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Abstract

In this study, poly4-(nicotinamido)-4-oxo-2-butenoic acid (PNOE) was prepared
by the electro polymerization of 4-(nicotinamido)-4-oxo-2-butenoic acid (NOE)
monomer on a 316 stainless steel (St.St) which acts as an anticorrosion coating.
Fourier transforms infrared (FTIR), atomic force microscopy (AFM), scanning
electron microscopy (SEM), and cyclic voltammetry were used to diagnose the
structure and the properties of the prepared polymer layer. The corrosion behavior of
the uncoated and coated 316 St.St were evaluated by using an electro chemical
polarization technique in 0.2 M hydrochloric acid solution as a corrosive medium at
a temperature range of 293 to 323 K. Nano materials, such as nano ZnO and
graphene were added in different concentrations to the monomer solution for
improving the corrosion resistance of the 316 St.St surface. The results showed that
the values of protection efficiencies of the polymeric coating were increased after
adding the nano materials. The kinetic and thermodynamic activation parameters
were also calculated and the biological activity of the polymer film against Gram
negative and positive bacteria was studied.

Keywords: corrosion, electro chemical polymerization, stainless steel, coating,
nicotinamide, nanomaterial, Antibacterial activity.
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1-Introduction

Despite much progress in the sciences and technologies of corrosion protection and control, the
phenomenon of corrosion, usually of metals and alloys, continues to pose a major apprehension to
many industries around the world. Generally, corrosion can be prevented by proper modifications in
the environment (addition of inhibitors), material (selection of corrosion resistant materials), and
material surfaces (coatings and films). Due to its properties, St.St is a common construction material
with applications in various industries and an excellent choice when good corrosion resistance is
required. The corrosion resistance of St.St is associated with the formation of a thin passive film on
the alloy surface [1] . The stability of the natural thin layer may be violated in aggressive chloride
environments, which can result in the development of localized pitting corrosion and irreversible
damage to the steel products [2]. Corrosion resistance of St.St in the presence of chloride ions can be
developed by the application of a protective coating, which has been widely used for the control of
metal corrosion [3]. The use of conducting polymers for the protection against corrosion is an area
which is recently gaining an increasing attention [4].
Conducting polymers can be prepared from aqueous or organic solvents by chemical or
electrochemical polymerization [5]. The electrochemical technique is generally preferred since it
supplies better control of film thickness and morphology via different parameters, such as current
density, pH , monomer concentration, and nature of electrolyte solution [6-8]. Different electro-
polymerization techniques can be used, including galvanostatic (constant current), potentiostatic
(constant potential), and potentiodynamic (cyclic voltammetry) techniques. Conducting polymers are
electrically conductive because of their extensive n- conjugated backbone. The degree of conductivity
is affected by the density and mobility of electrons [9]. The conductive properties render polymer
coating materials ideal candidates for metal protection [10]. They also have other applications, such as
there usage in sensors [11] , energy storage systems [12] , batteries [13] , molecular devices [14],
membrane gas separation [15] , and solar cells [16]. The use of coatings which have antibacterial
activity is an efficient method to decrease microbial numbers on the healthcare facilities. Antibacterial
agents are materials that can kill pathogenic microorganisms [17]. Good antimicrobial polymers must
be biocidal to broad spectra of pathogenic microorganisms, insoluble in water for variable
applications, and unlikely to decompose to toxic materials [18, 19] .

In this work, the polymeric film (PONE) was prepared by the electro-polymerization of the
monomer (NOE) on St.St surface. The characterization of PONE was achieved by using SEM, AFM,
FTIR, and the cyclic voltammetry method. The corrosion protection tests of uncoated and coated St.St
in 0.2M HCI solution at temperatures of 293 to 323 K were conducted by using the electrochemical
polarization technique. The effects of adding the nanomaterials (nano ZnO and Graphene) were
studied to develop the anti-corrosion coating by polymerization.

