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Abstract

In this work, new conductive polymer (4900 ps.cm-1) poly 6-((4-
sulfamoylphenyl)carbamoyl)cyclohex-3-ene-1-carboxylic acid (PSCC) was prepared
on a Low Carbon Steel (L.C.S) surface by an electrochemical polymerization process
for its monomer 6-((4-sulfamoylphenyl)carbamoyl)cyclohex-3-ene-1-carboxylic
acid (SCC) to study the effect of this polymer against corrosion of the L.C.S in salt
environment (3.5% wt NaCl) at four temperatures; 25, 35, 45, and 55 °C. Two types
of nanometal oxides, ZrO, and ZnO, were applied as additives to the polymer (PSCC)
to enhance the ability of this polymer on corrosion protection L.C.S alloy.
Potentiostatic polarization tests evaluated the corrosion performance of the coatings.
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) study
the coatings' topography and morphology of the surfaces. The study determined and
analyzed the kinetic and thermodynamic parameters associated with the activation
energy required for the corrosion reaction to occur. The results indicate that the
prepared polymer effectively reduced the corrosion of L.C.S, and the addition of
nanometal oxides further enhanced the polymer's performance in protecting the alloy
from corrosion.

Keywords Electropolymerization, Conducting polymers, nanocomposite, Tafel,
L.CS.
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.Introduction

Corrosion of metals is a major global issue [1] as metals are thermodynamically more stable
when chemically combined in compounds rather than in their elemental metallic form [2].
Since most metals exist in the form of oxides, while extracted in a free state, a lot of energy is
provided to them. This energy allows them to return to their combined condition when exposed
to the outside environment, such as moisture, oxygen, etc. For example, when iron is exposed
to the environment, it undergoes corrosion, forming hydrated ferrous oxide, which manifests
as a brown substance. This indicates that corrosion is a process that contradicts the extraction
of minerals [3]. (Eq. (1)).

Corrosion )
Metal — = Metal Oxides + Energy ........ (1)

Metal Extraction

Carbon steel is one of the important iron alloys, as one of its most prominent components
is iron and carbon. It has broad use in numerous industries and is the most flexible, economical,
and commonly utilized engineering material [4]. Large tonnages are used in pipelines, mining,
construction, transportation, chemical processing, nuclear and fossil fuel power plants, marine
applications, and metal processing machines. However, carbon steel exhibits relatively poor
corrosion resistance, leading to numerous corrosion-related issues in associated industries [5].

Various methods have been used to protect the precious metals from corrosion. The use of
conductive polymers as a coating is of great scientific importance because old techniques and
methods like coatings using paints are not valid. After all, they contain toxic and hazardous
constituents, while conducting polymers do not contain toxic and hazardous ones for the
environment. In addition, Conducting Polymers (CPs) provide both physical and electronic
barrier effects and electromagnetic interference (EMI) shielding, which enhances the protection
behaviour [6], compared to traditional coatings that only provide physical barriers against
corrosive environments [7].

To create CPs, oxidative electrochemical techniques or electropolymerization are typically
used [8] because they offer multiple advantages, such as (i) making it simple to functionalize
conductive surfaces precisely; (ii) allowing for the formation of films with good reproducibility
and controlled thickness; and (iii) producing densely packed layers that make the process of
electron hopping between macroscopic molecules easier[9].

Likely the most common approach to providing corrosion protection through polymer
coatings is by creating a barrier that isolates the metal surface from the corrosive environment.
The polymeric material must provide correct barrier qualities and maintain adhesion in water
and corrosive substances like Fe>Os to isolate surfaces effectively [10].

In polymeric coatings, nanoparticles are utilized to provide coatings with strong adhesion,
good durability, and high surface mechanical abrasion resistance that are in great demand. [11].
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The term "polymer nanocomposite™ refers to a multi-constituent substance, one of whose
major constituents is a polymer or its mixture and whose minor constituent has a nanoscale
dimension. Because of their nanoscale and filler dispersion, which improve their properties and
give them a special and unique quality for use in a variety of applications, one of which is the
inhibition of metal corrosion, polymer nanocomposites are the best substitute for conventional
fillers of polymers [12-16].

