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This research includes the preparation of a poly-eugenol layer on the surface
of a stainless steel electrode by electropolymerization process, where the
polymer was diagnosed using infrared spectroscopy and atomic force
microscopy. The corrosion measurements of stainless steel 304L electrode
were carried out before and after coating with polyeugenol in 3.5% of NaCl
solution at four different temperatures in the range 298-328 K. Likewise, this
study included the addition of nanomaterials such as ZnO and TiO: to increase
the efficiency of the polymeric layer formed against corrosion. The biological
activity of the polymeric film was tested against bacterial Gram- positive
Staphlococcus aureus (Staph.aure) and Gram-negative Escherichia coli (E.coli).
Furthermore, the coating was treated with nanoparticles (ZnO and TiOz2).
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Introduction

Electro-Polymerization is a coating process in
which the monomer is polymerized in solution at
a collecting substrate. Electrolysis is employed to
start the initiation in this process, with the
monomer polymerized on-site to a conducting
surface. It uses the low molecular weight
conductive monomers that are more soluble in
the medium and containing carbon chain should
have double bond [1]. Monomers such as methyl
methacrylate [2], styrene [3], aniline as a poly
methyl aniline [4], and pyrrole [5] have all been
reported to undergo the electro polymerization.

HO

MeO

In clove oil, eugenol (4-allyl-2-methoxyphenol)
plays a significant (Syzygium
aromaticum, also known as Eugenia aromaticum)
may be used for its extraction. It may be further
produced through lignin depolymerization [6]
and from various plants, including cinnamon
bark, Tulsi leaves, turmeric, pepper, ginger, and
thyme [7]. Because eugenol is a very important
molecule with functional groups that may be
polymerized, the production of eugenol-based
products is now a common procedure. Three
functional groups hydroxy, methoxy, and allyl
make up the structure of eugenol, as displayed in
Figure 1 [8].

role. Clove

\

Figure 1: The chemical structure of eugenol

The most popular included
polymerizing the
electrolyte to create a thin coating of conductive
polymer on stainless steel (the working
electrode) [9]. The conductive polymer sheet
utilized as an antibacterial and corrosion barrier.
The essential characteristics should be presented
in the excellent antimicrobial polymers: a-
biocidal against a wide range of pathogenic
microorganisms, b-it can be regenerated after
loss of activity, c-it cannot be soluble in water for
various applications and d-it cannot be degraded
to the toxic compounds [10, 11].

The self-healing characteristics of composite
conducting polymers CP are blended with those
of inorganic the CP-based
composites. As a result, the composite coatings
have better physicochemical and mechanical
characteristics, such as increased hydrophobicity,
barrier effect, [12, 13]. The
enhancement of corrosion protection results
from the development of these qualities.

Haider A. and Khulood A. indicated that eugenol
polymerized on titanium alloys before and after
treatment with Micro Arc
protected from corrosion and the protection
efficiency (I1%) increased to 81% at 323K. The
antimicrobial activities of the samples were

technique

monomer in a suitable

materials in

and adhesion

oxidation was

evaluated against various bacteria and oral fungi.
Poly Eugenol (PE) coating exhibits antibacterial
activity against and B.Subtilis,
respectively and antifungal activity against
C.albicans and C.glabrata oral fungi, respectively
[11]. A. Ciszewski and G. Milczarek used cyclic
voltammetry to modify a platinum electrode with
electro-polymerized films of 4-allyl-2-
methoxyphenol (eugenol) oxidative
polymerization from an alkaline solution, and
then the modified electrode was utilized to
measure dopamine (DA) levels in an animal [12].
Erwin A. prepared PE with high molecular weight
to evaluate its antibacterial and an antioxidant
activity, the synthesized PE was weighed using
viscometer, in which results indicated a strong
antibacterial activity. Then, tests on the
antioxidant activity against free radical DPPH
(2,2-diphenyl-1-pycrylhydrazyl). Therefore, the
polymer synthesized (polyeugenol) has a high
potential to be applied in various biomedical
applications.

In this study, an alkaline electrolyte is used to
generate an electropolymerized coating on
stainless steel 304L (SS304L) alloys by form a
thin layer of poly eugenol (PE) on the surface
of SS304L. The FT-IR spectroscopy and AFM
measurements were used to analyze the electro-
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synthesis of PE coatings, and coating adhesive

was evaluated to determine their surface
morphologies. In addition, the biological efficacy
of PE coating against different bacteria and the

oral fungus was investigated.
Materials and Methods

SS304L was used as the working electrode with
chemical structure, as described in Table 1.

