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Abstract: Intrinsically conductive polymers have achieved demagifiterest in the field of corrosion control coatings owing
to their conductive ability and also due to the strict emvin@ntal regulations on conventional heavy metals coatifgss
multipurpose class of polymers has shown to be effectivepaoden themselves as a potential alternate for these harard
heavy metal coatings in order to control the corrosion priigeof metals or alloys. The basic purpose of this papenlis i
highlight the past decade work relating to the efforts matprotection of metals from corrosion using conductive pudys.
The categorization of the coatings is based on the techsigsed to apply them. This paper will also discuss the syisthes
and prospective applications of these coatings dependinigeir different formation techniques.
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1. Introduction

The 2000 Nobel Prize in chemistry shared by Heeger, @
Macdiarmid, and Shirakawa for the discovery and progress

of intrinsically conductive polymers (ICps hereafter) isiat
regarding to their prospective applications. The paper pub
lished in 1977 by Shirakawa and co-workers, illustrate$ tha
the polyacetylene on doping with iodine can show higher,
order of conductivity up to billion timesl]. Before this
discovery, carbon based polymers were famous for insulat-
ing and frequently used in the electric industries. But as a
consequence of development in this new class of ‘synthetic
metals’, having properties of metals, polymers and semicon
ductors, they are now being used in numerous applications
[2-10] as shown in Figurd.

ICps belong to those classes of polymers which have
conjugation along the polymer backbone. The partial oxi-
dation or reduction possibility of ICps through doping hasFigure 1: Applications of conductive polymers
made them the most distinctiveness materials. During the
process of doping if the electrons are added to the main-struc ] ] ] )
ture then it will be called n-doped otherwise usually p-dbpe N following paper main three common industrially ap-

states are found in which electrons are removed. Also norRlicable families of ICps used for corrosion protection are
conducting forms of ICps exist. In case of Pani, out of five,discussed i.e. Polyaniline, Polypyyrole, Polythiophend a

four states Leucoemeraldine, Emeraldine and Penigranilinth€ir derivatives. Many comprehensive and descriptive re-
are nonconducting, while Protonated Emeraldine is the onlyieW articles have been published concerning the synthesis
conducting state, Figur2 shows the chemical structure of Plends, composites of ICps used for different applications

these different forms of polyanilind. L, 12]. [11, 13-15]. The basic purpose.of this paper is to overlopk
the progress related to conductive polymers used as anticor

rosion coatings on metals in last decade.
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Nomenclature
AP Anodic Protection MS Mild Steel
AR Acrylic Resin Ni Nickel
Cr Chromium OA Oxalic Acid
Cs Carbon Steel OCP Open Circuit Potential
Ccv Cyclic Voltammetry P Phosphate
DBSA p-dodecylbenzenesulfonic acid P3HT Poly(3-hexyittiene)
EB Emeraldine Base Pani Polyaniline
EIS Electrochemical impedance spectroscopy PGF Polyargiiass flake
EP Electropolymerization Ppy Polypyrrole
ES Emeraldine Salt PS Potentiostatic
Fe Ferrous PTh Polythiophne
GF Glass Flake PU Polyurethane
GS Galvanostatic Zn Zinc
ICps Intrinsically Conductive polymers
2. Protection Mechanism 3. Conductive Polymersused as Anticorrosion Coatings

Corrosion phenomenon refers to the electrochemical or Conductive polymers are one of their own kinds among
chemical reaction between metals or metals alloy with surthe class of polymer owing to their electrical conductivity
roundings which leads towards their deterioration such atow cost, fusibility, stability, good optical propertiespn-
embrittlement, alteration in the color, de-alloying etc. toxic, low density, ease in synthesis and doping primady[

Generally, during corrosion the oxidation of metals and21]. Along with copious applications of ICp&{, 14, 15, 22]
reduction of other groups e.g. oxygen, hydrogen ion or wathese are particularly used for corrosion protection since
ter occurs. The most favouarable surroundings may be atheir discovery for this purpos@3, 24]. ICps found in dif-
mospheric humidity, offshore salt spray, acid rains, sgtith  ferent forms i.e. composite or blend, depend upon the matrix
solutions and natural waters. Many categories of corrosiosystem, i.e. if incorporated component is a polymer then it
have been reported in the literature e.g. localized omgjtti  will be a blend otherwise preferably composit 15]. Be-
corrosion appeared as voids, corrosion due to presence efdes developing the blends, the derivativ@sR7] and dif-
hydrogen, galvanic corrosion owing to the presence of comferent formsi.e. EB or ES in case of PaR8[29] are already
parable more potential metal or nonmetallic conductor in adeveloped. Polyaniline, Polypyrrole Polythiophene arairth
corrosive electrolyte, corrosion-erosion due to abraswe derivatives have gained much consideration. The intenest i
ture of fluid, intercrystalline corrosion, de-alloying,daim- Pani grew starting from 1960s (Mohilner), owing to its re-
terdendritic corrosion1[1]. markable electrical properties and mostly used amongaill th

