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Abstract

Insitu polymerization of aniline with chemical wearried out in presence of Fly ash (FA)
to synthesize polyaniline/fly ash composites(PAR)Fdoped with HPO, 1:1,1:2
composition of FA in PANI, and after that undopédde composites with ammonia. The
composites thus synthesized have been charactdrzédtraviolet-Visible spectroscopy,
FTIR, X-ray diffraction, TGA, conductivity have ée measured by four probe method
.The morphology of samples was studied by scanelegtron microscopy. Corrosion-
inhibition performance of Polyaniline and its corsjtes with Flyash carried by Tafel
method,Sample was prepared by make blends with &84idg of Polyaniline and
Polyaniline/Flyash composites with epoxy resinjafieese powder is coated on iron
electrode of dimension of 1 cm x 1cm by powder iogatnstrument. Check corrosion
inhibition performance at room temperature in aggesolution of 1.0 M HCI by using
potentiodynamic polarization technique. Corrosiofficiency increases as flyash

concentration increases.
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Chapter 1

INTRODUCTION
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Introduction

Polymer are high molecular weight organic/ inorganompound formed by chemical
reaction (polymerization) of monomers or the comith reaction between lower molecular
weight polymers or oligomers . Polymers may be matar synthetic. Natural polymers
include proteins (polymer of amino acids) carbolayely fat lipids and cellulose (polymer of
sugar molecules) while polyvinyl chloride (PVC), Iyetrafluoroethylene (PTFE or
Teflon), polyacetylene (PA), polyaniline (PANI), aiBakelite etc., are synthetic polymers.
A key property of the polymers that distinguishbem from metals is their inability to
carry electricity. It is a general view that plastind electrical conductance is mutually
exclusive. However with time the possibilities hasteanged, plastic can indeed, under
certain circumstances, be made to behave veryalikeetal - a discovery for which Prof.
Alan J. Heeger, Prof. Alan G. MacDiarmid and Pkitleki Shirakawa received the Nobel
Prize in Chemistry 2000.

1.1.1: Introduction of Conducting Polymers

According to electrical properties, materials can divided into four-types: insulator,
semiconductor, conductor and superconductor. Irerggéna material with a conductivity
less than 10S/cm is regarded as an insulator. A material wathdeictivity larger than 19
S/cm is called as a metal whereas the conductifigysemiconductor is in a range of“:0

10 S/cm depending upon doping degree

Plastics are typical organic polymers with satutatescromolecules and are generally used
as excellent electrical insulators. Since discovaryonductive polyacelene (PA) doped
with iodine [1], a new field of conducting polymenshich is also called as “synthetic
metals”, has been established and earned the N&fw in Chemistry in 2000 [2].
Nowadays, conducting polymers as functionalized enmels hold a special and an
important position in the field of material scieacdn this Chapter, discovery, doping
concept, structural characteristics, charge tramspod conducting mechanism for the

conducting polymers will be brief discussed.
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1.1.2: Discovery of Conducting Polymers

In the 1960s—1970s, a breakthrough, polymer becgneilectrically conductive, was
coming-out. The breakthrough implied that a polyias to imitate a metal, which means
that electrons in polymers need to be free to namcenot bound to the atoms. In principle,
an oxidation or reduction process is often acconggawith adding or withdrawing of
electrons, suggesting an electron can be remowwsd & material through oxidation or
introduced into a material through reduction.Abadeea implies that a polymer might be
electrically conductive by withdrawing electron dbgh oxidation (i.e. a “hole”) or by
adding electron through reduction,which process Ve¢terly described by an item of
“doping”. The breakthrough was realized by threea@ers of Chemistry Nobel Prize in
2000, who were Alan J. Heeger at the UniversitZalifornia at Santa Barbara, USA, Alan
G. MacDiarmid at the University of Pennsylvania,il&telphia, USA, and Hideki
Shirakawa at the University of Tsukuba, Japan [2].

The unexpected discovery not only broken a tradticoncept, which organic polymers
were only regarded as the insulators, but alsobksitiéng a new filed of conducting
polymers, which also called as “Synthetic Metal&’.€ould be regarded as an excellent
candidate of polymers to be imitating a metal, bgeat has alternating double and single
bonds, as called conjugated double bonds.

From Fig. 1.1, PA is a flat molecule with an angfel20 between the bonds and hence

exists in two different forms, the isomers cis-algtylene and trans-polyacetylene [2].

Figure 1.1 Molecular structofepolyacetylene [1, 2]

Thereby, synthesis of PA received great of attensibthat time. At the beginning of the
1970s, Hedeki Shirakawa at Tokyo Institute of Textbgy, Japan, was studying the

polymerization of acetylene into plastics by usoagalyst created by Ziegler-Natta.PA was
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affected by reaction temerature, for instance, steery film was trans-polyacetylene

whereas copper-colored film was almost pure ciggustylene.

Miracle took place on November 23, 1976! At thay,dar. C.K. Chiang, a postdoctoral
fellow under Professor Heeger, for measuring teetatal conductivity of PA by a four-

probe method. Surprise to them, the conductivitPAfwas ten million times higher than
before adding bromine. This day was marked asitbetime observed the “doping” effect
in conducting polymers. In the summer of 1977, eelylacDiarmid, and Shirakawa co-
published their discovery in the article entitl&tihthesis of electrically conducting organic
polymers: Halogen derivatives of polyacetylene (€Hjn The Journal of Chemical

Society, Chemical Communications [1]. After discgvef the conductive PA, fundamental
researches dealing with synthesis of new matersatactural characterization, solubility
and processability, structure-properties relatignsland conducting mechanism of
conducting polymers as well as their applicatiangseichnology have been widely studied

and significant progress have been achieved.

After 23 years, The Royal Swedish Academy of Sasritas decided to award the Nobel
Prize in Chemistry for 2000 jointly to Alan J. Heegat University of California at Santa
Barbara, USA, Alan G. MacDiarmid at University afrihsylvania, Philadelphia, USA, and
Hideki Shirakawa at University of Tsukuba, Japaor ‘the discovery and development of

conductive polymers” [2].

Hideki Shirakawa
University of Tsukuba

Alan Heeger Alan MacDiarmid
University of California University of
at Santa Barbara Pennsylvania
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1.1.3 Structural Characteristics and Doping Concept

n-conjugated polymer chain is a basic requirementafgolymer becoming conducting
polymer. The delocalization of-bonded electrons over the polymeric backbone, co-
existing with unusual low ionization potentialsdalnigh electron affinities lead to special
electrical properties of conducting polymers [6h e other handi-conjugated chain of
conducting polymers leads to insoluble and poor haeical properties of conducting
polymers, limiting their application in technolog¥hereby continue effort to improve

solubility and to enhance mechanic strength of ootidg polymers is needed

s NN
" 1“;.] " S "

{a) PA (b) PPy {c) PTH
{
CH=—CH
n '11' I
(d) FPP (e) PPV
H H S—
| | /T \ 1
N N N N \
¥ N }|—I. Ju
(f) PANI

Figure 1.2 Molecular structure of typical conducting polymers (a) trans-
polyacetylene; (b) polypyrrole; (c)Polythiophene; d) poly(p-phenylene (e)
poly ( p-phenylenevinylene); (f) polyaniline

The transition oft-conjugated polymer from insulator to metal is etrout by a “doping”
process. However, the “doping” item used in conidgcipolymers differs significantly
from traditional inorganic semiconductor [5]. Difémces in “doping” item between

inorganic semiconductors and conducting polymezshown as follows:
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(1) Intrinsic of doping item in conducting polymess an oxidation ( p-type doping) or
reduction (n-type doping) process, rather than atoeplacement in inorganic
semiconductors. Using PA as a sample, for instatiee,reaction of p-and n-doping is

written as:

Oxidation with halogen ( p-doping):

(n-polymer), + 3/2 ny(l;) -> [(n-polymer) + y(I5)yl, (1.1)

Reduction with alkali metal (n-doping):

(n-polymer), + [Na+(naphthalide)’], = [(Na+) ,((r-polymer™] + (naphthalene)® (1.2)

(2) p-doping (withdrawing electron from polymeribain) or n-doping (additing electron
into polymeric chain) in conducting polymers can bequired and consequently
accompanied with incoppration of couterion, suclkcaison for p-doping or anion for n-

doping, into polymer chain to satisfy electricatura.

In the case of oxidation, taking PA as a sample,itidine molecule attracts an electron
from the PA chain and becomes. The PA molecule, now positively charged, is tedna
radical cation [1]. Therefore, conducting polymart only consist oft-conjugated chain,
but also containing counter-ions caused by dopiflgis differs from conventional
inorganic semiconductors, where the counterionsabsent. The special chain structure of
conducting polymers results in their electricalgeies being affected by both structure of

polymeric chain (i.en-conjugated length) and dopant nature.

Doping process can be completed through chemrcaleactrochemical method [4]. Except
for chemical or electrochemical doping, other dgpinethods, such as “photodoping” and
“charge-injection doping”, are also possible [7Qr ihstance solar cells is based on “photo-
doping” whereas light emitting diodes (LEDs) resuftom “charge-injection doping”,
respectively, Besides, “proton doping” discoveradPANI is an unusual and efficient
doping method in conducting polymers [8]. The pnotlmping does not involve a change in
the number of electrons associated with the polychain [9] that is different from redox
doping (e.g. oxidation or reduction doping) whehne tartial addition ( reduction ) or
removal (oxidation ) of electrons to or from thesystem of the polymer backbone took
place [4,10].
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(3) The insulatingt-conjugated polymers can be converted to condugiolgmers by a
chemical or electrochemical doping and which cancbasequently recombacked to
insulate state by de-doping. This suggests thatamby de-doping can take place in
conducting polymers, but also reversible dopingldping process, which is different from
inorganic semiconductor where de-doping can't faleee [5]. As a result, conductivity of
the conducting polymers at room temperature cowdide insulator-semiconductor-metal
region by changing doping degree as shown in E#. @Qn the contrary, those processes
are impossible to take place in inorganic semicotuts.

Conducting polymers
———

Insulator Semiconductor Metal
onductivity | 104 | 100 | 10 | 102 | 1E | 1 |
Conductivity | g4 | 10710 10°¢ 102 10° 10°
(S/em)  107'8 1012 108 10 10° 10* 0%

Quartz Dhamond  Glass  Silicon Cu, Fe, Ag

Figure 1.3 Conductivity of conducting polymers carcover whole
insulatorsemiconductor-metal region by changing dojmg degree

(4) The doping degree in inorganic semiconductorvesy low (~ tenth of thousand)
whereas doping degree in conducting polymers caaché&eved as high as 50% [5]. So
electron density in a conducting polymer is higtiean that of inorganic semiconductor;
however, the mobility of charge carriers is lowlearn that of inorganic semiconductor due
to defects or poor crystalline.

(5) Conducting polymers mostly composed of C, Ha@ N elements and their chain
structure can be modified by adding substitutedigscalong the chain or as the side chains

that result in conducting polymers reserving ligrgight andflexibility of conventional
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polymer
Approximate
Conductivity
Polymer Structure Doping Materials (S/cm)
Polyacetylene (CH), I, Brs, Li. Na, AsFs 10.000*
o
Polypyrrole d BF; , ClOZ, 500-7.500
S B L tosylate”
Polythiophene N\ BF; ., ClO;. 1.000
8 " tosylate®, FaCly
. R
Poly(3-alkvlthiophene) /A ) BF, ., ClO,. FeCly 1,000—-10,000°
\ 5 n
[ S\ \
Polyphenylene 4(4\ >_3|_ AsF; 500
sulfide \\—"’f )ﬂ
[
Polyphenylenevinylene —|—\<:/>——\\ I AsF; 10.000%
\ 2
p .
;N\
Polythienylenevinvlene S A, AsFs 2,700
b fa
Polyphenylene ‘é-‘\_/ AsFs, Li, K 1,000
n
7 N
Polyisothianaphthene - \ ; BF, , ClO_., 50
}| 5 a
S
f
Polyzulene / ;,——f BF, . ClO.. 1
\ n
[ 7
Polyfuran m BF, ., ClOZ, 100
\ O
200"

[ = \
Polyaniling —‘—( NH HCl
3 ¥ays

*Conductivity of oriented polymer.
®p-Methylphenylsulfonate.

Table 1 Conductivities of Conducting Polymers
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1.1.4: Charge Storage

One early explanation of conducting polymers ussttitheory as a method of conduction.
This said that a half filled valence band wouldftsened from a continuous delocalized
system. This would be an ideal condition for condurcof electricity. However, it turns
out that the polymer can more efficiently lower ésergy by bond alteration (alternating
short and long bonds), which, introduces a bandhmvid 1.5 ev making it a high energy
gap semiconductor. The polymer is transformed antonductor by doping it with either an
electron donator or an electron acceptor. Thisemimiscent of doping of silicon based
semiconductors where silicon is doped with eitheseaic or boron. However, while the
doping of silicon produces a donor energy leveselt the conduction band or a acceptor
level close to the valence band, this is not thee a@ith conducting polymers. The evidence
for this is that the resulting polymers do not hav@igh enough concentration of free spins,
as determined by electron spin spectroscopy. liyitihe free spins concentration increases
with concentration of dopant. At larger concentias, however, the concentration of free

spins levels of at a maximum.

To understand this it is necessary to examinemdne in which charge is stored along the
polymer chain and its effect.The polymer may sitarge in two ways. In an oxidation
process it could either lose an electron from dnth@ bands or it could localize the charge
over a small section of the chain. Localizing thearge causes a local distortion due a
change in geometry, which costs the polymer soreeggn However, the generation of this
local geometry decreases the ionization energyhefgolymer chain and increases its
electron affinity making it more able to accommad#hhe newly formed charges. This
method increases the energy of the polymer lessitiveould if the charge was delocalized
and, hence, takes place in preference of chargealeation. This is consistent with an
increase in disorder detected after doping by Rasmectroscopy. A similar scenario

occurs for a reductive process.

Typical oxidizing dopants used include iodine, arsgentachloride, iron(lll) chloride and
NOPF;. A typical reductive dopant is sodium naphthalitlee main criteria is its ability to
oxidize or reduce the polymer without lowering gsbility or whether or not they are

capable of initiating side reactions that inhilhe tpolymers ability to conduct electricity.
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An example of the latter is the doping of a confedapolymer with bromine. Bromine it
too powerful an oxidant and adds across the doodiels to form spcarbons. The same

problem may also occur with NOP# left too long.

The oxidative doping of polypyrrole proceeds in thikowing way. An electron is removed
from the p system of the backbone producing frelceh and a spinless positive charge.
The radical and cation are coupled to each otleetogal resonance of the charge and the
radical. In this case, a sequence of quinoid-likgs is used. The distortion produced by
this is of higher energy than the remaining portibthe chain. The creation and separation
of these defects costs a considerable amount ofgn€his limits the number of quinoid-
like rings that can link these two bound speciggtioer.