This study developed a new conductive polymer coating for protecting L.C.S. alloys against
corrosion via an electropolymerization deposition method. Nano oxides (ZrO. and ZnO) were
added to the coating solution to enhance other performance characteristics, including adhesion,
thermal stability, mechanical strength, hydrophobic properties, and magnetostatic shielding.

2. Experimental Part
2.1 Sample preparation

L.C.S (CK37) sheet was used to make thin disks with thicknesses and diameters of 15 mm
and 25 mm, respectively. The chemical composition of the steel was determined using x-ray
fluorescence spectroscopy. It was found to contain C (0.1%), Cu (0.022%), Mn (0.39%), Si
(0.005%), and Fe (99.3%), along with various other elements totaling 0.18%. Carbon steel
disks were mechanically polished with varied SiC paper 180, 220, 400, 1200, 2000, and 2500
grit, followed by washing in distilled water and ethanol, drying in warm and dry airflow, and
storage in a desiccator. Figure 1 shows the L.C.S disks before and after polishing.

Figure 1: The L.C.S discs (a) before the Polishing (b) after the polishing.

2.2 Electropolymerization Technique

The monomer 6-((4-sulfamoylphenyl)carbamoyl)cyclohex-3-ene-1-carboxylic acid (SCC)
was electropolymerized on the surface of L.C.S alloy using a DC power source and two
electrodes: The counter electrode (CE) was a stainless steel plate and the working electrode
(WE), which is an L.C.S. disc. Three drops of 95% H>SO4 were added to 100 milliliters of
D.W. containing 0.1 grams (0.003 M) of SCC monomer as the coating solution for
electropolymerization. After applying an approximate voltage of 1.5 V for 60 minutes at
ambient temperature, a heat gun was used to dry the coated electrode. In addition, To increase
polymer films' resistance to corrosion, ZrO2 and ZnO nanoscale metal oxides were added at a
concentration of 40 ppm [17]. The electropolymerization of the monomer is depicted in Figure
2.
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Figure 2: General equation of electropolymerization of SCC monomer.

2.3 Electrochemical Measurements

The electrochemical measurement was performed with Wenking M-lab 200 Electronik
Germany Bank potentiostat in a corrosion cell with a double glass wall and three. L.C.S discs
act as working electrodes (with a 1 cm? surface area); a saturated calomel electrode and a high-
purity platinum rod 10 cm long were used as reference and counter electrodes, respectively.
These measurements were conducted to assess the corrosion of L.C.S alloy in a salt medium
(3.5wt% NaCl) at various temperatures. The solution temperature was controlled using a
heating-cooling circulation unit of type HAAKE O00-3959 from Germany. Polarization
curves were captured using a constant sweep rate of 2 mv/s and a scanning range of 200 mv in
the negative and positive directions with respect to the open circuit potential. To establish a
steady state, the working electrode was immersed in the test cell for fifteen minutes before to
starting each experiment.

3. Results & Discussions
3.1 Estimated Mechanism of SCC Monomer Polymerization on L.C.S Electrode Surface

The electrochemical polymerization reactions for grafting and development of the (PSCC)
film on the metal surface were characterized by the cationic polymerization mechanism. [18],
as shown in scheme 1. The process begins with the transfer of an electron from the monomer
to the working electrode (metal surface), resulting in the formation of a radical cation that is
generated on the electrode surface, as depicted in steps (1-2). This radical cation may be reacted
and then desorbed in the solution to enhance the amount of a component with a low molecular
weight. Then, the (SCC) molecule could be added using a cationic mechanism at the charged
end of the adsorbed oxidized (SCC) step (3-4).
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Scheme 1: Supposed Mechanism of Polymerization of SCC on L.C.S electrode.

3.2 Cyclic voltammetry of SCC polymerization on an L.C.S surface

Figure 3 illustrates the first cycle of the voltammogram for a solution of NaCl (3.5%),
containing 0.003 M SCC monomer on L.C.S electrode, recorded over a potential range of -200
to +200 mV/SCE at a potential scan rate of 100 mV/s.