Consequently, various protection mechanisms using ICpECps in terms of applicationslf]. Polypyrrole and Poly-
have been proposed. Spinks et 4B][presented areview pa- thiophene come under the class of poly (heterocyclid] [
per in which the classifications of ICps’ coatings were base@nd contrary to Polyaniline are being less used because of
on their protection mechanisms. The reported mechanismsost, insolubility and synthesis restrictions, see Figifer
were barrier protection, corrosion inhibitors, anodic @aael  general heterocyclic structure.
thodic protection. Barrier mechanism deals with the discon The ICps coatings on metals can be performed by using
nection of metal surface from the corrosive environmenhsuc various techniques (Figuré) to improve the performance
as coatings of surfaces with paints and films etc. In casand according to desired properties, such as films can be
of corrosion inhibitors, the purpose of the applied coatingelectropolymerized from suitable solution in electrocihrem
is to slow down the rate of corrosion due to formation of cal cells, pigments of ICps mixed with conventional paints,
monomolecular layer on the surface. It was reported that thispreading via solution casting methods etc.
phenomena refers to the adsorption of ICps on the surface
which endorses the adhesion and hence improved corrosidhl. Electropolymerized coatings

protection. Anodic protection is a technique used for passi  Ejectrodeposition of conductive polymers on active met-
vating of the materials owing to the formation of oxide lag/er 4|5 through acid medium is a tricky process due to dissolu-
which change the electrode potential in passive region: Dukjon of metals. This fact refers to the more passivation po-
ing electropolymerization of the ICps this method is used fo tential of active metals. Also ICps are insoluble in common
easy deposition of ICps, depending upon the material andg|vents used for anticorrosion protection purposes. @hes
electrolyte solution used. It was also reported that the Proproblems can be overcome by Electropolymerization of ICps
cess of anodic and cathodic protection through ICps occUfiom a solution of electrolyte and monomer. But, at the same

simultaneously on the surface of metals i.e. at the same timgme it is compulsory to use such experimental conditions
ICps reduce and oxidize on the metal surfatd.[
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Figure 2: Chemical structure of various forms of Polyaniline
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Figure 3: General Chemical Structure of Heterocyclic Cotidedolymers Figure 4: Coating Techniques for Intrinsically Conducialymers

which ox.|d|ze t'he monomers anq polymerize the”?' W,'th'?).l.l. Polymerization using Cyclic Voltammetry Technique
out the dissolution of metals. During electropolymeriaati

monomer and solvent are added to an electrochemical cell The electropolymerization of ICps is mostly carred

commonly having three electrodes i.e. working, referencethrough cyclic voltammetry technique. In this method, the

. ._electrode potential is driven between the limits of monomer
and counter electrode. The solutions for electropolynaeriz ~ =7~ © : )
: L . oxidation and reduction of polymerized ICsS].
tion are mostly used with different aqueous acids. . . .
" ) : . Adhesion of films on metals has major consequence on
The conditions to improve the corrosion resistance, sol;[he rotection behavior of coatinas and aenerally depends
ubility, adhesion, brittleness, wear resistance, hasiaesl P 9 g y aep

processibility promoted alternatives of intrinsicallynzhic- upon the interfacial parameters such as passive interfate a

tive polymers i.e. the occurrence of substituent in theeskel _nature of passivator. Hossein, performed the electropeiym

ton of ICps, use of a various electrolytes and incorporatec'jZatlon of compact hybrid Ppy-Phosphate on mild steel from

dopants, various synthesis conditions and different eIec9xa“C acid medium and demonstrated that electrosynthesis