In the case of polypyrrole it is believed that tatice distortion extends over four pyrrole

rings. This combination of a charge site and acalds called a polaron. This could be

either a radical cation or radical anion. This te#ea new localized electronic states in the
gap, with the lower energy states being occupiedabsingle unpaired electrons. The

polaron state of polypyrrole are symmetrically kechabout 0.5 eV from the band edges.
Upon further oxidation the free radical of the polais removed, creating a new spinless
defect called a

bipolaron.

This is of lower energy than the creation of twstidct polarons. At higher doping levels
it become possible that two polarons combine tonfarbipolaron. Thus at higher doping
levels the polarons are replaced with bipolaroree Bipolarons are located symmetrically
with a band gap of 0.75 eV for polypryyole. Thisrtually, with continued doping, forms

into a continuous bipolaron bands.Their band gago ahcreases as newly formed
bipolarons are made at the expense of the band eBgea very heavily dope polymer it is
conceivable that the upper and the lower bipoldrands will merge with the conduction
and the valence bands respectively to produceafigrtiiled bands and metallic like

conductivity. This is shown in next page.
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HMeutral Chain

j‘x j —\\ fj{qx /7” —\ Hj&
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/oy  veJ
H H
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: | |
VATENCE EAND F | |

Meutral Polymer Polaron Bipolaron

Eipolaron Bands

Figure 1.4 Show conductiom mechanism in polypyrrol

Conjugated polymers with a degenerate ground &tate a slightly different mechanism.
As with polypryyole, polarons and bipolarons areduced upon oxidation. However,

because the ground state structure of such polyarerswofold degenerate, the charged
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cation are not bound to each other by a higherggngonding configuration and can freely
separate along the chain. The effect of this is e charged defects are independent of
one another and can form domain walls that sepasat@hases of opposite orientation and
identical energy. These are called solitons andsoametimes be neutral. Solitons produced
in polyacetylene are believed to be delocalized ab®ut 12 CH units with the maximum
charge density next to the dopant counterion. Tovedb closer to the defect show less
amount of bond alternation than the bonds away fiteencentre. Soliton formation results
in the creation of new localized electronic stdtest appear in the middle of the energy
gap. At high doping levels, the charged solitorteract with each other to form a soliton
band which can eventually merge with the band etlyeseate true metallic conductivity.

This is shown below.

/ / / \V / / / / A EUTRAL

CHAIN

®
|
/ / \ &@/ / / / POLARON
@ J —
VAVAVAVAVAV VAV N

—

Conducting Band

—— T —

WValence Band

Weutral Chain Palatom aolttons Soliton Band

Figure 1.5 Shows conduction mechanism in polyacegre
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1.1.5: Charge Transport

Although solitons and bipolarons are known to be rtiain source of charge carriers, the
precise mechanism is not yet fully understood. prablem lies in attempting to trace the
path of the charge carriers through the polymei. &l these polymers are highly
disordered, containing a mixture of crystalline ardorphous regions. It is necessary to
consider the transport along and between the palych@ins and also the complex
boundaries established by the multiple number cdsph. This has been studied by
examining the effect of doping, of temperature,nadgnetism and the frequency of the
current used. These test show that a variety oflwction mechanisms are used. The main
mechanism used is by movement of charge carriengele@ localized sites or between

soliton, polaron or bipolaron states.

Alternatively, where inhomogeneous doping produosstallic island dispersed in an
insulating matrix,conduction is by movement of g®acarriers between highly conducting
domains. Charge transfer between these conductmgaiths also occurs by thermally
activated hopping or tunnelling. This is consisterth conductivity being proportional to

temperature.

1.1.6: Stability

There are two distinct types of stability. Extrmstability is related to vulnerability to
external environmental agent such as oxygen, wp&Fngxides. This is determined by the
polymers susceptibility of charged sites to atthgknucleophiles, electrophiles and free
radicals. If a conducting polymer is extrinsic @aidé then it must be protected by a stable
coating. Many conducting polymers, however, degmaks time even in dry, oxygen free
environment. This intrinsic instability is thermadmic in origin. It is likely to be cause by
irreversible chemical reaction between chargeds site polymer and either the dopant
counter ion or the p-system of an adjacent newtnain, which produces an*parbon,
breaking the conjugation. Intrinsic instability caso come from a thermally driven
mechanism which causes the polymer to lose its ofddis happens when the charge
sites become unstable due to conformational chamgdse polymer backbone. This has

been observed in alkyl substituted polythiophenes.
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1.1.7: Processibility

Conjugated polymers may be made by a variety dfriigcies, including cationic, anionic,
radical chain growth, co-ordination polymerizatiostep growth polymerization or
electrochemical polymerization.

Electrochemical polymerization occurs by suitablenomers which are electrochemically
oxidized to create an active monomeric and dimepecies which react to form a
conjugated polymer backbone. The main problem widctrically conductive plastics
stems from the very property that gives it its awstt/ity, namely the conjugated
backbone. This causes many such polymers to bactabile,insoluble films or powders
that cannot melt. There are two main strategies/gycoming these problems.There are to
either modify the polymer so that it may be morsilggorocessed, or to manufacture the
polymer in its desired shape and form. There dréhia time, four main methods used to

achieve these aims

The first method is to manufacture a malleable melythat can be easily converted into a
conjugated polymer. This is done when the initialymer is in the desired form and then,
after conversion, is treated so that it becomesnauctor. The treatment used is most often
thermal treatment. The precursor polymer used tisnofmade to produce highly aligned
polymer chain which are retained upon conversioes€hare used for highly orientated thin
films and fibres. Such films and fibres are highhjisotropic, with maximum conductivity

along the stretch direction.

The second method is the synthesis of copolymemdedratives of a parent conjugated
polymer with more desirable properties. This metisoithe more traditional one for making
improvements to a polymer. What is done is todrynbdify the structure of the polymer to

increase its processibility without compromisirgggonductivity or its optical properties.

All attempts to do this on polyacetylene haveefdibs they always significantly reduced its
conductivity. However, such attempts on polythiapdse and polypyrroles proved more
fruitful. The hydrogen on carbon 3 on the thiophenghe pyrrole ring was replaced with

an alkyl group with at least four carbon atomg.i he resulting polymer, when doped, has

a comparable conductivity to its parent polymerlsttbe able to melt and it is soluble.
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A water soluble version of these polymers has h@educed by placing carboxylic acid
group or sulphonic acid group on the alkyl chaifisulphonic acid group or groups are
used along with built-in ionizable groups. thenlsggstem can maintain charge neutrality
in its oxidized state and so they effectively ddpemselves. Such polymers are referred to
as "self-doped” polymers. One of the most highlydiative derivative of polythiophene is
made by replacing the hydrogen on carbon three avHEH-O-CH,-CH»-O-CH,-CH,-O-
CHs. This is soluble and reaches a conductivity ofuad®00 S cm-1 upon doping.

The third method is to grow the polymer into itssided shape and form. An insulating
polymer impregnated with a catalyst system is tated into its desired form. This is then
exposed to the monomer, usually a gas or a vaptwar monomer then polymerizes on the
surface of the insulating plastic producing a thiim or a fibre. This is then doped in the
usual manner. A variation of this technique is ehemical polymerization with the
conducting polymer being deposited on an electreitieer the polymerization stage or
before the electrochemical polymerization. Thist cagy be used for further processing of
the conducting polymer. For instance, by stretchingligned bends
ofpolyacetylene/polybutadiene the conductivity eage 10 fold, due to the higher state of
order produced by this deformation.

The final method is the use of Langmuir-Blodgetiuggh to manipulate the surface active
molecules into a highly ordered thin films whoseusture and thickness which are
controllable at the molecular layer. Amphiphilic ecules with hydrophilic and
hydrophobic groups produces monolayers at the aiemsurface interface of a Langmuir-
Blodgett trough. This is then transferred to a sals creating a multilayer structure
comprised of molecular stacks which are normal &aBdanm thick. This is a development
from the creation of insulating films by the sameehnique. The main advantage of this
technique is its unique ability to allow control ewvthe molecular architecture of the
conducting films produced. It can be used to creatmplex multilayer structures of
functionally different molecular layers as deterednby the chemist. By producing
alternating layers of conductor and insulator ipa@ssible to produce highly anisotropic

film which is conducting with in the plane of théf,but insulating across it.
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POLYMER CONDUCTIVITY | STABILITY PROCESSING
(S cm-1) (doped state) POSSIBILITIES
Polyacetylene 10 10° Poor Limited
Polyphenylene 1000 Poor Limited
PPS 100 Poor Excellent
PPV 1000 Poor Limited
Polypyrroles 100 good Good
Polythiophenes 100 good Excellent
Polyaniline 10 good Good

1.2.1: Polyaniline

Polyaniline was the first conducting polymer togsepared, when in 1862 H. Lethe by[11].
of the college of London Hospital in the U.K. armaldly oxidized aniline in sulfuric acid
but there had been only limited interest in thisypwr until the resurgence of interest in

conductive polymers driven by the high conductestfound in polyacetylene when doped.

In 1985, MacDiarmid, for the first time, found thamiline monomer in an acid aqueous
solution (e.g.1.0 mol/L HCI) can be chemically axetl by ammonium peroxydisulfate
(APS) to obtain green powder of PANI with a conduitt of as high as 3 S/cm, as
measured by four-probe method, which results weldighed in 1986 [12].This was the
first sample of the conducting polymers doped kotqor, which latterly was called “proton
doping”. Compared with other conducting polymer&NP is advantageous of easy
synthesis, low-cost, structure complex and spegmiaton doping mechanism, as well as
physical properties controlled by both oxidationd aprotonation state. These unique

properties result in PANI holding an important piosi in the field of conducting polymers.
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1.2.2: Molecular Structure and Proton Doping

Compared with other conducting polymers, PANI hasoaplex molecular structure
dominated by its oxidation and protonation statacBiarmid et al. [13],for the first time,
proposed that the base form of PANI has a generaiula [14] as shown Fig. 1.6. They
assumed that the base form of PANI consists ofradtang reduce and oxidized repeat unit
chain and can be divided into three states basdbeooxidation state [12, 15] as shown in
Fig. 1.6. The completely reduced form and oxidizéokm are assigned as
“leucoemeraldine” base form y =1, LEB) and “pernigraniline” form y =0, PEN),
respectively. The “halfoxidized” form is called &meraldine base” formy(= 0.5,EB).
The general molecular formula of the base form ANPproposed by MacDiarmid has

been firstly conformed by the analysis of the 13Rspectra [16].

OO OO

reduced oxidized

(a)

KOO~k

Figure 1.6 (a) Generalized composition of PANI indating the reduced
and oxidized repeat units; (b) completely reducedgymer; (c) half-
oxidized polymer; (d) fully oxidized polymer
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PANI was the first sample of a doping conjugatetymper to a highly conducting regime
by a proton doping [12]. Proton doping means thatémeraldine base form (E8= 0.5)

is doped with a protonic acid (e.g. 1.0 mol/L H@)produce a protonated emeraldine base
form with a high conductivity (~ 3 S/cm), whichdalled as the emeraldine salt form (ES)
[12, 15b].As shown in Fig. 1.7, the proton dopdags not involve a change of the number
of electrons associated with the polymer backbamend the proton doping [12, 15b].This
significantly differs from redox doping (e.g. oxtdan or deduction) where involves the
partial addition (reduction) or removal (oxidatioo) electrons to or from the polymer
backbone [17]. Thus proton doping is major charasties of PANI differing from other
conducting polymers.

(OOt =

“2xH'A || 42X H A

i | | i

Figure 1.7 Scheme of proton doping in PANI

In principle, the imine nitrogen atom on the polyroehain of PANI can be protonated in
whole or in part to obtain the corresponding salt&l the protonation degree on the
polymeric base, depending on its oxidation statetha pH value of the aqueous acid [12].
MacDiarmid et al. [13], for the first time, propakséhat proton doping only took place on
the imine segment of the emeraldine base form tm fa bipolaron. However, this was
contradictory with both theoretical calculation aB&R, because theoretical calculation
rules out the presence of a bipolaron lattice (spB) in the emeraldine salt form [18] and a
strong ESR signal rather than spinless was obseft®8 In order to solve above

contradictory, Epstein et al. [19, 20] and Wnek][2aggested that spinless bipolaron can
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convert to two spinning protons due to instabibifybipolaron. MacDiarmid et al. [15b]
also proposed the polaron is of semiquinone formshasvn in Fig. 1.7. It means that the
complete protonation of the imine nitrogen atontha emeraldine base by proton doping

results in the formation of a delocalized poly-sgamone radical cation [12, 15b, 17a].

1.2.3: Synthesis Method

Like other conducting polymers, PANI is generallgnthesized by both chemical and
electrochemical methods [17a]. But mechano-chem@ate has been recently reported to

prepare conducting PANI. These methods to PANI mélbriefly discussed below

1.2.3(a): Chemical Method

In general, the emeraldine salt form of PANI (iits. conducting state) is prepared by
oxidative polymerization of aniline in a strong dici medium [12,13]. The scheme of
chemical polymerization of aniline can be describsdollows:

Aniline + D(}]mm% ]:}‘;“21}1 % T?E}I

H
F
Q —
NH NH, —— 3 —— =

Dimer

Figure 1.8 Shows mechanism of polymerization of aime
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Typical chemical polymerization of PANI is as folle [17a]: APS of 10 mL (e.g. of 2.5
mol/L) as an oxidant is added with stirring to 1®Q solution of a mixture of aniline
monomer (e.g. 0.55 mol/L) and 1.0 mol/L HCI at rotamperature or in an ice/water bath
(0 - 5C) and the polymerization is continued for pre-daditime. The precipitate is then
filtered, washed with small amounts of 0.5 mol/L IH®lution, then with methanol until
colorless, and finally diethyl ether until coloste It is finally dried at ca. 60 -T0 in air
for ca. 24 h. The product so obtained is the erdgralsalt form with conductivity of ~ 10
S/cm, depending preparation conditions. The resulameraldine salt form can be
converted to its emeraldine base form bys9H or NH;, which process is called as de-
doping. From above scheme of polymerization ofia@jlone can see, the reaction system
of aniline polymerization is very simple, only inding monomer,dopant and oxidant and
water. Among these reagents, dopant is the mosbriaat reagent, because it is mainly
attributed to electrical properties of PANI. Speakigenerally, inorganic acids (e.g. HCI,
H,SO,, H3PO, and HF) and organic acids are widely used as depantdoping PANI.
Dopant feature includes molecular structure andigggistrongly affect the properties of the
doped PANI [17a].

Except for dopant, oxidant is another importantgesd for chemical polymerization of
PANI. Up to date various oxidants such as APS [1&{tabutylammonium persulfate
(TBAP) [22], hydrogen peroxide @@,) [23], benzoyl peroxide [24],ferric chloride (FeLI
[25] and chloroaurate acid (HAuWl[26], have been used to synthesize PANI. However,
most previous reported results mainly emphasizeel #ffect of oxidants on the
polymerization yield, and APS was regarded as gienal oxidant for PANI because of its
high vyield [27]. Interestingly, author found thahet diameter of PANI nanotubes
synthesized by template-free method is directlatesl to the redox potential of oxidant
[28].

