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CORROSION OF STEEL WITH POLYANILINE BASED COMPOSITE 

COATINGS 

 

 

ABSTRACT 

 

The chemically synthesized polyaniline in the powdered form by the procedure 

recommended by IUPAC is reprotonated using sulfamic, citric, succinic and acetic acid. 

Typical procedures for corrosion protection investigations based on UV-vis 

characterization, linear polarization measurements and optical microscopy investigations 

are developed with composite coatings based on well-characterized polyaniline doped 

with benzoate. The UV-vis spectroscopy is applied to estimate doping degree of the 

reprotonated samples. The estimated doping degrees are as follows: the polyaniline doped 

with sulfamic acid 0.28, with succinic acid 0.18, with citric acid 0.15 and with acetic acid 

0.13. The composite coatings are prepared by mixing the alkyd based commercial paint 

with 5 wt.% of the reprotonated samples and painted on mild steel. Using linear 

polarization method, the polarization resistances of the composite and base coatings are 

determined in 3% NaCl over time. It is shown that initial oxidation state of the 

polyaniline, determined the values of polarization resistance which decrease in the 

following order: Rp(sulfamic) > Rp(succinic) > Rp(citric) > Rp(acetic) ~ Rp(base coating). 

For all composite coatings, increases in the corrosion potentials are observed during the 

time, while for the base coating decrease.  

The higher area steel samples with base and composite coatings are also immersed 

in 3% NaCl. The corrosion current density is determined after 100 h in site using ASTM 

1,10-phenanthroline method. The samples are also visually inspected, and by the optical 

microscope. It is shown that composite coatings reduce the possibility of blister 

formations and delamination. The corrosion current density and the appearance of the 

corrosion products closely follow the initial oxidation state of the polyaniline. 

The role of the initial state of the polyaniline is discussed. It is suggested that such 

behavior could be connected with the oxygen reduction mechanism that proceed mainly 



 

via two electron path on the polyaniline particles, releasing a much smaller amount of 

hydroxyl ions, responsible for the delamination and blister formations of the commercial 

coatings. 

 

Keywords: Reprotonation, Organic acids, Doping degree, Delamination, Alkyd paints 

Scientific field: Technological engineering 
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KOROZIJA ČELIKA SA KOMPOZITNIM PREVLAKAMA NA BAZI 

POLIANILINA 

 

 

REZIME 

 

Hemijski sintetisani polianilin u praškastoj formi postupkom preporučenim od 

strane IUPAC-a je reprotoniran pomoću sulfaminske, limunske, ćilibarne i sirćetne 

kiseline. Procedura za ispitivanje zaštite od korozije čelika zasnovana na UV-vis 

karakterizaciji, merenju linearne polarizacione otpornosti i ispitivanju optičkom 

mikroskopijom je razvijena na kompozitnom premazu zasnovanom na okarakterisanom 

polianilinu dopovanom benzoatom. UV-vis spektroskopija je primenjena za procenu 

stepena dopovanja reprotonovanih uzorka. Procenjeni stepeni dopovanja su bili sledeći: 

polianilin dopovan sa sulfaminskom kiselinom 0,28, sa ćilibarnom kiselinom 0,18, sa 

limunskom kiselinom 0,15 i sa sirćetnom kiselinom 0,13. Kompozitni premazi su 

pripremljeni mešanjem komercijalnog premaznog sredstva na bazi alkidne smole sa 5 

mas.% reprotoniranih uzoraka polianilina i naneti na čelik. Koristeći metodu linearne 

polarizacije, određene su vrednosti polarizacione otpornosti kompozitnih i osnovnog 

premaza u 3% NaCl tokom vremena. Pokazano je da početno stanje oksidacije polianilina 

određuje vrednosti polarizacione otpornosti koja se smanjuje u sledećem redosledu: Rp 

(sulfaminska) > Rp (ćilibarna) > Rp (limunska) > Rp (sirćetna) ~ Rp (osnovni premaz). Kod 

svih kompozitnih premaza, tokom vremena je uočeno povećanje korozionog potencijala, 

dok je kod osnovnog premaza uočeno smanjuje. 

Uzorci čelika veće površine sa osnovnim i kompozitnim premazima su takođe 

ispitani u 3% NaCl. Gustina struje korozije je određena nakon 100 h, određivanjem 

koncentracije jona gvožđa u rastvoru, koristeći ASTM 1,10-fenantrolin metod. Uzorci su 

takođe vizuelno pregledani i ispitani optičkim mikroskopom. Pokazano je da kompozitni 

premazi smanjuju mogućnost formiranja plikova i delaminacije. Gustina struje korozije i 

pojava korozionih produkata blisko prate početno oksidaciono stanje polianilina. 



 

Uloga početnog oksidacionog stanja polianilina na koroziono ponašanje je 

razmatrana. Predloženo je da se poboljšanje korozionog ponašanja može povezati sa 

mehanizmom reakcije redukcije kiseonika koji se uglavnom odigrava dvo-elektronskom 

razmenom na česticama polianilina, oslobađajući mnogo manju količinu hidroksilnih 

jona, odgovornih za formiranje plikova i delaminacije kod komercijalnih premaza. 

 

Klјučne reči: Reprotonacija, Organske kiseline, Stepen dopovanja, Delaminacija, 

                       Alkidni premaz 

Naučna oblast: Tehnološko inženjerstvo 

Uža naučna oblast: Hemijsko inženjerstvo 
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1. INTRODUCTION 

 

 

Conducting polymers or intrinsically conducting polymers (ICP’s), has been 

recognized as a frontier area of research and potential materials for technological 

applications since last decades [1, 2, 3, 4, 5]. The significance of the conducting polymer 

was distinguished in the form of Nobel Prize in chemistry received by MacDiarmid, 

Heeger and Shirakawa [6, 7, 8]. The polymerization kinetics and mechanism [9], 

processability [10], and ion transport mechanism [11] are the points of academic and 

scientific attractions. There is a huge area of the technological applications including 

biosensors [12], gas sensors [13], electrochromic devices [14], electromagnetic shielding 

[15], light emitting devices and organic electronics [16] photovoltaic applications [17], 

energy conversion and storage [18], etc. The class of conducting polymers consisting of 

various polymers such as polythiophene [19], polypyrole [20], polyparaphenylene, [21 

22] poly(3,4-ethylenedioxythiophene), PEDOT, [23] etc. The polyaniline (PANI) is one 

of the most extensively studied polymers because of its relatively high electrical 

conductivity, oxidative properties, environmental stability and ease preparation [24]. 

Among above-mentioned application, corrosion protection of different metals, 

and especially steel, is one of the well-studied field [25]. Many researchers groups [26, 

27, 28, 29, 30, 31, 32, 33, 34, 35] reported various views about the corrosion protection 

by polyaniline coatings and composite polyaniline based coatings, and hence various 

mechanisms were suggested to explain anticorrosion properties. These include anodic 

protection, controlled inhibitor release as well as barrier protection mechanisms. Different 

approaches have been developed for the use of polyaniline in protective coatings 

(dopants, composites, blends). A careful choice of synthesis parameters could lead to an 
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improvement in the anticorrosion properties of the coatings prepared using ICP’s for 

metals and their alloys.  

Due to the extreme differences of experimental results, it is still not clear how the 

dopant anion (conductivity of the polyaniline) influenced corrosion behavior. Also, many 

different mechanisms were proposed for systems mild steel - polyaniline composite 

coatings. Hence the aim of this work will be to investigate corrosion protection of mild 

steel with composite base coating- polyaniline in the form of powder as anticorrosion 

additives, for which polyaniline will be prepared according to recommended IUPAC 

procedure [36] and reprotonated with different dopant anions which possess a wide range 

of initial conductivity. The main goal will be to determine does the initial conductivity or 

doping degree of the polyaniline influenced the corrosion behavior and based on these 

results to propose the most likely mechanism of the corrosion protection. 

In addition, the goal will be to eventually suggest the procedures to investigate 

corrosion protection of mild steel with composite base coating-polyaniline using different 

techniques and methods. 
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2. THEORETICAL PART 

 

 

2.1. The intrinsically conducting polymers-polyaniline  

Polyaniline is a class of intrinsically conducting polymers (ICP’s) consisted of 

four repeated monomer units in a polymer chain, as shown in a Fig. 2.1 [37]. For the 

simplicity, the polyaniline is often ideally represented as four repeat monomer units in 

which the leucoemeraldine (y=1) oxidation state consists of the fully reduced polymer, 

the emeraldine (y=0.5) oxidation state consists of a 3:1 ratio of benzenoid and 

quinoneimine moieties linking the nitrogen atoms of the backbone, and the pernigraniline 

(y=0) is the fully oxidized form of the polymer.  

 

Figure 2.1. The idealized oxidation states of polyaniline in the base forms (top). 

Leucoemeraldine (y = 1) is the most reduced oxidation state, pernigraniline (y = 0) is 

the most oxidized state, and emeraldine (y = 0.5) is an intermediate oxidation state. [37] 

 

The emeraldine base form can be doped with a strong protonic acid to generate 

the conducting emeraldine salt form of polyaniline, Fig. 2.2 
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Figure 2.2. Emerealdine salt form [37] 

 

Polyaniline (PANI) exists in a variety of forms that differ in chemical and physical 

properties [36]. The most common green protonated emeraldine has conductivity on a 

semiconductor level of the order of 100 S cm–1, many orders of magnitude higher than 

that of common polymers (<10–9 S cm–1) but lower than that of typical metals (>104 S 

cm–1). Protonated PANI, (e.g., PANI hydrochloride) converts to a non-conducting blue 

emeraldine base when treated with the base, for example, ammonium hydroxide (Fig. 

2.3). 

 

Figure 2.3. Polyaniline (emeraldine) salt form can be deprotonated in the alkaline 

medium to polyaniline (emeraldine) base form. A– is an arbitrary anion, e.g., chloride 

[36]. 
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Interconversion of the different forms of polyaniline is strongly pH and potential 

dependent. The influence of pH leads to the formation of different salt-base equilibrium 

of three different polyaniline fundamental forms as shown in Fig. 2.4 [38]. In aqueous 

electrolytes, the extent of protonation depends on the solution pH (increasing left to right). 

For leucoemeraldine, the pKa is between 0 and 1: protonation begins at approximately pH 

2 and is completed at pH ~1. The pH at which the polymer protonates/deprotonates 

depends on the acid, however. In naphthalene sulfonic acid, for example, leucoemeraldine 

is fully protonated even at pH 2. The pKa of the emeraldine state is approximately 3, while 

that of pernigraniline is below 0. Fully protonated chains consist only of segments labeled 

x in Fig. 2.4, but in most acids, the chains are mixtures of x and y units, the ratio depending 

on pH. Only the fully protonated form of emeraldine salt is shown in the left column of 

Fig. 2.4; this is the lone state of the six that is electrically conducting [38]. The two 

structures shown for this salt are chemically equivalent resonance structures called 

polarons. 

 

Figure. 2.4. Oxidation states of polyaniline. In the fully protonated states (left), the 

polymer comprises only x units, but in most acids, the chains are mixtures of x and y 

units, the ratio depending on pH. During electrochemicla oxidation in aqueous 

electrolytes, the gain or loss of anions and protons, and the strain depends on solution 

pH [38]. 
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The pH changes also provoke changes on the electrical conductivity of emeraldine 

as shown in Fig. 5 [39]. These changes are mainly connected with salt-base equilibrium, 

as shown in Fig. 2.5. 

 

Figure 2.5. The conductivity of emeraldine form of polyaniline as a function of the pH 

of the HCl dopant solutions as it undergoes protonic acid doping [39]. 

 

Polyaniline is usually synthesized by the chemical methods. The common 

chemical synthesis of the polyaniline is the oxidative polymerization of the aniline 

monomer with ammonium peroxodisulfate [(NH4)2S2O7], as an oxidant [36, 40]. During 

polymerization, the first product is blue protonated perningraniline intermediate, which 

is further oxidized to green protonated emeraldine, as shown in Fig. 2.6. The problem of 

using ammonium peroxodisulfate is that protonated emeraldine salt, even some other acid 

anions are present, will be doped with sulfate anions. Consequently, the clam of some 

authors that under this conditions the polyaniline will be doped with used acid are very 

problematic [41, 42, 43, 44].  
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Figure. 2.6. Schematic presentation of the oxidation of aniline with ammonium 

peroxydisulfate in acidic medium [36, 40]. 

 

The most generalized polymerization mechanism of aniline was suggested by Wei 

et al. [45, 46] which schematic representation is shown in Fig. 2.7. According to the 

authors, the rate determining step in the polymerization of the aniline is the oxidation of 

aniline monomer to form dimeric species (i.e. p-aminodiphenylamine, PADPA, N-N9-

diphenylhydrazine and benzidine), because the oxidation potential of the aniline is higher 

than those of dimers, subsequently formed oligomers and polymer. After formation, the 

dimers are immediately oxidized and then react with an aniline monomer via an 

electrophilic aromatic substitution, followed by further oxidation and deprotonation to 

afford the trimers. This process is repeated, leading to the formation of polyaniline. 
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Figure 2.7. Mechanism of the aniline polymerization, proposed by Wei et al. [45, 46]. 

