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Polyacrylamide (PAA) film was electrosynthesized omild steel by cyclic voltammetry using a Ce(lV) st —
oxalic acid initiator system. Polymerization was iitiated by a free radical that is formed by fast raction of
oxalic acid and Ce(IV). The electrolysis of the sation results in regeneration of Ce(IV), which canoxidize
the oxalic acid and produce radicals. The effect otemperature on the yield of the electroinitiated
polymerization was studied. The potential sweep ratwas changed to achieve polymer films with differd
levels of thickness. The capacity of the PAA filma protect mild steel from corrosion in an IM NaCl aqueous
solution was investigated by potentiodynamic polagation curves and electrochemical impedance
spectroscopy (EIS). The structure of the PAA film a mild steel was investigated by physicochemical rie@ds
such as elemental analysis of C, H and N by a FTIBoectrometer. The results of the studies reveal thahe
corrosion resistance of PAA-coated mild steel is gificantly higher and the corrosion rate consideraly
lower than for uncoated steel. PAA films formed wih lower sweep rates exhibited a larger positive sttiof the
corrosion potential and greater charge transfer reistance, reflecting as higher inhibitors for corrogon of

mild steel.

Polyacrylamide / Electrochemical / Potentiodynami¢ Impedance / Protection / Corrosion

Introduction

Corrosion is an electrochemical reaction based on
universal laws of Nature. All metallic structures

corrode. Steel, for example, is a man made substanc
produced from iron oxide. The energy added in the
refining process is unstable and, in a suitable
environment, the steel will release this energy and
return to its natural state of iron ore.

Polymer adsorption onto solid surfaces is
important for a wide range of applications, and is
relevant to many issues in biology and medicine.
Adsorbed polymer layers are widely used in the
stabilization of colloidal suspensions and are retssle
for the forming of paints, coatings, printing inks,
drilling needs, and for the processing of ceramics
[1,2]. They also play a crucial role in protecting
against corrosiofi3-5], as well as in many biological
applications such as boundary lubricdiis

Isolation of metals from the corrosive environment
is probably the most general mechanism of protgctin
against corrosion offered by polymer coating. Prope
isolation by polymer coating requires that the
polymeric material provides the correct barrier

properties and remains adherent in the presence of studied

water and corrosive products such agke
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Polymer films, based on aniline-, phenol-, normal
vinyl- and heterocyclic vinyl-type monomers, have
been synthesized on mild steel by various kinds of
electropolymerization (EP) and their corrosion
resistance studied. Electrooxidation polymerization
(EOP) produced incomplete, porous and thin films on
the steel surface. The most corrosion-preventilmg fi
under the experimental conditions was a poly
(2-vinylpyridine) film with a corrosion inhibitor
efficiency of about 80-90 %&].

Potentiodynamic  polarization  curves were
obtained for carbon and stainless steel in cométbt
a 3 % sodium chloride aqueous solution saturatéldl wi
air, in order to evaluate the capacity of polyamlin
the emeraldine oxidation state to protect the serfa
against corrosiofv].

As shown by ellipsometry, the chemisorption of
PAA on a bare silver surface is more pronounced tha
on a Ti/TiG interface. The presence of PAA in a boric
borate buffer, pH 8.4, mostly inhibits the procéss
the active region of passivation of irdA]. These
results show that PAA adsorbs mainly on bare active
metal surfaces.

Electropolymerized (EP) polymers have been
using vinyl-type polymers such as
polyacrylonitrile, polyacrylic acid (polypropenoic
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acid), polyacrylamide, polyacrolein, and so[6nl4],
which were synthesized by electroreduction (cathodi
reduction) polymerization (ERP). Aryl-type polymers
such as polyphenylene oxide, polyaniline,
polythiophene, and their derivativé$5-18], which
were synthesized by electrooxidation (anodic
oxidation) polymerization (EOP), ERP, and so on,
have also been studied. However, for EP films abate
on mild steel the relationship between the methbd o
electropolymerization, the  structure of the
polymerized film, and the evolution of the corrasio
resistance has not yet been studied systematically.
The objective of the present study was (a) to
synthesize uniform, compact and strongly adherent
PAA coatings on mild steel substrates; and (b) to
study the corrosion behavior of a PAA coating
deposited on mild steel in corrosive environment by
the potentiodynamic polarization technique and
electrochemical impedance spectroscopy (EIS).

Experimental

Materials

Ce(SQ),-4H,0, oxalic acid (OA), sulfuric acid, and
acrylamide (AA) (Merck) were all reagent-grade
chemicals and used without further purification.