In addition, reaction temperature, polymerizationet as well as stirring fashion and speed
also affect the structure and physical propertieghe final PANI product. Reaction
temperature is more important because it affeasctigstallinity of PANI, showing a low
reaction temperature is favorable for preparindhhagystalline PANI [9a]. A low reaction
temperature can be achieved by freezing the reabath (e.g. ice/salt bath with TA) or

by addition of inorganic salts (e.g. NaCl) in tleaction solution, resulting in the
polymerization is proceed in the solid state [29].
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-
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Figure 1.9 Powder of PANI prepared by chemical methd

1.2.3(b): Electro-Chemical Method

Electrochemical polymerization is another majoll togrepare conductive PANI.
In an electrochemical method, a PANI film or lajgeformed on a work electrode
surface in an acidic medium (e.g. 1.0 mol/L HCBluding high concentrations

of aniline monomer [9a]. The electrochemical methad some advantages over

chemical procedures to prepare PANI as follows:

Electrochemical method is easy to be controlledchgnging current quantity passed
through between the work and counter electrodgdiempvoltage and polymerization time.
Moreover, the oxidation and electrically conductiigrm of PANI is reversibly
transformed into the reduced, isolating form byngiag its electrochemical potential to
negative values. On the other hand, the chemicahadeis difficult to ensure a same
micro-environment for preparing PANI, insultingdrsorder of the product.

A small amount reagent is required in an electeatlal method. On the contrary, a large
amount of reactive chemical reagents in the chdnmezthod is required, which could
cause environment pollution.

The quantum of the product prepared by electroctanmethod is limited by size of the
work electrode; however, large amount of productasily synthesized by a chemical

method. It has been demonstrated that the ele@naichl polymerization of aniline is as a
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bimolecular reaction involving a radical cationemhediate and a two-electron-transfer
process for each step of polymerization [30]. Basedhe assumption that the oxidation of
PANI follows Faraday's law, the electrochemical ypoérization of aniline can be
monitored by PANI deposition on the work electradel doping charges [31]. In some
strong acids such as HC1l or,3O,the deposition charge was found to increase
proportionally to the second powers of the cyclanhar [30]. When potentiostatic
techniques was used to electrochemically polymem@rdine, moreover, the initial
formation (or nucleation) of PANI on the surfacetloé electrode is slow, but the initially
formed PANI accelerated the polymer growth greadgd the current increased
proportionally with the second power, which is edllas “self-catalyzing” or “auto-
acceleration”process in the electrochemical polymagion of aniline [32]. Wei et al. [30]
employed the anodic peek current instead of chatgemonitor the electrochemical
polymerization process of aniline in aqueous HQutson using cyclic potential sweep
techniques. This method was more sensitive to theepmce of irreversible side reaction
[33]. By using this method, the cyclic voltammogsaof aniline polymerization showed
three peaks [30], which are associated with thregation states suggested by MacDiarmid
[14]. Wei et al. [34] also investigated effect bétadditives, such as paminodiphenylamine,
benzidine, and phenoxyaniline, on the rate of edetiemical polymerization of aniline.
They found all of these additives have lower oxmtatpotentials than the aniline
monomers and at least one satirically accessildmatic amino group incorporated into

polymer chains as a part of the structural backb@a4)].

1.2.3(c): Mechano-Chemical Route

Since the liguid monomer aniline forms solid sakth doping acids (e.g. HCI4$0O, and
CSA) through an acid/base reaction, room-tempegatalid-state polymerization of aniline
is possible using a solid anilinium salt as thecpresor. Kaner et al. [35] recently describe a
solvent-free mechano-chemical route to PANI in whibe reaction is induced by ball-
milling an aniline salt and an oxidant under ambmonditions. According to the report of
Kaner et al. [35],the typical synthesis procedureanechano-chemical route to PANI is
shown as: firstly a salt of aniline and CSA wasppred by the reaction between aniline
and CSA in water followed by evaporation that waxwed as the precursor. Then a mixture
of an anilinium salt (e.g. aniline/CSA) and APSaasoxidant were loaded into a stainless
steel grinding bowl and which was then sealed gmh @t 600 r/min in a planetary micro-
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mill for 1 h [35]. Once the spinning stopped, theduct was transferred into a beaker and
washed with water for several times. A yield ofta5% based on aniline can be achieved
using a 1:1 molar ratio of anilinium salt to oxitdamd typical sample of the PANI powder
prepared by this method is shown in Fig. 2.6. Specbpic studies indicate that the
resultant PANI is identical to the emeraldine $attn of PANI with a conductivity of 16
S/cm [35]. This method opens a sample and solvertihethod to prepare a large amount
of the conducting PANI.

1.2.4: Physical Properties

Like other conducting polymers, PANI has unique gpbg properties including optical,
electrical and magnetic properties and correspaneifects (Schottky and thermo-chromic

effect and photo-emission effect) which will bedbly discussed below.

1.2.4(a): Nonlinear Optical (NLO

Nonlinear optical (NLO) effect is defined that whanlight passes through a nonlinear
optic-active medium, the frequency, phase, ampditadtransmission of the coming out of
light are changed [36]. The NLO phenomena therefare expected to provide hey
functions necessary for the photonic technology agtical switching, frequency
modulation, wave-guiding, and eventually practiadoptical computing [37]. Compared
with inorganic or organic NLO materials, NLO polyraeare of somewhat advantageous as
follows:

The design, synthesis and fabrication of NLO pwys are more flexible, facile and cost-
effective than those of inorganics [38].

The lower dielectric constant of polymers makeasier to design traveling wave electro-
optic (EO) modulators due to the close match obsigy between the microwave and optic
wave. Processing polymers in conjunction with thims technologies offers the unique
opportunity for them to be used in inter-gratediognd EO application. As a result,
organic and polymeric NLO materials have been wetkgreat attention in NLO materials

and their applications in technology.
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1.2.4(b): Electrical and Charge Transport Properties

Highly conducting form (ES) of PANI is controlled Ibwo completely different processes:
protonic acid doping and oxidative doping, whiléeat conducting polymers are affected
by their oxidation state alone [39], resulting inhaas aspecial position in the field of
conducting polymers.As mentioned before, the insuttate of PANI (the emeraldine base
form,EB) can be doped by proton doping (e.g. 1 mbBICI) to conducting state of PANI
(the emeraldine salt form, ES) [12, 13]. As shown Rig. 2.7, the protonation is
accompanied by a 9 to 10 order of magnitude iner@asonductivity achieving about 10
S/cm, showing the conductivity is strongly affectedthe protonation state (i.e. pH value
of reaction) and undergone a change from insutatametal through semiconductor [14]. A
lot of papers dealing with PANI electrical propestihave been reported [12,13,40].
Moreover, the doped PANI can be obtained by chdnax@ation -doping) of the full-

reduced form of PANI (i.e. leucoemeraldine basép]1l

Charge transport of PANI showed that the localieenductivity of PANI is affected by the
localized variations in the thickness, stoichiometiefects, or even substrates [41]. For
intermediate protonation levels (e.g. the emeraldsalt form of PANI), for instance,
magnetic and optical experiments supported the ephsegregation between highly
conducting regions and the insulating background].[4'he charge conduction was
proposed via charging energy- limited tunnellingoaign the small granular polymeric
grains [43], assuming the conductivity of the “caoting island” in PANI could be up to
10* S/cm [19]. Moreover, difference in charge transpgmetween PANI-HPO, [44] and
PANI-H,SO, [45] has been also observed, implying that theadtgphave a large impact on
the charge transport properties of doped PANI itk.bburthermore, effect of synthesis
conditions on morphology and conductivity of PAN&dshbeen also reported dueto the

difference in formation mechanism in different pobrization media [46].

Sulfonated polyaniline (SPAN) is the first reporteelf-doped water soluble conducting
PANI derivative and a prime model for dopant andcoselary dopant induced

processability [47]. It has high water solubilitycaa novel pH-dependent conductivity that
is of interest for fundamental science and also dpplications in technology such as
rechargeable batteries with a higher charge def48) as compared to that obtainable

utilizing the parent PANI [49], hetero-structureghit emitting diode devices [50],
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electrolyte acidity and enzyme activity [51] resista wafer [52]. Epstein and coworkers
extensively studied synthesis and physical properaf SPAN with different sulfur-to-
nitrogen (S/N) ratios (represented as S/N with@%s). The physical properties including
the pH dependence of the conductivity and elecentbal properties of SPAN with a high
S/N ratio of 0.75 (i.e. LEB-SPAN) were extensivstuydied [53].

1.2.4(c): Magnetic Properties

Since the magnetic properties can provide impordatdils of charge carrying species and
unpaired spins, magnetic properties of PANI havenbextensively studied [54]. Usually
the total static magnetic susceptibilities of trepeld PANI could be separated into three
components: atomic core diamagnetism, localmomentiedaw paramagnetic and
temperature-independent Pauli paramagnetic. Iteiselly observed that the magnetic
susceptibility changes from a Curie-like to a Pdiké behavior as the temperature
increases [55]. Moreover, the magnetic propertfedBANI are affected by doping structure
and degree, chain structure as well as synthesdittans. For instance, Jinder et al. [19]
found that the Pauli susceptibility of HCl-doped NMAis approximately linearly
proportional to the degree of protonation. In additthe magnetic properties of PANI and
its derivatives (e.g. poly-alkyl-aniline) have aarlg linear T ) dependence on attributed

to disorder-induced localized polaron pairs [56thAugh a lot of efforts have been done
on the magnetic properties of PANI through différemethods such as static magnetic
measurements, electron paramagnetic resonance @RRYMR spectroscopy [57], some
of the results are still contradictory possibly rtgalar focused on the nature of the
temperature-independent susceptibility, due to ¢benplexity of polymeric materials

caused by synthesis and doping conditions [58].

1.2.4(d): Other Properties

Rannom et al. [59] recently reported diesters stidephthalic acid doped PANI exhibits
strong thermo-chromic effect in the UV-visible -NKpectra and improved mechanical
properties. It was suggested that the diesterssofiféphthalic acid play a double role: one
is sufficiently strong acids rendering PANI conduet another results in lower glass
transition temperature d () due to containing strongly plasticizing groupsaddition, the

thermo-chromic effect of PANI dissolved Nrmethyl pyrrolidone (NMP) solution of three
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principal forms of neutral (i.e., insulating) PANiamely, leucoemeraldine, emeraldine, and
pernigraniline [60] as well as in films plasticizedth NMP [61] has been observed. In
addition, it has also been reported for opticaltyive doped PANI, i.e., PANI protonated
with (+) camphor-10-sulfonic acid; however, thdeef was observed at a relatively
elevated temperature of 413 K at which slow decasitjpm of doped PANI takes place
[62]. Since spectral changes in polyconjugatedesyst are caused by changes in the
polymer chain conformation, which are not only thally induced, but also caused by
interactions with solvents used, therefore, theom@mic polymers frequently exhibit
solvatechromium, which is consistent with obseoradiof solvent-induced conformational
changes in protonated PANI with CSA [63].Solutiorogessing of PANI into fibers is
extraordinarily difficult because of following reass:

(a) Poor solubility in solvents compared with norergineering plastics.

(b) Very rapid polymer gelatin times at low totalids content.

(c) Strong aggregation tendency due to inter-chinactive forces.

There were a few reports [64] regarding the subgécreproducible fiber spinning of
PANI. However, Mattes et al. [65] reported the depeent of PANI fiber production
techniques that have been used to create commgbeied (PANION).

The techniques hold good promise for further sigant advances in the field of solid-
state electrochemical devices [66].1t is well knothiat water present in the PANI matrix
affects the conductivity of PANI in its emeraldisalt oxidation state due to de-doping
process taking place [67]. Only a few studies hagen performed on the mechanism of
water adsorption by PANI. The earliest work indechtthat there existed two forms of
water adsorbed by the materials weakly bonded watdecules that possess activation
energy of de-sorption of about 5 kcal/mol and sitprbonded water molecules that are
only desorbed during simultaneous decompositiothef polymer backbone [68]. It has
been suggested that these water molecules fornoggdrbonds with the acid sites in the
emeraldine salt form of PANI [69]. More recent waluggested that reversibly absorbed
water consists of two forms,that is, the hydrogemded water (as found in previous
studies with a de-sorption energy of 5 kcal/mol) another form with a de-sorption energy
of 15 - 18 kcal/mol [70]. This energy for de-sogptiof the water molecules exceeds that of
a single hydrogen bond and could correspond tdatmeation of a chemical bond with the

polymer backbone. Pellegrino et al. [71] studied thater sorption kinetics and mass
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uptake of the PANI with respect to the dopant anidre PANI-ES solid fibers adsorbed as
much water as many hydrophilic polymers and thetedaic conductivity of these fibers is
proportional to the relative humidity in a reprodie fashion [72]. These attributes can

provide the possibility for advanced humidity cahtand sensing applications [72].

1.2.4(e): Solubility and Processability

PANI is very popular conductive polymer and hasagrecientific and industrial interest
because of its high conductivity, environmentalbsity, simple and cheap synthesis
method as well as technological applications iteleal devices [73]. PANI has also great
interest as an organic magnet due to the potgngsaibng exchange interactions occurring
through the conjugated backbone [74]. However, doch applications, PANI must be
processability including soluble in common solveots melt process below the glass

transition temperature [75].

1.2.4(f): Solubility

The EB form of PANI is soluble in NMP, which can beed to fabricate a freestanding
film of the EB form. However its doped form (i.eSEorm) is insoluble in organic solvent
or aqueous solution. Therefore, to synthesize $olabnducting PANI (i.e. the protonated
state, ES form) is a key for realizing commissaaplication of PANI in technology. To

solve solubility and processability of PANI therefds not only necessary for commercial
application, but also fundamental research (ergcttral characterizations). Great effort
for improving solubility in solvent and procesddpiof PANI has been reported [76]. For
instance, sulfonation or incorporationalkyl-sulfonic acid pendant groups [77], dopant-
inducted [78], self-doping polymer [79], micro-ersion polymerization [80], and

controlled relative molecular mass [81], have besported for improvement of solubility

and processability of PANI.
1.2.4(f): Substitution onto Backbone

Alkyl- and aryl-substitution attached on the polynsbain is a common tool to synthesize
soluble PANI dissolved in organic solvent or aguea@olution [82]. Although these

derivatives of PANI retain their electrochromic pesties, their conductivity decreases
dramatically to values between3@nd 10° S/cm. Moreover, the alkyl- and alkoxy-ring
substituted PANI after acid-doping have a modecaieductivity of 10' - 10° S/cm, but
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their molecular weights are usually low (on theesrdf 103). Han et al. [83] reported a
method to reduce PANI backbones from the emeraldase form to the leucoemeraldine
form and simultaneously derivative the backbone®mm functionalized PANI by various

functional alkanethiols. This method provided a eloway to control the degree of
substitution of PANI. In fact, the most successdpbroach to a conductive PANI with
solubility in aqueous solutions is introduced b¥fusic acid groups. This can be achieved
by treating the polymer with the appropriate reagesfter the polymerization or by
polymerizing the substituted aniline derivativesn &xample of the approach is the
sulfonation of the emeraldine base with fuming witf acid to produce a soluble PANI in

agueous alkaline solutions [84].