The voltammogram showed a very noticeable increase in the anodic current at 1500 mV,
indicating the oxidation and polymerization of the SCC monomer to form the polymer coating
[19].
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Figure 3: Cyclic voltammogram of PSCC.
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3.3 Structural and morphology studies of electropolymerized PSCC films on L.C.S electrode
3.3.1 FTIR spectrum study

As seen in Figure (4), FTIR spectroscopy was employed to analyze the structure of the
PSCC polymer, which was synthesized by electropolymerizing the SCC monomer. Figure (4a)
shows a stretching band at 3477.42 cm™ for carboxylic OH and the bands at 3350.12 & 3265.26
for the amine group symmetric and asymmetric, respectively, while the band appears at 3114
cm for the aromatic C-H and the aliphatic C-H was at 2925.81 and 2856.38 cm™. The FTIR
spectrum showed absorption bands at 1703.03 cm-1 and 1662.52 cm-1, corresponding to the
CO acid and CO amide groups, respectively. Additionally, a band at 1595 cm-1 indicated the
presence of C=C, and a band at 3033 cm-1 was attributed to olefinic =CH. The FTIR spectrum
showed that the C=C bands that appeared in the monomer (SCC) at 1595 cm* disappeared in
the FTIR spectrum of its polymer (PSCC). Also, the disappearance of the olefinic =CH was
observed from FTIR spectrum of prepared polymer (Figure (4b)) [20].
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Figure 4: FTIR spectrum of (a) SCC monomer (b) PSCC polymer.
3.3.2 The surface morphology analysis by AFM and SEM
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A topographical analysis was conducted on the surfaces recorded in 2D and 3D pictures.,
and root mean square (RMS), average roughness (Ra), and mean diameter for the L.C.S surface
coated with polymer and polymer-metal oxides nanocomposite were determined using atomic
force microscopy. Table 1 displays the different AFM parameters that were obtained for the
L.C.S surface coated with PSCC only and with PSCC-metaloxides nanocomposite.

Figure 5a shows the L.C.S covered solely with PSCC before the addition of nanometal
oxides. The surface exhibits an increased roughness average (Ra) value of 203.2 nm, a root
mean square (RMS) value of 255.4 nm, and a mean diameter value of 451.9 nm, indicating a
high degree of roughness for the polymer-covered L.C.S surface. However, Figure 5b shows
the surface of L.C.S covered with PSCC-ZrO. nanocomposite; this image depicted a decreased
Ra value to 87.02 nm and RMS value of 116.5 nm and a mean diameter value to 83.10 nm, A
decreased in RMS infers addition of nanomaterial gives greater homogeneity and smoothness
of the polymeric coating and the absence of any corrosion product deposits.

Figure 5c¢ shows the surface of L.C.S covered with PSCC-ZnO nanocomposite; this image
showed a decreased Ra value of 59.78 nm, RMS value of 76.87 nm and mean diameter value
of 89.91 nm, a decrease in RRMS roughness infers addition of nanomaterial gives greater
homogeneity and smoothness of the polymeric coating and the absence of any corrosion
product deposits. These results indicate that the nanometal oxides enhanced the PSCC
protective film, forming a barrier against attack by aggressive ions from the corrosive
environment [21]. Table 1 shows the values of RMS, Ra, and mean diameter for L.C.S covered
by PSCC film with and without of the nanomaterials.
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Figure 5 : AFM images of (a) L.C.S covered with PSCC, (b) L.C.S covered with PSCC-£rO2
nanocomposite, (c) L.C.S covered with PSCC-ZnO nanocomposite.