2- Experimental Part
2.1. Synthesis of the NOE Monomer

4-(nicotinamido)-4-oxo-2-butenoic acid was synthesized by the following procedure.  Maleic
anhydride (1g, 0.01mol) was dissolved in 20ml of dioxane. Nicotineamide (1g, 0.01mol) was added to
the reaction mixture and stirred for 6h at room temperature. The dark yellow precipitate was formed,
filtered, and dried under vacuum. Figure-1 illustrates the formula applied for the synthesis of NOE.
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Figure 1- The chemical formula applied for the synthesis of NOE.
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2.2. Electro-polymerization of NOE

The electro-polymerization of NOEon the 316 St.St surface (anodic electrode) was performed by
using regular DC power supply (Galvanostatic technique). The electrodes were cleaned, washed by
distilled water and acetone, and then dried. The solution which was utilized for the polymerization
process was prepared by dissolving 0.1g of NOE in 100 ml of H,0, with three drops of H,SO, (95%)
as a supporting electrolyte [20]. The polymeric film was deposited on the anodic electrode at room
temperature. Graphene (0.004g) was added to the monomer solution after dispersing it, followed by
the addition of 0.04g of nano-ZnO to develop the polymeric coating against corrosion and microbial
activities.
2.3 Electrochemical Corrosion measurement

For corrosion measurement, three types of electrodes were utilized, including reference electrode
(SCE), working electrode (St.St, coated or uncoated), and auxiliary electrode (platinum electrode).
Anodic and cathodic polarizations for the corrosion of coated and uncoated St.St were performed
under potentiostatic conditions in 0.2M HCI at a temperature range of 293 to 323 K.
2.4 Electro-deposition of PNOE on St.St by cyclic voltammetry

The electro-deposition of PNOE film on St.St electrode was conducted through the electro
polymerization of the aqueous solution containing 0.2g NOE, 200ml H,O, and 3 drops of H,SO,
(95%) by cyclic voltammetry during a potential range of -2000 to 2000mV and a scan rate of 40mV/s.
3- Results and discussion
3.1 The electrochemical cyclic voltammetry of PNOE coating

The cyclic voltammogram was utilized for the recording during the electro- deposition of PNOE
film on St.St. It was used to explore the redox properties of the polymeric film. Figure-1 shows the
successive cyclic voltammogram obtained with PNOE. From the first scan, it is observed that the
oxidation wave starts at 1.8V, which can lead to the oxidation of the monomer. The intensity of this
oxidation wave was decreased within the following scans, while the oxidation wave was shifted to the
higher potential, which can be indicative to the electropolymerization of the monomer. The
polymerization rate was increased when the potential was higher than 1.8V. At the end of the
repetitive cycles, a green polymer coating became visible. The increases in the anodic currents were
related to the electrochemical polymerization of the polymer, while these currents were decreased
gradually with the increasing number of the scan. Therefore, the growth of the coating film during the
cycling process resulted in the decrease in the current with increasing cycles number [21].
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Figure 1-Cyclic voltammogram for electro-polymerization of NOE.
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3.2 Mechanism of polymerization

The electro-polymerization reaction for graphting and growth of the PNOE film on the metal
surface was proposed by the cationic mechanism [22, 23]. As illustrated in Scheme (1-A), the first
step included the transfer of the electron from the monomer to the working electrode (metal surface)
(A1). This electron transfer leads to the formation of a radical cation that adsorbs on the electrode
surface, which appears in (A2). The radical cation desorbs and reacts in the solution to give rise to a
component of low molecular weight (A3). Then, the NOE molecule adds through the cationic
mechanism at the charged end of the adsorbed oxidized NOE (A4).
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Scheme 1- Cationic mechanism for grafting and growth of PNOE films

