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ABSTRACT

In the current century, wastewater treatment is a worldwide challenge. Every year, a large
amount of wastewater is generated from cosmetics, plastics, paper, leather, rubber, printing,
food, and pharmaceutical and textile industries. The textile dye pollutant water is highly toxic
and is one of the major reasons for the environmental problems. The harmful chemicals present
in the dyes create an adverse effect on human lives. India’s textile sector alone generates about
60,000 metric tonnes of dyes.

Many different methods have been used to treat such contaminated wastewater. These methods
are adsorption, reverse osmosis, membrane filtration, electrodialysis, ion exchange, coagulation,
chemical precipitation, flocculation, biodegradation, etc. but adsorption is one of the most cost-

effective and efficient methods for removing dyes from wastewater.

Many researchers have studied different types of adsorbents to remove dye effluent successfully,
and activated carbon is the most popular one, but the operational cost of activated carbon is very
high. Thus, there is a need to develop a low-cost and economical adsorbent with a higher surface
area and higher adsorption rate. Nanotechnology provides the opportunity for researchers to treat
wastewater effectively. Polymer nanocomposites material with improved physical properties

plays an important role in higher textile wastewater treatment.

In the present work, we have synthesized high surface area nanocomposites through an in-situ
polymerization process of aniline, using HCI as a catalyst and ammonium persulfate as an
oxidizing agent. A probe sonicator has been used for nanodispersion of clays and CA powder.
Micron-sized colloidal particle aggregates are broken down to the nanoscale level using a probe
sonicator. Prior to sonication, a homogenizer was used to make a homogeneous suspension. The

different synthesis processing routes were studied.

Further, the pure CA and prepared PANI, PANI/MMT, and PANI/CA nanocomposites were
utilized as adsorbents for adsorption of Acid green 25 and Methylene blue dye in a batch
process. Acid green 25 (anionic) and Methylene blue (cationic) dyes are highly soluble in water

and at the same time, highly poisonous in nature. Thus, elimination of textile dyes is essential



before being discarded in the environment. The present work focuses on the treatment of these

two harmful dyes by using nanocomposite adsorbents.

Although PANI/MMT nanocomposites have already been utilized as adsorbent to treat
wastewater, no research has been done on adsorption of Acid green 25 using PANI/MMT

nanocomposites adsorbent. For MB adsorption, only a single study has been reported.

Carbon aerogels have not been researched much in the past but lately because of their highly
porous nature, it is attracting a lot of interest. Only a few studies are there on the synthesis of
carbon aerogel/polyaniline nanocomposites material. There is a lack of study on the adsorption
process through carbon aerogel-based adsorbents. Moreover, no research on AG25 dye

adsorption with PANI/CA nanocomposites has been reported so far.

Adsorption study of Acid green and Methylene blue has been performed in a batch mode. The
entire adsorption study was done by involving different parameters i.e. pH, initial dye

concentration, time, adsorbent loading, and temperature.

In the adsorption study results of Acid green 25 dye onto PANI and PANI/MMT adsorbents,
adsorbent dosage = 0.4 g, pH = 6, and contact period 30 minutes were determined to be optimal
adsorption conditions. Complete removal of Acid Green 25 dye (AG25) was achieved with
PANI/MMT nanocomposite adsorbent and 99.16% with pure PANI sample. The adsorption
results onto PANI/MMT were superior to pure PANI. The pseudo-second order model
performed well for adsorption Kkinetics. Langmuir model best describes adsorption

thermodynamic properties.

An adsorption study was also performed with CA and PANI/CA adsorbent. The optimum
parameters of this study were found to be pH = 7, adsorbent dose = 0.1 g for CA and 0.4 g for
PANI/CA, time 0-30 min for CA, and 0-60 min for PANI/CA. Furthermore, the results of CA
show better dye removal as compared to PANI/CA adsorbent. The effect of the initial AG25 dye
concentration showed that the lower dye concentration is more favorable to remove more dye.
The kinetics of AG25 onto CA and PANI/CA have been well described using the pseudo-
second-order model. The highest correlation coefficient (R2= 1) values were achieved with the

CA adsorbent. Two models, Langmuir and Freundlich, provided the best data fit of AG25 onto

xi



CA. The Langmuir model best suited the data for PANI/CA, implying monolayer adsorption. On

pure CA adsorbent, the maximum adsorption rate of 518 mg/g was achieved.

Methylene blue dye adsorption has been done on PANI and PANI/MMT adsorbent. PANI/MMT
adsorbent shows better results as compared to pure PANI adsorbent. With a rise in the pH of the
MB dye solution, the percentage adsorption of dye onto PANI was increasing. For PANI/MMT
adsorbent, the maximum removal was attained at neutral pH. The kinetic study was performed
with pseudo-first and second-order models. The pseudo-second-order model best represented it.
MB adsorption isotherm best fits the Temkin model for PANI adsorbent and the Langmuir model
for PANI/MMT adsorbent.

In this study, the prepared adsorbent material gave excellent adsorption results, and this is
because of the different processing routes that have been used to prepare nanocomposites.
Essentially, the key is in nano-dispersion of clay and CA. Acid green 25 and Methylene blue
adsorbed at a very fast rate, at least by a factor of 20, as compared to earlier studies onto PANI
and its nanocomposite adsorbents. Therefore it will be a great material for textile wastewater

treatment. The synthesized materials have the potential to treat textile wastewater efficiently.
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CHAPTER 1

INTRODUCTION

1.1 Background

Contamination in water produced from several industries such as paper, textiles, cosmetics,
pharmaceuticals, leather, plastics, printing, and rubber is highly toxic and harmful to human beings
[1, 2]. The textile industry, in particular, discharges a considerable amount of dye-bearing
wastewater. Over 100000 dyes are available commercially with a gross annual production of over
7 x 10° tons [3, 4]. There are three categories of dyes: anionic dyes, cationic dyes, non — ionic

dyes; most of these are toxic, and some are carcinogenic.

Several methods are utilized to treat textile dyes i.e. membrane separation, adsorption, biodegradation,

electrochemical processes, and ozonation, etc. [5, 6, 7]. This work focuses only upon an adsorption
method for dye removal. Many scientists have investigated the removal of textile dye waste via
various types of adsorbents, and the selection of an adsorbent depends upon its various
characteristics like cost-effectiveness, easy recovery, non-toxic, easily available, and renewability.
Nowadays, polymer/clay nanocomposites have gained interest in the research field and attained
much attention in the industrial and academic space. The present study focuses on the in-situ
polymerization and characterization of polyaniline, polyaniline/montmorillonite, carbon aerogel,
and polyaniline/carbon aerogel nanocomposites for their use as an adsorbent. Adsorption behavior
has been investigated using Acid green 25 dye (AG25) and Methylene blue dye (MB) as the
adsorbates. The study also includes the synthesis and characterization of PANI/HNT
nanocomposites. Figure 1.1 presents the schematic flowchart of the present work.

Characterization of nanocomposites was done using Fourier transform infrared spectroscopy, X-

1



ray powder diffraction, Scanning electron microscopy, Field emission scanning electron
microscope, Transmission electron microscopy, BET (Brunauer Emmett Teller) analysis, and UV-

Vis spectroscopy.

Synthesis of PANI
and its — Characterization —

nanocomposites

Adsorption study of AG25 (anionic)
and MB (cationic) dye

AN
Study of various Kinetic and
. X parameters Isotherm study
X-Ray Diffraction (XRD) (Effect of adsorbent of AG25 and MB
Fourier Transform Infrared dose, pH, initial dye ;1
> PH, ye
Spectroscopy (FTIR) concentration, contact
¢ Brunauer-Emmett—Teller time, and temperature)
(BET)
* Field Emission Scanning

Electron Microscope (FESEM)
* UV-Vis spectroscopy
High-Resolution Transmission
Electron Microscope (HRTEM)

Figure 1.1 Schematic flowchart

1.2 Adsorbate used for wastewater treatment

1.2.1 Acid green 25 (Anionic Dye)

Acid dyes are anionic dyes, and they are highly soluble in water. Acid dyes are generally used in
nylon, silk, and wool industries [8]. Acid green 25 (AG25) is an anionic dye used in several
applications, including textile, cosmetic, wood, leather, and paints industry [9, 10]. Acid green 25
dye effluent is very harmful to aquatic creatures. It also can cause many problems for human beings

like skin and eye irritation. Therefore, it is important to eliminate AG25 dye from textile



wastewater through different treatment methods to protect our environment. The structure and

characteristics of AG25 dye are presented in Table 1.1 [11].

Table 1.1 Structure and characteristics of AG25 dye [11].

AG25 dye Structure Empirical Formula Molecular Maximum
Weight Wavelength
(g/mol) (nm)
NaO3S
O NH CH;
O‘O Ca2sH20N2Na»0sS: 622.58 642
O HN CHs
NaO,S

Table 1.2 Characteristics and structure of MB dye.

MB dye Structure Empirical Molecular Maximum
Formula Weight  Wavelength
(g/mol) (nm)
N
X
CH,
HsC + / CisH1sCINsS ~ 319.85 665
N S
| T
CHs Cr CHs,




1.2.2 Methylene blue (Cationic dye)

Methylene blue (MB) is a cationic dye known for its color visibility in the water. Cationic dyes,
such as MB, are much more carcinogenic compared to anionic dyes. Even a small concentration
of the dye creates toxic effects in humans as well as aquatic life. The presence of MB dye in
wastewater leads to other harmful effects such as eyes burn, tissue necrosis, sweating, diarrhea,
nausea, mental disorders, gastritis, and vomiting [12-15]. MB dye structure and characteristics are

depicted in Table 1.2.

(a) 'L ()
{—< H% {W\ F}

e~ {0
O] O

Figure 1.2 Structures of (a) Polyaniline, (b) Polypyrrole, (c) Polyacetylene, (d) Polythiophene,

(e) Poly(p-phenylene vinylene) and (f) Poly(p-phenylene).



1.3 Adsorbents used for dye removal
1.3.1 Polyaniline

Polyaniline (PANI) has been extensively studied mainly because of its unique conductivity
properties. The structure of PANI and several other conducting polymers are given in Figure 1.2.
It has a great potential for industrial applications on a large scale. The broad applications of PANI
are shown in Figure 1.3 [16-22]. The advantages of PANI are its easy synthesis, high electrical
conductivity, low cost of raw materials, high stability, redox properties, lightweight, good
processability, and outstanding magnetic and optical properties. PANI also exhibits relatively high

porosity and surface and would be a good candidate for dye removal by adsorption.

Flexible electrode

Electrochromic devices

Antistatic

Light emitting diode
.Separation membranes

Electromagnetic shields

(4

plar cells

polya

Applications of

Sensors
Corrosion inhibitors

: Electro-catalysts

Figure 1.3 Applications of polyaniline



Polyaniline is synthesized from the aniline monomer either by electrochemical or chemical
polymerization process [23, 24]. However, on a larger scale, chemical polymerization is the most
suitable technique for the synthesis of polyaniline. Polyaniline is present in three oxidation states:
emeraldine salt (ES) doped state and emeraldine base (EB) undoped state, pernigraniline base
(PB), and leucoemeraldine base (LB) [25, 26]. The structure of polyaniline is presented in Figure

1.4[27].

Figure 1.4 Structure of polyaniline [27]

In the general structural form of polyaniline, the oxidation state is described by (1-x) value, and
the degree of polymerization is described by n. Leucoemeraldine base is fully reduced state and x
= 1 for this state. Emeraldine is half oxidized state and x = 0.5. Pernigraniline base is a fully
oxidized state, and x = 0 for this state [27]. The polyaniline emeraldine salt is a dark green powder
(characteristic particle size: 3-100um) of average density 1.36 g/mL and is soluble in various

common organic solvents.

PANI synthesis has been researched a lot in the literature, but the optimization of the
polymerization conditions has been related to PANI applications as a conductive polymer. Thus,

there is an encryption scope for optimizing the polymerization condition of PANI for adsorption



applications. In addition, using PANI nanocomposite can be expected to significantly increase

adsorption rate and quantity.

1.3.2 Polymer/clay nanocomposites

Polymer nanocomposites are such types of materials wherein at least one dimension of filler is less
than 100 nm. Polymer nanocomposites are a better alternative to conventional filled polymers. A
polymer nanocomposite (PCN) is a material with vastly improved properties compared to the
individual constituent polymers. The PCN has been synthesized for most polymers of importance.
The fillers used in the present study are nanoclays. The clay particles have several advantages:
low cost, large surface area, high chemical stability, ultrafine particle size, high cation exchange

capacity, high adsorption capacity, and ion exchange properties.

1.3.2.1 Nanofillers classification

Nanofillers are generally categorized as per their dimensions, i.e., one dimension, two dimensions,

and three dimensions [28-31] as presented in Figure 1.5.

One dimension nanofillers: Nanofillers with one dimension are such types of fillers where only
one dimension length is less than 100 nm (nanoplatelets). Some examples of one dimension
nanofillers are montmorillonite (MMT) clays (layered silicate), carbon nanowalls, graphite
nanoplatelets, etc. These one dimension nanofillers are frequently used in applications including
biosensors, coatings, and biomedicine [31]. Generally, these nanofillers are present in the shape of

laminas, sheets, and shells.

Two-dimension nanofillers: Two dimensions nanofillers are such fillers wherein the length of

two dimensions is usually less than 100 nm. Typically, these nanofillers are often in the form of



filaments, nanofibers, and nanotubes [30,31]. Examples of two dimensions nanofillers are gold

nanotubes, silver nanotubes, carbon nanotubes, graphene, and cellulose whiskers, etc. [31, 32].

Three dimension nanofillers: Nanofillers with three dimensions are those where all three
dimensions are in the nanometer scale (1-100 nm). The shapes of these nanofillers are cubical or
spherical. Carbon black, nanoalumina, semiconductor nanoclusters, nano-silica, etc., are examples

of three-dimensional nanofillers [31, 32].

Three dimensional

nanofiller Silica Nanoparticles All dimensions < 100 nm
CNT Nanofiber Diameter < 100 nm
Two dimensional Length
nanofiller eng
Ome-diuensional Clay Nanoplatelet Thickness <100 nm
nanofiller

Length & width

Figure 1.5 Typical dimensions of different nanofillers [28].

1.3.2.2 Clays as nanofillers

Montmorillonite clay (MMT)



Montmorillonite (MMT) clay having the general formula Mx(Als.xMgx)SisO20(OH)4 belong to the
family of 2:1 phyllosilicates (comprising of two tetrahedral and one octahedral sheet of average

thickness 1 nm) [33-35]. The structure of MMT clay is shown in Figure 1.6 [36].

MMT is hydrophilic and should be compatible with PANI for the synthesis of polyaniline/clay
nanocomposites. Because of its great cation exchange capacity, large surface area, and swelling
ability, MMT clay is commonly used as a nanofiller to synthesize polymers nanocomposites.
Moreover, combining polymer with clay can further improve their properties like optical,

mechanical, electrical, and thermal properties [21, 37].

A
«— Tetrahedral
a0
g | ~lnm
) «+——Octahedral
j=¥
w
—
<
m <«—Tetrahedral
O Al Fe, Mg, Li
V. ® o1
® 0

@ Li, Na, Rb, Cs

Figure 1.6 Montmorillonite (2:1 Phyllosilicates) clay structure [36]



Halloysite clay (HNT)

Halloysite (HNT) is a nano clay and is a 1:1 aluminosilicate, as shown in Figure 1.7. Halloysite
has a hollow tubular structure with a chemical formula Al>Si>2Os(OH)42H20. The external diameter
of halloysite is 50 to 70 nm, and the length is 0.5 to 1 micrometer. A comparison of MMT and
HNT clay is summarized in Table 1.3 [38-40]. Halloysite has numerous advantages like high
cation exchange capacity, non-toxic, biocompatible, easier dispersion, high surface area, high
aspect ratio, high porosity, high adsorption capacity, etc. [40]. Therefore, halloysite can be used as

a nanofiller in nanocomposites synthesis to improve thermal and mechanical properties.

\T/ \T T/ \r T External siloxane

A0 2 Qn 8 surface (-Si-O-Si-)

0.7nm

’ ~, ’ e N, ’ ’ -~
o TS r o0 P4 N Mt S
A I S \*I 1,7
». Jb \ . 1
RN ~, - .’ \,

| 1 r 8 | H
\' S ” ,(\ o > ,l“ e >

Internal aluminol
@ inner surface OH @ Inner OH surface (-A-OH)
O atom ® Al atom
® Siatom ) H,0 molecule

Figure 1.7 Structure of Halloysite clay [41]
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Table 1.3 Characteristics of MMT and HNT clay [38, 40]

Clay General Formula Family Structure
Montmorillonite Mx(AlsxMgx)SisO20(OH)4 2:1 Phyllosilicates Layered
(MMT) (Two tetrahedral and one silicate

octahedral sheet)

Halloysite (HNT) Al>Si>05(0H)42H.0 1:1 Aluminosilicate Tubular
(one tetrahedral and one

octahedral sheet)

1.3.2.3 Synthesis methods and different morphologies of polymer/clay

nanocomposites

In-situ polymerization, melt intercalation, and solution polymerization is three methods by which
polymer/clay nanocomposites can be synthesized. Out of these, in-situ polymerization is the most
appropriate method due to its ease of achieving nanoscale interactions among the clay and polymer
chains. From the synthesis of nanocomposites, three different types of structures can be attained
depending upon the level of interaction between the hydrophobic polymer and layered silicate
hydrophilic clay galleries (conventional, intercalated, and exfoliated nanocomposites) as depicted
in Figure 1.8. Interaction and exfoliation chemistry can also depend on polymer and clay basic

nature, synthesis methodology, and properties [28].

Conventional composite: In conventional composite, the d-spacing of layer silicate stays intact,
which means polymer is unable to enter into the silicate layers, and the material is the same as the

traditional composite.

11



Intercalated nanocomposite: The polymer is intercalated between inorganic clay layers,
indicating a nanocomposite consisting of polymeric chains and intersperse inorganic layers. In this
nanocomposite, the polymer insertion increases the basal spacing; however, the silicate sheets still

exist in a stacked position.

Exfoliated nanocomposite: In this nanocomposite, the stacked clay layers are separated from one
another and fully dispersed into the polymer matrix. The clay separation distance depends upon
the clay filling. In an exfoliated structure, the interlayer spacing increases in the range of more
than 80 -100°A [28]. The properties enhancement in exfoliated nanocomposite is much more as

compared to intercalated nanocomposite.

Sz

NG
Polymer

22N

Conventional Intercalated Exfoliated
Composite Nanocomposite Nanocomposite

Layered silicate

Figure 1.8 Different morphologies of polymer/clay nanocomposites [42]
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1.3.3 Carbon aerogel

Carbon aerogel is a relatively new material in the nanotechnology industry, such as the aerospace
and electronics industry. Porous carbon aerogels (CA) are mainly produced by sol-gel
polymerization in the presence of resorcinol and formaldehyde [43, 44]. CA is available in three

categories: organic, inorganic, and organic-inorganic.

Figure 1.9 Carbon aerogels: world’s lightest material [45]

CA consist of a nanoporous structure with excellent physical properties such as high porosity,
well-defined pore structure, large specific surface area, low density, high purity, high mechanical
strength, conductivity, and high thermal & environmental stability. It has the distinction of being
the lightest material in the world [45]. As can be seen in Figure 1.9, the carbon aerogel material
is so light that it can perch on fragile flower petals without destroying them. The wide applications
of CA are in the area of environmental protection, catalyst support, electromagnetic metamaterial,
heavy metal or organic solvents absorption, biomedicine, hydrogen storage, biotechnology,
thermal insulation, supercapacitors, adsorbents, membrane, energy storages and sensors [44, 46-

13



49]. Carbon aerogels have a three-dimensional structure with interconnected well-defined nano-
sized particles. Carbon aerogels are available in four different forms, i.e., powder, monoliths, thin-
film, and beads. The characteristics of carbon aerogels porous material are shown in Figure 1.10.
The structure of CA is like a carbon sponge [45]. It has a high absorption capacity. It can absorb

more than its weight.

Interconnected
nanometer
sized particles

0

Carbon aerogels
(porous materials)

Interstitial
pores

b

Figure 1.10 Characteristics of carbon aerogels

In this chapter, the basic information about polyaniline, clays, and carbon aerogels has been
discussed. The next chapter will discuss the past, present, and future developments in the field of

polyaniline, clay, carbon aerogels, and its nanocomposites.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, the literature survey has been given on the synthesis and characterization of
polyaniline (PANI) and PANI/clay nanocomposites, carbon aerogels (CA), and its
nanocomposites. It mainly covers the literature on the adsorption of textile wastewater (Methylene
blue and Acid green 25 dye) using PANI and PANI/MMT, CA and PANI/CA nanocomposites as
an adsorbent. Currently, polymer/clay nanocomposites are emerging as the most prominent
materials for wastewater treatment. Carbon aerogel is a new emerging material because of its

extremely low density, thereby affording a large surface area.

2.1 Conducting Polymers
2.1.1 Polyaniline (PANI)

PANI is a highly conducting polymer synthesized through electrochemical and chemical methods
[1]. PANI has been used as a cathode material for rechargeable batteries [2]. PANI is also used in
biomedical applications such as tissue engineering, drug delivery, neural, cardiac, and neural
probes [3, 4]. It has good electrical conductivity and therefore is used in numerous electrical
devices, including sensors, electrochromic devices, light-emitting diodes, and supercapacitors [3].

PANI can also be used to protect mild steel from corrosion [5].

Several reviews on polyaniline have been reported by many researchers, which cover the synthesis

of polyaniline and its applications [5-32].
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Polyaniline salt and base powder have been synthesized in several studies using different catalysts
such as hydrochloric acid, sulfuric acid, sodium lauryl sulphate, dodecylbenzene-sulfonic acid, and
oxidizing agents such as ammonium persulfate, sodium persulfate, as shown in Table 2.1. From
all these studies, it was concluded that the lower temperature is the most preferred temperature for
the polymerization process because it gives a higher yield. A summary of the literature review on

PANI synthesis is given in Table 2.1.

Table 2.1 A literature review on PANI salt and PANI base polymerization

Sr.
No. Monomer Catalyst Oxidizing Reaction Reaction References
agent conditions for | conditions
PANI salt for PANI
base
1. Aniline HCI Ammonium T=0°C Ammonium [33]
persulfate Time=-2h hydroxide
Emeraldine salt | T =room
(ES) powder | temperature
dried at room Time=3h
temperature Emeraldine
base (EB)
powder
dried for 48
h
2. Aniline Ammonium T =room Not studied [34]
hydrochloride peroxydisulf temperature
ate (-18 — 24°C)
Time =
overnight
ES powder
dried in the air
than in vacuum
at 60°C
3. Aniline HNO3 Ammonium T=0C Ammonium [35]
persulfate Time =24h hydroxide
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T =room
temperature
Time=24h
EB powder

dried ina
vacuum for

48 h

Aniline

HCI

Ammonium
persulphate

Time =
overnight

Ammonium
hydroxide
Time =
overnight
EB powder
dried in
desiccator =
24 h

[36]

Aniline

H2SO4

Sodium
persulfate

T =5-10°C

Time=4h

ES powder
dried at 100°C

Sodium
hydroxide
solution
T = ambient
temperature
Time=8h
EB powder
dried at
100°C

[37]

Aniline

HCI

Ammonium
persulfate

T=-30to +1°C
Time=6h

Ammonium
hydroxide
T=-30to

+1°C
EB powder
dried at
50°C

[38]

Aniline

HCI

Ammonium
persulphate

T = below 5°C.