Table 1: Surface topography parameters obtained from AFM analysis for L.C.S covered by
PSCC filmin the with and without of the nanomaterials.
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System Mean( rc]iri;'?)meter ?nhr/rlg (rlfr?])
PSCC 451.9 255.4 203.2
PSCC-ZrO, nanocomposite 83.10 116.5 87.02
PSCC-Zn0O nanocomposite 89.91 76.87 59.78

Scanning electron microscopy (SEM) was used to analyze and compare the surface
morphology of the polymer films both with and without the inclusion of nanomaterials.
Aggregates diameter was determined to be varied from 198 to 255 nm for pure polymers. The
diameter of the polymer’s aggregates decreased extremely after adding the nanomaterials,
ranging from 15.17 to 19.48 nm. This is indicated the improvement of polymer coatings after
modification with nanomaterials, which leads to high corrosion resistance at a scale of 200 nm.

The morphology related to the PSCC polymer (Figure 6a) considerably differs from
morphology regarding its nanocomposites (Figures 6b & 6¢) in the SEM micrographs, Where
the surface of the polymer with no nanometal oxides has brick-like pieces with large pores.
Figures (6b& 6¢) indicate dense and uniform coatings generated on the surface of L.C.S with
homogeneous distributions of the nano ZrO, and ZnO dispersed in a matrix of the polymer
[22].

\\\\\

m Vie: o

Figure 6: SE iages of (a) L.C.S covered with PCC, () .C.S covered with PSCC-ZrO;
nanocomposite, (c) L.C.S covered with PSCC-ZnO nanocomposite

1470



Hussain and Saleh Iragi Journal of Science, 2025, Vol. 66, No. 4, pp: 1463-1477

3.4 Corrosion Measurements using Potentiostatic Polarization

The protection properties of the obtained PSCC and PSCC-metaloxides nanocomposite
coating were considered in the solution of NaCl (3.5% wt) at different temperatures ranging
from (298 to 328)K by a potentiostatic polarization procedure.
Figure 7 presents the polarization curves obtained in the solution of NaCl (3.5% wit)
environment for the uncovered L.C.S, the L.C.S covered with PSCC, and the L.C.S covered
with the PSCC-metal oxide nanocomposite. These curves were used to calculate the following
values: weight loss (WL), penetration loss (PL), cathodic Tafel slope (fa), anodic Tafel slope
(Bc), corrosion potential (Ecorr), and corrosion current density (icorr) (2). Equation (2) can be
used to determine the protection efficiency (PE%) based on the data from the Tafel curves:

i —1i
PEY = corr,un.coated corr,coated

X 100 (D)

1corr,uncoated

Where icorr, uncoated, lcorr, coated= COrrosion current density for uncoated and coated L.C.S
respectively. Polarization resistance was also calculated (Rp) using the Stern-Gery equation

(Eq. (3)) [23]:

P 2.303(B, + IBcDicorr

R

The protective capacity of electrodeposited coatings is assessed using polarization
resistance (Rp) measurements since the registered R, values are inversely proportional to the
corrosion current (greater polarization resistance = lower corrosion current). Polarization
resistance refers to a material's ability to resist oxidation when an external voltage is applied
[24]. In other words, it is a measure of a specimen's resistance to corrosion under polarized
conditions. Table 2 presents the values for the specified parameters

200

200
100
o
-100 -100
200 -200

-400 298 K
308 K

-300 -200
218 K

-400 —— 308 K
-500 318K
-600 228K - 328K
700 -700 —————
-800 t‘ -800 Qe
-900 .
-1000
-5 -4 -3

Potential (mV) vs SCE

Potential {mV) vs SCE
o
Q
=]
3\

-2 - 2 1
log Current log Current

208 K

208 K

218 K

- 00 328 K
328K

-600 _” 00 ’//

FOO __,_‘_.'/ _700 =

~8o0 L &S00 \_.