1.2.4(f,): Self-Doping PANI (SPAN)

Another successful approach toward soluble congei®ANI is to introduce sulfuric acid
groups on PANI chains. Sulfonated polyaniline (SBAS$ the first reported self-doped
water soluble conducting PANI derivative, which emlilar structure with different degree
of sulfonation defined as the sulfur-to-nitrogenNratio is shown in Fig. 2.8 [85].
Usually, EB and PNB forms of PANI have been useds&sting materials for the
preparation of SPAN, which defined as EB-SPAN ahNBFSPAN, respectively. Fuming
sulfuric acid, chlorosulfonic acid, and sulfur tride/triethyl phosphate complex were also
used as sulfonation agents in the synthesis of SEBAN Although Genies et al. [86] have
attempted to synthesize a self-doped SPAN by @aatf the EB form directly with
propane- or butanesultone, the product has a \@y golubility and low conductivity (19
S/cm) at room temperature. Usually the doping defpethe SPAN is assigned as the S/N
ratio and all of these earlier methods resultetthén
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S/N ratio of 0.5 [85,87]. However, Epstein et al. [79] reported an S/N ratio as high as 0.75

could be synthesized by using the full reduced LEB as the starting material, which final

product is termed LEB-SPAN. Bergeron et al. [88] have also synthesized a water-soluble

PANI by reaction of LEB with propanesulfonic.The S/N ratio is a key to control the physical

properties of the self-doped SPAN.

The conductivity of SPAN with S/N ratio of 0.5 is about 10t S/cm, for instance, the

conductivity of LEB-SPAN (S/N ratio of 0.75) is enhanced by one order of magnitude to be

about 1.0 S/cm [79]. Moreover, the conductivity of LEB-SPAN is unaffected by pH over the
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range O<pH<14 whereas EB-SPAN becomes insulating at pH>3 and pH>7.5, respectively
[79]. In addition, the thermal stability of SPAN is better than PANI doped with HCI [89].

1.2.4(k): Water soluble PANI

Water soluble PANI is of interesting because ofloig cost and environmental friendly.It
is noted that the above-mentioned SPAN is only [delun aqueous alkaline solution
(NH4OH) and NaOH rather than in pure water. To obtairaqueous solution of SPAN, it
is therefore necessary to follow the treatment waithH+ type ion-exchange resin [90].
Thus, an efficient approach toward water solubledcctive PANI is substituted aniline co-

monomer to produce copolymers [91].

The copolymers are advantageous of the electrioaductivity and solubility of the
copolymer being varied by adjustment of the monorago in the copolymer.

For instance to polymerize protonic-acid moietytaining aniline derivatives, such as
amino benzyl phosphoric acid to give poly (o-ambenzyl phosphoric acid) (PABPA)
[92] or to copolymerize aniline with similar monoragsuch as N-(4-sulfophenyl) aniline
and o-anthranilic acid to yield poly (aniline-co{Msulfophenyl) aniline) (PASPA) [93],
and poly(aniline-co-o-anthranilic acid) (PAAA) [94lave been reported. However, the
above two copolymers are also partially solublevater, while the homo-polymer PABPA
is only soluble in alkaline aqueous solution. Tlene a new water-soluble self-doped
PANI has been proposed by grafting PANI onto a watduble polymer having pendant
aniline dimers and sulfonic acid groups to obtastyaniline-co-2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPANI) [95]. Bhavana et[86] also reported a novel approach
to the creation of a substituted PANI can be cdieriovia complication between boronic
acid groups along the backbone with D-fructosehin gresence of fluoride. Nguyen et al.
[93] also report copolymers of poly (N-(4-sulfoplgraniline) and the poly-(aniline-co-N-
(4-sulfophenyl)) aniline.

They found that their conductivities are range leetw 3.% 10* S/cm and 5.2 S/cm for
home-polymer of poly (N-(4-sulfophenylhniline)) aftANI, respectively. Although the
conductivity of homo-polymer poly (N-(Gsulfophenyaniline) is 18 times less

conductive than PANI, it is still fGimes more conductive than other PANI polymerswit
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sulfonated groups. These copolymers are solublgueous NH40H, but not in aqueous
HCI solutions. In addition, poly (aniline-co-N-prapesulfonic acid aniline) (PAPSAH)
with a conductivity of 18 S/cm without external doping could be cast ingefstanding
film directly from

its agueous solution [97]. Chan et al. [98] alsporéed a novel conducting PANI
synthesized by persulfate oxidative coupling of id@benzyl phosphonic acid in an acidic

medium. The resultant PANI is water-soluble incitmducting form.

However, it does not exhibit any conductivity degemce on pH below 6, in marked
contrast to the HCl-doped PANI. The lower condlittiy10® S/cm)obtained is attributed
to the decrease in conjugation resulted from eelatgric effect of the bulky B8, and a
significant hydrogen bond interaction betweern, POH) and NH [98]. In addition, water-
soluble copolymers of poly-(anilineco- N-(4-sulf@utyl) aniline (PAPSA) was synthesized
directly from aniline and sodium diphenylamine-4fgnate salt by a chemical

polymerization [93].

The monomer composition of the copolymers (PAPS#) be controlled by varying the
molar ratio of the monomers in the reaction mixturee copolymers have a monotonic
variation in their molecular weight, solubility imqueous NEOH, and electrical
conductivity with the monomer composition. Besidesy et al. [99] reported oxidizing
aniline in the presence of aniline-formaldehydedmrsates (AFC) through a cation radical
mechanism to synthesize conductive PANI/AFC copelymwith high molecular weight
and solubility. AFC acts as a terminating agentthie polymerization process and by
terminating many PANI chains, resulting in brankélistructural copolymers. The
conductivity (~ 10 S/cm), average molecular weig¢htof 1F), and solubility of the
copolymer are controlled by the ratio of AFC to lia@ monomer prior to chemical

polymerization [99].

As above-mentioned, grafted polymer is one wayrtapce soluble conducting

polymers. Poly (ethylene glycol) (PEG) has manyquai physical and biochemical
properties, such as non-toxicity, biocompatibilayd miscibility with many solvents [100].
These unique properties lead to their promisingliegon in biomedical and industrial

applications [101]. Wang et al. [102] reported tR&EG-grafted PANI copolymers were
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prepared by incorporating a chlorine end-cappechaxgt PEG (mPEGCI) onto the LEB
form of PANI via N-alkylation. The graft concentiat (degree of N-alkylation) can be
controlled by adjusting the molar feed ratio of N3 to the number of repeat units of
PANI. The mPEG-g-PANI copolymers enhanced solubititcommon organic

solvents and water [102]. In addition, the enzyreséradish peroxidase (HRP)

has been also extensively used for the oxidatilgnperization of phenols and

anilines in the presence of hydrogen peroxide [103]

Aniline monomers containing hydrophilic substitu¢h®4] or photodynamic azobenzene
groups [105], and HRP-catalyzed polymerizationrofie [106] have been polymerized to
yield a wide range of soluble PANI. In these casib® polyelectrolyte provides a

preferential local environment for coupling of tenomer, the counter-ions for doping the
PANI, and imparting water solubility. Recently, Rat al. [107] reported that the

biomimetic polymerization of aniline in the presenaf lignosulfonate (LGS) to yield a

conducting, water-soluble PANI, where LGS was ussdeither dopant or polymeric

template. The LGS-PANI complex provided a uniqgoenbination of properties for the

PANI including electrical conductivity, processatyil corrosion protection, and

biodegradability [108].

1.2.5: Processability

Most applications for electronic devices of conthgtpolymers, such as transistors [109],
and light-emitting diodes (LEDs) [110], requiretime formation of thin film or patterned
conducting polymers with feature sizes less thahid. Soluble PANI is easy to prepare
its thin film by spinning coating. Besides, variousther approaches, such as
photolithographic techniques based on photo-inducddping/de-doping [111],

photochemical reaction [112], chemical implicati¢f©l3] and non-photolithographic
methods [114], ink-jet [115], screen printing [11&hd electrochemical dip-pen nano-
lithography [117] have been used to prepare thim ©f conducting polymers. Some

typical methods to prepare thin films or patent® ANI are briefly introduced as follows:
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1.2.5(a): Adsorption Polymerization

In 1989, MacDiarmid et al. [118] actually noted thRANI may also be deposited lbg-

situ adsorption polymerization as strongly adhering $ilon a variety of substrates”. This
indicated that PANI film coated on any substrate loa prepared by placing a substrate into
reaction solution, indicating it is the simplesipegach to prepare PANI films. Based on
above concept, aniline oligomers anchored on thace stimulate the growth of PANI
chains in a perpendicular direction to the suppad been reported [119, 120]. Similar
concepts have been also suggested for electrocaymcoduced films [121]. The growth
of the films prepared by this method undergonedip®cesses [122]:

The oxidation of aniline in an acidic aqueous madat the initial state of polymerization
produces aniline oligomers. Those oligomers hatendency to separate from the aqueous
medium by adsorbing themselves at available swsfatecontact with aqueous reaction

mixture because of their hydrophobic than the oabanilinium cations.

The adsorbed oligomers on the surface of substratee a higher reactivity toward
initiating the growth of PANI chains followed byayth of PANI film along the substrate

via an auto-accelerating polymerization.

1.2.5(b): Layer-By-Layer

A layer-by-layer is a common and controlling sed@embly technique to prepare thin and
oriented films through anion/cation or electrostaind hydrogen bonding interactions. The
method is advantageous of simple in procedure, asgntrol and friendly to environment
[123]. The method also introduced into fabricatednPANI fibers and films since 1990s,
but ionic self-assembled films are not stable ia kigh ionic strength of the electrolyte
solution because they can be easily scaled off |[1R4therefore is a challenge for
chemistry to fabricate a much more stable the alslesmPANI film. Chen et al. [125]
proposed a novel way to fabricate covalently agdcmultilayer films by the ionic or
hydrogenbonding self-assembly technique associatitdthe photoreaction. By using this
method, ultra-thin film is fabricated with diazoiress poly-cation and SPAN as poly-anion
via self-assembly electrostatic process. And thenrésulting films are exposed under UV
irradiation to undergo photoreaction between diaronand sulfonate, and finally convert
the ionic bonds between the layers into covaleBb[linterestingly, the covalent attached
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films are very stable toward polar solvents andhhignic strength of the electrolyte
solution [126]. In addition, PANI can be self-as®dead with a number of different
nonionic, water-soluble polymers, such as poly \\wrrolidone), poly (vinyl alcohol),
poly (acrylamide) and poly (ethylene oxide) [12HBach of these polymers contains
functional groups that are capable of forming hgeér bonds with PANI. The ability to
fabricate multilayer thin films and thin film hetestructures containing non-ionic
polymers opens up new possibilities for self-asdethblms of conjugated polymers. Since
poly (ethylene oxide) (PEO) is an ion-conductindypter, for instance, it is possible to
create multilayer thin films that are both electoaifly and ironically conductive. These
films may be of use in thin film devices that asséd on electrochemical processes such as
the light-emitting devices [128].Stockton et al29] demonstrated that hydrogen-bonding
interactions can be used to assemble multilayer fihhs of PANI by a layer-by-layer
manner. The multi-layers prepared by a layer-bydayhrough hydrogen bonding
interactions are more thickness than that of filmede by electrostatic interaction due to
the tendency of the hydrogen-bonding polymers soddwith a high segmental density of
loops and tails [129]. The PANI films formed viadmggen-bonding self-assembly also
exhibit conductivities about one order of magnitlaettger than that of films assembled via

electrostatic interactions [129].

1.2.5(c): Photolithography Technique Associated whit Photo-
Acid Generation Processes

PANI can be doped by photon-acid generators dueprtiion released under light
irradiation. It has been showed that the PANI miediiwith a thermo-labile and acid-labile
tert-butoxycarbonyl (t-BOC) group is highly soluble ath@rmodynamically stable in low-
boiling solvents (e.g. THF,dioxane, and CkgGInd which is converted to the insoluble and
electrically conductive emeraldine salts upon pHopng with photo-acid generators

(e.gN-(tosyloxy)- or (camphorsulfonyloxy) norborneneimidr -onium salts [130a].

As a result of this solubility difference, condugfi patterns of high resolution were
produced by conventional photolithography procegson removal of the t-BOC groups in
PANI
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(t-BOC) by acid doping, no obvious morphology chamj the films was observed, and
such conversion recovered the original conductiMatsel of the doped PANI [174b]. Since
the

t-BOC protecting groups are easily removed in dgpor acid-catalyzed reaction by
chemical amplification or thermal bake, the PANIB@C) can be used as conductive
matrix polymers for negative type photo-imaging minting materials or for novel
solution-processed applications in various micrctetmic devices [130b].

In summary, PANI still holds important positiontime field of conducting polymers at the
present time because of its unique properties ssckasy and low-cost synthesis, high
conductivity and stable in air as well as physeadl electrochemical properties controlled
by both oxidation and protonation state, leadingpatential applications in technology.
However, large-mass synthesis,high solubility igamic or water and high stability of

physical properties of PANI are still required &alize its commercial applications.

1.3: Present And Future Potential Application

Potential applications for conducting polymers ramenerous,since metals are toxic and can

damage the environment. Below are some potentmicapions for conducting polymers.

1.3.1: Corrosion Protection

The recent methods of corrosion protection are vesy lasting and are coming under

increased scrutiny by the Environmental Protecigency (EPA). As an example, the use
of chromiumand cadmium for anti-corrosion will sod® banned.A mechanism for

corrosion protection involves the use of a sagdfielectrode, such as zinc coating, which
will corrode (oxidize) in safekeeping the substrafefortunately, the coatings do not last
very long. The oxidized zinc metal is dissolvedvister or moisture. For this reason, there
are extreme environmental concerns, since toxicalsiedre being released into the
ecosystem.Barrier coatings, such as epoxy, are oyiegbl extensively but are not very

durable once a pit or hole in the coating has Heemed. The corrosive species then
attacks the underlying metal and thereby incre#lsesexposed surface, accelerating the

corrosion process.
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MacDiarmid first suggested the corrosion inhibitim@perty of conducting polymers in
1985. Initial studies on the protection of metalfates against corrosion by conducting
polymers were reported in the literature that sgese. A major type of corrosion occurs
by oxidation of a metallic surface by a water mediio produce oxides and hydroxides. As
these are formed, soluble species are producedutifi@ce pits increase their surface area,

and the rate of decomposition accelerates.

One way to provide corrosion protection is to dbet metal with a barrier to prevent the
reactive species from reaching the surface. Gatation with zinc (or other metals with

low oxidation potential) prevents corrosion via tireation of an interfacial potential at the
metal-zinc interface. The zinc will corrode prefarally. While the reactive species may
encounter the metal, the increased oxidation cahgesietal to be insensitive. Corrosion is

therefore inhibited.

1.3.2: Sensors and Electromechanical Devices

Since conducting polymers change properties byrparation of ions and solvents (the
property change easiest to measure is conductivityy possible to develop and market
ion-specific sensors based upon conducting polynt@osducting polymers could permit
the incorporation of sensors into clothing. There some challenges involved, such as
background noise due to water absorption, lifetisgdectivity, and sensitivity.Conducting
polymers also change volume depending on theiraixid state. It is therefore possible for
conducting polymers to convert electrical energyo imechanical work. Conducting

polymers actuators were proposed by Baughmann[£84).

