2851 symmetric
stretch
1850 1737 1722
1643 1643, 1657 1650,1611 -N-H bending,
-CHj,- stretching
1570 1563,1518 | 1563,1547 | 1563,1535,1503 _
CHo,- stretching
1471 1470,1433 | 1472,1428 | 1469,1455
1378 - - 1367,1323,1308
995 Al-OH
Stretch,Si-O
847,799
Stretch

4.2.2 SEM and TEM Micrographs
The SEM and TEM Micrographs in Figure 3.4 and Figure 3.5 of C, NC and
CC indicate the uniform dispersion of clay into Chitosan matrix without any

agglomeration. The fibrous nature of the composite CC seen from the figures

suggests the suitability of the material for adsorption studies.
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Figure 4.4 SEM Micrographs

a) NC

Figure 4.5 TEM Micrographs

4.2.3. X-Ray diffraction studies
Figure 4.6, Figure 4.7 and Figure 4.8 show the XRD pattern of the adsorbents and dye

loaded adsorbents.
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Figure 4.6 X-ray diffraction pattern of C, C-RB, C-RR and C-RH
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Figure 4.7 X-ray diffraction pattern of NC, NC-RB, NC-RR and NC-RH
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Figure 4.8 x-ray diffraction patterns of CC, CC-RB, CC-RR and CC-RH
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The XRD pattern of Chitosan shows specific crystalline peaks at 10.746° and
19.994° attributed to crystal 1 and crystal 2 of chitosan [60, 61]. The characteristic
peak of Nanoclay at 5.238° has been shifted to 4.985° with increase in d-spacing in
CC. Furthermore in CC the peaks were seen to be broad with decreased intensity
indicating intercalation. In the case of C-RH the reflections were seen to be shifted to
higher angles while in the case of NC-RH and CC-RH the reflections were shifted to
lower angles which could be attributed to compression and expansion of layers after
adsorption of Rhodamine 6G. The superposition of the peaks of CC-RB, CC-RR and
CC-RH with CC suggests that the dyes have been adsorbed onto CC instead of
intercalation. The particle size calculated from XRD using Debye Scherrer
equation was found to be 3.165 nm and 5.254 nm for CC and NC respectively.

4.2.4 Zeta potential analysis
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Figure 4. 9 Zeta potential of C, NC and CC

It is observed that the zeta potential is very sensitive to pH changes for the
clays under study. The zeta potential for C was positive at acidic pH, had neglible or
no surface charge from pH 6-10 and exhibited high negative zeta potential at pH 11.
NC showed high positive zeta potentials upto pH 3 and at pH 5 while at other pH it
showed low positive zeta potentials. On the other hand CC was relatively more stable
to pH and showed large positive potentials of around 20- 35mV expect in the pH

range 5-6.
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4.2.5. Thermogravimetric analysis
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Figure 4.10 Thermogravimetric analysis of C,NC an CC

Figure 4.10 shows the Thermogravimetric analysis of C, NC and CC. The
weight loss from 50° - 250°is attributed to loss of water in the case of C, NC and CC.
The weight loss in C from 250° - 350° is attributed to degradation and deacetylation of
Chitosan. The weight loss from 290° — 430° in NC can be attributed to the
decomposition of organic material. The weight loss in CC from 290° — 340° can be
attributed to deacetylation of Chitosan and the weight loss from 380° — 460° to the
decomposition of organic material.

4.2.6 Photophysical properties of Rhodamine-6G loaded adsorbents
UV spectra of C-Rh,NC-Rh and CC-Rh

Figure 4.11 shows the UV spectra of dye loaded adsorbents. The typical peak
observed at ~526 nm attributed to Rh6G monomers can be seen in NC and CC. It is
seen as a low intensity broad peak only in Rhodamine loaded Chitosan (C-Rh) which
could be due to the overlap of the band attributed to H- aggregates with monomers.
However in the case of NC-Rh two peaks of increased intensity were observed at 500
and 526 nm while in the case of CC-Rh a sharp peak was observed at 526nm with two
shoulders on either side at 500 and 560 nm. The peak at 500 nm in CC-Rh and NC-Rh
can be attributed to vibronic component of electronic transitions and non-fluorescent
H dimers. The small shoulder observed at~ 560nm in CC-Rh and C-Rh, could be
attributed to aggregate formation which seemed to occur only in the presence of
chitosan. Typical characteristic features of J-aggregates include light absorption at
higher wavelengths and different fluorescence characteristics from that of the
monomeric form. Thus after adsorption onto C, NC and CC the Rh6G molecule
formed disordered molecular assemblies showing characteristics of J aggregates.
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Figure 4.11 UV spectra of C-Rh, NC-Rh and CC-Rh
Emission spectra of C-Rh, NC-Rh and CC-Rh

Figure 4.12 (a & b) the emission spectra of Rh6G loaded C, NC and CC at
different concentrations and excitation at 460 and 500 nm. The change in excitation
wavelengths led to different profiles of Rh6G emission spectra. Excitation at 450nm
led to a distinctive emission between 460 and 480 nm, attributed to the presence of
fluorescent J-type dimers. The emission peak at ~ 477 nm in chitosan can be
attributed to J dimer. In the case of NC and CC, two peaks were observed at 473 and
489 nm, with the peak at 473 nm being of increased intensity in NC while in CC the
peak at 499 nm is of increased intensity which can be attributed to different J
assemblies characterized with head to tail association. Furthermore, excitation with
wavelength 450 nm led to selective excitation of monomers which radiatively relax at
560-570nm. On excitation at 500 nm, the emission spectrum was mainly dominated
by the band at 550 nm, which was ascribed to the monomeric Rh 6G in all three
adsorbents. In chitosan the main contribution to the fluorescence is given by the
monomeric form of rhodamine 6G. However, the emission spectrum of NC and CC
showed another band at 579 and 593nm respectively which can be attributed to J
dimer. Furthermore an emission peak at 715 nm was also observed in NC and CC
which can be attributed to J or J-H type aggregates which are reported to emit at
longer wavelengths. The interaction of chitosan with Rh6G seems to change the
dielectric environment around the dye thus reducing aggregation. Thus nanoclay and
Chitosan-nanoclay composites are more conducive to the formation of aggregates.
The compliance of chitosan as a matrix and its interaction with organoclay also favor
the formation of different types of dimers. On the other hand chitosan alone does not
favor the formation of high order aggregates. Chitosan probably allows the

dimerization while limiting the formation of larger aggregates; this is also in
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accordance with previous finding in polymeric films where aggregation is limited to

the dimer form.

nanocomposite followed by nanoclay and chitosan.

It is observed that fluorescence intensity was highest in
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4.2.7. Dye adsorption studies of single component dye systems
Effect of pH
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Figure.4.13 shows the effect of pH on % uptake of RB-21, RR-141 and Rh-6G
onto C, NC and CC. Surface charge is the most important parameter for the
adsorption of dye molecules and is primarily affected by the solution pH. In this
study, the effect of solution pH on the adsorption of dyes was investigated in the
range 1 to 11, while initial concentration and temperature were kept constant. The
results in figure indicate maximum adsorption for RB-21and RR-141 is observed at
acidic pH for C, NC and CC. All the three adsorbents have positive pH in acidic
conditions resulting in conductive adsorption of anionic dyes RB-21and RR-141. C
and NC have high negative potentials at basic pH thus being conducive for the
adsorption of cationic Rh6G while CC had positive potential. However CC showed
good adsorption potential for Rh6G probably due to the formation of aggregates
whereby its positive charge gets masked and the amount adsorbed also would be
higher
Effect of temperature
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Figure 4.14 Effect of temperature on % uptake of RB-21, RR-141 and Rh-6G onto C,
NC and CC

Figure 4.14 shows the effect of temperature and it was observed that the
adsorption process was not significantly affected by temperature for all the three dyes.
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Figure 4.15 Effect of adsorbent dose on % uptake of RB-21, RR-141 and Rh-6G onto
C,NCand CC

Figure 4.15 shows the effect of adsorbent dose on the adsorption potential of
C, NC and CC for the three dyes under study. The increase of adsorbent mass from
0.01 to 0.05 g for an initial concentration of 100 ppm dye solution resulted in increase
in adsorption of the dyes which could be attributed to the availability of more sorption
sites for the dyes due to higher amount of the adsorbents.
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Figure 4.16 Effect of concentration on % uptake of RB-21, RR-141 and RH-6G onto
C,NCand CC

Figure 4.16 shows the effect of concentration. It was observed that as the
initial dye concentration was increased from 100 ppm to 1000ppm the removal
efficiency decreased. This could be attributed to hindrance in the diffusion of the dye
into the boundary layer. Furthermore there might be a progressive decrease in the
proportion of attraction forces and an increase in the electrostatic repulsive forces
between dye molecules and adsorbent particles with increase in initial dye
concentration.
Sorption isotherm

The isotherm models (Table 4.1) of Freundlich, Langmuir, Temkin, and
Halsey models were studied and isotherm constants for the sorption of RB-2, RR-141
and RH-6G by C, NC and CC are presented in Table 4.5. Table 4.6 shows the
comparision of adsorption capacity with respect to other adsorbents. The Freundlich
constant, n > 1 implies that the adsorption intensity is favorable over the entire range

of concentrations studied. The fitting of Langmuir showed that the correlation
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coefficient values were best fitted and the calculated g, values were in good
correlation with Qeexp Values. The fitting of Temkin model indicated favourable
adsorption for all range temperature in the case of C, NC and CC which is clearly
shown by the correlation coefficient values. The high regression values for Halsey
model suggested multilayer adsorption [62]. Figure 4.17 (a, b & c) the shows the
linear fit for isotherms of RB, RR and RH onto Chitosan (C). Figure 4.18 (a, b & c)
the shows the linear fit for isotherms of RB, RR and RH onto Nanoclay (NC). ).
Figure 4.19 (a, b & c) the shows the linear fit for isotherms of RB, RR and RH onto
Chitosan nanoclay composite (CC).
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Figure 4.17 a. Linear fit of isotherm for RB onto C
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time 300 min, temperature 30°C, optimum pH

Figure 4.17 b. Linear fit of isotherm for RR onto C
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Figure 4.17 c. Linear fit of isotherm for RH onto C
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temperature 30°C, optimum pH

Figure 4.18 a. Linear fit of isotherm for RB onto NC
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Figure 4.18 b. Linear fit of isotherm for RR onto NC
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Figure 4.19 a. Linear fit of isotherm for RB onto CC

d
13

274 | ™ Freundlich
Linear fit
2.6
o” 254
8
|
2.4 4
2.3
T T T
0.6 0.7 0.8 0.9 1.0 11 12
Log C,
450 ®  Temkin
Linear fit
400
350
=
= 300
250
200
14 16 18 20 22 24 26 28
LnC,

0.0040 4

0.0035 4

, 0.0030
<

1

0.0025 4

0.0020 4

®  Langmuir
= Linear fit

B | Halsey
Linear fit

T T T T T T 1
0.6 0.7 0.8 0.9 1.0 11 12 13

Log C,

Operating parameters: 180 rpm, 100-1000 ppm of dye, 0.05 g adsorbent,

time 300 min, temperature 30°C, optimum pH

Figure 4.19 b. Linear fit of isotherm for RR onto CC

157



Logq,

2.7+

2.6

254

2.4

2.34

2.2

2.1

0.007 4

0.006 o

0.005 4

g,

0.004 4

0.003 4

0.002 4

Logq,

T T T
240 245 250
LnC_

274

264

254

2.44

234

2.24

21

T T T T T T
0.085 0.090 0.095 0.100 0.105 0.110

c,

T T T T T T T T T T
0.96 098 1.00 102 104 106 1.08 110 112 1.14

Log C,

Operating parameters: 180 rpm, 100-1000 ppm of dye, 0.05 g adsorbent,

time 300 min, temperature 30°C, optimum pH
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Table 4.5 Isotherm parameters