Ammonium
hydroxide
solution
T = below
5°C
Time=24h

[39]

Aniline

Dodecylbe
nzene-
sulfonic

Ammonium
peroxysulfate

T=0°C
Time=6h
Dried ES
powder

Not studied

[40]

25




acid

(DBSA)
9. Aniline HCI Ammonium The reaction Sodium [41]
persulfate | mixture was left | hydroxide
stirring for T =room
2 hat 0-5°C | temperature
and left Time=2h
unstirred EB powder
overnight at dried at
room 60°C
temperature
ES powder
dried at 50-
60°C
10. Aniline Dodecylbe | Ammonium T =room Not studied [42]
nzene- persulphate temperature
sulfonic Time=24h
acid
(DBSA)
11} Aniline HCI Ammonium T=0C Not studied [43]
persulfate ES powder at
60°C
12/ Aniline HCI Ammonium T=30°C Ammonia [44]
persulfate Time=24h solution
T =room
temperature
Time=3h
EB powder
dried at
80°C for 12
h
13, Aniline H2SOq, Ammonium T =25°C Not studied [45]
H3PO4and persulfate Time=1h
HNO3 ES powder
dried at 60°C
overnight3

26




14)  Aniline HCI Ammonium Ice bath Ammonium [46]
peroxysulfate | Time =24 h hydroxide
ES powder Ice bath
dried at 40°C Time =
for 24 h several
hours, until
pH reached
9
Dried EB
powder for
24 h at 40°C
15/ Aniline H2SO4 KIO3 T =room Not studied [47]
temperature
Time=4h
ES powder
dried at room
temperature
16)  Aniline 1M Ammonium T =-15°C Ammonium [48]
HCI/LICI persulphate -5°C hydroxide
or 1M +5°C T=-15°C
CFsCOOH Time=2h -5°C
(Trifluoroa Dried ES +5°C
cetic acid) powder foam Time =
overnight
Dried EB
powder
foam
17/ Aniline H2SO4 Ammonium | Polymerization | Not studied [49]
persulfate was carried out
solution at a cold
temperature
ES powder
dried for 2 days
18/  Aniline HCI Ammonium T=0°C Not studied [50]
peroxidisulp Time=10h
hate ES powder
dried at 60°C
for 24 h
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19/  Aniline HCI Sodium T =25-30°C Sodium [51]
persulfate Time=4h hydroxide
solution
T =25-30°C
Time=4h
ES powder
dried at
50°C
20, Aniline HCI Ammonium T =room Ammonia [52]
Persulfate temperature solution
Time=24h Time=4h
at room
temperature
21)  Aniline Sodium Ammonium T=0x1°C Not studied [53]
lauryl persulfate Time = 1h
sulphate ES powder
(SLS) and dried at 45°C
HCI for 8 h
22]  Aniline HCI Ammonium T=-0°C Not studied [54]
persulphate ES powder
dried at 60°C
23] Aniline HCI and Ammonium T=25C Not studied [55]
SDS persulfate Time=24h
ES powder
dried at 60°C
for 24 h
24,
Aniline HCI Ammonium T =5-10°C Not studied [56]
peroxidisulp Time=3h
hate ES powder
dried at 80°C

for6h




2.1.2 Synthesis of polyaniline nanocomposites using various types of fillers

(other than nanoclay)

Many researchers have explored the preparation of polyaniline nanocomposites by using different
types of fillers. It is a well-accepted fact that the polymer interaction with the surface of the fillers
will enhance the nanocomposite properties. That is the reason researchers are more interested in

developing compatable nanocomposite materials for different applications.

Maser et al.,, [57] reported the in-situ fabrication of polyaniline/carbon nanotube and
characterization of the composites. Ramamurthy et al., [38] used a solution processing method
to prepare polyaniline/multiwalled carbon nanotube composite and investigated their electrical and
mechanical properties. The mechanical and thermal stability of polyaniline with 1% carbon

nanotubes is greater than that of pure polyaniline and is suitable for electronic devices.

Ma et al., [58] worked on the synthesis of polyaniline/TiO2 through an in-situ polymerization
method to investigate the gas-sensitivity behavior. Wu et al., [59] synthesized PANI/Fe;O3
composite through an in-situ method with dodecylbenzene sulfonic acid (DBSA) and studied their
conductivity and gas sensing behavior. Wu et al., [60] prepared nanocomposites by synthesizing
PANI with carbon black and investigating their microwave absorbing and electromagnetic
properties. Choudhury, [61] reported the polymerization of polyaniline/silver nanocomposites to
evaluate the AC conductivity, ethanol vapor sensitivity, and dielectric properties. Kumar and
Selvarajan, [62] synthesized PANI/CeO> nanocomposites using microwave-assisted solution
method and characterized with TEM, SEM, XRD, FTIR, and UV-Vis spectroscopy. They

concluded that the nanocomposites that were created could be used to fabricate films or coatings.
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Prasanna and Jayanna, [63] polymerized and studied the dielectric and AC conductivity
properties of PANI/CoFe>O4 nanocomposites. The maximum conductivity was found with a
CoFe204 amount of 60 wt% in PANI. For pure CoFe204, the maximum dielectric constant values
were found at lower frequencies. Fan et al., [64] polymerized graphene/polyaniline
nanocomposite via in-situ polymerization and used it as electrode material to determine the
electrochemical behavior of 4-aminophenol. Elsayed et al., [46] worked on the synthesis (chemical
method) and studied the properties of polyaniline/ferrite nanocomposites. Ghatak et al., [65]
reported the in-situ polymerization and characterization of prepared polyaniline/carbon nanotube

composites.

Yerawar, [66] prepared polyaniline/zinc oxide by the use of in-situ chemical oxidative
polymerization. They found that the conductivity of a composite containing 20% wt of zinc oxide
is observed to be higher than that of polyaniline and all other composites. Oh and Kim, [67] have
reported the synthesis of polyaniline/activated composites in the presence of carbon dodecyl
benzenesulfonic acid (DBSA) through chemical oxidation polymerization. They study the effect
of DBSA concentrations on polyaniline/activated composites. Farbod et al., [68] studied the
polymerization of functionalized and pure multiwall carbon nanotube/polyaniline
composites. A study was performed to measure the glass transition temperature and electrical
resistivity. Li et al., [69] first prepared sandwich-like polyaniline/graphene nanosheets through

chemical oxidation polymerization and then evaluated the electrochemical properties.

Zhao et al., [70] reported the fabrication of a ternary sulfur/PANI/carbon black composite using
a two-step thermal treatment for lithium-sulfur batteries. In sulfur/PANI/carbon black composites,

PANI works as a connector among sulfur and carbon black; this improved the electrochemical
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performance and reduced the active material loss in lithium-sulfur batteries. Sedaghat and
Golbaz, [71] discussed the in-situ preparation of polyaniline/manganese dioxide nanocomposites,
and results found an improvement in morphology compared to the pure PANI. Zhou et al., [72]
synthesized composite via oxidative polymerization method. As a result, the high relative strength
and high conductivity were obtained in polyaniline/viscous fiber composite. Xu and Xing, [73]
prepared polyaniline/zinc oxide using in-situ polymerization and used it as a photocatalyst for

methylene blue dye degradation.

Polyaniline/copper selenide nanocomposite was prepared by Sangamesha et al., [54]. The ordered
structure of the polymer composite was shown by the XRD pattern. The obtained results suggest
that the prepared nanocomposite could be used as a multifunctional material for various
nanoelectronic devices. Jayasudha et al., [74] synthesized polyaniline/silver nanocomposites
through in-situ polymerization by varying 3% to 25% silver content. They studied the structural,
electrical, and optical properties and also evaluated the DC electrical conductivity of

nanocomposites.

Nadaf and Venkatesh, [75] used the oxidative polymerization method to fabricate
polyaniline/copper oxide nanocomposites and characterized them by scanning electron and X-ray
diffraction techniques. Shendkar et al., [76] studied the supercapacitive performance of
electrochemically polymerized polyaniline/cobalt hydroxide hybrid nanocomposites. Olad and
Gharekhani, [77] polymerized polyaniline/activated carbon/polyvinyl alcohol nanocomposites
with the help of ex-situ chemical synthesis method and use it as a supercapacitor electrode.
Compared to the AC electrode, the results show that the nanocomposite electrode has a specific

capacitance rise of more than 166 percent with 0.3 wt% of PANI amount.
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Padmapriya et al., [78] used emeraldine salt polyaniline-coated copper surface as a cathode
material to investigate the hydrogen evolution reaction. The synthesis of polyaniline/cobalt
chloride composites was successfully done by Majhi et al., [79] by in-situ polymerization for
supercapacitor application. They successfully improved the electrochemical performance and
thermal properties of composites and use them for supercapacitor application as an electrode
material. Oliveira et al., [80] worked on the preparation of conductive films made by a
combination of polyaniline, cellulose, and silver nanoparticles and improved their mechanical

properties.

Zhang et al., [81] reported the synthesis of TisC2Tx/co-doped PANI EMI shielding composite
films via vacuum-assisted filtration method. These composite films have potential uses in high-
tech fields where EMI shielding materials must be ultrathin and lightweight. Biswas et al., [82]
reported the synthesis of bismuth vanadate/graphene oxide/polyaniline via the hydrothermal
method for visible-light photocatalysts performance. Yanilmaz et al., [83] prepared flexible
polyaniline/carbon nanofiber electrodes through sol-gel and electrospinning techniques for
supercapacitor electrodes. Aljafari et al., [84] prepared and studied the photoelectric and
electrochromic properties of polyaniline-based redox-active gel material. Mu et al., [85]
polymerized cobalt (1) coordinated PANI electrodes through a facile electropolymerization and
hydrothermal method for conversion devices and energy storage applications. Yang et al., [86]
use an in-situ polymerization method to develop graphene oxide/polyaniline nanocomposites. The
author concluded that the coating of graphene oxide/polyaniline (4 wt %) nanocomposite won steel
improved the corrosion protection efficiency compared to pure epoxy, polyaniline, and graphene
oxide coating. The reported literature on PANI nanocomposites for various applications is

summarized in Table 2.2.
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Table 2.2 Literature summary on PANI nanocomposites (other than nanoclay) for various
applications

Sr. | Polymer and Synthesis Characterization | Applications | References
No. their Method techniques
nanocomposite

1. Polyaniline- | Electrochemical XRD, SEM, Actuation [87]
coated thickness behavior
electroactive measurement,
paper actuators actuation of

bilayer and trilayer

2. | Polyaniline/s- In-situ FTIR, XRD, TGA, - [88]
Al;03 polymerization modulated
differential
scanning
calorimetry

3. | Polyaniline/Nyl | Solvent casting SEM, electrical - [89]
on 6 conductivity,

mechanical test,
thermal stability
studies, UV-Vis

spectra
4. | Polyaniline/carb In-situ FTIR, SEM, TEM, Electrode [90]
on nanotubes polymerization galvanostatic material for
charge/discharge, | supercapacitor
cyclic S

voltammetry,
impedance, and

cycle life
measurements
5. | Polyaniline/iron In-situ TEM, TGA, FTIR, Improve [91]
oxide polymerization UV-Vis spectra, thermal
nanoparticles stability
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6. Bacterial In-situ XRD, SAXS Optical and [92]
cellulose/polyan | polymerization | SEM, ATR-FTIR, electrical
iline TGA, electrical displays
nanocomposites conductivity
7.
Polyaniline/silv In-situ UV-Vis spectra, Improve [93]
er polymerization | AFM, SEM, XRD, electrical
dielectric properties
measurements, and
temperature-
dependent
resistivity
8. | polyaniline/ceri In-situ UV-Vis spectra, Enhanced [94]
um(lI-nitrate- | polymerization | FTIR, DSC, SEM- | thermal and
hexahydrate EDX, dielectric dielectric
measurements properties
9. | PANI/functiona In-situ XRD, SEM, TEM, Enhanced [95]
lized carbon mechanochemic FTIR, UV-Vis electrochemic
nanofibers al spectra, DSC, al capacitance
polymerization TGA,
electrochemical
Measurements
10.| Polyaniline- | In-situ oxidative | XRD, SEM, TEM, | As a cathode [96]
coated polymerization FTIR, cyclic material for
sulfur/conductiv voltammetry, EIS | lithium/sulfur
e-carbon black spectra batteries
composites
11.| Polyaniline- In-situ chemical FTIR, Raman Electrochemic [97]
grafted reduced oxidative spectra, XRD, al
graphene polymerization XPS, FESEM, Supercapacito
oxide composite HR-TEM, TGA, rs
cyclic

voltammetry
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12.| Polyaniline/carb | Layer-by layer | TEM, SEM, Zeta Electrode [98]
on black assembly potential, IR materials for
spectrum, supercapacitor
magnetic property, S
and
electrochemical
tests
13. Graphene/ Chemical FTIR, XRD, BET, Enhanced [99]
polyaniline oxidative UV-Vis spectra, sensitivity of
nanocomposite | polymerization XPS, SEM ammonia
sensor
14.| Hierarchical Template-free SEM, HR-TEM, Lithium-ion [100]
hollow spheres method Raman spectra, | battery anodes
of Fe203 BET,
@polyaniline electrochemical
measurements,
electrochemical
impedance
spectroscopy
15. Reduced Chemical SEM, TEM, XPS, | Supercapacito [101]
graphene oxidative FTIR, IR r
oxide/polyanilin | polymerization
e
nanocomposites
16.| Polyaniline/coat Chemical UV—Vis spectra, Hybrid [102]
ed filter papers oxidation FTIR, TGA, SEM | materials for
polymerization dye
adsorption
17.| Hierarchically In-situ SEM, TEM, FTIR, High- [103]
nanostructured | polymerization gas sensitivity Performance
polyaniline/ analysis Gas Sensing
functional
multiwalled
carbon
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nanotube
nanocomposite

18.| Polyaniline/gra Physical XRD, FTIR, SEM, Aerospace [104]
phene mixture method DSC,
oxide
composites
19.| 3D Crumpled Aerosol-spray | SEM, TEM,EDS, | Supercapacito [105]
Graphene/Carb process XRD, FTIR, BET rs
on
Nanotube/Polya
niline
Composites
20. Core-shell In-situ XRD, XRF, FTIR, Magnetic [106]
polyaniline/ferri | polymerization | TEM, TGA, DTA properties
te composite
21.| Layer-by-layer In-situ XRD, XPS, N Supercapacito [107]
sandwiched polymerization adsorption- rs electrodes
graphene/polya | and top-down | desorption, Raman
niline step spectroscopy,
nanorods/carbo FESEM, and TEM
n nanotubes
Heterostructure
22. 3D porous Self-assembly | SEM, AFM, UV- High- [108]
polyaniline/redu Vis spectra, performance
ced graphene electrochemical | Supercapacito
oxide measurements rs
23. ¥-Fe203- In-situ XRD, FTIR, TGA, | Capacitors [109]
polyaniline polymerization | DTA, DSC, SEM,
nanocomposites conductivity, and
dielectric
measurements
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24.| Polyaniline/Mn Oxidation FESEM, XRD, EMI [110]
O, composites | polymerization magnetometry Shielding
studies, electrical
conductivity
25.| Epoxy/poly(styr | In-situ oxidative XRD, FTIR, Improvement [111]
enesulfonate)- | polymerization SEM, XPS of mechanical
polyaniline/redu spectra, and
ced graphene differential anticorrosion
oxide scanning properties
calorimetry (DSC),
dynamic
mechanical
analyzer (DMA),
Potentiodynamic
polarization
26.| Polyaniline Interfacial Raman spectra, Supercapacito [112]
nanofiber/multi | polymerization FTIR, SEM, r electrode
walled carbon Impedance materials
nanotubes analysis,
composite electrochemical
tests
217. Bismuth Hydrothermal | XRD, SEM, TEM, | Photocatalytic [82]
vanadate/graphe process FTIR, UV- Vis performance
ne spectra, DRS, XPS
oxide/polyanilin
e
28. Laccase Hydrothermal SEM, XRD, IR Detect [113]
immobilized synthesis spectra, TEM, hydroquinone
polyaniline/mag cyclic in water
netic graphene voltammetry and
composites chronoamperometr
y
29. In-situ SEM, surface [114]

polymerization

resistance test,
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Flexible dielectric constant, Dielectric
polyaniline/nylo and loss tangent | properties and
n composites test conductivity
30.| Polyaniline/man | In-situ oxidative | XRD, FTIR, SEM, Improved [115]
ganese dioxide | polymerization | TEM, impedance thermal
nanoparticles analysis, stability and
thermogravimetry applied for
electrode
material
applications
31.| Polyaniline@M In-situ PXRD, FTIR, Corrosion [116]
IL-101/epoxy | polymerization XPS, N2 protection
adsorption- (metallic
desorption Anticorrosion
isotherms, SEM, )
EIS, anticorrosion
performance
measurements,
TEM

2.2 PANI/clay nanocomposites

The polymer nanocomposite is a unique combination of a polymer (like polyethylene, polystyrene,
polyamide, etc.) and nanoclays as a filler such as montmorillonite bentonite, halloysite, etc.
Polymer/clay nanocomposite is a material with high surface area, high stability, high durability,
and processability, and has unique characteristics such as good thermal, optical, mechanical, and
electrical properties [117, 118]. All these properties are making them the most preferred material
for many applications. Recently, the development of polymer clay nanocomposites has gained a

lot of interest for wastewater treatment.
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The first polymer/clay nanocomposite (Nylon 6/clay hybrid) was prepared by the researchers of
Toyota, Japan [119-121]. The improvements in a range of material properties indicated that
layered silicate material as a filler has a lot of potentials. Lately, plenty of other studies on
nanocomposites has been published, involving several different polymer matrices and a variety of
layered silicates. Montmorillonite clay is one of the most widely studied layered silicates. The
development of PANI/clay nanocomposites can overcome the disadvantages of individual PANI
and clay. The dispersion of clay into the PANI matrix increases the interfacial surface area and

improves its properties.

2.2.1 Literature on synthesis and characterization of PANI/clay

nanocomposites

Currently, polymer/clay nanocomposites are one of the most prominent materials in the research
field. In recent years, there are many publications on polymer-based nanocomposites in different
journals on different applications. Polymer/clay nanocomposites have been improved the

numerous properties of an individual one.

Many different types of polymers and clays have been studied for the synthesis of nanocomposites.
A fabrication of exfoliated polystyrene/MMT nanocomposites was reported by Fu and
Qutubuddin, [120] using vinylbenzyldimethyldodecylammonium chloride surfactant via free
radical polymerization. The thermal degradation temperature and dynamic modulus of exfoliated
nanocomposites are greater than that of neat polystyrene. Essawy et al., [122], modified MMT
clay by using surfactants named cetylpyridinium chloride and cetyltrimethylammonium bromide.
These modified clays were further used to prepare poly(methylmethacrylate) nanocomposites

using in-situ emulsion and intercalative suspension polymerization. The nanocomposites showed
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improvement in thermal stability. Uthirakumar et al., [123] used (2,2-azobis{2-methyl-N-[2-
acetoxy-(2-N,N,N-tributylammonium bromide)ethyl] propionamide} initiator to prepare

exfoliated polystyrene/MMT nanocomposites and evaluated their electrochemical properties.

A study was investigated by Wu et al., [124] to prepare PANI nanocomposites with synthetic mica
clay through an in-situ polymerization method. As observed, the conductivity of the
PANI/synthetic mica clay nanocomposite steadily increased with the addition of PANI. This
increase was mainly appeared with 40.6 wt % of PANI content due to the phenomenon of
intercalated PANI molecules percolating. Compared to PANI, the nanocomposites' degradation
rate and temperature were observed to be reduced and increased, respectively. PANI was
intercalated within the silicate mica clay galleries and allowing the basal spacing to extend as
determined by WAXD patterns. The intercalation was also confirmed by FTIR, TEM, UV-Vis,

AFM, and SEM techniques.

Sedlakova et al., [125] described the synthesis of polystyrene/MMT-Na and poly(butyl
methacrylate)/ MMT-Na nanocomposites latexes via in-situ emulsion polymerization and modified

MMT-Na clay with an MMT-QS coupling agent.

Ahmad et al., [126] studied the comparison of polyimide/MMT nanocomposites prepared by two
different techniques, i.e., solution dispersion and in-situ polymerization. They concluded that the
in-situ polymerization provides a higher dispersion of MMT clay in polyimide matrices than the
solution dispersion method. The thermal stability of polyamide/MMT nanocomposites is more as
compared to pure polyimide. The results showed that thermal stability improved with the addition

of OMMT.
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In-situ polymerization was used to fabricate reinforced glass fiber epoxy loaded with MMT/aerosil
by Srinivasulu et al., [127]. They concluded that properties like tensile strength, flexural strength,
flexural and tensile modulus have been enhanced up to four gm wt loading for both
nanocomposites and decreased as the filler content was increased. These improvements in
properties will make them the material used in marine, automobile, lightweight articles, and

aerospace applications.

Mallakpour and Marziyeh, [128] have prepared biodegradable polyvinylpyrrolidone
nanocomposites with modified AA-MMT clay (amino acid modified-montmorillonite). The results
showed a slight improvement in heat stability as compared to conventional polyvinylpyrrolidone.
Assem et al., [129] reported the synthesis of Poly(diallyldimethylammonium chloride)/sodium
bentonite clay nanocomposites by a solution-intercalation method. The authors study the effect of
polymer concentration and molecular weight on its nanocomposites properties (like thermal,

structural, and dielectric).

Djamaa et al.,, [130] synthesized poly(acrylic acid)/organophilic MMT and poly(acrylic
acid-co-styrene)/organophilic MMT nanocomposites through in-situ radical polymerization using

an initiator named 2,2" azobis(isobutyronitrile) for adsorption applications.

Arya and Sharma, [131] prepared and studied the enhancement of PEO-PVC/LiIPFs/MMMT
(polyethylene oxide-polyvinyl chloride/Lithium hexafluorophosphate/modified montmorillonite)

nanocomposite properties.

2.2.2 Literature on synthesis and characterization of PANI/MMT

nanocomposites
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Hoang and Holze, [132] reported the fabrication of PANI/MMT nanocomposites via in situ
electrochemical polymerizations on a gold sheet electrode. The formation of nanocomposites was
confirmed by FTIR and XRD analysis. The results of cyclic voltammetry analysis show that PANI
and PANI/MMT were similar to each other under the same conditions. Conductivity
Measurements of PANI/MMT nanocomposites indicating an order of magnitude smaller than

PANI.

Olad and Rashidzadeh, [133] used an in-situ polymerization method to synthesize
polyaniline/hydrophilic montmorillonite (Na-MMT) and polyaniline/organophilic
montmorillonite (Cloisite 15A) nanocomposites and investigated their anticorrosion properties.
The addition of MMT clay to a PANI matrix improves the anticorrosive properties of
nanocomposites. Furthermore, the coatings of PANI/Na-MMT and PANI/OMMT (5 % (w/w) of
nanocomposites in 3.5 % (w/w) NaCl and 1M H2SO4solution) on iron samples shows better results

than pure PANI.

