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Abstract

The surface disintegration of metals and alloys in a particular surrounding environment is
known as corrosion, in addition to its chemical qualities, corrosion processes change the physical
and mechanical properties of a metal alloy. A new approach based on a unique material has been
employed to prevent rusting. Conducting polymer-composites are material types that show
promise for anticorrosion by electrochemical synthesis of polylimonene/metals oxide
nanocomposite (ZnO,TiO2) on Stainless Steel 304L, which plays as the working electrode by
using the electropolymerization technique. The synthesized coating polymer was characterized
by Fourier transform-infrared spectroscopy and atomic force microscopy checkups. The findings
demonstrated that, when compared to the blank SS304L, PL/nanocomposite and PL provide the
strongest corrosion defenses for the metal. The results explained that the corrosion protection
increased from 52% for PL film to 89% for PL/ZnO film and to 97% for PL/TiO. at 298K. In
addition, calculations were made for the kinetic and thermodynamic parameters (Ea, A, AH, and
AS). Escherichia coli and Staphylococcus aureus, two gram-positive and gram-negative bacteria,
were used to test the biological activity of polymeric film (E.Coli).
Keywords: Limonene, electropolymerization, corrosion, nanocomposite, polyeugenol.

1. Introduction

In the electrochemical polymerization process, the monomer is first oxidized to generate
radicals, which are then combined with other radical cations or with another monomer to form
radical dimers and longer chain lengths [1,2]. On the working electrode (WE), which is
constructed of diverse materials such as stainless steel and glass with an indium tin oxide coating,
monomer oxidation took place. To minimize costly and harmful damage, corrosion mitigation
techniques that prevent and control corrosion have been developed. These techniques aim to
eliminate or reduce the impact that corrosion has on public safety, the economy, and the
environment [3].
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The introduction of a novel conductive covering with particular properties may create new
opportunities for optimizing a potential strategy [4].

Conductive polymers are widely employed in a variety of applications, including biochemical
analysis, the fabrication of indicators and ion-selective electrodes, rechargeable batteries,
chemical transistors, biorechargeable batteries [5], electrochromic devices [6], electro-
luminescence [7], and dye-sensitive solar cells (DSSCs) [8].

Materials based on nano oxide-polymer composites are widely used in corrosion-protective
coating applications [9,10]. The d-limonene (1-methyl-4-(1-methylethenyl) cyclohexane) is a
monocyclic monoterpene that is a critical component of many citrus oils and has a lemony smell
(orange, lemon, mandarin, lime, and grapefruit) [11]. Due to its pleasant citrus scent, d-
limonene is commonly used as a flavor and aroma component in perfumes, cosmetics, foods,
chewing gum, and beverages. Gallstones containing cholesterol have been medically treated by
dissolving them with d-limonene, a suitable cholesterol solvent. Because it maintains healthy
peristalsis and neutralizes stomach acid, it has also been used to treat heartburn. It has been
demonstrated that d-limonene has chemopreventive effects against a number of cancers,
including breast cancer and colorectal cancer [12]. According to Haider A. and Kholoud A.,
eugenol polymerized on titanium alloys before and after micro-arc oxidation was proven to be
corrosion-resistant, and the protection efficiency (1%) improved to 81% at 323K. The samples'
antibacterial activity was tested against a variety of oral fungi and bacteria. Polyeugenol (PE)
coating has antibacterial efficacy against S. aureus and B. subtilis, as well as antifungal activity
against the oral fungi Candida albicans and Candida glabrata [13]. Many researchers have
polymerized limonene in different chemical ways, including Edison Rogerio and Ronierik Pioli,
who first investigated and polymerized limonene at low temperatures by photochemical radical
polymerization utilizing a combination of type Il photoinitiators and alkyl halide initiators [14].
Tim Stober at el. Synthesizes two polymers, poly(cyclohexadiene carbonate) (PCHDC) and
poly(limonene carbonate) (PLC), from carbon dioxide, cyclohexadiene oxide, and limonene
oxide by a photoinitiated reaction with an initiator. The obtained materials have been examined
for coating applications, exhibit promising solvent resistance and hardness, and may be utilized
to manufacture scratch-resistant coatings in the future [15]. Saleem R. et al. studied the
polymerization of biomass-based monomers, which leads to a multitude of new materials that
can be applied in drug delivery, biology, nano-composites, adsorption and absorption,
wastewater treatment, and other applications on small length scales [16]. In this work, stainless
steel 304L (SS304L) alloys are electropolymerized by forming a thin layer of polylimonene
(PL) on their surface using an alkaline electrolyte. The electrosynthesis of PL coatings was
examined using FT-IR spectroscopy for Limonene and PL and by AFM measurements used to
characterize PL and its composites with ZnO and TiO», and the coating adhesive was assessed
to ascertain their surface morphologies. Investigations were also done on the biological
effectiveness of PL covering against bacteria.
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2. Materials and Methods
2.1 Materials