C NC cC

RB | RR | RH RB | RR RH RB RR RH
Freundlich

(qr;](ge’éﬂ)) 402 | 410 | 4113 | 401 423 | 428.9 | 49037 | 442.6 | 440.90

K 0.025 | 0.129 | 7.277 | 0.012 0.571 | 6.902 | 4.5656 | 7.4259 | 0.0002

N 3357 | 2789 | 1.307 | 14.61 2.046 | 1.312 | 2.946 | 1.533 | 2.374

r? 0981 | 0975 | 0.977 | 0.991 0.996 | 0.995 | 0.959 | 0.997 | 0.995

SD 0.028 | 0.032 0.04 0.019 0.015 1'%35 0.0292 | 0.010 | 0.016
Langmuir

(mgné"l) 434.78 | 419.28 | 410.84 | 42553 | 403.22 | 434.54 | 476.19 | 439.30 | 446.42

K. 0.0120 | 0.026 | 0.325 | 0.002 | 0.0166 | 0.010 | 0.0304 | 0.1239 | 0.0170

r? 0.9891 | 0.9865 | 0.974 | 0.99178 | 0.995 | 0.995 | 0.9772 | 0.9953 | 0.996

1.79E- | 4.86E- | 2.72E- | 1.58E- 1.69E- | 3.77E- | 8.06E- | 1.51E-

sD 04 04 04 o4 | 1:24E-041 7oy 04 05 04
Temkin

Br 1011.14 [ 841.73 | 739.12 [ 308.675 | 487.3498 [ 244.43 | 261.02 | 195.36 | 584.34

K 0.083 | 0.090 | 0.081 | 0.059 0.087 | 0.055 | 0.1901 | 0.576 | 0.118

r? 0.982 | 0978 | 0.994 | 0.975 0.994 | 0.989 | 0.984 | 0.994 | 0.989

SD 24.152 | 21.54 | 0.04022 | 23.167 | 10.32 | 0.127 | 20.135 | 11.088 | 0.132
Halsey

Ky 0.660 | 0.727 | 0.998 | 0.336 0.888 [ 2.718 [ 3.253 [ 17.619 | 2.718

Ny 0.322 | 0.358 | 0.419 | 0.068 0.488 | 0.4558 | 1.300 | 1.533 | 0.374

r? 0.9815 | 0.9758 | 0.994 | 0.991 0.996 | 0.986 | 0.982 | 0.997 | 0.995

SD 0.030 | 0.032 2'55 0.019 0.015 | 0.029 | 0.044 | 0.010 | 0.016
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Table 4.6 Comparison of adsorption capacity of CC with adsorbents reported in

literature for RB-21, RR-141 and RH-6G

Adsorption
Adsorbent Dye Capacity Reference
[mg/g]
o 106.71 and 66.67
Fly ash and Sepiolite RB-21 ) [63]
respectively
Clay, Acivated Clay and Modified 44.32, 37.34 and
RB-21 _ [64]
Clay 48.26 respectively
Clinoptilolite RB-21 9.652 [65]
Cetyltrimethylammonium  bromide-
) _ RB-21 556.2 [66]
coated magnetite nanoparticles
Polyurethane foam RB-21 8.31 [67]
Activated carbon RB-21 357+ 24 [68]
Titanium dioxide (TiOy), RB-21 22.79 [69]
Ultra sound(US) + Titanium dioxide
) RB-21 37.28 [69]
(TIOz),
Titanium dioxide (TiOy)+
] RB-21 148.08 [69]
Praseodymium (Pr),
Ultra sound (US) + Titanium dioxide
] ) RB-21 233.10 [69]
(TiO,) + Praseodymium (Pr)
Titanium dioxide (TiO;) + Lanthanum
RB-21 149.95 [69]
(La)
Ultra sound (US) + Titanium dioxide
) RB-21 235.24 [69]
(TiOy), + Lanthanum (La)
Titanium dioxide (TiO,) +Gadolinium
RB-21 156.50 [69]
(Gd)
Ultra sound(US) + Titanium dioxide
) o RB-21 235.57 [69]
(TiO,) + Gadolinium(Gd)
Titanium dioxide (TiOy) + Cerium
RB-21 165.50 [69]
(Ce)
Ultra sound(US + Titanium dioxide
RB-21 236.02 [69]

(TiOz) + Cerium (Ce),
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o - . 133 and 124
Chitin and Modified Chitin RR-141 ] [70]
respectively
Cattail, Water Lettuce and Activated 1.63, 3.56 and 8.52
RR-141 _ [71]
Carbon respectively
Treated flute-reed RR-141 7.58 [72]
Zinc Stannate Oxide RR-141 61.0 [73]
Banana Peel, Saw dust, Orange peel 0.76,2.12,512 and
) RR-141 ) [74]
and TiO; 5.14 respectively
Exhausted coffee ground Rh-6G 17.37 [75]
Trichodermaharzianummycelial waste | Rh-6G 3.40 [76]
Palm shell powder Rh-6G 105 [77]
Graphene oxide Rh-6G 23.30 [78]
Titanium phosphate Rh-6G 217.39 [79]
Chitosan nanoclaynanocomposite RB-21 490.37 This study
Chitosan nanoclaynanocomposite RR-141 442.60 This study
Chitosan nanoclaynanocomposite Rh-6G 440.90 This study

Sorption Kinetics

The kinetic models Pseudo First order, Pseudo Second order, Intraparticle
diffusion, Bangham and Liquid film diffusion model were studied and the kinetic
constants for the sorption of RB-21, RR-141 and RH-6G by C, NC and CC are
presented in Table 4.7Fig. 4.20 (a, b & ¢), 4.21 (a, b & ¢) and 4.22 (a, b & c) shows
the linear fit for Kinetics of RB,RR and RH onto C,NC and CC. The correlation
coefficients for pseudo second order model were found to be greater than the other
kinetic models for C, NC and CC and the calculated equilibrium adsorption capacity
values were closer to those obtained experimentally. This supported the assumption
behind the model that the surface complexation may be the rate-limiting step
involving valence forces through sharing or exchanging of electron between adsorbent
and adsorbate. The plot of gt versus ty, did not pass through origin suggesting that
intraparticle diffusion was not the only rate-controlling step but some degree of the
boundary layer diffusion also controlled the adsorption process and that the overall
rate of the dye adsorption process appeared to be controlled by more than one-step. It
was thus concluded that the dye adsorption process was controlled by more than one
step.
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The plot for Liquid Film Diffusion Model did not pass though origin as
required by the model for all the adsorbents under study but had very small intercepts
(curves not shown) indicating that diffusion of the dyes from the liquid phase to the
adsorbent surface might be having some role in deciding the rate processes. The
double logarithmic plots of Bangham model showed good correlation coefficients
indicating significant contribution of pore diffusion towards adsorption process.
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Table 4.7 Kinetics

C NC CC
RB | RR RH RB | RR | RH RB | RR RH
Pseudo first order
q (exp) | 19.03 | 21.97 18.75 | 2052 | 22.15 | 15.56 2219 | 23.74 | 20.56
a, 12.462 | 10.197 1.294 8.219 | 8.237 0.205 18.26 9.480 | 0.575
K, 0.098 | 0.0208 0.009 0.005 | 0.0126 | 0.011 0.023 0.064 | 0.0104
rz 0.906 0.982 0.957 0.979 | 0.989 0.996 0.960 0.999 | 0.854
SD 0.1895 | 0.162 0.121 0.045 | 0.076 0.036 0.290 | 4.31E-4 | 0.261
Pseudo second order
a, 21.182 | 22.045 19.275 | 21.939 | 23.590 | 17.889 24.56 23.22 | 20.665
K, 0.0006 | 0.0362 0.014 0.001 | 0.0020 | 0.109 0.053 | 2.9E-3 | 0.0358
rz 0.995 1 0.992 0.993 | 0.999 1 0.998 0.995 | 0.999
SD 0.398 0.013 0.003 0.562 | 0.147 0.004 | 3.82E-4 | 0.405 | 0.026
Intraparticle diffusion
KiD 1.282 0.028 0.066 0.508 | 0.414 0.010 0.791 0.106 | 0.025
r2 0.986 0.996 0.962 0.982 | 0.992 0.985 0.996 0.999 | 0.938
SD 0.705 0.009 0.081 0.421 | 0.218 0.007 0.259 0.013 | 0.041
Bangham
K. 3.308 1.244 -4.154 | 2.474 | 1.469 -3.339 | 20.270 | 3.908 | -0.305
A 0.633 0.007 0.020 0.168 | 0.121 0.003 0.187 0.027 | 0.007
r2 0.960 0.985 0.938 0.982 | 0.992 0.997 0.992 0.994 | 0.902
SD 0.038 | 4.20E-04 | 0.002 0.010 | 0.004 | 8.94E-05| 0.008 | 9.6E-4 | 0.001
Liquid film diffusion
K 0.021 0.007 0.009 0.010 | 0.012 0.011 3.611 0.002 | 0.010
r’ 0.815 0.997 1 0.962 | 0.998 0.996 0.989 0.999 | 0.854
Sd 1.416 0.050 | 3.31E-16 | 0.310 | 0.057 0.084 0.092 | 9.9E-4 | 0.602

165




The Thermodynamic studies

The negative values of AG (Table 4.8) for both RB-21 and RR-141 indicate
the spontaneous and favourable nature of the adsorption process. The very low
positive values of AH in the case of Rh-6G adsorption onto C, NC and CC indicate
the adsorption process to be physical in nature and further affirm the fact that the
adsorption process is independent of temperature. The negative values of AH in the
case of RB-21 and RR-141 adsorption onto C, NC and CC suggested the adsorption
process to be thermodynamically feasible. The positive values of AS suggested that
and also the increase in randomness at the solid-solution interface during the though
fixation of the dye molecule onto the active site of the adsorbent should have caused
an entropy decrease, the entropy of dye molecules in aqueous phase could be much
greater, leading to high entropy of the whole system. This further facilitated the
adsorption of RB-21 and RR-141 onto C, NC and CC. The negative value of AS® in
Rh-6G adsorption indicates orderliness at the solid/liquid interface and also the

irreversible nature of adsorption.

Table 4.8 Thermodynamic parameters

AG[KJ/mol|
C NC cC

RB RR | RH | RB RR | RH RB RR | RH

303 16,63 | -19.792 | 8.374 | 1212 | -18.569 | 9.984 | -18.947 | 23.72 14463
9 6 6

313 1718 | 20445 | 8.650 | 1252 | -19.182 | 1931 | 19573 | 2450 | 1°11

3 7
8 6 9

323 1773 | -21.008 | 8.926 | 12.92 | -19.795 10;54 20198 | 25.29 15559
8 6 2

333 1828 | -21.752 | 9.203 | 13.32 | -20.407 1°é97 20.824 | 26.07 16é08
7 6 5

343 18.83 | -22.405 | 9.479 | 13.72 | -21.020 11;’0 21449 | 26.85 16556
6 6 8
C NC cC

RB RR | RH | RB RR | RH RB RR | RH

AH[KJ/mol | 5 ;¢ '4'8‘§E' 3'_%3'5 2.60E -2.335- 1'_(1)2E 0.000022 | 3.36E 1._(())gE
] 05 05 9 05
AS[/molK | 5491 | 653216 | - | 40.01 | 61.2851 78.30

] : 20 e | 1 | 0032 | 62530 | %30 | 0,048

166




3.2.8 Dye adsorption studies of binary dye systems

In dye containing effluents, generally a variety of dyes would be present and
these dyes will show different adsorption behaviour. There would be a competitive
adsorption with respect to the nature of the dye and the adsorbent. In this work, we
report an investigation of cationic and anionic dye adsorption onto Chitosan clay
nanocomposite. Extensions of several common isotherms were used to model the
experimental data, namely, the extended Langmuir equation, the Jain and Snoeyink
modified extended Langmuir model and the P-factor.