 

One of the astonishing observation given by Prof. A.G. MacDiarmid that ”there 

are as many different types of PANI as there are people who synthesize it.” [47]. 

Therefore, the way of synthesis decides the conductivity, band gap, chemical structure, 

polymerization mechanism and ease of attachment and detachment of different functional 

groups. Synthesis route also strongly affect corrosion behavior of polyaniline composite 

coatings [48]. Whether the conductive or non-conductive forms of PANI provide better 

corrosion protection remains unknown [49]. For example, Araujo et al. [50] reported that 

dedoped PANI, emeraldine base, did not have required properties for use in anti-corrosive 

coatings. After comparing emeraldine salt and emeraldine base coatings, Spinks et al. 

[51] decided that the emeraldine base coating provided improved protection from 

corrosion for steel. Talo et al. [52] and Dominis et al. [53] found that emeraldine base 

coatings offered improved corrosion protection than those based on a conductive, 

emeraldine slat, PANI form. In addition, Dominis et al. [53] described that the corrosion 

protection provided by emeraldine salt primers is strongly influenced by the type of the 

anion dopant. Meanwhile, Gasparac and Martin [54] found that the protective properties 

of PANI against corrosion remained independent of the doping level, and a completely 

undoped emeraldine base coating is equally capable of maintaining the potential of the 
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stainless steel substrate within the passive region. Armelin et al. [55, 56], first reported 

that a coating consisting of an epoxy paint modified with polyaniline salt dispersed in 

xylene provided the best protection against corrosion, even at very low polymer 

concentrations (0.3 wt%). After 1 year, the steel panels coated with the epoxy/emeraldine 

base formulation were better protected than those coated with emeraldine salts. These 

differences could be partially attributed to different conditions used for polyaniline 

synthesis. 

Hence, for the further studies, the standard procedure based on IUPAC 

recommendation should be applied [36].  

 

“Standard” preparation of polyaniline according to the IUPAC recommendation 

In this IUPAC project [36], participants followed the same instructions to oxidize 0.2 M 

aniline hydrochloride with 0.25 M ammonium peroxydisulfate in an aqueous medium. 

Aniline hydrochloride (purum; 2.59 g, 20 mmol) was dissolved in distilled water in a 

volumetric flask to 50 mL of solution. Ammonium peroxydisulfate (purum; 5.71 g, 25 

mmol) was dissolved in water also to 50 mL of solution. Both solutions were kept for 1 

h at room temperature (~18–24 °C), then mixed in a beaker, briefly stirred, and left at rest 

to polymerize. Next day, the PANI precipitate was collected on a filter, washed with three 

100-mL portions of 0.2 M HCl, and similarly with acetone. Polyaniline (emeraldine) 

hydrochloride powder was dried in air and then in vacuum at 60 °C. Polyanilines prepared 

under these reaction and processing conditions are further referred to as “standard” 

samples. Under this synthesis conditions samples shows very reproductibile 

characteristics like conductivity, UV-visible and FTIR positions of the peaks.  

According to this procedure, Stejskal et al. [57] investigated conductivity of 

different reprotonated polyaniline. They used protonated PANI obtained after the 

polymerization which was converted to a PANI base in excess of 1 mol L-1 ammonium 

hydroxide, and dried. The obtained conductivity of PANI base was 3 x 10-9 S cm-1. The 

portions of PANI base (1.81 g, 5 mmol based on the four constitutional units) were 

suspended in 40 mL of 1 mol L-1 aqueous acid solution (40 mmol of an acid), or in more 

concentrated acid when specified, for 24 h. The resulting product was collected on a filter, 

rinsed with acetone, and dried at room temperature in air and later in a desiccator. The 

acid concentrations used, and the pH of the acid solutions before the addition of PANI 
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base are listed in Table 2.1. The primary experimental results are represented by the 

conductivity of the reprotonated PANI, its density, water contact angle, and increase in 

mass after the reaction with an acid. 

Table 2.1. Acids used in the reprotonation of PANI base. The acid concentration in 

aqueous solution (molar concentration unless specified otherwise. S = saturated 

solution), , the corresponding pH, the conductivity of the resulting PANI, , the relative 

change in mass of the PANI, g/g, the density of the PANI, d, the water contact angle, 

, and derived quantities, such as the degree of protonation, x, and the relative volume 

change, V/V. [57] 

Acid CA 

mol L−1 

pH σ  

S cm−1 

Δg/g 

wt.% 

d 

g cm−3 

θ 

° 

x 

% 

ΔV/V 

% 

Tetrafluoroboric 50% – 1.22 18 1.418 44 37 4 

Tetrafluoroboric 1 – 0.80 12 1.374 46 25 2 

Sulfuric 5 <0 0.53 34 1.509 36 63 13 

Phospohoric 5 −0.86 0.50 50 1.557 43 92 25 

Methanesulfonic 5 <0 0.48 37 1.414 32 70 23 

Hydriodic 1 1.47 0.40 54 2.056 95 77 −11 

Hydrochloric 5 <0 0.39 16 1.340 42 80 8 

Sulfamica 5 0.35 0.38 24 1.387 34 45 13 

Hydrobromic 1 −0.09 0.34 25 1.478 72 56 6 

Hydrochloric 1 <0 0.33 15 1.337 52 75 8 

Sulfuric 1 <0 0.32 27 1.438 40 50 11 

Methanesulfonic 1 0.28 0.27 27 1.377 41 51 16 

Nitric 1 <0 0.23 18 1.380 48 52 7 

Hydriodic 5 0.90 0.14 50 2.046 87 71 −14 

Phospohoric 1 1.02 0.13 31 1.428 50 57 16 

Sulfamica 1 0.57 0.11 13 1.333 39 24 6 

Hydrobromic 5 −1.24 9.0 × 10−2 24 1.544 52 54 0 

Hydrofluoric 1 <0 3.9 × 10−2 −3 1.389 70 −27 −15 

Perfluorooctanesulfonic 40% 0.18 3.3 × 10−2 54 1.509 95 20 33 

Toluenesulfonic 1 0.50 3.0 × 10−2 27 1.275 54 28 25 

Dodecylbenzenesulfonic S – 1.2 × 10−2 30 1.224 76 17 32 

Camphorsulfonic 1 0.46 1.1 × 10−2 35 1.281 54 27 7 

Tartaric 1 1.62 1.1 × 10−2 27 1.352 61 33 18 

Picricb S 1.31 9.6 × 10−3 28 1.403 73 22 15 

https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn1
https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn1
https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn2
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Acid CA 

mol L−1 

pH σ  

S cm−1 

Δg/g 

wt.% 

d 

g cm−3 

θ 

° 

x 

% 

ΔV/V 

% 

Perfluorooctanesulfonic 5% 1.41 7.3 × 10−3 36 1.448 102 13 20 

Malic 1 1.60 6.8 × 10−3 7 1.279 47 9 4 

Phenylphosphonic 1 0.81 4.9 × 10−3 37 1.339 60 42 29 

Citric 1 1.51 4.4 × 10−3 26 1.301 54 22 21 

Acetic 99% −0.54 3.8 × 10−3 11 1.238 42 33 11 

Acrylic 100% −0.24 2.8 × 10−3 20 1.237 35 50 21 

Formic 100% – 2.8 × 10−3 (−6) 1.285 62 −24 −9 

Orthanilicc S 1.45 2.5 × 10−3 – 1.401 47 – – 

Hydrofluoric 5 <0 1.6 × 10−3 1 1.281 39 9 −2 

3,5-Dinitrosalicylic S 0.95 1.5 × 10−3 – 1.357 43 – – 

5-Sulfosalicylic 1 0.20 7.3 × 10−4 37 1.388 33 26 25 

Aminomethanesulfonic S 1.65 6.2 × 10−5 – 1.521 44 – – 

Tungstosilicic 5% 1.12 5.1 × 10−5 12 1.464 49 – – 

Sulfanilicd S 2.12 4.8 × 10−5 – 1.420 34 – – 

Formic 5 1.38 6.7 × 10−6 4 1.252 63 16 3 

Succinic S 2.48 5.9 × 10−6 – 1.266 65 – – 

Ascorbic 1 2.05 5.9 × 10−6 6 1.271 82 6 4 

Methacrylic 98% – 2.5 × 10−6 5 1.194 40 11 9 

Acetic 5 1.90 5.4 × 10−7 7 1.241 53 21 7 

Acrylic 1 2.17 1.9 × 10−7 (−3) 1.272 44 – 0 

Aspartic S 3.00 1.5 × 10−7 – 1.210 49 – – 

Formic 1 2.03 6.2 × 10−8 1 1.230 60 4 2 

Salicylic S 2.25 3.7 × 10−8 – 1.274 50 – – 

Barbiturice S 2.31 2.9 × 10−8 – 1.369 29 13 – 

Nafion 117 solution 5% 1.80 1.8 × 10−8 5 1.262 124 – 3 

Boric S 2.87 1.3 × 10−8 – 1.258 46 0 – 

o-Aminobenzoic S 3.61 8.2 × 10−9 – 1.278 40 8 – 

Oxalic 1 0.80 7.6 × 10−9 (−2) 1.252 74 – –3 

Acetic 1 2.51 7.1 × 10−9 0 1.228 59 0 1 

Benzoic S 2.59 4.6 × 10−9 – 1.238 41 – – 

Alanine 1 7.28 1.3 × 10−9 (−4) 1.221 47 – –2 

Glycine S 7.61 9.8 × 10−10 
 

1.212 46 – – 

https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn3
https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn4
https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn5
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Acid CA 

mol L−1 

pH σ  

S cm−1 

Δg/g 

wt.% 

d 

g cm−3 

θ 

° 

x 

% 

ΔV/V 

% 

Methacrylic 1 2.22 9.3 × 10−10 (−4) 1.232 45 – –1 

Phenylboronicf 1 – 4.8 × 10−10 (−1) 1.206 62 – – 

Taurineg S 4.78 3.6 × 10−10 – 1.366 46 – – 

(Water, no acid) – 6.50 1.8 × 10−10 – 1.206 55 – – 

a Aminosulfonic acid. 
b 2,4,6-Trinitrophenol. 
c o-Aminobenzenesulfonic acid. 
d p-Aminobenzenesulfonic acid. 
e 2,4,6-Trihydroxypyrimidine. 

 

The authors clearly connected pH of acid solutions used for reprotonation of 

polyaniline base with a conductivity of polyaniline as shown in Fig. 2.8 [57]. 

 

Figure 2.8. The dependence of the conductivity of reprotonated PANI bases on 

the pH of acid solutions [57]. 

 

  

https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn6
https://www.sciencedirect.com/science/article/pii/S1381514808000965#tblfn7
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2.2. Corrosion of the mild steel with composite polyaniline coatings 

 

 Polyaniline blend or composite coatings are usually considered to be the best 

choice for the application in corrosion protection of the steel. Explicitly, in such coatings, 

polyaniline is highly dispersed in some classical polymer [58]. Such system can provide 

many advantages in the application as anticorrosion coatings on steel. 

Talo et al. [52] investigated emeraldin base polyaniline/epoxy blend coatings on 

steel in 0.1 M HCl, 0.6 M NaCl and 0.1 M NaOH solutions, and found efficient protection 

in the latter two media even when a hole was drilled in the coating. These findings indicate 

that EB offered more than simple barrier protection. X-ray photoelectron spectroscopy 

(XPS) revealed a passive film of Fe2O3/Fe3O4 is formed on the metal surfaces, suggesting 

the protection was anodic. 

Corrosion protection of the mild steel by PANI-HCl containing paint (0.1-20 

wt.%) was studied by Samui et al. [59]. Corrosion protection studies were conducted 

under both atmospheric and saline water conditions. The paints have shown appreciable 

corrosion protection properties at a relatively low thickness (80 ± 5 μm). In accelerated 

weathering test, painted mild steel panels did not undergo any corrosion after 1200 h of 

exposure. Humidity cabinet, salt spray and saline water exposure studies revealed that 

lower PANI-HCl containing paint protected mild steel better compared to that containing 

higher PANI-HCl. Potentiodynamic measurement in 3.5% sodium chloride solution has 

also shown more noble characteristics of lower PANI-HCl loaded paint. Water vapor 

permeability of lower PANI-HCl containing paint was very low which indicates its 

superior barrier properties. The barrier property contributes appreciably towards 

corrosion resistance of the PANI-HCl containing paint films. The paint system has shown 

appreciable corrosion resistance without any top barrier coat. Adhesion strength of paint 

on mild steel surface was found to be fairly good during the exposure and remains 

unaffected even after the onset of corrosion compared to that containing higher PANI-

HCl.  