The chemical used in this study, molecular formula, suppliers, and purity are illustrated in
Table 1.
Table 1. The Chemical materials were used

Raw Material Molecular Formula Supplier Purity
Limonene CioHis Sigma-Aldrich 98%
Zinc oxide Zn0O Hongwe nanometer 99%
Titanium oxide TiO; Hongwe nanometer 99%
Oxalic acid H2C204 BDH 99%
Sodium chloride NaCl BDH 99.5%
Sodium hydroxide NaOH BDH 99%
Sulpharic acid H2S04 GCC 98%

2.2 Electrochemical polymerization process

The electropolymerization process of limonene is demonstrated in Figure 1 and Eq 1. On
the S.S. 304L working electrode (anode) (containing 0.019 wt% (C), >0.50 wt% (Si), 1.53 wt%
(Mn), 18.20 wt% (Cr),>0.030 wt wt% (P), 8.04 wt% (Ni), 0.030 wt% (S), and iron (Fe), the
remainder was graded with carbide silicon (2000 mesh) and cleaned with D.W. and acetone.
The SS304L placed in 0.1M NaOH containing 10 mM Limonene with three drops of H2SO4
(99%) and 0.1 g of oxalic acid as a supporting electrolyte and used a large rod of graphene as
the counter electrode (cathode). The voltage of (0.85 mV) was applied at room temperature for
a duration of 90 minutes; then, the electrode was washed with distilled water and dried in a hot
air dryer.

Power Supply

- v =+

FPolymer Film Growth

Anode
Counter Stainless Steel

electrode

Figure 1. Electropolymerization process.

The potential of electropolymerization determined by cyclic voltammetry, as shown in
Figure 2, is within the potential range of (-1000 to 1000) mV vs. the standard calomel electrode
(SCE). All measurements were made in a solution containing 3.5% NaCl and were done
between 298 and 328 K. Then 0.01g of ZnO and TiO., were also added to the monomer,
repeating the electrochemical polymerization in the presence of these nano-oxides.
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Figure 2. The cyclic voltammogram of PL.

CHg3
n
Electropolymerization
T—
Oxalic acid
A CHg3
Limonene Polylimonene
Eq 1. Electropolymerization of the Limonene to polymer.
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Eq 2. Electropolymerization of the Limonene with nano-oxides to polymer composite.

2.3 Corrosion Study

Three electrodes have been used in a corrosion study: a working electrode (SS 304L coated
or uncoated), a reference electrode (SCE), and a counter or auxiliary electrode (platinum
electrode). Under potentiostatic circumstances, coated and uncoated SS304L were subjected to
anodic and cathodic polarization for the corrosion of SS304L at temperatures between (298 and
328) K.
2.4. Biological activity

In this study, the produced polymer (800 g/mL) was assessed for its biological activities
toward both gram-positive and gram-negative bacteria, including S. aureus and E. coli. The
synthesized PL's ability to inhibit bacteria was tested using the good diffusion method, and the
solvent of choice was dimethyl sulfoxide (DMSO) to prepare the PL solution.
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3. Results
3.1. FT-IR Spectroscopy of the (PL)

The PL and Limonene monomers produced on an SS 304L alloy by electrochemical
polymerization were studied using FT-IR spectra, which are shown in Figure 3. The
asymmetric C=C in Limonene is attributed to the absorption bands at 1669-1680 1680 cm™ in
Figure 3, although the IR spectra do not show this peak. The peak at around 3299 cm™, which
is not present in the IR spectra of Limonene, may be ascribed to intramolecular H-bonds
between the repeating units of PL chains.
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Figure 3. FT-IR images for A) Limonene, B) polylimonene.