Electrochemical polymerization

EP of AA was studied in an aqueous solution in the
presence of Ce(IV)-oxalic acid redox initiator et

at a constant current density of 1 mAfcim the
temperature range 20-7G. The cyclic voltammetry
method was applied between -0.2 and 1.1V (vs. a
saturated calomel electrode) at sweep rates of, 0.02
0.05 and 0.1 V/s. The current efficiencieg, for the
electrodeposition were determined from the folloyvin
equation19].

o= (2+ y)(AmF + 0574 IM )
I Q(M m + yM A)

where m is the experimental mass difference
between the blank sheet and the coated shésthe
electrodepositing current,q is the induction time
during which iron dissolvesM,, is the molecular
weight of the monomer (AA)M, is the molecular
weight of the inserted anioM, is the atomic weight
of iron, Q is the charge for electrodeposition of PAA
(Q corresponds to the positive potential plateau wher
PAA is formed), andy is the degree of insertion of
anions into the polymer film during its
electrodeposition. The thicknesof the PAA deposit
was determined using the following equation:

5= Meean'li _ QM+ yM A,

Ao (2+y)FAo
wherem paa corresponds to the theoretical mass of the
PAA deposit with ; = 100 %.

The approximate average molecular weight of the
polymer, M, was determined from viscosity

1)

@)
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measurements in water at 3G by an Ubbelohde
viscometer, using the equation giverja0]:

7] = 68x107*M ¢ *dLg™ 3)

The film formation process was analyzed by
physicochemical methods. The formation and growth
was checked by gravimetry. The apparent coating
thickness was determined in a constant potential
electrolysis using a two-electrode cell. Structural
analyses were performed on films and coated steel
plates were scraped off and examined by
physicochemical methods. For the elemental analysis
of C, H and N, FTIR spectra were obtained on a
Perkin-Elmer 1420 spectrophotometer, using a KBr
disk.

Electrochemical measurements

The potentiodynamic polarization technique was
applied in a standard three-electrode cell using a
Potentiostat /Galvanostat (Toho Technical Research)
and an x-y recorder. A mild steel disk was use as
working electrode; the chemical composition (petcen
was C 0.04, Si trace, Mn 0.3, P 0.02, S 0.017 ad F
balance, and the surface of the steel disk washwedi
with silicon carbide emery paper up to 1500 grade.
The counter electrode was a platinum plate and wire
and the reference electrode was a saturated calomel
electrode (SCE).

The performance of the protection against
corrosion of these coatings was investigated in an
aqueous 1M NaCl solution, by wusing the
potentiodynamic polarization technique and EIS. For
these measurements, a Teflon holder was used to
encase the polymer coated mild steel substrates so
to leave an area of 30 Mnexposed to the solution.
The potentiodynamic polarization measurements were
performed by sweeping the potential between -0 an
1.1V from an open circuit potential at the scae &t
0.001 V/s. The substrates were allowed to stabitize
the electrolyte for 30 min prior to the potentiodymic
polarization measurements. The Travel slopes of the
anodic , and cathodic . parts of the polarization
curve were obtained. The corrosion current density
(leorr) in A/M? was calculated by using the Stern-Geary
equation[21] and converted into the corrosion rate
(CR) in mm/year by applying the following equation
[22]:

CR(mm/ yr) = 3.268x10° '“7”@ 4)

whereMW is the molecular weight of mild steel (g),
is the density of mild steel (kgfnandz is the number
of electrons transferred in the corrosion reaction;2
in the case of mild steel.

EIS measurements of PAA-coated and uncoated
mild steel were carried out at the open circuieptial
in an aqueous solution of 1 M NaCl. The frequency
was varied from 0.1 Hz to 20 kHz using an ac
excitation potential of 10 mV amplitude of sinusalid
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voltage signal, applied by using a frequency respon
analyzer (FRA, NF Electronic Instruments, FRA
5020), a Potentiostat / Galvanostat (Toho Technical

initiator concentration increase the growing chain
population, which in turn enhances the polymerarati
rate and simultaneously lowers the molecular weight

Research) and a data processor (personal computer,of the polymer.

NEC, PC-9801). All experiments were carried out at
25 °C as described in previous papg?8,24] The
impedance spectra were analyzed by fitting the
experimental results to equivalent circuits usingpa-
linear least-squares fitting procedure.

Results and discussion

PAA films can be produced both by chemical and
electrochemical methods. The advantage of the
electrochemical synthesis is that it is a direcitsgsis

of the polymer on the metal surface without any
organic additives. This is an advantage when shglyi
the protection mechanism of a pure polymer.