Anticorrosion performances of polyaniline emeraldine base/epoxy resin (EB/ER) 

coating on mild steel in 3.5% NaCl solutions of various pH values were investigated by 
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electrochemical impedance spectroscopy (EIS) for 150 days by Chen et al. [60]. They 

found that in neutral solution (pH 6.1), EB/ER coating of 20 μm offered very efficient 

corrosion protection with respect to pure ER coating, especially when EB content was 5–

10%. The impedance at 0.1 Hz of the coating increased in the first 1–40 immersion days 

and then remained constant above 109 Ω cm2 until 150 days, Fig 2.9, which in 

combination with the observation of a Fe2O3/Fe3O4 passive film formed on steel 

confirmed that the protection of EB was mainly anodic. In acidic or basic solution (pH 1 

or 13), EB/ER coating also performed much better than pure ER coating. However, these 

media weakened the corrosion resistance due to the breakdown of the passive film or 

deterioration of the ER binder. 

 

Figure 2.9. Evolution of |Z|0.1 Hz with immersion time in 3.5% NaCl solution for steel 

coated with ER coating (○), EB/ER coatings with EB contents of 1% (▲), 3% (∆), 5% 

(●), 7% (◊), 10% (■), 13% (□) and 15% () [60]. 

 

Incorporation of polyaniline (PANI) in epoxy type powder coating formulations 

was investigated by Radhakrishnan et al. [61]. Using the specific grade of PANI with low 

doping degree, it can be incorporated in the epoxy powder coating formulations by twin 

screw extrusion process. The powder formulations were deposited on steel substrates by 

electrostatic spray coating at 60 kV and baked at 140 oC for 20 min. These samples were 

extensively tested for corrosion resistance by exposure to hot saline conditions, Fig. 2.10, 

followed by electrochemical impedance spectroscopy and also salt spray testing.  
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Figure 2.10. Tafel plots for intentionally scratched epoxy powder coating  

and exposed to hot saline conditions [61]. 

 

PANI incorporated coatings showed no deterioration even after 1400 h of hot (65 

oC) saline treatment [61]. The coatings intentionally scratched also exhibited self-healing 

properties and no rust formation was observed even after prolonged exposure to hot saline 

conditions, Fig. 2.11. These results could be explained on the basis of additional 

crosslinking due to PANI, as confirmed by DSC results, which gave rise to improved 

barrier property and self-healing was associated with the scavenging of ions by PANI 

which prevented corrosion of the underlying substrate. 

 

Figure 2.11. Photographs of the surface of epoxy coatings (left) and PANI modified 

epoxy coating subjected to salt spray tests after 700 h [61]. 
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The epoxy coating with the phosphate doped polyaniline (1%) was able to offer 

protection in saline and acid media [62]. Phosphate doped polyaniline has been prepared 

by a chemical oxidative method using ammonium persulphate as the oxidant. FTIR study 

has shown that phosphate dopant is present as H2PO4 − ion in polyaniline. Conductivity 

measurements indicated that the polymer has got good conductivity. The coating on steel 

has been found to be more protective in 3% NaCl and 0.1 M H3PO4 than in 0.1 M HCl. 

 

Armelin et al [55, 56] investigated the influences of PANI emeraldine base (EB) 

and salt (ES) in an epoxy paint. In 2008 they reported that “The coating constituted by 

the epoxy paint modified with Pani-ES dispersed in xylene provided the best corrosion 

protection, even under very low conducting polymer concentration (0.3 wt%)” Fig. 2.12. 

[55].  

 

Figure 2.12. Test panels of epoxy paint without conducting polymer (control) and paint 

modified with PAni-ES (0.3%) before (a, f) and after 120 h (b, g), 240 h (c, h), 480 h (d, 

i), and 720 h (e, j) of exposure in 3.5% NaCl solution. Scale bar: 9 mm [55]. 

 

After one year, the same authors [56] concluded the following “Accelerated 

assays using an aggressive saline solution reveals that the panels coated with the epoxy 

+ PAni-EB formulation are significantly more resistant against corrosion than those 
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protected with the unmodified epoxy paint”. Thus, results in evidence that PAni-EB is 

very effective in inhibiting corrosion. Furthermore, the epoxy + PAni-EB formulation 

provides more protection than the epoxy + PAni-ES and the epoxy + Zn3(PO4)2, Figs. 

2.13 and 2.14. These results combined with those obtained for other epoxy coatings 

containing conducting and electroactive polymers as anticorrosive additives indicate that 

the protection mechanism of PAni-EB is based on the ability of this polymer to store 

charge (molecular condenser). Moreover, as the highest protectionwas imparted by epoxy 

+ PAni-EB paint, we concluded that the mechanism based on the electroactivity of 

partially oxidized polymers is more effective than that based on the interception and 

transport of electrons. Finally, the comparison between the performance of the epoxy + 

PAni-EB and epoxy + Zn3(PO4)2 suggests the replacement of the conventional inorganic 

corrosion inhibitors by a small concentration of PAni-EB”. 

 

Figure 2.13. Test panels of epoxy, epoxy + PAni-EB and epoxy + Zn3(PO4)2 before and 

after 120, 240, 480 and 720 corrosion cycles [56]. 
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Figure 2.14. Scrapped test panels of epoxy, epoxy + PAni-ES, epoxy + PAni-EB and 

epoxy + Zn3(PO4)2 after 720 corrosion cycles [56]. 

Diniz et al. [63] investigated organic coatings based on the epoxy and 

polyurethane matrices containing polyaniline doped with dodecyl benzene sulfonic acid. 

Pani-DBSA were prepared and applied to steel plates (SAE 1020). The plates were 

submitted to salt spray chamber for up to 30 days in order to evaluate the corrosion 

protection of these coatings. The properties of the coated plates were analyzed as a 

function of time by electrochemical impedance spectroscopy, open circuit potential, 

optical microscopy, and Raman spectroscopy. In general, results indicate a decrease in 

the electrical resistance, increase in capacitance and decrease in open circuit potential. 

Epoxy based coatings have improved performance when Pani-DBSA is used as a 

pigment, Fig. 2.15, whereas for the polyurethane coatings, Pani-DBSA seems to play an 

adverse effect. Raman spectroscopy indicates a possible chlorination of the epoxy matrix 

after 30 days exposure to salt spray chamber.  

 

Figure 2.15. Photograph of a plate coated with a polyurethane containing 0.1% Pani-

DBSA. Left-fresh plate, right-plate after 30 days of salt spray chamber accelerated 

corrosion essay [63]. 
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Sakhri et al. [64] investigated the corrosion protection behavior of mild steel in 

neutral saline conditions (salt spray/immersion) by using coatings based on chlorinated 

rubber and benzene-sulfonate (BS) or lignosulfonate (LS)–doped polyaniline (PANI). 

Standardized accelerated (salt spray) and immersion tests were performed to assess the 

protective performance of the coatings. Analysis and interpretation of the experimental 

data (i.e., EIS, potentiodynamic data and visual observations) showed that both PANI–

BS and PANI–LS inhibit corrosion of painted steel exposed to a 3.5% NaCl solution, Fig. 

2.16.  

 

Figure 2.16. Photograph of the painted steel panels with no PANI with 3% PANI–LS1 

and with 3% PANI–LS2 pigment after 80 days of exposure in 3.5% NaCl solution [64]. 

 

Among the tested concentrations (0.5, 1.5 and 3 wt.%), the greatest inhibition was 

observed at a low concentration of PANI–BS (0.5%). Samples with higher PANI–BS 

loadings (1.5 and 3%) appear severely corroded after 560 h of salt spray exposure, which 

was related to the release of corrosive benzene sulfonic acid. On the contrary, the coatings 

with lignosulfonate doped PANI performed well both in the salt spray and immersion 
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tests, especially at the highest PANI concentrations (1.5 or 3%). With regard to the 

healing properties, PANI–LS with the lowest conductivity (1 S cm-1) showed the best 

characteristics. 

Ge et al. [65] prepared PANI nanofibers using four kinds of different dopant acids 

by the quickly mixed reaction. The best morphology with a uniform diameter and several 

microns length was observed, especially in H2SO4. The study also found that the curing 

time of epoxy resin could be delayed by adding PANI. Morphology and counter-anion 

would impact the anticorrosion effect of the doped PANI. It was observed that H3PO4-

doped PANI showed the best protective effect 0.5 wt.%, followed by H2SO4-doped PANI, 

and then by HNO3-doped PANI and HCl-doped PANI, as can be clearly seen from the 

EIS and polarization data in 3.5% sodium chloride solution, shown in Fig. 2.17 and 

extrapolated corrosion parameters are shown in Table 2.1.  

 

Figure 2.17.  EIS plots (a) and Tafel polarization curve (b) of epoxy coating mixed with 

different PANI 0.5 wt.% after being immersed for 3 months in 3.5% sodium chloride 

solution [65]. 
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Table 2.2. Fitting values of Tafel curve of different composite coatings  

after being immersed for 3 months in 3.5% sodium chloride solution [65]. 

Acid kinds HCl HNO3 H2SO4 H3PO4 

E corr (mV) −652 −437 −127 −31 

I corr (A/cm2) 1.17510−4 8.53210−5 9.09010−6 8.83010−6 

 

 

Alkyd-based coatings are described to exhibit good adhesion, durability, 

flexibility, and high resistance [66] Oil-based alkyds are one of the most widely used 

industrial protective coating materials due to their color stability, low cost, and 

exceptional weatherability in most environmental situations [67].  

Bhanvase et al. [68] dispersed PANI and PANI–CaCO3 nano-composite in alkyd 

resin in different percentages. The structure and morphology effect of adding PANI and 

PANI–CaCO3 nano-composite on the anticorrosion and mechanical properties of alkyd 

resin were discussed. The results showed that PANI–CaCO3 resulted in an enhanced 

adhesion of alkyd resin to the metal substrate, an improvement in the impact strength of 

composite alkyd coatings, and a decreased corrosion rate of PANI–CaCO3 alkyd resin. 

These results were attributed to the synergistic effects of PANI and nano-size CaCO3. 

Marti et al. [69] examined the performance of four anticorrosive pigments used in 

alkyd primer. Very small weight percentages of PANI showed good dispersion in organic 

solvents such as xylene and organochloride and provided greater protection to the matrix 

than other conducting polymers or zinc phosphate. Specifically, the four corrosion 

inhibitors used in this work were: zinc phosphate (10 wt.%), PAni-EB (0.3 wt.%), PAni-

ES (1.0 wt.%) or PTE-a partially oxidized polythiophene (1.0 wt.%). Among the three 

CP-containing formulations, the Alkyd-PET was found to impart the highest protection 

against corrosion, as can be seen in Fig. 2.18. This has been attributed to the fact that the 

PTE eco-friendly additive shows better miscibility properties with the alkyd formation 

than PAni-ES and PAni-EB. Therefore, it is suggested that PANI-ES and PTE could be a 

satisfactory substitute for classical zinc-containing corrosion inhibitors. 
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Figure 2.18. Scrapped test panels of the alkyd panels after (a) 120, (b) 240 and (c) 480 

corrosion cycles in NaHSO3 aqueous solution [69]. 

 

Bagherzadeh et al. [70] investigated the anticorrosion performance of a two 

components water-based epoxy coating system is improved by using the nanopolyaniline 

(nanoPAni) particles. The purchased nanopolyaniline which was dispersed in water was 

mixed mechanically with the water-based polyamidoamine hardener of the epoxy system 

using ultrasonic homogenizer. The average particle size of the polyaniline in hardener 

was determined using dynamic light scattering technique (DLS). Results revealed that the 

particles were in the range of 50–57 nm. After combining the prepared sample with the 

DGEBA epoxy resin, the finished coating was applied on steel substrates. Anticorrosion 

performance and adhesion properties of coating which contained nanoPAni were 

compared to the model water-based epoxy coating with the help of salt spray and adhesion 
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tests. Results showed that anticorrosive performance of the model water-based epoxy 

system improved dramatically by adding only 0.02 wt.% nanoPAni. However in contrast 

to model coating, adherence of PAni-epoxy coating to steel plates was remained constant 

after their exposure to the corrosive media. The surfaces of steel samples coated with the 

model water-based epoxy coating and the coatings containing nanoPAni after 650 h 

exposure to the salt spray medium are shown in Fig. 2.19. 

 

Figure 2.19. The surfaces of steel samples coated with the model water-based epoxy 

coating and the coatings containing nanoPAni after 650 h exposure to the salt spray 

medium [70]. 

 

The anticorrosion performance of plasticized chlorinated rubber coated mild steel 

sheets incorporating polyaniline emeraldine salt or zinc phosphate as active pigments 

were compared using salt spray and immersion in 3.5% NaCl solution was investigated 

by Sakhri et al. [71]. The results obtained by different electrochemical methods indicate 

the superiority of polyaniline in comparison with zinc phosphate in terms of corrosion 

protection. The time of the emergence of the first rust spot in 3.5% NaCl solution for the 

film containing 1.5 wt% polyaniline reach 960 h, which is six times higher than that of 
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the film without polyaniline. The effect of the amount of PANI was also studied 

comparing the corrosion behavior of CR coatings with different loadings of PANI (CR-

H1 0.5 wt%, CR-H2 1.5 wt%, and CR-H3 3 wt%). The polarization curves in 3.5 % NaCl 

are shown in Fig. 2.20., while the photograph of the painted steel panels after 80 days of 

exposure in 3.5% NaCl solution (scale bar: 1 cm) is shown in Fig. 2.21. 