Reenacetal., [134] use five different types of amphiphilic dopants (dodecylbenzene sulphonic acid,
camphor sulphonic acid, para-toluene sulphonic acid, 2,6-naphthalene sulphonic acid, and stearic
acid) to prepare PANI/Na* MMT nanocomposites through in-situ intercalative emulsion
polymerization. They examined how dopants affected the nanocomposites morphology and

characteristics, such as thermal stability, conductivity, and phase transition temperature.

Shakoor et al., [135] fabricated PANI/MMT with 2:1 of monomer to oxidant ratio. They evaluated

the impact of MMT content on nanocomposites’ AC conductivity. In nanocomposites, the degree

of interaction between MMT and PANI chains was highest with 1 % MMT, but it decreases
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gradually with the further inclusion of MMT. It has been seen that if the amount of MMT increases,

the low-frequency AC conductivities of PANI/MMT nanocomposites decreases.

Abdelkader et al., [136] studied the synthesis of PANI with acid-exchanged montmorillonite clay
(Maghnite-H*) to enhance the thermal stability of pure PANI identified with two analysis:
thermogravimetric and differential scanning calorimetry. Their findings suggested that Maghnite-

H* could be used for polymer synthesis.

Vijayakumar et al., [137] prepared and characterized PANI/smectite clay nanocomposites for
their physicochemical properties. The thermal stability of PANI was found to be higher than
PANI/smectite clay nanocomposites. The electrochemical studies using cyclic voltammetry
revealed that even at higher scan frequencies, nanocomposites outperform pure PANI in terms of
supercapacitance. Nanocomposites had specific capacitances of 415-455 Fg™ when scanned at a

rate of 10 mVs.

A mechanochemical intercalation method was used to prepared PANI (DBSA)/MMT
nanocomposites by Kalaivasan and Shafi, [138] and studied the corrosion protection properties.
The DBSA PANI/MMT coatings on C45 steel show better corrosion protection than conventional

PANI when the molar ratio of DBSA and aniline is 1:7.

Zhang et al., [139] worked on polyaniline/montmorillonite/epoxy coating by varying

polyaniline/OMMT powder amount and studied the corrosion protection performance on steel.

Motlatle et al., 140] prepared polyaniline/montmorillonite composite coated with epoxy resin and
investigated their corrosion protection and mechanical properties. Leon-Almazan et al., [141]

used two different techniques (ultrasonication and mechanical agitation) and two doping acids,
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i.e., dodecylbenzene sulfonic acid and hydrochloric acid, to prepare polyaniline/organomodified
montmorillonite nanocomposites through oxidative polymerization method and studied to see the
effect on morphology and electrical properties. They found improvement in electrical properties

but did not observe any change in morphology.

Silva et al., [142] synthesized polyaniline-organophilic montmorillonite (PANI-OMMT) via in-
situ  polymerization and polyvinyl alcohol/polyaniline-organophilic  montmorillonite
nanocomposite through the electrospinning method. They developed a material that can be used
in environmental and gas sensor applications. Meneses et al., [143] worked on the synthesis of
polyaniline (emeraldine salt)/bentonite composites by the use of a mechanical mixing method and

studied their AC conductivity properties.

Pinto et al., [144] worked on synthesizing MMT-PANI/PS nanocomposites using the melt
intercalation method. The author revealed that the glass transition temperature of MMT-PANI/PS
was decreased as the quantity of MMT-PANI was increased. As clay dispersion improves, a
conducting interphase forms, changing the polystyrene (PS) electrical behavior from insulating to
diffusive, as measured by Electrochemical Impedance Spectroscopy. Rahmouni and Belbachir,
[145] synthesized polyaniline-polyethylene oxide/Mag-H* (Algerian MMT) composite using

cationic polymerization and studied their physical and chemical properties.

Abbas et al., [146] reported the synthesis of Polyaniline/modified montmorillonite,
polyiodoaniline/modified montmorillonite, and poly(ANI-co-2-IANI) modified montmorillonite
through in-situ chemical polymerization. The successful synthesis was confirmed by FTIR, XRD,
XRF, UV-Vis spectra, TEM, and cyclic voltammetry analysis. Kenane et al., [147] prepared

polyaniline/montmorillonite-cetyltrimethylammonium bromide, poly o-anisidine-co-
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aniline/montmorillonite-cetyltrimethylammonium bromide, poly o-anisidine/montmorillonite-
cetyltrimethylammonium bromide through oxidative chemical polymerization technique. They
found that the prepared nanocomposites are electroactive and can be used in photovoltaic

applications. A summary of PANI/MMT in-situ nanocomposites is given in Table 2.3.

Table 2.3 A literature review on PANI/clay nanocomposites prepared by in-situ polymerization

Sr. | Monomer | Catalyst | Oxidizing Reaction Final References
No. | and Clay agent condition product
1. | Aniline HCI Ammonium T=5C PANI/MMT [33]
and MMT persulfate Time=3h dried at room
clay PCN salt temperature
powder dried at for 48 h
room
temperature for
48 h
PCN base
powder was
formed
by adding
ammonium
hydroxide
T =room
temperature
Time=4h
PCN base
powder dried at
room
temperature for
48 h
2. | Aniline DBSA | Ammonium T =25°C PANI- [148]
monomer | (dodecyl | persulfate DBSA/MMT
and NA*- | benzene clay
MMT clay | sulfonic
acid)
3. | Aniline HCI Ammonium T =room PANI-MMT [149]
monomer persulfate temperature clay dried
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and An*- Time=24h under
MMT dynamic
vacuum
and stored in
a desiccator
Aniline | Campho | Ammonium T =room PANI/MMT [150]
and Na*- | rsulfonic | persulfate temperature dried in
MMT clay | acid and Time=10h desiccator
(-
)HCSA
Aniline DBSA | Ammonium T =room DBSA-doped [42]
and Na*- persulphate temperature PANI/Na"-
MMT clay Time=24h MMT
Aniline HCI Ammonium T=0°C PANI/PILC [151]
monomer persulfate | Time = Stirring | dried at 50°C
and 8 h and is kept
pillared overnight
clay
7. | Aniline HCI Ammonium T =room Dried [152]
and Na* persulfate temperature PANI/clay
MMT clay Time=72h
8. | Aniline HCI Ammonium T=0°C PANI/MMT [153]
and MMT peroxy- Time = stirring | dried at room
clay Disulphate 2 h and kept temperature
overnight
9. | Aniline HCI Ammonium T=4-6°C PANI/clay [154]
and illite persulfate Time = (illite)
clay overnight Dried at
50°C
10.| Aniline HCI Hydrogen T=0-5°C Dried [155]
and MMT peroxide Time=24h PANI/MMT
clay
11.| Aniline HCI Ammonium | T=0°Catice Dried [156]
monomer persulfate bath PANI/MMT
Time=4h
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and NA™- for 24 h at
MMT clay 80°C
12.| Aniline H2SOs | Ammonium T =room PANI/MMT [49]
free persulphate temperature dried for4 h
anilinium- solution
MMT clay
13.| Aniline HCI Ammonium | T=-4and 0°C | PANI/MMT [157]
monomer persulfate Time=6h dried at 60°C
and MMT for 24 h
clay
14.] Aniline HCI Ammonium T=0°C PANI/MMT [158]
monomer persulfate Time=14h dried at 60°C
and NA*- for 24 h
MMT clay
15.| Aniline | HCland | Ammonium T=25°C PANI/MMT [159]
and Na* CTAB Persulfate Time=24h dried at 60°C
MMT (cetyltri for 24 h
methyla
mmoniu
m
bromide
)
16.| Aniline | HCland | Potassium Time=3h CNT/PANI [160]
and CNT | HNOs persulfate dried at 40°C
—COOH for
24 h
17.| Aniline | HCland | Ammonium T=5°C PANI/OMM [141]
monomer | DBSA persulfate Time = T dried at
and overnight room
OMMT temperature
clay for 72 h
18.| Aniline Sulfuric | Ammonium T=0°C MMT/PANI [161]
and MMT Acid Persulfate Time=24h Composites
clay
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19.| Aniline HCI Ammonium T=5°C PANI/MMT [162]
and MMT Persulfate Time=8h nanocomposi
clay tes
20.| Aniline HCI Potassium T=x5C Polyaniline- [163]
and Indian perdisulphat | Time=24h Indian clay
clay e nanocomposi
tes

2.2.3 Literature on synthesis and characterization of PANI/HNT

nanocomposites

Several reviews have been reported by the researchers on halloysite clay and polymer/halloysite
clay nanocomposites such as Joussein et al., [164]; Du et al., [165]; Yuan et al., [166]; Yu et al.,

[167]; Gaaz et al., [168]; Kausar et al., [169]; Papoulis, [170]; Danyliuk et al., [171].

There are a few literature reports about the fabrication of polyaniline/halloysite clay
nanocomposites. The polymerization time in these studies is higher than in the present study. The

different processing route in the present study gives the better nanocomposite.

Zhang et al., [172] reported the synthesis of polyaniline/halloysite nanotubes through in-situ
chemical polymerization. The authors used XRD, XPS, and TEM analyses to explore the impact
of the polymerizing media acidity onto the halloysite nanotubes structure. The results show that
as the HCI amount increased during the polymerization process, the nanocomposites conductivity
also increased. Tierrablanca et al., [173]

synthesized environmentally friendly

halloysite/hematin/polyaniline nanocomposites with thermal conductivity of 8.8x107 S/cm.
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Zhou et al., [174] investigated the fabrication of multi-pored polyaniline/halloysite nanocomposite
by the use of in-situ mechanochemical polymerization method and the formation of

nanocomposites was confirmed by FTIR, XRD, UV-Vis spectra, and TEM techniques.

Abolghasemi et al.,[175] fabricated polyaniline/halloysite nanotube via in-situ polymerization
technique. They found that the prepared nanocomposite material may be utilized for solid-phase
microextraction fiber coating. The results prove that polyaniline/halloysite fiber is an excellent

adsorbent for phenolic compound extraction from water.

Yang et al., [176] reported the fabrication of Ag nanoparticles/polyaniline/halloysite
nanocomposites material for the utilization as H2O; sensing. Huang et al., [177] worked on the
synthesis of halloysite/polyaniline nanocomposites material by two methods one is in-situ
polymerization and another one is the layer-by-layer assembly method. The authors found that the

prepared nanocomposites have a great potential for supercapacitors applications.

Zhou et al., [178] synthesized polyaniline/halloysite nanocomposites by chemical oxidative
polymerization method for application of the electrochemical sensor. Noskov et al., [179] prepared
halloysite/polyaniline nanocomposites via the chemical oxidative method for gas sensor

applications.

2.3 Polymer/clay nanocomposites in wastewater treatment

In the last few years, nanocomposites have gained a lot of interest in wastewater treatment. The
high surface area of nanocomposites is made them a suitable material for water purification. So

far, polyaniline has been developed with various types of materials such as metal oxides, graphene,
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multiwalled carbon nanotubes, carbon, zeolite, magnetite, sawdust, chitosan, hexagonal silica,
chitin, etc. and effectively used for removing a variety of pollutants from industrial effluent. Many
types of adsorbents have been investigated for heavy metal ions and dyes adsorption study, but
they all have some limitations like high cost, processing, and disposal problems. Among all the
adsorbent materials, nanocomposites are the most encouraging ones for pollutant treatment. The
fabrication of polyaniline with different types of materials improved their adsorption capacities.
The main factor that increased the adsorption capacity is the chemical and textural properties of
nanocomposites. The next section will discuss the available literature on heavy metal ions and
dye's adsorption through PANI/MMT-based adsorbents. In the present study, the focus is on

Methylene blue and Acid green 25 dye adsorption.

2.3.1 PANI/MMT nanocomposites for heavy metal ions treatment

Chen et al., [180] reported the adsorption of hexavalent chromium (Cr(V1)) using in-situ chemical
oxidation polymerized PANI/MMT composite. At a temperature of 25°C, PANI/MMT showed a

higher Cr(\V1) adsorption efficiency of 308.6 mg/g.

Piri et al., [181] synthesized polyaniline/modified clay nanocomposite and applied it for Pb(lI)
ions adsorption. The prepared nanocomposites exhibited 70.42 mg/g of adsorption efficiency.
Soltani et al., [182] investigated the synthesis and adsorption of Cu(ll) ions using polyaniline/clay
nanomaterials adsorbent. The highest removal of 22.77 mg/g was obtained at pH 6 and 25°C. Ali
et al., [183] prepared phytic acid doped polyaniline and polyaniline/montmorillonite composite
for copper (I1) ions adsorption. P-PANI has an adsorption capacity of 66.6 mg/g, whereas P-

PANI/MMT composites have an adsorption capacity of 87 mg/g.
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Several other studies reported the heavy metal ions treatment through polyaniline-based
nanocomposites adsorbent such as Li et al., [184] worked on adsorption treatment of Cr(VI) and
Hg(ll) through polyaniline composite prepared with humic acid. Gu et al., [185] developed
polyaniline/FesOs nanocomposites via facile surface-initiated polymerization for hexavalent
chromium (Cr(V1)) adsorption. Javadian et al., [186] reported Ni(ll) adsorption by using
polyaniline/hexagonal mesoporous silica nanocomposite adsorbent. Fang et al., [187] used
polyaniline/coconut shell-activated carbon composites for Cu(ll) adsorption. Javadian et al.,
[188] prepared polyaniline/hexagonal mesoporous silica nanocomposite and used it as an
adsorbent for Hg?* ions adsorption. Shyaa et al., [189] removed chromium (V1) from wastewater

through polyaniline/zeolite nanocomposite adsorbent.

2.3.2 PANI/MMT nanocomposites for dye treatment
2.3.2.1 Adsorption of Methylene blue dye on PANI based nanocomposite

adsorbents

Chowdhury et al., [36] used chemically synthesized polyaniline (acid and base) for Methylene
blue and Procion red dye removal. The results revealed that Methylene blue dye adsorbed more on
basic PANI, and Procion red dye adsorbed more on acidic PANI. The adsorption equilibrium

occurred within 2 h of contact time.

Keivani et al. [89] reported the adsorption behavior of PANI/sawdust nanocomposite in removing
Methylene blue dye. The reduction in dye concentration was found to be 99.5 % in 30 min at pH
9. Ayad and EIl-Nasr, [190] worked on Methylene blue dye treatment through polyaniline

nanotubes adsorbent. Complete removal was obtained in 20 min of contact time
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Benhebal et al., [191] investigated Methylene blue dye adsorption onto PANI/modified clay
(kaolinite/illite) nanocomposites. A removal of 97.84 % was obtained in 20 min under optimized

conditions (pH =6, Co =10 mg/L, A=1g/L, T = 25°C).

PANI/NiFe,O4 (Polyaniline/nickel ferrite) nanocomposites have been developed by Patil and
Shrivastava, [192] through the in-situ self-polymerization method and applied for Methylene blue
dye adsorption. The maximum adsorption rate of 6.65 mg/g was achieved by the prepared
adsorbent at pH 9. Shahabuddin et al., [193] prepared polyaniline-coated graphene
oxide@SrTiOsz nanotube nanocomposites by in-situ oxidative polymerization and employed it to
remove Methylene blue and Methyl orange dye effluent. The nanocomposite adsorbent removed

99 % of Methylene blue and 91 % of Methyl orange dye at pH 7 in 30 min at room temperature.

2.3.2.2 Adsorption of Methylene blue dye on PANI/MMT nanocomposite

adsorbent

There is not much literature available for the treatment of Methylene blue dye on
polyaniline/montmorillonite clay hanocomposite adsorbent. Only one study has been reported by
Mu et al., [194]. They performed an adsorption study of Methylene blue, Congo red, and Brilliant
green dye on well-defined, two-dimensional superparamagnetic clay(MMT and
VVMT)/polyaniline/Fez04 nanocomposites. The adsorbent gave a removal efficiency of 99.6 % for
Methylene blue dye, 98.1 % for Congo red, and 96.2 % for Brilliant green dye within 60 min of
contact time at 25°C. In Table 2.4, various adsorbents that have been used to remove Methylene

blue dye are given.
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Table 2.4 Different adsorbents used for Methylene blue dye adsorption

Sr.

Adsorbate Adsorbent Optimized Percentage | References
No. conditions removal
/adsorptio
n capacity
1. Methylene | Montmorillonite | C,=100mg/L | 58.2 mg/g [6]
blue clay C=100ml
A=01g
pH = 5.65
t =60 min
2. Methylene | Carbon nanotubes | C,=10mg/L | 132.6 mg/g [195]
blue A = 400 mg/L
T=310K
t =120 min
3. | Methylene | Graphene oxide Co=0.33-3.3 1.939 [196]
blue mg/mL mg/mg
C=5mil
A =0.33 mg/mi
pH =7
t=2h
T=293K
4. | Methylene | Lignocellulose-g- | Co = 2500 mg/L 1994.38 [197]
blue poly(acrylic C=50ml mg/g
acid)/montmorillo A =50 mg
nite pH=5
hydrogel T=30°C
nanocomposites t =120 min
5. | Methylene Graphene Co=30-80 mg/L 181.81 [198]
blue oxide/calcium C=50ml mg/g
alginate A =25mg
T=25°C
t=5h
6. | Methylene | ZnCl; Activated Co=40and 65 | 662.25mg/ [199]
blue Corn Husk mg/L g
Carbon C=50ml
pH =4
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A=03¢g/L (removal
t =80 min more than
T=318K 90% )
7. | Methylene Acid activated Co=50 mg/L 85 % [200]
blue carbon Vitex C=50ml
Negundo Stem A =25mg
t=45min
T=30°C
8. | Methylene | Montmorillonite C=50ml 71.12 mg/g [201]
blue clay modified A=01g
with iron oxide T=333K
t=4h
9. | Methylene | Annona squmosa Co=50 mg/L 24.33 % [202]
blue seed C=50ml
A=02g¢
pH =6
T=27x+2°C
10. | Methylene Walnut shells Co=100mg/L | 178.9 mg/g [203]
blue powder C=50ml
A=05¢g/L
T=20°C
pH =6.8
11. | Methylene | Carboxymethyl Co = 25 ppm 92 % [204]
blue cellulose/k- C=50ml
carrageenan/activ A=01g
ated D
montmorillonite T=30"C
pH =6
t =120 min
12. | Methylene Kaolin Co = 80-150 52.76 mg/g [205]
blue mg/L
C=100ml 97.5%
A=05¢g/L removal
pH=6 (100 mg/L)
T=25°C
t =120 min
13. Co =50 mg/L [206]
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Methylene | Hydroxyapatite C=50ml 77.510
blue sodium alginate A=1g/L mg/g of
(CaHAp-AlQ) PH = 6<pH <7 CaHAp
T=25C and
t = <60 min for 142.850
CaHAp, 30 min mg/g of
for CaHAp-Alg CaHAp-
Alg
14. | Methylene MnO> Co =10 mg/L 97.7 % [207]
blue nanosheets@mon C =100 ml (363.63
tmorillonite A=0.1g/L mg/qg)
pH =2
t=5min
T=30°C
15. | Methylene Humic Acid Co =50 mg/L 50 % [208]
blue covered Alumina C=60ml removal/ca
A=1g/L pacity
t =50 min 25.17 mg/g
pH =6
T = ambient
temperature
16. | Methylene Algerian Co =10 mg/L 97 % [209]
blue palygorskite C=50ml
A =50 mg
t =5min
T =room
temperature
17. | Methylene | EDTA-modified Co= 10-100 160 mg/g [210]
blue bentonite mg/L
C=50ml
pH =23
A =20mg
t =120 min
T =30-50°C
18. | Methylene Poly(acrylic Co =50 mg/L 74% [130]
blue acid-co-styrene)/ pH = 3.6
OMMT clay A =50 mg
nanocomposites T = room
temperature
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| | | t=80min |

2.3.2.3 Adsorption of Acid green 25 dye on PANI based nanocomposite

adsorbents

Not much literature is available for the adsorption of Acid green 25 dye using polyaniline-based
nanocomposite adsorbent. Only a few studies have been reported in this area, such as Ansari et
al., [211] investigated the adsorption efficiency of Acid green 25 dye on polyaniline/sawdust. The
adsorbent removed 96 % of dye (50 mg/L) at pH 2 with 0.8 g of adsorbent in 60 min of contact
time. Ayad and El-Nasr, [212] applied polyaniline nanotubes salt/silica composite for Acid green
25 adsorptions. The complete removal of 1.8 mg/L of dye was observed in 10 min with 0.05 g of

adsorbent at 25°C. Adsorption was described best by the Langmuir model with a capacity of 6.896
mg/g.

Another adsorption study was performed by Ansari and Dezhampanah, [213] on
polyaniline/sawdust composite. The adsorbent obtained a maximum AG25 adsorption capacity of
6.21 mg/g under the optimized conditions (Co, = 20-100 mg/L, A=0.8g,pH=2,t=60 min, T =
room temperature). In Table 2.5, we have summarized the literature on the adsorption of AG25

dye using various types of adsorbents.

Table 2.5 Different adsorbents for Acid green 25 dye adsorption

Sr. | Adsorbate Adsorbent Optimized Percentage | References
No. conditions removal/
adsorption
capacity
1. | Acidgreen Co = 50 mg/L [214]
25 C=200ml
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Sodium A=05g/L Removal of
Alginate/titania pH =2 more than 90
nanoparticle T =25°C %
t=20 min
Acid green Ananas Co=100 mg/L | Removal 94.2 [215]
25 c_omozus (IB) C=200mL | %/ adsorption
activated carbon A =100 mg capacity 182.6
pH =2 mg/g
T=25°C
t=90 min
Acid green | Polyoxypropyle |  C, =18 mg/L 99.4 % [216]
25 ”Ed'gfrf‘_'ng‘ C=50ml removal
modifie
. A =20mg and
chitosan (D2ooo-
CS)( 2000 pH=3 44.5 mglg
T=25°C adsorption
t =60 min capacity
Acid green Oxidized Co =30 mg/L >90% [217]
25 multiwalled C=50ml
carbon A =0.025 g/L
nanotubes
pH =2
T=25°C
t=15min
Acid green Activated Co =10 mg/L 76.73 mglg [218]
25 carbon-MnQO; C=50mL
nanocomposite A =100 mg
T=230.2°C
t =120 min
Acid green Biosorbent | C,=50, 100, 200 | Removal 96.1 [219]
25 ~(NaOH mg/L % - 82.03%
activated prunus A=6g/L Adsorption
dulcis) .
pH =2 capacity 50.79
t =330 min mg/g
T=323K
[220]
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Acid green
25

Kaolin (KM 20
and (KM 40)

Co =10, 20, 30,
40, 50, 60 mg/L
C =250 mi
A=0.6g/L
pH=7
T=26+2°C
T=3h

23.26 mg/g
for KM 20
and 30.49
mg/g for KM
40

2.3.2.4 Adsorption of Acid green 25 dye on PANI/MMT nanocomposite

adsorbents

No study has been found single on the use of PANI/MMT adsorbent to treat Acid green 25 dye. In
the present study, PANI/MMT nanocomposites have been used effectively to treat Acid green 25

dye. The available literature on AG25 dye adsorption using different adsorbents is summarized in

Table 2.5.

2.3.3 Polyaniline based nanocomposite adsorbents for various textile dye

adsorption

We have also summarized the adsorption data on PANI-based nanocomposite adsorbents for

different textile dye removal in Table 2.6.