Extended Langmuir Equation was developed by Butler and Ockrent (1930) for
competitive adsorption. This model assumed (i) a homogeneous surface with respect
to the energy of adsorption, (ii) no interaction between adsorbed species, and (iii) that
all desorption sites are equally available to all adsorbed species.

....eq. (7)

Where, K; and a are the Langmuir isotherm constants. For example, using

Qo = K%iCei
ei —
1+¥ a%;Ce;

components 1 and 2

K% 1Ce1
= =2 ....€0.(8
Qe 1+a%;,1Ce1+a0%; 2Ce 2 g ( )
K% 2Ce
= s ....eq.(9
ez 1+a%;1Ce1+a%2Cc2 g ( )

Jain and Snoeyink Modified Extended Langmuir Model. Jain and Snoeyink (1973)
investigated competitive sorption on activated carbon from aqueous bicomponent
solutions of organic sorbates and developed model that predicts sorption equilibria in
such non ideal systems. According to Jain and Snoeyink, the Langmuir theory for
binary sorbate systems is based on sorption without competition. Therefore, to
account for competition in the Langmuir theory, the Jain-Snoeyink (JS) model
proposed to add an additional term to the extended Langmuir equation.

Gor = (Qomll_Qom,z)aoL,lce,l Qom,zaOL,1Ce,1 eq (10)

el 1+a%;1Ce1 1+a%;1C.1+a%;2Ce2 e
Q°,,,a%.2Ce2

qe2 = ....eq.(11)

- 1+a%;1Ce1+a%;2Ce 2

Where, Q°m is the monolayer saturation capacity for the Langmuir isotherm.
The first term on the right-hand side of eq 10 refers to the amount of species 1
adsorbed without competition with species 2, while the second term gives the amount
of species 1 adsorbed in competition with 2, as described by applying the competition
to the Langmuir model. Further a correlative technique was developed (McKay and
Al Duri, 1987) and applied to dye/carbon systems. It is an easy-to-use method based

on introducing a “lumped” capacity factor P
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(Kpi/aLi);

4 “/singlesolute

= ....eq. (12
Y Kpi/an) q- (12)

multisolute

Figure.4.23 (a, b & ¢), 4.24 (a, b & ¢) and 4.25 (a. b & c) shows the linear fit
for isotherms of RB+RR, RB+RH and RB+RR onto C, NC and CC.
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Figure 4.23 b Linear fit of isotherm for RB and RH in (RB+RH) onto C
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Table 4.9 isotherm constants for binary systems

Langmuir isotherm constants for binary systems

Binary component system ((RR+RB)
NC cc
RB+RR
K ay O r’ K, ay O r’ K a O r’
RB | 6.539 | 0.018 | 362.31 | 0.989 | 6.539 | 0.018 | 324.71 | 0989 | 4.784 | 0.013 | 346.020 | 0.988
RR | 11.14 | 0.032 | 341.29 | 0.972 | 11.148 | 0.032 | 341.29 | 0.986 | 9.660 | 0.022 | 434.78 | 0.976
RB+RH
K 3 Om r’ K, a O r’ K a O r’
RB | 10.665 | 0.028 | 378.78 | 0.987 | 19.527 | 0.041 | 394.10 | 0.996 | 10.902 | 0.025 | 388.71 | 0.986
RH | 12.980 | 0.032 | 401.60 | 0.976 | 21.177 | 0.044 | 384.43 | 0.992 | 15.966 | 0.046 | 342.46 | 0.980
RR+RH
K a Om r’ K, a O r’ K a O r’
RR | 11.008 | 0.028 | 392.15 | 0.980 | 11.008 | 0.028 | 362.1 | 0.980 | 5.031 | 0.015 | 322.580 | 0.988
RH | 11.106 | 0.027 | 409.83 | 0.989 | 11.106 | 0.027 | 396.43 | 0.999° | 10.432 | 0023 | 365.21 | 0.990
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Table 4.10 Jain Soeinyk isotherm constants for binary systems

om % of dye adsorbed
without competitive adsorption
C
RB+RR | RB | 318 50.54
RR | 230 5.21
RR+RH | RR | 363
RA 175 43.24.
RB+RH | RB | 296
RE T 185 58.34
NC
RB+RR | RB | 365 32.54
RR | 276 65.73
RR+RH | RR | 386 42.12
RH | 293 59.32
RB | 326 26.54
RH | 164 28
CcC
RB+RH | RB | 296 47
RH | 142 33
RR+RH | RH | 294 96
RR | 287 04
RB+RH | RB | 287 61
RH | 176 39

Table 4.9 shows the K; and a, for binary systems The linear isotherm fitting
constants showed that the binary mixture fitted well with Langmuir model and the JS
model (Table 4.9) clearly explains the competitive adsorption of one over the other.
Sorption Kinetics of binary system

The sorption kinetics of binary system was fitted to pseudo first order, pseudo
second order and intra particle diffusion models. The adsorption kinetics was well
explained by pseudo second order model for all the systems onto C, NC and CC.
Figure4.26 (a, b& c), 4.27 (a, b & c¢) and 4.28 (a, b & c¢) shows the linear fit for
Kinetics of RB+RR, RB+RH and RB+RR onto C, NC and CC.

The Kinetic constants show the behaviour of the adsorption process,
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Table 4.10Kinetics for binary mixture of dyes

Kinetics C NC CcC
RB+RR RB+RH RR+RH RB+RR RB+RH RR+RH RB+RR RB+RH RR+RH
Pseudo first order

q, (exp) 38.96 43.74 42.67 47.51 44.52 42.86 42.73 42.58 37.80
q, 4.623 2.559 8.512 4.278 3.787 8.512 3.2973 3.0387 1.669
K, 0.028 9E-03 5E-03 0.073 7.07E-03 5E-03 8E-04 5E-03 2E-03
rz 0.994 0.988 0.998 0.962 0.963 0.998 0.957 0.988 0.947
SD 0.076 0.037 0.104 0.086 0.081 0.104 0.009 0.037 0.034

Pseudo second order
q, 35.8s71 36.21 42.72 38.971 32.93 42.70 32.90 33.87 32.90
K, 0.023 0.012 0.036 1.01E+08 1.10E+11 7.81E+07 6E-03 1E+11 1E+08
. 1 1 1 1 1 1 1 1 1
SD 0.098 0.024 0.045 3.16E-10 3.16E-10 3.16E-10 | 3.16E-10 | 3.16E-10 3.16E-10
Intraparticle diffusion

Kip 0.321 0.990 0.578 0.335 0.235 0.57873 0.488 0.990 0.037
rz 0.996 0.983 0.988 0.992 0.973 0.98806 0.983 0.983 0.988
SD 0.176 0.110 0.018 0.186 0.240 0.0189 0.396 0.110 0.018
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4.2.9. Conclusion

Chitosan-Organically modified Nanoclay (Cloisite 30B) nano biocomposite was
found to have good adsorption potential for removal of cationic xanthene dye and Reactive
dyes RB-21 and RR-141from water. The X-ray diffraction pattern shows that the
nanocomposite has intercalation and exfoliation in the structure. The adsorbents were found
to be unique due to their optical properties, such as large fluorescence due to of molecular
aggregation. The nanoclay chitosan composites with enhanced hydrophobicity due to
organically modified clay and further modified by Rh6G, could have potential use as coloring
additives.

The Freundlich constant, n was less than unity implied that the adsorption intensity
was favourable over the entire range of concentrations studied for all the adsorbents. The
positive values of AG for Rh-6G indicated the non-spontaneous nature of adsorption. The
negative values of AG for RB-21 and RR-141 and low AH values indicate the spontaneous
nature and temperature independent behaviour of adsorption. The adsorption kinetics data
fitted well with the pseudo-second-order kinetic model. Chitosan clay nanocomposite showed
higher adsorption capacity than most of the earlier reported adsorbents, reflecting a promising
future for the utilization of the nanocomposite as an adsorbent for removal of dyes from
aqueous solution.

The gm values for binary system was very less on comparison with single component
system which clearly indicated that one of the dye from the mixture is adsorbed to a greater
extent which is because of the availability of large number active sites utilized by the first dye
of the mixture . Also the kinetic study indicates the fitness to Pseudo second order model for

binary systems.
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Synthesis, Characterization and Adsorption of individual and binary
mixture of dyes on to Hydrotalcite and Chitosan-hydrotalcite composite

4.3 Introduction

Anionic clays have been identified as potential adsorbents due to their large surface
areas, anion exchange capacities, low cost and non-toxicity [80]. The term ‘‘anionic clays’’ is
used to designate Layered double hydroxides (LDHs)]. LDHs comprise a class of layered
materials with positively charged layers and charge balancing anions in the interlayer regions
[81]. LDH is generally expressed by the formula M(11)1x M(I11)x (OH), (AM)wn X YH20,
where M(I1) and M(III) are divalent and trivalent cation, A= interlayer anion, n is the inter
layer charge and x and y are fraction constants. Hydrotalcite [HT] is the most widely used
layered double hydroxide with the formula MgsAl,(OH)16(CO3).4H,0]. The interlayer anions
in LDHs and HT can be easily exchanged by other simple anions as well as complex bio
molecules and dyes [82, 83]. The presence of these highly exchangeable interlayer anions and
the bronsted basicity of the layer surfaces has resulted in the use of LDHs in wide range of
applications such as catalysis, ion exchange, molecular stabilization, separation, membrane
technology and controlled release of anions.

Nowadays, LDHs have become the focus of research in removing dyes from aqueous
solutions. Mg-Fe-LDH [84] was used as an adsorbent of congo red and NiFeCO3;
hydrotalcites [85] were used for removal of Evans blue while calcined Mg—Al LDHs [86]
were used for removal of acid orange from aqueous solutions. And there are few studies on
the comparison of removing different red dyes from aqueous solutions by Mg—Al- LDH. In a
separate study, the feasibility of using Mg—AIl-LDH [87] as adsorbent for red dyes (RR, CR
and AR1) was examined. The adsorbent property of the HT surface can be modified through
the exchange of inorganic interlayered anions for organic anions to form an organocomposite
[88, 89]. The hydrophilic hydrotalcites can be made hydrophobic by intercalating anionic
surfactants like dodecylsulfate (DS) and dodecylbenzenesulfonate (DSB), which also
increases the interlamellar space. This hydrophobic nature and accessibility of the interlayer
region of organocomposites make these materials potential adsorbents for non-ionic organic
pollutants [90-93]. However, reports on the removal of cationic pollutants, by LDH, from
aqueous solutions are little reported in the literature [88].

Due to their anionic exchange capacity, HT are suitable for sorption of anionic
species, but are not applicable for positively charged ones. The synthesis of surfactant-
intercalated layered double hydroxides reported in the literature led to the sorption of many
types of organic molecules including basic dye safranine [94-99, 88].
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Natryasamy Viswanathan and Meenakshi had investigated the adsorption of fluoride
onto Chitosan hydrotalcite [100]. Although the adsorption of anionic dyes onto LDHSs is well
known [101-103], very few studies have focused on the uptake of reactive dyes onto
hydrotalcite [104,105]. Our aim in this study was to establish the potential of HT
(Hydrotalcite) and CHT (Chitosan-hydrotalcite) composite to remove individual and binary
mixture of Reactive and Xanthene dyes.

