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Abstract Poly(o-bromophenol-co-N-methylaniline)
[poly(OBP-co-NMA)] was electropolymerized in an
acidic medium at 30°C under inert atmosphere. The
formed polymer was characterized using IR spec-
troscopy, XRD, SEM and TGA analysis. The effi-
ciency of the deposited polymer as a corrosion
protection coating on a mild steel electrode in an
acidic medium was investigated. Corrosion and im-
pedance measurements reveal that the prepared poly-
mer has excellent passivation properties. The free
energy of adsorption of the prepared polymer on the
electrode surface was in the range of = — 19.5 kJ
mol !, which reveals a physical adsorption of the
inhibitor molecules on the metallic surface.

Keywords Electropolymerization, Mild steel,
Corrosion inhibition, Cyclic voltammograms, Coatings

Introduction

Conducting polymers have a wide range of technolog-
ical applications such as rechargeable batteries, sensors
and electronics.'”” Organic polymers have been estab-
lished as organic corrosion inhibitors, and they are
easily adsorbed onto the metal surface forming a
barrier coating layer which reduces active corrosion
sites. Also, they provide a potential cheap alternative
to chromium and ghosphate treatments and their
associated pollution.” Previous studies indicated that
organic compounds containing -NH, and/or —-OH
groups retard the corrosion reaction due to the
formation of a protective surface layer or by prevent-
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ing oxidation. One of the well-known conducting
polymers which are mentioned because of their inhi-
bition features is polyaniline (PANI) due to its high
electrical conductivity, low cost and anticorrosivity.”
Polyphenols were also investigated as corrosion in-
hibitors.'>~'® The potential-time diagrams of the elec-
tropolymerization of aniline on carbon steel
is composed of three steps: the dissolution and forma-
tion of polycrystalline interphase, passivation and
electropolymerization.'”'® Polyaniline derivatives and
polyaniline copolymers have been synthesized and
applied as corrosion inhibitors.'*!” Due to its industrial
importance, applications in construction and its excel-
lent mechanical properties, corrosion on mild steel
receives significant consideration. So, corrosion pro-
tection of mild steel is of great economic importance.*’
Among the corrosion inhibitors which can be used are
polymers.'*'*2! Polymers could be synthesized easily
and have a good surface coverage when deposited
“coated.” Recently, poly(N-2-hydroxyethylaniline-co-
2-chloroaniline) has been used as an inhibitor for mild
steel in acid medium.”” Khalaf et al. studied the
corrosion protection of mild steel in acidic medium
by coating it with TiO, thin films co-doped with NiO
and ZrO, in acidic chloride environments.”®> Cationic
surfactants such as cationic gemini surfactants and
peptidomimetic cationic surfactants were also stud-
ied.”** Salicylaldehyde azine-functionalized polyben-
zoxazine mnanocomposites and spirocyclopropane
derivatives have been used for inhibiting the mild steel
corrosion.”®%’

Conducting polymeric inhibitors (CP) were recently
used due to their industrial applications and economic
viability. Upon adsorption of these polymers they
prohibit large areas of the metal surface. On the other
hand, polymers act as excellent inhibitors when used in
low concentrations when compared with simple or-
ganic ones. The efficiency of these inhibitors depends
on their ability to be adsorbed on the metal medium
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interface and the covered surface area by the inhibitor.
Also, the high molecular weight and the large molec-
ular size of the inhibitor ensure the greater coverage of
the metallic surface which lead to higher inhibition
efficiency.”®

In the present work poly(o-bromophenol-co-N-
methylaniline) [poly(OBP-co-NMA)] was electrode-
posited, characterized and then applied as corrosion
inhibitor for mild steel in an acidic medium.

Materials and experimental procedures
Materials and solutions

O-bromophenol and N-methylaniline were obtained
from Merck Schuchardt (Germany), and sulfuric acid,
ethanol and acetone were provided by El-Nasr Phar-
maceutical Chemical Company (Egypt). The chemicals
used are of analytical grade and were used as received.
All solutions were prepared using freshly double-
distilled water under N, gas and were prepared in
the electrochemistry laboratory at the Faculty of
Science, Fayoum University.

