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Abstract: Poly (N-Imidazolylmaleamic acid) PIM was synthesized from monomer (N-Imidazolylmaleamic acid) 

NIMin aqueous solution using electrochemical oxidation procedures. The polymer film was formed on Stainless 

steel electrodes (working electrode). Its structure has been examined by infrared, FTIR, scanning electron 

microscopy SEM and atomic force microscopy AFM studies indicate that the polymer was formed. Also, study 

the anticorrosion action of polymer film on stainless steel by electrochemical polarization method.Furthermore, 

enhanced the anticorrosion of polymerby nanomaterial such as (TiO2 and ZnO (bulk-nano)) by adding to 

monomer solution. The results obtained showed that the corrosion rate of S-steel increased with temperature 

increase from 293K to 323K and the values of inhibition efficiency by coating polymer increase with 

nanomaterial addition. Kinetic and thermodynamic of activation parameters have been calculated for the 

corrosion process of S-steel in acidic medium before and after polymeric coating.Furthermore were studied the 

effect of the preparing polymer on some strain of bacteria. 
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I. Introduction 
Electrodes coated with polymer films have been the subject of considerable interest in recent years [1]. 

An especially important class of polymers in this respect are electronically conductingpolymers such aspoly(N-

Imidazolylmaleamic acid) or PIM. A common method to obtain thin films of conductingpolymers is the 

electrochemical polymerization of the corresponding monomers from electrolyte solutions[2-4]. The flow of an 

electric current through a monomer solution may allow for (1) the growth of a polymer film on the electrode 

surface [5-6] (2) monomer polymerization in solution [7- 8] or (3) irreversible monomer oxidation or reduction 

to non-polymeric products. The reaction path followed by a specific monomer depends on the nature of the 

electrode, the background electrolyte, the solvent, and the working conditions. Electrochemically initiated 

polymer production may become an alternative methodwith many possibilities as continuous process, if it were 

possible to control the polymerization rate, monomer conversion, and the molecular weight distribution by 

monitoring the chemical and electrochemical parameters (concentration, temperature, electrode material, 

electrode activation, current densities, or potential of polymerization).The grafting of polymer chains onto solid 

substrates is of major interest for the design of materials with specific surface and structural properties. These 

modified materials are of technological interest. For instance, substrates coated withpolymer films have great 

potential for applications in the medical domain [9]. The formation of a dense and homogeneous distribution of 

chemical bonds between the substrate and the polymer would resist mechanical stress and chemical attack from 

the environment and oppose microbial colonization. Recently, we have shown that the application of an anodic 

potential to a solution of NIM leads to the grafting and polymerization of the monomer onto S-steel electrodes 

[10-13]. Infrared FTIR reflection-absorption spectroscopies, SEM and AFM have revealed the presence of thin 

PIM films on this surface. Corrosion inhibitors are widely used in industry to reduce the corrosion rate of metals 

and alloys in contact with aggressive environment [14–17]. In this paper, electrochemical polarization technique 

was employed to study the inhibition capability of the polymericfilm on the corrosion of S-steel in 0.2M HCl. 

The effect of temperature is also reported. In addition, we study the influence of adding differentnanomaterial 

compound such as (TiO2 and ZnO (bulk-nano)) on the anticorrosion action of polymer on S-steel surface. 
 

II. Experimental 
The electrochemicalpolymerization of NIM onto the S-steel (anode) electrode surface was carried outin 

a potentiostat using a regulated DC power supply. The electrodes werecleanedand washing by acetone. The 

solutions employed for polymerization were 0.1g of N-imidazole maleamic acid (monomer) [18] in 100ml H2O 
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with three drop of H2SO4 concentration (37%). The polymerization was carried out at 2V and at 293K. The 

polymer film was deposited at the anode surface. 

 For corrosion measurements, Stainless steel was used for the study. The sheet was mechanically 

press-cut to form coupons, each of dimension, 3x2 cm. Each coupon was degreased by washing with ethanol. 

The washed sample was dipped in acetone removed and allowed to dry in air before use. A platinum was used 

as auxiliary electrode and a saturated calomel electrode (SCE) as reference electrode, stainless steel was used as 

the working electrode. Anodic and cathodic polarization of S-steel was carried out under potentiostatic 

conditions in 0.2M HCl in the absence as well as in the presence-coated layer, all the experiments were carried 

out at different temperature (293-323) K. Also, in presence of 0.05g of ZnO (bulk-nano) and TiO2nanomaterial 

which add to improve the coated layer against corrosion and bacteria. 