An oxidation-induced strain of polyaniline and poyyrole-based actuators has been
reported, and the first ‘self-contained’actuatorsrevreported by MacDiarmid. There are
many interesting possibilities for conducting pogmactuators, but a great deal of work

needs to be done.

This field is the first area where conducting poéysipromises to have a big commercial
impact. The general design for a battery is shawRigure 1.11. Batteries have several key
components: the electrodes allow for collectiorcafrent and transmission of power; the
cathode material becomes reduced when the anodeiahds oxidized and vice versa; the
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electrolyte provides a physical separation betwbercathode and the anode, and provides
a source of cations and anions to balance the reshmtions.Aside from picking the best
conducting polymer available,there are many otlssuas, not related to conducting
polymers,that affect battery performance, suchlestrelyte stability and stability of the
counter half-cell reaction (which is at least asgpamant as the conducting polymer

electrode), and compatibility between the electeobnd the materials

DISCHARCED CHARGED
Elecimods

T T e
R

!

Elictrode

Figure 1.11 General battery design

There was a great deal of initial excitement almmuiducting polymers as active materials
in batteries. Owing to their low density, it watight that battery with power densities
much higher than those of the ordinary lead/acitieba could be readily obtained. Since
the charge on a polymer backbone is distributed thwee or four repeat units, the charge
capacity per unit of mass for conducting polymarsarginally better than that of metals.
Conducting polymer batteries were investigated BYSB/VARTA and Allied Signal.

Bridgestone has marketed a button-sized battengysilyaniline and lithium.

Conducting polymer still has a potential use ihilitn-based high-power density batteries,
which use the high potential difference betweenmidih and the polymer to achieve high

power densities, although stability and shelf ldee still issues.As more and more
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individuals utilize cellular phones, laptop compateand cordless drills, the importance of
batteries that will handle many deep cycles (astl&®% depth of discharge) becomes
increasingly apparent. Conducting polymer-basedbhat show promise, but much work

needs to be done.

1.3.3: Electrochromic cell

These cells are used to go from opaque to transmisst selected regions of the
electromagnetic spectrum. Batteries and electrastrr@ells have many common critical
issues for commercial viability. They require cativoand anodic reactions to be almost
perfectly balanced (cyclic voltammetry is a goodnparison tool for materials). The

operation of an electrochromic cell is shown inufegl.12.

The electrochromic window is similar to a batterithwsome additional requirements: at

least one of the electrodes must be transparethietgiven electromagnetic spectrum; the
cathode material (which colors upon being oxidizedjst beelectrochemically reversible;

the ion-conducting electrolyte

must not only provide physical separation betwesthade and anode, a source of cations
and anions to balance redox reactions, but mustlastransparent to the given region of
thespectrum; and the anode material (which col@snubeing reduced) must also be

electrochemically reversihle
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Figure 1.12 Electrochromic window
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The ion-conducting electrolyte in electrochromiti<es usually an inorganic salt dissolved
in a solvent such as propylene carbonate with ynpel such as poly-(methyl methacrylate)
added as a stiffener. The ion-conducting electeodytts as a source and sink for the ions as
the various redox processes take place and masni@iic contact between the materials.
Conducting polymers also have an application ictedehromic cells, attenuating various
regions of the

electromagnetic spectrum.

Aside from the batteries issues mentioned in tle®ipus section, electrochromic cells have
some additional requirements. Although thinner iaygor optical window) are usually
sufficient, retention of extinction coefficient andontract ratios are critical. Many
electrochromic cells need to last more than 108@fdes, and have switching times of a
few minutes. In this case, spectroelectrochemisteygood evaluation tool for conducting-
polymer materials.

Spectroelectrochemistry measures both the elektand the optical response of the
material in question. Again, it must be emphasiteat this method is not suitable for
devices;spectroelectrochemistry is usually perfainmea great excess of electrolyte and,

therefore, the counter half-cell reactions areroiledefined.

There is a great deal of data that indicates thiatlgcting polymers are good candidates for
materials in electrochromic cells. In particulaolyphiopene, polypyrrole and polyaniline
have been cycled more than ten thousand times. ddissalthough good for evaluating
differences between polymers,may not accurateligaethe performance of conducting
polymers in a sealed, self-contained device. Thibacause the counter half-cell reaction
and those devices often require ‘deep cycle’ igarrcomplete oxidation/reduction. The
device usually starts to degrade at ten to one fedinimes fewer cycles than conducting
polymers studied by cyclic voltammetry.This doed necessarily mean that polymer is
degrading, as either the counter half-cell reactiothe limited amount of electrolyte may

control the lifetime of the device.

Furthermore,cyclic voltammetry measures the redentf charge capacity in a polymer
film and not the electrochromic contrast ratio.Hoe®e whereas a 20% drop in charge

capacity might be acceptable in a battery, a 20%redse in a contrast ratio for
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electrochromic cells may be unacceptable. In devitet are based upon retention of
surface conductivity, it appears that conductiwstyost long before a significant amount of
charge capacity decreases. The evaluation of ctinqugolymer for battery and

electrochromic application should be similar to #etual condition (depth of discharge,

cycle time, and transmission of extinction ratio).

1.3.4. Controlled-released Application

Another application for conducting polymers is colieéd-released devices. lons can be
selectively released, as well as biologically aetions such as adenosine 5'-triphosphate
(ATP) and Heparin.

A conducting polymer with a given oxidation potiahts electrodeposited onto a substrate
with a mobile counter ion. Another polymer layeolfpner B with a higher oxidation
potential than polymer A) is electrodeposited (clise on top of polymer A) using an
immobile counter ion (polyanion). During completgdluction (a), it is almost impossible
for the polymeric anion (Y-) to move into the eletyte solution and, therefore, cations
(M+) from the solution must move into the outerymokr layer, but the mobile anions (X-)

from the inner layer move into the electrolyte.

During selective oxidation of polymer A (b), the bile anions (X-) move from the
solution to the inner layer. During oxidation oflpoer B (c), the cations (M+) move back
into solution.This potential-dependent ion transpsran interesting way to deliver ionic
drugs to certain biological systems. Anions carekelusively delivered by cycling back
and forth through step (b), cations can be excélgidelivered by cycling back and forth
through step (c), or anions can be delivered atidrsacan be received by cycling through
step (a). Figure 1.13. shows a general schematgrain showing a selective ion transport

of an electroactive bilayer.
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Figure 1.13. Selective ion transport of an electradive bilayer

It is very important for the inner polymer layertiave a lower oxidation potential than the
outer layer. If this is not in the case,the inrafelr, which is the connected to the electrode,
will act as an electrical insulator and prevent thxéation of the outer layer. Once the
oxidation potential of the inner layer is reachgujése charge will occur, making selective
ion transport difficult (rectification). Furthermmra biologically compatible counter-half
cell is necessary for a practical device. This might present too much of a problem if the
drug delivery system is used only once. If repeaises of the same device are necessary,

then issues such as reversibility (like those dffebizzs and electrochromics) will need to be

resolved.

1.3.5: Radar Application

Radio Direction and Ranging (RADAR) uses electronadig waves that bounce off a

particular target and are collected by a recemich analyzes the signal and determines
the range,direction, and speed of the object irstijpre Reflections occur whenever there is
a sharp impedance difference between the mediunalfysair) and the object. Impedance

differences are most notable between metals and/atals tend to re-radiate (reflect) the
incoming signal. Conducting-polymer camouflage veork little differently, in that it

reflects back in a way that it has more continupuariable impedance.

A conducting polymer textile used for camouflags ha sharp edges or wings and tends to

appear indistinguishable from the surrounding ftsl trees and absorbs more than 50% of
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incident microwave radiation.Microwave (100 MHz 1@ GHz) properties of conducting
polymers have been studied, as have the millimetare (24 —40 GHz) properties of
polypyrrole-coated fibers. Conducting polymers adar absorbers in antennas, Salisbury

screens,camouflage, and other types of shield@@finterest to the military.

1.3.6: LEDs

A significant event occurred when Friend et al [[LBRblished an electroluminescence
study on the neutral (non-conducting) form of pahh@nylene vinylene. This work has
opened up a new avenue of research and, more amplgrta potential market for the

material.

A general design for LEDs is shown in Fig. 1.14eBtectron injecting electrode is usually
a low work function (easilyoxidized), metal and th@e-injection electrode is a high work
function metal, or indium tin oxide, or a condugtipolymer with an oxidation potential
higher than that of the active layer.Some geneealds have been observed: as a lower
work function metal (less stable because it is lgasxidized) is used,the efficiency
increases but the lifetime decreases. Studies ese reported in which a layer of neutral
conjugated polymer, with a reduction potential etoso zero than that of the active

conducting-polymer layer, increases efficiency
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Figure 1.14 General design for LEDs
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A simplistic overview of the function of an LED &s follows: an electron is injected into
the polymer from the cathode while a hole is irgectrom the anode; there is an oxidized
polymer on one side of the polymer film and a resgbpolymer on the other side. The hole
and the electron then migrate towards the centéheffilm and, when they meet each
other, they recombine and give off light. The freqay of the light emitted is roughly equal
to the difference between the oxidation and thaictdn potential of the polymer (the

electrochemical band gap) and, therefore, is relate¢he electronic band gap.

Polymers with a different band gap have distincluea for the difference between
oxidation and reduction potential, and emit différevavelength of light.Several articles on
conducting polymer LEDs and the effect of varioukliives, electrode modifications,
tuning emission, the effect of impurities, and dssions of hole tunneling, photo
excitation, and unusual symmetric bias, have badiighed. The efficiency of LEDs is
constantly being improved along with novel develepts such as flexible LEDs, polarized
light-emitting LEDs and light emitting electrocheral cells. The emission of red, green,
blue and white light have all been demonstrated,ssmhas brightness of the order of 400
cdm-1, which is similar in brightness to fluoresclkghts or computer displays.

A challenge in the operation of LEDs is the fatttit appears that the mobility of the hole
is higher than the mobility of the electron. Therlea height (like a resistance) between the
polymer and each of the electrodes must be lowranghly equal, so that the hole and the
electron recombine near the center of the condgiqgtolymer layer, to ensure good
operation. Another limit is the competition betweadiative and non-radiative decay that,
for PPV-type systems, is around 25%, which dodslinot device performance at this
juncture.Yet another challenge is the fact thatgbmers that initially perform well in
LEDs contain electron-rich double bonds.These dobbhds are fairly easy to oxidize and

are most likely one of the major causes for dedegradation.

The efficiency, lifetime and brightness depend umorvariety of factors. One major
challenge is balancing the electron mobility tot thiathe hole of mobility. This is done by
adding electron transport layers and hole transiagdrs such as tri substituted amines.
These layers reduce the barrier height and enceufag holes and electrons to combine

near the center of the film.
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Electron and hole transport layers could permit tise of more stable metals without
compromising efficiency.Conducting polymers enablevide variety of structures to be
synthesized and therefore many different wavelength light are possible. Although

conducting polymers will not replace fluorescemhti bulbs (which have efficiencies of
around 70%),because conducting polymer LEDs ardyeaatterned,operate at low DC
voltages, and have uniform areas of light,thereaigpotential market for low level

backlighting and alphanumeric displays

1.3.7: Conducting Polymers for EMI/ESD Shielding

Shielding of electromagnetic radiation is a morendeding task, placing more stringent
conditions on the range of conductivities requirgtielding at low frequencies, requiring
metallic levels of conductivity, is not easily mey any of the conducting polymers, but
there are applications where conductivity levely tn@ appropriate. One of these lies in the
absorption of microwave radiation to prevent radarection of sensitive equipment, and

polyaniline in its various forms has been extergiwevestigated in this regard.

Electric cables oYarious types also offer markets for conductiveypwrs. Carbon loaded
polymers are currently used to provide a field-sthing layer between the insulating layer
and the outer conducting braid in very high tenspower cables. The role of this
conductive layer is to prevent field in homogemastat the insulator layer which might
produce corona discharge into the dielectric laggeveral companies have shown interest
in the possible use opolyaniline in this role, although the ambient cibiods are
demanding (operating temperatures up to 100°C)th@deliability requirement stringent
(up to 100 years average working life for burieghhtension power cables). Another area
of application is one in which the conductive pogmis again in contact with the outer
metal braid, in a coaxial cable. This can give iowed very high frequency shielding,
which would become increasingly ineffective at fregcies high enough to allow field
leakage through the metal braid.

1.3.8: Conducting polymer coated Fabrics for EMI Skelding

Conducting polymer-coated fabrics can be effecfiveised for the shielding of

electromagnetic waves in the microwave range, Wapb&i-| range as well as in UV Vis-
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NIR range. In the radio frequency range from 1002vtbl 1 GHz, conducting polyaniline
coated fabrics shows a shielding effectivenesshm tange of 30-40 dB. Shielding
effectiveness of the conducting fabrics in W-baagion at 101 GHz shows an attenuation

of 35.61 dB

1.4: FLYASH

Of total power generated in india, abouta® produced by thermal power plant(TPPs)
,majorities of TPPs(8)are run by coal and rest on ga${dand oil(3%).About 260

million tonns(MT) of coal (65%) of annual coal pradion in india is being used by TPPs
.Presently about 112 MT of flyash is being generatey TPPs as by product of coal
combustion Flyash quality depend on coal, coaligarffineness,percentage of ash in

coal,combustion technique used,air/fuel ratio ,buused and types of boiler.

1.4.1: Composition and Property of Flyash

Fly ash, a coal combustion residue (CCR) is a cempkterogeneous material. Although,
in the strictest sense, fly ash is the finest CAR2H{90 Am) formed due to the
transformation of mineral matter present in coatipi@s during combustion [133], it has
become a misnomer, particularly in respect of 8 generated at Thermal Power Plants
(TPPs) in India. Because of the poor combustioitieficy of the combustors, lack of
proper quality control in maintaining the partisiege of the pulverised coal feed etc, the fly
ash has a wide distribution of char, semi-cokealked carbon matters of large dimension
(90-300 Am). It is irregularly shaped, containiagy, vesicular, alumino-siliceous matter
of complex composition and fine solid/hollow alumisiliceous spheres. The chemical
composition of fly ash varies depending upon thpetyf coal used in combustion,
combustion conditions and removal efficiency of aailution control device [134,135].
The lignite and sub-bituminous coals on combusiwaduce Class C fly ash, while
anthracite and bituminous coal under similar preaggnerate Class F fly ash. The sum of
Si0,, Al,O3 and FeOs; content in fly ash should be greater than 70%Ciass F fly ash,
whereas the CaO content should be less than 5%. [IBé Class C fly ash is classified as
[8] those fly ashes having less than 50% of ,Si&l,03 and FeO3; combined. The CaO

content varies from 20% to 30% for such fly ash.
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However, the composition of fly ash may vary to soextent depending upon whether the
same is of low/high calcium or low /high iron flglees [137]. Class C and Class F fly ashes
have significant differences in their propertiesn€equently, their utilisation schemes are
also different [138]. The mineralogical compositwifly ash is largely dependent upon the
geological features related to formation and demesiof coal [139,140], the combustion
condition, etc. [141]. The most common and predaminphases are quartz, mullite,
hematite,magnetite and lime apart from other moworstituents [142,143]. It also depends
upon the type of the coal used. Thus, lignite f das predominantly quartz, anorthite,
gehlenite, hematite and mullite as major crystaliphases [144-146]. The low calcium fly
ashes contain quartz and mullite as the major @ityst phases, whereas the high calcium
fly ashes consist of quartzite, C3A and [140]. amdily ashes mostly consist of quartz,

mullite, magnetite, hematite, faylite and glass/14

The morphology of fly ash is an important aspeat tlequires thorough evaluation. Based
on examination using light microscopy, fly ash wées can be classified into eleven
morphologic classes [148]. Amongst the carbonaceautcles present in fly ash the most
important one is Fchar_ which is formed due to dicsation of the coal particles.