Electrochemical measurements

A three-electrode system was used to evaluate the
electrochemical performance of the mild steel elec-
trode in a naturally aerated stagnant acidic solution
(pH = 2) prepared from 1 M H,SO,4 aqueous solution.
Before all electrochemical measurements, the working
electrode was left for at least 1 h. All electrochemical
measurements were taken with the help of a Volta lab
potentiostat (Radiometer PGZ301). A saturated calo-
mel electrode SCE and a platinum electrode were used
as the reference and counter electrodes, respectively.
The working electrode was made of a mild steel rod
obtained by an up-casting procedure. It was prepared
in a metallurgical workshop. The metallic rod was
introduced into glass tubes using a two- component
epoxy resin leaving a surface area of 0.5 cm? to contact
the solution. The chemical composition of the pure
carbon steel is listed in Table 1. Electrochemical
impedance spectroscopy (EIS) was performed at a
steady-state potential. EIS was performed within the
frequency range of 100 000-0.05 Hz with a peak to
peak amplitude of 5 mV.?’?" Electrochemical 1mpe-
dance parameters have been fitted using the Z,, view
software with a suitable equivalent circuit. Potentio-

dynamic polarization measurements were executed
over the sweeping potentlal range of 500 to 60 mV at
a scan rate of 10 mV s~ . Before every measurement,
the mild steel electrode was polished by consecutive
emery papers ranging from 600 to 2500 grit and was
then carefully washed with bi-distilled water and dried
using a soft paper. Subsequently, direct dipping in the
corrosive medium was done. To obtain the desired
concentration from the as-prepared polymer, a certain
amount of polymer was dissolved into the acidic
solution (pH = 2) samples. A series of solutions with
lower concentrations were prepared by dilution. To
verify the reproducibility, every experiment was
repeated at least three times.

Preparation of poly(OBP-co-NMA)

Electropolymerization of poly(OBP-co- NMA) from
aqueous solutlon containing 0.060 mol L™ of mono-
mer, 0.2 mol L™! H,SO, at 30°C was performed with
scan rate of 40 mV s !

The working electrode was a platinum foil with
dimensions of 1 cm length and 0.5 cm width containing
a platinum wire (0.75 cm) to facilitate the electrical
connection. Before each run, the platinum electrode
was cleaned and washed with ethanol, double-distilled
water and dried.

The polymer solution used for corrosion measure-
ments was prepared by weighing 0.1 g from polymer,
with drops of ethanol to dissolve the polymer followed
by addition of 100 ml acidic buffer [pH = 2]. From the
prepared solution (5 ml, 7.5 ml and 10 ml) were taken
and completed to 100 ml acidic buffer. The electrical
cell in which a platinum wire auxiliary electrode acts as
a cathode and the mild steel working electrode acts as
an anode was used for measurements, and it was
followed over 1h in a stagnant naturally aerated
aqueous solution of pH =2. At the end of each
experiment, the working electrode was picked up,
washed and dried for corrosion measurement.'*:

Characterization of the electrodeposited polymer
Infrared, UV—-visible and "THNMR spectroscopy

Ultraviolet spectroscopy was carried out using SHI-
MADZU UV Spectrophotometer (M160 PC) at room
temperature in the range 200400 nm using ethyl alco-
hol as a solvent and reference. IR measurements were
taken using a SHIMADZU FTIR-340 Jasco Spec-

Table 1: Chemical composition (wt%) of the mild steel electrode

Element C Si Mn S

Cu Cr Ni Al Fe

Analysis 0.34 0.26 0.93 0.02

0.04 0.01 0.01

0.02 0.01 Balance
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Scheme 1: Polymerization mechanism

trophotometer (Japan), and the KBr pellets disk tech-
mque was used. Dimethylsulfoxide (DMSO) was used
for 'HNMR measurements which were performed using
a Varian EM 360L, 60-MHz NMR spectrometer.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) using a SHIMAD-
ZU DT-30 thermal analyzer (SHIMADZU, Kyoto,
Japan) was performed. The measurements were
recorded from room temperature up, to 600°C, at the
rate of 20°C/min and nitrogen 50 cm>/min.

Electron microscope and XRD
Scanning electron microscopy (SEM) analysis was

carried out on the polymer film deposited on the Pt-
working electrode surface using a JSM-T20 Electron

Probe Micro Analyzer (JEOL, Tokyo, Japan). The X-
ray diffraction analysis (XRD) (Philips 1976 Model
1390, Netherlands) was operated using Cu X-ray tube,
Scan speed: 8 deg/min, current 30 mA, voltage 40 kV
and 10 s preset time.