3.3. The structure of PNOE

3.3.1FT-IR Test
The polymer coating formed was examined by FT-IR spectroscopy. As demonstrated in Figure- 2-A,
the spectrum of NOE showed the band for an aliphatic double bond (CH=CH) at 1608.52 cm™, while
at the spectrum of the polymer PONE (Figure- 2-B) , this band disappeared, confirming the
formation of the polymer film [24-26]. According to Figure- 1-A, the frequency peak for C=0 of the
carboxylic group appeared at 1704.96 cm™ | the peak at 3276.83 cm™ is attributed to the NH- amide
group, and the absorption band of the C=0 amide group appeared at 1654.81cm™.
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Figure (2): FT-IR for A-the monomer (NOE), B- the polymer (PNOE)

3.3.2. Atomic Force Microscope

The surface topography of the St.St coated with PNOE in the presence and absence of the
nanomaterials (graphene and nano-ZnO) was explored through the AFM technique. Figure-3 shows
2D and 3D AFM images of all applied coating films. Through the AFM analysis, the mean grain size,
root mean square (RMS), and roughness average (Ra) are the most commonly used parameters to
identify the roughness of the surface. These parameters are listed in Table-1. The results show that the
roughness of the surface for all coating films was decreased after the modification of PONE with the
nanomaterials due to the decrease in the grain size. Hence, the lower roughness of the surface the
better barrier effect for the protection of the coating from corrosion [27]
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Table 1-Average diameter, root mean square (RMS), and average roughness (Ra) values

Coating Mean(%l::)m Slze RMS(nm) Ra(nm)
Coated St.St with PONE 93.35 5.25 4.24
Coated St.St with PONE
modified with G 92.41 3.02 2.42
Coated St.St with PONE
modified with nanoZnO 85.06 2.01 1.58

Figure 3-AFM image for (A) PONE, (B) PONE modified with G, (C) PONE modified with
nanoZnO.
3.3.3 Scanning Electron Microscope

The surface morphology properties of the PONE films in the presence and absence of the
nanomaterial were characterized by SEM. Figures- 4 (A)-(C) shows that PONE has a heterogeneous
distribution on the surface of St.St with some pores, while PONE modified with G showed
aggregations of spherical grains with different sizes, and PONE modified with nanozZnO showed a

Figure 4-SEM images for (A) polymer (3), (B) PONE modified with G, (C) PONE modified with
nano ZnO.
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4 - Corrosion Tests

The corrosion of PONE coating film was carried out by using electrochemical polarization. Figure
-5 shows typical polarization curves for uncoated and coated 316L St.St with polymer PONE, in the
absence and presence of nanomaterial in 0.2M of HCI solution at different temperature (293-323) K.
The corrosion potential (Ecy) and corrosion current density (i ) Were determined by the
extrapolation of the cathodic and anodic Tafel lines to the point of intersection [29] . The cathodic (Bc)
and anodic (Ba) Tafel slopes were determined from the same Figure-5. Table-2 shows the data of
corrosion parameter that include the following: corrosion potential E, (MV), corrosion current
density icor (MA/cm?), anodic and cathodic Tafel slopes Ba and pc (mV/Dec), weight loss WL(g/m?.d),
penetration loss PL(mm/y), polarization resistance Rp (Q/cm?), and protection efficiencies (PE%). The

value of PE% was calculated by applying the following equation [30]:
(i corr) coated

PE% = |1

B (io corr)uncoated

* 100

.. (2)

where o and i are the density current values for uncoated and coated 316 St.St, respectively.
While the polarization resistance (Rp) was calculated by using the following Stern -Geary equation

Ba * Bc

[31]:

Rp =

2.303(Ba + Bc)icorr

- (3)

Table 2-Corrosion parameters for uncoated and coated 316 St.St with PONE in absence and presence
of nanomaterials in 0.2M of HCI at different temperatures