Table 2.6 Polyaniline based nanocomposite adsorbents for various textile dye adsorption

Sr. | Adsorbent Adsorbate Optimized Percentage References
No. conditions removal/adsorption
capacity
1. Polyaniline Sulfonated Co =100 ppm Dye completely [221]
salt dyes t=1h adsorbed
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2. Polyaniline | Direct blue 78 t=1h The rate dropped as [45]
salt the concentration of
DB78 and pH
increased.
3. | Polyaniline/ | Crystal violet Co=5ppm 75.6% [222]
hollow pH =7
MnFe204 T =25°C
nanocompos t=15min
ite
4. | Polyaniline/ | Methyl orange | Co =50 mg/L 89.1% [223]
sawdust pH =6
T = room
temperature
t = 60 min
5. | Starch/polya | Reactive dyes pH=3 Reactive black 5 = [224]
niline T=25C 99%, Reactive violet
t =40 min 4 = 98%, and
Decolorized of dye
bath = 87%
6. Polyaniline | Acid violet49 | Co, =50 mg/L 91.96% [225]
nanocompos pH =34
ite T=30°C
t =50 min
7. | Polyaniline/ Congo red Co=40 mg/L 25.1 mg/g [226]
MMT T=30°C
composite t =60 min
8. | Starch/MM | Reactive dye Co=20 mg/L 91.74 mglg [227]
T/polyanilin pH = 2-10
e
9. | Polyaniline/ | Remazol red Co=50 mg/L 99% [228]
cerium dye pH=6.5
oxide T =25°C
t =40 min
10. | Graphene | Indigo carmine Co=145.61 Removal onto [229]
oxide/polya mg/L GO/PANI is 79.31
niline/mang T=30°C %
anese oxide GO/PANI >
ternary GO/PANI/Mn,03
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nanocompos >PANI>PANI/MnO

ites 2

(88.73, 76.40, 60.45
and 22.52 mg/qg)

2.4 Carbon aerogels

The synthesis of aerogel was first reported by Kistler [230] in 1931. The author discovered
aerogel, made of silica, through a supercritical drying process. However, this process has some
limitations like high manufacturing cost and is time-consuming. In 1968, Teichner made the
procedure simpler using an organic precursor such as tetramethyl orthosilicate and solvent. Since
1970, aerogels have gained much interest from researchers. The focus has been on developing an

aerogel with better drying technology.

Carbon aerogels are organic aerogels having the advantage of controlled micro and mesoporosity
properties. The factors that affect the porosity in carbon aerogels are: curing and drying procedures,
original ingredients, and carbonization conditions [231]. Carbon aerogels were first fabricated by
Pekala [232] in 1989 from resorcinol and formaldehyde via a sol-gel polycondensation process.
Carbon aerogels are classified into three categories, i.e., organic-based carbon aerogel, biomass-
based carbon aerogel, and graphitic materials-based carbon aerogel. Organic-based carbon aerogel
involves polymers, aromatics, and aldehydes, biomass-based carbon aerogel involves porous
biomass and hydrated biomass, graphitic materials-based carbon aerogel involves graphene,

carbonitride, carbon nanotube, and carbide.

2.4.1 Synthesis of carbon aerogels and its composites
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Researchers have recently focused their attention on the production of aerogel materials. Because
of the advantages of high surface area, porous structures, environmental compatibility, and

electrical conductivity, carbon aerogel is the most favorable material for energy devices.

Zhang et al., [233] prepared and claimed that silver dispersed carbon aerogels have strong
antibacterial activity. Saquing et al., [234] synthesized platinum/carbon aerogel nanocomposites

by the supercritical deposition method.

A supercapacitive electrode material ZnO/carbon aerogel composite was developed by Kalpana
et al., [235]. Fang and Binder, [236] developed modified activated carbon aerogel with superior
properties, which made this material more efficient for storing high energy in an electric double-
layer capacitor. Tsioptsias et al., [237] prepared chitin aerogels and carbon aerogels and study the

effect of different parameters like temperature, pressure, gel concentration, and solvent.

A high surface area of porous carbon aerogels (619.26 m?/g) has been prepared by Shariff et al.,
[238]. They further use it to treat heavy metal ions and toxic materials. An et al., [239] produced
polypyrrole/carbon aerogel composite and applied it as an electrode in supercapacitors. The results

show an excellent performance by prepared composite in supercapacitors.

Lin et al., [240] worked to synthesize metal hydride/carbon aerogel composites and identified their
hydrogen storage ability. They found that the abilities of carbon aerogels for hydrogen adsorption
were increased after the synthesis of CA with metal hydrides. A study was also performed by
Rejitha et al., [241] on carbon aerogel synthesis. They investigated the effect of catalysts on the
synthesis of carbon aerogels and their physical properties. Bakierska et al., [242] produced high
conductivity and high surface area starch-based carbon aerogels, which can be used in energy

applications.
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Yan et al., [243] reported the synthesis of carbon aerogels using three different catalysts (sodium
carbonate, calcium hydroxide, and sodium hydroxide) via resorcinol and formaldehyde monomers
polycondensation. Carbon aerogel made with sodium carbonate catalyst was superior to others in
surface area, resistivity, pore size distribution, and structure. A study was performed by Wang et
al., [244] in which they found that the synthesis of carbon aerogels through the acidizing process
can enhance the degree of graphitization. Schwan and Ratke, [245] synthesized flexible carbon

aerogels that can be used for batteries and supercapacitors applications.

Ciszewski et al., [246] worked to modify carbon aerogels by CNT, graphene, and graphene oxide
for supercapacitor performance. Carbon aerogel and Ni-doped carbon aerogel were synthesized
and examined as supercapacitor electrodes by Wang et al., [247]. They obtained Ni-doped carbon

aerogels with improved supercapacitor performance than pure carbon aerogels.

Monolithic carbon aerogels composites synthesized by Lu et al., [248] show potential for thermal
protection in the aerospace field and lithium-sulfur batteries as an electrode material. Guo et al.,
[249] produced highly stretchable carbon aerogels for smart robots, aerospace, and wearable
device applications. Wang et al., [250] produced carbon aerogels as potential electrode material

in supercapacitor devices and investigated their electrochemical performance.

Many studies reported the work on the synthesis of carbon aerogels by the researchers such as
Maldonado-Hodar et al., [251]; Cotet et al., [252]; Czakkel et al. [253]; Lyu et al., [254]. Some

reviews are also reported, such as Pekala et al., [255]; Araby et al., [256]; Torres et al., [257].

2.4.2 PANI/carbon aerogel
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There are only a few literature studies available on polyaniline/carbon aerogel nanocomposites
synthesis. In this field, Xu et al., [258] used in-situ chemical oxidation to prepare
polyaniline/carbon aerogel and improve their electrochemical properties. The authors found that

the addition of carbon aerogel in the polyaniline improved the electrochemical properties.

An et al., [259] produced polyaniline/carbon aerogel composite through chemical oxidation
polymerization for supercapacitors. The authors worked on the electrochemical performance of
the composites. Jin et al., [260] and Chen et al., [261] synthesized polyaniline/carbon aerogels
composite successfully as an electrode material for supercapacitors applications. Tang et al., [262]
prepared and investigated the performance of polyaniline-coated activated carbon aerogel/sulfur
composite for a lithium-sulfur battery. The fabrication of composite improved the electrochemical

properties.

2.4.3 PANI/carbon aerogels for AG25 dye adsorption

There is no report available in the literature on carbon aerogels for AG25 dye adsorption. Carbon
aerogels which have been reported in the literature, but these are limited to their use as the electrode
material. Only a few studies are available on textile adsorption. Their porous structure adsorption

efficiency has not been explored properly.

The literature review on different dye adsorption with carbon aerogel and its nanocomposites is

presented in Table 2.7.

Table 2.7 A literature review of dye adsorption with carbon aerogel and its nanocomposites.

Sr. | Adsorbent | Adsorbate Optimized Removal | Adsorption | References
No. conditions percentage capacity
(%)
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Carbon RBRX Dye | Co=400-1200 96 Not studied [263]
aerogels mg/L
C =100 mL
A=266¢g
Cell Voltage =
20V
Air Flowrate =
0.4 L min!
T =30°C
t =30 min
Activated | Basicblue9 | Coof BB9 =10 _ CA-K-900 [264]
carbon and Acid red mg/L (inactivated
aerogels 183 Co of AR183 = CA)
150 mg/L adsorbed
C =500 mL 200 mg/g
A=001g BB9
T=26°C and 280
t =300 min mg/g
AR183
CA-K-
A1000
(activated
CA)
adsorbed
360 mg/g
BB9
and 2650
mg/g
AR183
MCMA41 Basic yellow Co=68.4t0 MCM41 = [265]
and 87 820.0 mg/L _ 169 mg/g
Carbon C=50mL and MCA =
aerogel A=0.05¢g 178 mg/g
(MCA) T =22°C, 42°C,
62°C
t=24h
Carbon Phenol Co =100-500 21.5 32 mg/g [266]
xerogel mg/L (A=0.29)
C=50mL
A=0.075¢
T =25°C
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t=24h

Carbon Methylene Co = 150-400 _ 819.67 mg/g [267]
aerogels blue mg/L
C=50mL
A =50 mg
T =25°C, 35°C,
45°C
t =30 min
Composite
maghemite/ | Rhodamine Co=8mg/L 3.3 % of 1.52 mg/g [268]
hematite/ B C =100 mL 180N and and 151.52
carbon A =10 mg 98.2% of mag/g
aerogel t=12h CA-400
nanostructu
res
[Composite
Fe3Ouly-
Fe O3
nanorods
(180N) and
mesoporous
y-Fe20a3ly-
Fe,O3/CA
structures
(CA-180)]
Graphene Methylene Co=25mg/L 98 403 mg/g [269]
nanosheet / blue C=30mL
carbon A =25mg
composite T=25°C
aerogels t =30 min
Flexible Methylene Co=10-120 _ 102.23 mg/g [270]
carbon blue mg/L
fiber C=50mL
aerogel A =20mg
T = 25°C,
27°C, 45°C,
55°C
t = 100 min
B- Methylene Co =60 mg/L 94.5 166.67 mg/g [271]
cyclodextri blue C=20mL

65




n/activated A =10mg
carbon T =30°C
aerogels t =500 min
10. Porous Rhodamine Co =20 mg/L 100 with _ [272]
carbon B A=0.2¢g/L CA/PS
aerogel T = 25°C, 35°C, 30.7 with
activated 45°C PS
persulfate t =60 min
38.2 with
CA
11.| Activated | p-nitrophenol | Co= 100 mg/L 96.2 613.34 mg/g [273]
carbon C=25mL
aerogels A=04¢g/L
T =20°C
12.| N-doped Rhodamine Co=50g/L _ 250 mg/g [274]
carbon B C=5mL
aerogel A=01g
(alkaline t=30s
peroxide
mechanical
pulp
aerogels)
13.| Carbon Methylene Co =50 to 500 _ 421.94 mgl/g [275]
aerogels blue mg/L
T =25°C,
35°C, and 45°C
t = 1000 min

From Table 2.7, it can be concluded that carbon aerogels have been used for different dye

adsorption but have not yet been utilized as an adsorbent for AG25 dye adsorption. There are no

such PANI/Aerogel nanocomposites in Table 2.7. Also, there is limited literature in which

polyaniline is combined with carbon aerogel to prepare nanocomposites. The present study aims

to prepare polyaniline/carbon aerogel nanocomposites for an anionic dye (AG25) adsorption. The

in-situ polymerization method has been used for preparing nanocomposites.
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From the above literature survey, it was observed that synthesis of polyaniline and
polyaniline/montmorillonite clay nanocomposites have been reported by the researchers, but they
are limited to supercapacitors electrode materials, anticorrosion properties, and sensors
applications. Additionally, researchers have not explored the synthesis of polyaniline/carbon
aerogels and their efficiency in removing AG25 dye. A few studies on the synthesis of

polyaniline/carbon aerogels are available.

Based upon the literature survey, a few gaps have been identified.

2.5 Gaps in the literature

The following are the gaps in the literature:

Several studies have been reported in the literature on the synthesis and characterization of
PANI/MMT clay nanocomposites. PANI/MMT has also been used for wastewater treatment, but
there has been no study reporting PANI/MMT nanocomposites as an adsorbent for AG25 dye
adsorption, and only one report is available on PANI/MMT clay nanocomposites for MB
adsorption. In most of the research articles, authors have used PANI/MMT clay nanocomposites
as a supercapacitor material, sensors, and corrosion protection applications and also use MMT to

improve mechanical and thermal properties.

Similarly, reports are available on carbon aerogels synthesis, but only a few reports are available
on PANI/CA nanocomposites synthesis. Also, the work has not been done on AG25 dye adsorption

with PANI/CA nanocomposites.

In the present study, PANI/MMT nanocomposites have been synthesized and used as an

adsorbent for AG25 (anionic dye) and MB (cationic dye) adsorption. Also, CA and PANI/CA
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nanocomposites have been synthesized and used as adsorbents for AG25 (anionic dye)

adsorption. This is the first study on AG25 adsorption with CA and PANI/CA adsorbents.

These gaps led to the framing of research objectives as given below:

2.6 Objectives

The following objectives have been set for the study
1. To synthesize polyaniline nanocomposites with varying amounts of clay.
2. To characterize the prepared polyaniline nanocomposites.
3. To impregnate in-situ aniline on a porous substrate.
4. To characterize nanocomposites synthesized in step three.

5. To evaluate the above material as an adsorbent for dye removal.
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CHAPTER 3
MATERIALS AND METHODS

This chapter describes the materials, experimental set-up, and equipment used for the synthesis of
polyaniline (PANI), polyaniline/montmorillonite clay (PANI/MMT), polyaniline/halloysite clay
(PANI/HNT), and polyaniline/carbon aerogel (PANI/CA) nanocomposites. Materials and
experimental set-up are discussed in Sections 3.1 and 3.2. Section 3.3 is about the equipment used
for material synthesis. The details about the characterization techniques are also discussed in this

chapter and given in Section 3.4.

3.1 Materials

Aniline (ACS reagent, > 99.5 % purity) (IUPAC name: Phenylamine), Hydrochloric acid (HCI),
Ammonium persulfate (AR, > 98.5 % purity, chemical formula: (NH4)2S20s), IUPAC name:
diazanium; sulfonatooxy sulfate) and Montmorillonite clay (chemical formula:
(Na,Ca)o.33(Al,MQg)2(Si4010)(OH)2-NH20)) was purchased from Sigma Aldrich, India. Acetone (2-
propanone) and NMP (1-Methyl-2-pyrrolidone) were purchased from LOBA Chemicals, India.
Halloysite nanoclay (product no: 685445) was purchased from Sigma Aldrich. Carbon aerogel
powder was purchased from China. The Acid green 25 dye (anionic, Cl. N0.61570, molecular
weight: 622.58 g/mol) was also purchased from Sigma Aldrich. Methylene blue dye (analytical
grade, M9140 was purchased from Sigma Aldrich. All the solutions for synthesis and adsorption

study were prepared using distilled water.
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3.1.1 Aniline (monomer)

Aniline was used as a monomer for the synthesis of PANI and its nanocomposites. Aniline is

soluble in water. The characteristics details of aniline are shown in Table 3.1.

Table 3.1 Characteristics details of aniline

Monomer

Linear Formula

Molecular Weight

Structure

Aniline

CsHsNH2

93.13 g/mol

NH,

3.1.2 Oxidizing agent

Ammonium persulfate was used as an oxidizing agent in the polymerization process. It is also

known as ammonium peroxodisulfate. The characteristics details about ammonium persulfate are

shown in Table 3.2.

Table 3.2 Characteristics details of ammonium persulfate

Oxidizing agent Linear Formula | Molecular Weight Structure

Ammonium (NH4)25208 228.20 g/mol NH;
persulfate NH;

o)

L o o

HO ”\o/ \S/
0 [
@)
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3.2 Experimental set-up for synthesis

The material synthesis was performed in four steps. The first step is homogenization, the second
step is ultrasonication (sonicator probe), and the third step is polymerization using a magnetic
stirrer, followed by the last fourth step: filtration and drying. Figure 3.1 depicts the experimental

setup used to polymerize PANI and its nanocomposites.

Thermometer

Ice tray

Beaker
Stand

Ice cubes

Polymerization

Figure 3.1 Synthesis set-up

3.3 Equipment used for synthesis

3.3.1 Homogenizer and probe sonicator
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In the present study, the IKA®T18 digital ultra turrax® homogenizer and JYD-750L probe
sonicator have been used for material dispersion and are shown in Figure 3.2. Homogenizer has
been used to produce a uniform suspension in an aqueous medium at 10,000 rpm. Regarding the
probe sonicator, the sonication was performed at 80 % amplitude with a power of 750W and
operating at 20 kHz frequency. In nanotechnology, a probe sonicator is widely used to disperse
nanoparticles at the nanoscale in liquid. It is the most efficient and effective technique for
nanoparticle dispersion in an aqueous medium. A probe sonicator breaks down colloidal particle

aggregates of micron size to the nanoscale level.

BRI E

T

IEREmEL  JEm
-2

Homogenizer Probe sonicator

Figure 3.2 Homogenizer and probe sonicator
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3.3.2 Magnetic stirrer

The material synthesis was performed using a magnetic stirrer at a constant temperature. The
polymerization temperature was controlled through ice cubes. The IKA® C- MAG HS4 digital

magnetic stirrer was used for the polymerization process, as shown in Figure 3.3.

HS4 digral

Figure 3.3 Magnetic stirrer
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3.3.3 Vacuum filter

Vacuum filtration is a method to separate solids from liquids at a fast rate. In the present study,
vacuum filtration (Figure 3.4) has been used to obtain the polymers and nanocomposites after the
polymerization process. The obtained solid material was washed with 1M HCI, acetone, and

distilled water using a vacuum filter to remove the impurities.

Figure 3.4 Vacuum filtration

3.3.4 VVacuum oven

In the present study, the BIONICS Scientific vacuum oven was used. The drying of the filtered
solid material was performed at a temperature of 50°C under a vacuum. Vacuum drying is more

effective in removing moisture in less time than in an ordinary oven.
3.4 Characterization techniques

Characterization of PANI, PANI/MMT, PANI/MMT, CA, and PANI/CA nanocomposites was

done by Scanning electron microscopy (SEM), Field emission scanning electron microscope
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(FESEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), BET
(Brunauer Emmett Teller) analysis, UV-Vis spectroscopy, and HRTEM (High-Resolution

Transmission Electron Microscope) techniques.
3.4.1 Fourier transform infrared spectra

The FTIR spectra were determined by Perkin Elmer Spectrum RX1 using KBr pellets with the
scanning range 4000-450 cm™. Fourier transform infrared spectra were used to obtain the specific

bands of the prepared samples.
3.4.2 X-ray diffractometer

X-ray diffractometer was done by PanAlytical XPERT-PRO ((Netherland) with a wavelength of
1.541 A° (operated at 40 mA, 45 kV). The XRD patterns were used to identify the interlayer
spacing of clay in nanocomposite samples. It identified the crystallinity and structure of all the
samples. XRD analysis of PANI, PANI/MMT, and PANI/HNT was done in the 20 range of 3 to

70°. CA and PANI/CA XRD was performed in the 20 range of 10 to 60°.

3.4.3 Scanning electron microscopy investigation and Field emission scanning electron

microscopy investigation

Scanning electron microscopy was recorded using an instrument JEOL (JSM-6510 LV) to observe
the prepared samples' surface morphology. The Field emission scanning electron microscopy was

performed using Hitachi (HI-0876-0003).

3.4.4 High-resolution transmission electron microscope
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A high-resolution transmission electron microscope (HRTEM) was performed using JEOL (JEM
2100 Plus). The HRTEM technique is generally used to identify the nanocomposite structure of a

nanoscale.

3.4.5 Brunauer Emmett Teller

BET analysis was done to find the surface area and the pore size distribution of the samples. The

equipment used for BET analysis was Microtec Belsorp Mini—Il (Japan) and NOVA touch 2LX.

3.4.6 UV-Vis spectroscopy

UV-Vis spectra were recorded using PerkinElmer UV WinLab by dissolving the samples in NMP

(N-methyl -2-pyrrolidone) solvent.

In the next chapter, the synthesis procedure of polyaniline and its nanocomposites have been

discussed. The characterization results are discussed in Chapter 4.
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CHAPTER 4

SYNTHESIS OF POLYANILINE AND ITS NANOCOMPOSITES

Polyaniline (PANI), polyaniline/montmorillonite clay (PANI/MMT), polyaniline/halloysite clay
(PANI/HNT), polyaniline/carbon aerogel (PANI/CA) nanocomposites have been synthesized
successfully through the in-situ polymerization method. The synthesis procedure is described in
Sections 4.1, 4.2, and 4.3. The results and discussion of PANI and PANI/MMT, CA and
PANI/CA, HNT, and PANI/HNT are presented in Section 4.4. Finally, conclusions are

summarized in Section 4.5.

4.1 Synthesis of polyaniline and polyaniline/montmorillonite clay

(PANI/MMT) nanocomposites

PANI and PANI/MMT clay nanocomposites were synthesized at two different temperatures of
0°C and 20°C. In-situ polymerization method was used to synthesize PANI/MMT nanocomposites
using HCI as a catalyst and ammonium persulfate as an oxidizing agent. The molar ratio of
monomer/oxidant was 1:1, and the polymerization was done at 0°C and 20°C. The synthesis route
and schematic diagram for the formation of PANI/MMT nanocomposites are presented in Figures

4.1 (a, b), respectively.
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Addition of aniline Addition of Ammonium persulfate
Sonication of MIMT with INTHCI (S0 ml) at 0°C/20°C (dissolved in INTHCL) with
clay in 100 ml H,O constant stirring

PANLNIMT

nanocomposites Continuous magnetic
(ﬂ) (after filtration) stirring for 4h at 0°C20°C

Intercalated
clay layers
Clay layers

Polymerization

(b) Aniline monomers

Figure 4.1 (a) Synthesis route (b) Schematic diagram depicting the in-situ polymerization of

PANI/MMT nanocomposites.
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The PANI/MMT nanocomposites were synthesized as per the experimental procedure described
in the literature [1, 2], with some modifications. To synthesize PANI/MMT clay nanocomposites,
MMT clay (0, 1, 1.5, and 2 w/v %) was dispersed in distilled water (100 ml) and sonicated for 10
min using an ultrasonicator probe to achieve nanodispersion of clay. After the dispersion of the
MMT clay, magnetic stirring was used to prepare PANI/MMT nanocomposites. A solution of 2
ml aniline in 1M HCI was added slowly to the above MMT clay suspension over a period of 5
min, with magnetic stirring, and the mixture was further stirred for another 20 min at 0°C. Five
grams of ammonium persulfate (oxidizing agent APS dissolved in 1 M HCI) was added slowly
over a period of 10 min to the above suspension. For polymerization at 0°C, the suspension was
stirred continuously for 4 h at 0°C to ensure the completion of the reaction. After the
polymerization process, a dark green color precipitate of PANI/MMT clay nanocomposite was
obtained. This product was obtained using vacuum filtration, and it was washed with 1M HCI,
distilled water, and acetone to remove ammonium persulfate and other impurities. The obtained
solid nanocomposite material was dried overnight under vacuum at 50°C.

For the polymerization done at 20°C, the mixture was continuously stirred at 20°C for 2 h, and the
reaction for the synthesis of nanocomposite was continued for 24 h without agitation to complete
the polymerization.