Subsequent char burning and intrinsic mineral matéamsformation leads to the formation
of ash particles [133], which may be in the formimégular particles, solid and hollow

spherical particles. Amongst these, the most ingporiand value added particles are

cenospheres, plerospheres and ferrospheres [1384P4755].

Fly ash is collected in electrostatic precipitator baghouses, then transferred to large
silos for shipment. When needed, fly ash is clessiby precise particle size requirements,
thus assuring a uniform, quality product ClassyFasih is available in the largest quantities.
Class F is generally low in lime, usually under fércent, and contains a greater
combination of silica, alumina and iron (greateartly0 percent) than Class C fly ash. Class
C fly ash normally comes from coals which may pan ash with higher lime content
— generally more than 15 percent often as highGgacent. Elevated CaO may give
Class C unique self-hardening characteristics.

Although both types of fly ash impart a wide ramfgualities to many types

of concrete, they differ chiefly in the followingays:
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Class F

1. Most effectively moderates heat gain during ceteccuring and is therefore considered
an ideal cementitious material in mass concrete lagh strength mixes. For the same
reason, Class F is the solution to a wide rangaiofmer concreting problems.

2. Provides sulfide and sulfate resistance equaluperior to Type V cement. Class F is
often recommended for use where concrete may besexpto sulfate ions in soil and

ground water.

Class C

1. Most useful in “performance” mixes, prestresapdlications, and
other situations where higher early strengths mportant.

2. Especially useful in soil stabilization sincea€8 C may not require the addition of lime

Specific gravity 1.90-2.55
Plasticity Non Plastic
Proctor compaction - Maximum

dry density (gm/cc) 0.90-1.60
Optimum moisture content (%) 38.0-18.0
Angle of internal friction ( O) 30%-40"
Cohesion (kg/cm %) Negligible
Compression index 0.05-04
Permeability (CM/SEC) 10°-10°
Particle size distribution

Clay size fraction (%) 1-10

Silt size fraction (%) 8-85

Sand size fraction (%) 7-90
Gravel size fraction (%) 0-10
Coefficient of uniformity 3.1-10.7
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Table 1.2 Engineering properties of FlyAsh
1.4.2: Application of Fly Ash

Fly ash can be used for construction of road anblaekment.

Fly ash can be used in portland cement concretentance the performance of the
concrete.

Large scale use of ash as a fill material can h@iep where Fly ash replaces another
material and is therefore in direct competitionhwithat material. Fly ash itself is used by
the power generating company producing the fly @slhmprove the economics of the

overall disposal of surplus fly ash.

1.5: Corrosion Study:
1.5.1: Electrochemical Basis of Corrosion

Most metal corrosion occurs via electrochemicaktieas at the interface between the
metal and an electrolyte solution. A thin film wioisture on a metal surface forms the
electrolyte for atmospheric corrosion. Wet corernst the electrolyte for reinforcing rod
corrosion in bridges. Although most corrosion tal@ace in water, corrosion in non-

agueous systems is not unknown.

Corrosion normally occurs at a rate determined loyildrium between opposing
electrochemical reactions. The first is the ana@iaction, in which a metal is oxidized,
releasing electrons into the metal. The othehésdathodic reaction, in which a solution
species (often ©or H') is reduced, removing electrons from the metahewthese two
reactions are in equilibrium, the flow of electrdnem each reaction is balanced, and no
net electron flow (electrical current) occurs. T reactions can take place on one metal

or on two dissimilar metals (or metal sites) that @lectrically connected.

Figure 1.15 diagrams this process. The vertica mxpotential and the horizontal axis is
the logarithm of absolute current. The theoreticairent for the anodic and cathodic
reactions are shown as straight lines. The culinedis the total current -- the sum of the
anodic and cathodic currents. This is the curthat you measure when you sweep the

potential of the metal with your potentiostat. T$tearp point in the curve is actually the
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point where the current changes signs as the osactianges from anodic to cathodic,
vice versa. Te sharp point is due to the use of a logarithreis. The use of a log axis
necessary because of the wide range of curreneyvahat must be displayed during
corrosion experimentBecause of the phenomenon of passivity, it is mobmmon for he

current to change by six orders of magnitude dusilcgrrosion experime
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Figure 1.15 Showing Anodic and Cathodic Current Component:

The potential of the metal is the means by whiehahodic and cathodic reactions are |
in balance. Refer téigure 1.1!. Notice that the current from each half reactionehe|s
on the electrochemical potential of the miSuppose the anodic reaction releases
many electrons into the me Excess electrons shift the potential of the metakre
negative, wich slows the anodic reaction and speeds up thieodia reactior This

counteracts the initial perturbation of the sys

The equilibrium potential assumed by the metahm absence of electrical connection:
the metal is called the Open Circ Potential, Eoc.In most electrochemical corrosi
experiments, the first step is the measurement af The terms Eoc (Open Circt
Potential) and Ecorr (Corrosion Potential) are Uguanterchangeable, but Eoc

preferred.

It is very important thathe Corrosion Scientist measures the Eoc and akodigient time
for the Eoc to stabilize before beginning the eteiiemical experimer A stable Eoc is
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taken to indicate that the system being studiedrbéashed "steady state”, i.e., the various
corrosion reactions have assumedoastant rate Some corrosion reactions reach steady
state in a few minutes, while others may need séveours. Regardless of the time

required, a computer-controlled system can motiterEoc and begin the experiment after

it has stabilized.

The value of either the anodic or cathodic cur@nEoc is called the Corrosion Current,
Icorr. If we could measure Icorr, we could useoitcalculate the corrosion rate of the
metal. Unfortunately, Icorr cannot be measurecatly. However, it can be estimated
using electrochemical techniques. In any realesgysticorr and Corrosion Rate are a
function of many system variables including type metal, solution composition,

temperature, solution movement, metal history, mady others.

The above description of the corrosion process doesay anything about the state of the
metal surface. In practice, many metals form aideXayer on their surface as they
corrode. If the oxide layer inhibits further castan, the metal is said to passivate. In some
cases, local areas of the passive film break ddWmwiag significant metal corrosion to

occur in a small area. This phenomenon is calittishgp corrosion or simply pitting.

Because corrosion occurs via electrochemical r@astielectrochemical techniques are
ideal for the study of the corrosion processeseléttrochemical studies, a metal sample
with a surface area of a few square centimetresesl to model the metal in a corroding
system. The metal sample is immersed in a soldyipical of the metal's environment in
the system being studied. Additional electrodesiammersed in the solution, and all the
electrodes are connected to a device called a fodéat. A potentiostat allows you to
change the potential of the metal sample in a olett manner and measure the current the

flows as a function of potential.

Both controlled potential (potentiostatic) and coliéd current (galvanostatic) polarization
is useful. When the polarization is done potemditbsally, current is measured, and when it
is done galvanostatically, potential is measurgkis discussion will concentrate on
controlled potential methods, which are much mommmon than galvanostatic
methods. With the exception of Open Circuit Potggnts. Time, Electrochemical Noise,
Galvanic Corrosion, and a few others, potentiostatiode is used to perturb the

equilibrium corrosion process. When the poterdiah metal sample in solution is forced
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away from Eoc, it is referred to as polarizing g@nple. The response (current) of the
metal sample is measured as it is polarized. &gpanse is used to develop a model of the

sample's corrosion behaviour.

Suppose we use the potentiostat to force the patentan anodic region (towards positive
potentials from Eoc). In Figure 17, we are moviogards the top of the graph. This will
increase the rate of the anodic reaction (corrgséma decrease the rate of the cathodic
reaction. Since the anodic and cathodic reac@wesho longer balanced, a net current will
flow from the electronic circuit into the metal salea The sign of this current is positive
by convention. If we take the potential far enofigtm Eoc, the current from the cathodic
reaction will be negligible, and the measured curneill be a measure of the anodic
reaction alone. In Figure 17, notice that the earfor the cell current and the anodic
current lie on top of each other at very positie¢eptials. Conversely, at strongly negative

potentials, cathodic current dominates the cellesur

In certain cases as we vary the potential, we fiviit passivate the metal, and then cause
pitting corrosion to occur. With the astute use @otentiostat, an experiment in which the
current is measured versus potential or time mimyvalis to determine Icorr at Ecorr, the

tendency for passivation to occur, or the poteméiatje over which pitting will occur.

Because of the range of corrosion phenomena tinabeatudied with electrochemistry, the
ability to measure very low corrosion rates, arnel sheed with which these measurements
can be conducted, an electrochemical corrosion uneaent system has become a

standard item in the modern corrosion laboratory.
1.5.2: Quantitative Corrosion Theory

In the previous section we pointed out that Icanrot be measured directly. In many
cases, you can estimate it from current versusgeltlata. You can measure a log current
versus potential curve over a range of about otfevbl. The voltage scan is centered on
Eoc. You then fit the measured data to a the@letimwdel of the corrosion process.

The model we will use for the corrosion processiaees that the rates of both the anodic
and cathodic processes are controlled by the kmefi the electron transfer reaction at the

metal surface. This is generally the case for asion reactions. An electrochemical
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reaction under kinetic control obeys Equation 1, eThfel

Equation.
| = e(2.3(E-Eo)/[3) (1)

In this equation,
l, is the current resulting from theatean
b, is a reaction dependent constant called the Exeh@ogrent
E, is the electrode potential
B, is the equilibrium potential (constant for a giveaction)
B, is the reaction's Tafel Constant (constant fgivan reaction).

Beta has units of volts/decade.

The Tafel equation describes the behaviour of eakted reaction. In a corrosion system,

we have two opposing reactions — anodic and cathodi

The Tafel equations for both the anodic and cathoehctions in a corrosion system can be

combined to generate tiBaitler-Volmer Equation (2).

I=la+lc= dorr(e(z.S(E—Eoc)/ba)_ é—Z.S(E—Eoc)/bc’ (2)
where
I is the measured cell curiaramps
Lorr Is the corrosion current in amps
E is the electrode potential

Bc is the corrosion potential in volts
Ba is the anodic Beta Tafel Constant ins/decade
Be is the cathodic Beta Tafel Constantofts/decade

At Eoc, each exponential term equals one. Theccetent is therefore zero, as you would
expect. Near Eoc both exponential terms contribotéhe overall current. Finally, as the
potential is driven far from Eoc by the potentiostane exponential term predominates and
the other term can be ignored. When this occurgloaof log current versus potential

becomes a straight line.
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A log | versus E plot is called a Tafel Plot. Thafel Plot in Figure 17 was generated
directly from the Butler-Volmer equation. Noticket linear sections of the cell current

curve.

Classic Tafel analysis is performed by extrapotatine linear portions of a log current
versus potential plot back to their intersecti®ee Figure 18 (this is Figure 17 reprinted
with annotations that demonstrate the analysisle Value of either the anodic or the
cathodic current at the intersection is Icorr. Unfoately, many real world corrosion
systems do not provide a sufficient linear regionpermit accurate extrapolation. Most
modern corrosion test software, such as Gamry umsnts' DC105 DC Corrosion

Techniquesoftware, performs a more sophisticated numeffitalo the Butler-Volmer
equation. The measured data is fit to Equationb$§8adjusting the values of Ecorr,
Icorr, ba, and bc. The curve fitting method hasdbdvantage that it does not require a fully

developed linear portion of the curve.
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Figure 1.16 Classic Tafel Analysis

1.5.3: Polarization Resistance

Equation 2 can be further simplified by restrictitfge potential to be very close to
Eoc. Near Eoc, the current versus voltage curpecimates a straight line. The slope of

this line has the units of resistance (ohms). Jlbge is, therefore, called the Polarization
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Resistance, Rp. An Rpalue can be combined with an estimate of the Beédficients tc

yield an estimate of the corrosion curr

If we approximate the exponential terms in Equagonith the first two terms of a pow
series expansion {e 1+x +¥%2..) and simplify, weget one form of theSte-
GearyEquation:

Rafc

Equation 1-3
2 3RpBa+ fic) ;

[corr=

In a Polarization Resistance experiment, you reeoodirrent versus voltage curve as
cell voltage is swept over a small range of po#rihiat is ‘ery near to Ec (generally + 10
mV). A numerical fit of the curve yields a value for tRelarization Resistance, f
Polarization Resistance data does not provide ioymation about the values for the B
coefficients. Therefore, to use Equatic1-3 you must provide Beta valu These can be
obtained from a Tafel Plot or estimated from youperience with the system you
testing.

Calculation of Corrosion Rate from Corrosion Cut

The numerical result obtained by fitting corrosttata to émodel is generally the corrosi
current. We are interested in corrosion rates in the moetulisinits of rate of penetratio
such as millimetres per ye How is corrosion current used to generate a camn

rate? Assume an electrolytic dissolutireaction involving a chemical species
S> S+ neé

You can relate current flow to mass Faraday's Law.

Q= nFM Equation (4)
where
Q is the charge in coulombs resulting from the resctf species
n is the number of electrons transferred per molecubtom of !
F is Faraday's constant = 96,486.7 coulombs/
M is the number of moles species S reacting
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A more useful form of Equation 4 requires the cqad equivalent weigh The equivalent
weight (EW) is the mass of species S that will regith one Faraday of chari For an

atomic species, EW = AW/n (where AW is the atomeight of the species
Recalling that M = W/AW and substituting into Egoat4 we ge

_EWxQ

WE—F

Equation 1-5

WhereW is the mass of species S that has rec

In cases where the corrosion occurs uniformly aceosietal surface, the ccsion rate can
be calculated in units of distance per y Be careful - thisalculation is only valid fo
uniform corrosion; it dramatically underestimatég fproblem when localized corrosi

occurs!

For a complex alloy that undergoes uniform distion, the equivalent weight is
weighted average of the equivalent weights of th@y acomponent: Mole fraction, not
mass fraction, is used as the weighting fa If the dissolution is not uniform, you mi

have to measure the corrosion productsalculate EW.