The effect of temperature on the polymerization
yield was investigated for the polymerization byttho
electro and chemical methods, as showritle 1.
The highest yield for electro polymerization was
obtained at 56C. This differs from the conventional
chemical method, where the free radical regenearatio
rate was mainly controlled by the temperature.

In the absence of ceric ions and oxalic acid the
electro polymerization of AA was not initiated.
Consequently, PAA films cannot be produced under
these conditions.

A schematic overview of the redox polymerization
is presented ifrig. 1. It shows that the polymerization
is initiated by a free radical formed by fast ré@ctof
oxalic acid and Ce(VIl). The electrolysis of the
solution results in regeneration of Ce(VI), whiciinc
oxidize the oxalic acid and produce radicals.

Table 1 Conversion yield of electrochemical

polymerization of PAA at different
temperatures.
Temperature®C) Conversion (%)
22 45
35 57
50 65
70 60

[H,SO;] = 0.5 M, [AA] = 0.5 M, [Ce(IV)] = 5x10" M,
[OA] =2x107% M.

A FTIR spectrum of the polymer formed on the
steel surface is seen irrig.2. This spectrum
resembles the spectra of PAA reported in earlier
works[25-27]. The elemental composition of the PAA
was determined (in %) as C 51.29, H 6.92, N 18.99,
and O 22.8.

The average molecular weights of PAA obtained
for different acid concentrations are summarized in
Table2. The average molecular weight of the polymer
decreased with increasing concentration of sulfuric

Preliminary results indicate that the structure an
properties of PAA coating formed on mild steel vary
with the conditions. The longer the passivationetim
(), the better the quality of the coating.
Electropolymerization of PAA on mild steel is
preceded by the coverage of the substrate by a
crystalline passive film. The process goes through
three distinct stages:

1) dissolution of steel, followed by
2) passivation of steel, and finally
3) deposition of PAA.

The passivation time can be decreased by
increasing the applied currer8], as shown in
Table3. Fig. 3 displays potential vs. time curves for
electrodeposition of PAA onto mild steel at a canst
current density of 1 mA/ct The induction period,
ind» 1S attributed to the active dissolution of iroh a
negative potentials. After 10 min the potential is
shifted in the positive direction as the result of
precipitation of Fe(ll) oxalate, and PAA film is
electrodeposited at the positive potential platdéhe
pronounced potential peak preceding the plateau was
attributed to the formation of an Fe(ll) oxalate

interlayer [19] at the beginning of the
electrodeposition of the PAA film.
Table 2 Average molecular weight and
conversion yield for PAA film.
[H2SOy] (M) Conversion (%) I\/I_
\%
0.05 25 34,000
0.5 89 13,000
[AA] = 0.5 M, [Ce(IV)] = 5x10* M and

[OA] = 2x10°M, T= 25°C, E= 1.2V, | = 40 mA,
r=1h.

Table 3 Dependence of the passivation time
and charge on the applied current.

Current density|Passivation timgPassivation charge
(mA/cn) (s) (mClenf)
1.0 420 300
3.0 60 200
7.5 20 210
10 15 150

The behavior described above indicates that the
iron dissolution of pretreated steel is very lows A&
result the PAA film is homogeneous and adherent to
the steel surface. The thickness of the coating was
calculated under the assumption that the densitleof
film is = 1.5 g/cm and using equation 2. The data

acid. This was expected because increases in the shown in thelable 4was calculated foy = 0.2.
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Redox polymerization
COOH COOH-__

+ Ce(lv) =——= (l:OOH/Ce(lv)

COOH

Initiation
COOH coor
™~ slow + HY o+ ce(lll)

COOH/Ce(IV) } COOH
reaction

Propagation

coo- H,C=CH Hyb o H
. — > O'OC-(—C—C—)n—C—CH :
COOH CONH, HOOC CONH, CONH,
Termination
Hy HH2 Ho H, H
c—cC nC_|CH' + Ce(|V)—»(—c—c§—c=?H + Ce(lll) 4 H*
n

CONH, CONH; CONH,  CONH,

Electrochemical polymerization

Cathode - Anade

CE“V) H2 OA Ce(IV)+OA
) C A [ (1
Ce(lll) 21t || CA Ce(lll)+0OA

11} Electrogencration

I} Redoxinitiation

1)+11) Electroinduced redoxinitiation

Fig. 1 Schematic representation of the polymerizatioR AA.