The same procedure was adopted to prepare polyaniline (PANI), but herein MMT clay was not

added.

4.2 Synthesis of polyaniline and polyaniline/halloysite clay (PANI/HNT)
nanocomposites

PANI/HNT nanocomposite was prepared using the procedure adopted for PANI/MMT

nanocomposite synthesis, wherein MMT clay was replaced by the HNT clay.
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4.3 Synthesis of polyaniline/carbon aerogel (PANI/CA) nanocomposites

A number of experiments were performed at 0°C to prepare PANI/CA nanocomposites by varying
CA content from 0.1 to 0.5 g. Finally, the CA content of 0.2 g was selected to prepare PANI/CA
nanocomposites for all further studies. The synthesis route and schematic diagram for the
formation of PANI/CA nanocomposites are depicted in Figures 4.2 (a, b), respectively, and are as

follows:

An in-situ polymerization was carried out to synthesize PANI/CA nanocomposite at 0°C (Figure
4.2). A homogenizer and an ultrasonicator probe were used for particle dispersion. To synthesize
PANI/CA nanocomposite, 100 ml distilled water was taken in a beaker, and a 0.2 g of carbon
aerogel was added to it. A solution of aniline and HCI was prepared separately in a 50 ml beaker.
Afterward, the solution of distilled water and CA was homogenized for 10 min at 10,000 rpm. A
suspension of aniline and HCI was slowly added during homogenization. An ultrasonicator probe
sonicated this mixture for 10 min. The solution was again homogenized and sonicated for 10 min
for good particle size dispersion. After the dispersion of the particles, the reaction was further
carried out using a magnetic stirrer at 0°C. The ammonium persulfate solution (5 g + 50 ml HCI)
was added under constant stirring, and subsequently, the solution was stirred continuously for 4 h
at 0°C. After 4 h, the polymerization process was complete, and the product was filtered and
washed with the help of HCI (1M), distilled water, and acetone. The synthesized product was dried

overnight at 50°C in a vacuum oven.
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Addition of aniline with 1M 50 ml HCL

Additie f i ulfat
under magnetic stirrer at 0°C o D A

(dissolved in 1M 50ml HCI)
with constant stirring at 0°C

Sonication of CA in 100 ml H,O

Homogenized CA in 100 ml H,O

—

Filtration and washing

\d

Final product Polyaniline/Carbon aerogel powder

Continuous magnetic stirring for 4 h at 0°C

(@)

Anilinemonomers  Polyaniline

Polymerization

Aerogel porous
particle

Aniline monomers
inside pore

PANI in porous aerogel
particles

(b)

Figure 4.2 (a) Synthesis route and (b) Schematic diagram representing the in-situ polymerization

of PANI/CA nanocomposites.
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4.4 Results and discussion

4.4.1 PANI and PANI/MMT nanocomposites

PANI and PANI/MMT nanocomposites were characterized by FTIR, SEM, FESEM, XRD, BET,

UV-Vis spectra, and HRTEM analysis.

A number of experiments were performed at 0°C and 20°C by using ammonium persulfate as an
oxidizing agent. The nano-clay concentration w/v (%) was varied from 0, 1, 1.5 and 2.0. We have
selected the lower temperatures (0°C) for the adsorption experimental study, and one of the criteria
adopted for the selection of temperature was lower polymerization time. Thus, PANI and
PANI/MMT nanocomposites synthesized at 0°C with 1 w/v (%) clay, were selected as adsorbents

for adsorption experiments of AG25 dye.

4.4.1.1 Fourier transform infrared (FTIR) spectroscopic analysis

All the functional groups of the products have been identified by FTIR spectroscopy. FTIR spectra
of PANI, MMT, and PANI/MMT nanocomposites constituting various clay contents, synthesized
at lower and higher temperatures of 0°C and 20°C, respectively are depicted in Figures 4.3 (a, b).
The peaks at 3621 cm™and 3411 cm™ (O-H stretching), 1016 cm™ and 1101 cm™* (Si-O stretch),
1633 cm (H-O-H bending, 917 cm™ (AI-OH bending), 701 cm™ (Al-Mg-OH stretching), 534
cm™ and 472 cm (bands resulting from Si-O-Al and Si-O-Si bending) are explored in FTIR
spectrum of pure MMT clay. The peaks at 3621 cm™ and 3411 cm™ These bands have also been
reported by other researchers [2-7]. The absorption bands of 0°C PANI located at 1556 cm™ and
1485 cm can be attributed to the C=C stretch occurring in quinoid and benzenoid ring structure.
[8-10]. The C-N bend in PANI results in the characteristic peak at 1303 cm™. [8, 9]. The presence

of band at 1144 cm™ is ascribed to the formation of "HN=Q=NH" framework [9]. The formation
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of distinct bands of PANI and MMT clay can be visualized in spectra of PANI/MMT clay
nanocomposites in both cases (prepared at either 0°C or 20°C temperature with varying amounts
of MMT clay). The FTIR spectra of 0°C and 20°C are almost identical with a very small shift of
peaks, and the peak intensity of 0°C spectra is higher as compared to 20°C spectra of

nanocomposite samples. The FTIR spectra of 20°C prepared samples are shown in Figure 4.3 (b).
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Figure 4.3 FTIR spectra of MMT, PANI, PANI/MMT1.0, PANI/MMT1.5, and PANI/MMT2.0
prepared at (a) 0°C and (b) 20°C.

The Si-O band of MMT in PANI/MMT spectra at 1074 cm™ gives confirmation for successful
intercalation of PANI into the MMT clay galleries [2, 11]. However, intercalation of MMT platelet
was confirmed by WAXS and HRTEM studies, as described in the following section. The FTIR

spectroscopy confirmed the chemical interaction of the MMT clay layers with the PANI chains.
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4.4.1.2 X-ray diffraction (XRD) analysis

The XRD characterization was carried out to determine the insertion of PANI chains into the MMT
clay interlayer space. XRD analysis was done in the 26 range of 3 to 70°. The XRD patterns of
MMT clay and the products (PANI and PANI/MMT) prepared by in-situ polymerization at 0, 1,
1.5, and 2.0 w/v (%) clay loadings are presented in Figure 4.4.

The PANI synthesized at 0°C exhibited sharp peaks at 26 = 25.23°, and two more peaks were
observed at 20.94°, 14.9°, and that indicates its crystalline nature [12, 13]. PANI prepared at 20°C
shows diffraction peaks at 20 = 14.70°, 20.41°, 25.58°, which shows the crystalline structure of
the PANI [1, 12, 14, 15]. Thus, the XRD spectrum of PANI obtained at 0°C, and 20°C shows
similar peaks. The spectrum of pure MMT showed a doo: peak at 26 = 6.08°, corresponding to d-
spacing of 14.52 A°. Wide and expanded angle XRD patterns of PANI, MMT, and PANI/MMT
clay nanocomposites synthesized at 0°C are shown in Figures 4.4 (a, b). The values for
PANI/MMT nanocomposites are presented in Table 4.1. All the samples of nanocomposites are
intercalated and not exfoliated. Similar XRD results are obtained for 20°C nanocomposite samples
(Figure 4.4(c)), and the values for 20°C samples are presented in Table 4.2. The almost same
values in Tables 4.1 and 4.2 indicate that the extent of intercalation of MMT by PANI polymer

chains is the same in the nanocomposites prepared at 0°C and 20°C.
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Figure 4.4 (a) Wide-angle and (b) Expanded angle XRD patterns of PANI, MMT, and its
nanocomposites prepared at 0°C, (c¢) XRD pattern of PANI and nanocomposites prepared at 20°C.
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Table 4.1 XRD data of MMT and PANI/MMT nanocomposites prepared at 0°C

Component 20 doo1 spacing (A°)
MMT 6.08 14.52
PANI/MMTL1.0 6.28 14.05
PANI/MMTL1.5 6.01 14.67
PANI/MMT2.0 5.97 14.78

Table 4.2 XRD pattern of MMT and PANI/MMT nanocomposites prepared at 20°C

Component 20 doo1 spacing (A°)
MMT 6.08 14.52
PANI/MMTL1.0 6.27 14.08
PANI/MMT1.5 6.09 14.50
PANI/MMT2.0 5.98 14.75

4.4.1.3 UV-Vis spectroscopy analysis
The UV-Vis spectra of pure PANI and PANI-MMT clay nanocomposites synthesized at 0° and
20°C are displayed in Figure 4.5. The N-methyl-2-pyrrolidone solvent was used to dissolve all of

the samples and absorption bands were analyzed by UV-Vis spectroscopy.

The UV-Vis spectrum of pure PANI synthesized at 0°C exhibits two absorption bands at around
332 nm and 638 nm wavelength, that are ascribed to the benzoid ring's mt-rt* transition besides
exciton transitions in the quinoid ring [16-21]. These bands indicate that the PANI is in an
emeraldine conducting state. The characteristics absorption bands of PANI-MMT nanocomposites
were found at 324 nm and 626 nm for PANI/MMT1.0; 322 nm and 628 nm for PANI/MMT1.5;
and 322-326 nm and 623-628 nm for PANI/MMT2.0. The benzoid ring's m-n* transition is
ascribed to the spectral peak at 322-326 nm. The absorption peak at around 623-628 nm is due to

the excitation transition from benzenoid ring to quinoid ring [17, 20, 21]. The absorption bands of
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PANI and PANI-MMT nanocomposites (0, 1, 1.5, 2 w / v %) synthesized at 20°C are very similar
to those synthesized at 0°C. For 20°C, two bands were obtained at 331 nm and 633 nm for pure
PANI that can be ascribed to n-t* transition of benzoid ring and exciton transitions in the quinoid
ring. The UV absorption peaks were found at 330 nm and 630 nm for PANI/MMT1.0, 324 nm and
624 nm for PANI/MMTL15, 322-326 nm, and 623-628 nm for PANI/MMT2.0. In
polyaniline/MMT nanocomposites samples, the adsorption bands shifted slightly to a lower

wavelength, indicating the MMT clay and polyaniline interaction.
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Figure 4.5 UV-VIS spectra of PANI and PANI/MMT prepared at (a) 0°C and (b) 20°C.
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Thus, all these results (FTIR, XRD, and UV-vis spectra) were almost similar for the three
compositions of PANI/MMT nanocomposites. Hence, the nanocomposites containing the least e.g.
1 w/v (%) amount of clay was selected for all further characterization studies. The 1 w/v (%) clay
was selected to save on the cost of nanofiller to prepare nanocomposites for further adsorption

studies.

4.4.1.4 Scanning electron microscopic and Field emission scanning electron microscopy

PANI (emeraldine salt) and PANI/MMT nanocomposites morphology was studied through SEM
analysis. The SEM images of pure MMT clay showed a layered structure. The morphology of the
pure PANI sample synthesized at 0°C and 20°C confirms that the prepared PANI has a granular
texture, but the morphology of PANI/MMT nanocomposites was not clearly seen in SEM

micrographs for both temperatures (0°C and 20°C), so FESEM analysis was done.

The FESEM images of pure PANI and PANI/MMT nanocomposites with 1 w/v (%) clay prepared
at 0°C and 20°C are shown in Figure 4.6. The granular structure of PANI is identified in Figures
4.6 (a, c¢). There is a significant difference in morphology of PANI and PANI/MMT
nanocomposites (for both 0°C and 20°C temperature). In Figures 4.6 (b, d), it can be clearly seen
that the polymerization mainly occurred between the clay layers. Figure 4.6(b) is the FESEM
image of PANI/MMT nanocomposites prepared at 0°C, and Figure 4.6(d) shows the FESEM

image of PANI/MMT nanocomposites prepared at 20°C.
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Figure 4.6 FESEM images of (a) PANI and (b) PANI/MMT nanocomposites prepared at 0°C, (c)
PANI, and (d) PANI/MMT samples prepared at 20°C.

4.4.1.5 High-resolution transmission electron microscope

HRTEM analysis has been used to identify the internal structure of the PANI/MMT
nanocomposites. Figures 4.7 (a, b) shown the HRTEM images of PANI/MMT nanocomposites
synthesized by in-situ polymerization at 0° and 20°C. The clay platelets are represented by black
lines, and the polymer matrix is represented by a grey/white surface. The HRTEM images of

nanocomposites show that the nanocomposites consist of a silicate layers, and these MMT silicate
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layers are intercalated within the PANI matrix. HRTEM analysis confirms the intercalated

structure of PANI/MMT nanocomposites.

Figure 4.7 HRTEM images of PANI/MMT nanocomposites

4.4.1.6 Brunauer Emmett Teller

The surface area and pore size of pure PANI and PANI/MMT nanocomposites (0°C) were
analyzed by BET analysis and are summarized in Table 4.3. The pore size distribution and
nitrogen adsorption/desorption curves of PANI and PANI/MMT are shown in Figures 4.8 (a, b)
and Figures 4.8 (c, d). PANI affords a porous morphology. MMT clay morphology is less porous
and has a less specific surface area, as find out from BET measurements as given in Table 4.3.
However, the adsorption behavior of PANI/MMT is better than pure PANI. The nanocomposite
surface area is lesser than that of PANI, possibly due to the presence of millions of nano-dispersed
clay particles that block the pores in the PANI sample. This is so because MMT platelets, when
dispersed at nano-level, possess a very large surface area, and hence, PANI/MMT would use their

complementary properties to form adsorption.
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From Figure 4.8, it can be observed that the nitrogen adsorption/desorption of PANI and

PANI/MMT samples showed type Il isotherms as per the IUPAC classification [22]. Furthermore,

the plots indicate that PANI and PANI/MMT have a mesopore morphology (pore diameter lies

between 2-50 nm).
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Table 4.3 Specific surface area of PANI and its nanocomposites

Samples Pore diameter (nm) Pore volume BET (m?/g)
(cm’/g)
PANI 17.55 0.12 26.32
PANI/MMT 15.63 0.07 18.28

4.4.2 CA and PANI/CA nanocomposites

Polyaniline/carbon aerogel (PANI/CA) nanocomposites have been synthesized via in-situ
polymerization. Four distinct approaches were used to examine the morphology and structure of

PANI/CA and CA powder, i.e. FTIR, XRD, BET analysis, and FESEM.
4.4.2.1 Brunauer—-Emmett-Teller (BET)

The textural properties of CA and PANI/CA were examined using the BET method. From BET,
the specific surface area and pore size distribution of both samples (PANI/CA and CA) were
calculated at 77 K with nitrogen adsorption/desorption. The nitrogen adsorption/desorption curve
of CA and PANI/CA are shown in Figures 4.9(a, b), and pore size distribution curves are shown
in Figures 4.9 (c, d). The surface area of pure CA powder was 2025.4 m?%/s, and for PANI/CA, it
decreased to only 61.27 m?/s for PANI/CA powder, as illustrated in Table 4.4. The surface area
of the pure carbon aerogel sample was much higher than the nanocomposite sample. The high
surface area of CA shows an excellent porous structure. The addition of PANI to carbon aerogel
decreased the surface area of the nanocomposite sample due to PANI micropore blockage in the
CA, as borne out by FESEM images shown later. The pore diameter and pore volume of CA were
as high as 4.0 nm and 2.03 cm®g. For PANI/CA nanocomposites, it decreased to 0.71 nm and 0.15

cm?®/g, respectively.
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Additionally, from Figures 4.9(a, b), it can be observed that the nitrogen adsorption/desorption of

both CA and PANI/CA samples showed type 1V isotherms as per the IUPAC classification [22].

This indicates that CA has a mesopores morphology (2-50 nm) and PANI/CA has a micropores

morphology (< 2 nm).
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Table 4.4 BET analysis results of CA and PANI/CA

Sample BET (m?/s) Pore diameter (nm) Pore volume
(cm*/g)
Carbon aerogel 2025.4 4.00 2.03
PANI/carbon aerogel 61.27 0.71 0.15

4.4.2.2 Fourier-transform infrared spectroscopy investigation

FTIR spectrum results for CA powder as well as PANI/CA nanocomposite are shown in Figure
4.10. In the FTIR spectra of CA, a broad absorption peak is observed at 3441.7 cm™, which is
associated with —OH (hydroxide group) stretching. The vibration stretching of C=C is confirmed
by 1631 cm™ band; the C-N stretch band is located at 1116 cm™[23, 24]. In the spectra of
PANI/CA, new absorption bands are confirmed due to PANI loading in the CA shown in Figure
4.10. In PANI/CA sample, peaks are detected at 3403 cm™ correspondings to N-H stretch and
2924.5 cm correspondings to C-H stretching [25]. The band at 1474.1 cm™ and 1544.6 cm™
corresponds to the benzenoid and quinoid ring (C=C stretching) that indicates the existence of
polyaniline doped structures [25-27]. The wavelength at 1296.1 cm™ and 1240 cm™ are accredited
to C-N stretching [25, 26, 28]. C-H in-plane bend is represented by the peak at 1116.9 cm™ and C-
H out-of-plane bend is represented by the peak at 796.8 cm™ [25-28]. These peaks confirm that

PANI/CA nanocomposite has been successfully synthesized.

135



CA

% Transmittance

PANI/CA

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 4.10 FTIR spectra of CA and PANI/CA nanocomposites.

4.4.2.3 X-ray diffraction investigation

XRD analysis results of carbon aerogel and PANI/CA powder are given in Figure 4.11. Two broad
peaks of carbon aerogel identified at 22.98° and 43.41° can be attributed to graphite carbon. This
shows that carbon is a crystalline substance and has a graphitic structure [29-36]. These two peaks

are the typical carbon aerogel peaks. The XRD peaks of PANI/CA 15.28°, 20.77°, 25.55°, and
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43.00° corresponds to d-spacing values of 5.79 A°, 4.27 A°, 3.48 A°, and 2.10 A°, respectively

[37-40]. Therefore, all these peaks were indicating the existence of PANI in the CA.
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Figure 4.11 XRD pattern of Carbon and PANI/carbon aerogel.

4.4.2.4 Field Emission Scanning Electron Microscopy

The investigation of FESEM for CA and PANI/CA powder was done at low and high

magnifications, as depicted in Figure 4.12. In Figures 4.12 (a, b), the porous network structure of
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CA can be easily seen. The morphology of the PANI/CA sample is shown in Figures 4.12 (c, d).
After the fabrication of CA with PANI polymer, the morphology drastically changes, which
indicates the coating of CA with PANI. Figures 4.12 (c, d) show that the PANI has been deposited
evenly on the porous CA material. CA pores have been covered by PANI polymer. The porous

structure of CA is clearly more beneficial for the adsorption process.

Figure 4.12 FESEM images of (a, b) CA and (c, d) PANI/CA.

4.4.3 PANI and PANI/HNT nanocomposites

Characterization of PANI/HNT nanocomposites has been analyzed using techniques like X-ray
diffraction (XRD), Fourier transforms infrared spectroscopy (FTIR), and Field emission scanning

electron microscopy (FESEM).
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4.4.3.1 Fourier transform infrared spectroscopy (FTIR) investigation

Figure 4.13 shows the FTIR bands of pure HNT, PANI, besides PANI/HNT nanocomposites.
FTIR spectra of PANI/HNT exhibiting characteristic peaks of HNT and pure PANI. In the spectra
of pure HNT, the absorbed water bands are observed at 3435 cm™ and 1650 cm™[41]. Si-O stretch
can be assigned to the characteristic band at 1025 cm™. The vibration peak occurrence at 908 cm-
! is reason being the presence of O-H bends in inner hydroxyl groups. Two more bands are
observed at 528 and 464 cm™, corresponding to Al-O-Si and Si-O-Si bending vibration [42]. The
low-intensity peaks at 2924 cm™ and 2853 cm™ are accredited to symmetric and asymmetric
stretchs of —CH> groups [43]. Compared to pristine HNT, HNT coated with PANI shows some
additional peaks at 1565 and 1473 cm™ (C=C stretching vibrations) attributed to quinonoid and
benzenoid ring structures [44]. Two more crests appeared at 1384, and 1117 cm™ corresponds to
C-N stretch and C-H plane bending vibration [35]. These peaks are indicative of the deposits of

PANI on the HNT sample.
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Figure 4.13 FTIR spectra of HNT and its nanocomposites
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4.4.3.2 X-ray diffraction investigation

XRD spectra of pure HNT, PANI, and PANI/HNT nanocomposites is presented in Figure 4.14.
the XRD study was performed in the range of 20 = 3 to 70°. Pure HNT XRD spectra showed
typical diffraction peaks at 20 = 12.39, 19.91°, and 24.91° [41, 45, 46] corresponding to d-spacing
of 7.13 A°, 4.45A° and 3.57A°, respectively. In the XRD spectra of PANI/HNT, the diffraction
peaks intensity decreases and slightly shifted towards the right (12.41°, 19.94°, and 24.94°) and
the reason is due to the interaction of the polymer chain with the HNT clay galleries. The

nanocomposite spectra is almost identical to the HNT sample, indicating that its structure has been

retained.
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Figure 4.14 XRD of pure HNT and its nanocomposites
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4.4.3.3 Field emission scanning electron microscopy investigation

PANI/HNT nanocomposite morphology was characterized by FESEM analysis. The higher and
lower resolution FESEM images of PANI/HNT nanocomposite are shown in Figure 4.15. In the
FESEM analysis of PANI/HNT (Figures 4.15 (a, b)), it can be seen that the tubular shape of the
HNT surface was coated with PANI, suggesting the formation of the nanocomposite. FESEM
results demonstrate that the halloysite clay has successfully interacted with PANI through an in-

situ polymerization process.

Figure 4.15 FESEM images of PANI/HNT nanocomposites
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4.5 Conclusion

Polyaniline (PANI), polyaniline/montmorillonite clay (PANI/MMT), and polyaniline/carbon
aerogel (PANI/CA) nanocomposites were successfully obtained by in-situ polymerization using
ammonium persulfate as an oxidizing agent. Characterization techniques confirmed the successful
fabrication of PANI, PANI/MMT, and PANI/CA nanocomposites. Further, polyaniline,
polyaniline/montmorillonite clay nanocomposites, carbon aerogel powder, and polyaniline/carbon
aerogel nanocomposites have been used for the remediation of Acid green 25 (AG25), an anionic

dye and are discussed in Chapters 5 and 6.
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CHAPTER 5

ADSORPTION STUDY OF ACID GREEN 25 DYE ON
POLYANILINE/MONTMORILLONITE ADSORBENT

This chapter deals with the adsorption of AG25 dye using PANI and PANI/MMT nanocomposite
as adsorbents. The prepared PANI and PANI/MMT nanocomposites (prepared at 0°C) were

studied for their adsorption behavior.
5.1 Adsorption study

5.1.1 Preparation of the stock solution and finding the maximum wavelength of AG25 dye

A stock solution was prepared by diluting one gram of AG25 dye in one liter of distilled water.
The maximum wavelength of 642 nm was identified by the calibration curve (10 to 60 mg/L). The

calibration curve of AG25 dye is presented in Figure 5.1.
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Figure 5.1 Calibration curve of AG25 dye
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5.1.2 Batch adsorption

Adsorption studies were done by diluting a stock solution of Acid green 25 dye (1g/L) into
different dye concentrations solutions (50-200 mg/L). The parameters studied were: effect of dye
solution temperature (20 to 50°C), adsorbent dose (0.008-0.6 g), initial AG25 dye concentration
(50-200 mg/L), time (0-60 min) and pH (2-10). For the adsorption study, 100 mL of various initial
dye concentration solutions were prepared along with a fixed amount of adsorbent. The
experiments were carried out in an incubator shaker at 180 rpm for 60 min at pH 6 by varying

temperatures from 20 to 50°C.