o : . . process frequently affected by the redox potential of anion
tropolymerization techniques. Following are the techaiu o . .
S on the electrode surface, ionic charge and size. The disghers
used to carry electropolymerization of ICps. : : : .
phosphate anion on the interface improved the protectien be
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havior [30]. A well adherent and uniformed undoped Pani derivative such as poly (2-anisidine) and composite of both
coating was electrodeposited on mild and stainless stw®l fr i.e. poly (aniline-co-2-anisidine), poly (2-iodoanilngoly
phosphoric buffer solution of pH higher than 1.1. It was ob-(aniline-co-2-iodoaniline) and then poly(2-chloroand),
served that the Ecorr was transferred towards noble valugsoly(aniline-co-2-chloroanili ne) on 304-stainless sfemm
due to development of passive film consequence of depossolution of tetrabutylammonium perchlorate/acetorgtsb-
tion of phosphorous layer on stainless and mild steel, perution containing perchloric acid and tested in 0.5 M HCI
formed as corrosion inhibitor3fl]. Kralji, used phosphate solution. There was a resemblance between Pani and poly
and sulphate solution for electropolymerization of Pani on(2-anisidine) in terms of corrosion protection but the film
steel samples having different composition of Chromium. Itof poly (aniline-co-2-anisidine) was proved to be least sta
was suggested better protective properties of Pani layers dle corrosive solution. In case of poly (2-iodoaniline) and
stainless steel can be obtained through phosphate solutigroly (aniline-co-2-iodoaniline), the overall efficiency the
[37. coatings was greater than 75% after 48h in HCI solution.
The Potentiodynamic EP of ring substituted aniline suchBut the coatings were inferior as compared to Pani in terms
as o-toluidine, m-toluidine, o-anisidine and o-chlordiaei  of protection. The role played by derivatives coatings was
was done on passivated iron. The general efficiency obnly prevention of cathodic reaction at metal/substraterin
all the derivatives in terms anodic-protection was less thaface contrary to Pani which acted also acted as a passiva-
non-substituted Pani. Although three methods were usetbr. In cases of using poly (2-chloroaniline), poly(angin
i.e. cyclic voltammetry, potentiostatic or galvanostatic co-2-chloroaniline), it was found that poly(2-chloroamd)
but the oxidation-reduction response of the polymer toonly provide barrier properties as compared poly(anitoe-
cyclic voltammetry was very good for electropolymeriza- 2-chloroaniline), which offered anodic protection andrizar
tion [33]. A comparison was made between Polyaniline andproperties comparable to Padid42].
Poly(o-methoxyaniline) electrodeposited on differeratdgs Tuken, showed the possibility of direct electrodeposition
of stainless steels from 0.1 M,80,. It was demonstrated of Pani through cetonitrile-LiCIQ) on mild steel because
some similarity between above mention coatings in terms oit could not be done due to lack of passivation of elec-
corrosion protection34]. Shah used OA and electropoly- trode so first he coated very thin coating Pani and Pyy from
merized poly (N-ethyl aniline) coating onto Al alloy Al-282  oxalic acid using cyclic voltammetry as a primer coating
through cyclic voltammetry. The passivation of alloy wasand then further developed Pani coating from acetonitrile-
proposed by using dc polarization studi8S][ Further, poly  LiClIO,. The maximum efficiency was accounted as 97% by
(N-methylaniline) was electropolymerized using potetiyio  PPy/Pani coatings combination at the end of total time com-
namic, galvanostatic and potentiostatic techniques od mil prises i.e. two hundred and forty hours in 3.5% NacCl solu-
steel using aqueous oxalic acid solution. The film which wagion [43]. Similarly, the major problem of electrodeposition
deposited using potentiodynamic with potential region be-of PTh on oxidizable metals is its high oxidation potential
tween -0.5and 1.0V, at a scan rate of 10 mV/s, demonstrateehlue. So, PTh film was electropolymerized through solu-
good adherent properties. The anticorrosion behavior waton of 0.15M LiCIlO, containing acetonitrile medium on Ppy
fine in solution containing neutral chloride anio3§]. Ac- modified mild steel electrode. The film exhibit good anticor-
cording to Shinde, the coating of poly (2, 5-dimethylarélin  rosion properties during immersion in 3.5% NaCl solution
electropolymerized from oxalic acid by means of galvano-[43].
static technique, was not efficient enough to protect the Aluminum has very vast applications particularly in
low carbon steel 37]. In another attempt, poly (2, 5- aerospace industries. electropolymerization of ICPs Alu-
dimethylaniline) was electrodeposited on low carbon steeminium is hindered by the formation of oxide-hydroxide
from the aqueous salicylate solution using cyclic voltarmnme protective layer. Pani was deposited on anodic pretreated
try technique. The sodium salicylate solution was recom-AA1050 aluminium from 0.5 M HSQ, solution using cyclic
mended because it forms non-conducting passive layer withsoltammetry. Aluminum was first subjected to anodic gal-
out impeding the oxidation process of monomer. The overall/anostatic activation in aniline containing HN®olution to
performance of the coating was excelleB®][ Again a suc- create pores and pits so that more dense and quick forma-
cessful effort was made for the protection of copper againstion of film can be achieved4f]. Similar method was used
corrosion and dissolution by electrodeposition of Poly (o-for EP of Ppy on Aluminium alloy from SO, solution by
anisidine) a derivative of Pani, through cyclic voltamrgétr ~ using different techniques i.e. CV and PS techniques. It
aqueous solution of sodium oxalate results. The resulted fil was postulated that film produced by CV was thicker than
was efficient enough in decreasing the rate of corrosion by?S method. But no change in the protection behavior was
100 times compared to uncovered copper in 3% NaCl. Theeen as compared to bare metd][
X-ray diffraction analysis described passivation of capgme The modifications can be done during electropolymer-
a formation of polycrystalline Cu©,-H,O interface and ization of Cps so that obtained films have good physico-
proved that sodium oxalate as a appropriate means by makhemical properties and anticorrosion properties. These
ing early stages copper oxalate interface, which was hlelpfuichanges could be achieved by varying the synthesis con-
for well adherent and homogeneous Poly(o-anisidine) layeditions or surface modifications. Ozyllmaz and coworkers
on Copper B9]. Bereket and co-workers, make a compara-studied the anticorrosion effect of Pani as a top coat elec-
tive study between the electrodeposited films of Pani and ittrodeposited using 0.15M of aniline monomer from sodium
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oxalate, 0.1 M aniline from OA, 0.1 M aniline from 0.2 phosphate doped Pani occurred on 304 stainless steel. The
M p-toluenesulfonic acid solutions onpin Ni plated cop- decrease in corrosion current was suggested due to the ex-
per and 0.1 M aniline from oxalic acid onidm Ni plated cellent film adherence and breaking potential up to 1V in-
mild steel using cyclic voltammetry method. Nickel coating dicated good pitting corrosion in 3% neutral NaCl solution
also showed protection against corrosion but increment ifi58]. Herrasti, electrodeposited the Pani and Ppy bilayar sys-
porosity was continuous. Pani showed catalytic effect en thtem on mild steel from 0.3 OA using different techniques and
formation of oxide layers preventing the increase in porosin addition to it Zn microparticles were also electrodefexbi

ity on nickel surface in 3.5% NacCl solution acted as barrierin 0.01M ZnSQ solution using constant potential -0.7V,
and this oxide layer offers extended period of protectian fo which played role as anodic inhibitor and improved the cor-
copper and mild steep—49]. The author also character- rosion protection of layers. The best combination proposed
ized the coating structure and corrosion performance af Parwas Pani/Ppy deposits in solution of NaCl and,8@&, [59].

on stainless steel through electrochemical impedance speSimilarly, zinc particles were electrodeposited from solu
troscopy by electrodeposition under two different potnti of 0.2M ZnSQ, using static potential of -1.20V on mild steel
regions using cyclic voltammetry in oxalic acid solution. | containing previously deposited Pani film. Improvement in
was observed that protection of Pani coating can be improvethe protection behavior was seen because of the deposited
by using suitable synthesis conditions and suggested apprainc particles which increased the conductivity and lowere
priate potential range was 0.25-1.0080]. Further, they the permeability of Pani film. The barrier properties of the
observed the phenomena of corrosion by electropolymerizaRani-zinc particles film was improved because of sacrificial
tion of Pani on copper from 0.2M sodium oxalate solution.activities of zinc due to corrosion, as a result stable pectslu
The performance of the coating in terms of corrosion pro-produced at the interfacé().