3.2. AFM tests of PL and PL/ ZnO, TiO2 composite:

The surface topography of SS304L coated with PL was examined using the AFM Technique.
The most popular metrics for assessing the roughness of a surface using AFM analysis are the
mean grain size (RMS) and roughness average (Ra). According to the findings, as shown in
Table 3, the use of nanoparticles (NPs) reduced the grain size of PL, resulting in a reduction in
surface roughness for all coated films. Therefore, the less rough the surface, the greater the
barrier effect for avoiding coating corrosion [17,18].
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Figure 4. The AFM images for A) Polylimonene, B) PL+nano-ZnO, C) PL+nano-TiO,.
Table 3. The AFM parameters to coated SS 304L with PL.
System Ra (hm) RMS (nm) mean grain size (nm)
coated of PL 75.09 71.84 573
coated of PL modified by ZnO 61.02 51.34 519
coated of PL modified by TiO; 49.05 40.65 589

4. Discussion
4.1. Corrosion measurements

Figure 5 depicts the effects of a polymeric layer in the absence and presence of
nanomaterials on the cathodic and anodic curves of polarization of SS304L in a 3.5% NaCl
solution at temperatures ranging from 298K to 328K. The corrosion current density was
computed using extrapolated Tafel lines. Table 3 shows the corrosion characteristics, which
include the corrosion potential (Ecor), cathodic Tafel slope (Bc), corrosion current density (lcor),
and anodic Tafel slope (Ba). The protection efficiency is calculated using the following equation
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[17]:

Protection efficiency

(P E%):[(|cor.)uncoated'(|cor.)coated]/(|cor.)uncoated (3)
Where the corrosion current density for coated SS304L is represented by (lcor.) uncoated. After
incorporating the nanomaterials, the corrosion potential (Ecor) was shifted to more positive
values (i.e., in a noble direction), and lcor decreased. The Stern-Gerry equation has been used to
calculate the resistance of polarization (Rp) [18]:

Rp=(BatBc)/[2.303(BaBc)]*ICor. (4)
The conditions for measuring polarization resistance (Rp) are comparable to those for complete
polarization curve measurements, and it has been deemed useful as one way to spot corrosion
upsets and start fixing them [19]. The values of Rp are shown in Table 3.
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Figure 5. Tafel curves for corrosion of a. uncoated SS304L, b. coated SS304L with PL, c.coated SS304L with
PL/ZnO, d. coated SS304L with PL/TiOa.

The findings in Table 3 show the protection efficiency (PE%), which has been demonstrated
to be significantly influenced by temperature, with PE% values rising as temperature increases.
This might be explained by the fact that the boundary layer's thickness increased with
temperature [19].

Table 3 shows that the WL and PL values were highly dependent on temperature. Temperature
influenced the WL and PL values, which increased as the temperature rose. All coating systems
exhibited the highest WL and PL values at 328K. WL and PL values were also lower in coated
SS 304L than in uncoated SS304L, and these values were obviously lower after adding
nanomaterial. The porosity of the coated layer and the coating's ability to hinder [20,26].
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Table 3. Corrosion values for uncoated and coated SS304L alloy by PL.

T(K) Ecor icorr -fc Pa WL( Rp PL PE
(mVv (uA/cm?) (mv/ (mv/ g/m2.d) (Q/em2) (mm/y) %
) Dec) Dec)
298 376 8.78 124, 130. 2.2 3147.13 9.79*1 -
2 5 02
308 374 21.47 160. 155. 5.38 1596.17 2.40*1 -
8 0 0!
318 394 36.95 177. 170. 10.3 1020.81 4.57*1 -
£ 2 4 0t
§ 328 405 49.57 192. 190. 154 837.62 6.87*1 -
:C) 1 4 0!
298 280 4.16 36.1 40.4 1.29 1989.93 5.76*1 52
0-2
308 291 6.48 61.2 45.4 1.62 1746.55 7.23*%1 69
0-2
= 318 283 10.37 52.7 41.1 2.6 966.88 1.16*1 71
0-1
he]
% 328 271 17.14 76.2 71.6 4.3 935.16 1.91*1 72
o 0-1
O
298 237 917.46* 63.8 72.8 2.3*10 1610.04 1.02*1 89
10—3 1 0-2
o 308 237 1.31 79.7 89.8 3.28*1 1399.58 1.46*1 93
(= -1 -2
N 0 0
& 318 211 1.87 90.7 101. 4.68*1 1113.23 2.08*1 95
< 7 0t 02
B wn
% (u'j 328 202 2.92 93.8 116. 7.31*1 773.88 3.25%1 94
S i 9 0t 02
298 242 623.09* 43.9 56.7 1.56*1 17242.6 6.95*1 97
10 01 8 03
o) 308 301 950.47* 49.8 49.6 2.38*1 11352.5 1.06*1 96
= 103 01 2 02
5 318 324 1.43 59.6 59.2 3.59*1 9018.23 1.60*1 91
o -1 -2
o 0 5 0
% 328 342 2.67 72.1 64.5 6.7*%10 5536.54 2.98*1 90
o 1 8 0-2
O