Results and discussion
Characterization of the electrodeposited polymers
Elemental analysis

The elemental analysis data were not useful due to the
different possibilities of copolymer structure. The
structure of the obtalned copolymer was confirmed
using UV-visible, IR, '"H-NMR, TGA, XRD and SEM.
A proposed polymerlzatlon mechamsm and the struc-
ture of the copolymer are represented in Scheme 1.
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Fig. 1: UV-visible assignments of POBP, PNMA and
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Fig. 2: Infrared spectra of POBP and PNMA and poly(OBP-
co-NMA)
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The ultraviolet-visible spectra

The UV-visible spectra of poly(o-bromophenol)
(POBP), poly(N-methylaniline) (PNMA) and poly(o-
bromophenol-co-N-methylaniline) [poly(OBP-co-
NMA)] are represented in Fig. 1.

1. In the case of POBP, three absorption bands
appear at Agn.x = 210, 306 and 329 nm which may
be attributed to (E,-band) transition of the ben-
zene ring and f-band (A4-Bs,), respectively.

2. In the case of PNMA, absorption bands appear
from Amax = 220, 243, 253, 290, 310 and Apax = 325
nm which may be attributed to the transition (E,-
band) of the benzene ring and f-band (Ai,-B>y),
respectively.

3. In the case of poly(OBP-co-NMA), three absorp-
tion bands appear at Ay, = 280, 290 and 310 nm
which may be due to the high conjugation of the
aromatic polymeric chains.

Infrared spectroscopy

The infrared spectra of POBP, PNMA and poly(OBP-
co-NMA) are represented in Fig. 2. The infrared
absorption bands are illustrated in Table 2.

'HNMR spectroscopic measurements

The 'HNMR spectrum of POBP, PNMA and poly
(OBP-co-NMA) are represented in Fig. 3. The fig-
ure shows one solvent signal at ¢ = 2.51 ppm. The
protons of benzene rings in the polymeric structure
appear in the region from 6 = 6.20 to 6 = 8.23 ppm. A
singlet signal at 6 = 2.40 ppm which may be attributed
to protons of CHj; group. The signals of different OH
disappeared when deuterated water was used.

Thermogravimetric analysis

TGA for the electrochemically prepared polymer
samples was investigated, and the TGA-curve is rep-
resented in Fig. 4. The diagram shows three stages
during the theromolysis of the prepared polymer
samples. The first stage includes the loss of water
molecules in the temperature range between 35.37 and
54.63°C, and the weight loss was found to be (2.91%).

In the second stage, the bonded water molecules are
thermally decomposed in the range of 150 to 200°C.
The weight loss was found to be (5.75%) in the
temperature range between 55.11 and 126.5°C.

The third stage is the decomposition of the dopants
present in the polymer structure adding to the decom-
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Table 2: Infrared absorption bands of POBP, PNMA and poly(OBP-co-NMA)

Assignments Wavenumber (cm™")
POBP PNMA Copolymer
CH out of plane bending for 1,2 di-substituted benzene ring 749° 665™ 751"
826™ 815™ 824°
Stretching vibration for C—Br group 934" 1035" -
Stretching vibration for C—-O group 1030° - 1043™
Stretching for incorporation in the polymer sulfate group 1189° - 1177%
Stretching vibration of C=C in benzene ring 1475° - 1469™
1588° 1619 1585™
1777% - -
Stretching vibration for CH aromatic 3069% - 3064°
Stretching vibration intermolecular hydrogen solvated OH 3499° 3226° -
group or end group OH of polymeric chain
s strong; w weak; b broad; m medium
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Fig. 3: "THNMR spectra of POBP, PNMA and poly(OBP-co-
NMA)

position of the remaining part of the polymer which
started at about 180 to 350°C. The weight loss in the
range of temperature between 127.5 and 599.3°C was
found to be (88.4%) which includes the decomposition
of the remaining part of the polymer in the range from
385-600°C.

Temperature [°C]

Fig. 4: Thermogravimetric analysis of POBP, PNMA and
poly(OBP-co-NMA)

Surface morphology and x-ray diffraction

Under most conditions, the electrodeposited copoly-
mer film of poly(OBP-co-NMA) on the platinum
electrode surface at the optimum conditions was
brown, homogeneous, smooth and well-adhering to
the electrode surface. The surface morphology of the
deposited copolymer film was examined using SEM
(Fig. 5a) and XRD (Fig. 5b).