 

Figure 2.20. Potentiodynamic polarization curves of the CR paint without and with 

anticorrosion pigments after 40 days of immersion in 3.5% NaCl solution [71]. 

 

 

Figure 2.21. Photograph of the painted steel panels after 80 days of exposure in 3.5% 

NaCl solution (scale bar: 1 cm) [71]. 
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2.3. Possible mechanisms of the mild steel corrosion protection 

       with polyaniline composite coatings 

 

Because of the doubt about the role of the electroactive forms of polyaniline in the 

corrosion protection, different mechanisms of protection has been proposed [32, 33, 72]. 

Anticorrosion mechanisms for PANI-based coatings are considered to be quite complex. 

The morphology and composition of PANI, type of matrix resin, local pH, humidity, 

galvanic activity, corrosive environment, and test method affect the rate of corrosion; all 

of these factors are regarded as important parameters [73].  

The main problem arises due to the fact that many studies have been carried out using 

a wide variation of experimental procedures, causing difficulties in trying to compare the 

results. In particular, the surface preparation, the coating deposition method, the corrosion 

environment and the test method, can be very different from one study to another study. 

However, an effort has been made in this study to classify the corrosion protection 

mechanism. The possible mechanisms of corrosion protection of PANI on steel are 

essentially of following types [32]: 

 Barrier properties (involving a physical action) 

 Corrosion inhibition (involving a chemical action) 

 Anodic protection (involving an electrochemical action) 

 Complex formation effect (involving an electrochemical action) 

 

2.3.1. Barrier properties 

Organic coatings in general (including coatings with ICP’s as PANI) can protect 

metal substrates against corrosion following a general mechanism [74, 75]. It is well 

established that most of the organic coatings with barrier effect permits the oxygen and 

water diffusion in quantities lower than the necessary amount for the corrosion rate 

measured on bare metal. By the additions of polyaniline in the coatings, the diffusion 

length of the water and oxygen are increased, as schematically shown in Fig. 2.22, so 

prolonged anticorrosion protection is expected. 
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Figure 2.22. Schematic representation of corrosion medium following paths through a 

classical coating and a composite coating [76]. 

 

2.3.2. Corrosion inhibition 

The presence of organic compounds close to the metal surface in principle could 

affect both anodic and cathodic corrosion reactions [74]. In this case, the organic 

compound is called inhibitor. Organic inhibitors are usually designated to act as film 

forming, protect the metal by forming a hydrophobic film on the metal surface. In this 

way, the corrosion rate is influenced. Their effectiveness depends on the chemical 

composition, their molecular structures, and their affinities to the metal surface. However, 

this behavior is not expected for PANI, because after polymerization the mobility of the 

molecular chains is strongly reduced. The only possible inhibition effect is indirect and it 

is related to the released counter ions in doped PANI. 

 

2.3.3. Anodic protection 

Anodic protection is a corrosion protection strategy based on an anodic 

polarization by controlling the potential in a zone where the metal tends to be passive. In 

other words, it is an approach favoring passivity and stabilization. For this reason, it can 

be used only for materials having passivation possibility. Iron (steel) can passivate, as 

shown in Pourbaix diagram, Fig 2.23 [77].  
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Figure 2.23. Pourbaix diagram for steel in water. The stable regions for PANi–ES and 

EB are superimposed on the stable regions for iron. Dashed lines (a) and (b) represent 

the reduction potential for oxygen (in water) and hydrogen ions, respectively [77]. 

 

From Fig. 2.23 it can be deduced that near neutral or alkaline pH is necessary to 

promote passivation. This aspect must be considered carefully because it can be in 

conflict with PANI’s pH stability. In other terms, to have an anodic protection action it is 

necessary to have a system in which both the passivation layer and the ICP based coating 

(PANI) are stable. The general anodic protection mechanism of ICP is the following: 

 

1/n M + 1/m CPm+ + y/n H2O → 1/n M(OH)y
(n‐y)+ + 1/m CP0 + y/n H+ 
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(where M is the metal (steel) and CP any electroactive conductive polymer), and 

m/4 O2 + m/2 H2O + CP0 → CPm+ + mOH‐ 

 

Many authors have tried to prove this mechanism by using different experimental 

approaches: open circuit potential measurements, metal surface analysis to identify the 

oxide layer and surface analysis of ICP’s to identify its oxidation state. Some authors 

reported an increase of the OCP (moving to anodic direction) of steel coated with CP in 

comparison with bare steel (ennobling). Considering that the passivation potential of steel 

is expected to be between 0.5 and 1 V SCE, the observed ennobling can be an indication 

of passivation. However, it is important to keep in mind that the passivation potential is 

in general dependent on the local environment (pH, oxygen concentration, chlorides, etc.) 

normally unknown close to the corroding area.  

Ennobling is a necessary condition for anodic protection, but it is not sufficient 

since the OCP of coated steel is often increased also for barrier coatings because of the 

different corrosion conditions (concentration polarization and ohmic drop). In addition, it 

has been proven that PANI can modify the steel surface conditions (electrochemical 

studies of bare steel and bare steel obtained after removal of the PANI layer exposed to 

the electrolyte). These results have been obtained using different techniques, as 

impedance measurements (charge transfer resistance), visual observation (change of 

color), XPS analysis (formation of Fe2O3, Fe3O4), mass spectroscopy, etc. It is important 

to remember that surface conditions depend on the PANI form, EB (emeraldine base) or 

ES (emeraldine salt). Wessling [78] considered that the formation of the passive film is 

due to catalytic oxide-redox reactions. He reported the catalytic passivation mechanism 

of PANI to iron, as shown in Fig. 2.24. ES was an intermediate in the oxidation of aniline, 

and LS (leucoemeraldine state) was the reduction state of polyaniline. The theory pointed 

out that the dense oxide film kept the metal the passivating region and decreased the 

corrosion rate of iron. But the existence of Fe3+ is possible only under highly acidic media, 

so the first step in the reaction mechanism is disputable. 
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Figure 2.24. Description of the catalytic passivation of iron by PANI [78]. 

 

Based on all these results and considerations, a conclusion can be drawn: anodic 

protection is a possible corrosion protection mechanism for PANi on steel, under 

specific restrictive conditions, i.e., the presence of PANI in the ES form and the presence 

of balancing-counter anions. 

 

2.3.4. Complex formation effect 

The main theme of complex formation effect is that the redox reaction, which 

occurs at the interface between iron and PANI, will generate a complex compound. The 

oxidation potential of the complex is higher than that of pure PANI, and it promotes the 

reduction of oxygen, which results in compensating the charge consumed by the 

dissolution of iron. Complex formation effect can maintain the potential of iron in the 

passivation region to be stable. Mohammad et al. [79] produced PANI–PS core-shell latex 

microspheres through the adsorption of suspension polymerization method. They 

assumed the mechanism was one in which PANI and iron generated a complex at the 

metal interface. The oxidized PANI–PS can react with a ferrous or ferric ion to yield 

corrosion-protective Fe–PANI complex, according to the proposed reaction: 

(n/m)Fe + [PANI]n+ → (n/m)Fem++[PANI]0 → (Fe)n/m[PANI] 

where m = 2 or 3.  

During this process, the metal is protected and PANI is reduced. By comparing 

FTIR spectra of the area before and after the corrosion test, Kamaraj and other researchers 
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[80, 81, 82] considered that the complex film was formed by the interaction between 

metals and PANI composites. 

2.3.5. Other mechanisms and factors 

A further critical issue in the PANI corrosion protection mechanisms is the role 

of counter ions [83]. It has been already established that we need the ES form (salty form) 

to have conductive PANI and in this case, we need negative counter ions. The release of 

anions during redox processes could affect the corrosion rate, both promoting corrosion 

if the ions are aggressive (as chlorides) or reducing the corrosion rate by complexation 

with Fe ions and causing a precipitation of insoluble salts (pseudo‐passivation). This 

possible mechanism is very important in the case of contemporary presence of other ions 

because of the formation of complex insoluble salts. Additionally, some released ions 

could act as inorganic or organic corrosion inhibitors.  

Recently Grgur et al. [48], suggested that in the composite PANI-benzoate 

coatings, the PANI might serve as a center for oxygen reduction reactions followed two 

electron pathway. These processes prevent the penetration of corrosion agents (O2) into 

the metal surface, as illustrated in Fig. 2.25. Therefore, the polyaniline acts as an active 

barrier. The polyaniline might be partially reoxidized and doped with chloride ions during 

oxygen reduction or by the released hydrogen peroxide. Notably, using increased 

amounts of the PANI powder in a composite provides better contact between the 

individual particles obtained, increasing the redox ability of the active pigment. 

 

Figure. 2.25. Schematic representations of corrosion processes with polyaniline 

composite coatings [48]. 
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Authors [48] also shows that best protection against corrosion possess, among chemically 

(C) and electrochemically (EC) formed emeraldine salt (ES) and bases (EB), chemically 

synthesized polyaniline in emeraldine salt form, as it can be seen from Fig. 2.26. 

 

Figure 2.26. Comparison of the samples (4 cm × 6 cm) after treatment  

in a humid chamber for 5 days [48]. 
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2.4. Methods for polyaniline characterization and corrosion determination 

 

2.4.1. UV visible spectroscopy study of polyaniline 

Ultraviolet-Visible absorption spectroscopy is the measurement of the attenuation 

of the beam of light after it passes through a sample or after reflection from a sample 

surface. UV-Vis includes transmittance, absorption and reflection measurements in UV, 

visible and Near Infra-Red region [84]. Schematic presentation of the UV-visible for 

measuring absorption is shown in Fig. 2.27. 

 

Figure 2.27. Schematic of UV- visible spectrophotometer. 

 

The method is most often used in a quantitative way to determine concentrations 

of an absorbing species in solution, using the Beer-Lambert law: 

A = log(I0/I)= cL        (2.1) 

where A is the measured absorbance (in Absorbance Units (AU)), I0 is the intensity of the 

incident light at a given wavelength, I is the transmitted intensity, L the path length 
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through the sample, and c the concentration of the absorbing species. For each species 

and wavelength, ε is a constant known as the molar absorptivity or extinction coefficient. 

This constant is a fundamental molecular property in a given solvent, at a particular 

temperature and pressure. 

 

The absorption of UV radiation by organic compounds in the visible and 

ultraviolet region involves promotion of electrons in σ, π and n-orbitals from the ground 

state to higher energy state. These higher energy states are described by molecular orbitals 

that are vacant in the ground state and are commonly called anti bonding orbitals. The 

anti bonding orbitals associated with σ bond is called the σ* orbital and that associated 

with π bond is called the π* orbital. As the n electrons do not form bonds, their 

antibonding orbitals are not associated with them. The electronic transitions that are 

involved in the UV and visible regions are of various types viz; σ → σ*, n → π*, π → π*. 

Transitions to antibonding π* orbitals are associated only with unsaturated centers in the 

molecule. Compounds containing isolated double bond absorb in the range 162 nm to 190 

nm, whilst conjugated molecules (those containing single and double bonds) absorb 

above 210 nm. Extension of conjugated systems intensifies the absorption peaks and shits 

it further to the higher wavelengths, towards the visible spectrum. This technique not only 

provides information about the different bonding but also is an excellent tool for 

determining the band energy, which is an important parameter used in investigating the 

conduction mechanism in the organic conductors. 

 

The UV-vis spectroscopy is very useful tools for characterization of the 

polyaniline. For examples Flavel et al. [85], investigated UV-Vis spectra of both adsorbed 

emeraldine salt and emeraldine base, shown in Fig. 2.28. The spectra for the un-protonated 

emeraldine base (dedoped) shows two absorption peaks at 340 and 602 nm, which are due to 

the π – π* transition of the benzenoid rings and the exciton absorption of the quinoid rings, 

respectively. In the case of the protonated emeraldine salt (doped states), three absorption 

peaks at 360, 430 and 796 nm are distinguishable with the absorption at 602 nm observed for 

the emeraldine base disappearing, indicating a protonation of the imine sites. The peak at 340 

nm for the emeraldine base is red-shifted to 360 nm and the new peaks at 430 and 796 nm are 
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related to a doping level and the formation of a polaron band transition. Furthermore, the peak 

at 430 nm is a result of a polaron–bipolaron transition. 

 

 

 

Figure 2.28. UV-Vis spectra of polyaniline films deposited for 50 minutes in the a) non-

conducting and b) conducting forms [85]. 

 

 

Similar results are presented by Xu et al. [86] showing the UV-vis spectra of PFOS 

(perfluorooctanesulfonic acid)-doped PAni and dedoped PAni fibers, Fig. 2.29. The 

doped form of PAni fibers exhibits a peak maximum at 450 nm and a broad band at around 

950 nm assigned to the polaron band transitions [87] indicating that the as-prepared PAni 

is in conducting emeraldine salt form. The dedoped form of PAni fibers has absorbance 

peak maxima at 335 and 635 nm, which agrees well with those of the emeraldine base 

form of PAni [88]. It should be mentioned that the exact position of the band maximum 

depends on the polyaniline structure and used solvents. 