4.3.1 Materials and methods

Hydrotalcite (HT) was a gift sample from Heubach Colour Private Limited,
Ankleshwar, Gujarat, India. The characteristics of Hydrotalcite are shown in Table. 1.

4.3.2 Synthesis of Chitosan-hydrotalcite composite

0.25 g hydrotalcite was added to 1% Chitosan solution in 1% acetic acid. The
dispersion was maintained on stirring condition at for 12 h. The obtained composite was then
filtered and washed with deionized water which is then dried at 60°C for 12 h.

4.4. Results and Discussion
4.4.1 FT-IR spectroscopy

Figure 4.2.9 shows the IR spectra of Hydrotalcite (HT) and the dye loaded adsorbents
(HT-RB, HT-RR and HT-RH). Figure 4.30 shows the IR spectra of Hydrotalcite (CHT) and
the dye loaded adsorbents (CHT-RB, CHT-RR and CHT-RH). Table 4.11and 4.12 shows the

absorption frequencies and stretching frequencies for free and dye loaded adsorbents.
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Figure 4.29 IR spectra of HT, HT-RB, HT-RR and HT-RH
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AN

Figure 4.30 IR spectra of CHT, CHT-RB, CHT-RR and CHT-RH
The FTIR spectra of HT, HT-RB, HT-RR and HT-RH (Figure 4.39) show peaks at

3586, 3478 3513 and 3473 cm™ respectively, which could be attributed to the presence of

O-H stretching of hydroxyl group.

Similarly the peaks at for CHT, CHT-RB, CHT-RR and CHT-RH (Figure 4.40) at
3479, 3660, 3823 and 3787 cm™ are attributed to the stretching modes of hydroxyl groups.
Further, the hydroxyl stretching groups of HT and CHT were shifted after loading of dyes
which clearly indicates the interaction of hydroxyl groups with the dye molecules. The peaks
at 2900 - 3000 cm™ are attributed to the hydrogen bonding with carbonate ions present in the
inter layer space of adsorbents and the dye loaded adsorbents [106].

The peaks at 1654, 1656, 1652,1604 cm™ can be attributed to the vibration of
bending mode of interlamellar water molecules in HT, HT-RB, HT-RR and HT-RH
respectively. These peaks are shifted to 1640, 1674, 1655 and 1676 cm™ in the case of CHT,
CHT-RB, CHT-RR and CHT-RH.

The bending mode of interlamellar carbonate ions has resulted in peaks at 1356, 1364
and 1358 cm™ for HT, HT-RB and HT-RR. In the case of the composite the peaks of the
bending mode of interlamellar carbonate ions have been shifted to a higher wave number
1413, 1480, 1368 and 1367 cm-1 for CHT, CHT-RB, CHT-RR and CHT-RH respectively.
The peaks below 1000 cm™ corresponded to Al-OH stretching absorption. The metal-oxygen
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peak at 872 cm-1 in HT was found to be shifted to 772, 771, 773 cm™ due to the interaction
of hydrotalcite with dye molecules while in the case of CHT the metal —oxygen peak at 803
cm-1 was shifted to 893,896 and 892 after loading of dye molecules. The band at ~ 449 cm™
in HT, HT-RB and 452 cm™ in HT-RR and 448 cm™ in HT-RH was assigned to the
superposition of the characteristic stretching bands of magnesium and aluminum oxide [96].

Table. 4.11. IR stretching frequencies of Infrared spectra for Hydrotalcite and dye loaded

hydrotalcite
HT HT-RB HT-RR HT-RH Inference
stretching modes of
3586 3478 3513 3472,3072
hydroxy! groups
H20O carbonate bridging
mode / C-H stretching
2920,2855,2360 | 2917,2850 | 2917,2850 2918,2850 _ )
frequencies in  dye
loaded samples
Bending mode of water
1654 1656 1652 1604
molecules
Asymmetric  stretching
1558 1559 1558 1574,1500 absorption
Of the C=0 group.
Symmetric bending
1356 1364 1358 1126,1187 absorption of the C=0
group.
Metal - Oxygen
872 772 771 173,672 _
stretching mode
stretching  bands  of
553 552 552 551 _ _
Aluminum oxide
stretching  bands  of
449 449 452 448,367,318,295228 | magnesium and
aluminum oxide
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Table. 12.

nanocomposite and dye loaded CHT

IR stretching frequencies of Infrared spectra for Chitosan-Hydrotalcite

CHT

CHT-RB

CHT-RR

CHT-RH

Inference

3479,3280,3162

3660,3435

3823,3676,3424,3064

3787,3070

stretching
modes of
hydroxyl
groups

2979,2847

2919

2918,2850,2714,2444,23712148

2918,2408

H,O carbonate
bridging mode
/C-H
stretching
frequencies in
dye loaded
samples

1413,1338

1480,
1349

1368

1444,1367

bending mode
of
interlamellar
carbonate

928,807

893

896

892

stretching
bands of
Aluminum
oxide

643,543

773,606

773,663,546,447

772,658

stretching
bands of
magnesium
and aluminum
oxide

4.4.2 SEM Micrographs

The scanning electron micrographs of HT and the dye adsorbed HT are shown in

Figure 4.31. The SEM image of HT shows the clear plate like morphology of typical layered

double hydroxides. The particles are of irregular size ranging from a few to tens of microns.

The SEM image of CHT shows a fibrous morphology which might be due to the intercalation

of chitosan into the layered structure of hydrotalcite.

Figure 4.31SEM images of a) HT and b) CHT
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4.4.3 X-Ray diffraction studies
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Figure 4.32 XRD spectra of HT, HT-RB21 and HT-RR141
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Figure 4.33 XRD spectra of HT-RH
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Figure 4.35 XRD spectra of CHT-RB, CHT-RR and CHT-RH

The powder XRD of hydrotalcite (HT), Chitosan hydrotalcite composite (CHT) and
dye loaded adsorbents (HT-RB, HT-RR) are shown in Figure. 4.32 (HT-RH) figure 3.33,
CHT (figure 3.34,) CHT-RB, CHT-RR and CHT-RH (figure 4.35). It was observed that the
diffraction pattern of hydrotalcite has characteristic sharp and symmetric peaks at 20 values
of 11.8° (003), 23.5° (006) and 34.3° (009). In the case of HT-RB21 it was observed that the
reflections were shifted to lower angles indicating the expansion of layers due to
reconstruction of the layered structure after RB-21 adsorption. However, HT-RR 141 gave a
basal spacing of 7.49 A similar to that of HT, which could be due to the affinity of dye ion
towards HT being lesser than that of carbonate, rendering the ion-exchange of RB-141 for
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carbonate in the HT interlayer difficult. We thus presume that the uptake of RB-141 by HT
mainly occurs by physisorption. In the case of CHT there are new peaks at 20 - 17.30, 19.14,
24.33 and 25.04° which might be due to the interaction of chitosan with hydrotalcite. Further
in CHT-RB and CHT-RR there was negligible change in 20 values suggesting that the dyes
were adsorbed onto CHT without affecting the structure of CHT. In the case of CHT-RH a
new peak at 9.43° was observed which might be due to intercalation of rhodamine moiety
within CHT leading to reformation of the structure of CHT

4.4.4 Zeta potential analysis
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Figure 4.36 Zeta potential of HT and CHT

Figure 4.36 shows the surface charge distribution of HT and CHT where it is highly
positive (~58 mV) at acidic pH and highly negative (~42 mV) at basic pH. The isoelectric
point for HT and CHT was pH 6.

4.3.5 Thermogravimetric analysis
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Figure.4.35 Thermogravimetric analysis of HT and CHT
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Figure 4.35 shows the thermogravimetric analysis of HT and CHT. The weight loss from
500C—200°C is due to the loss of physically bonded water. The weight loss in C from
250°-350° is attributed to degradation and deacetylation of Chitosan. The weight loss from

300° — 450° in HT and CHT can be attributed to the decomposition of organic material.

4.3.6 Dye adsorption studies of single component dye systems

Effect of pH
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Operating parameters: 180 rpm, 100 ppm of dye, 0.05 g adsorbent, time 300 min
Figure 4.36 Effect of pH on % uptake of RB-21, RR-141 and RH-6G onto HT and CHT

The effect of initial pH on the adsorption of RB-21, RR-141, Rh-6G onto HT and
CHT was investigated by varying the pH of solution from 1 to 11 using 0.1N NaOH/HCI.
The maximum removal was found to be at pH 2 for RB- 21, RR-141and pH 10 for Rh6G.
The high amount of dye adsorbed by HT at as low a pH as 2 could be explained by two
mechanisms:

One mechanism could be the acidic condition favoring displacement of interlayer
carbonate, which facilitates the penetration of anionic dyes into the interlayer spaces
according to reaction.

[MgzAl (OH)g]2CO3.x H20 + 2 Dye” — [MgsAl(OH)g], 2Dye”.xH,0 + CO5*

Another mechanism may be attraction by electrostatic forces between the protonated
surface of hydrotalcite and the negatively charge anionic dyes [96].

HTsu-OH," +Dye — HTsy-OH, ---Dye’

As the pH of the solution increased above 2.0, the efficiency of HT for removal of
dyes decreased. As the pH increases, the positive charge on the surface of HT decreases and
displacement of carbonate also becomes difficult which could have resulted in decrease in the

dye removal efficiency. At pH values above the zpc value the adsorbent surface becomes
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negatively charged due to deprotonation resulting in lesser uptake of anionic dyes but
increase in uptake of cationic dye. Furthermore, the anionic dyes compete with the OH" ions
in the solution for exchange with the COs* ions that are associated with the surface or
interlayers of HT.

Effect of temperature
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Figure 4.37 Effect of temperature on % uptake of RB-21, RR-141 and RH-6G onto HT and
CHT

Figure 4.37 show the effect of adsorption of RR-141 and RB-21 as a function of temperature.
The removal of RB21 and RR141 onto CHT was found to a weak endothermic process. In all

the other cases there was not much of change in uptake of dyes with respect to temperature.