& s -4 -3 -2 -1 ] 1 2 3
log Current

Potential (mV) vs SCE

Potential (mV) vs SCE
v
g

& s 2 1 -]

4 3
log Current

Figure 7: Polarization graphs for (a) uvcovered L.C.S, (b) L.C.S covered with PSCC, (c)
L.C.S covered with PSCC-ZrO, nanocomposite , (d) L.C.S covered with PSCC-ZnO
nanocomposite.
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Table 2: Corrosion characteristics of covered and uncovered L.C.S. with PSCC when
Nanomaterial-oxides are present and absent in a solution of 3.5% wt NaCl at various
temperatures

icorr c a R
Material (TK) (Emv) %\’C gr)nV/De ((:Br)nV/De m;n . 87m2- g PE% §§§/cm2

208 5300 6351 -1421 1048 1290 0593 - 412
% o |38 6100 7620 1451 00 1950 0900 - 374
£ |38 6500 117.69 -239.4  80.1 2620 1220 - 221
328 6911 14182 -4496  70.9 3160 1450 - 187

- 298 7031 1552 -684 806 0883 0180 7556 1035
59 |38 7118 2017 681 514 0503 0234 7353 630
222 |a;8 7132 3359 805 755 0840 0390 7145 503
J 328  -7205 438 -874 1005 1110 0509  69.05 462

T SF (208 7162 020 1522 1439 0051 0002 9967 156358
SN £ [308 7182 028 2506 1500 0070 0003 9962 144750
2598 |38 7200 828 620 517 0.344 0160 9296 1478

4 @2 |38 7250 1941 -668 590 0485 0225  863L 700

T QF (208 6712 008 1017 1325 0021 00010 9986 290507
SgfE f308 -6782 015  -1387 1745 0039 00018 9979 215095
? 3838 |s18 -6955 027 -2601 2668 0029 0003 9976 183905
4 22 |38 7100 036 2431 2466 0090 0004 9974 147656

Table 2 displays the corrosion characteristics of covered and uncovered L.C.S. with PSCC in
a solution of 3.5%wt NaCl in both the existence and free of nanometaloxides temperature range
of 298 to 328 K. The results clearly showed that the PSCC polymeric films coated the surface
of the L.C.S. alloy, protecting it against corrosion in 3.5% NaCl solution by 75.56% at 298K.
Additionally, this data also shown that the addition of ZrO, and ZnO NPs to the PSCC and
formation PSCC-nanometaloxies nanocomposite L.C.S alloy successfully enhanced the
protection efficiency to (99.67 and 99.86 %), respectively.

The Rp values for L.C.S in salt solution (3.5%wt NaCl) without coated with PSCC were
low. They decreased with increasing temperature, which is attributed to corrosion product
formation (Iron oxides). At the same time, Ry for L.C.S coating with PSCC have higher values
than before coating, and the presence of nanometal oxides as also lead to increased Rp values,
which means that no corrosion products were formed on L.C.S surface [25].

3.5 Kinetic and thermodynamic activation parameters of corrosion

The temperature can affect L.C.S. corrosion in a 3.5% wt NaCl solution both in the presence
and absence of coating. Potentiostatic tests are made at different temperatures (298 to 328 K)
with and withiut of PSCC and PSCC-metal oxides nanocomposite to evaluate the corrosion
process's activation energy. Table 3 displays the relevant results. The Arrhenius equations (Eq.
(4, 5)) were employed to determine the formation of the activated complex in the transition
state, allowing for the calculation of the activation parameters associated with the corrosion
process [26].
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logC.R = logA — ——— (4

2303 RT
l C.R_l (R>+ AS* AH* .
%81 T '°8\Nn/ T 2303R ~ 2.303RT - (3)

Where C.R = the corrosion rate that is equivalent to the corrosion current, E.= the apparent
effective activation energy, R= the molar gas (JKmol™l) constant, A= the Arrhenius
preexponential factor, and T= the absolute temperature (K), N= Avogadro’s number, h= Planck
constant.

Conversely, the activation free energy values' value AG™ is estimated utilizing Gibbs equation

(Eq. (6)).