Rp
: 'Ecorr I corr -BC Ba WL PL 0, 2
Coating | T(K) | vy | (uasem?) | (mvisec) | (mVisec) | (gim.d) | (mmpy) | PEYe | (&/em’)
203 | 116.7 | 1842 | 1887 | 1598 148 | 2*10° | 2039.681
2.32°10°
303 | 126 | 2137 | 1991 | 1858 1.72 : - | 1952.858
Uncoated .
2.6510
StSt | 313 | 2066 | 2435 | 2077 | 2205 1.96 ) - | 1906.821
__
323 | 271.8| 2580 | 1716 | 2585 | 208 | 28270 | | 1729746
* - * -
203 | 638 | 467 74.4 9a0 | 37671071 5.08%10° | 7465 | 3861427
* - * -
Coated | 303 | 67.8 | 565 77.0 945 | 4991071 6.15510° | 2356 | 3260739
St.St with __ __
PONE | 313 | 881 | 861 131 1289 | 893107 9.36*10° | ¢/ 64 | 3276581
* - * -
323 |1224| 1039 | 1366 | 1702 | 896710 | L13¥0° | 5947 | 3166.981
_
203 | 399 | 183 756 609 | L4801 ou02 | 90 | 8617.692
Coated 325%10°
ststwith | 303 | 1078 | 2.99 875 1035 | 2.4*10" | 3% 86 | 6885.729
PONE _ _
modified | 313 | 1353 | 3.76 69.6 gog | 3027107 | 4.09%10° | o) 55 | 4528004
with G - -
323 | 1406 | 6.89 1112 | 1787 | 2940 | 749%10° | 45 397 | 4310843
* - * -
203 | 794 | 3.09 73.9 689 | 249710 | 3.36*10° | o555 | 5010523
Coated
( __ _
StF;f)t,:l’VE'th 303 | 142.3| 525 485 505 | 42271001 571100 1 20 4 | 2046.184
. * - * N
modified | 4,5 | 1956 | 593 84.7 951 | 4771071 645510 | o5 5y | 3280301
with nano
* - * -
Zno 323 | 2458 | 797 1007 | 1119 | 8410 | 867501 6455 | 2887647
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Figure 5-A-Polarization curves for the corrosion of uncoated St.St316L in 0.2M HCI at different
temperatures.
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Figure 5-B- polarization curves for the corrosion of coated St.St316L with PONE in 0.2M HCI at
different temperatures.
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Figure 5-C-Polarization curves for the corrosion of coated St.St316L with PONE modified with G in
0.2M HClI at different temperatures.
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Figure 5-D-Polarization curves for the corrosion of coated St.St316L with PONE modified with
nano ZnO in 0.2M HCI at different temperatures.

It is clear from the resulting data that the corrosion potential (E.) and the corrosion current
density (icorr) Were increased with the increase in temperature. E, Was shifted to more active values
(cathodic) with rising temperatures. The corrosion current density of the coated St.St was significantly
decreased compared with that of the uncoated St.St, , after adding the nanomaterial. Also, it was
observed from the Tafel plots that the E, for the coated S.S was shifted into a higher position (noble
direction) as compared to that for the blank S.S. This indicates that the corrosion protection acts as an
anodic protection [32, 33]. Also, the Rp values showed a greater increase in the coated than in the
uncoated St.St, especially after adding the nanomaterials.

5- Kinetics and thermodynamics of the coated St.St316L

The effects of temperature on the corrosion rate of uncoated and coated St.St316L in 0.2M of

HCI solution were studied for the temperature range of 293-323 K by using Arrhenius equation [34].

icor = A exp (_R—I;a) v (4)
Equation (3.4) was converted into the logarithmic form, as follows:

Ea

Logicorr = LogA > 303RT v (5)
While the transition state equation was expressed as follows:[35]
i corr R AS * AH *

T - ked [N_h+2.303R ~ 2.303RT - (6)
where i : cOrrosion current density, T : absolute temperature (K), Ea: activation energy, A: pre-
exponential factor , R: gas constant (8.315 J/K.mol™ ), N: the Avogadro’s number (6.022 x 10* mol™
), h: Planck’s constant (6.626176x10* 1.S), AS*: the entropy of activation, and AH*: the enthalpy of
activation.