Samples preparation

A potential of
determined by cyclic voltammetry. A solution of
10 mM of Eugenol in 0.1 M of NaOH was prepared
and three drops added of the concentrated H,SO4
to increase the conductivity of electrolyte within
potential range between (-2000 to 2000) mV vs.
the standard calomel electrode (SCE).

electro-polymerization was

Electro-chemical polymerization of euginol

The SS 304L working electrodes (anode) was

placed in 0.1 M NaOH containing 10 mM eugenol
with three drops of H2SO04 (99%) and 0.1 g of
oxalic acid as supporting electrolyte and it is

SS 304 L specimens of 2x2 cm? area were
obtained from commercially stainless steel sheet

of 0.5 mm thickness, these samples were polishes
necessary to use a large rode of graphene as

counter electrode (cathode), the voltage of (3 V)
was applied at room temperature with duration
(90 min.), and then the electrode washed by
distilled water and dried by hot air drier [11].
The polymerization of the
monomer is shown in Figure 2.

with emery papers in different grade including
600, 800, 1200 and 2000 mesh grit, and then
washed with tap water, distilled water, ethanol,
and finally with acetone, and then they were

dried using a hot air drier. _
electrochemical

Cyclic voltammetry of PE

Table 1: Chemical composition for SS304L
material C Mn Si S P Cr Ni Fe
SS304 L 0.019 1.53 0.50 0.030 0.030 18.20 8.04
Many chemical were used in this work included some regents, as listed in Table 2 with their purity.

balance

Table 2: The used chemical materials

Raw Material Molecular Formula Supplier Purity
Ethanol C2HsOH GCC 99.9%
Eugenol C10H1202 MASTER-DENT 99.9%

Sodium Chloride NaCl BDH 99.5%

Sulpharic acid H2S04 GCC 98%

Sodium hydroxide NaOH BDH 99%
Oxalic acid H2C204 BDH 99%
Nano Zinc Oxide Zn0 Hongwe nanometer 99%
Nano titanium oxide TiO2 Hongwe nanometer 99%
Power supply
+] |-
/ E H_Hz
¢ 7, ssaoat] |
Electropolymerization Flectrode . Graphene
[ Electrode
Oxalic acid PE
HO OMe HO OMe Film
Eugenol Polyeugenol €l Iyte
Figure 2: The electropolymerization of eugenol
1820|Page
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Effect of nanomaterials

This step includes the nanomaterial addition of
(0.01, 0.02, 0.01, 0.03, and 0.04) g to improve the
polymer film’s efficiency against corrosion and
bacteria. The best quantity was 0.02 g of both
Zn0 and TiO, according to the Tafel plots
measurements. Therefore, the
polymerization process was carried out in the

electro-

presence of nanomaterials as follows: 10 mM
eugenol in 0.1 M of NaOH was prepared with
three drops of H2S04 (99%) and 0.1 g of oxalic
acid supporting electrolyte,
temperature 3 volts was applied with duration 90
min, the electrode was then cleaned with distilled
water and dried with hot air [11]. The
electrochemical polymerization of the monomer

as at room

with nanoparticles is depicted in Scheme 1.

Electropolymerization

R
HO  OMe Zno, TiO,
nanoparticles

Oxalic acid

Polyeugenol nanocomposite

Scheme 1: The electrochemical polymerization of the monomer with nanoparticles

Study of electrochemical corrosion

For corrosion studies, a three-electrode cell with
a working electrode (SS304 L; before and after
coating), a reference electrode (SCE), and a
counter, or auxiliary electrode is used (platinum
electrode). Anodic and cathodic polarization for
corrosion of SS304L was performed in
3.5% NaCl solution under potentiostatic
conditions SS304L at temperatures ranging (298-
328) K.