AG* = AH* — TAH* .. (6)
# Uncoated L.C.S # L.C.S Coated with PDPC
# L.C.S Coated with PDPC-ZrO2 nanocomposite # L.C.S coated with PSCC-ZnO nanocomposite
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Figure 8: The relation between log C.R & (1\T) for uncovered L.C.S and PSCC-covered

L.C.S. with and without nanomaterial oxides in 3.5% wt NaCl solution
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Figure 9: The relation between log (C.R/T.)

and (1T) for uncovered L.C.S. and PSCC-covered

L.C.S. with and without nanometal oxides in 3.5% wt NaCl solution.
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Table 3: Transition state thermodynamic and kinetic parameters at different temperatures for
the corrosion of uncovered L.C.S. and PSCC-covered L.C.S. with and without nanomaterial
oxides in 3.5% NaCl solution

AG* Ea" A AH" AS"
System T
k3 | kamory | (Molecule Iy oty | (@/mol. K)
.cm. S1)
298 63.123
308 64.536
Uncovered L.C.S 23.656 4.448x10% 20.994 -141.373
318 65.950
328 | 67.364
298 | 66.722
308 | 68.038
L.C.S covered with PSCC 30.168 1.441x10% 27.510 -131.587
318 69.354
328 70.670
s0g | 81:251
. 78.282
L.C.S covered with PSCC- 308 47
Zr0;, nanocomposite 141.589 2.068x10 138.929 196.908
76.313
318
g | 74:344
s0g | 79-509
. 80.913
L (CS CovETEe Wlin PECE- | 40344 | 5024x10% | 37.685 | -140.351
ZnO nanocomposite
82.316
318
328 83.720

Figure 8: illustrates how the activation energy (Ea) and the Arrhenius preexponential factor
(A) were determined by a linear regression between log C.R and 1/T. According to the current
study, the value of A is greater when PSCC and PSCC-metal oxide nanocomposite are present
than when they are not.

The activation energy values increased with the addition of different nanometal oxides in
the coatings. This indicates that the energy barriers for the corrosion reaction were enhanced,
making it more difficult for the corrosion process to occur. indicating a strong protective action
of PSCC and PSCC-metal oxides nanocomposite by increasing the energy barrier of reaction
of corrosion [27].

Lines that are straight with an intercept of [log (R/Nh)+(AS*/2.303R)] and a slope of
(AH*/2.303R). were obtained by the use of plots (Figure 9) that illustrate the relationship
between the reciprocal of absolute temperature (1/T) and log (C.R/T). From these plots, the
values of AH* and AS*, respectively, were computed and included in Table 3. The endothermic
nature of the L.C.S dissolution process is indicated by the positive values of AH* in both the
coating layer's presence and absence. Table 3 further illustrates how the activation enthalpy
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and activation energy values varied in a similar way. This outcome confirmed the established
thermodynamic relationship between Ea and AH* [28, 29]. The activation complex in the rate-
determining step appears to represent an association rather than a dissociation step, indicating
that there is an increase in disordering during the transition from reactants to the activated
complex, according to the increases in the activation entropy values in the presence of the
coating layer. Table 3 shows that the free activation energy has positive values. Additionally,
very little change was seen as the temperature increased, suggesting that the activated
complexes were unstable and that the probability of their creation was lowered. [30].

4. Conclusion

Polymeric films (PSCC) were prepared on the surface of L.C.S by electropolymerization of
the monomer (SCC). It was observed that the double bond (C=C) disappeared in the FTIR
spectrum of the polymer despite its presence in the FTIR spectrum of the monomer. In a saline
media (3.5% NacCl), the produced polymeric films (PSCC) offer good protection for the L.C.S
alloy surface against corrosion; however, the effectiveness of this protection declines with
temperature. By adding nanomaterial oxides like ZrO; and ZnO, the produced polymeric films'
ability to shield the L.C.S. from corrosion is increased. The kinetic and thermodynamic analysis
demonstrated that the rising energy barrier for the corrosion process caused the activation
energies of L.C.S. corrosion to rise following coating. The addition of various nanomaterials
results in higher activation energy values, and coatings raise the corrosion reaction's energy
barriers. The endothermic nature of transition state processes is indicated by the positive
values of activation enthalpy (AH*) for both coated and uncoated L.C.S. metallic surface.
Lastly, AFM and SEM studies demonstrated that L.C.S. was protected because protective
coatings were created on the metal surface, which had stronger barrier effects.
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