Application of poly(OBP-co-NMA) as corrosion
inhibitor for mild steel in acidic medium (pH = 2)
Open circuit potential measurements

Open circuit potential of mild steel in the presence of

different concentrations of poly(OBP-co-NMA),
namely 0, 20 ppm, 50 ppm and 100 ppm, was followed
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Fig. 5: (a) Scanning electron microscope (SEM) and (b) X-ray diffraction (XRD) of poly(OBP-co-NMA)
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Fig. 6: Variation of the open circuit potential of mild steel
alloy with time in stagnant naturally aerated aqueous
solutions of pH=2 in the presence different
concentrations of poly(OBP-co-NMA) at 25°C

over 1 h in stagnant naturally aerated aqueous solution
of pH=2 (1M H,SO,). The results show that the
presence of polymer shifts the steady-state potentials
to more negative values. The result is presented in
Fig. 6.

Potentiodynamic polarization (the Tafel extrapolation)
technique

The electrochemical behavior of mild steel in different
concentrations of poly(OBP-co-NMA) (blank, 20 ppm,
50 ppm, 100 ppm) in a naturally aerated aqueous
solution of pH = 2 was investigated under polarization
conditions, and the linear polarization and Tafel
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Fig. 7: Potentiodynamic polarization curves of mild steel
alloy in stagnant naturally aerated aqueous solutions of
pH = 2 in the absence and presence of poly(OBP-co-NMA)
at 25°C

extrapolation techniques were carried out at a scan
rate of 10 mV s~ '

Figure 7 illustrates the potentiodynamic polariza-
tion curves of different concentrations of copolymer
after holding the mild steel electrode at the open
circuit potential for 1 h in a naturally aerated aqueous
solution of pH = 2.

The figure shows that the corrosion potential shifted
to a negative direction, the presence of different
copolymer concentrations with decreasing anodic and
cathodic current densities indicating that poly(OBP-
co-NMA) acts as a mixed inhibitor, i.e., the prepared
copolymer adsorbed on both anodic and cathodic
active sites on the metal surface, blocking the active
sites for the corrosion process, thus decreasing the
exposed free metal area to the corrosive medium.
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Table 3: Potentiodynamic polarization parameter of mild steel after 1 h of electrode immersion in stagnant naturally
aerated polymer solution in naturally aerated aqueous acidic solution pH = 2 at 25°C

Copolymer concentration  E.orr (MV) Ry (KQ €M?) oo (WA M%) Ba (MV) B, (MV)  Corrosion rate (umy~") 1%
Blank — 670.6 0.502 107.1 263.4 — 34541 1.33 0
20 ppm — 675.7 0.872 70.6 2549 — 359.5 0.88 34.1
50 ppm — 679.5 1.02 65.4 2274 — 366.6 0.81 38.9
100 ppm — 688.8 1.05 48.6 2123 —292.6 0.61 54.6
(a) The results of corrosion parameters, Tafel slopes (f,
14 T 0o P and ﬁb) corrosion potential (Ecorr)s corrosion current
12| 7. AN density (icorr), corrosion rate and the corrosion protec-
10 /,/;'/'/' e \ tion efficiency (%) of the copolymer coat film were
S 7 R '\-\ " calculated and are presented in Table 3.
<(::) 8 )%/;/ \ \\ N\ Table 3 shows that the Tafel slopes (8, and fy) are
= 6 o X \ in most cases increased with increasing polymer
N 4 #’. \\-_ \’. \? \x concentration which indicates that the corrosion pro-
b oo 7 cess is under activation control, and the corrosion
2 j E } % I current density i.,, and the corrosion rate decreases
0 ol with an increase in the polymer concentrations; this
10 20 30 40 50 indicates that the copolymer has better corrosion
resistance. The inhibition of mild steel alloy by the
Zr (Q.cm?) prepared copolymer could be attributed to the adsorp-
(b) tion of these molecules onto the electrode surface. This
57 S S is made possible due to the presence of heteroatoms of
: " ", nitrogen, oxygen and even m electrons, which are
26 0 regarded as adsorption centers. The functional groups
-~ (-NH,, —C=0) in this copolymer could be bridg(ed
£ o5 —5 @ between the polymer and the surface of the metal.”
g ? )
4 —10g
N 2.4 s Electrochemical impedance measurements
o o
- —15 . . . L .
2.3 The electrochemical impedance investigations of mild
—a—blank 20 §teel alloy in a naturally aerated.acidic solution pH.: 2
2.2|—+—20 ppm Wi - in the absence and presence of different concentrations
——50 ppm nhﬂ..;,{ of the prepared poly(OBP-co-NMA) are shown as
24|~ 100 ppm —25 Bode plots in Figs. 8a and 8b. The figures show one
phase maximum at the intermediate frequency, the