tection was tested in NaCl solution. The coating acted as a The synergism outcome of Pani coatings can be acquired
barrier and supported the protective films of copper oxidewia mixing with other organic coatings because thin films
[5]]. Also, he studied the effect of different scan rates usedf coatings have limited protection behavior. A comparison
for the electropolymerization of Pani on stainless stemhfr was made between electrically deposited Non-pigmented
oxalic acid solution. It was suggested that the morphologyepoxy, Pani and Pani/epoxy coatings on mild steel. In
of the Pani can be changed prior to variation of first cyclePani/epoxy system, the supplementary role of the Pani was
and film growth scan rate and films obtained at low scan ratas a barrier to improve the corrosion behavior and the cgatin
was efficient. Using same approach, PTh film was electrodesystem was superior among othet§][

posited on 1um Ni plated mild steel from (ACN-LIiCIQ)

having 0.1 M thiophene showed good protection propertie8.1.3. Polymerization using Galvanostatic Technique

as compared to single coated Nickel M&]| Using same Galvanostatic technique used constant current for synthe-
approach Tuken and coworkers, electropolymerized Ppy filngis of ICPs. Ding, prepared Pani composite with Thiokol
on graphite modified MS electrode from solution of OA. The rubber and then compared it with Pani as a coating in
hydrophobic nature of the graphite was supportive and helpHCI and NaCl Solution on mild steel. The GS method
ful in enhancing the corrosion resistance as compared {0 siwas used for co-electropolymerization from non-aqueous
gle use of Ppy on MS during immersion test in NaCl solutionsolution of aniline, acetonitrile, trifluoroacetic acidRA),

[53, 54]. trichloroacetic acid (TCA), thiokol rubber. The experimen
The improvements in the conductivity and thermal sta-tal work confirmed that composite coating has additional
bility in Pani films were made by using multi-walled car- adhesion and corrosion inhabitation rather than Pani alone
bon nanotube/polyaniline composites. Different loadiofys [61, 62]. Pawar and Koinka in two separate papers described
multi-walled carbon nanotube were used in aniline monomethe phenomena of Poly (o-anisidine) galvanostatic deposi-
and electrodeposition took place on platinum disk througthtion on low carbon steel from aqueous solution of oxalic acid

cyclic voltammetry method from 0.5 M4$0O, having 0.325  and analyzed the effect of different temperature rangbee.

M aniline dissolved MWNTs35]. tween 0 and 40C on electrosynthesis. The deposition pro-
cess consist of three stages i.e. induction time for syighes
3.1.2. Polymerization using Potentiostatic Technique , passivation through polycrystalline FgG, - 2 H,0, disso-

Potentiostatic electropolymerization of ICPs occur un-lution of interface followed by development of film but at
der constant voltage. Bernard described protection of iro@0°C no layer occurred using current density 0.66 mAlcm
through the passive layers form between the interface df Paiso, change in temperature showed no considerable effect if
and iron through electropolymerization of Pani in phoshor the current densities were large but at low densities of cur-
acid solution. This method was free from any type of castrent temperature was inversely proportional to induceetim
ing or blending of polymerg6]. Herrasti, showed by means At 40°C, the main obstacle in the development of coating on
of a comparative study on hardness of Pani, Poly-o-toleidin low carbon steel was owing to the non-dissolution of the pas-
and their composite electrodeposited on stainless stelel. Msivated interface which should occur at third sta®@ p4].
crohardness measurements revealed the trend of hardress inSimilarly, pretreated electrodes have shown effects on
creased from Pani to poly-o-toluidine to compos§é|[ electrodeposition of ICps. This phenomenon was studied

Using different concentration of aniline in 1.0 M phospho- by Reut, and compared different pretreated techniques i.e.
ric solution, potentiostatically and chemically depasitiof = mechanical and chemical. Chemical treatment was done in



78 Chemical Engineering Research Bulletin 14(2010) 73-86fKét al

10% HNO, solution whereas wet abrasive paper was useés compared to alone phosphates layegk [
for mechanical treatment. Ppy was electrodeposited on mild
steel from solution of Ppy and sodium p-toluenesulphonate3.2. Paint Blended Coatings