4.2. Thermodynamics and Kinetics studies of coated SS304L

Using a comparable Arrhenius equation, the influence of temperature on the corrosion rate
of uncoated and coated SS304L in a 3.5% NaCl solution was examined [21, 27]
Icor =AeFRT ®)
Where Icor and A are the current density of corrosion and Arrhenius factor respectively. Ea (J
moL ™) is the activation energy, T (K) is the temperature, and R shows the global constant (J
moL1K™)
Equation 5 has been converted to logarithm form
Log Icor.=Log A-(Ea/ 2.303RT) (6)
The activation energy was determined from the plot that represents the relationship between
Log Icor. and the reciprocal of the absolute temperature (1/T), as shown in Figure (5.a).
The transition state equation is shown below:[22]
log (Icor/ T) =[log (R / Nh)] + [AS / 2.303 R ]-[AH / 2.303 RT] (7)
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Where h is the Planks constant (6.62 1034 J.S.) and N is the Avagadro's number (6.022x10%
mol). The graphic showing the connection between log (Icor/T) and the reciprocal of the
absolute temperature (1/T) was used to calculate the entropy of activation AS* and enthalpy of
activation AH*, as seen in Figure 5.b where the intercept is (Log) and the slope is (-
AH*/2.303RT), (R/Nh) + AS*/2.303R).

The activation parameters of thermodynamic and kinetic corrosion (Ea, A, and H*) are typically
lower SS304L coated with PL and PL/ZnO, TiO2 compared to for uncoated SS304L, indicating
a decrease in the number of corrosion active sites on the surface of 304L [22, 23]. All the
samples have a negative activation entropy, which means that association rather than
dissociation was used to determine the step's rate and that the disorder associated with the
change from reactants to activated complex has decreased [24, 25].
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Figure 5. a-Plot of (log Icor) vs. (1/T) for SS 304L with coating by PL/ZnO,TiO», b-Plot of (log Icor/T) vs
(1/T) for SS304L with coating by PL/ZnO,TiOx.

Table 4. The values of kinetic and thermodynamic for all cases.

AH (KJ/mol) -AS Ea A
(J/mol.K) (kd/mol) (Molecule.
cm?.S7)
Uncoated SS304L 44.24 77.17 45.92 9.5X10%
(blank)
Coated SS304L coated by PL 35.47 11356 53.62 1.26X10%
Coated SS304L by PL/ZnO 28.14 150.71 31.20 2.4X10%
Coated SS304L by PA/ TiO; 34.5 127.29 38.87 1.9X10%°
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4.3. Antibacterial study

The inhibitory zones of the polymers generated have been evaluated on both bacteria species
(S. aureus and E. coli) for PL and PL/ZnO,TiO: at a concentration of 800g/ml. DMSO was
utilized as the solvent. Table 6 summarizes the findings.

Table 5. The PL and PL/ZnO,TiO; inhibition zone

Coating SS 304L by: S. aureus (+Gram) E. coli (-Gram)
PL 20 20
PL modified by ZnO 24 30
PL modified by TiO» 24 28
Amoxicillin 30 30
DMSO - -

The polymer has shown superior inhibitory effectiveness against both S. aureus and E. coli
when compared to amoxicillin. The polymer's capacity to kill bacteria is determined by its
ability to create a stable interaction complex with drug-bound topoisomerases and cleaved
DNA. The polymer's suppression of topoisomerase activity and formation of stable complexes
with DNA have a significant detrimental impact on cell oxides. Nanomaterials are becoming
more important in medical, pharmaceutical, and biological uses as an antibacterial method in
opposition to the spread of antibiotic-resistant bacteria and the resurgence of infectious
illnesses. NPs are assumed to be biocidal effective due to their tiny size and high surface-to-
volume ratio, which enable them to come into contact with the membranes of microorganisms
[28-32].

5. Conclusion

At rising temperatures, both the corrosion potential (Ecor) and corrosion current density
(Icor) increased. In both the presence and absence of the nanomaterial, the corrosion current
density (Icor) decreased after covering the SS304L with the polymer film. Tafel plots showed
that the corrosion potential (Ecor) of the SS304L coated with the polymer film changes to a
higher position as compared to that of the uncoated SS304L in the absence and presence of the
nanomaterial, indicating that the polymer film functions as an anodic protection. For the
uncoated and coated SS304L in the absence and presence of the nanomaterial, PE% declined
with rising temperature. ZnO-modified polymer film-coated SS304L showed greater PE% than
TiO2-modified polymer film-coated SS304L. The AFM investigation revealed that the creation
of a protective coating on the metal surface was what caused SS304L to be protected. In addition
to corrosion resistance, the polymer film has antimicrobial properties against the bacterium S.
aureus and E. coli, with the polymer film enhanced with NPs having particularly potent
antibacterial properties.
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