Effect of adsorbent dose
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Figure 4.38 Effect of adsorbent dose on % uptake of RB-21, RR-141 and RH-6G onto HT
and CHT
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Figure 4.38 shows the effect of amount of HT on the removal of RR-141 and RB-21.
The study was done by varying the amount of HT from 0.01 to 0.15 g in 25mL of solutions
containing 100 ppm of dye while maintaining other parameters constant. It was observed that
the percentage removal increased when the adsorbent dose was increased from 0.01 to 0.1 g
for both HT and CHT. This indicates larger availability of active sites for the same number of
adsorbate molecules.
Effect of concentration

The effect of variation in concentration of dyes on the adsorption potential of HT and
CHT was investigated and is shown in Figure. 4.39. It was found that the percentage uptake
decreases with increase in concentration of the dyes which could be due to the limited
availability of adsorption sites and thus saturation of sorption sites by the dyes at high

concentrations.
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Figure 4.39 Effect of concentration on % uptake of RB-21, RR-141 and RH-6G onto HT and
CHT
Sorption isotherm

The isotherm models Freundlich, Langmuir, Temkin, and Halsey models were studied
a isotherm constants for the sorption of RB-2, RR-141 and RH-6G by HT and CHT are
presented in Table 13. The low SD values obtained for the Langmuir model implies that the
adsorption of dyes onto HT and CHT follows the Langmuir model. The experimental data
also showed a good fit to Freundlich model. The magnitude of n indicates a measure of
favourability of adsorption. A value of n < 1 indicates favourable adsorption intensity over
the entire range of concentration studied while n > 1 indicates favorable adsorption intensity
at high concentrations but much less at lower concentration [97]. In the present study, the
value of n for RR-141lonto HT, RB-2lonto CHT and Rh-6G onto CHT was less than 1

implying a favourable adsorption process over the entire range of concentration while for
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RB-21, Rh6G onto HT and RR-141 onto CHT the value of n was greater than 1 indicating
that favorable adsorption at high concentrations. The high adsorption capacity of HT and
CHT reflects a promising future for the utilization of HT and CHT in the removal of dyes
from aqueous solution. The Temkin isotherm assumes that the adsorption energy of all the
molecules in the layer decreases linearly rather than logarithmically with coverage, due to
adsorbent—adsorbate interactions and that the adsorption is characterized by a uniform
distribution of the binding energies, up to some maximum energy. On comparison of Temkin
model with the Langmuir and Freundlich isotherm models, it was observed that the Temkin
isotherm model did not fit well with the experimental data. However, as seen from Table. 13
the high Ky value for CHT suggests strong interaction between the dye and the adsorbent
surface. The high linear regression values of Halsey model suggests the adsorption to be
favourable. Figures 4.40 (a, b& c) and 4.41 (a, b& c) shows the linear fit for isotherm of RB,
RR and RH onto HT and CHT.
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Operating parameters: 180 rpm,100-1000 ppm of dye, 0.05g adsorbent, time 300min,
temperature 30°C, optimum pH
Figure 4.40 a. Linear fit of isotherm for RB onto HT
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Table 4.13 Isotherm parameters

HT CHT
RB RR RH RB RR RH
Freundlich
Oe(eXP)
1 467.82 485.32 486.52 486.05 491.13 493.22
(mg.g™)
ki(mg.gl) | 4.204 14.97 10.67 3.829 7540 | 10.261
N 0.6625 1.361 1.139 0.660 1.557 0.354
R’ 0.980 0.994 0.986 0.992 0.997 0.990
SD 0.064 0.03 0.055 0.039 0.010 0.025
Langmuir
am(mg.g) | 41235 | 436.66 | 429.30 | 415457 | 462.06 | 446.84
K (L.mmol
h 0.031 0.045 0.0325 0.0260 0.064 0.054
R 0.981 0.975 0.971 0.990 0.998 0.992
SD 0.0019 0.0108 | 2.98E-04 | 8.64E-04 | 5.61E-05 | 1.42E-04
Temkin
Br 197.167 | 268.45 484.53 328.726 | 209.93 738.13
Ky
(Lmmol) 0.226 0.093 0.0513 0.139 0.5242 0.1266
R2 0.999 0.997 0.999 0.982 0.989 0.960
SD 3.169 4.8832 5.661 18.83 16.35 32.77
Halsey
Ken 0.110 0.025 1.068 2.596 0.333 4.846
NEH 0.8936 1.3617 0.180 0.660 1.585 0.354
R2 0.9924 0.9895 0.990 0.992 0.996 0.990
SD 0.045 0.075 | 2.62E-02 0.039 0.0097 0.025
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Sorption Kinetics

The kinetic models Pseudo First order, Pseudo Second order, Intraparticle diffusion,
Bangham and Liquid film diffusion model were studied and the kinetic constants for the
sorption of RB-21, RR-141 and RH-6G by HT and CHT are presented in Table 4.42.Fig. 4.43
(a, b& c) and 4.44 (a, b& c) shows the linear fit for kinetics of RB, RR and RH onto HT and
CHT. Low SD values and high correlation coefficients were obtained for pseudo second
order model suggesting that chemisorptions played an important role during the adsorption of
both the dyes onto HT and CHT. The theoretical ge values were closer to the experimental ge
values reinforcing the fact that pseudo second order model produces a better fit with the
experimental data. The adsorption process of the dyes onto HT and CHT may involve the
following steps: [98] (1) solute transfers to the sorbent particle surface (film or external
diffusion); (2) transfer from the sorbent surface to the intraparticle active sites (intraparticle
diffusion); and (3) retention on the active sites. The third step is very rapid and can be
considered negligible, while either first or second steps may be the slowest step to be
considered as the rate-limiting step for the sorption process [99]. The first and second steps
can be modeled by the liquid film diffusion model and intraparticle diffusion model,
respectively. The adsorption kinetic data were thus analyzed using the intraparticle diffusion
model and liquid diffusion model to elucidate the adsorption mechanism. The plots of
intraparticle diffusion and liquid film diffusion models have intercepts instead of starting
from origin (not shown), suggesting that neither the film diffusion nor intra particle diffusion
processes are the sole rate-limiting steps in the adsorption process. However, the low
correlation coefficient for the liquid film diffusion model as compared to that of the
intraparticle diffusion model suggested that intraparticle diffusion mainly controlled the
adsorption process of dyes onto HT and CHT along with a significant contribution of film
diffusion process. Also the linear coefficient values of the Bangham model suggests that the

diffusion of dye molecules onto the pores of the adsorbent.
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Table4.15 Kinetics

Kinetics HT CHT
RB RR RH RB RR RH
Pseudo first order
q, (exp) 21.97 23.85 20.59 50.95 49.11 | 37.52
qe(min‘l), 30.544 9.154 2.275 5.247 6.744 9.987
K, 0.0066 0.032 0.0007 0.007 0.005 0.014
- 0.9790 | 0.998 0.976 0.977 0.964 | 0.998
SD 0.0253 | 0.0295 0.004 0.041 0.085 | 0.029
Pseudo second order
q, ko(g/mgmin), 18.76 21.45 20.64 49.751 53.966 | 37.93
K, 9 07E-01 3.576*10' 0.006 3.27E-05 | 0.0201 | 0.014
- 1 0.9951 | 0.999 0.994 0999 |1
SD 1.79E-04 | 0.0422 0.060 0.019 0.024 0.009
Intraparticle diffusion
Kip(mg.gmin'°~5) 1.4625 1.4278 0.1399 0.0257 0.048 0.098
l.z 0.988 0.9934 0.9850 0.984 0.979 0.981
SD 6.84E-01 | 0.5482 0.0507 0.019 0.043 0.077
Bangham
Km(mL.g'l.L'l) 7.541 14.077 11.989 0.090 0.690 0.9920
A 0.121 0.046 0.023 0.003 0.011 0.023
rz 0.989 0.989 0.998 0.976 0.965 0.990
SD 0.006 0.001 4.42E-04 | 2.45E-04 | 0.001 0.001
Liquid film diffusion
K, 0.0075 |0.0173 |0.003  |0.005 [0.008 0014
L 09884 |0.9875 |0977 [0.933 |0.970 [ggog
SD 0.0547 0.1311 0.041 0.199 0.159 0.067
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Thermodynamic studies

The thermodynamic parameters (Table 4.16) which could throw more light on the
nature of sorption process were determined from the experimental data obtained at various
temperatures. Negative values of AG indicated that the adsorption process was favorable and
spontaneous in nature. The positive value of enthalpy change (AH) confirmed the
endothermic nature of the adsorption process. Positive values of AS suggested good affinity
of the dye moeity toward the adsorbent and increased randomness at the solid-solution

interface during the fixation of the dye molecule on the active site of the adsorbent.

Table 4.16 Thermodynamic parameters

Thermodynamic parameters
AG(KJ/mol)
303K 313K 323K 333K 343K
HT
RB -21.345 -23.432 -25.721 -25.987 -26.213
RR -28.674 -29.326 -30.214 -32.543 -34.456
RH -29.234 -30.246 -32.548 -33.412 -33.786
CHT
RB -23.425 -23.876 -25.823 -26.212 -27.187
RR -29.236 -30.287 -31.657 -32.9843 -33.654
RH -29.987 -31.432 -33.021 -34.138 -34.276
HT CHT
AH(KJ/mol) AS(J/molK) | AH(KJ/mol) AS(J/ImolK)
RB 2.14E-05 23.654 4.60E-05 42.654
RR 2.45E-05 27.876 5.76E-05 47.876
RH 2.75E-05 29.231 6.32E-05 63.231

4.4.7. Dye adsorption studies of binary dye systems

The competitive adsorption of mixture of dyes with respect to HT and CHT were
investigated with respect to extended Langmuir equation, the Jain and Snoeyink modified
extended Langmuir model and the P-factor. Figure 4.44 (a, b & c) and 4.45 (a, b & c) shows
the linear fit for isotherms of RB+RR, RB+RH and RB+RR onto HT and CHT. Table 4.17

shows the K;and a._ for binary systems.
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Table 4. 17 Langmuir isotherm constants for binary systems

Langmuir isotherm constants for binary systems

Binary component system ((RR+RB)

HT | CHT
RB+RR
Ki a Om r’ Ki a Om r’
RB 8.695 0.025 | 347.22 0.986 | 14.808 | 0.043 | 318.75 0.992
RR 8.518 0.022 371.47 0.983 | 7.412 0.017 | 423.72 0.983
RR+RH
RR 4.168 0.012 371.14 0.990 | 14.808 | 0.043 | 338.75 0.983
RH 14.37 0.036 | 390.62 0.982 | 16.355 | 0.040 | 408.16 0.995
RB+RH
RB 10.230 | 0.028 | 363.63 0.983 5.601 0.016 337.83 0.989
RH 17.752 | 0.044 | 395.25 0.982 16.877 | 0.045 370.37 0.986
% of dye adsorbed
HT Qm without competitive
adsorption
RB+ RR RB 265 81.05
RR 216 19.87
RR + RH RR 387 40.60
RH 181 60.34
RB+RH RB 287 60.97
RH 175 40.23
CHT Q.
RB+ RR RB 387 71.31
RR 276 29.87
RR + RH RR 376 70.47
RH 265 29.53.
RB 376 49.45
RH 186 50.57
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It was observed that the equilibrium uptake of the dyes in binary systems were lower than that
of single system. The extended Langmuir could predict the adsorption of binary mixtures well for
equal concentration of dyes in binary mixtures, as the gm values for the dyes in single component
systems were reasonably closer. There was no interaction between anionic and cationic dyes as well.
The adsorption capacities were reduced to a small extent (~<20%) as compared to single component
systems due to competitive adsorption. The application of the Jain and Snoeyink model allowed
estimating the contribution of competition in the biosorption process. As seen from the table
for the binary mixtures greater amount of RB adsorbed without competition in the presence
of RR and RH while RH adsorbed preferentially without competition over RR. On the other
hand using CHT 70% of RB adsorbed without competition over RR, RB and RH adsorbed
50% without competition in their binary mixture and RR adsorbed 70% without competition
over RH.

P factor model was also used to simulate the competitive sorption behaviour of
mixture of dyes in bi-solute system. In all the three mixture of dyes the value of P was greater
than one confirming that sorption was hindered by the presence of competing dye in the
binary mixture.