 



35 

 

 
 

Figure 2.29. UV-vis spectra of sub-micron polyaniline fibers dispersed in acetonitrile: 

a) doped polyaniline (solid line); (b) de-doped polyaniline (dotted line) [86]. 

 

 

Sk and Yue [89] investigated PANI dispersions in the water.  The UV–visible spectra 

of the doped polyaniline nanotubes are recorded by dispersing in a water. The spectra, Fig. 

2.30 revealed two main characteristic absorption peaks at approximately 312 nm and 452 nm.  
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Figure 2.30. The UV–vis spectra of the doped PANI dispersed in water [89]. 

 

 

The first one is due to a π–π* transition at 312 nm in the benzenoid rings and the second 

one is assigned as a polaron band (polaron–π* transition) at 452 nm. A broader peak at a higher 

wavelength near 800 nm corresponded to the π-polaron transition. It is demonstrated that the 

PANI chains are in the doped state. The polaronic transitions (polaron-π* and π-polaron) 

clearly indicate the presence of charge carriers in the polymer chain, the π–π* transition arose 

from neutral benzenoid segments. Moreover, the proportions of the absorbance of the 

polaronic band to that of the π–π* band are estimated, which provided a measure of the average 

oxidation level of the PANI nanostructure. It is apparent from Fig. 2.30 that the absorbance 

peak intensity ratios of A452 nm/A312 nm and A800 nm/A312 nm are higher than one, which reveals that the 

PANI nanotubes appeared to be in the higher oxidation level. 

 

Optical absorption spectra of polyaniline dispersions in aqueous media have been 

also investigated by Stejskal et al. [90]. They prepared polyaniline dispersions by the 

oxidative polymerization of aniline in the hydrochloric acid using ammonium persulfate. 

http://pubs.rsc.org/-/content/articlehtml/2014/ta/c3ta14309k#imgfig3
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From the spectra shown in Fig. 2.31 it can be seen that three absorption maximums 

at 350, 430 and 810 nm are typical of the protonated form of PANI dispersion in a slightly 

acidic region (, pH = 4 to 7). The individual bands are separated by isosbestic points 

where spectra intersect. However, these points are unclear and messy.  

 From Fig. 2.28, it can be clearly seen that with increasing pH or polyaniline 

dedoping the adsorption maximum at 350 nm increase, while at 430 nm decrease. 

 

Figure 2.31. Absorption spectra of PANI dispersion and their changes in the 

intermediate range of pH. Isosbestic regions are marked by arrows. The spectrum for 

pH=8 is the dashed line. Concentration of PANI salt, 8.510-5 g/ml [90].  

 

Lindfors et al. [91] presented the more detailed study of the optical pH 

measurements with a water dispersion of polyaniline nanoparticles and their redox 

sensitivity by the characterization of the emeraldine salt-emeraldine base transition. The 

UV-visible spectra of the PANI water dispersion, which are measured after an 

equilibration time of 10 (pH 2-12) and 30 min (pH 7-10), are shown in Figs. 2.32a and b. 

The spectra are measured with pH intervals of ∆pH = 0.25 between pH 6 and 10. Only 

very small time-dependent changes are observed in the UV-visible spectra between pH 2 

and ∼8.5, while more pronounced time-dependent changes are observed between pH 8.75 

and 9.75. It can be expected that the EB-ES transition mainly takes place in this pH 
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interval. The UV-visible spectrum recorded at pH 2 is typical for the electrically 

conducting emeraldine salt form of PANI with characteristic absorbance maximums at 

∼415 and 757 nm associated with polaron band transitions (Fig. 2.32a). The somewhat 

narrow band with a peak at 757 nm designates a localized charge distribution in the PANI 

chains. The nonconducting emeraldine base form has a characteristic absorbance 

maximum at 568 nm (pH 10). The spectra measured between pH 2 and 9 show two rather 

well-defined isosbestic points at ∼450 and ∼685 nm indicating that the emeraldine salt 

form is transformed directly to the emeraldine base form. Deviations from the isosbestic 

points are observed at higher pH values. It should also be noted that the color of the PANI 

solution became dark blue-violet at pH 11 and 12 (dark blue at pH 10), indicating the 

presence of a small amount of the pernigraniline (PNB) impurities (violet) in the PANI 

water dispersion. It can be concluded based on the UV-visible measurements that the ES-

EB transition of the PANI water dispersion takes place between pH 6 and 10 and the most 

pronounced changes in the absorbance spectra are observed at ∼400-420, ∼530-600, and 

∼750-840 nm 

 

Figure 2.32. UV-visible spectra of the PANI water dispersion in pH buffer solutions. 

(a) pH 2-12, equilibration time: 10 min.  (b) pH 7-10, equilibration time: 30 min. The 

UV-visible spectra were measured with ΔpH = 0.25 between pH 6 and 10 [91]. 
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2.4.2. The determination of the corrosion current densities by the electrochemical 

measurements  

 

In contrast, with pure electrochemical reaction which consists only of one oxido-

reduction reaction on the same place [92]:  

 

Ox +ne = R         (2.3) 

 

in the corrosion reaction participated minimum two reactants: 

 

anodic reaction:    M + ne = Mn+      (2.4) 

cathodic reaction:   R = Ox +ne      (2.5) 

 

with different electrochemical behavior.  

From that reasons, the corrosion is treated on the basis of mixed potential theory, 

where minimum two reactions simultaneously occur, but the total net current equal to 

zero. The net current density can be given as differences of anodic and cathodic current 

densities: 

 

, ,

0 0,

( ) ( )
| | exp exp

a r a c r c

a c c

F E E F E E
j j j j j

RT RT

     
       

   
  (2.6) 

 

where symbol “a” denotes anodic half reaction and “c” cathodic half-reaction. 

When the actual potential is equal to the corrosion potential, E = Ecor, it follows that   jA 

= jC = jcor 
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or: 
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and it follows that: 
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The expression for total corrosion current density is given as: 
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or as: 
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 In the Fig. 2.33 situation explained above is graphically presented. 
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Figure. 2.33. Graphical presentations of the polarization curves of the corrosion 

processes [92]. 
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The corrosion current density can be obtained from the Tafel diagrams of real 

polarization curves, shown in Fig. 2.34. as the intercepts of anodic and cathodic lines with 

corrosion potentials. 
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Figure 2.34. The determination of corrosion current density  

from the Tafel diagram [92].  

If the Eq. 2.11: 
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develop in the Taylor series, it can be shown that near the corrosion potential (linear 

polarization region) the following approximating exist: 
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from which corrosion current density can be obtained: 
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         (2.13) 

 

Rp, Ω cm2, is called polarization resistance 

 

As an example, in Fig. 2.35, the Tafel diagram for the corrosion processes, taking 

that Ecor= –0,05 V, jcor = 110-5 A cm-2, a ba = bc = 0,120 V dek-1. In the inset of the figure 

the linear polarization region is shown, from which the value of the polarization resistance 

of Rp = 2150 Ω cm2 is determined. From Eq. 2.13 the corrosion current density of 1.2 

10-5 A cm-2, is calculated which is practically identical value as determined from the 

Tafel diagram. Therefore, the polarization resistance is a direct measure of the corrosion 

rate. 
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Figure 2.35. The determination of the corrosion current density from the linear 

polarization region [92]. 

 

 In the case when the cathodic reaction is under diffusion limitation, cathodic 

current is equal to the limiting diffusion current density, jL, and Eq. 2.13 can be divided 

into: 
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The procedures of the linear polarization measurement are well elaborated in the ASTM 

standard ASTM Designation: G 59 – 97 [93]. 

 

 

 

2.4.3. The 1,10-phenanthroline spectroscopic determination of the iron 

 The best way for the corrosion determination is a quantitative determination of 

the corroded iron in the solution. One of the methods is based on the standard test method 

for iron in trace quantities using the 1,10-phenanthroline method, defined by the ASTM, 

Designation: E 394 – 00 standards [94]. 

In this procedure, the amount of iron present in a sample is quantitated by first reacting 

the iron with 1,10-phenanthroline to form a colored complex and then measuring the 

amount of light absorbed by this complex. The iron reacts with 1,10-phenanthroline and 

forms colored complex according to the reaction shown in Fig. 2.36. 

 

Figure 2.36. Reaction of Fe2+ with 1,10-phenanthroline. 
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To form a complex, the iron must be first reduced to its ferrous (Fe2+) state, 

because Fe3+ does not form a colored complex. This is usually done by reacting the iron 

with hydroxylamine hydrochloride (NH2OH HCl) by the following reaction [95]: 

 

2Fe3+ + 2 NH2OH + 2OH-  2Fe2+ + N2 + 4H2O    (2.15) 

 

The pH is adjusted to a value between 6 and 9 by addition of an ammonia or 

sodium acetate buffers. Once a colored complex is formed, the wavelength of light which 

is most strongly absorbed is found by measuring the absorbance at various wavelengths 

between 400 - 600 nm. The maximum usually lies at 508 nm as can be seen from Fig. 

2.37 [96]. 

 

Figure 2.37. Absorption spectra of Fe(II)-1,10-phenanthroline complex [96]. 
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After the most suitable wavelength is determined, a series of iron standards is 

measured at this wavelength and a calibration plot of absorbance vs. concentration is 

prepared. The absorbance of the unknown sample is measured and the calibration curve 

is used to calculate the concentration of iron in the sample. As an example, Fig. 2.38 

shows the absorption maximum of the iron samples in the concentration range between 1 

and 4 mg dm-3 [96]. 

 

Figure 2.38. Standard calibration curve of Fe(II) following derivatization with 1,10-

phenanthroline [96]. 

 

 For the proper unknown iron concentration determination, the calibration curve 

must be prepared with care. As an example of properly prepared calibration curve, Fig 

2.39 shows results obtained by Ülker and Kavano [97] for the iron concentration range 

from 0.1 ppm to 10 ppm. 
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Figure 2.39. (a) UV-Vis spectra of standard Fe2+ solution (b) calibration curve of 

standard Fe2+ solution [adopted from Ref. 97]. 
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3. EXPERIMENTAL 

 

 

3.1. Preparation and characterization of the polyaniline powders 

 

The chemical synthesis of polyaniline is conducted according to the standard 

IUPAC procedures, recommended by Stejskal et al. [36].  

Aniline hydrochloride is prepared by mixing of 0.22 mol HCl (8 g or 26 cm3 of 

37 wt.% HCl, p.a. Merck) with 0.22 mol aniline monomer (20.46 g or 20.8 cm3, p.a. 

Sigma Aldrich, previously distilled under reduced pressure) at room temperature in 500 

of distilled water. After stirring, 500 ml of 0.22 mol HCl contained 0.275 mol (62.81 g) 

of (NH4)2S2O7 is slowly added dropwise. After 24 h of stirring, the green powder is 

filtered, washed several times with 0.1 M HCl, distilled water, and acetone, and dried 

overnight. Part of the obtained as synthesized polyaniline powder (ES-IUPAC) is treated 

with 1 M NH4OH for 24 hours to obtain the emeraldine base. The reported electrical 

conductivity of polyaniline hydrochloride thus prepared is 4.4 ± 1.7 S cm–1 (average of 

59 samples) and polyaniline base 310-9 S cm-1 [57]. 

For the preparation of previously well characterized polyaniline-benzoate powder 

[48], the obtained emeraldine base powder (3 g) is treated with 150 cm3 of 0.1 M benzoic 

acid (pKa=4.202, pH~2.6) for 24 hours at 70oC due to its low solubility at room 

temperature to produce the polyaniline-benzoate doped emeraldine salt.  

 

For the preparation of composite coatings with polyaniline doped with sulfamic, 

succinic, citric and acetic acids the following procedure is applied. The obtained 

emeraldine base (EB-IUPAC) powder is separately treated 24 h with 0.8 M of sulfamic, 

succinic, citric and acetic acid solutions, to produce the polyaniline in the form of 

emeraldine salt. In a typical procedure, 2 g of the polyaniline base is added to 100 cm3 
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solutions of corresponding acids. The process of the reprotonotation of the polyaniline 

emeraldine base in salt form is shown in Scheme 3.1. 

 

Scheme 3.1. Representation of polyaniline base reprotonation with corresponding acids 

(HA). 

 

 

The UV-vis spectra of the polyaniline samples in a powdered form dispersed in 

the water (~15 mg/20 cm3) is recorded using a LLG uniSPEC 2 spectrophotometers. The 

water dispersion of polyaniline is prepared by vigorous sonication during 30 minutes, and 

precipitation of a larger particle during one hour. 

 

3.2. Sample preparations and corrosion investigations 

 

In order to establish the corrosion investigation procedure, as a base coating the 

commercial TESSAROL®-Helios, Slovenia, a primer paint for iron, based on an alkyd 

binder, with red pigments in the mixture of organic solvents (CAS No: 1174522-20-3, 

hydrocarbons, C9-C11, n-alkanes, isoalkanes, cyclics, < 2% aromatics, up to 30 wt.%), 

is used [98]. The composite coating is prepared by the mechanical mixing 10 g of base 

paint with 5 wt.% of well grinded polyaniline-benzoate powder, 0.335 g based on dry 

paint, with the particle size between 5 to 10 μm, determined by an optical microscope. 