T (%)

I l
1000 400

J
4000 3000 2000

Wavenumber (cm™)

Fig. 2 FTIR spectra of PAA obtained on the surface ofirsteel; [HSO,] = 0.1 M, [AA] = 0.5 M,
[Ce(IV)] = 5x10* M, [OA] = 2x10° M, E = 1.2 V,| = 40 mA, deposition time 1 h.
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Fig. 3 E (mV) vs. 7 (s) for electrodeposition of PAA on mild steel,AR= 0.5 M, [H,SO] = 0.05 M,
[OA] = 2x10% M, [Ce(IV)] = 1x10* M, current density 1 mA/cmdeposition time: (1) 1000 s and

(2) 1500 s.
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Fig. 4 Relation between the amount of polymer film andtite at -0.2 V applied voltage; [AA] = 0.5 M,
[H,SQy] = 0.05 M, [OA] = 2x1F M, [Ce(1V)] = 1x10* M.

Table 4 Mass difference m, current efficiency

i (equation 1), and film thickness(equation
2) for the electrodeposition of PAA on mild
steel at a constant current density of 1 mAfcm

[AA]= 05M, [H,SQ]= 0.05M, [OA]=
2x10% M, [Ce(IV)] = 1x10* M.

(s) m (g) i (%) (Lm)
900 -0.0007 22 0.2
1200 -0.0006 22 0.5
1800 0.0011 42 1.6
3000 0.0024 41 2.8

A constant potential electrolysis was performed in
a two-electrode cell and the formation processhef t
film was investigated through weight (gravimetryda
electrochemical measurements:ig.4 shows the
amount of polymer film (or apparent coating
thickness) vs. the electro polymerization time at
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-0.2 V of applied voltage.

Potentiodynamic polarization curves for uncoated
mild steel and PAA-coated mild steel (~2.8 um thick
film), recorded in an aqueous 1 M NacCl solutiore ar
shown inFig.5. The Tafel extrapolations show that
the PAA has caused a significant shift, -0.31 Vsuer
SCE, of the corrosion potentidty,,), with respect to
the value observed for uncoated mild steel (-0.Y.1V
The positive shift inEq,, confirms that mild steel is
better protected when its surface is covered by PAA
The Tafel measurements also clearly show that a
substantial reduction of the corrosion current dgns
(leorr) occurs for the PAA-coated mild steel with
respect to the uncoated material. The valueE.f,
lorr @and the corrosion rates obtained from these curves
are given inTable5. The corrosion rate of mild steel
is significantly reduced as a result of the redwciof
leorr- It is important to note that the cathodic current
density of PAA-coated mild steel is significantly
lower than that of uncoated mild steel. This

Chem. Met. Alloys 2 (2009)
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Fig. 5 Potentiodynamic polarization curves for (a) unedanild steel and (b, c, d) PAA (~2.8 um thickness)
on mild steel in an aqueous 1 M NaCl solution; gweste: 0.001 V/s. The PAA film was synthesizedhwit

different sweep rates: (b) 0.02, (c) 0.05, (d)\v/4.

Table 5 Results of potentiodynamic polarization measuregmeanl M NaCl.

Sample Ecor (V) | leor (/M) | 4 (V/dec) | ¢ (V/dec)| R,( /m?) [ CR(mmlyr)
Uncoated mild steel -0.710 0.17 0.07 0.23 1.6645x10 0.172
PAA-coated mild steel -0.536 0.005 0.025 0.210 1.35034%10 0.005
(~0.2 pum)

PAA-coated mild steel -0.358 0.002 0.042 0.285 3.10793%1p 0.002
(~0.5 pm)

PAA-coated mild steel -0.324 0.001 0.013 0.205 5.1404%1Q 0.001
(~1.6 um)

PAA-coated mild steel -0.310 0.0005 0.049 0.359 1.06510%1p0 0.0005
(~2.8 um)

observation suggests that the PAA coating is styong
adherent and provides nearly perfect coverage ef th
surface. Another observation is that films formed a
different sweep rates produce different shifts foé t
corrosion potential. Obviously, the smaller the spre
rate, the larger the positive shift of the corrosio
potential. In other words, the shift of the coroosi
potential is inversely proportional to the sweepera
during the film formation. The positive shift ineh
corrosion potential indicates an efficient protectof
the metal surface by the PAA film.

The protection efficiencyRE) was calculated by
using the equation:

PE(%) “Ree ™R 100
Roc

whereR, andR,; denote the polarization resistance of
uncoated and PAA-coated mild steel, respectiviely.
calculated from potentiodynamic polarization datsw
found to be 98 %. These results reveal the capabili
of PAA to act as a protective layer against cooosi
on mild steel. Furthermore, it was found that the

(5)

coating affects the corrosion protection of the PAA
coating.