Results and Discussion

Cyclic voltammogram of PE

The cyclic voltammogram was taken when the PE
film was electro-polymerized on SS 304L and it
was utilized to look at the redox characteristics of
the polymeric film. The sequential cyclic

voltammogram produced with PE is shown in
Figure 3 at around 3.2 volts from the beginning of
the scan, an oxidation wave begins that may be
related to the beginning of polymerization of
monomer. In the subsequent scans, the strength
drops of the polymerization wave and it shifts to
a higher potential signified the electro-
polymerization of monomer, when the potential
is more than 3.5 v, the rate of polymerization is
raised. The reduction peak, which may be
associated with the polymer reduction, comes
during the reverse potential sweep at 1.5 v. As
the polymer coating layer expands, this peak
weakens and a subsequent scan shows that the
polymer has fully grown. The repeated cycles
result in the appearance of a light brown polymer
covering.

2%0_]

S
=

Pl 2R |

Current density

2

13
Potential

Figure 3: The cyclic voltammogram of PE
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Corrosion measurements

Figure 4 demonstrates the typical curves of
polarization for the coated and the uncoated SS
304L with polymers in absence and presence of
nanomaterial in 3.5% of NaCl solution at a variety
of the temperature values (298-328) K. The
protective effectiveness was calculated using the
following equation (%Pe) [14].

Where, (Icor)unc. is the corrosion current density
for blank SS304L (uncoated), (lcor)c is the
corrosion current density for coated SS304L,
obtained by the extrapolation of cathodic and
anodic Tafel lines to the corrosion potential. The
polarization resistance (Rp) may be determined
using the rearranged Stern-Geary Equation [15-
19].

faxfb 1

%Pe =[(Ic0r.)unc.‘ (Icor.)c.]/ (Icor.)unc. (2) sz — (3)
(Ba+Bb)2.303 Ic
A B
— 298K ——298K
— 308K ——308 K
2004 04 — 318K
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Figure 4: Tafel plots for SS304L (a) uncoated, (b) coated by PE, and (c)coated by PE with ZnO ,d) coated by PE
with TiO2

Ecor. and corrosion
current density l.or. were extrapolated from the
cathodic and anodic Tafel plots of the SS304L that
had not been before and after coated with PE in a

The corrosion potential

solution of 3.5% of NaCl. The anodic Ba and
cathodic Bb Tafel slopes, weight loss WL,
penetration loss PL, polarization resistance Rp,

and protection efficlency PE% were also
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calculated using Figure 4. The results listed in
Table 3 show that both the corrosion potential
and current density increased with temperature.
When compared to uncoated SS304L, Tafel's plot
reveals the coated alloy yield Ecor. moves into a
higher location showing that the coating serves
as an anodic protection [14].

Measurements of polarization resistance (Rp)
have comparable to
measurements of all polarization curves, and they
are a valuable approach for locating corrosion
upsets and starting corrective action. Table 3
provides a list of the Rp values.

The anodic and cathodic Tafel slope results
obtained are variable at all temperatures. These
results are referring to a variation in rate
determining the step from the process of charge
transfer to the electrochemical desorption and
chemical desorption in cathodic reaction and
consequently rate determining step variations in
the metal dissolution reaction [20].

The values of polarization resistance Rp derived
from Equation 3 and shown in Table 3, reduced
with temperature for uncoated SS304L and
coated SS304L in without and in the presence of

criteria those of

nanomaterials because the bare metal is more
conductive than polymer layers [21]. This is
because the SS304L surface nearly
completely covered by the nanomaterials.
Furthermore, the coating by PE treated with ZnO
in NaCl solution at 298 K has the greatest
polarization resistance value (13567.83 Q/cm?2).
Results in Table 3 indicate that protection
efficiency (Pe%) is strongly influenced by
temperature, with a fall in Pe% values as
temperature increases. This may be explained by
the fact that as temperature increases, so did the
thickness of the boundary layer [21].

Table 3 reveals that the WL and PL values were
greatly dependent on temperature. Temperature
had an effect on the WL and PL values, which
increased with temperature. All coating systems
had the greatest WL and PL values at 328K.
Likewise, the values of WL and PL were lower in
coated SS304L than in uncoated SS304L and
these values were clearly lower after adding
nanomaterial. The porosity of the coating layer
and the coating's capacity to inhibit entry of
hostile anions such as chloride ion into the
surface of S.S. influenced these results [22].

was

Table 3: Corrosion values for uncoated and coated SS304L with polymer PE

T(K) “Eeor Leor (n?\k/)/ (nﬁ?// WL Rp (Q/cm?) PL Pe%
(mV) (nA/cm?) Dec) Dec) (g/m2.d) (mm/y)