Conversion from a weight loss to a corrosion r&@&) is straightforwarc We need to
know the density, d, and the sample arei Charge is given by Q = I T, where T is f
time in seconds and | is a currt We can substitute in the vie of Faraday's

constant.Modifying Equation -5:

_ LcorrsK < EW

CR = Equation 1-6
CR The corrosion rat Its units are given by the choice of K
Icorr The corrosion current in amr
K A constant that defines the units for corrosion rate
EW The equivalent weight in grams/equiva
d Density in grams/cr®
A Sample area in ¢
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CHAPTER 2

CHARACTERIZATION TECHNIQUES
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In material characterization basically we try toakdcterize the synthesized material by
variety of techniques to assure that the apprapmaaterial with suitable properties is
synthesized. Some of the instruments utilized foe tharacterization of the PANI

composites are given below:

2.1: Ultraviolet-visible (UV-Vis.) Spectrometer

Absorption in the ultraviolet (UV) and visible (Visegion of the spectrum is an important
technique of analysis and is dependent on therefactstructure of the molecule [1,2].
This is an excellent tool for detection and foredetining the concentration of a compound
which absorbs the energy in the UV-vis region (BigA UV-vis absorption spectrum

obeys the Beer-Lambert Law

A = -log §f elc

Where, 1 is intensity of light, A is defined absorbance and it is found to be directly
proportional to the path length, I, and the conegitn of the sample, c. The extinction
coefficient €) is characteristic of the substance under study igna function of the

wavelength.

UV/Vis involves the spectroscopy of photons in thé-visible region. This means it uses
light in the visible and adjacent (near ultraviqlé¥) and near infrared (NIR)) ranges. The
absorption in the visible ranges directly affe¢ts tolor of the chemicals involved. In this
region of the electromagnetic spectrum, moleculadetgo electronic transitions. This
technique is complementary to fluorescence spemims in that fluorescence deals with
transitions from the excited state to the groumdestwhile absorption measures transitions
from the ground state to the excited state. Inlight (or white light) as uniform or
homogeneous in color, it is actually composed bfaad range of radiation wavelengths in
the ultraviolet (UV), visible and infrared (IR) gmns of the spectrum. Electromagnetic
radiation such as visible light is commonly treatsda wave phenomenon, characterized by

a wavelength or frequency.
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The wavelengths of what we perceive as particutdors in the visible portion of the

spectrum are displayed and listed below

. Violet: 400 - 420 nm
. Indigo: 420 - 440 nm
. Blue: 440 - 490 nm
. Green: 490 -570 nm
. Yellow: 570 - 585 nm
. Orange: 585 -620 nm
. Red: 620 - 780 nm

Light Sourca LW

Diffraction & I .
Grating 2= l El Mirror 1

Slit 1 i
St 2 Light Source Vis
Filter
Reference
Mirror 4 Cuvette Detector 2
C? Raofergnce in| 0. I

Ba & H mlL o

\\ Lens 1

Half Mirrar K_ |

. ; é':ﬁﬁ-'hrmrz Sample
' Cuvette Detector 1
¥ S Al =1T
= Mirror 2 o Lens 2

Figure 2.1: Schematic of UV/Visible Spectrometer

When sample molecules are exposed to light having@reergy that matches a possible
electronic transition within the molecule, sometlwé light energy will be absorbed as the
electron is promoted to a higher energy orbital. @&ptical spectrometer records the
wavelengths at which absorption occurs, togethéh wie degree of absorption at each
wavelength. The resulting spectrum is presentec agaph of absorbance (A) versus

wavelength
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2.2: Fourier Transform Infrared (FTIR) Spectrometer

FTIR is one of the most valuable spectroscopic @sdio illustrate structural features of a
molecule/macromolecule on the basis of its respomsafra-red (IR) radiation (3x16 -

3x10"* Hz) [3,4]. It helps to understand new bond formmtinature and types of bonds
between two atoms in molecule on the basis ofti@gth of bonds to its various vibration
modes under IR radiation, and (ii) effective massfesvo atoms forming a particular bond
under investigation. The IR behavior of a systerdaunnvestigation is a two dimensional
plot of vibrational energy in wave number (&ragainst absorption/transmission/reflection

intensity of radiation.
v=-"1 (%) Hz (2.1)

where, Kk is bond strength, apds the effective mass of the two bonded atoms.

The absorption versus frequency characteristickgbt transmitted through a specimen
irradiated with a beam of infrared radiation pravid fingerprint of molecular structure.
Infrared radiation is absorbed when a dipole viésataturally at the same frequency in the
absorber. The pattern of vibrations is unique fagiveen molecule, and the intensity of

absorption is related to the quantity of absarber

Fig2.2:Set up for FT-IR Kldel 5700
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Sample

Off-axis Paraboloidal Mirror

THz Wave

Ti:sapphire laser

Figure 2.3: Schematic diagram of the operation of HR

Thus, infrared spectroscopy permits the deternonatif components or groups of atoms
that absorb in the infrared at specific frequengiesmitting identification of the molecular
structure [5-8]. With instruments of high spectrasolution, crystallinity and molecular
strain can also be measured. Copolymer dispersmm$&edetermined as bloakopolymers
absorb additively and alternating copolymers deviedam this additivity due to interaction
of neighboring groups. The conventional spectromeith a dispersive prism or grating
has been largely superseded by the Fourier trangfdrared (FTIR) technique. This uses a
moving mirror in an interferometer to produce aticg transform of the infrared signal.
Numerical Fourier analysis gives the relation daensity and frequency, that is, the IR
spectrum. The FTIR technique can be used to anajgmes, liquids and solids with
minimal preparation in short time. The FTIR teclhu@chas been applied to the study of
many system, including adsorption on polymer s@$acchemical modification and
irradiation of polymers and oxidation of rubbers].[9he application of infrared
spectroscopy to the study of polymers has beeewad by Bower and Maddams [5].

In particular,n-conjugated delocalized electron system shows tamesting class of long
molecules (macromolecule / polymer) where the dxtédndelocalization ofr-electron

cloud affects positions of bands for a particuland and helps in distinguishing two
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different types of bonds even for polymeric chamasing same constituents. By knowing
the absorption position (¢ of a particular bond attached teconjugated chain, an idea
about extent of effective- electron delocalization can be drawn which ultehashows

the quality of electronic polymer. In the preserdrky FTIR spectra were recorded on

Nicolet 5700 in transmission mode in the wave numaege 400-4000 ch

The spectroscopic grade KBr disks have been useddibecting the spectra with a
resolution of 4crit performing 32 scans. It gave an idea about diffiefenctional groups

and their arrangements (symmetrical or asymmejrinathe polymeric chain and showed
very sharp changes when the nature and conformaifomherent polymeric chains

changed.

2.3: X-ray Diffractometer (XRD)

X-ray diffraction (XRD) is the most commonly us&gthnique [10] for identification of
crystalline phases present in materials and to unedke structural properties (strain state,
grain size, epitaxy, phase composition, preferneentation and defect structure) of these
phases. XRD is also used to determine the thickok#sn films and multilayers, atomic
arrangements in amorphous materials (including rmelg) and at interfaces.
Monochromatic X-rays of wavelength incident upon the sample at an andle are
diffracted by planes of atoms in the crystal sefgardy a distance'd’. The diffracted beams
interfere constructively only when Bragg’'s Law &isfied, giving rises to peaks (or spots)
in the measured diffraction pattern. By using Xsagf known wavelength) and
measuring the different anglés the d-spacing of various planes of a crystal ban

determined. According to Bragg’s law
2dsind = n/, (2.2)

where, d is the spacing between atomic planesdrctistalline phase andis the x-ray
wavelength, intensity of the diffracted X-ray is asared as a function of the diffraction
angle @ and the specimen's orientation. This diffractiattgrn is used to identify the
specimen's crystalline phases and to measureutswtal properties.
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A diffraction pattern from a material typically dams many distinct peaks, each
corresponding to a different interplanar spacind;ltere are often many individual crystals
of random orientation in the sample, so all possBtagg diffractions can be observed in
the “powder pattern.” There is a convention forelaig or indexing, the different Bragg
peaks in a powder diffraction pattern using the bera (h, k, and I). One important use of
x-ray powder diffractometry is for identifying unéwn crystals in a sample. The idea is to
match the positions and the intensities of the paakhe observed diffraction pattern to a
known pattern of peaks from a standard sample @m fa calculation. For this, the
International Centre for Diffraction Data (ICDD,rfoerly the Joint Committee on Powder
Diffraction Standards, JCPDS) maintains a datalohs#ffraction patterns for more than
one hundred thousand inorganic and organic magertar each material, the data fields
include the observed interplanar spacing for allevted diffraction peaks, their relative
intensities, and their hkl indexing. Software payga identify peaks in the experimental
diffraction pattern and then search the ICDD datab# find materials. Computerized
fingerprint searches are particularly valuable wtiensample contains a mixture of phases,
and their chemical compositions are uncertain. Wien chemical compositions of the
crystallographic phases are known with some acgurhowever, the indexing of

diffraction patterns is considerably easier.

XRD is nondestructive technique and does not regeliaborate sample preparation
which partly explains the wide usage of this teghei in materials characterization. In
conducting polymer, due to their semi- crystallimaure, only wide and low intensity
peaks have been observed for indexing. Whereasse of polymer nanocomposites, due
to the crystalline nature of the incorporated nambgles, polymeric diffraction peaks have

been suppressed and only crystalline phase appeared

2.4: Scanning Electron Microscope (SEM)

In order to study the surface structure and mogobf the PANI composites a high

performance scanning electron microscope LEO-44(kan used. It is a software

Controlled SEM.
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Figure2.4 LEO-440 Scanning Electron Microscope

The electron gun has ionic emitter, as source ofcgelectrons .The normal source is a
tungsten hairpin filament, although the LEO-440 nifewe the lanthanum hexboride
LaB6option fitted.Three electromagnetic lenses b#nghe gun, focus and shape the
electron beanl before it strikes the specimensnamned or rastered, fashion. The energy
of the beam is adjustable from 300 volts to 40valts in 10 volt steps and the electron
beam current is continuously adjustable from | goap to micro-amp to suit the type of
examination in progress.The specimen chamber oLH®@-440 holds the specimen to be
viewed in such a way that it may be freely maneedeturing examination. The specimen
stage that holds the specimen is attached to tbe afothe chamber and may be of the
normal cartesian type. The cartesian stage permidsement of 120 mm in the y
direction,100mm in x direction, 58 mm in z directjoO to 90° tilt and 360° rotation.
Control of the motorized stage movements may béwael either by a joystick controller
or via the LEO software. The stage may be openedxamination once the vacuum within
the chamber is released. The instrument has autesoB.5 nm SEI mode and 5.5 nm BEI

mode at variable working distances. The magnificaton the computer screen can be
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varied from 5x to 300000x. Specimen with 10 cm xch®x 5 cm or 10 cm diameter and 5
cm thickness distances.It is complete softwarerotiad instrument and operates like a
desktop computer i.e.all operations are contralledugh the mouse and the keyboard. In
the present work the SEM was operated at 25 kVe@sbtherwise mentioned) in the
secondary electron imaged4 mode. In the case oflumtimg sample the surface

morphology andsurface structure were examined ttireldowever, in the specimen was

coated with a very thin layer (10 nm).

2.5: Thermo Gravimetric Analysis (TGA)

Thermo gravimetry (TG) is the branch of thermallgsia which examines the mass
change of a sample as a function of temperatutke@rscanning mode or as a function of
time in the isothermal mode. Not all thermal evdirtag about a change in the mass of the
sample (for example, melting, crystallization oasy transition), but there are some very
important exceptions which include desorption, abison, sublimation, vaporization,

oxidation, reduction and decomposition.[10]

TGA is used to characterize the decomposition &edmal stability of materials
under a variety of conditions and to examine thetcs of the physicochemical processes
occurring in the sample. The mass change charsittsriof a material are strongly
dependent on the experimental condition employadtdfs such as samples mass, volume
and physical form, the shape and nature of sampldeh the nature and pressure of
atmosphere in the sample chamber and the scarati@gall have important influences on
the characteristics of the recorded TGA curve. T€G#hves are recorded using a thermo
balance. The principal elements of a thermo balawee- an electronic microbalance, a
furnace, a temperature programmer and an instrufeensimultaneously recording the
outputs from these devices. Thermo gravimetric ya@igloperates on a null balancing
principle with a sensitive balance maintaining fmence position for comparison with the
weight of the sample. A current flow is producedotdance variations in weight between
the reference and the sample, and this currentdpoptional to the change in sample
weight. The relative thermal stability of polymessquite important in end use properties.
In case of conducting polymers, it is a useful megbe to study the thermal stability of the
polymer and the quantitative analysis of the amaiirdifferent substituents present in the
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polymer. The quantitative analysis of the polymercarried out by subtracting the final
residual product of the doped form from the redidpeoduct in undoped from of
polyaniline at 700°C. TGA along with the mass spmuoetry gives the important
information about the gases evolved from the sasaple the present work, Thermo
gravimetric analysis of Polyaniline has been cdroat using Mettler Toledo TGA 851e in
nitrogen atmosphere with a flow rate of 60 mL/mifo study the complete thermal
behavior, samples have been heated from 25-700t& heiating rate 10°C/min so that

every volatile material could got detached fromgheples.
2.6: Four Probe Method

Conductivity measurements are one of the main faotahe study of conducting
polymer because all potential applications depemdhe charge transport phenomenon in
the conjugated polymers. The conductivity is usualieasured by using a two-probe or
four-probe method. Selection of a particular methdepends upon the range of
conductivity to be measured. If resistivity of tekample is very high, contact resistance
becomes negligible and the two-point probe meth®dhie simplest method for the
determination of conductivity of undoped conductpmymer. The conductivity refers to
the net charge which traverses (flow) the entiradoating polymer pellet. Four-points-
probe method is advantageous over two-points-prabthod because it overcomes the
problem of contact or lead resistance. This teamnics used for the determination of
conductivity of doped conducting polymer films aegsed pellets. In this method, powder
samples are compressed in the form of rectangwetpof 13x7mrA by applying a
pressure of 5 tons in laydraulic press. A constant current source is usqohss a steady
current through the two outermost probes and thiag® drop across the inner two probes
is measured using conducting silver paste contdéts.conductivity of the samples was

then measured from Ohm’s law
og=—==.—(S/cm) (2.4)
Yo,

where, R is the volume resistance of the measwaeple ), A is the cross-section area
of the sample (cA) and L the effective length of the sample (cm).
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The contacts were connected to the Keithley prograbte current source (model 6221)
and nanovoltmeter (model 2182A) attached to a aligé@mperature controller (Lakeshore

331) and closed cycle helium cryostat in the OK.

Figure2.5 4200 Keithley Semi Characterization syste for conductivity

measurement.

2.7: Cyclic Voltametery:

Cyclic voltammetry or CV is a type of potentiodynaralectrochemicaineasurement. In a

cyclic voltammetry experiment the working electrqagtential is ramped linearly versus

time like linear sweep voltammetrgyclic voltammetry takes the experiment a stethér

than linear sweep voltammetry which ends whenaches a set potential. When cyclic
voltammetry reaches a set potential, the workiegtebde's potential ramp is inverted. This
inversion can happen multiple times during a sireyperiment. The current at the working
electrode is plotted versus the applied voltagegite the cyclic voltammogram trace.