Sorption Kinetics of binary system

The sorption kinetics of binary system was fitted to pseudo first order, pseudo second
order and intra particle diffusion models. The adsorption kinetics was well explained by
pseudo second order model for all the systems onto HT and CHT. Fig. 4.45 (a, b& c) and

4.46 (a, b& c¢) shows the linear fit for kinetics for binary systems.
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Table 4.18 Kinetics for binary mixture of dyes

Kinetics HT CHT
RB+RR | RB+RH RR+RH RB+RR | RB+RH | RR+RH
Pseudo first order
q, (exp) 42.68 44.60 37.54 42.35 44.30 48.65
q, 7.263 5.745 1.231 2.841 2.216 3.269
6.17 E- | 4.42 E-
K, 1.17E-02 | 1.17E-03 | 2.35E-03 | 4.97 E-03
03 03
rz 0.998 0.9632 0.962 0.998 0.954 0.962
SD 0.026 0.037 0.027 0.026 0.037 0.027
Pseudo second order
q, k(g/mgmin), | 36.905 39.93 31.76 42.90 43.91 47.87
111 E- | 8.98 E-
K, 2.26E-03 | 1.10E-03 | 1.10E-03 | 6.20 E-03
03 03
. 1 1 1 1 1 0.99
3.16 E-
SD 0.092 0.021 0.016 3.12 E-03 03 0.016
Intraparticle diffusion
K,
P 0.068 0.091 0.037 0.878 0.091 0.037
Kip(mg.gmin*®)
r2 0.983 0.976 0.988 0.984 0.976 0.988
SD 0.396 0.082 0.0189 0.679 0.082 0.0181

The rate of adsorption of the three dyes in binary mixtures for HT and CHT was
slower than the individual adsorption of each dye in individual dye systems as expected. The
experimental data was well fitted by the pseudo-second order model with high correlation
coefficient values (R?> 0.99), and the theoretical uptakes showed good agreement with
experimental values. It is also seen that the pseudo-first order model cannot fit the
experimental data accurately. Thus it can be concluded that the adsorption of all the three

dyes onto HT and CHT obeys the pseudo second order kinetic model even in binary systems.
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4.4.8 Conclusion

Chitosan-hydrotalcite composites can prove to be an efficient adsorbent for removal
of cationic and anionic dyes from water. The X-ray diffraction pattern shows that the
hydrotalcite structure was reconstructed after the adsorption of dyes. Adsorption isotherms
were found to correlate well with the Langmuir models. Negative values of AG indicated that
the adsorption process was favorable and spontaneous in nature. The positive value of
enthalpy change (AH) confirmed the endothermic nature of the adsorption process. Positive
values of AS suggested good affinity of the dye moiety with the hydrotalcite composite. The
adsorption capacity of the composite for both anionic and cationic dyes suggesting this
material to be an attractive adsorbent for treatment of dye waste waters.
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Adsorption property of Rhodamine 6G onto Chitosan-g-(N-Vinyl

Pyrrolidone) / Montmorillonite composite

4.5 Introduction

Chitosan’s performance as an adsorbent has been improved by many researchers
using cross-linking reagents. Cross-linking agents not only stabilize chitosan in acid solutions
but also enhance its mechanical properties [111] Different crosslinkers such as
glutaraldehyde (GLU) or ethylene glycol diglycidyl ether (EGDE) were employed to produce
covalently crosslinked materials from gels to beads or particles for the removal of the dyes
[112, 113].

However, the dye adsorption capacities and uptake efficiency significantly decreased
due to the decrease of availability of amine functions for the complexation with dyes as well
as the decrease of the accessibility to internal sites of the materials which could be explained
by the loss in flexibility of chitosan chain resulting from the crosslinking [114, 115].

The synthesis of new hybrid polymer materials of chitosan has become a rapid
expanding field in the area of polymer science using different techniques. The introduction of
a second component, a hydrophobic or hydrophilic polymer into the hydrogels to form the so-
called interpenetrating networks (IPNs) was the main breakthrough in this direction. Poly
(hydroxyethylmethacrylate) (pHEMA) possesses high mechanical strength, resistance to
many chemicals and microbial degradation. The combination of the useful properties of the
synthetic pHEMA and natural chitosan as an IPN could introduce a composite matrix in
many applications. In addition, the preparation of IPN from these polymers is a simple
method and the presence of hydroxyl and amino groups on the IPN offers easy attachment
sites for a variety of dye-ligands [116].

Wang et al. grafted acrylic acid onto chitosan filled with attapulgite for adsorption of
methylene blue dye from water [117]. Lee et al., synthesized semi IPN hydrogels of acrylic
acid and MBA in presence of chitosan [118]. Wang et al. reported chitosan grafted acrylic
acid / attapulgite composite gel for fast removal of methylene blue from water [119]. Chen et
al. developed a novel semi-IPN of chitosan and polymethacrylic acid using formaldehyde as a
crosslinker [120]. The hydrogel showed high swelling with excellent pH sensitivity in the
range of pH 1.40-4.50 [121]. Several semi and full IPN type hydrogels were prepared by
varying initiator and crosslinker concentration and also monomer to chitosan mass ratio.
These hydrogels were characterized and used for removal of methyl violet and Congo red dye
from water. Genc et al synthesised a novel metal-chelating membrane, Procion Green H-4G
immobilized pHEMA /chitosan composite membranes (also called interpenetrating network
membranes) [122]
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Thus Semi-interpenetrating polymer network (semi-IPN) technology is a simple and

feasible route to fabricate polysaccharide-based hydrogels, in which hydrophilic
polysaccharide chain penetrates into another crosslinked polymeric network without any
chemical bonds between them [123]. The polysaccharide-based semi-IPN hydrogels have
been extensively investigated in biomedical application fields due to their nontoxicity,
biodegradability and biocompatibility [124-126]. It is demonstrated that the formation of
semi-IPN structure can conserve the characteristics of each polymeric network and the
interlocked structure in the crosslinked networks enhances the stability of the materials,
thereby ensuring the mechanical strength [127, 128]. These semi-IPN hydrogels often possess
porous network structure and allow solute diffusion through the hydrogel structure, and the
polyelectrolytic polysaccharides in the crosslinked network have ionic functional groups such
as carboxylic acid, amine, sulfonic acid groups, which can absorb and trap ionic dyes and
heavy metals [129, 130]. Semi-IPN hydrogel composites were prepared by incorporating
chitosan into hydrophilic copolymerized network of PEG macromer and AA monomer and
investigated as absorbents for the removal of anionic dyes from aqueous.
The amphiphilic polymer materials with selective adsorption has been attracting much
attention because it can be widely used in the applications such as water treatment [131-134],
smart separation [135, 136],temporally controlled release of drug [137, 138] and sensor
[139, 140]. For example, the recovery of valuable chemicals in the treatment of industrial
wastewater can be realized by these polymer materials with the unique ability of selective
adsorption [141-148].The selective adsorption of guest molecules is generally resulted from
the difference in the interaction between the host polymer materials and different guest
molecules. The fundamental investigation on the interaction between the host polymer
materials and guest molecules reveals that the selective adsorption is usually determined by
several main factors such as electrostatic interaction [149-151], hydrophobic interaction
[152, 153], n—m stacking [154-157] and topology structure [158-160].

Based on these findings, a series of host polymer materials such as unimolecular
micelles, nano- andmicrogels, and hydrogels with the high selectivity have been developed.
Haag [161], Thayumanavan [162, 163], and wan [164] reported amphiphilic polymer as
supramolecular host for transferring various guest molecules from the aqueous phaseto the
organic phase with selectivity. Maskos prepared the amphiphilic poly(organosiloxane)
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nanoparticles, in which the hydrophilic dyes can be loaded selectively depending on their
charge and size [165].In addition to these nanomaterials, macroscale hydrogels and polymer
network with selective adsorption have been also developed very recently, which are very
potential in practical separation. Molina fabricated the urease—poly (ethylene oxide) hybrid
matrix and found that it can adsorb selectively and separate anionic orange Il from its mixture
with cationic methylene blue (MB) in water [166]. A novel nanoporous polymer network
prepared from smectic liquid crystals, which possesses the charge and size-selective
adsorption to the hydrophilic dyes was reported by Broer et al [167]. Smith developed a
versatile supramolecular hydrogel which demonstrates selective adsorption of dyes with
opposite charge from aqueous solution [168]. Li et al reported that the responsive microgel
prepared from hyperbranched poly (ether amine) (hPEA-mGel) exhibitedthe unique selective
adsorption to fluorescein dyes with the same charge and similar structure [169].

Mishra et al have grafted different vinyl monomers onto chitosan and investigated
some of their properties to make it more useful in order to increase its possible industrial
applications. The selection of CS and PVP as polymers for synthesizing hydrogels rests upon
the fact that they are water soluble, biodegradable and biocompatible, and have been
extensively employed in biotechnical and biomedical fields. By grafting method used, not
only its stability can be improved but also its physicochemical properties can be increased
because of the additional properties of monomer are superimposed onto polymeric backbone
of chitosan. Duan et al, grafted N-vinyl-2-pyrrolidone onto the backbone of chitosan with the
objective of increasing the applications of chitosan. N-vinyl-2-pyrrolidone, which is
hydrophilic and non-toxic monomer, has various industrial applications (Duan, 1993;
Gaenger&Florig, 2007; Suzuki, Fukuda & Yoneto, 1993). It has been used as a main
component of temporary skin covers or wound dressing (Nho & Park, 2002) and also
wrapping material (O’Connell et al. 2001) of single-walled carbon nanotubes (SWNTS).
Prompted by the applications of chitosan and N-vinyl-2-pyrrolidone are unreported graft
copolymer viz. chitosan-g-N-vinyl-2-pyrrolidonewas prepared by employing potassium
bromate/ silver nitrate redox system. For optimization of grafting conditions, the effect of
potassium bromate, silver, hydrogen ion, chitosan and N-vinyl-2-pyrrolidone concentration

along with the time and temperature has been investigated [171-222].
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However, since the products are mainly in the gel-form [223, 224], they are not
beneficial for waste water treatment applications. In recent years, the preparation of organic—
inorganic composite hydrogels have attracted a great deal of attention due to their low
production cost, higher mechanical resistance [225-227]and have been used to adsorb dyes
[228] So, an attempt has been made to synthesize a graft copolymer of chitosan and N-vinyl-
2-pyrrolidone (VP) and use it to form a series of composites with montmorillonite. The
thermal, morphological characteristics and the swelling properties of the prepared composites
were investigated and their potential for adsorption of RB-21, RR-141 and Rh6G as model
dyes as well as their binary mixtures from aqueous solutions was explored
4.5.1 Materials and methods

Chitosan (CTS, 87.6% deacetylated and molecular weight 5.5 x 10° g/mol) and
Montmorillonite (MMT) and Vinyl pyrrolidone (VP) used in this study were purchased from
Sigma-Aldrich. Methylene bisacrylamide (MBA) was purchased from National chemicals
and Ammonium persulphate from SISCO Research Pvt Ltd.

4.5.2 Synthesis of Chitosan-g-poly (vinyl 2-pyrollidine)/montmorillonite hydrogel
composites

Five different hydrogel composites (H-1, H-0.8, H-0.6, H-0.4, and H-0.2) were
prepared using CTS, VP and different percentages of MMT (1%, 0.8%, 0.6%, 0.4% & 0.2%)
by a previously reported method [229, 230]. The hydrogel composites were prepared by
taking 1% chitosan solution in 1% acetic acid in a three necked flask and purging with
nitrogen for 30 min to remove dissolved oxygen. This was followed by the addition of 0.1 g
of ammonium persulphate to the chitosan solution and heating to 600C. After an interval of
10 minutes a solution containing 5mL VP, 0.5 g of MBA and different amounts of
montmorillonite (MMT) was added and further heated at 600C for 3 hr. The resultant product
was neutralized with sodium hydroxide and then dehydrated with methanol. The samples
were dried in an oven at 70°C to constant weight.