298 | 376 8.78 1242 | 1305 2.2 3147.13 9.79%102 -

308 | 374 21.47 160.8 | 155.0 5.38 1596.17 2.40%101 -
Uncoated =g 354 36.95 1772 | 1704 10.3 1020.81 4.57%101 -
328 | 405 49.57 1921 | 1904 15.4 837.62 6.87*101 -

298 | 211 2.72 786 | 761 | 6.82*107 | 6172.39 3.04*102 | 69

Coated | 308 | 231 7.05 753 | 77.6 1.74 2353.78 7.75%102 | 67
PE 318 | 251 12.17 73.8 | 72.6 4.25 1305.77 1.89*101 | 65
328 | 253 19.9 722 | 719 5.49 786.05 244107 | 60

Coated | 298 | 232 860%103 532 | 543 | 2.16*107 | 13567.83 | 9.62*10° | 90
PE+Zn0 | 308 | 260 2.86 550 | 59.6 | 4.66*101 | 4342.74 207102 | 86
318 | 260 6.52 78 80.4 | 873*107 | 2636.65 4.5%10°2 82

EECS | 328 | 265 9.64 95 103.1 1.41 2227.03 6.3%10 80
298 | 234 1.66 90.6 | 1132 | 6.67*107 | 1316341 | 297102 | 81

Coated | 308 | 264 434 89.6 | 987 | 836101 | 4698.84 372102 | 79
PE+TiO2 | 318 | 268 8.7 90.2 | 1004 | 9.28*101 | 237139 413*102 | 76
328 | 264 11.95 114 | 1204 1.99 2127.70 8.87*102 | 75

FT-IR Spectroscopy of the synthesized polymer
(PE)

FT-IR spectra (depicted in Figure 5) were

recorded for the eugenol monomer and

1823 |Page
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polyeugenol formed on a SS 304L alloys by
electrochemical polymerization. In Figure 4, the
absorption bands at 3076 cm! are ascribed to
asymmetric =CH; in eugenol, but this peak cannot
found in the polyeugenol IR spectrum. The peak
at around 3299 cm! can be attributed to intra-
molecular H-bonds between the repeating units
in polyeugenol chains and this peak cannot found
in the eugenol IR spectrum.

Thermodynamic and kinetic activation studies

The corrosion process for uncoated and coated
SS304L L in %3.5 of NaCl solution in temperature

A

CH,

OH CHy

3076 cm-1

range 298-328 K was calculated by using similar
Arrhenius Equation [16].

Icor:A exp'Ea/RT (4)

This equation was converted into logarithmic

form as follows:
A_Ea

Lﬂg I = ng z.508 RT (5)

coT.

While, the transition state equation is as follows
[17,18]:
A5 AH

Icor. _ R _
Log T Log Nh + 2303 R 1303 RT (6)

Figure 5: FTIR of (a) Eugenol and (b) PE

Where, R is the universal gas constant equal
8.315 J/K.mol, T is the absolute temperature in K,
A is the pre-exponential factor, h is the Planks
constant equal 6.62x10-34 ].S, N is Avogadros
number equal to 6.02x1023 mol!, E; is the
activation energy, and (AS and AH) are the
thermodynamic functions (entropy and enthalpy

of activation). The E, and A values were obtained
from slope and intercept, respectively, from the
linear regression between Log Icrvs. 1/T, as
demonstrated in Figure 6a, while AH and AS were
obtained from slope and intercept of the linear
regression between Log Ieor/T vs. 1/T, as
illustrated in Figure 6b and listed in Table 4.
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Figure 6: (a) Plot of log Icor. versus 1/T for SS304L before and after coating with PE in without and presence of
the nanomaterials. (b) Plot of the Icor./T vs. 1/T log. SS304L before and after coating with PE in the without and
presence of nanomaterials

Table 4: Values of kinetic and thermodynamic for coated and uncoated SS304L with PE in absence and presence
of the nanomaterials at different temperatures

AH* (k] /mol) -AS* (J/mol.K) Ea (kJ]/mol) | A (Molecule. Cm2.S1)
Uncoated SS 304L 44.29 77.17 46.9 9.9x1032
Coated SS 304L with PE 50.55 66.07 53.18 0.37x1032
Coated SS 304L with PE and ZnO 63.38 32.17 66.01 2.2x1032
Coated SS 304L with PE and TiO2 53.43 64.92 54.09 6.7x1032

Table 4 lists all of the estimated values for
kinetics and thermodynamic parameters. The
findings reveal the activation energies have
increased in the presence of the film (PE), which
indicates a better protective efficiency of the
coating and the values of Arrhenius factor are
relatively close to each other as the values refer
to the number of corrosion sites on the alloy.