The percentage of dye removal was calculated by:

% removal = 100(C, — C,)/C, 1)

Where C, = initial concentration of AG25 dye

Ce = equilibrium concentration (mg/L) of AG25 dye

The equilibrium capacity of the dye was calculated by:

e = (Co - Ce)V/m (2)

Where ge (mg/g) = amount of AG25 adsorbed at equilibrium per unit mass of adsorbent. V =

volume (L) of AG25 dye solution. m = mass (g) of adsorbent.

5.2 Results and Discussion

5.2.1 Effect of pH

The interaction between the adsorbate and the adsorbent is considerably affected by dye aqueous

solution pH. The chemistry of adsorbate solution, ionization degree of adsorbate molecules, and
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the surface charge of adsorbent are strongly affected by the pH of dye solution [1, 2]. The pH effect
on AG25 dye adsorption was examined on pure PANI and PANI/MMT by varying pH values in
the range of 2 to 10. The dye solution's pH was varied using 1 molar HCl & 1 molar NaOH
solutions, and the study was conducted with a starting 50 mg/L of AG25 dye concentration, a

contact duration of 60 minutes, and a temperature of 20°C with a stirrer speed of 180 rpm.
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Figure 5.2 pH effect on AG25 dye removal.
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The adsorption data of PANI in Figure 5.2(a) show that greater removal of AG25 dye was
observed at lower pH values. The maximum adsorption of AG25 dye was obtained at pH = 2
(100% removal within 10 min), and the minimum adsorption was observed at pH = 8 (97.32%).
The adsorption of AG25 dye was stable after a short interval time (15 min). In Figure 5.2(a), it
can be seen that there is no significant difference in adsorption between pH 2 (100%), pH 4
(99.88%), and pH 6 (98.33%), and so pH 6 was selected as an optimum pH for the adsorption
study of AG25 dye. For PANI/MMT (Figure 5.2(b)), the maximum removal of AG25 dye was

obtained at pH = 6 (100%), and the minimum adsorption was observed at pH = 10 (98.06%).

5.2.2 Effect of adsorbent dose

The adsorbent dosage effect was investigated for pure PANI and PANI/MMT for AG25 dye
adsorption by taking various amounts of adsorbent (0.08 to 0.6 g) at 20°C with 50 mg/L of initial
dye concentration for a duration of 60 min. The data of the effect of adsorbent are plotted between
time vs. percentage removal and are displayed in Figure 5.3. After the dose of 0.4 g, there is hardly
any difference in % removal for higher amounts (Table 5.1). Hence, to use the lowest adsorbent
amount, an adsorbent amount of 0.4 g was selected for further adsorption study of AG25 dye.
However, when the amount of adsorbent increased, the extent of AG25 dye adsorbed also
increased, this is mostly owing to the presence of more active adsorbent sites which can interact

with the solution of the anionic dye [3-5].
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Figure 5.3 Effect of adsorbent amount (pH = 6, Co =50 mg/L, T = 20°C).

Table 5.1 Effect of PANI and PANI/MMT adsorbent dose

Adsorbent 0.08¢g 0.09¢g 0.1g 0.2¢g 0.3g 0.4g 0.5¢ 0.6g

dose

%removal | 59.76% | 62.08% | 69.76% | 97.44% | 98.66% | 99.4% | 99.64% | 99.76%
(PANI)

% rtemoval | 65.14% | 68.3% | 73.8% | 98.3% | 99.16% | 100% | 100% | 100%
(PANI/MMT)

5.2.3 Effect of initial dye concentration

Initial AG25 dye concentration effect with PANI and PANI/MMT nanocomposite adsorbents was
studied. The C, values were varied from 50 to 200 mg/L at a temperature of 20°C, optimized pH
6 and adsorbent amount of 0.4 g. Figures 5.4(a, b) illustrates the AG25 dye concentration effect
onto PANI as well as PANI/MMT samples adsorption. Adsorption kinetics have been compared

for pure PANI and PANI/MMT with a 50 mg/L dye concentration, in Figure 5.4(c). Pure PANI
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removed 94.64%, and PANI/MMT removed 97.82% of the dye within 5 min at 50 mg/L of AG25
dye. Also, within 30 min the PANI/MMT sample removed 100% and pure PANI salt sample
removed 99.16% of the anionic dye (Co = 50 mg/L, pH = 6, adsorbent = 0.4 g, T = 20°C). Since
the adsorption occurs at a very fast rate, i.e., in a very short time period, the same data were plotted
on a semi-log figure (the inset in Figure 5.4(c) to illustrate the adsorption behavior at short times.

It can be seen that even at 1 min, the adsorption for PANI and PANI/MMT is about 88% and 93%,

respectively.
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Figure 5.4 Initial dye concentration effect on AG25 dye elimination by (a) PANI, (b) PANI/MMT
adsorbent (T = 20°C, pH =6, C, = 50-200 mg/L, t = 60 min), (c) is the comparison of PANI and
PANI/MMT adsorption data (50 mg/L).
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The results indicate that PANI/MMT nanocomposite efficiency as an adsorbent is higher than that
of pure PANI. However, in the comparison of adsorption behavior at different initial dye
concentrations, the removal efficiency of samples decreased by increasing the AG25 dye
concentration. This may be attributed to the saturation of the adsorbent sites for removal of the dye

molecules [4, 6].

5.2.4 Effect of temperature

The effect of temperature was also studied for the removal of AG25 dye at 20°, 35°, 45° and 50°C
(conditions: Co = 50-200 mg/L, pH = 6, adsorbent = 0.4 g, t = 30 min). The effect of temperature
on adsorption by PANI and PANI/MMT for AG25 dye removal is shown in Figure 5.5. The results
indicate that the percentage removal by PANI is less than the removal by PANI/MMT
nanocomposite, and removal of AG25 dye increases as the dye solution temperature rises from
20° to 50°C [7]. The higher adsorption by the nanocomposite is due to the nano dispersed clay

platelets, the outer layer of which has a negative charge.
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Figure 5.5 Comparison of PANI with PANI/MMT adsorption for AG25 dye removal (Co, = 50
mg/L, pH = 6, adsorbent amount = 0.4 g, t = 30 min).
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5.2.5 Adsorption kinetics

There are different models available to evaluate the adsorption kinetic data. The adsorption
kinetics study of AG25 dye was done using a pseudo-first order kinetic model as well as a pseudo-

second order model. Pseudo-first order equation can be written by [8]

log(q. — q¢) = logq, — k¢t/2.303 (3)

Where, ge (Mg/g) = amount of dye adsorbed at equilibrium; g: (mg/g) = amount of dye adsorbed

at time t; ks (min) = rate constant; t (min) = time.

The maximum adsorption time was taken to be 60 min, wherein the percentage of dye removal
was more than 99% for all initial dye concentrations studied. The experimental data did not fit in
pseudo-first order kinetic model (Tables 5.2 and 5.4). Therefore, the first-order model is not a
suitable model for the adsorption kinetic study of AG25 dye, as shown in Figures 5.6 and 5.8.
Then, the pseudo-second kinetic model was tested for adsorption at different temperatures (20 to
50 °C) and different initial dye concentrations (50-200 mg/L). The equation for pseudo-second

order model can be written as [8]:

t 1 t
= +— (4)
qr kzqe?  qe

Where, k2 = pseudo-second order rate constant.
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Figure 5.6 Pseudo-first order kinetic plot of AG25 dye removal on PANI at 20°C, 35°C, 45°C, and

50°C.

The straight line (plotted between t/qt vs. t) was obtained from pseudo-second order kinetic
model, as shown in Figures 5.7 and 5.9. Tables 5.3 and 5.5 presents the pseudo-second order
kinetic parameters (qe, k2) calculated for AG25 dye adsorption onto PANI and PANI/MMT
nanocomposite samples. The rate constant (k2) and equilibrium adsorption capacity (ge) values
were calculated from the intercept and the slope. In the kinetic adsorption study, it was observed
that the rate constant (k2) and equilibrium adsorption capacity (ge) values were higher for
PANI/MMT nanocomposites as compared to pure PANI. These calculated k. values were
decreased with increasing AG25 initial dye concentration for PANI/MMT and pure PANI

adsorbent. As the temperature rises, the values of rate constant (k2) and equilibrium adsorption
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capacity (ge) were increased. It shows that the higher temperature was more efficient for AG25

adsorption onto PANI and PANI/MMT samples. High correlation coefficients (R? > 0.99) were

obtained at 35°, 45°, and 50°C, for different initial dye concentrations. It confirms that the pseudo-

second order model is an appropriate model to describe AG25 dye kinetic adsorption using PANI

as well as PANI/MMT.
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Figure 5.7 Pseudo-second order kinetic plot of AG25 dye removal on PANI at 20°C, 35°C, 45°C,

and 50°C.
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Table 5.2 Kinetic parameters of pseudo-first order calculated for AG25 dye removal on PANI

C,(mg/L) Gofery) (ME/D) Goteay (ME/L) k, (min™) R

Temperature (7=20°C)

50 12.425 1.572 0.112 0.8333
80 19.88 9.358 0.116 0.9791
100 24.78 14.11 0.115 0.9877
150 36.75 31.19 0.082 0.9414
200 45.12 43.75 0.073 0.8357

Temperature (7=35"C)

50 12.48 0.629 0.118 0.6179
80 19.95 8.822 0.120 0.9778
100 24.86 12.77 0.114 0.9558
150 37.28 28.21 0.078 0.9040
200 46.70 35.95 0.058 0.9534

Temperature (7=45"C)

50 12.48 0.641 0.159 0.5791
80 19.99 10.17 0.148 0.9773
100 24.94 12.08 0.121 0.9803
150 37.31 22.32 0.070 0.9522
200 48.26 33.36 0.063 0.9643

Temperature (7=50°C)

50 12.5 1.622 0.374 0.5452
80 19.98 2.746 0.121 0.8572
100 24.97 5.252 0.117 0.8944
150 37.45 14.89 0.113 0.9618
200 49.49 32.11 0.089 0.9630
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Table 5.3 Kinetic parameters of pseudo-second order calculated for AG25 dye removal on PANI

Cg (mg/L) qe(exp) (mg/g) qe(cal) (mg/g) kZ (g/mg min) RZ

Temperature (7=20°C)

50 12.425 12.46 0.417 0.9999
80 19.88 20.28 0.043 0.9995
100 24.78 25.37 0.028 0.9994
150 36.75 38.53 0.0066 0.9928
200 45.12 47.43 0.0038 0.9813

Temperature (7=35°C)

50 12.48 12.49 1.25 1

80 19.95 20.28 0.052 0.9996
100 24.86 25.34 0.034 0.9996
150 37.28 38.77 0.0074 0.9942
200 46.70 48.56 0.0040 0.9845

Temperature (7=45°C)

50 12.48 12.49 2.08 1

80 19.99 20.30 0.060 0.9996
100 24.94 25.40 0.039 0.9996
150 37.31 38.65 0.0087 0.9958
200 48.26 49.97 0.005 0.9913

Temperature (7=50°C)

50 12.5 12.50 4.57 1

80 19.98 20.05 0.256 0.9999
100 24.97 25.13 0.109 0.9999
150 37.45 38.02 0.030 0.9997
200 49.49 50.89 0.009 0.9977
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Figure 5.8 Kinetics of pseudo-first order model for AG25 dye adsorption onto PANI/MMT at 20°,

35°C, 45°C, and 50°C.
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Table 5.4 Kinetic parameters of pseudo-first order calculated for AG25 dye removal on
PANI/MMT

C,(mgll) g, (mg/g) Goeay (ME/2) k, (min') R

Temperature (7=20°C)

50 12.5 2.247 0.206 0.7685
80 19.97 4.244 0.099 0.8731
100 24.88 7.958 0.091 0.9362
150 37.24 17.06 0.101 0.9637
200 49.30 23.31 0.092 0.9607

Temperature (7=35°C)

50 12.5 1.725 0.244 0.5985
80 20 3.434 0.108 0.8755
100 24.92 4.916 0.082 0.8220
150 37.31 13.59 0.103 0.9450
200 49.69 26.86 0.095 0.9836

Temperature (7=45°C)

50 12.5 7.891 1.095 0.8887
80 20 4.474 0.255 0.8590
100 25 6.258 0.108 0.9311
150 37.36 15.09 0.127 0.9701
200 49.78 31.71 0.119 0.9340

Temperature (7=50°C)

50 12.5 7.798 7.798 0.8876
80 20 5.711 0.309 0.8828
100 25 3.922 0.121 0.8449
150 37.47 13.36 0.139 0.9443
200 49.83 28.31 0.129 0.9788
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Table 5.5 Kinetic parameters of pseudo-second order calculated for AG25 dye removal on

PANI/MMT
C,(mg/L) D o(exp) (ME/R) 9 ocay (ME/Q) k, (g/mg min) R
Temperature (7=20°C)
50 12.5 12.52 0.79 0.9999
80 19.97 20.09 0.11 0.9999
100 24 .88 25.17 0.047 0.9997
150 37.24 37.90 0.022 0.9994
200 49.30 50.50 0.010 0.9985
Temperature (7=35"C)
50 12.5 12.51 1.64 1
80 20 20.10 0.160 0.9999
100 24.92 25.05 0.085 0.9999
150 37.31 37.85 0.030 0.9997
200 49.69 50.91 0.012 0.9990
Temperature (7=45°C)
50 12.5 12.5 5.16 1
80 20 20.04 0.517 0.9999
100 25 25.20 0.080 0.9999
150 37.36 37.87 0.035 0.9997
200 49.78 50.89 0.014 0.9994
Temperature (7=50°C)
50 12.5 12.5 5.161 1
80 20 20.04 0.567 0.9999
100 25 25.15 0.132 0.9999
150 37.47 37.95 0.040 0.9998
200 49.83 50.86 0.017 0.9995
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5.2.6 Adsorption equilibrium

An adsorption isotherm study was performed for AG25 dye with Langmuir, Freundlich, and
Temkin isotherm models [9]. The parameters of these three models were studied at 20°, 35°, and
45°C with the initial dye concentration range of 80-200 mg/L. Almost 100% removal was attained
at all values of initial dye concentrations studied. Also, significantly the lower concentration takes
very less time to achieve complete dye removal. Table 5.6 gives the isotherm equations for

different models [8, 10, 11].

Table 5.6 Equations of Langmuir, Freundlich and Temkin isotherm models [8, 10, 11]

S. No. Isotherm Model Equations
1. Langmuir q9,=q,KC /(1+KC)
2. Freundlich = Un
qe KF Ce
3. Temkin q,=BpInK.+B.InC,

Where ge (Mmg/g) refer to adsorbate adsorbed at equilibrium, K. (L/mg) denotes Langmuir isotherm
constant, C. (mg/L) refers to equilibrium AG25 concentration, gm belongs to adsorption capacity,
Kr (mg/g), and 1/n are the Freundlich isotherm constants, and B (Kj/mol) and Kr (L/mg) are the
Temkin isotherm constants. Out of these models, the Langmuir isotherm model best fits the
experimental data, as shown in Tables 5.7(a, b). A linear plot of C/q: against C. for AG25 dye
adsorption by PANI and PANI//MMT nanocomposites was obtained as depicted in Figures 5.10
(a, b). The highest value of correlation coefficient (R?) for Langmuir isotherm was found in a linear
plot of Ce/qe vs. Ce (Tables 5.7(a, b)).

The surface area of PANI is more than that of PANI/clay nanocomposites, as evidence by the

BET results shown in Table 5.8. However, the kinetic and equilibrium adsorption data show that
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PANI/clay nanocomposites have higher adsorption than PANI. This is because the outer surface
of clay platelets, which are permanently negatively charged, would also adsorb the positively
charged AG25 dye molecules. This is significant because the clay platelets are nano dispersed

throughout the adsorbent.

Table 5.7 Calculated parameters for AG25 dye adsorption onto (a) PANI and (b) PANI/MMT

nanocomposites
(a)
Langmuir isotherm
T(0) 4, (mg/g) K, (L/mg) 4
20 34.14 0.335 0.9993
35 36.08 0.505 0.9992
45 41.71 0.366 0.9996
Freundlich isotherm
T(C) 1/n K, (mg/g) R
20 0.1735 3.35 0.9497
35 0.1887 3.45 0.9352
45 0.2346 3.43 0.9514
Temkin isotherm
T(c) K, (L/mg) B, (Kj/mol) R
20 0.25 4.46 0.9790
35 0.22 5.10 0.8120
45 0.09 6.69 0.9794
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(b)

Langmuir Isotherm

T(C) q,, (ng/g) K, (L/mg) R

20 51.02 0.271 0.9820
35 50.50 0.536 0.9909
45 49.87 0.969 0.9688

Freundlich Isotherm

T¢C) I/n K, (mg/g) R

20 0.3285 3.34 0.8999
35 0.2853 3.73 0.9869
45 0.1533 4.27 0.7624

Temkin Isotherm

T¢C K, (L/mg) B, (Kj/mol) R

20 0.03 9.92 0.9002
35 0.1 8.80 0.9692
45 0.06 4.65 0.6659

Table 5.8 Specific surface area of PANI and its nanocomposites

Samples Pore diameter (nm) Pore volume BET (m?/qg)
(cm¥/g)
PANI 17.55 0.12 26.32
PANI/MMT 15.63 0.07 18.28
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Figure 5.10 Ce/ge vs Ce Langmuir plot for (a) PANI and (b) PANI/MMT (adsorbent = 0.4 g, Co
= 80-200 mg/L)

5.3 Conclusion of the above study

PANI and PANI/MMT nanocomposites are excellent adsorbents for anionic dye (AG25)
adsorption. The dye removal is mainly dependent on the initial dye concentration, temperature,
and adsorbent amount. Nearly 100% removal of AG25 dye is achieved in 30 min at Co =50 mg/L,
pH = 6, adsorbent = 0.4 g, T = 20°C. At higher temperatures, i.e., 45°C and 50°C, the PANI/MMT
removed 100% dye within 10 min of contact time. The adsorption of AG25 dye is higher with
PANI/MMT nanocomposite and takes less time to remove 100% as compared to the PANI sample.
The best model for adsorption Kinetics is the pseudo-second order model. Adsorption
thermodynamic characteristics are best described by the Langmuir model. Overall, the study
concludes that PANI/MMT nanocomposite is an efficient adsorbent for AG25 textile dye
adsorption and is a better adsorbent than PANI. The faster adsorption would be especially
important in applications wherein the adsorbents are an immobilized phase in a continuous

adsorption process.
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CHAPTER 6

ADSORPTION OF AG25 DYE ON CA AND
POLYANILINE/CARBON AEROGEL ADSORBENT

This chapter deals with the adsorption of AG25 dye using CA and PANI/CA nanocomposite as an
adsorbent. The adsorption process was studied with various parameters. The isotherm and Kinetic
studies were also done to identify the adsorption behavior of AG25 dye onto CA and PANI/CA.

The calibration curve of AG25 dye was identified and given in Chapter 5.
6.1 Adsorption study

Various dye solutions (20 to 250 mg/L) were prepared by diluting the Acid green 25 stock solution
(1 g/L). The batch adsorption study was performed by taking the known concentration of AG25
dye. An investigation of AG25 dye removal was done using carbon aerogel and PANI/carbon
aerogel nanocomposite as adsorbents. The adsorption was conducted in an incubator shaker, and
the samples were removed from the shaker after a fixed time and filtered to separate adsorbent
from the solution with Whatman filter paper. For all adsorption studies, 100 ml of AG25 dye

aqueous solution was used, and the removal efficiency was calculated using the following Eqg. (1):

Co— Ce

Adsorption % = x 100 (1)

o

Where Co (mg/L ) represented the initial AG25 concentration and Ce (mg/L) symbolized the

equilibrium concentration.

The equilibrium uptake of AG25 dye onto CA and PANI/CA samples was calculated using the

following Eq. (2):

173



Co— Co
g, = Lo=Cedxy @

m

Where ge denotes equilibrium capacity (mg/g) of CA and PANI/CA samples for AG25; m (g)

symbolizes the adsorbent weight; V represents the volume of AG25 dye solution.

6.2 Results and Discussion

AG25 dye removal onto CA and PANI/CA depends on the adsorbent amount, temperature, pH,

initial dye concentration, and adsorption time. All these parameters are discussed below:
6.2.1 Adsorbent dose effect on AG25 dye

To determine CA and PANI/CA dose effect on AG25 dye removal, the range of adsorbent dose of
CA was varied from 0.08 to 0.25 g, and the experiments were executed in an incubator shaker with
an initial 50 mg/L dye solution at 20°C (pH = 6). The % removal of anionic dye increases from
92.44 % to 99.98 % with CA doses of 0.08 to 0.25 g, respectively (Figure 6.1a). For further
experimentation, 0.1 g CA was fixed as an optimized adsorbent dose. It can be seen that a minimal
amount of CA can remove 100 % of AG25 dye in a short time. In the case of PANI/CA (Figure
6.1b), the range of PANI/CA dose was varied from 0.1 to 0.4 g at 30°C with 50 mg/L of AG25
solution and pH =7. The time was varied up to 50 min for both the adsorbent doses. The dye
removal with PANI/CA increased from 63.54 % to 99.28 %, and thus 0.4 g dose of PANI/CA was

selected as an optimized adsorbent dose for further experiments.

Thus, it can be concluded that removal efficiency/adsorption is higher for CA as compared to
PANI/CA. The proper selection of adsorbent dose is needed because the adsorption strongly

depends upon the adsorbent amount.
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Figure 6.1 Adsorption kinetics for (a) CA (50 mg/L, pH =6, 20°C) and (b) PANI/CA

nanocomposites (50 mg/L, pH = 7, 30°C).

6.2.2 pH effect on AG25 dye

pH study plays an important role in dye adsorption. Buffer solutions of NaOH and HCI were used
to investigate the pH effect on AG25 dye adsorption by CA and PANI/CA. The pH range was
explored from 2 to 10 for both adsorbents. pH vs. % removal is shown in Figure 6.2a. The pH
study for CA was done with 0.1 g of optimum CA dose at 20°C (15 min) and 50 mg/L of initial
AG25 solution. CA removed 100 % adsorbate in a very short period of time. The results show that
CA is an effective adsorbent for AG25 dye removal over the entire pH of 2 to 10. CA adsorbed
98.66 % AG25 dye at pH 2, 99.04 % at pH 4, 100 % at pH 6, 99.28% at pH 8 and 100 % at pH 10.
The percentage adsorption trend at pH 8 is different from the rest of the values. The difference
between the adsorption at pH 8 and pH 6 (and pH 10) is about 0.72 %. Therefore, a neutral pH 7
was chosen as an optimized pH for the next set of experiments. For PANI/CA samples, the study
was implemented with an optimum 0.4 g of PANI/CA dose at 30°C with an initial 50 mg/L solution

for 30 min. PANI/CA removal efficiency was 98.92 % at pH = 2, 98.18 % at pH = 4, 98.66 % at
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pH =6, 98.8 % at pH = 8 and 97.7 % at pH = 10 as shown in Figure 6.2b. The high removal of
dye up to pH 8 is probably due to the strong electrostatic attraction between the negatively charged
AG25 dye molecules and the positively charged adsorbent surface. However, in highly alkaline
conditions (pH 10), the removal rate was decreased due to the presence of OH ~ions in a large
amount. Thus, the excess amount of hydroxyl ions reduced the adsorbate and adsorbent
interactions [1-4]. Since there is no major adsorption variance between pH 6 and pH 8, the study

with PANI/CA was further continued at an optimized neutral pH 7.
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Figure 6.2 pH effect on (a) CA and (b) PANI/CA nanocomposites samples.