It was also reported by using Potentiodynamic polarization The additional approach to achieve the synergism effect of
technique that in case of chemically treated Pyy coated eleGnechanical and physical properties of conventional polyme
trodes, maximum shift of the corrosion potential towardsgng electrical properties of conductive polymers is blegdi
positive values were seen It was also suggested that the pasy|cps with resins such as epoxy or acrylic. Although elec-
sivation of iron is due the formation of iron nitrides during tropolymerization is a superior technique but limited inme
treatment §3]. of coating on large structures and mechanical properties so
Shinde and Patil had attempted to find the alternativegg improve and increase the application of ICps at indus-
for Pani by means of substituted anilines and reported iRyja| level blending of electroactive and conventionalypol
two separate papers regarding the electropolymerizafion qqer coatings is done .
(2,5-dimethylaniline) and (2,5-dimethoxyaniline) monens A comparison was made between ES and EB with dif-
from §olution of 0.1 M _oxalic acid on low carbon steel re- fgrent dopants used in topcoats of epoxy and polyurethane.
spectively. The experimental work showed that the surThe immersion test was carried out in 3.5 % brine solution.
face morphology of coating depend on applied current dengg form of Pani was proved to be superior to ES which
sity, while using Poly (2, 5-dimethoxyaniline), ES form a5 strongly dependent on the type of dopa6g}.[Blends
was found whereas PB form was found in Poly (2, 5-of protonated Pani and Poly (o-ethoxyaniline) with differ-
dimethylaniline) in case of at low current density. The ndixe ant acids in dissimilar paint based coatings were prepared
form of ES and EB in Poly (2, 5-dimethoxyaniline) con- anq applied on iron substrates. Among all the combinations,
trary to Poly (2, 5-dimethylaniline) where mixed forms were the pest results were shown by the HN&nd HBF,; doped
presenti.e. (PB) and (ES) at higher current density. Both Oﬁ’oly(o-ethoxyaniline) mixed in water soluble epoxy pretec
them found that oxalic acid is proper means of electropoly+jye coatings 70]. Pani containing coatings can be modi-
merization and suggested three stages of growth behavior rgeq and develop according to necessity. Different choice of
garding to the development of films on low carbon steel i-eprotonating acids and forms of emeraldine base with epoxy
dissolution of metal surface while formation of iron oxalat coatings on mild steel showed better protection than cgatin
(FeG,0,;,H,0) interface, secondly passivation and finally hased on conductive Pani in NaCl solutiG]|
polymerization of monomer on surface owing to the dissolu-  ntrinsically conductive polymers have found application
tion of interface. This trend is similar to the previous work jn marine coatings as an anti fouling agent. The cost is
done by the same author and cowork&% B9, 66]. the main problem for the selection of solvents for differ-
Multilayer coatings of conductive polymer provide syner- ent form of Pani related to processing because large area is
gism. Pani and Ppy galvanostatically deposited on carbopequired for coatings purposes. A new technique was em-
and 304L stainless steel using different combinations i-eployed for the processing of EB by dissolving in optimum
Pani/Ppy, Ppy/Pani and composite coatings. The polymeiratio of tetraethylene pentaamine. This solvent is useful f
ization processes were taken from solutions of 0.1 M anizyring of epoxy resin. It was reported that only 1% weight of
line in 0.05 M H,SO, for stainless steel, 0.3 M oxalic acid Eg s effective for anti corrosior7p]. Ocampo, made a com-
fqr carbon steel anq 0.1 M pyrrolle in acetonitrile and 0-5Mparative study by using different types of coatings for ma-
LiClO,4. The resulting combinations on carbon steel wereine purposes including derivative of PTh applied on naval
shown no improved performance in NaCl solution as comtee| St F111 for marine purposes. Poly (3-decylthiophene-
pared to single use of Pani but enhancements were seen it]5_diy|) regioregular was the polymer mixed with diffeten
case of stainless steels. It was suggested that corrositan fa 4 commercial paints. The coatings have good, adherence,
can be reduced by 2000, if the combination is Ppy underlayegmqoothness and barrier properties and at 0.2% w/w percent-
and a Pani top layer which provided closely packed morpholage of incorporated polymer was proven to be effectige[
ogy and acted as electronic and chemical barrier rather than ggmui and coworkers, used epoxy coatings having HCI
physical barrier §7]. doped Pani on mild steel with no use of topcoat. It was rec-
The incorporation of pigments in Cps matrix during elec-ommended by using tests such as Humidity exposure, sea-
trosynthesis on metals showed improved protective behavyater exposure salt spray, Potentiodynamic measurement,
ior as compared to single use. The protection mechanisfyater vapor permeability, that lower Pani-HCI loading give
may be attributed to the ion exchange, barrier layers, ojood results as compared to higher loading. The adherence
electrochemical performance of these pigments. Using Zi”Broperties of the paints were found to be good but the sta-
phosphate as a pigment, film of Ppy was electropolymerizegjjity of HC| as dopant was suspicious to avoid partial ca-
on AISI 1010 steel while stirring the electrolyte solutioh 0 thodic and anodic reaction. In the same way, instead of us-
sodium salicylate at rate of 15 mL-5to achieve signifi- ing HCI, Dioctyl phosphate doped Pani Pigment was mixed
cant incorporated quantity of zinc phosphate pigment in magith different types of resins and applied on mild steel pan-
trix. The signals from X-ray photoelectron spectroscopy in g|s, Although the adhesion strength was not appreciable and
dicated that zinc phosphate dispersed in matrix in two disjt decreased with a increased in Pani-DOPH loading due to
tinctive forms i.e. as counter ion and pigment. The compoSincrease in Pani-DOPH/Ep interaction which effect the pola
ite coating demonstrated enhanced anticorrosion preserti interactions but the best result was shown by Pani-DOPH (5
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phr)/epoxy coating, examined after 24 months Field expoaminic hardners e.g.N,N,N’,N’-tetrakis(3-aminoprop¥I}-
sure near se&fl, 75]. butanediamine and trimethylhexanediamine and then upon

Similarly, the barrier properties of Pani film can be en-adding diglycidyl ether of bisphenol-A as a epoxy resin, the
hanced by introducing nano-particles of fillers such as.zincmixture become crosslinked. In second method EB form
Patil, used the nano zinc oxide particulates and Pani dopedas first mixed in epoxy resin and then cured upon adding
with dodecyl benzene sulfonic acid as additives used in systimethylhexanediamine. The main advantage of this pces
tem of poly (vinyl acetate) as a major matrix applied on steelwas the selection of solvent, which played the role of sdlven
substrates. Cyclic voltammogram showed that the flow ofor EB and hardener for epoxy coating. The coatings were
current through system was insignificant owing to the addi-applied on steel panels and subjected to immersion test in
tion of nanoparticles referred to barrier properties offttne ~ 3.5% NaCl solution and electrochemical impedance studies.
was increased. The main thing was that the glossy and shiny was observed that coatings produced using first method
surface indicated the improvements due to the nanopaticlevere more effective than from other meth@&dl]. The an-
[76]. ticorrosion properties of Pani Pigment containing coating