After incorporating various nanomaterials into
the coating, the
increased, suggesting a rise in the energy barrier

activation energies were
for the corrosion process [23]. The endothermic
character of St.transition St's state reaction is

shown by the positive activation enthalpies (AH*)

for coated and uncoated SS 304L. The activation
complex in the speed determination phase is a
combination rather than a dissociation, as shown
by the negative values of AS* for coated and
uncoated SS304L. This indicates that there is a
reduction in disordering when one transitions
from reactant to activated complex [24, 25].

Atomic Force Microscope (AFM)

The AFM Technique was used to examine the
surface topography of SS 304L coated with PE in
the presence and absence of nanomaterials
(nano-TiOz and nano-Zn0). Figure 7 depicts two
and three dimensions AFM pictures of all coating

1825|Page
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films applied. Through AFM analysis, the mean
grain size, RMS as the root mean square, and Ra
as the roughness average are the most often used
metrics for determining the surface's roughness.
The results indicate that the reduction in grain
size caused by the PE treatment with
nanoparticles led to a decrease in surface
roughness for all coated films, as shown in Table
5. Therefore, the stronger the barrier effect for

Z-Axis - Scan forward Line fit

preventing corrosion of the coating, the less
rough the surface [26].

Antimicrobial Activity of PE

The inhibitory zones of the produced polymers
were tested in two species of bacteria S. aureus
and E. coli in the without and in the presence of
nanomaterials ZnO and TiO; at 800 g/mL.
Dimethyl sulfoxide was utilized as the solvent
(DMSO0), as listed in Table 6.

Figure 7: AFM images for (a) PE, (b) PE with n-ZnO, and (c) PE with n-TiOz
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Table 5: AFM parameters to coated SS304L with PE in without and in the presence of the nanomaterials

System Ra (nm) RMS (nm) Mean grain size (nm)
Coated by polymer PE 8.360 9.302 103.7
coated of polymer PE+ZnO 4.879 5.897 98.56
Coated of polymer PE+TiO> 4.523 5.236 96.58

Table 6: PE polymer inhibition zone with and without nanomaterial

ot Gram-positive Gram-negative
S. aureus E. coli
PE 14 18
PE+ZNO 30 30
PE+TiO: 28 24
Amoxicillin 30 30
DMSO - -

The polymer showed the superior inhibitory
effectiveness against both S. aureus and E. coli
when compared to amoxicillin. The polymer's
capacity to kill bacteria is determined by the
stable interaction complex produced between the
cleaved DNA the drug-bound
topoisomerases. The cell's ability to tolerate
DNA-damaging medicines [27] demonstrates
how the polymer's inhibition of topoisomerase
activity and the creation of stable complexes with
DNA have a substantial negative effect on the cell.
Nanomaterials are becoming more important in
pharmaceutical and biological applications as an
antibacterial strategy against the proliferation of
infectious diseases and the increase of antibiotic-
resistant strains [28]. Due to the combination of
their high surface to volume ratio and small size,
which enables them to close contacts with

and

microbial membranes, nanomaterials are
regarded as the efficient biocides.

Conclusion

In 3.5% of NaCl solution, the electro

polymerization of PE on SS 304L served as an
effective anti-corrosion coating. The efficiency of
protection (Pe%) and corrosion polarization
resistance (Rp) of the coating polymer decrease
by increasing temperature and the Pe% increases
after adding nanomaterials, particularly ZnO. The
corrosion potential was working as anodic
protection and was moving in the noble direction.
According to the FAM study, the protection of the
SS 304L under investigation is caused by the
development of a protective coating on the SS

304L surface. In addition, the biological activity of
polymer film (PE) modified with nanomaterial
has moderate activity against Gram-negative
bacteria (E. coli) and Gram-positive bacteria (B.
subtilis) (S. aureus).
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