 

III. Result and discussion 
3.1.Mechanism of Polymerization 

Based on the published literature, a cationic [19-20]or a radical mechanism [21-25] can be proposed to 

explainelectro polymerization reactions and, in particular, thegrafting and the growth of the PIM films. The 

firstconsider is the cationic mechanism (Scheme 1A): the applicationof an anodic potential to an NIM solution 

impliesthe transfer of one electron from the monomer to theworking electrode (A1). This transfer leads to the 

formationof a radical cation adsorbed on the electrode surfacewhich is represented in A2.Alternatively,if the 

lifetime of A2 is long enough compared to themean time for a NIM molecule to diffuse toward theelectrode, 

then the NIM molecules can add on via acationicmechanism at the charged ends of the adsorbed oxidizedNIM 

(A4). This process by propagation leads to theformation of a grafted polymer. Let us now consider a radical 

mechanism [26] (Scheme 1B).The radical counterpart of A2 is B2. First, the chemisorbed radical depicted in B2 

cannot be the resultof an electrochemical process.If we assume that the grafting step is disconnected fromthe 

electrochemical process, we are nevertheless facedwith the fact that the radicalmechanismis not 

particularlyfavored under the present electrochemical conditions .Indeed, the radical mechanism proceeds via a 

hemolyticscission of the double bond (Scheme 1B).However,homolytic rupture of the C=C bond is highly 

improbableconsidering the initial polarization of the bond which is further enhanced under the field created by 

theelectric double layer [27]. Moreover, this electric fieldinduces a reorientation of the molecule [28]. This all 

togethermakes the radical mechanism rather unlikely to accountfor the grafting and the growth of PIM films 

under anodicelectrochemical conditions. 

 

Scheme 1. Proposed Cationic (A) and Radical (B) Mechanisms for the Grafting and the Growth of 

PIM Films 
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3.2. Structure of PCM 

FTIR spectra of PIM coating film prepared from NIM are shown in Fig.2. In this spectra, the characteristic 

bands of the NIM Fig.1 double bond C=C 1593Cm
-1

 are disappear and confirm the formation of PIM. The bands 

are relatively broad mainly because the polymer has a broad chain length distribution. 

 

 
Fig. 1. FTIR spectra of NIM 

 

The band appeared at 1712 Cm
-1 

that confirmed the presence of C=O carboxyl groups, the absorption of imide 

group was appeared at 1647 Cm
-1

, the absorption bondsof O-H carboxylic group appeared at 2700-3300 Cm
-1 

[29-31]. 

 

3.3. Potentiostatic polarization measurements 

The effect of polymeric coating film on the anodic and cathodicpolarization curves of S-steel in 0.2M 

HCl solution at different temperature (293-323)K was studied. The effect of addingdifferent nanomaterial 

compound (TiO2 and ZnO (bulk-nano)) is represented in Fig. 3.The corrosion current density (Icorr) was 

calculated by the extrapolationof anodic and cathodicTafel lines.Table 1 represents the effect of polymer 

coatingwith and without nanomaterial on the corrosion parametersof S-steel electrode in 0.2M HCl solution. 

These parameters are anodic Tafelslope (ba), cathodicTafel slope (bc), corrosion potential (Ecorr), corrosion 

current(Icorr), IE, weight and penetration loss. Inhibition efficiency was calculatedfrom corrosion current 

densities using thefollowing equation (1) [32]: 

 

 
Fig. 2. FTIR spectra of PIM 
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whereIcorr and I°corr are the corrosion rates of S-steel electrode in the presence and in theabsence of coating, 

respectively. 
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The corrosion potential shifted to more positive values and Icorr decreased when the nanomaterial compound 

adding to the monomer solution indicating the inhibiting effect of these compounds. When the polymer film 

crafted with nanomaterial coated on the S-steel the corrosion potential shifted to the noble side. This indicates 

that a film formed on anodic sites of the metal surface [33]. 

 

Table 1. Corrosion data of S-steel in 0.2M HCl with and without coating. 

 

Penetration 

loss[mm/a] 

Weight loss 

g/m².d 

%I ba 

mV/Dec 

 

-bcmV/Dec icorrµA/cm² -EcorrmV T\K coating 

0.178 4.01 - 179.5 109.1 16.00 364.1 293  

Blank 0.2M 
HCl 

0.25 5.63 - 349.8 131.8 22.45 368.4 303 

0.283 6.35 - 274.0 141.1 25.35 369.0 313 

0.303 6.81 - 242.4 123.0 27.15 371.1 323 

0.0296 0.664 83.43 198.5 162.8 2.65 265.9 293  

P.M.I 0.0445 1 82.22 153.7 165.0 3.99 272.9 303 

0.0569 1.28 79.88 330.9 223.9 5.10 291.3 313 

0.0714 1.6 76.42 257.0 116.2 6.40 312.6 323 

0.0183 0.412 89.75 140.9 113.1 1.64 282.1 293  
TiO2& 

P.M.IMD 
0.0277 0.622 88.95 118.1 114.1 2.48 290.1 303 

0.0373 0.893 86.78 181.5 85.5 3.35 326.8 313 

0.0512 1.15 83.09 216.6 88.3 4.59 334.5 323 

0.0131 0.295 92.62 107.0 92.2 1.18 290.0 293  

ZnOb&P.M.
IMD 

 

0.0223 0.502 91.09 98.6 112.3 2.00 311.2 303 

0.029 0.652 89.74 186.2 124.8 2.60 313.8 313 

0.0416 0.934 86.29 194.3 82.7 3.72 335.5 323 

0.00995 0.224 94.42 76.8 128.5 0.89228 270.0 293  

ZnOn&P.M.