The base primer paint and composite coating are applied using a doctor-blade method on 

the properly cleaned mild steel (ANSI 1212) in the shape of cylinders inserted in a plastic 

holder (to avoid edge effect) on the free circle side (2 cm2) of the sample. The image of 
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the sample holder, which is made to simultaneously measure two samples, is shown in 

Fig. 3.1.  

 

Figure 3.1. Image of the samples holder used in the polarization investigations. 

 

After drying in the air for 24 h, the thickness of the coating are 60±5 μm, measured 

using Byko-test 4500 FE/NFe (Germany) coating thickness tester, Fig. 3.2.  

 

Figure 3.2. Byko-tester 4500 FE/NFe. 
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The same procedure is applied on two 4 cm  5 cm mild steel coupons, which 

backsides and the edges are protected with thick, ~200 µm, an epoxy coating that is 

separately immersed in 200 cm3 of 3% NaCl for 10 days. 

For the further investigations composite coatings are prepared using the 

commercial finishing paint for iron, “Professional emajl lak”, Nevena Color Xemmax, 

Serbia, based on an alkyd binder and white pigments in organic solvents, containing 67% 

of solids (determine by a measure of wet and dry paint). The base paint and base paint 

modified with 5 wt.% polyaniline emeraldine salts (based on dry paint), after proper 

mechanical mixing, is applied using a scalpel-blade based method on the properly cleaned 

AISI 1212 mild steel, in the shape of cylinders inserted in plastic holder to avoid edge 

effects on the free circle side (A = 2 cm2) of the sample. Sample holders, shown in Fig. 

3.3, is constructed to simultaneously measure five samples. 

 

Figure 3.3. Image of the sample holder used for the corrosion investigations. 

 

 

After drying in the air for 24 h, the average coating thickness is 40±2 μm, 

measured using Byko-test 4500 FE/NFe (Germany) coating thickness tester. Qualitative 

investigations of the coatings are also performed. In that manner the base and composite 

coatings are painted on well-cleaned mild steel samples, 5 cm  4.5 cm, using roller 

brushes, which back side and the edges are protected with thick ~200 μm epoxy based 
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paint. The average coating thickness of d ~25±5 μm is measured. The samples are 

separately dipped in a 200 cm3 of 3% NaCl solution. The quality of the coatings is visually 

compared after 150 h of immersion, and the images are taken with a digital camera. 

Optical micrographs are obtained with an optical microscope Olympus CX41 connected 

to the personal computer. 

 

The corrosion of the samples, using sample holders shown in Figs. 3.1 and 3.2, 

are investigated in 3% NaCl over time applying the ASTM International recommended 

linear polarization method for determination of the polarization resistance, Rp [93] from 

the polarization measurements, using Gamry PC3 potentiostat controlled by a computer. 

The rectangular glass cell with volume 1 dm3 is used. The stainless steel series 304 

counter electrode (4 cm  16 cm) and saturated calomel electrode as reference are used. 

The corrosion of mild steel is investigated using the similar holder, but with one 

electrode. 

 

3.3. 1,10-phenanthroline standard method for iron concentration determination 

 

The rate of the corrosion of 4 cm  5 cm mild steel samples with base and 

composite coatings, as a concentration of iron in 200 cm3 of 3% NaCl solution, are 

determined after 10 days of corrosion using the slightly modified ASTM International 

1,10-phenanthroline standard method [94]. In a typical procedure, after 10 days of 

corrosion, samples are taken from corrosion media (an if indicated transferred to the pure 

3% NaCl solution for the extended corrosion testing), and 10 cm3 concentrated HCl acid 

is added to dissolve eventually present insoluble corrosion products. The 10 cm3 of stack 

solutions is transferred to 100 cm3 volumetric flask. Then 1 cm3 of the hydroxylamine 

solution (100 g dm3), 10 cm3 of the 1,10-phenanthroline solution (1 g dm3) and 8 cm3 of 

the sodium acetate solution (1.2 M) is added, respectively. For the preparation of the iron 

standard solutions, the ferrous ammonium sulfate hexahydrate, (NH4)2(SO4)26H2O 

(Aldrich, p.a.) is used. The concentrations are determined measuring the UV-visible 

absorbance at 508 nm of standard and investigated solutions, using a LLG uniSPEC 2 

spectrophotometers, Fig. 3.4.  
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Figure 3.4. Photograph of the LLG uniSPEC 2 spectrophotometer. 

 

The quality of the coatings after corrosion are investigated using optical 

microscopy, and optical micrographs are obtained with an optical microscope Olympus 

CX41 connected to a personal computer, Fig. 3.5. 

 

Figure 3.5. Olympus CX41 microscope connected to a personal computer 
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4. RESULTS AND DISCUSSION 

 

 

4.1. Characterization of the polyaniline-benzoate powder 

The UV-visible spectra of different PANI samples dispersed in water from 190 to 

1100 nm are shown in Fig. 4.1. For as synthesized polyaniline in the emeraldine salt form 

(ES-IUPAC; doping degree: y = 0.5) the absorption peak at ~350 nm is assigned to the 

π–π* transition within the benzenoid ring (B), peak at ~462 nm could be assigned to 

polaron - π* transition within doped quinoid (Q) structure [99], followed by broad tail 

associated with polaronic structures. The spectra of the polyaniline in emeraldine base 

form (EB-IUPAC) among peak at 350 nm, has a strong peak at ~700 nm, which is 

attributed to the molecular excitation associated with the quinoid-imine structure [100]. 

The ratio of the absorption at 350 nm and at 700 nm, is equal to one, suggesting the same 

numbers of Q and B repeated units in the polymer chain, or pure half oxidized emeraldine 

structure.  

The strong sharp peak at 273 nm of the chemically doped (reprotonated) sample 

corresponds to the absorption of benzoic acid, which absorption spectra are also shown 

in Fig. 4.1, and is ascribed to the π–π* transition in the benzoates, suggesting successful 

doping of emeraldine base. The strong peak at 350 nm is generated by the π–π* transition 

in the PANI chains. Broadtail above ~500 nm is associated with polaronic structures in 

the polyaniline [99, 100]. The appearance of the absorption at 462 nm, is associated with 

the doping of the quinoid (Q) structures with benzoate anions. 
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Figure 4.1. The UV-vis spectra of the PANI samples ultrasonically 

dispersed in distilled water (15 mg/20 cm3). 

 

According to the UV-visible spectra, shown in Fig. 4.1, it can be concluded that 

interconversion of polyaniline emeraldine base to emeraldine salt according to the scheme 

shown in Fig. 4.2 is successful. However, from the ratio of A462/A350 peaks, marked in 

Fig. 4.1, which for the as synthesized sample is equal to one, it could be also concluded 

that benzoate doped polymer has a lower oxidation state than as synthesized polyaniline. 

Assuming that doping degree (number of anions per polymer units) of as synthesized 

sample is y = 0.5, two anions per four monomer units, the doping degree of benzoate 

doped polyaniline is estimated to ~0.24 or only one anions per four monomer units. 
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Figure 4.2. Schematic presentation of the reprotonation of the polyaniline emeraldine 

base to emeraldine salt with a benzoic acid. 

 

4.1.1. Corrosion investigations 

 

Mild steel corrode in the saline solutions under the diffusion controlled oxygen 

reduction reaction, as can be seen in Fig. 4.3, according to the equation: 

 

O2 + OH– + 4e = H2O        (4.1) 

 

as the cathodic reaction, while the anodic reaction is dissolution of the iron: 

 

Fe = Fe2+ + 2e         (4.2) 

 

From Fig. 4.3, can be also seen that anodic part of the polarization curve is 

characterized with two Tafel slopes, b, of 78 mV dec-1 at low current density region, and 

135 mV dec-1 at high current density region. From intercept of Tafel slope from low 

current density region on the corrosion potential of –0.642 V, the corrosion current 

density of 12 µA cm-2 is obtained. Inset of Fig. 4.3 shows the polarization in the linear 

region, where slopes of E = f(j) represents polarization resistance: 

 

 
mV20
















j

E
Rp         (4.3) 
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Figure 4.3. Polarization curve (v = 1 mV s-1) of mild steel in the aerated 3% NaCl. 

Inset: the linear polarization region and determination of the polarization resistance Rp. 

 

 

The corrosion current density can be obtained from determined Rp using the Stern-

Geary equation: 

 

p

corr
Rbb

bb
j

)(3.2 




         (4.4) 

 

or in the case of diffusion limitations when b-, of the cathodic reaction: 
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b
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          (4.5) 
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For the determined Rp of 2808 Ω cm2, inset in Fig. 4.3, corresponding calculated 

current density, Eq. 4.5, is 12.1 µA cm-2, which is an identical value as obtained from the 

Tafel extrapolation. 

Using the same approach, the polarization measurements over the immersion 

times in 3% NaCl are performed on the samples covered with base and composite coating. 

In Fig. 4.4a some of the measured polarization curves of the investigated samples in the 

form of Tafel plots for better visibility, ~50 mV around the corrosion potential during 

few characteristics times are shown. Fig. 4.4b shows as an example, linear polarization 

lines from which the polarization resistance is determined after 1 day of immersion in 3% 

NaCl. The same analysis is applied for all measured polarization curves over the times. 

From Fig. 4.4a, can be seen that composite coating possess more positive corrosion 

potential and lower ranges of corrosion current densities than a base coating. The 

deterioration of the base coating characteristic is observed after ten days, while the 

composite coating last for twenty-five days.  

 

  

 

Figure 4.4. a) Representative polarization curves (v = 1 mV s-1) of investigated samples 

over time in 3% NaCl. b) Examples of the polarization resistance, Rp, determination 

from the linear polarization lines after 24 h of immersion in 3% NaCl; (□) base coating, 

and (○) composite coating with 5 wt.% of polyaniline-benzoate powder. 

 

In Fig. 4.5 the dependence of the determined polarization resistance for all 

measured times of the investigated samples are shown. For the comparison the determined 

polarization resistance (~3103 Ω cm2) of mild steel during five days are also shown. 
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During firs two days of immersion base coatings show a decrease of the polarization 

resistance from 3106 Ω cm2 to ~3105 Ω cm2 as a consequence of the electrolyte uptake, 

followed by a plateau over next eight days. This period can be assigned to the macro-

pores development and penetration of the electrolyte in the coating connected with good 

protection performances [101]. After ten days, the electrolyte is in contact with the metal 

surface in the pores that lead to the loss of adhesion and to delamination of the coating. 

This is caused by the accumulations of the hydroxyl ions into pores, increases of the pH 

to the very high values and degradations of the polymer to metal bonds and loss of the 

adhesion [102]. The composite coatings show much better polarization characteristics. 

Initially, a small increase of the polarization resistance is observed, followed by a plateau 

with an order of magnitude higher value than base coating, and retain the value over 4105 

Ω cm2 even after 25 days of immersion. In comparison with mild steel, it can be seen that 

the polarization resistance is more than three order of magnitude higher. 

 

 

Figure 4.5. The dependence of the determined polarization resistance, Rp, from the 

polarization measurements over time of the investigated samples. 

 

From the determined values of the polarization resistances, presented in Fig. 4.5, 

assuming that anodic and cathodic reaction through pores of the coated mild steel are the 
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same as for the uncoated mild steel sample, the corrosion current density can be estimated 

using the Eq. 4.5 and the value of the anodic Tafel slope of 78 mV dec-1. The calculated 

values of the corrosion current densities are shown in Fig. 4.6. It is obvious that composite 

coating has superior characteristics than base coating, and a three order of magnitude 

lower corrosion current densities than pure mild steel, which is shown for comparisons. 

 

Figure 4.6. Estimated corrosion current densities using data from Fig. 4.5 and Eq. 4.5 in 

3% NaCl for the investigated samples over time. 

 

 

The corrosion rate of the higher area samples after ten days of immersion in 3% 

NaCl is determined using the 1,10-phenanthroline method.  

In the inset of Fig. 4.7, the dependence of the absorption on standard iron solutions 

with different concentrations is shown. The linear dependence of the absorption of 

standard solutions at 508 nm is in accordance with Lambert–Beer law. The absorption 

can be given as A = 1.68 c(Fe2+), so the iron concentration is c(Fe2+) = A/1.68. The 

absorption maximum for the solution in which base coating corroded is 0.0855, Fig. 4.7, 

which correspond to 0.051 mg per 10 cm3 of the investigated samples or 1.02 mg of iron 

in 200 cm3. For the solution in which composite coating corroded the absorption 
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maximum is 0.014, corresponding to 0.167 mg per 200 cm3 of the solution. Using the 

Faraday law in the form: 
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Mt

Fnc

A

I
j








       (4.6) 

 

where, A is the surface area of the samples, 20 cm2, c(Fe2+) is mass of iron in grams (per 

200 cm3), F is Faraday constant (26.8 Ah mol-1) and t immersion time in hours, the 

corrosion current density of 2 10-7 A cm-2 for the base coating, and 3.310-8 A cm-2 for 

the composite coating are determined. Very similar value of 2.710-7 A cm-2 for the base 

coating, and 1.110-8 A cm-2 for the composite coating are obtained using the linear 

polarization method (compare the data in Fig. 4.6, after ten days).  