6.2.3 Effect of AG25 dye concentration

Figure 6.3 depicts the AG25 concentration effect on adsorption. This study was treated with 50 to
300 mg/L of AG25 solution with an optimized dose of CA (0.1 g) and PANI/CA (0.4 g) adsorbents
at optimum pH 7 at 30°C. The study with CA was performed in the time range of 0 to 30 min
(optimized), as shown in Figure 6.3a. For 50 mg/L concentration, CA removed 100 % AG25, and

in the case of 300 mg/L, the removal was 99.82 %. Removal with CA was more than 99 % at all
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concentrations (50 -300 mg/L) of AG25 anionic dye. Even in just one minute, the removal was
more than 98 %. The study with PANI/CA was performed in the time range of 0 to 60 min
(optimized), and the results are given in Figure 6.3b. The extent of removal with PANI/CA ranged
from 99.4 % (50 mg/L) to 52.82 % (300 mg/L). At higher concentrations, removal decreased
because the adsorption sites would be saturated. Our study indicates interestingly that CA
adsorbent is more effective compared to PANI/CA nanocomposite. For further temperature

studies, 50 mg/L was selected as an optimized dye concentration for both adsorbents.
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Figure 6.3 Initial AG25 concentration-effect onto (a) CA (50-300 mg/L, 0.1 g, pH =7, 30°C) and

(b) PANI/CA nanocomposite samples (50-300 mg/L, 0.4 g, pH =7, 30°C).
6.2.4 Effect of Temperature

Figure 6.4 shows the effect of temperature (20°C, 25°C, and 30°C) on adsorption by CA and
PANI/CA nanocomposites. This study was done with 50 mg/L of AG25 solution, optimum pH 7,
and with the optimum dose of CA (0.1 g) and PANI/CA (0.4 g). The contact time was varied from
0 to 30 min for CA adsorbent and 0 to 60 min for PANI/CA adsorbent. CA adsorbent removed

more than 99 % dye at all three temperatures (Figure 6.4a) i.e. 99.76 % at 20°C, 99.88 % at 25°C
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and 100 % at 30°C, in 30 min. In just two minutes, it removed 98.06 %, 98.92 %, 99.4 % of the
dye at 20°, 25% and 30°C temperatures, respectively. The results show that CA adsorbent performs
satisfactorily at all temperatures studied. It also shows that temperature does not much effect on
the adsorption process. The temperature Kinetic study with PANI/CA adsorbent is shown in Figure
6.4b. It shows the removal of AG25 in the range of 95.98 % to 99.28 % in 60 min. The data of
PANI/CA adsorbent indicate that with a rise in temperature, the removal rate of AG25 dye increases

due to more available adsorption sites of PANI/CA at a higher temperature.
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Figure 6.4 Temperature effect onto AG25 removal using CA (a) and PANI/CA (b) adsorbent.

6.2.5 Kinetic study

Dye removal kinetics are important for describing the adsorption process's effectiveness. Herein,
two models were investigated for adsorption kinetics i.e. pseudo-first order and second order
model. Kinetic study of AG25 adsorption on CA and PANI/CA was examined with 50-300 mg/L

AG25 concentration, 0.1 g CA amount, 0.4 g PANI/CA amount, pH 7, and time-varying from O -
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30 min for CA and 0 — 60 min for PANI/CA at 20°, 25° and 30°C. First order adsorption process

is described by Eq. 3 and the second order by Eq. 4.

k
log(qe — qc) = logqe — 5t ©)

Where ge presented the adsorption capacity in mg/g at time t; ki stands rate constant (min™); g
(mg/g) refers to AG25 adsorption at equilibrium. The values ki, ge(calculated), and correlation

coefficient may be evaluated through a plot of log(ge-qt) vs. t (Figures 6.5 and 6.7).
A second order linear Eq. (4) is shown below:

t 1 t
— = +— *)
ac  k2qe%  qe

where kz (min) stands second order rate constant. ge (calculated) and correlation coefficient values
are determined by t/g: vs. t plot (linear fitting). Pseudo first order does not describe the data well
for both CA and PANI/CA compared to the second order (Table 6.1 and 6.3). Figures 6.6 and
6.8 presents the kinetic plots of the second order model for AG25 adsorption on CA and PANI/CA,
respectively. The results of second order model for CA and PANI/CA are shown in Tables 6.2
and 6.4. Second order model has measured the best-suited model for AG25 dye based on the
highest correlation coefficient for both studies. A proper straight line was obtained for AG25 with

a second-order model.

For CA, R?values are greater than 0.99. At 25°C, the R? values are equal to 1 for both 50 and 100
mg/L of dye solution. At 30°C, the R? values are equal to 1 for all AG25 (50 — 300 mg/L)
concentrations. The results of the second order show that the ge (experimental) and ge (calculated)

values are very close, as shown in Table 6.2. Furthermore, the rate constant (k2) reduces with

179



higher AG25 concentration. For a kinetic study on PANI/CA (Table 6.4), ge (experimental) and
ge (calculated) data are close to each other. Kinetic analysis results reveal that the adsorption
amount (qge) values increased for both adsorbents viz CA and PANI/CA by increasing AG25
concentration (50 mg/L to 300 mg/L). The study shows that ge values in CA are much higher than
PANI/CA values. At a high AG25 concentration, the ge calculated values for CA reached 299
mg/g, which is quite higher than PANI/CA adsorbent (39.9 mg/g). This indicates that CA adsorbs

more dye as compared to PANI/CA adsorbent.
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Figure 6.5 Kinetic pseudo first order plot of AG25 dye onto CA [50 -300 mg/L, pH=7,0.1g, 30

min, T = 20°, 25°, 30°C).
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Figure 6.6 Kinetic second order plot of AG25 dye onto CA [50 -300 mg/L, pH =7, 0.1 g, 30 min,
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Table 6.1 Calculated parameters for AG25 removal onto CA (First order)

C, (mg/L) Doferp) (ME/Q) Doteary (ME/L) K, (min™) R
T=20°C
50 49.9 7.83 0.328 0.656
100 99.7 16.0 0.242 0.824
150 149 49.6 0.240 0.933
200 191 80.4 0.191 0.860
250 239 172 0.155 0.927
300 267 174 0.114 0.952
T=25"C
50 49.9 3.23 0.232 0.525
100 99.8 7.67 0.263 0.636
150 150 22.4 0.209 0.800
200 199 34.6 0.226 0.857
250 249 43.7 0.205 0.831
300 298 114 0.247 0.918
T=30"C
50 50 1.81 0.215 0.401
100 99.9 3.86 0.240 0.475
150 150 5.90 0.254 0.512
200 200 6.89 0.213 0.573
250 250 9.49 0.248 0.491
300 299 11.4 0.223 0.604
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Table 6.2 Calculated parameters for AG25 removal onto CA (Second order).

C,(mg/L) Qo(exp) (MG/Q) Qocay (Mg/g) Kk, (g/mg min) R
T=20°C
50 49.9 50 0.299 1.0
100 99.7 100 0.100 1.0
150 149 150 0.026 1.0
200 191 195 0.008 0.999
250 239 246 0.003 0.993
300 267 271 0.002 0.992
T=25"C
50 49.9 50.0 0.695 1
100 99.8 99.8 0.341 1
150 150 150 0.071 1.0
200 199 200 0.047 1.0
250 249 250 0.033 1.0
300 298 298 0.013 0.998
T=30"C
50 50 50 1.436 1
100 99.9 100 0.822 1
150 150 150 0.508 1
200 200 200 0.367 1
250 250 249 0.315 1
300 299 299 0.230 1
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Table 6.3 Calculated parameters for AG25 removal onto PANI/CA (First order).

C, (mg/L) Doferp) (ME/Q) Doteary (ME/L) K, (min™) R
T=20°C
50 12.0 4.13 0.070 0.889
100 22.2 18.4 0.065 0.936
150 22.2 18.3 0.062 0.912
200 24.6 16.8 0.061 0.943
250 24.0 14.7 0.062 0.956
300 22.4 8.44 0.063 0.877
T=25°C
50 12.4 422 0.092 0.901
100 23.8 14.5 0.078 0.981
150 28.4 23.2 0.063 0.973
200 33.2 29.8 0.070 0.881
250 36.3 32.6 0.059 0.789
300 29.9 18.0 0.044 0.783
T=30"C
50 12.4 2.75 0.107 0.897
100 24.0 16.3 0.074 0.976
150 28.6 20.9 0.067 0.948
200 36.3 29.0 0.078 0.938
250 38.2 21.5 0.059 0.945
300 39.6 17.4 0.056 0.925
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Table 6.4 Calculated parameters for AG25 removal onto PANI/CA (Second order).

C,(mg/L) Qo(exp) (MG/Q) Qocay (Mg/g) Kk, (g/mg min) R
T=20°C
50 12.0 12.1 0.069 0.999
100 22.2 23.3 0.008 0.987
150 22.2 23.1 0.008 0.984
200 24.6 25.3 0.011 0.992
250 24.0 24.5 0.013 0.995
300 22.4 22.6 0.032 0.999
T=25°C
50 12.4 12.5 0.100 1
100 23.8 24.8 0.012 0.996
150 28.4 29.9 0.006 0.988
200 33.2 34.8 0.006 0.984
250 36.3 37.5 0.004 0.968
300 29.9 29.6 0.008 0.970
T=30°C
50 12.4 12.5 0.197 1
100 24.0 24.9 0.013 0.996
150 28.6 29.7 0.009 0.990
200 36.3 38.0 0.007 0.989
250 38.2 38.8 0.009 0.995
300 39.6 39.9 0.013 0.997

6.2.6 Isotherm study of AG25

The adsorption isotherm of AG25 onto CA and PANI/CA at 20°, 25°, and 30°C are presented in

Figures 6.9 and 6.10. A detailed study was investigated to understand the adsorption mechanism
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with three adsorption isotherms viz. Langmuir, Freundlich, and Temkin models [5]. These models

can be used to describe the interaction between adsorbate AG25 and adsorbent CA and PANI/CA.
6.2.6.1 Langmuir model

Langmuir's model assumes that the surface of adsorption is homogeneous [6]. The equation for

the Langmuir model is expressed by [7, 8]:

AmKLCe

de = i k,c, (®)

The equation is rewritten in the linear form [8, 9]:

Ce Ce 1

= + (6)

de dm KrLqm

Where e represents AG25 adsorbed at equilibrium (mg/g); gm symbolizes the maximum
adsorption capacity; Ce (mg/L) refers to the AG25 equilibrium concentration.; K. represents
Langmuir constant. With the linear curve of Ce/ge versus Ce, the qm, as well as K values, were
calculated. These calculated data are presented in Tables 6.5 and 6.6. Langmuir isotherm's
important characteristics can be described by separation factor R. (Table 6.7), and the equation

for RL is given below [9, 10]:

1
R, = 1+ K.C, (7)

Where Co mg/g) is AG25 solution concentration, K. symbolizes the Langmuir constant, and R.

values indicate the behavior of adsorption.
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6.2.6.2 Freundlich model
Freundlich is an analytical model that applies to processes of adsorption taking place on
heterogonous surfaces [8]. The equation for Freundlich model is expressed by [5, 11-13]:
1
Ge = KpCen (8)
The linear form is expressed by equation [5, 11-13]:

loggq, = logKyr + %logCe 9)

Where ge is AG25 adsorbed at equilibrium (mg/g); Ce (mg/L) refers to AG25 equilibrium
concentration, ge (mg/g) is AG25 adsorbed at equilibrium; Ke (mg/g) and n represents Freundlich
constants. Kr is related to adsorption efficiency, and n is related to adsorption strength. These
constant's values have been determined from the plot of log ge vs. log Ce. Kr is obtained from
intercept and 1/n from the slope. The adsorption system is unfavorable or favorable depending
upon the n value. With temperature rise, the Freundlich constant increased, indicating that the
phase is endothermic. The calculated data on CA and PANI/CA are shown in Tables 6.5 and 6.6.

Freundlich model graphs are shown in Figures 6.9b and 6.10b.
6.2.6.3 Temkin model

Temkin model indicates that the energy of adsorption decreases linearly as adsorbent and adsorbate

(dye molecules) interact [5]. Temkin isotherm can be represented via linear Eq. 10 [14-16]:
qe = Elnk’T + [E] InC,
br br
q. = BlnK; + BInC, (10)
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RT . _— -
Where, B = P bt belongs to Temkin constant, Kt refers to the equilibrium binding constant, R
T

(8.314 J/mol/K) stands by universal gas constant. T symbolizes the absolute temperature. B (J/mol)
refers to adsorption heat. All constants were determined using the Temkin plot of ge vs. InCe

(Figures 6.9c and 6.10c).

Tables 6.5 and 6.6 show the constants attained from Langmuir, Freundlich, and Temkin equations
for AG25 dye on CA and PANI/CA at different temperatures. The isotherm parameters for CA are
exhibited in Table 6.5. The correlation coefficients (R?) indicate that the adsorption behavior of
AG25 on CA is satisfactorily described by Langmuir and Freundlich models and also shows that
the surface has monolayer adsorption. The isotherm curves of AG25 on the CA adsorbent are
presented in Figure 6.9. The Langmuir gm (calculated) values increased from 251 to 518 mg/g for
a temperature rise from 20° to 30°C, which shows the stronger bonding between AG25 dye and
CA adsorbent and suggests that the reaction is endothermic for AG25 on CA. For CA, the K value
is higher at 30°C, which illustrates that the adsorption rate of AG25 is greater in CA at a higher
temperature. Freundlich's constant Kr values increased from 107 to 390 L/g with an increase in
temperature. The Freundlich constant 1/n value lies between 0.25 and 0.69, and that implies the

adsorption is favorable.

The adsorption on PANI/CA is adequately described by the Langmuir model for all temperatures
with correlation coefficients of 0.998, 0.988, and 0.981, respectively. The isotherm curves for
AG25 dye on PANI/CA are shown in Figure 6.10, and the summary of calculated parameters are
given in Table 6.6. It can be seen that the K. value for PANI/CA is more at 20°C (lower

temperature). The Langmuir parameter gm (calculated) values increase from 24.4 to 38.8 mg/g
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with a temperature rise. The gm values of CA (518 mg/g) adsorbent were considerably higher than

the PANI/CA (38.8 mg/g) adsorbent. Thus, CA is an efficient adsorbent for AG25 removal.
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Table 6.5 Isotherm study of CA

Langmuir isotherm

T (°C) q,, (mg/g) K, (L/mg) K
20 251 0.75 0.996
25 413 0.92 0.879
30 518 1.80 0.970
Freundlich isotherm

T (°C) 1/n Ke (L/g) R?
20 0.25 107 0.903
25 0.59 183 0.985
30 0.69 390 0.983
Temkin isotherm

T (°C) Kr B 7
20 45.7 32.6 0.973
25 12.3 80.4 0.901
30 24.0 97.5 0.966
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Table 6.6 Isotherm study of PANI/CA.

Langmuir isotherm

T (°C) q,, (mg/g) K, (L/mg) R
20 24.4 0.42 0.998
25 36.6 0.23 0.988
30 38.8 0.24 0.981
Freundlich isotherm

T (°C) 1/n Kr (L/g) R?
20 0.15 12.4 0.716
25 0.20 14.8 0.937
30 0.19 16.1 0.940
Temkin isotherm

T (°C) Kr Br R?
20 116 2.58 0.749
25 33.2 4.31 0.965
30 47.9 4.38 0.933

Table 6.7 Different nature of R values

Process Unfavorable Linear Favorable Irreversible
RL values R.>1 RL=1 O<RL<1 R.=0

6.3 Conclusion

It is concluded that the AG25 removal with CA adsorbent is very fast, it adsorbed more than 98 %
dye in the initial one minute. CA removed more than 99 % dye at lower (50 mg/L) as well as

higher (300 mg/L) AG25 concentrations. Surprisingly, the PANI/CA nanocomposites adsorbent is
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less efficient with slower kinetics, possibly due to the blockage of CA pores with PANI. The
kinetics of AG25 onto CA and PANI/CA follow the pseudo-second order model. The highest R?
= 1 values have been obtained for CA adsorbent for all (50-300 mg/L) AG25 concentrations. The
best description of the adsorption equilibrium for AG25 on CA was with two models: Langmuir

and Freundlich. For PANI/CA, the data fit was best described by the Langmuir model.
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CHAPTER 7

ADSORPTION OF METHYLENE BLUE DYE ON
POLYANILINE AND POLYANILINE/MONTMORILLONITE
ADSORBENT

This chapter deals with the adsorption of Methylene blue (MB) dye using polyaniline (PANI) and
polyaniline/montmorillonite clay (PANI/MMT) nanocomposites as an adsorbent. The adsorption
was investigated using different parameters. Methylene blue dye adsorption behavior on
polyaniline and polyaniline/montmorillonite clay nanocomposite adsorbents was investigated

using isotherm and kinetic experiments.

7.1 Adsorption study

7.1.1 Preparation of the stock solution and finding the maximum wavelength of Methylene

blue (MB) dye

Absorbance

4 6 8 10
Concentration (mg/L)

]
o

Figure 7.1 Calibration curve of Methylene blue dye
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One gram of MB was diluted in one liter of distilled water to make a stock solution. The calibration
curve determined the maximum wavelength of 665 nm by varying the dye concentration from 1 to

9 mg/L. The calibration curve is presented in Figure 7.1.

7.1.2 Batch adsorption

Methylene blue dye adsorption investigation was performed with an incubator shaker in a batch
manner. Different concentrations of dye solution (20-200 mg/L) were prepared by diluting the
stock solution. Different parameters were optimized, such as pH effect, effect of concentration of
MB dye, adsorbent amount, time, and temperature. Removal percentage of adsorbate from the
solution was measured using UV-Vis spectrophotometer by finding out the concentration of the

solution. The removal efficiency of Methylene blue dye was measured by the equation.

Co—C
% Removal = %xloo (1)

[

Where, Ce (mg/L) = equilibrium concentration of the dye (MB), Co (mg/L) = initial MB dye

concentration.

7.2 Results and discussion

The adsorption study yielded a promising result. The pH, dye concentration, contact time,
temperature and adsorbent dose have all parameters been investigated and are discussed below.
Kinetic and isotherm studies were done with the MB dye solution of concentration 80 to 150 mg/L

at different temperatures, i.e., 20°, 30° and 40°C.

7.2.1 Effect of adsorbent amount
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Figure 7.2 shows the data for adsorbent dose effect. The adsorption efficiency of PANI and
PANI/MMT for MB dye was identified with 50 mg/L of dye solution and the adsorbent amount
was varied from 0.1 to 0.5 g. The entire study was conducted at 30°C with 100 ml of MB dye
solution at pH = 7. As shown in Figure 7.2, the removal of MB dye increases with an increasing
dose of adsorbent from 0.1 g to 0.5 g. About 81.15 % of MB dye was removed with 0.1 g of PANI
amount, which increased to 88.65 % for an adsorbent dose of 0.5 g. The reason for this is that the
adsorbent has more active sites, which can interact with the MB dye. The adsorption results of
PANI/MMT nanocomposites showed that the MB dye could be removed. The removal capacity of
PANI/MMT as an adsorbent was very high; even at 0.1 g of adsorbent dose, the removal was 99.65
%. At a dose of 0.3 g, complete removal of the dye was achieved. Further adsorption studies were

conducted using a 0.3 g of adsorbent dose.
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Figure 7.2 Study of the effect of PANI and PANI/MMT dose on the removal of MB dye (20
mg/L, 0-30 min, pH =7, T = 30°C)
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7.2.2. Effect of pH

The most significant factor within the adsorption system is pH. The pH study for Methylene blue
was conducted in the pH range of 2 to 10 (2, 4, 6, 7, 8, and 10) at 30°C with a 0.3 g of adsorbent
and a dye solution of 20 mg/L. The adjustment of the pH was made by the addition of 1M HCI and
1M NaOH solutions. The maximum removal of MB dye onto PANI (97.85 %) was at pH 10, and
the minimum was found at pH 2 (54 %), after 30 min of contact time. Thus, the percentage
adsorption of MB dye onto PANI increases as the MB dye solution pH rises. On other side,
PANI/MMT nanocomposite adsorbent achieves 100 % removal at pH 7. This is illustrated in
Figure 7.3. Therefore for further study, pH 7 was selected for PANI/MMT adsorbent, and pH 10

was selected for PANI adsorbent. The graph for the effect of pH is shown in Figure 7.3.

100

80 -
/ PANI

60 ./

% Removal

40

20 1

pH

Figure 7.3 Effect of pH on adsorption by PANI (20 mg/L, 0.3 g, 30°C, 0-30 min)

7.2.3 Effect of initial dye concentration and contact time

202



Different concentrations of MB dye solution (20-150 mg/L) were taken in a conical flask with 0.3
g of PANI and PANI/MMT adsorbents, and the adsorption study was carried out at 30°C in an
incubator shaker, at 180 rpm speed. The effect of different dye concentrations and contact times

for Methylene blue dye adsorption by PANI and PANI/MMT is shown in Figure 7.4.
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Figure 7.4 Effect of contact period and initial dye concentration on MB adsorption using PANI

and PANI/MMT (20-150 mg/L, pH 7, 0-30 min, T = 30°C)
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PANI/MMT was efficient to effect a 99.32 % reduction of 50 mg/L of dye within a time of one
minute. The MB dye uptake was found to be higher at lower dye concentrations. The higher
concentration dye solutions take relatively more time (5 min) to reach more than 99 % removal.

PANI results show that 97.85 % (20 mg/L) and 96.06 % (50 mg/L) of dye were removed from the
solution in 30 min.
7.2.4 Effect of temperature

The temperature study effect for MB dye elimination was performed at 20°C, 30°C, 40°C, and

50°C with a 50 mg/L of dye concentration using PANI and PANI/MMT nanocomposite

adsorbents. The results are represented in Figure 7.5.
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Figure 7.5 Temperature effect on MB removal using PANI and PANI/MMT (50 mg/L, 0-30
min, 0.3 g, and 20-50°C)
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The highest percentage removal by PANI/MMT was 99.94 % at 20°C, 99.98 % at 30°C, and 100
% at 40°C and 50°C, respectively. The percentage of adsorption by PANI/MMT was more than 99
% within 1 min for all the temperatures studied. Thus, the results show that temperature has no
significant effect on MB dye adsorption by PANI/MMT. However, pure PANI removal increases
from 91.78 % to 97.68 % (30 min) with a rise in solution temperature. The adsorption efficiency,

therefore greatly depends upon temperature.
7.2.5 Kinetic study of Methylene blue dye

Kinetic study of Methylene blue by PANI and PANI/MMT was investigated with an adsorbent
dose of 0.3 g, dye concentration of 80-150 mg/L, a contact time of 30 min, and temperature of 20-
40°C. For the kinetic study, the experimental data of MB dye was analyzed with two different
kinetic models (pseudo 1% and 2" order models). The adsorption mechanism was identified using
these models. The results of the kinetic study are illustrated in Tables 7.1 and 7.2 The equations

for the kinetic models are given below:

The linear equations for pseudo 1% and pseudo 2" order models are represented by equation 2 and

3[1-3]:

k
log(qe- q;) = logq, — ——=t 2)

2.303

t 1 t
— = + — 3
ac  Kk2d,2 Qe (3)

where, e (Mmg/g) and gt (mg/g) symbolize the amount of Methylene blue dye adsorbed at
equilibrium and at a time (min) t, respectively. ki (min™) refers to rate constant of pseudo 1% order

and kz (mint) refers to rate constant of pseudo 2" order.