The authors have successfully made a comparison bawith vinyl resin as a binder applied on carbon steel sub-
tween the epoxy coating based on strontium chromate anstrates were studied by using electrochemical impedance
Pani, applied on magnesium alloy. Similarly they used phosspectroscopy in NaCl and HCI solutions. The decrease in
phate doped Pani mixed with acrylic resin based paint, apeorrosion rate after 5 days was observed due the formation
plied on magnesium alloy ZM 21. The coating was provedof protective passive layer on iron surface. The protection
to be having excellent protection behavior. The coatingoehavior of coatings in acidic media was more than that in
has 100 M V cm resistance value and impedance valuesneutral media. Further, similar procedure was done and ob-
increase with contact time in NaCl solutioi@7]. Fur-  served in cement extract of pH 13.0. The results showed that
ther, Azim and coworkers, showed the protection behavioPani pigmented with paints passivate the steel and have ca-
of epoxy coatings containing chemically synthesized Panipability to protect metal in basic medi@{, 82, 83].
Amino trimethylene phosphonic acid as a pigment applied Laco and coworkers, made a comparative studies be-
on mild steel. It was noticed that protection performance otween coatings of alkyd resin modified with 0.2, 0.4 and
coatings was growing with time period due to the phenom-0.6% (w/w) of polyaniline (emeraldine form which is insu-
ena of passivation/g]. The protection behavior of undoped lating and blue in color) and thermoplastic polymers such
and doped forms of Pani with p-toluene-sulfonic, camphor-as poly(vinyl chloride-co-vinyl acetate) 90/10 copolymer
sulfonic, dodecylbenzenesulfonic acid was observed usinghenoxy resin and blend of poly(methyl methacrylate) with
epoxy resin as a topcoat on 3003 Al Alloy in 3.5% NaCl poly(butyl methacrlylate) applied on carbon steel sulbstra
and 0.1N HCI. The coatings were transmitted through soluThe validity of accelerated test in laboratory was alsoweval
tion casting method and better behavior was shown by unated by comparing with field tests in urban and marine en-
doped Pani in neutral NaCl. The cause of superior perforvironment in terms of equivalent time. Different mecha-
mance of, Pani doped with p-toluene-sulfonic acid amongiisms were proposed for the protection behavior of coatings
other mentioned doped forms was due to the presence of uand alkyd coatings containing Pani were proved to be bet-
doped Pani near PANI- p-toluene-sulfonic acid /Aluminiumter. Also, it was suggested that laboratory test can be taken
interface R7]. as a replacement of field tes®4]. The primer containing

Li using the method of emulsion polymerization producednanostructure fine dispersed Pani at low concentration i.e.
stable nano-polyaniline waterborne latexes. The coating&% manifested good anticorrosion properties in differgnat a
were obtained by drop wise casting on iron and after dry-plication [85]. Similarly, by using different loadings of Ppy
ing covered with acrylic resin as top coat. The advan-powder containing acrylic paint was applied on magnesium
tage of this coating was that it can be applied directly andalloy. The effect on anticorrosion properties of differérat-
shown good anticorrosive propertieg®]. The insoluble, in-  tion of Ppy loading in paint were observed through salt spray
fusible and adhesion limited behavior of ES form of Panitest, OCP, Potentiodynamic scans and EIS. It was suggested
(para-toluenesulphonic acid doped Pani) can be solved-by ughat 10 parts by weight of Ppy content in paint is favorable
ing dispersion method in nonconductive polymer. Williams[86].
studied the cathodic disbandment by using Pani-PTS pig- Titanium dioxide is an important pigment used in paints
ment blended with polyvinylbutyral (PVB) binder using so- for different application such as paint whitening etc. 8ath
lution of ethanol on zinc substrates. Scanning Kelvin probenarayanan, used TiOduring the oxidative polymerization
method was used to determine the kinetics of delaminationf aniline monomer and mixed with acrylic resin applied as
of coating whereas secondary ion mass spectrometry artimer on steel and magnesium alloys. The coated samples
atomic force microscopy for oxide film growth on interface. shown higher anticorrosion properties as compared to Pani
These coatings were effective in cathodic disbandn®Gjt [ and conventional Ti@pigment containing coating. The for-
Tiitua and coworkers, used novel method of preparation ofmation of oxide layer is responsible for the protection be-
cross linked composites coatings of Non-conducting Panii. havior of Pani. In same way, they used polyaniling®&g
EB with epoxy resin. A comparative study was made oncomposites prepared in different ratio as a pigment in AR
anticorrosive properties showed by coatings preparedyusinapplied on steel. Experimental work showed that compos-
different methods. In the first method EB form dissolved inites prepared in 1:1 were bett&7-90].
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Besides, miscellaneous application of nanotechnology, it Various attempts are being made to solve the unprocess-
has also gained importance in anticorrosion coatifgj$ [ able and soluble behavior of Pani. Koul, suggested a novel
The ability to improve the mechanical and physical proper-method instead of using conventional method for preparatio
ties of Pani coatings loadings with nanoparticles has beeof a well defined crystalline structured, water soluble ndame
proved to be effective92]. The superior corrosion pro- compensated sulphonated Pani, which can be used as cor-
tection in EB form of poly(o-ethoxyaniline) on cold roll rosion inhibitor in HCI medium on iron. The crystallinity of
steel was reported, by using it as a composite with layerethe Pani was recommended due the sodium sulphonated moi-
montmorillonite clay nanoparticles. The preparation waseties, which pack the unoccupied space in the lat8ag |A
done via in situ oxidative polymerization. The better re-comparison was made between two techniques of film cast-
sults were shown that up to 3% of clay loadirggf]. Abu ing on mild steel by using pure undoped Pani casted from N-
showed the anticorrosion ability of mono-dispersed Panmethylpyrrolidinone then doped with acid and doped form
coated Polystyrene particles when used for protection oPani directly casted from xylene or chloroform. It was sug-
iron. The reduced form of film showed inferior corrosion gested that there was significant decrease in corrosion cur-
protection properties than oxidized form in HCI and NaClrent when undoped Pani casted film was doped with acid as
solution. Aniline was polymerized on the surface of PS parcompared to doped film of Pani casted directly from xylene
ticles in suspension. The advantage of this work was ther chloroform P8].
possibility of growth of bulky anticorrosive nature film by  Anodic protection of metals using low current is a useful
painting iron with the PANI-PS aqueous suspensif. technique in acidic media. Pani can be used to retain the po-