 

 

Figure 4.7. UV-visible spectra of the corrosion media samples after ten days of 

corrosion. Inset: Absorption at 508 nm of standard iron solutions. 
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The base and composite coating containing 5 wt.% of polyaniline benzoate are 

also investigated with an optical microscope after ten days of immersion in a 3% NaCl 

solution. A micrograph image of the samples after the corrosion test is shown in Fig. 9. 

The base coating corroded and forms blisters and large delamination areas. However, the 

base coating with 5 wt.% of polyaniline-benzoate remained practically unchanged, 

showing the superior anticorrosion characteristics. 

 

  

 

Figure 4.8. The micrographs of the samples after ten days of immersion in 3% NaCl. 

Left: base coating; right: base coating with + 5 wt% PANI-benzoate. 

 

 Similar results of the base coatings corrosion stability improvement are obtained 

by different authors [25, 31, 32, 33, 103, 104, 105, 106, 107], and explained mainly by 

the ennobling of the mild steel in contacts and interactions with polyaniline [108]. 

However, as previously explained, delamination of the base coating is initiated by the 

accumulations of the hydroxyl ions into pores via reaction given by Eq. 4.1, and increases 

of the pH to the very high values. Therefore, we would like to propose an alternative view 

that the main differences in the improved corrosion performance of the composite coating 

are in the oxygen reduction reaction mechanism. In comparisons with a base coating, it 

is possible that in the pores of composite coating oxygen reduction could be mainly via 

hydrogen peroxide path (two-electron path), on the exposed polyaniline particles, as 

shown by few authors for some conducting polymers [109, 110, 111, 112]:  

 

(PANI): O2 + H2O + 2e  HO2
– + OH–      (4.4) 
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Therefore, during this reaction only one hydroxyl ions are released, instead of 

four, which suppress a high increase in pH into the pores, and prolong delamination effect. 

This could be an additional effect among well-elaborated ennobling effect [108] in the 

role of the polyaniline in the corrosion protection of steel.  
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4.2. The influence of the initial oxidation state of polyaniline on the corrosion of 

steel with composite coatings 

 

 

4.2.1. Characterization of the polyaniline powder 

 

 In order to investigate does the initial doping degree of the polyaniline have some 

effect on corrosion of steel with composite coatings, the polyaniline base is doped with 

acetic, succinic, citric and sulfamic acid. Those acids are chosen due to a high range of 

doped polyaniline conductivity (which is an indicator of doping degree as reported by 

Stejskal et al. [57]. Some characteristics data of used acids are summarized in Table 4.1. 

 

Table 4.1. The characteristics data of used acids for the reprotonation of the polyaniline. 

Acid Structure Mw  

g mol-1 

pK cAC  

mol dm-3 

pH σ / S cm-1 

[57] 

Acetic 

 

60.05 4.76 1 2.6 7.1×10-9 

Succinic 

 

118.09 pKa1= 4.2 

pKa2= 5.6 

0.87 (sat) 2.5 5.9 ×10-6 

Citric 

 

192.12 pKa1= 3.13 

pKa2= 4.76 

1 1.51  4.4×10-3 

Sulfamic  

 

 

97.1 1 1 0.6 0.11 

 

 

The UV-visible spectra of the different polyaniline samples dispersed in distilled 

water from 190 to 1100 nm are shown in Fig. 4.9. For as synthesized polyaniline in the 

emeraldine salt form (ES-IUPAC) the absorption peak at 365 nm is assigned to the π–π* 

transition within the benzenoid ring (B). The peak at 440 nm could be assigned to polaron 

- π* transition within the quinoid structure (Q), followed by a broad tail associated with 

polaronic structures [99, 100]. The spectra of the deprotonated polyaniline in the 
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emeraldine base form (EB-IUPAC) among red shifted B peak to ~340 nm, had a strong 

broad peak centered at ~700 nm, which is attributed to the molecular excitation associated 

with the quinoid-imine structure [100]. The ratio of absorbance of benzenoid, 365 nm (π 

– π* transition) to quinoid, 440 nm (polaron– π* transition) bands can be taken as a 

measure of the oxidation state in the polyaniline type conducting polymer [89, 113, 114, 

115, 116].  

 

Figure 4.9. UV-vis absorption spectra of the polyaniline samples dispersed in distilled 

water. 

 

For the chemically doped (reprotonated) samples, Fig. 4.9, broad tail above ~500 

nm is associated with polaronic structures in the polyaniline [99, 100]. The peaks at ~200-

240 nm can be assigned to the absorption of corresponding acids (Fig. 4.10).  
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Figure 4.10. UV-visible spectra of the acids water solution used for reprotonation of the 

polyaniline base. 

 

 

All the reprotonated samples have a peak at 365 nm from π–π* transition, and 

more or less pronounced absorption at 440 nm from the polaron-π* transition. From Fig. 

4.9 can be seen that sulfamic acid doped polyaniline have a peak at 440 nm, polyaniline 

doped with succinic acid have a shoulder, while samples doped with citric and acetic acids 

has increased absorption in comparison with emeraldine base form. So, the ration of 

A365/A440 absorptions could be used as an indicator of the reprotonated polyaniline 

oxidation level. The absorption A365/A440 ratio of as-synthesized polyaniline emeraldine 

salt form (ES-IUPAC) sample is 1.02, for sulfamic acid 0.55, for succinic acid 0.37, for 

citric acid 0.30 and for acetic acid 0.27, as shown in Fig. 4.11. Hereafter, if we assume 

that as-synthesized sample of the polyaniline (ES-IUPAC) is fully oxidized emeraldine 

salt with doping degree, y equal to 0.5, the doping degree of the reprotonated polyaniline 

could be estimated as 0.5 A365/A440. Accordingly, the doping degree, of the polyaniline 

doped with sulfamic acid is 0.28, with succinic acid 0.18, with citric acid 0.15 and with 

acetic acid 0.13. It should be also mentioned that minimum absorption, λmin, in the range 

of 450 to 500 nm, is shifted to the higher wavelengths by increasing the A365/A440 ratios, 

as showed by an arrow in Fig 4.9, indicating increased of the polyaniline oxidation level. 
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The value of A365/A440 ratio practically linearly depends on the minimum absorption as 

can be seen from the inset in Fig. 4.11. 

 

Figure 4.11. The ratio of the absorption at 440 nm and 365 nm of the investigated 

samples. Inset: the dependence of the ratio of absorption, A440/A365, on the spectra 

minimum wavelength.  

 

4.2.2. Corrosion behavior 

 

 Figures 4.12 a - f. shows the polarization curves ~50 mV near the corrosion 

potential of the investigated samples, obtained in the 3% NaCl solution after 22 h, 44 h, 

166 h, 190 h, 324 h and 348 h of exposure. After 22 h of immersion the base coating and 

composite with acetic acid doped polyaniline, displays similar polarization curves with 

practically the same corrosion potential of ~ –0.48 V. Samples with sulfamic, succinic 

and citric acid doped polyaniline establish more positive corrosion potentials, between –

0.4 V and –0.34 V. After 166 h, the base coatings practically completely lose the 

protection characteristics, while all composite coatings samples still possess good 

protection ability. From Figs. 4.12 it can be seen that corrosion potential of the base 

coating decrease and for the composite coatings mainly increase from its initial values. 

In order to determine polarization resistance (Rp) of the samples, the polarization curves 

are analyzed in the region of linear polarization, e.g. ~ 10 mV vs. Ecorr. The polarization 
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resistances are determined as a slope of the linear potential-current density part of the 

polarization curve, as shown in Fig. 4.13 as an example for t = 144 h. The dependence of 

the corrosion potentials for all the investigated times of examined samples are shown in 

Fig. 4.14a. 

  

  

  

Figure. 4.12. Polarization curves, v = 1 mV s-1, 50 mV vs. Ecorr, of the investigated 

samples after different times of immersion (marked in the figure) in 3% NaCl. 

Composite coatings with: 1-sulfamic acid; 2-citric acid; 3-succinic acid and 4-acetic 

acid doped polyaniline; 5-base coating. 

 

From Fig. 4.14a, can be seen that during the first 50 h of immersion, corrosion 

potential of the base coating decrease from, –0.4 V to –0.55 V, followed by a plateau at 
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–0.55 V over 100 h, and again decrease to –0.65 V after 166 h. On the contrary, samples 

with composite coatings show the increase of the corrosion potentials during ~70 h, after 

which remains relatively stable up to 150 h. After that time, some instability of the 

corrosion potentials is observed, which could be connected with base coating behavior. 

At 300 h of immersion practically for all the samples, similar values of corrosion 

potentials of –0.2 V to –0.25 V are observed. After 300 h of immersion, samples gradually 

decrease in corrosion potentials to the value of ~ –0.55 to –0.6 V. Accordingly, four stages 

of the corrosion potential values could be separated, as marked in Fig. 4.14a.  

 

Figure 4.13. The dependence of the potential on the current density of the investigated 

samples in the linear polarization region for t = 144 h. 

 

From the results shown in Fig. 4.14b it can be seen that initially all the samples, 

after ~4 h of immersion, possess relatively high Rp values between 3106 Ω cm2 to 8106 

Ω cm2. After 24 h of immersion, except for the sulfamic acid doped polyaniline, Rp values 

fall to the relatively stable plateaus over the next ~150 h. Samples with composite 

coatings with sulfamic acid doped polyaniline initially show the increase of the Rp values 

from 3106 Ω cm2 to 6106 Ω cm2. After 166 h the Rp of the base coating rapidly falls to 

the value of ~3103 Ω cm2, indicating delamination of the coating from the metal base. 

After the same period of time, the composite coatings show some fluctuations of the Rp, 

with the order of values, Rp(sulfamic) 4106 Ω cm2 > Rp(succinic) 2106 Ω cm2 > 

Rp(citric) 1106 Ω cm2 > Rp(acetic) 0.7106 Ω cm2. The gradual decreases of Rp values 
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are observed only after ~300 h. From the Fig. 4.14b can be also seen that samples with 

acetic acid doped polyaniline, shows similar Rp values as base coating, but the higher 

value of Rp last more than double.  

 

 

 

Figure 4.14. a) The dependence of the corrosion potentials over time; b) the 

dependence of the determined polarization resistance over time, for the investigated 

samples. 

 

Considering the corrosion behavior of the composite coatings, it is obvious that 

Rp values can be connected with UV-vis A365/A440 absorption ratios, or with the doping 
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degree of the polyaniline. Figure 4.15 shows that the sample with sulfamic acid doped 

polyaniline, possessing the highest doping degree of 0.27, demonstrate the highest Rp 

values among investigated samples. The order of the Rp values are: Rp(sulfamic, y = 0.27) 

> Rp(succinic, y = 0.18) > Rp(citric, y = 0.15) > Rp(acetic, y = 0.13), and can be connected 

with the doping degree of the polyaniline given in the brackets.  

 

Figure 4.15. The dependence of the polarization resistance of the investigated samples 

on estimated doping degree for different times of immersion. 

 

The order of Rp values can also be clearly connected with the corrosion product 

appearance of the investigated samples taken after 238 h of immersion in 3% NaCl, shown 

in Fig. 4.16. Composite coating with sulfamic acid doped polyaniline practically do not 

have visible corrosion products, succinic acid doped polyaniline sample shows some 

traces of corrosion products, while the composite samples with citric and acetic acid 

doped polyaniline show visible corrosion products. However, in comparison with a base 

coating, which is practically completely delaminated and covered with corrosion 

products, it is obvious that all the composite coatings show only traces of the corrosion 

products, suggesting in principle lower tendency of delamination. 
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Figure 4.16. The images of the investigated samples after 238 h of immersion in 3% 

NaCl. 

 

Similar observations are made for the higher surface area samples after exposure 

to 3% NaCl for 150 h, as can be seen from Fig. 4.17.  

 

 

Figure 4.17. The images of the samples before (top) and after 150 h of immersion in 

3% NaCl (bottom). Composite coatings with: 1-sulfamic acid; 2-citric acid; 3-succinic 

acid and 4-acetic acid doped polyaniline; 5-base coating. 

 

 

The composite coating with sulfamic acid doped polyaniline shows some 

existence of the uniformly distributed corrosion product on the surface, while the 

appearance of the corrosion products follows the orders; PANI-succinic < PANI-citric < 

PANI-acetic<< base coating. Visual observation clearly demonstrates that appearance of 

the corrosion products of the composite coatings can be connected with the initial doping 
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degree of the polyaniline filer. For the comparison, in Fig. 4.18, the images and 

micrographs of the composite coating with sulfamic acid doped polyaniline and a base 

coating are shown. The micrograph of composite coating shows the existence of some 

localized corrosion attack present as cracks of the coating with dimensions up to 50 µm, 

while the surface of the base coating, among delaminated parts visible in the image, is 

practically completely covered with blisters, with average dimensions from 50 µm to 200 

µm. 