205



The values of 1% order rate constant ky and ge were calculated from the intercept and slope of the

plot log (ge —qt) versus t.

t/qt against t. It has bee

Tables 7.1 and 7.2 lists

The values of 2" order rate constant k, and ge were obtained by a plot of

n observed that pseudo 2" model gives the best adsorption fitting data.

the rate constants as well as the corresponding regression coefficients.

The linearity R? = 1 and >0.99 were obtained with a pseudo 2" order model, which gives the best

curve fitting plot for both adsorbents.
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Figures 7.6 and 7.7 represent the kinetic plots of pseudo 2" order for PANI and PANI/MMT

adsorbents. The graphs were plotted between t/qt vs. t at three different temperatures (20°, 30°,

40°C). When the MB concentration is increased from 80 to 150 mg/L, the values of e, cal

(calculated ) increase. Also, gecar (calculated) values are very similar to Qeexp (experimental)

values.
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Figure 7.7: Adsorption Kinetic study for methylene blue by PANI/MMT (T = 20°C, 30°C, and

40°C, pH 7, t = 30 min)
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Table 7.1 Kinetic data of MB onto PANI

PANI

Kinetic study at 20°C

C,(mg/L) 80 100 130 150

D oerp) (MG/Q) 24.24 29.52 38.01 43.49
9oty (ME/Q) 2431 29.55 38.00 43.47
k, (g/mg min) 0.170 0.169 0.162 0.092
R 0.99967 0.9998 0.99984 0.99956
Kinetic study at 30°C

C,(mg/L) 80 100 130 150

o erp) (ME/) 25.44 31.78 40.49 46.3

9 ocay (ME/Q) 25.52 31.88 40.7 46.81
k, (g/mg min) 0.168 0.183 0.140 0.116
R 0.99977 0.99951 0.99968 0.99969
Kinetic study at 40°C

C,(mg/L) 80 100 130 150

D oterpy (ME/R) 25.68 31.99 40.9 46.84

9 ocay (ME/Q) 25.69 32.25 41.05 47.14
k, (g/mg min) 0.142 0.149 0.331 0.140
R 0.99951 0.99967 0.99985 0.9998




Table 7.2 Kinetic data of MB onto PANI/MMT

PANI/MMT

Kinetic study at 20°C

C,(mg/L) 80 100 130 150

D oerp) (MG/Q) 26.62 33.26 43.02 49.89
9oty (ME/Q) 26.62 33.30 43.19 49.97
k, (g/mg min) 4.03 1.27 0.128 0.117
R 1 1 0.99984 0.99984
Kinetic study at 30°C

C, (mg/L) 80 100 130 150

o erp) (ME/Q) 26.65 33.32 43.30 49.85

9 ocay (ME/Q) 26.65 34.34 43.36 49.97
k, (g/mg min) 5.02 2.57 1.156 0.228
R’ 1 1 1 0.99996
Kinetic study at 40°C

C, (mg/L) 80 100 130 150

D oterp) (M) 26.66 33.33 43.31 49.89

9 ocay (ME/Q) 26.66 34.34 43.36 50.00
k, (g/mg min) 6.69 2.57 1.26 0.310
R’ 1 1 1 0.99999

7.2.6 lIsotherm study

Isotherm study was performed on 50-150 mg/L MB dye solution at 20°, 30°, and 40°C. The study
was done by adding 0.3 g of PANI and PANI/MMT adsorbent into 100 ml of MB dye solution.

Three well-known models: Langmuir, Freundlich, and Temkin have been investigated on MB dye
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adsorption by PANI and PANI/MMT adsorbents. The calculated parameters of all three models

are summarized in Tables 7.3 and 7.4.

In the Langmuir model, monolayer adsorption takes place on the adsorbent's surface [4]. Langmuir

isotherm equation is written as follows [5]:

Ce Ce 1

= — 4 @

de Amax Amax KL

where Ce (mg/L) is the MB dye equilibrium concentration. ge (mg/g) is the amount of MB dye

adsorbed at equilibrium. ki belongs to Langmuir constant. qmax represents maximum adsorption
capacity. Figure 7.8 shows the linear plot of the Langmuir model for MB dye removal that was
obtained by plotting the graph between Ce/qe versus Ce. The parameters gmax and K. are calculated

from the intercept and the slope (Tables 7.3 and 7.4).

In the Freundlich model, multilayer adsorption takes place on the adsorbent's surface [6].

Freundlich isotherm equation is written as follows [5]:
Ing, = InKp + %lnCe (5)

Where Kg represents the Freundlich constant which indicates the adhesion of Methylene blue dye
to the PANI and PANI/MMT nanocomposite adsorbents, another parameter 1/n represents the
heterogeneity factor. And, 1/n values provide information about the adsorption system whether it
is unfavorable (1/n > 1) or favorable (1/n < 1) [7]. As listed in Tables 7.3 and 7.4, K¢ and 1/n
values were calculated via drawing log ge vs. log Ce plots. R? values were also obtained from the

linear plot.
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The Temkin model focuses on adsorbent-adsorbent interactions. Temkin equation is defined as

following [7]:
qe == BT anT + BT lnCe (6)
RT
BT -_ 7

Where Bt stands the Temkin constant, Kt is represented as an equilibrium binding constant. T (K)
and R (8.314 J/mol K) are the absolute temperatures and universal gas constant. Temkin constant
refers to b. All the Temkin variable values are determined from the ge vs. In Ce (linear plot) plot.

Tables 7.3 and 7.4 include the values of Temkin for both adsorbents.
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Figure 7.8 Langmuir and Temkin isotherm models of MB dye by PANI and PANI/MMT

adsorbents.
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According to calculated R? values, Langmuir model was found to be the best-fit model for MB dye

adsorption by PANI/MMT nanocomposites. This implies that the dominant mechanism of dye

adsorption of MB by PANI/MMT monolayer. Since the clay layers are nano-disperse, this would

explain these results. However, the K. and R? (0.98381-0.99852) values increase with temperature.

The results of the PANI adsorbent show that the Temkin model is found to be the best-suited

isotherm for MB dye adsorption and the obtained values of Krand R? (0.96807 — 0.99324)

increases with temperature from 20° to 40°C. Figure 7.8 shows the best fit model of MB dye by

PANI (Temkin model) and PANI/MMT (Langmuir model) adsorbent at 20°, 30> and 40°C.

Table 7.3 Isotherm data of MB dye onto PANI

Langmuir Isotherm

PANI

2

T (°C) q,, (mg/g) K, (L/mg) R

20 82.03 0.054 0.94828
30 75.93 0.140 0.98458
40 79.23 0.153 0.95981
Freundlich Isotherm

T (°C) 1/n Kr (mg/g) R?
20 0.65209 2.21 0.98853
30 0.60257 2.87 0.96662
40 0.62148 2.96 0.94007
Temkin Isotherm

T “C) K7 (L/mg) Br R’

20 0.0181 17.53 0.96807
30 0.0125 17.41 0.99230
40 0.0135 18.29 0.99324
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Table 7.4 Isotherm data of MB dye onto PANI/MMT

PANI/MMT
Langmuir Isotherm
T(C) 4,, (mgfg) K, (L/mg) R
20 52.13 8.525 0.98381
30 52.85 40.25 0.99764
40 52.22 73.65 0.99852
Freundlich Isotherm
T (°C) 1/n Kr (mg/g) R?
20 0.27714 5.26 0.97635
30 0.18549 5.87 0.78030
40 0.25389 6.51 0.66632
Temkin Isotherm
T“C) Kr (L/mg) Br R’
20 2.12 8.43 0.97811
30 7.38 9.06 0.90100
40 17.9 8.30 0.82897

7.3 Conclusion

PANI and PANI/MMT samples were synthesized and studied for their efficiency for Methylene
blue adsorption. The ability of PANI and PANI/MMT adsorbents for Methylene dye removal was
evaluated under different conditions, namely, effect of adsorbent, pH, time, temperature, and
concentration of dye. The deduction of methylene blue was more than 99 % (pH = 7) in one min
by PANI/MMT adsorbent. This rate was less for pure PANI adsorbent. PANI removed 97.85 %
(pH = 10) in 30 min at 30°C. For MB dye removal by PANI, the best fit was achieved with the
Temkin model, and for PANI/MMT, the best fit was obtained with the Langmuir model. The

pseudo second order kinetic model accurately described the kinetics of methylene blue by PANI
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and PANI/MMT. Removal uptake of PANI/MMT adsorbent was higher than PANI adsorbent.
Therefore, the results proved that PANI/MMT is a better adsorbent than pure PANI. Thus, because
of its outstanding removal capacity, PANI/MMT can be effectively used for textile wastewater
treatment. This adsorbent is much more efficient for the deduction of Methylene blue dye and
significantly takes less time for complete (>99 %) dye removal. The dye removal by the
prepared PANI/MMT adsorbent is faster by a factor of at least 20 than the earlier reported
studies in the literature. The PANI/MMT nanocomposite adsorbent eliminated almost 100 % dye
in a very short time. Faster adsorption would result in the design of a high volume (scale-up) and
a lower cost, continuous wastewater treatment adsorption system. The potential of PANI/MMT
adsorbent is very high for wastewater treatment on a bigger scale. The adsorbent PANI/MMT and
the synthesis processing technique used may be considered to be at the forefront of the

development of adsorbents for wastewater treatment.
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CHAPTER 8

ADSORPTION STUDY OF PANI/MMT NANOCOMPOSITES
PREPARED BY VARYING MONOMER TO OXIDANT RATIO

This chapter covers the synthesis and adsorption study comparison of different monomer/oxidant
ratios (1:1, 2:1, 4:1) nanocomposites. In this study, PANI/MMT nanocomposites were prepared
by varying monomer/oxidant ratio, via the in-situ polymerization method. The effect of different
monomer/oxidant ratio nanocomposites for the adsorption of AG25 dye (anionic dye) was studied.
These studies have been performed to find out the best monomer/oxidant ratio nanocomposites for

the removal of AG25 dye.
8.1 Synthesis of 1:1 monomer/oxidant PANI/MMT nanocomposites

The synthesis of 1:1 monomer/oxidant PANI and PANI/MMT nanocomposites has been described

in Chapter 4, Section 4.1.
8.2 Synthesis of 2:1 monomer/oxidant PANI/MMT nanocomposites

For the synthesis of 2:1 monomer/oxidant nanocomposites, firstly the dispersion of MMT clay was
done using an ultrasonicator probe. In a typical procedure to prepare nanocomposites, 1 w/v % of
MMT clay was introduced into 100 mL of distilled water. Then, dispersion of clay was performed
into an ultrasonicator probe for 10 min. The further reaction was carried out into a magnetic stirrer.
In the next step, aniline solution was ready with dissolving 7 ml of aniline in 1M HCI (50 ml)
solution, and APS solution by taking 9 g of ammonium persulfate in 50 ml of 1M HCI solution.
Afterward, the prepared aniline solution was added to the dispersed MMT clay suspension under
magnetic stirring at 0°C. After 20 min of constant stirring, a solution of ammonium persulfate has

pored to the above suspension by magnetic stirring. The polymerization was performed for 4 h
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under constant stirring and constant temperature (0°C). After 4 h, the polymerized solution was
vacuum filtered and then washed using 1HCL, distilled water, and acetone to eliminate the

impurities from the suspension. The drying was done at 50°C under a vacuum oven.
Pure PANI has been synthesized by the same procedure but without the addition of MMT clay.
8.3 Synthesis of 4:1 monomer/oxidant PANI/MMT nanocomposites

For the synthesis of 4:1 monomer/oxidant nanocomposites, the following steps have been
followed. Aniline solution was prepared by dissolving 20 ml of aniline in 50 ml of 1M HCI solution
and ammonium persulfate solution was prepared by taking 12 g of ammonium persulfate in 50 ml
of 1M HCI solution. The reaction proceeded onto a magnetic stirrer. The aniline solution was
added drop-wisely into the dispersed MMT clay solution and stirred continuously for 20 min at
0°C. Under constant stirring, ammonium persulfate solution was then dropped slowly into the
above suspension to initiate the polymerization. The reaction continued for 4 h in an ice bath under
magnetic stirring at 0°C. The nanocomposite suspension was filtered by vacuum filtration. Then,
the washing was done with 1M HCI, distilled water, and acetone until the filtrate solution was
colorless. The final product 4:1 monomer/oxidant nanocomposite was obtained after drying at

50°C under a vacuum oven.
Pure PANI has been synthesized by the same procedure but without the addition of MMT clay.

8.4 Adsorption Study

The adsorption study of AG25 dye was performed by using different monomer/oxidant ratios (1:1,
2:1, 4:1) PANI/MMT nanocomposites. The experimental study was done with 100 ml of known

initial AG25 dye concentration, adsorbent dose, and pH into an incubator shaker at a constant
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speed of 180 rpm for a contact time of 60 min. After a fixed time interval, the AG25 dye solution
has been removed from the incubator shaker and then filtration was done to separate adsorbent and
adsorbate from the solution. After that, the absorbance of samples was examined by a UV-Vis
spectrophotometer and the concentration was evaluated by the calibration curve. The percentage

of AG25 removal was calculated via the given equation:

Co—Ce

Adsorption % = X 100

o

Where Ce and Co (mg/L) = Equilibrium concentration and initial concentration of AG25 dye,

respectively.

8.4.1 Results and Discussion

The adsorption comparison study of AG25 dye onto 1:1, 2:1, and 4:1 monomer/oxidant ratio
PANI/MMT nanocomposites were performed with 50 mg/L of AG25 dye concentration. The
whole study was conducted at a temperature of 20°C for 60 min in 250 mL of conical flasks with
a 0.2 g of the fixed adsorbent amount at pH 6 and agitation speed of 180 rpm. In Figure 8.1, the
comparison of AG25 dye adsorption onto three different monomer/oxidant ratio nanocomposites
is shown. In the results, it was observed that the adsorption capacity of AG25 was not much
affected by the monomer/oxidant ratio. Results showed that the PANI/MMT adsorbent which was
prepared with a 1:1 monomer/oxidant ratio is a little more effective for removing AG25 dye. The
adsorption capacity of a 1:1 nanocomposite adsorbent was higher than other prepared adsorbents.
This may be because the presence of a higher monomer/oxidant ratio covers the clay surface. Thus,
the adsorption data indicated that the 1:1 nanocomposite adsorbent is slightly better compared to

the 2:1 and 4:1 nanocomposite adsorbent.
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Figure 8.1 Adsorption comparison of AG25 dye onto PANI/MMT nanocomposite prepared at

different monomer/oxidant ratios.

Adsorption comparison of 1:1, 2:1, and 4:1 PANI and PANI/MMT

nanocomposites adsorbent for AG25 dye

Figure 8.2 shows the comparison data of different monomer/oxidant ratio PANI and PANI/MMT
nanocomposite adsorbents for the treatment of AG25 dye. The results analysis illustrate that the
removal of AG25 dye was higher with PANI/MMT nanocomposite adsorbents as compared to
pure PANI adsorbents. It was observed that the adsorption rate of AG25 dye decreases with an

increase in monomer/oxidant ratio for both PANI and PANI/MMT nanocomposite adsorbents.
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Figure 8.2 Comparison data of different monomer/oxidant ratio PANI and PANI/MMT

nanocomposites.

8.5 Conclusion

From the above study, it was concluded that the 1:1, 2:1, and 4:1 (monomer/oxidant ratio)
PANI/MMT nanocomposite adsorbent is better than 1:1, 2:1, and 4:1 PANI adsorbent for AG25
dye (anionic dye) adsorption. This is probably because MMT platelets, when dispersed at nano-
level, possess a very large surface area, and hence PANI/MMT would use their complementary

properties resulting in higher adsorption of AG25 dye.
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CHAPTER9
CONCLUSIONS AND FUTURE SCOPE

9.1 Conclusions

The present study aimed to synthesize and characterize polyaniline and its nanocomposites and
their adsorption behavior. The prepared materials have been utilized for Acid green 25 and
Methylene blue dye adsorption treatment. Polyaniline and its nanocomposites have been
successfully synthesized at different temperatures through an in-situ polymerization method with
ammonium persulfate (oxidizing agent) and HCI catalyst. The conclusions of the present study are

given below:

9.1.1 Adsorption of Acid green 25 dye onto PANI and PANI/MMT nanocomposites

e PANI and PANI/MMT are highly efficient as an adsorbent for AG25 dye adsorption.

e Optimized adsorption conditions were found to be: adsorbent dose = 0.4 g, pH = 6 and
contact time 30 min.

e As compared to PANI adsorbent, PANI/MMT nanocomposite adsorbent has a higher
adsorption rate of AG25 dye and it consumes lesser contact time for 100 % removal of
anionic dye.

e PANI and PANI/MMT adsorbed around 88% and 93% of AG25 dye in one min.

e Higher temperature is more favorable for 100% removal in a shorter time i.e. 10 min.

e The temperature strongly affected the adsorption rate. The percentage removal increased
as the temperature increased, indicating that the adsorption nature is endothermic.

e Kinetics adsorption of AG25 onto both PANI and PANI/MMT adsorbents is best interpreted

by pseudo-second order. The kinetic results found that with an increase in AG25 dye
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concentration, the k. values were decreased. But the k2 and ge were found to be increased
by increasing temperature.

Langmuir model adequately describes the thermodynamics of adsorption onto PANI and

PANI/MMT nanocomposite adsorbents.

9.1.2 Adsorption of Acid green 25 dye onto CA and PANI/CA nanocomposites

Optimum conditions of CA and PANI/CA adsorption to remove AG25 dye: pH = 7,
adsorbent dose = 0.1 g for CA and 0.4 g for PANI/CA, time 0-30 min for CA and 0-60 min
for PANI/CA.

CA has a greater removal efficiency than PANI/CA adsorbent.

CA removed more than 99 % dye at lower as well as higher AG25 concentration and
temperature. The adsorption was not much affected by temperature.

The removal was found to decrease by increasing AG25 dye concentration for PANI/CA
adsorbent and this behavior was observed due to the saturation of PANI/CA adsorption
sites.

The adsorption of PANI/CA adsorbents increases as the temperature rises because of the presence
of more active adsorption sites at higher temperatures.

Pseudo-second-order model well described kinetic study of AG25 onto CA and PANI/CA.
The values of ge (calculated) and ge (experimental) are quite similar to each other.

The best description of the adsorption equilibrium for AG25 on CA was found with two
models Langmuir and Freundlich. Increasing gqm and Kr values with temperature
demonstrating endothermic adsorption. For PANI/CA, the data fit was best defined by the
Langmuir model and suggesting monolayer adsorption.

The highest adsorption rate of 518 mg/g has been obtained on pure CA adsorbent.
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e This is the first study on AG25 adsorption with CA and PANI/CA adsorbents. The
adsorption results onto CA indicate that CA is a highly promising adsorbent for AG25 dye

removal.

9.1.3 Adsorption of Methylene blue dye onto PANI and PANI/MMT nanocomposites

e Optimized conditions: adsorbent dose = 0.3 g for PANI and PANI/MMT, pH = 10 for
PANI, pH =7 for PANI/MMT, contact time = 30 min.

e PANI/MMT adsorbent shows better results for MB dye adsorption (100 %) as compared
to pure PANI adsorbent.

e PANI/MMT removed more than 99 % in one min of lower MB dye concentration and
higher concentration takes 5 min for > 99 % removal.

e With an increase in the temperature, the % removal onto PANI was increased, thus the
temperature was strongly affecting the adsorption rate. Onto PANI/MMT, the temperature
has no significant effect, it removes >99% of MB dye at all studied temperatures in a short
time.

e With arise in solution pH, the adsorption percentage of dye on PANI was increasing. For
PANI/MMT adsorbent, the maximum removal was attained at neutral pH.

e The percentage removal increased as the temperature increased, indicating that the
adsorption nature is endothermic.

e The pseudo-second-order model best represented the data of both PANI and PANI/MMT
adsorbent, the ge (experimental), and ge (calculated) values were found to increase with
increasing concentration and temperature.

e MB adsorption isotherm best fits the Temkin model for PANI adsorbent and the Langmuir

model for PANI/MMT adsorbent, signifying monolayer adsorption.
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e The adsorption capacity of PANI/MMT adsorbent is much higher than previous studies at

least by a factor of 20.

9.1.4 Comparison of adsorption of Acid green 25 dye onto PANI/MMT nanocomposites

prepared at different monomer/oxidant ratio

e AG25 dye adsorption has also been performed on 1:1, 2:1, and 4:1 (monomer/oxidant ratio)
PANI/MMT nanocomposite adsorbents.
e The adsorption results showed that 1:1 monomer/oxidant composition adsorb more dye as

compared to 2:1 and 4:1 nanocomposites.

Overall, the adsorption study results of Acid green 25 and Methylene blue dye onto PANI and its
nanocomposites demonstrate that the removal of dye is dependent on various factors, i.e., the effect
of adsorbent amount, pH, initial dye concentration, time, and temperature. The removal of AG25
and MB takes place efficiently at a very fast rate, PANI and its nanocomposites will be excellent
adsorbents in continuous adsorption systems. In this study, the prepared adsorbents gave an
excellent adsorption result, and this is because of the different processing routes that have been
used to prepare nanocomposites. Overall, the present study results show that PANI/MMT and
PANI/CA nanocomposite are efficient adsorbents for textile dye adsorption and are better

adsorbents than the earlier reported.

9.2 Future Scope

¢ PANI and its nanocomposites can be used for the treatment of textile wastewater on an
industrial scale, possibly in a continuous system.
e Aspects of excellent adsorption capacity and excellent conductivity, and high durability

may be utilized as a smart material having new applications.
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Abstract

Synthesis, characterization and adsorption studies of polyaniline (PANI) and poly-
aniline/montmorillonite clay (PANI/MMT) nanocomposites have been carried out.
In situ polymerization method was used to synthesize PANI/MMT nanocomposites
using HCI as a catalyst and ammonium persulfate as an oxidizing agent. The molar
ratio of monomer/oxidant was 1:1, and the polymerization was done at two different
temperatures, i.e.,. 0° and 20 °C. Complete removal of Acid Green 25 (AG25) dye
was achieved with PANI/MMT adsorbent. The kinetic adsorption data of AG25 dye
were found to fit pseudo-second-order kinetic model. Since the removal of this dye
takes place efficiently at a very fast rate, PANI/MMT nanocomposites will be excel-
lent adsorbents in continuous adsorption systems.

Keywords Polyaniline - Montmorillonite clay - Nanocomposites - Adsorption - Acid
Green 25 dye

Introduction

Contamination in water produced from several industries such as paper, tex-
tiles, cosmetics, pharmaceuticals, leather, plastics, printing and rubber industry
is highly toxic and harmful to human beings [1, 2]. Textile industry in particu-
lar discharges a very large amount of dye bearing wastewater. There are three
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