Composites based on glass flake and epoxy coatings atential of metals in passive state because of its large eharg
highly anticorrosive in nature and vastly used in marind-coa capability, proton exchange and redox properties. Bus, lot
ings. The effectiveness of these types of coatings were resf problems are associated e.g. cost, maintenance, mstall
duced due to the presence of defects such as pinholes. Alsion, optimized control etc. So, Zhong showed a new method
Pani is known for its protection ability in pinholes. Hence, for anodic protection of stainless steel in high concerarat
oxidative polymerization of aniline was performed in the of H2SO4. In his experiment he developed a standalone
presence of glass flakes and used as a pigment with epoXBani electrode by using Ti mesh pack in the chemically syn-
based primer on mild steel. A comparison was made bethesized Pani film. The function of electrode was to work
tween PGF and GF based epoxy coatings. EIS studies shovas current-collecting carrier and reduced where as sa le
that there is significant decline in the protection behawfor steel was oxidized to create an oxide film. It was seen that
Pani Glass flake coating immersed in 3% NaCl solution foranodic protection of Pani | is a competent way to protect the
50 days. XRD analysis showed that crystallinity of Pani wasmetals in acidic media for a long tim89.
unaffected and coating was found superior to conventional The enhanced coatings of Pani can be obtained by using
GF coatings 95]. nanoparticle forms at low loadings. So, Yeh and coworkers,

Since Pani has been proved as a successful replacemént means of the casting method, develop a coating based
of toxic heavy metals used in protective coatings but stillon Polyaniline?Clay Nanocomposites and EB form of Pani
petroleum based polymers coatings are in action. An inthrough NMP solution drop wise transmited on cold roll
vestigation of complete environmental friendly coatingneo  steel. The coating obtained were excellent in anticorrosio
prised of nano structure Pani and Soya oil alkyd was donebut when used as free standing films, the mechanical proper-
Different loading of Pani nanoparticles were mixed with ties and degradation temperature were reduggd Poly (3-
alkyd xylene solution and applied on steel panels. Mor-alkyl thiophenes) as derivatives of PTh are reported efficie
phological analysis revealed that a homogeneous, dense aadainst corrosion protection of metals. The high oxidation
uniform coating was obtained. Higher values of Physico-potential of these polymers is an obstacle and make them
mechanical testing and decrease in corrosion rate were seeamplicated for utilization. However, casting technique-p

with increases in Pani loading84]. vide ease for the formation of film on metals. Poly (3-octyl
thiophene) and Poly (3-hexylthiophene) were casted from
3.3. Casting based Coatings toluene as a solvent. A comparison was made between sheets

A casting of ICPs includes the process of dissolving a°f carbon steel surface prepared with 600-emery paper and
polymer in a suitable solvent and then spreading it over & HM alumina (AbO,) particles separately. It was observed
substrate. The film of polymer can be obtained through evapthat surface treatment has some effect on coatings and the
oration of solvent. The main problem of this process is suit-SUP€rior properties were seen in case of alumina particles’
able solvent requirement to dissolve ICPs. treated carbon steel, while P3HT was efficient as compared

Polyaniline was transmitted from 1-methyl-2-pyrrolidone t© P30T if‘ 0.5M HSG, [100. o
(NMP) and stabilized the emeraldine base solution, over iro  The limitations of electroconductivity can be removed by
substrate. It was revealed from electrochemical measurddcreasing the number of p-bond containing monomers. It
ments that EB form of polyaniline has better protective prop ¢@n be achieved through formations of copolymer, multilay-

erties as compare to PVC coating in NaCl 3.5% w/w solu-€'S Or composites. Wang published two parallel articles in
tion. In addition, the EB form improved to some extent of the same issue about the nature of emeraldine base, as an

protection in corrosive atmosphei2s]. anion exchanger and its part in corrosion inhibition. It was
found that EB state of Pani contain OHas a counter ion.
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Appendix