 

Figure 4.18. The images (top) and optical micrographs (bottom) of the a) composite 

coating with sulfamic acid doped polyaniline and b) base coating after 150 h of 

immersion in 3% NaCl. 
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 Microphotographs of all investigated samples are shown in Fig.4.19. It is notable 

that polyaniline particles conglomerates probably due to solvophobicity. For the 

composite coatings of PANI-doped with sulfamic and succinic only the traces of the 

corrosion product is visible onto the surface. For the citric and acetic acid doped 

polyaniline more corrosion product is formed, but in all cases, the blister formations are 

practically suppressed. 

 

 

a) PANI-sulfamic 

 

b) PANI-succinic 

 

c) PANI-citric 

 

d) PANI-acetic 

Figure 4.19. Microphotographs of the investigated samples after 150 h of the 

immersion in 3% NaCl. 

 

4.2.3. The 1,10-phenanthroline spectroscopic determination of the iron corrosion 

 

 In order to quantitatively determine the rate of the samples corrosion, the solution 

after 96 h of the samples immersion is analyzed by UV-visible spectroscopy using the 

1,10-phenanthroline method. as previously described (see pgs. 58-59.). Figure 4.20 shows 
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the UV-visible spectra of the corresponding solutions. From the inset of Fig. 4.20 it is 

obvious, that absorption decrease with the same manner as the polarization resistance.  
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Figure 4.20. The UV-visible spectra of the corresponding solutions after 96 h of the 

samples corrosion. Inset: The maximum absorption maximums of the corresponding 

samples. 

 

 The UV-vis spectra of the standard iron solutions are shown in Fig. 4.21, and 

calibration curve in the inset of the figure. 
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Figure 4.21. The UV-vis spectra of the standard iron solutions. Inset: calibration curve. 
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 Using the Eq. 4.6, the corrosion current densities are calculated and shown in Fig. 

4.22. It is obvious that average corrosion current density closely follows the initial doping 

degree of the polyaniline.  
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Figure 4.22. The calculated corrosion current densities of the samples using the Eq. 4.6. 

 

 In the Fig. 4.23 the calculated corrosion protection efficiency (CE) are shown. It 

can be seen that acetic acid doped polyaniline offers only slight protection, while citric 

20%, succinic doped PANI 55%, while sulfamic acid doped PANI 75%. 

0.15 0.20 0.25 0.30
0

10

20

30

40

50

60

70

80

 

 

C
E

 /
 %

Doping degree

acetic

citric

sulfamic

succinic

 

Figure 4.23. The calculated corrosion protection efficiency (CE) of the composite 

coatings in comparisons with the base coating. 
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 To compare results of the in-situ determined corrosion current densities with 

reciprocal values of the polarization resistance (see Fig. 4.13b, Rp are estimated from the 

figure for 96 h). The comparison is shown in Fig. 4.24, from which can be seen that same 

trend exist, confirming that both methods can be successfully applied in order to 

investigate corrosion of the composite coatings.  
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Figure 4.24. Comparisons of the results of the in-situ determined corrosion current 

densities with reciprocal values of the polarization resistance estimated from Fig. 4.13b 

 

 

 Using the ImageJ software [117], the area of the corrosion product of all samples 

are determined, as shown in Fig. 4.25, and the values are presented in Fig. 4.26. From 

Fig. 4.26 it is obvious that formation of the rust on the samples surfaces and corrosion 

current density has the same tendency and closely follows the initial doping degree of 

used polyaniline. 
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Figure 4.25. The estimated corroded area of the samples using ImageJ software. 
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Figure 4.26. The dependence of the surface area covered with rust for the sample area 

of 20 cm2, on doping degree (left), in comparisons with UV-visible determined 

corrosion current densities (right). Inset: The percentage of rust on the investigated 

samples. 
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4.3. Possible mechanism of the corrosion behavior  

 

The main mechanisms of the organic coating characteristic deterioration are delamination 

and blistering [118, 119, 120]. The mechanism of the delamination (as schematically 

shown in Fig. 4.26a) consists of separated reactions in the coating pores, which develops 

over time [121], where in the one pore the oxidation of iron, occur: 

 

 Fe  Fe2+ + 2e        (4.5) 

 

Released electrons are transferred via metal to the neighboring pore, where the oxygen 

reduction reaction takes place: 

 

O2 + 2H2O + 4e  4OH–        (4.6) 

 

During this reaction four OH– anions are formed, which leads to the increases of pH into 

the pores to very high values, causing the losses of coating adhesion from a metal base 

and consequently delamination. During the blister formation, Fig. 4.27b, the oxygen, as 

well as water and anion, penetrate through the coating, reduce to the hydroxyl anions 

which with Fe2+ forms rust (porous iron oxy-hydroxide). The growth of the rust 

mechanically lifted of coating, producing blisters. 

 

Figure 4.27. Schematic representations of the coating delamination (a) and the blister 

formation (b) in the organic coating. 
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Among well-elaborated increase of the barrier properties of the composite 

coatings [25], in which polyaniline particles physically decrease the rate of oxygen and 

water molecules diffusion through the coatings, we would like to suggest some additional 

effect that could be involved in corrosion reactions of the composite coatings.  

For the composite coatings in the initial period of ~70 h, during the pore 

development, more polyaniline particles into the pore walls are exposed to the electrolyte. 

Initially, the anodic reactions can be described by the following equations, and 

schematically shown in Fig. 4.27: 

iron dissolution: 

 

 Fe  Fe2+ + 2e 

 

and partial oxidation of some of the polyaniline particles with chloride anions from the 

electrolyte: 

 

 [PANIy+(A-)y]-[ PANI0] + nCl– = [PANIy+(A-)y]-[ PANIn+(Cl–)n] + ne  (4.7) 

 

accompanied by the oxygen reduction as cathodic reaction. It should be also mentioned 

that the possibility of the polyaniline doping with OH– anions could occur as well [122, 

123].  

 

That auto-doping reaction of the polyaniline in the interaction with molecular 

oxygen is possible can be seen in Fig. 4.28, where UV-visible spectra of the polyaniline 

dispersion doped with acetic acid in 3% NaCl solution open to the air, of the as-

synthesized sample and after 24 h are shown. It is noticeable that initial A440/A365 value 

from 0.26 increase to 0.32, as well an increased absorption of the polaronic tail above 500 

nm.  
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Figure 4.28. UV-visible spectra of the polyaniline dispersion doped with acetic acid in 

3% NaCl solution open to the air, of the as-synthesized sample and after 24 h of 

immersion. 

 

 

Partial oxidation of the polyaniline can explain the increase of the corrosion 

potentials during initial 70 h of immersion in 3% NaCl, termed “stage I” in Fig. 13a. 

Consequently, the released electrons are transferred through some of the partially doped 

conducting polyaniline particles, and involved in the oxygen reduction reaction as a 

cathodic site, as shown in Fig. 4.29. The main differences in the oxygen reduction reaction 

in comparisons with a classical coating could be that the product is mainly hydrogen 

peroxide anions (two-electron path), as mentioned above and shown by few authors for 

some conducting polymers [109, 110, 111, 112]:  

 

(PANI): O2 + H2O + 2e  HO2
– + OH–      (4.8) 

 

Formed hydrogen peroxide anions could oxidize initially formed Fe2+ to Fe(III)-species, 

like: 
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 2Fe2+ + HO2
– + H2O  Fe2O3 +3H+      (4.9) 

 

which precipitates as compact insoluble Fe2O3 in the form of the passive layer in the 

coating pores. Released hydronium ions react with hydroxyl ions forming water and 

additionally reduce the possibilities of the coating delamination. By the reaction given 

with Eq. 4.9, the precipitation of porous no protective Fe(OH)2 with solubility constants 

Ls[Fe(OH)2] = 4.87×10−17 [111] is suppressed. The formed passive layer reduces the iron 

dissolution reaction, reducing the overall corrosion rate. The rate of the oxygen reduction 

reaction could be governed by the oxidation states-doping degree, of the used polyaniline. 

Therefore, more doped polyaniline is better electron conductor and more hydrogen 

peroxide ions could be formed. It should be also mentioned that during the four-electron 

path, four OH– is released, while during the two-electron path only one OH–, inducing 

much smaller pH increase in the pores lowering the possibility of coating delamination. 

Lesser-doped polyaniline is practically insulator and oxygen reduction reaction could 

proceed mainly via four-electron path to OH– into the bottom of the pore on exposed iron 

surfaces. Thus, the initial doping degree of the used polyaniline determines the oxygen 

reduction reaction mechanism, properties of the formed iron passive layer, and quality of 

the composite coatings against corrosion.  

 

Figure 4.29. Simplified, nonstoichiometric, schematic representation of the possible 

reactions during the corrosion of the mild steel with composite polyaniline based 

coatings. 
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Further corrosion protection mechanism with relatively stable corrosion potentials 

and polarization resistance, stage II in Fig. 13a, could be connected with the stability of 

formed passive layer, where the corrosion rate is connected with the balanced iron 

dissolution through passive layer and oxygen reduction reaction. In stage III in Fig. 4.13a 

after ~150 h, practically oscillatory behavior of the corrosion potentials and some 

instability of the polarization resistance values could be connected with the finishing of 

the pore development in the base coating, but without delamination. In that stage, the 

delicate balance between partial polyaniline particles doping, oxygen reduction, and iron 

dissolution reactions exist. After ~300 h, the corrosion potentials of all investigated 

samples are practically the same indicating that equilibrium states of doping are achieved, 

stage IV in Fig. 4.13a. It is interesting to note that composite coating with an initially 

lower doping degree polyaniline offers high value of the polarization resistance for a 

longer time, see in Fig. 4.13a. Hence, on the fully doped polyaniline particles, now formed 

hydrogen peroxide ions, which concentration in the pores could be significant, can react 

with polyaniline chains producing different degradation products, such as p-

benzoquinone, hydroquinone, p-aminophenol or quinoeimine [124]. Breakdown of the 

polyaniline chain conjugations leads to the loss of the conductivity and subsequent 

changes in the oxygen reduction mechanism from two to four-electron path. Similarly, as 

in the case of the classical organic coating, deterioration of the coating characteristics and 

delamination occurred due increased hydroxyl anions production. 
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5. CONCLUSIONS 

 

The reprotonation of the polyaniline base obtained following the standard IUPAC 

procedure is successfully demonstrated. UV-visible techniques can be applied to 

determine the oxidation states of the reprotonated samples. Commercial paint is modified 

as a composite paint by addition of 5 wt.% benzoic acid reprotonated polyaniline powder. 

The linear polarization measurements are effectively performed in the polarization 

resistance and corrosion current density determination over time, suggesting that such 

investigations will be a good indication of corrosion behavior of the systems, and can be 

used in the further study. Using the UV-visible studies of the corrosion products, based 

on ASTM 1,10-phenanthroline method, the corrosion current density practically identical 

to obtained ones by linear polarization method is determined. Based on the performed 

corrosion experiments and microscopic observations, it is concluded that composite 

coatings based on commercial paint with the addition of the polyaniline-doped with 

benzoate anions show much better protection of the mild steel than base commercial 

coating, preventing the blister formation and coating delamination after prolonged 

periods.  

 

The chemically synthesized polyaniline is deprotonated with the ammonium 

hydroxide and also reprotonated with sulfamic, succinic, citric and acetic acid. Using the 

UV-visible absorption spectroscopy from the ratio of absorbance at 365 nm and 440 nm 

the polyaniline oxidation level is estimated. Based on the polyaniline absorption rate 

A440/A365 in the emeraldine state form (y = 0.5) obtained by IUPAC procedure, the doping 

degree of the investigated samples are determined: 0.27 for sulfamic acid; 0.18 for 

succinic acid; 0.15 for citric acid and 0.13 for acetic acid doped polyaniline. Composite 

coatings are prepared by mixing of the 5 wt.% of polyaniline powder with commercial 

alkyd based paint. The corrosion behavior is examined in 3% NaCl using the linear 



84 

 

polarization measurements and visual observations. It is concluded that value of the 

polarization resistance and appearance of the corrosion products depends on the initial 

doping degree of the polyaniline. It is observed that composite coatings with more doped 

polyaniline possess higher value of the polarization resistance in order Rp(sulfamic) > 

Rp(succinic) > Rp(citric) > Rp(acetic) ~Rp(base). After ~150 h base coating shows high 

decrease of the polarization resistance value and the corrosion potential, connected with 

the partial coating delamination, while for the composite coatings gradual decreases of 

the polarization resistance values are observed after ~300 h. For the higher area painted 

steel samples the UV-visible quantitative determination of the current densities and 

qualitative visual and microscopic investigations of the coatings are also performed after 

being immersed in 3% NaCl for 100 and 150 h respectively. It is shown that composite 

coatings reduce the possibility of blister formations and delamination in comparison with 

base coating. The appearance of the corrosion products on the coatings surfaces closely 

follow the initial oxidation state of the polyaniline. 
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