Figure-6 shows Arrhenius plots for the corrosion of coated and uncoated St.St in 0.2 M of HCI
solution. Figure-7 shows the plots of log (icrr /T) versus 1/T. The values of the enthalpy change of
activation (AH*) and the entropy change of activation (AS*) were obtained from the  slopes and
intercepts, respectively. The activation Gibbs free energy (AG*) was calculated by using the
following equation [36]:

Log

AG*=AH*-TAS* @)
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Figure 6-Plot of log i vs. /T for uncoated and coated St.St with PONE in the absence and presence
of nanomaterials in 0.2M HCI.
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Figure 7-Plot of log ic/T vs. 1/T for uncoated and coated St.St with PONE in the absence and
presence of nanomaterials in 0.2M HCI.

Table 3- Transition state’s thermodynamic parameters at different temperatures for the corrosion of
uncoated and coated St.St with PONE in the absence and presence of nanomaterials in 0.2M HCI
solution

A
. AG* | AH* | as ) Ea )
Coating | T(K) |k 3/moly | (kaimol) | @/mol.ky | R | (ka/mol) (';/'nf_'f"stfl'f' R
203 | 64.593

Uncoated | 303 66.574
St.St 313 | 68.555
323 70.536

6.546 198.112 | 0.958 9.103 4.721%10%® | 0.979
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203 | 68.049
coated 303 | 69.703
St.St with 10624 | 169276 | 0966 | 22.180 | 2.449%10% | 0.973
PONE | 313 | 71355
323 | 73.008
coated 293 70.277
St.St with 303 71.636
PONE 30471 | 135898 | 965 | 33027 | 8.421*10% | 0.969
313 | 72.995

modified
with G 323 74.353

coated 293 | 68.794

St.St with

PONE | 03 | 70425 20879 | 163928 | 909 | 23426 | 3.022%10% | 0.944
modified 313 72.064 ' : . . )
with

| s2s | 73600

All the calculated values of Kkinetics and thermodynamic parameters are listed in Table-3. The
results show that the activation energies in the presence of PNOE film were increased, indicating a
higher protection efficiency as a result of coating. The values of activation energies were increased
with adding different nanomaterials, which indicates an increase in the energy barrier for the
corrosion reaction. The positive sign of the activation enthalpies (AH*) for coated and uncoated St.St
indicates the endothermic nature of the transition state reaction of St.St. The values of AS * for the
coated and uncoated St.St are negative, implying that the activation complex in the rate- determining
step represents an association rather than a dissociation step. This indicates a decrease in the
disordering which takes place during the transition from the reactant to the activated complex [37- 38].
The positive values of AG* listed in Table-3 show nearly small change with the rise in temperature
and indicate the non-spontaneous nature of the transition state for the uncoated and coated St.St.

5- Antibacterial activity

Polymeric coatings have a diverse use in most of the pharmaceutical and biomedical applications.
The results of biological activity of the polymer, with and without nanomaterial, are listed in Table- 4.
A good inhibition activity was observed for PONE, compared with Amoxicillin, against Gram-
negative bacteria (Escherichia coli) and Gram-positive bacteria (Staphylococcus aureus). Also, the
ability of PONE to kill bacteria was increased after the modification with nano-materials, especially
with graphene [39].

Table 4-Biological activity of the tested polymer and polymer nanomaterial

System Gram positive (S. aureus) Gram negative (E. coli)
PONE 12 13
PONE+G 14 16
PONE+nanoZnO 13 18
Amoxicillin 30 30

Solvent DMSO: [C]: 800 pg/ ml
Conclusions

The electro polymerization of NOE on St.St acted as a good anti-corrosion coating in 0.2M HCI.
The PE% and polarization resistance (Rp values of the coating polymer were decreased with
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temperature increase. The PE% value was also increased after adding the nanomaterial, especially
graphene . The corrosion current density was increased with rising temperature, while the corrosion
potential was decreased with increasing temperature. The corrosion potential was moved to the noble
direction , where it was acting as an anodic protection. SEM and FAM analyses showed the
protection of St.St due to the formation of a protective coating on its surface. Also, the biological
activity of the polymer film was modified, with the nanomaterial having a moderate activity against
Gram-positive and negative bacteria.
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