Table 1: A review of cyclic voltammetric techniques

85

Ref. Type of Coated ICps Electrolyte Solution Type of Substrate
30 Polypyrrole-Phosphate Oxalic Acid Mild Steel
31 Undoped Polyaniline Phosphoric Buffer Mild and Stainless Steel
32 Polyaniline Phosphate and Sulphate Stainless Steel with different composi-
tion of Chromium
33 Poly (o-toluidine), Poly (m-toluidine), Poly (o-anisidine), Poly (o- Oxalic Acid Passivated Iron
chloroaniline)
34 Polyaniline, Poly (o-methoxyaniline) H2S04 Different grades of stairsiesd
35 Poly (N-ethyl aniline) Oxalic Acid Aluminium alloy Al-2024
36 Poly (N-methylaniline) Oxalic Acid Mild Steel
37 Poly (2, 5-dimethylaniline) Oxalic Acid Low Carbon Steel
38 Poly (2, 5-dimethylaniline) Sodium Salicylate Low Carbon Steel
39 Poly(o-anisidine) Sodium Oxalate Copper
40-42 Polyaniline, Poly (2-anisidine), Poly (aniline-co-2-anisidine), Poly (2Tetrabutylammonium Perchlorate ace- 304-Stainless steel
iodoaniline), Poly (aniline-co-2-iodoaniline), Poly (2-chloroaniline), tonitrile Perchloric Acid
Poly (aniline-co-2-chloroaniline)
43 Polyaniline AcetonitrileJLiClO4 Pani and Pyy Composite coated Mild
Steel
44 Polythiophene AcetonitrileJLiClO4 Ppy Coated Mild Steel
45 Polyaniline H2S04 Galvanostatic Anodic Pretreated
AA1050 Aluminium
46 Polypyrrole H2S04 Galvanostatic Anodic Pretreated Alu-
minium Alloy Aniline
47-49 Polyaniline Sodium  Oxalate,Oxalic  Acid, p- 1tm NiPlated Copper
Toluenesulfonic
50,51, Polyaniline Oxalic Acid 1 tm Ni Plated Mild Steel and using dif-
53 ferent scan rate at stainless steel.
52 Polyaniline Sodium Oxalate Copper
54 Polythiophene AcetonitrileJLiCIO4 1 tm Ni Plated Mild Steel
55 Polypyrrole Oxalic Acid Graphite Modified Mild Steel
56 Multi-Walled Carbon Nanotube/Polyaniline Composites H2S04 Riatin

Table 2: A review of potentiostatic techniques

Ref Type of Coated ICps Electrolyte Solution Type of Substrate
57 Polyaniline Phosphoric Acid Iron

58 Polyaniline, Poly-o-toluidine, Composite of both Phosphouéf& Stainless Steel

59 Polyaniline Phosphoric solution Stainless Steel
60 Polyaniline, Polypyrrole, Bilayar and Blends Top Coat Zinc Microparticles Phosphate and Sulphate Mild Steel

61 Polynailine/Zn particles composite film Zinc Sulphate Mild Steel

16 Non-Pigmented Epoxy/ Polyaniline Sodium Benzoate Mild Steel

Table 3: A review of galvanostatic techniques

Ref Type of Coated ICps Electrolyte Solution Type of Substrate
62,63 Polyaniline, Polyaniline/ Thiokol Rubber Composite Acdtdaj Trifluoroacetic acid, Mild Steel
Trichloroacetic acid
64,65 Poly (o-anisidine) Oxalic Acid Carbon Steel
66 Polypyrrole Sodium p-Toluenesulphonate Pretreated Mild Steel with 10%
HNO3 and wet abrasive paper
67 Poly (2, 5-dimethylaniline), Poly (2, 5-dimethoxyaniline) Oxalic acid owLCarbon Steel
68 Different layers combinations of Polyaniline and Polypyrrole LiClO23@4 Oxalic Acid Stain less and Carbon Steel
69 Polypyrrole/ Zinc Sodium Salicylate Phosphate AISI 1010 Steel
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Table 4: A review of paint blended coatings

Ref Type of blended ICps Type of Resin Type of Substrate
27 Undoped and doped forms of Pani with p-toluene-sulfonic, camphorsulfanic, dEpoxy resin 3003 Al Alloy
decylbenzenesulfonic acid.
70 Emeraldine Base/ Emeraldine Salt with Different Dopant Topcoats of Epoxy asdeel
Polyurethane
71 Polyaniline and Poly (o-ethoxyaniline) Protonated with different acids MRM Epoxy, water Soluble Pure Iron
Epoxy
72 Emeraldine Base Epoxy Mild Steel
73 Emeraldine Base with curing solvent Tetraethylene Pentaamine Epoxy et S
74 Poly (3-decylthiophene-2, 5-diyl) Four Different commercial paints Naval Steel St F111
75-76 HCI and Dioctyl Phosphate Doped Polyaniline Epoxy, Polyurethan Mild Steel
77 Dodecyl Benzene Sulfonic Acid Doped Polyaniline / zinc oxide cont@osi Poly (vinyl acetate) Steel
78 Strontium Chromate Polyaniline Epoxy, Acrylic Magnesium Alloy
79 Polyaniline-Amino Trimethylene Phosphoric Acid Epoxy Mild Steel
80 Nano-Polyaniline Waterborne Acrylic Top Coat Iron
81 p-ara-Toluenesulphonic Acid-Polyaniline Polyvinylbutyral Zinc
82 Emeraldine Base crosslinked form with epoxy Epoxy Steel
83,84 Polyaniline Vinyl Resin Carbon steel
85 Emeraldine Base Alkyd Reisn Carbon Steel
87 Polypyrrole Acrylic Magnesium Alloy
88-91 Polyaniline/TiO2 , Polyaniline/Fe203 Acrylic Steel and Magnesium Alloys
95 Polyaniline Coated Aqueous Suspension Polystyrene Iron
Particles
96 Polyaniline / Glass Flake Composite Epoxy Mild Steel
97 Polyaniline Soya oil alkyd Steel

Table 5: A review of Casting Based Coatings

Ref Type of ICps Type of Solvent Type of Substrate

28 Emeraldine Base NMP Iron

29 Emeraldine Base and Sulphonated Polyaniline NMP, Water 2024-T3 &y All

93 Emeraldine Base Polyaniline-Clay Nanocomposites NMP Cold Roll Steel

98 Sulphonated Polyaniline Water Iron

101 Poly (3-octyl thiophene), Poly (3-hexylthiophene) Toluene Carbon Steel

105 Blend of Polyaniline and Polyimide Epoxy, Polyurethane Mild Steel

106 Blends of Poly (dimethoxy aniline), Poly (vinylidene fluoride), PolyN,N-dimethyl formamide AISI 304 Stainless Steel

(tetrafluoroethylene-co-vinylidene fluoride-co-propylene)
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