—1 0 1 2 3 4 5
Logf (Hz)
Fig. 8: (a) Nyquist plot and (b) Bode plot of mild steel alloy

in stagnant naturally aerated aqueous solutions of pH = 2
in the presence of poly(OBP-co-NMA) at 25°C

Cdl
| |
Rs 11
ANA |
R,
AAVAVIVAV

Fig. 9: Equivalent circuit model for a
electrochemical cell (Randles Model)

simple

broadening of phase maximum increase with increas-
ing concentration of the prepared copolymer indicating
the presence of a protective layer on the electrode
surface. The response of the system in the Nyquist
complex plane in Fig. 8a consists of one semicircle. The
time constant or diameter of the semicircle increases
with the increase in copolymer concentration. The
simple equivalent circuit model (Randles equivalent
circuit) with a constant-phase element (CPE) was
introduced to analyze the impedance date arising from
a linear range of experimental system corresponding to
a simple charge-transfer process, as shown in Fig. 9.
The impedance parameters of the investigated polymer
were calculated and are presented in Table 4. The
results of these experiments show that the film resis-
tance has its maximum value in the presence of
poly(OBP-co-NMA) at a concentration of 100 ppm.
This result is in good agreement with the results of the
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Table 4: Equivalent circuit parameters for steel recorded after 1 h of electrode immersion in stagnant naturally

aerated polymer solution at steady-state potential at 25°C

Copolymer concentration R/Q cm? Ry/kQ cm? Cdl/uF cm~2 o
Blank 143.1 0.183 34.8 0.997
20 ppm 151.2 0.293 271 0.999
50 ppm 157.7 0.236 27.0 0.998
100 ppm 161.4 0.350 18.2 0.999
200 between the inhibitor molecules and the alloy’s sur-

" face.
150
) Conclusi
g 100 onciusion

Poly(o-bromophenol-co-N-methylaniline) [poly(OBP-
50 co-NMA)] was electropolymerized and characterized
. using different spectral tools. A polymerization mech-
0 anism of the electrodeposited copolymer is also
suggested and confirmed. The corrosion behavior of

0 20 40 60 80 100
CIM

Fig. 10: Langmuir isotherm plot for the adsorption of
poly(OBP-co-NMA)on mild steel alloy in stagnant naturally
aerated aqueous solutions of pH = 2 at 25°C

potentiodynamic experiments. The Cdl (the thickness
of the adsorbed layer 1/Cdl) decreases with increasing
polymer concentration. From this data, poly(OBP-co-
NMA ) shows a good passive layer for mild steel.*-**-*

Adsorption isotherm

One possible mechanism for corrosion inhibition using
poly(OBP-co-NMA) is the adsorption of the inhibitor
which blocks the metal surface and thus does not
permit the corrosion to take place. The adsorption
provides the information about the interaction among
the adsorbed molecules themselves as well as their
interaction with the metal surface.®® In this work, the
adsorption of copolymer on the mild steel electrode
surface was found to obey the adsorption isotherm and
is plotted in Fig. 10, where a plot of C versus C/0 yields
a straight line with intercept 1/K as described by
Langmuir adsorption isotherm. The free energy of
adsorption, AG,qs, was found to be — 13.49 kJ/mol.
The negative values of AG,q4s indicate that the adsorp-
tion process is spontaneous. The calculated value for
the adsorption of poly(OBP-co-NMA) on the elec-
trode surface is less than — 40 kJ/mol, which indicates
physical adsorption, i.e., there are electrostatic inter-
actions between the charged molecules and the
charged electrode and there is no chemical interaction
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mild steel samples coated using the cyclic voltammetry
electropolymerization technique of poly(OBP-co-
NMA) was studied. Different polymer concentrations
up to 100 ppm were investigated as corrosion inhibitors
for mild steel surface in an acidic medium of pH = 2
(1 M H,SO,) at 303°K. The results show that the
deposited polymer films are homogeneous, have
smooth lamellar surface and are of higher thermal
stability. Also, the corrosion protection efficiency of
the passivated mild steel samples increases with an
increase in the polymer concentration, and this was
confirmed by open circuit measurements which show
that the presence of polymer shifts the steady-state
potentials to more negative values. The potentiody-
namic polarization results show that the corrosion
potential was shifted to a negative direction in the
presence of different copolymer concentrations with
decreases in both the anodic and cathodic current
density, indicating that poly(OBP-co-NMA) acts as a
mixed inhibitor. A future work is in progress using the
deposited polymer or depositing polymers of polyphe-
nols-co-polyaniline derivatives and application of these
polymers as anticorrosive additives.
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