4.6 Results and discussions

Figure 4.47 shows the IR spectra of IR Spectra of a) CTS b) MMT c¢) H-1 d) H-0.8 e)
H-0.6 f) H-0.4 g) H-0.2 and Figure 4.48 shows the of IR Spectra of dye loaded adsorbents
H-0.2(RB), H-0.2(RR), H-0.2(RR).
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4.6.1 FT-IR spectroscopy

1048
(©) /
% T '

—\\( e)// 1663 o

1638
® 468
(2)
467
169
4000 3000 -2000 1500 1000 400
cm-1

Figure 4.47 IR Spectra of a) CTS b) MMT c¢) H-1 d) H-0.8 e) H-0.6 f) H-0.4 g) H-0.2
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In the IR spectra of of a) CTS b) MMT c¢) H-1 d) H-0.8 e) H-0.6 f) H-0.4 g) H-0.2, the

absorption bands at 1630, 1590, 1381, 1080 and 1030 cm-1 are attributed to C=0 stretching

of amide I, NH of amide Ill(combination of NH deformation and the -CN stretching

vibration), C3-OH and C6-OH of chitosan respectively. The bands at 1590 and 1381cm-1
have disappeared in the hydrogel which implies that both NH2 and OH groups of chitosan are
involved in grafting. The absorption band at 3433 cm-1 in the hydrogel is due to OH groups
of layered alumina silicates. The bands at 1048 and 468 cm-1 correspond to Si-O-Si

stretching and Si-O deformation in clay and hydrogel composites. Absorption bands at 3496,
3696 cm-1 due to —OH of MMT disappeared in H-1 to H-0.2 indicating the participation of —
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OH groups in the formation of hydrogel composite. The band at ~468 cm-1 in the hydrogel
composite samples and clay correspond to Si-O deformation which shows that tetrahedral
sheet of clay is involved in the hydrogel composite. A similar observation has been reported
by Junping Zhang.et.al [113].

4.6.2 SEM Micrographs

Figure 4.49 shows that the surface morphology of the hydrogel composite. The
morphology has changed with decreasing amount of clay. The montmorillonite makes the
structure more open, porous and layered. The hydrogel composites H-0.4 and H-0.6 is sponge
like (flocculated-intercalated) with small pore size morphology. The hydrogel with low
percentage of clay i.e H-0.2 shows a more porous structure with interconnected pores
(exfoliated-intercalated) of larger diameters making them wvulnerable for absorbance of
moisture or dyes. Macropores are effective solvent reservoirs, and the diffusion rate and

permeability of small compounds in hydrogels with open cell structure are higher [231].

H-0.2 CIS

Figure 4.49 SEM Micrographs of a) H-1 b) H-0.8 ¢) H-0.6 d) H-0.4 e) H-0.2 ) CTS
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4.6.3 X-Ray diffraction studies

Figure 4.50 shows the X-ray diffraction patterns of CTS, MMT and the hydrogel
composites. It can be seen that chitosan exhibits two reflection peaks at 12°A and 20°A,
which were assigned to crystal forms | and 11, respectively [232]. The crystalline peak at
20°A disappeared in the hydrogel composites, which could be attributed to the weakening of
hydrogen bonding between the amino groups and hydroxyl groups in the chitosan molecules.
The hydrogel composites showed lowering and widening of the characteristic peaks of clay,
implying a decrease in regular pattern of clay structure ,a partial destruction of the structure
and hence exfoliation of MMT. The typical diffraction peak of MMT at 9°A is shifted to
~12°A on grafting with CTS in H-1 and H -0.8.This peak disappeared on further decrease in
the clay content. A sharp characteristic peak is observed in H-1 at 13°A indicating the
formation of a crystalline structure. The crosslinking degree of the hydrogel composite is
known to depend on its crystallinity, the lower the crystallinity of the samples, the more
easily the hydrogel composites swell. Figure 3.51 shows the X-ray diffraction patterns of dye
loaded samples (H-0.2-(RB), H-0.2(RR), H-0.2(RH)). After loading of dyes
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Figure 4.50 XRD patterns of a) CTS b) MMT c) H-1 d) H-0.8 e) H-0.6 f) H-0.4 g) H-0.2
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Figure 4.51 XRD patterns of dye loaded adsorbents H-0.2(RB),H-0.2(RR) and H-0.2(RH)

4.6.4 Thermogravimetric analysis
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Figure 4.52 TGA Graphs of a) CTS b) MMT c) H-1 d) H-0.8 ¢) H-0.6 f) H -0.4 g) H-0.2
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Figure 4.52 shows the thermo gravimetric analysis (TGA) results of the CTS, MMT
and the hydrogel composites. The hydrogel composites decompose gradually at temperatures
higher than 40°C. The degradation process of the composites proceeds in three stages for H-
0.8 to H-0.2, while the decomposition proceeds in two stages for H-1 and CTS. The first
stage could be presumably due to random split of glycosidic bond and second stage due to
oxidative decomposition of the residues. The TGA curve of H-1 showed high end residue as
compared to chitosan and other hydrogel composites indicating that 1% clay affected the
stability of the composite most and the structure was more ordered.

4.6.5 DSC analysis
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Figure 4.53DSC Scans of CTS, MMT, and dry hydrogel composites a) H-1 b) H-0.8 ¢) H-0.6
d) H-0.4 e) H-0.2.
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Figure 4.54 DSC Scans of swollen hydrogel composites a) H-1 b) H-0.8 ¢) H-0.6 d) H-0.4
and e) H-0.
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The DSC heating scans of the dry hydrogel composites are shown in Figure 4.53 The
broad endothermic peak observed around 75-78°C for chitosan could be due to water
evaporation [233]. A thermal decomposition temperature higher than 250°C is also observed.
The presence of only one transition implies a high degree of miscibility and intermolecular
interactions between the components of the hydrogel composites. Table 19 show that the Tg
of different hydrogel composites. The higher Tg value 302°C of H-1 indicates higher
crosslinking density and crystallinity compared to other hydrogel composites (H-0.8 to H-
0.2). The endotherm at 293°C, 184°C, 173°C, 178°C and 178°C can be attributed to the
evaporation of water linked to the chitosan and/or PVP and clay by different kinds of
physical bonds (H-bonds, electrostatic interactions). The broadening of the peak in H - 0.8 to
H - 0.2 in the temperature range 172-184°C, may reflect a micro heterogeneity of the phase
domains [234]. Exothermic peaks result from degradation of polymers which is seen in H-1.
The different states of water in swollen hydrogel composites were studied by DSC as it is
well-known that the biocompatibility of hydrogels, diffusion of water and molecules not only
depends on the equilibrium water content but also on the state of water in the hydrogels
[235]. Figure3.54 shows the DSC curves of swollen hydrogel composites obtained from -40
°C to 40 °C. The water in the hydrogel is classified as frozen free water, frozen bound water,
and non-frozen water [236, 237]. Since different heating and cooling cycles can cause the
evaporation of water from the hydrogel composite and condensation inside the sample pan
[238], the results of the first heating runs were used to calculate relative content of frozen
water (Ws) and non-frozen water (Wny). The total water content Wc, W; and Whn; are listed in
Table 1. From Table 4.19 we can observe that the content of frozen water was highest for H-1
which could be due to greater free volume. The non-frozen water or bound water is highest
when the hydrogel composite has lower percent clay (H-0.2) indicating a strong interaction
with water. It is lesser in H-1 and H-0.4 and again increases in H-0.8. This indicates that the
amount of bound water depends not only on the concentration of polar groups (amino) in the
hydrogel composite but also on other factors such as total water content of the hydrogel or
interaction with hydrophobic moieties.

Table 4.19: Water state of hydrogel composites calculated by DSC analysis

Total water

Non-frozen

Frozen water

0
Sample code Content(Wc) water (Wnf) (WT) T9 (C)
H-1 2.055 1.07 0.98 302.1
H-0.8 2.31 1.73 0.58 180.1
H-0.6 1.9 1.225 0.675 182.3
H-0.4 1.57 0.922 0.648 188.6
H-0.2 3.87 3.39 0.48 188.8
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4.6.6 Swelling studies
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Figure 4.55 Swelling Kinetics of hydrogel composites in Water, NaCl and KCl
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Figure 4.56 Swelling Kinetics of hydrogel composites in phosphate buffers

The effect of swelling of the hydrogel composites in water, phosphate buffers and in
electrolytes was studied. The percentage swelling versus time profile in water and
electrolytes is shown in Figure 4.55. Swelling in hydrogel composites occurs when water
molecules get absorbed. Initially swelling is due to water molecules forming hydrogen bonds
with hydrophilic groups present in the hydrogel composite. More water then penetrates
around bound water to form cage like structure or clusters. Finally excess water enters freely
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into the gel network resulting in more swelling. The extent of swelling is mainly dependent
on the characteristics of the external medium, such as pH, charge, ionic strength and polymer
nature, i.e. network elasticity, presence of hydrophilic functional groups and extent of
crosslinking density.

The equilibrium water content increased with decrease in clay content. Equilibrium
was achieved slowly when clay content is less (H-0.2). This may be due to increased
interaction among MMT, CTS and VP, which decreases the elasticity of the polymeric
chains. MMT could act as crosslinking points in the network, which caused the increase of
the crosslinking density of hydrogel composite with the increase of MMT content. The
greater the crosslinking density, lesser the elasticity of the polymer chains, which could
restrict the penetration of water molecules into the hydrogel composite [239]. When the clay
content is more, probably a part of chitosan is intercalated into the layers of MMT and hence
graft polymerization is restricted. On the other hand when the clay content of the hydrogel
composite is less, then chitosan intercalation into the MMT might be negligible and hence did
not influence graft polymerization between chitosan and PVP resulting in higher water
absorbancy.

The swelling is better in KCI medium than in NaCl and water for 1% clay in
accordance with Hofmeister series [240] which is a criterion for ion effects on
physicochemical properties of polymers in aqueous systems including hydrogel swelling.
Similar effects were not observed for other composites. It is observed that in NaCl medium
the hydrogel composite with 0.8 % clay showed more swelling and equilibrium is approached
faster.