Cyclic voltammetry is generally used to study thkectochemical properties of

an_analyten solutions.13;.

Departement of Applied Chemistry and Polymer Technology Page 87



Physico-Chemical Study of Polyaniline/Fly ash Composites

Figur2.6. Setup of Autolab Cyclic Voltameter
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CHAPTER 3

EXPERIMENTS
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Experiments

3.1: Synthesis of Polyaniline (PANI)

Take 0.1 mole aniline monomer, 0.2 molgPBy ,Add distilled water in calculated
amount.

Mix these solution properly after that add AP&igon drop wise ,polymerisation
takes place at 2-5° C, continuous stirring takesefor 3-4 hrs.

Filter the reaction mixture and wash with distiltaraproperly,after that dry it in

oven below 55°C

3.2: Cleaning of Flyash

» Take crude fly ash which obtain from coal poweanp] distil water and add HCI to
make solution acidic
» Heat this solution for6-7 hrs to remove impuriteesd unburned carbon incorporated,

after that wash properly with distil water and driyn oven.

3.3: Synthesis of Polyaniline/ Flyash Composite(1xIPANI+FA1)

» Take 9.3 gm of fly ash and adsorbed it on one rAdgm)of aniline for this heat
mixture for 10-20 minutes at 60°C, add 0.2 mI9||§P 0 Aafter that add appropriate
amount of water and mix the solution properly

» Stirring the mixture at 2-5°C ,Add APS solution pneise ,stirring the mixture for 3-

4 hrs.

> Filter the reaction mixture and wash with distilteraproperly,after that dry it in
oven below 5%C. The schematic representation of the polymédmat

mechanism is shown
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Polymerization mechanism of aniline using ammonium peroxy disulphate
as oxidant

3.4. Synthesis of Polyaniline/ Flyash Composite (A PANI+FA2

» Take 18.6 gm of fly ash and adsorbed it on one rfa@ gm)of aniline for this heat
mixture for 10-20 minutes at 60°C, add 0.2 mﬂgpofﬂer that add appropriate
amount of water and mix the solution properly

» Stirring the mixture at 2-5°C , Add APS solutiorodrwise ,stirring the mixture for 3-4

hrs.

> Filter the reaction mixture and wash with distilteraproperly, after that dry it in
oven below 55°C
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3.5: Undoping of Polyaniline/Flyash Composites PANFAL,
PANI+FA2

>
Take 10 gm polyaniline/flyash composite, add ittBO0 ml water ,add about 60 ml
ammonia solution to make solution basic aboupHO

>
stirring the mixture for 4-5 hrs.

>

Filter the reaction mixture and wash it propedirteutral,drying in oven at 50°C
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CHAPTER 4

RESULT AND DISCUSSION
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Results and Discussion

4.1: UV-Visible Spectral Analysis

UV-VIS Spectra of PANI and its composite with Flshadoped with BP0, was recorded
on a Shimandzu UV-1601 spectrophotometer. PANI dopigh H;PO, was dissolved in

DMSO, which gives light green colour solution. Sppaavere recorded in the wavelength

range of 270-1100 nm and maximum absorbance wasdet

—  PANI
" PANI+FA1
- ~* PANI+FA2

— 7 Undoped PANI+FA1

1 — " Undoped PANI+FA2

Abs.
|

' l L) l L) l L) ' L) ' ' l L) l L)
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig.4.1: UV/Visible spectra of polyaniline and polgniline/flyash
composite doped with HPO,

Two bands are observed; band at 350-355 nm hasdaseeibed to the-* transition of

the benzenoid ring ,whereas, 428-435nm and 550+680have been assigned to the
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polaronic transitions.Intensity of the peaks vadas to different concentration of polymer
solvent solutiotiThe peaks at 428-435 is not found in undoped palyoe to absence of

polaronic transition.

4.2: Conductivity Measurement of PANI and its compsites

The samples: PANI doped withzPIO, and PANI composite,were pressed into pellets by
applying a pressure between 7 to 10 tonnes by usimganual hydraulic press. These
pellets were used for measuring the conductivitiesour probe method. The values of
conductivity of the synthesized polymer polyaniliaed polyaniline/flyash composites is

given in table.

S.N. | Sample Name Conductivity

1 PANI 1.02x10'S cm?

2 PANI+FA1 2.05x10'S cmit

3 PANI+FA2 6.35x10S cmi’

4 Undoped 1.27x10°S cni*
PANI+FA1

5 Undoped 2.87x10'Ss cm'
PANI+FA2

Table 4.1. Conductivity data of polyaniline and poyaniline/Flyash

composites

As see in the above table conductivity of polyar@lidoped with EPQy, is highest and as
we added fly ash conductivity decreases and witlieasing concentration of fly ash

onductivity
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further decreases because fly ash act as insWéten we undoped polaniline fly ash
composites with ammonia conductivity of composifesther decreases and goes to
insulator range of conductivity

4.3: Scanning Electron Microscope (SEM)

In order to study the surface structure and mowaolof the composites a high

performance scanning electron microscope LEO-449 lween used. It is a software

controlled SEM

e kv EMS, NPL

Detector= SE1 Photo No NEW DELHI .

Fig.4.3a: SEM image of polyaniline(PANI)
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Wh= 14 mn €
Photo No.=3812 NEW DELHI

Fig.4.3b: SEM image of polyaniline/fly asifl1:1)

Composite (PANI+FAL)

EMS, NPL
NEW DELHI

Fig.4.3c: SEM image of polyaniline/flyash(12

Composite (PANI+FA2)
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« ek y Y aR 2
D= 20 mn Mag= 1.80 K X EMS, NPL
Photo No.=3248 3um | NEW DELHI .

Fig.4.3d: SEM image of undoped polyanilindffash(1:1)
Composite (PANI+FAL)

R - \l‘
EMS, NPL
NEW DELHI

Fig.4.3e: SEM image of undoped polyamie/flyash (1:2)

Composite
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Figure 4.3 a,b,c,d,e shows different morphologypolyaniline doped with with PO,
Polyaniline/Flyash composites doped witgPidy, Undoped Polyaniline/Flyash composite.

In fig.3.3 a Shows a typical scanning electronrogcaph of pure PANI at 10000x
magnification. It is apparent from the picture thtte material is homogeneous with the
particle size ranging from gm to 10um, with most of the particles around 5+ size. It
may also be noted from the SEM that the biggeriglast are agglomerations of smaller,
well-connected grains. The good connectivity amgragns is expected to facilitate good

electrical conductivity in this sample.

The SEM of the PANI-FA composites with (1:1) an@jlof FA at the same magnification
of 10000x are shown in Fig. 3.3 (b),(c) respetyivErom the SEM pictures, it is evident
that granularity increases with addition of FA iANH, although the pure PANI appears to

be more

granular (at 10000x) than the composites. The sidfA particles (cenospheres) [3] of
1-2 um size may also be seen clearly in Fig. 3.3(b). éduer, the grain size seems to
decrease as the FA concentration increases. Aglaé,bigger particles seem to be
agglomerates of smaller grains. This may also lo&kdd upon as the decreasing grain-
connectivity with increasing FA concentration irese composites.Effectively, it should be

expected that the electrical conductivity decreagdsincreasing FA concentration
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4.4: X-ray diffraction
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Figure 4.4 a: XRD plot of Polyaniline(PANI)
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Figure 4.4 b: XRD plot of polyaniline/Flyash (1:1)composite (PANI+FA1)
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Figure 4.4 c: XRD plot of polyaniline/Flyash (1:2)composite (PANI+FA2)
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Figure4.4d: XRD plot of Undoped polyaniline/Flyah (1:1) composite
(PANI+FA1)
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Figure 4.4 e: XRD plot of Undoped polyaniline/Flyak (1:2) composite
(PANI+FA1)

Pure PANI shows a characteristic XRD peak &t =2 25.5 that corresponds to the
emeraldine salt (ES-I) phase of the polymer [3@iystalline phases of quartz (S)O
alumina oxide (AlO3) and mullite (3A}O3 - 2SiQ) are three main constituents of FA,
which also contains amorphous phases of these ialatatong with some other oxides.
Therefore, the XRD pattern of PANI-FA composite®wh the semi-crystalline nature of
the material. As reported earlier by Raghavendia.g6], the PANI-FA composites show
a sharp peak att2= 26.6,which is evident in our XRD results. As th& concentration
increases, the height of 25.9 PANI peak graduahlyidshes and a peak arounél 2 26.1
increases and becomes more prominent.This new ipezdsentially a combination of the
PANI peak (® = 25.5°) and the peaks due to the constituentsfofiround the sameb2
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value. For example, two main constituents of FAneky, quartz and alumina oxide peak at
26.6° and 25.6°, respectively. Therefore, as thecbAcentration increases, the PANI peak
gradually disappears. In the XRD plots, this oc@ssa gradual shift of peaks nedr =2

25.9° towards slightly highe®2ralues.

4.5: FTIR Spectra
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Figure 4.5 FTIR Spectra of Polyaniline and Polyanihe/Flyash composites

The characteristic peaks observed at the spectfuAbdIl are due to the quinoid ring
absorption at 1630 and 1150 énabsorption of benzoquinone at 885 #ime absorption
due to benzenoid at 1375 and 1500 nhese absorption bands are clear indications of
the existence of the quinoid and benzenoid ringhénpolymer chain. The bands at 1630
and 1150 crm are characteristic of the emeraldine salt (Ef®in of PANI (as observed
from the XRD also). The presence of these peaksiatiicates that the emeraldine salt is

composed of quinoid and benzenoid moieties [6-8fe Thtense and sharp band at 1630
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cm* further indicates the relative abundance of thieajd ring in the polymer structure.
The IR spectrum of the FA/PANI composite in mostlod cases resembles that of PANI
indicating the existence of PANI in the emeraldgadt form. Slight shifts and additional
peaks are observed in the range 2500-3000; ct800—1500 cit and 1100-1300 cth

The shifts and the additional characteristic peaky be attributed to the presence of silica
and metal oxides present in FA. The IR spectruRA{spectrum not shown) gave a very
broad peak in the range 1500—400 tithe broadening of the peak could be due to the
merging of the IR peaks that arise from the absamptf the various metal oxides present
in FA [10]. The IR spectra of (1:1)FA in PANI anil:2)FA in PANI do not exhibit much
variation in the characteristic peaks. In case mdaped Polyaniline/Flyash composites

characteristic peak at 1630 éf@oes not appear.

4.6: Thermogravimetric analysis
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Figure 4.6 a Thermogravimetric awe of Polyaniline
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Figure 4.6 b: Thermogravimetric curve of Polyaniline/Flyash composites

The thermal behaviour of the PANI and the differBAtNI/FA samples was investigated
by thermogravimetry(TG) and the results are showtrig. 4.6 The steady weight lose
observed for the PANI/FA samples in the temperatange 80-450 °C is attributed to the
elimination of adsorbed water (up to 30%) from btite oxide and polymer surface and
acid dopant [11-13]. In this temperature rangeadlition to this, a well-differentiated
behaviour marked by astrong weight loss in the txatpre range 470-600°C are observed
for PANI and PANI/FA composites. This attributes ttte degradation of the skeletal
polyaniline chain structure [11-13]. Undoped poljaa /flyash composites are more
thermally stable than doped composites due to ralaidoping agent.

4.7: Study of the corrosion- inhibition performance of inhibitors

The corrosion inhibition performance study wasiedrout at room temperature in aqueous
solution of 1.0 M HCI by using potentiodynamic puation technique. Experiments were
carried in a conventional three electrode cell made using Autolab
Potentiostat/Galvanostat, PGSTAT100 (Nova Softwa#) pure epoxy & polymer-epoxy
coated iron of dimension 1 cm x 1 cm as workingtetele, Pt as counter electrode and
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saturated calomel electrode (SCE) as referencér@tiec The cleaning of the working iron
electrode was carried out by 1/0, 2/0, 3/0 andg#&tle emery papers. The electrodes were
then thoroughly cleaned with acetone and trichlidrglene to remove any impurities on the
surface. The linear Tafel segments to the anodiccathodic curves (-0.2 to + 0.2 V versus
corrosion potential) were extrapolated to corrogiotential to obtain the corrosion current
densities. The corrosion current density [ icor/ct®)] was calculated with the Stern-

Geary equation [14].

The corrosion inhibition efficiency (% I.E.) was tdemined from the measured icorr
(corrosion current densities without addition ohibiitor (°corr) and corrosion current
densities with the addition of various concentmasiof inhibitor (icorr) values by using the

following relationship;

0 i
| E(9f)=—em e x g0
I

aor.

Dipole™ Sampling Booth with Powder Recovery System
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GUN-103 NB8Ol-Extreme

Figure4.7 Set up of Powder coating unit

Sample was prepared by make blends with 5% loadiig Polyaniline and
Polyaniline/Flyash composites with epoxy resinemathat these powder is coated on iron

electrode of dimension of 1 cm x1 cm by powder iogainstrument.
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Figure 4.7 Tafel plots of mild steal samples coateadlith different
inhibitors
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Inhibitor | i, (nA/cm?) Rp(Qcm?) Ecorl(V) Corrosion rate Inhibition
(mm/year) Efficiency(%)

BLANK 132.3 246 -0.4135 1.5373 e

PANI 58.8 405 -0.4157 1.1478 25.3%

PANI+FA1 | 10.9 92143 -0.3643 0.1265 91%

PANI+FA2 | 5.3 97133 -0.3671 0.006125 96%

Table 4.2 Corrosion inhibition efficiency polyaniine and

polyaniline/flyash composites

From above table it shows that when PANI and iteposites (5%) loaded with epoxy and

check corrosion inhibition performance at room temapure in aqueous solution of 1.0 M

HCI by using potentiodynamic polarization technig@orrosion efficiency increases as

flyash concentration increases
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Conclusion:

Conducting Polyaniline and Polyaniline/Flyash cosifes were synthesised by insitu

polymerization and characterized by X-diffractidhermogravimetric, infrared, SEM and

conductivity techniques. The XRD pattern of pure NPAshowed the presence of

emeraldine salt phase of polymer and that of PANIGomposites showed the semi-

crystalline nature of the material.As the concaidn of FA increases in the composites,a
small gradual shift ofpeak around 225.9° towards higher62values was also observed.

This may attributed to merging of emeraldine salkpwith those due to FA constituent.

The thermogravimetry curves showed a clear anckedadifference between PANI and
PANI/FA composites,were the major weight lossesewasmsociated with the degradation of
the skeletal polyaniline chain structure. Infrafgmbctra of PANI and PANI/FA composites
indicates the existence of the quinoid and benzernng in the polymeric chain of PANI.
These spectra also support the XRD result thatpiblganiline used in this work is
emeraldine salt form of PANIL.The SEM pictures of NAAA composites showed with
increase in granularity with addition of FA in PANd the existence of the spherical FA

particles (cenospheres).

Conductivity data showed that with increase FA emt@ation conductivity of polymer

composites decreases and it undoped with amma@ntamductivity ranges to insulator.

In corrosion inhibition,5% of polyaniline and polyne /flyash composites loaded with

epoxy .Corrosion inhibition efficiency increasedlgash concentration increases.
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