A Nyquist impedance pld29] for uncoated mild
steel is shown itrig. 6(a) It is important to note that
there was no coating on the steel surface and,
therefore, passivation of the steel surface caiweot
expected. Hence, the diameter of the impedancédslot
equal to the value of the charge transfer resistafic
mild steel. The impedance plot was modeled by the
equivalent circuit depicted iRig. 7(a) The equivalent
circuit consists of the electrolyte resistandgy),(
charge-transfer resistanceRy] and double layer
capacitance y). The impedance plot of uncoated
mild steel can be fitted with a semicircle, which i
attributed to processes occurring on the steebesarf

The Nyquist impedance plot of PAA-coated mild
steel is shown inFig. 6(b). This impedance plot is
conveniently modeled by using the equivalent ctrcui
depicted in Fig. 7(b), which consists of the pore
resistance R;), coating capacitanceC{), charge-
transfer resistanceR{) and double layer capacitance
(Cq)- In both cases the constant phase element (CPE)

corrosion rate depends on the thickness of the PAA was considered instead of the capacitance. CPE

layer (Table5) and was lowest for the ~2.8 um thick

represents the deviation from the true capacitance

coating. This indicates that the thickness of the behavior. The impedance plot of PAA-coated mild

Chem. Met. Alloys 2 (2009)
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Table 6 Impedance parameters extracted from a fit to thevalent circuit for impedance spectra recorded

in 1 M NacCl.

Parameter Uncoated mild steel PAA-coated mild steel
R( ) 4.96 42
Ro( ) - 180

C. (F/m) - 3.4172x10
Ra () 357 17850

Ca (F/m) 7.9245x1d 8.182x10P

0.8
a
o6l
g 04l
- [ ] a -
02| -
0.0 f | 1 |
0.0 0.2 0.4 0.6 0.8
Z' (kQ)
24
b
g
S
x 2|
s ---IIIIII-..---..
0.0 f’ 1 1 1 1
0.0 6 12 18 24

Z'(kQ)

Fig. 6 Nyquist impedance plots for (a) uncoated mild Istewl (b) PAA-coated mild steel. The plots were
recorded at open circuit potential in an aqueoligisa of 1 M NaCl.

steel inFig. 6(b) can be fitted with two semicircles, a  the steel surface during the growth of the PAA icwat
smaller one in the high frequency range and a targe and the effective barrier behavior of the PAA cogti
one at lower frequencies. The first semicircle is The lower values ofC. and Cy for the PAA-coated
attributed to the PAA coating itself and the second mild steel provide further support for the protentof
to processes occurring underneath the coating. The mild steel by PAA coating. Thus, the higher valoés
values of the impedance parameters obtained from R; and R, and lower values o€ and Cy indicate
fitting the experimental impedance plots for uneodat excellent corrosion prevention for PAA coating.

mild steel and PAA-coated mild steel to the equaél PE was calculated by using the following

circuits shown irFig. 7, are given inrable6. equation:
The higher value dR., observed for uncoated mild Rep ~ Rat
steel is attributed to a stable passive layer farae PE(%) :Txmo (6)
p

208 Chem. Met. Alloys 2 (2009)
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Fig. 7 Equivalent circuit models for (a) uncoated mildedtand (b) PAA-coated mild steel.
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Fig. 8 Nyquist impedance plots for PAA-coated mild stdéie plots were recorded at open circuit potential
in an aqueous solution of 1 M NaCl with differemtegp rates: (a) 0.02, (b) 0.05, (c) 0.1 V/s.

where Ry, and Ry denote the charge-transfer
resistance of mild steel with and without coating,
respectively.PE calculated from EIS data was found
to be 98 %, which is in agreement with the results
obtained for potentiodynamic polarization.

The Nyquist diagrams iRig. 8 show that the mild
steel electrode covered with different thicknessés
PAA film exhibits different values of electrocheraic
transfer resistanceR{). As can be expected, with

process, the PAA film becomes thicker and more
compact.R, increases gradually, and the PAA film
imposes a certain inhibition to the corrosion pescef
the steel.

Conclusions

Potentiodynamic polarization and EIS studies have

decreasing sweep rate used in the electrosynthetic revealed that PAA deposited on mild steel acts as a

Chem. Met. Alloys 2 (2009)
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protection layer against corrosion in 1 M NaCl. The
study clearly shows that PAA coating provides
excellent protection against corrosion and
polyacrylamide can be considered as a potential
coating material for protecting mild steel against
corrosion in 1 M NacCl solutions.
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