Figure 4.55 shows the swelling behaviour of the hydrogel composites in phosphate
buffers. A high swelling behaviour is observed at low pH, probably due to protonation of
amino groups of chitosan and the nitrogen groups of PVP. This protonation leads to polymer
chain repulsion and dissociation of secondary interactions allowing more water to penetrate
into the gel network. As the pH is increased, deprotonation takes place, resulting in release of
counter ions and decrease in repulsion in the polymer chains. This result in reduced swelling

and a decrease in the total water content of the hydrogel.
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4.6.7 Dye adsorption studies of single component dye systems

The preparation of dye solutions and the batch sorption Experiments for single and
binary mixture of dyes are as discussed in section 3.1.4 (chapter 3).Figure 4.57 shows the
Figure. Effect of pH, temperature, concentration and adsorbent dose on % uptake of RB-21,
RR-141 and RH-6G onto H-0.2
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Figure 4.57 Effect of pH, temperature, concentration and adsorbent dose on % uptake of RB-
21, RR-141 and RH-6G onto H-0.2

Effect of pH

The pH of the dye solution is one of the most important parameter affecting the
adsorption process as it has an influence on the surface charge of the adsorbent. The effect of
initial pH on the adsorption of RB-21, RR-141, Rh-6G onto H-0.2 was investigated by
varying the pH of solution from 1 to 11 using 0.1N NaOH/HCI (Figure 4.57). The maximum
removal was found to be at pH 2 for RB- 21, RR-141and pH 10 for Rh-6G. At acidic pH the
surface charge of the hydrogel is positive and so electrostatic attraction exists between
anionic dyes. As the pH increased the adsorption of cationic dye increased which could be
due to the successive deprotonation of positive charged groups on the adsorbent and

electrostatic attraction between negatively charged sites on the adsorbent and cationic dye.
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Effect of temperature

Figure 4.58 shows the effect of temperature where a less increase in effect of uptake
was observed in all the three dyes indicating the process to be endothermic, which could be
due to an increase in Kinetic energy of dye molecules and enhanced rate of diffusion of
adsorbate.
Effect of adsorbent dose

On increasing the adsorbent dose from 0.01-0.09g the removal of dye increased and
after certain amount of dose saturation limit is reached (0.05gm).
Effect of concentration

The increase in dye concentration (figure 4.59) resulted in decrease in percent uptake
of the dyes suggesting that limiting number of adsorption sites are available for adsorption at
higher concentration of adsorbate molecules which may be attributed to the increase in the
concentration gradient and saturation of sorption sites.
Sorption isotherm

The isotherm models (Table 4.20) Freundlich, Langmuir, Temkin, and Halsey models
were studied a isotherm constants for the sorption of RB-2, RR-141 and RH-6G by H-0.2 are
presented in Table 4.20. Figure 4.59 (a, b & c¢) shows the linear fit for isotherms. The high
correlation coefficient values obtained for the Langmuir model and freundlich model
suggested being a best fit for the dyes. The magnitude of n indicates a measure of favorability
of adsorption. In the present study, the value of n for RB-21, RR-14 and Rh-6G was less than
1 implying a favorable adsorption process over the entire range of concentration investigated.
The Temkin isotherm assumes that the adsorption energy of all the molecules in the layer
decreases linearly rather than logarithmically with coverage, due to adsorbent—adsorbate
interactions and that the adsorption is characterized by a uniform distribution of the binding
energies, up to some maximum energy. It was observed that the Temkin isotherm model did

not fit well with the experimental data.
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Figure 4.59 c Linear fit of isotherm for RR onto H-0.2

Table 4.20 Isotherms

Isotherms H-0.2
RB | RR \ RH
Freundlich
ge(exp) (mg.g™) 402 387 418
ki(mg.g™) 6.108 7.823 12.543
N 0.546 0.213 0.425
R 0.987 0.985 0.99
SD 0.012 0.034 0.056
Langmuir
qm(mg.g™) 396 352 412
K. (L.mmol™) 0.028 0.086 0.045
R 0.991 0.998 0.997
SD 0.015 0.016 0.021
Temkin
Br 324.26 543.27 385.68
K (L.mmol™) 0.297 0.321 0.187
R2 0.999 0.997 0.999
SD 2.876 9.876 6.785
Halsey
Kex 0.098 0.076 0.023
NeH 0.345 0.765 0.876
R2 0.991 0.989 0.990
SD 0.025 0.035 0.012
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Sorption Kinetics

The kinetic models Pseudo First order, Pseudo Second order, Intraparticle diffusion,
Bangham and Liquid film diffusion model were studied and the kinetic constants for the
sorption of RB-21, RR-141 and RH-6G by H-0.2 are presented in Table 21.Fig. 4.60 (a, b &
c) shows the linear fit for Kinetics of RB,RR and RH onto H-0.2. The calculated g. value
computed from pseudo second-order was much close to the experimental ge as compared to
calculated g for pseudo first order kinetic indicating that the pseudo second-order model was
more suitable to explain adsorption of dyes onto H-0.2. Also the correlation coefficients are
closer to unity for Pseudo second order kinetics than for Pseudo first order suggesting that
limiting steps may be chemisorption involving valency forces through the sharing and
exchange of electrons between the sorbent and substrate.

The adsorption kinetic data were thus analyzed using the intraparticle diffusion model
and liquid diffusion model to elucidate the adsorption mechanism. The plots of intraparticle
diffusion and liquid film diffusion models have intercepts instead of starting from origin
suggesting that neither the film diffusion nor intra particle diffusion processes are the sole
rate-limiting steps in the adsorption process. However, the low correlation coefficient for the
liquid film diffusion model as compared to that of the intraparticle diffusion model suggested
that intraparticle diffusion mainly controlled the adsorption process of dyes onto H-0.2 along
with a significant contribution of film diffusion process. Also the linear coefficient values of
the Bangham model suggests that the diffusion of dye molecules onto the pores of the

adsorbent.
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Figure 4.60a Linear fit of Kinetics for RB onto H-0.2

227



164
84 u .
144
64
124
44
g & 104
e k]
24 81
u Pseudo First order 64
04 [—Linearfit . B Pseudo second order
—— Linear fit
T T T T T 4 T T T T T T
4 80 120 160 20 20 50 100 150 200 250 300
Time (mins) Time(mins)
0.25+4 . 14 . .
.
0.20+4
~ 24
B ]
gc 015 ~
< g 34
g v
S a
] 2
S 0.10+4 g
g 44
pt
0.05+4
m Bangham ® Liquid film diffusion
—— Linear fit . ] 5 | Linear fit "
0.00 T T T T T T T T T T
20 21 22 23 24 25 40 80 120 160 200 240
Logt Time (mins)

{09

Operating parameters: 180 rpm,100 ppm of dye, 0.05g adsorbent,time210 min, temperature

30°C, optimum pH

Figure 4.60 b Linear fit of Kinetics for RR onto H-0.2

06 1]
044 124
02 104
C4 .
é’ 004 g 8
0.2 6
04 [ m pseudofirst order 44
Linear fit L] P§eudo s_econd order
—— Linear fit
-06 T T T T T T T T T 2 . . , - . .
40 60 80 100 120 140 160 180 200 220 240 260 50 100 150 200 250 300
Time (mins) Time (mins)
15
004 \
.
\ 204
0.024
AN
= L] 254
€ -~
oo 0004 o
o o
e ™ 5 304
g 4
g 002 3
5 .
4 \ 354
g
0044 - \.\
4.0
" E?‘"g"a‘fw N ® Liquid film diffusion
-0.064 inear I —— Linear fit
T T T T T T T T -45 T T T T T T T T T
17 18 19 20 21 22 23 24 25 40 60 80 100 120 140 160 180 200 220 240 260
Log(t) Time (mins)

(05)
{09

Operating parameters: 180 rpm,100 ppm of dye, 0.05g adsorbent, time 210 min,

temperature 30°C, optimum pH

Figure 4.60 c Linear fit of Kinetics for RH onto H-0.2
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Table 4.21 Kinetics

Isotherms H-0.2
RB RR RH
Pseudo first order
q, (exp) 44.97 43.85 46.59
q, 19.24 18.67 12.34
Kt 0.032 0.045 0.089
v 0.998 0.987 0.998
SD 0.023 0.012 0.056
Pseudo second order
q, 42.86 41.08 45.32
Kt 0.020 0.014 0.032
- 0.997 0.998 0.994
SD 0.012 0.043 0.056
Intraparticle diffusion
K, 3.276 3.4265 3.657
r 0.993 0.994 0.995
SD 0.043 0.021 0.056
Bangham
K 12.45 15.75 21.32
A 0.221 0.146 0.123
. 0.979 0.979 0.997
SD 0.006 0.001 0.001
Liquid film diffusion
Ko 0.0015 0.0173 0.003
v 0.974 0.982 0.979
SD 0.032 0.131 0.042

4.6.7 Dye adsorption studies of binary component dye systems

The competitive adsorption of mixture of dyes with respect to H-0.2 were investigated with
respect to extended Langmuir equation, the Jain and Snoeyink modified extended Langmuir model
and the P-factor. Figure 4.61 (a, b & c) ) shows the linear fit for isotherms of RB+RR, RB+RH and
RB+RR onto H-0.2.Table 22 shows the K, and a, for binary systems.
P factor model was also used to simulate the competitive sorption behavior of mixture of
dyes in bi-solute system. This model assumed a simplified approach to compare and correlate
single-solute sorption with those of the multi-component systems by introducing a ‘‘lumped”’

capacity factor Pi. The P-factor is defined as the ratio between the monolayer capacities in
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single- and multi-solute systems. In all the three mixture of dyes the higher (P>1) value of P

(P>1) indicating the predominant sorption of RB over RR, RB over RH and RR over RB in

single and binary system.

Also it was observed that the adsorption capacity of single component in the binary mixture

is less on comparison with its existence as an individual dye itself which can be explained

due to the less availability of the active sites for the second dye to get adsorbed.
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Table 4.22Langmuir isotherm constants for binary systems

Langmuir isotherm constants for binary systems

Binary component system ((RR+RB)

H-0.2
RB+RR
K, a Om rl
RB 8.695 0.025 347.22 0.986
RR 12.45 0.032 362.66 0.991
RB+RH
RB 6.321 0.026 368.23 0.989
RH 4.561 0.024 394.19 0.992
RR+RH
RR 5.213 0.038 329.23 0.997
RH 6.217 0.042 356.98 0.999
Table 4.23 Jain Soeinyk isotherm constants for binary systems
% of dye adsorbed
without
H-0.2 Qm competitive
adsorption
RB+ RR RB 254 79.21
RR 203 20.29
RR + RH RR 217 76.03
RH 165 23.97
RB+RH RB 276 58.33
RH 161 41.67
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As seen from Table 4.2.3 similar to HT systems for the binary mixtures greater
amount of RB adsorbed without competition in the presence of RR and RH using H-0.2 as
adsorbent. However RR adsorbed preferentially without competition over RH.

Sorption kinetics of binary system

The sorption kinetics of binary system was fitted to pseudo first order, pseudo second
order and intra particle diffusion models. The adsorption kinetics was well explained by
pseudo second order model for all the systems onto H-0.2 Fig. 4.68 (a, b& c) shows the linear

fit for kinetics for binary systems. Table 4.24 shows the Kinetic constant for binary systems
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Table 4.24 Kinetic constants for binary systems

Kinetic constants for binary systems

Binary component system ((RR+RB)

H-0.2
RB+RR RB+RH RR+RH
q, (exp) 39.67 37.32 42.64
q, 8.345 4.213 7.897
K, 0.013 0.098 0.019
v 0.988 0.991 0.986
Sd 0.0023 0.0076 0.0012
Pseudo second order
q, 37.98 35.32 40.54
K, 1.21E-03 1.76E-03 1.86E-03
r 1 1 1
SD 0.062 0.012 0.098
Intraparticle diffusion
K. 0.325 0.054 0.127
L 0.986 0.998 0.987
SD 0.021 0.001 0.002
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4.6.9 Conclusion

A series of hydrogel composites were synthesized by intercalative polymerization.
The different states of water in equilibrium swollen hydrogel composites were demonstrated
by DSC. Swelling kinetics was investigated in aqueous, NaCl and KCI media. The effect of
pH using phosphate buffers was studied and the results show that swelling was maximum in
acidic pH conditions. It was observed that the hydrogel composite with low percentage of
clay swelled more in water and was so chosen for dye adsorption studies. Batch adsorption
experiments revealed that H-0.2 has good adsorption capacity for individual and binary
mixture of dyes. Equilibrium adsorption isotherm data indicated a good fit to the Freundlich
and Langmuir isotherm model and the adsorption process was heterogeneous. The adsorption
process followed a pseudo-second-order rate model better than a pseudo-first-order rate
model both in single and binary component systems. RB adsorbed to a greater extent without
competitive adsorption over RR-141 and Rh-6G, while RB-21 adsorbed to a greater extent
without competitive adsorption over Rh-6G.

The hydrogel composite can be used for environmental clean-up applications, drug
delivery and other biomedical applications.
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