IMD 
0.0164 0.368 93.45 138.4 215.3 1.47 284.8 303 

0.0242 0.543 91.43 293.9 117.3 2.17 303.8 313 

0.034 0.765 88.76 71.2 68.0 3.05 335.5 323 

Fig.3.Polarization plots of S-steel coated with polymer and nanomaterial in 0.2M HCl at 293K. 
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3.4. Kinetic and thermodynamic of activation parameters 

The corrosion reaction can be regarded as an Arrhenius-type process, the rate is given by [34] 

C.R = A exp(-Ea/RT)                                                             (2) 

log C.R = log A – Ea/2.303RT                                        (3) 

Where A is the Arrhenius pre-exponential constant and Ea is the activation corrosionenergy for the corrosion 

process, T is the absolute temperature andR is the universal gas constant. Fig. 4 present the Arrhenius plots of 

the logarithmof the corrosion current density vs 1/T, for 0.2MHCl, without and with polymer and nanomaterial 

coating.The Ea values were determined from the slopes of these plots and are calculatedand are presented in 

Table 4. The values of enthalpy of activation ΔH* and entropy of activation ΔS* were obtained fromFig. 5 from 

the transition state Eqn (4 and 5) [35]: 

C.R = RT/Nhexp
(∆S*/R)

exp
(-∆H*/RT)

(4) 

log) C.R/T) = log R/Nh + ∆S
*
 /2.303R - ∆H

*
 /2.303RT          (5) 

Where h is the Planck’s constant, N is the Avogadro’s number. A plot of Log(CR/T) as a function of 1/T was 

made andstraight lines were obtained. ΔH* and ΔS* were computed from the slope and interceptrespectively 

from the linear plotand are presented in Table 4. 

 

 
 

 

 

 

 

The inhibition efficiency of coating decreases with temperature increase and its decrease leads to increase the 

apparentactivation corrosion energy.The positivesign of the ΔH* reflects the endothermicnature of the S-steel 

dissolution process inthe presence and absence of the coating film, while the negativesign of ΔS* shows an 

increase in the systemorder [36-37]. 

 

3.5. Antibacterial study 
nanotechnology has become increasingly important in the biomedical and pharmaceutical areas as 

alternative antimicrobial strategy due to reemergence infectious diseases and the appearance of antibiotic 

resistant strains [38].Nanoparticles (NPs) are biocidal effectiveness is suggested to be owing to a combination of 

their small size and high surface to volumeratio, which enable intimate interactions with microbial 
membranes [39].The results of antibacterial activity of polymer and polymer with nanomaterial are listed in 

table 3. The result refer that the polymer and polymer with nanomaterial compounds possess strong activity 

against StaphylococcusaureusandEscherichia coli. Among these metal oxides, ZnO has attracted a special 
attention as antibacterial agent. For instance,ZnO inhibits the adhesion and internalization 
ofStaphylococcusaureusandEscherichia coli[40]. 

 

 

 

 

Coating R2 Ea 

kJ.mol-1 

A/Molecule. 

Cm-2.S-1 

R2 ∆H* 

KJ. K-1. mol-1 

−∆S*
 

J.K-1. mol-1 

HClBlank 0.899 13.565 4.482 x 103 0.852 11.013 183.600 

PIM 0.985 22.823 3.2337 x 104 0.981 20.271 167.172 

PIM&TiO2 0.997 26.698 9.5962 x 104 0.996 24.144 158.127 

PIM&ZnOb 0.969 29.241 2.01557 x 105 0.982 26.683 151.967 

PIM&ZnOn 0.991 32.13 4.89778 x 105 0.995 29.584 144.549 

Fig. 4 Arrhenius Plot of log C.R versus 1/T for S-steel in 

0.2M HCl in the absence and presence coating. 

 

Fig. 5 Arrhenius plots of log C.R/T vs. 1/T for S-

steel in 0.2M HCl in the absence and presence 

coating. 
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Table 3. Antimicrobial activity of the tested polymer and polymer with nanomaterial 

 

 

Solvent: DMSO; [C]: 800µg/ml. 

 

IV. Conclusion 
Electro polymerization of NIM on S-steel surface was found to inhibit the corrosion ratein 0.2MHCl 

solution. The inhibition efficiency of polymer will increases with addingnonmaterial to monomer solution 

especially with ZnO(n), and decreases with temperature increase(293-323)K.Beside the resistance to corrosion, 

polymer coating can also provide antimicrobial activity against Staphylococcus aureusand Escherichia coli 

bacteria. With the further studies of Electro polymerization technique and related characterization technologies, 

Electro polymerization protective coatings will have wider and more practical applications. 
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