JOURNAL OF APPLIED ELECTROCHEMISTRY 21 (1991) 255-260

Influence of some organic compounds on the corrosion
mechanism of carbon steel (XC 38) in 3% NaCl

I. dodecyl sodium phosphonate (C,,H,, PO;Na,) and
n-undecylimidazole (C,,H,,N,) surfactants
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The electrochemical behaviour of carbon steel (XC38) in stirred and aerated 3% NaCl solution has
been investigated using a rotating disc electrode. Steady-state and transient measurements have been
carried out. The influence of surfactant additives on the corrosion process is reported.

1. Introduction

From the literature it is clear that the electrochemical
impedance measurements carried out at different
points in the current-potential response allow identi-
fication of the elementary steps involved in corrosion
and protective processes [1-4]. This technique has
been applied to examine the influence of the addition
of surfactants on the electrochemical behaviour of
carbon steel (XC38) in aerated and stirred 3% NaCl.
With surfactants added to the electrolyte some investi-
gators have already shown that the presence of liophile
and hydrophobe groups favours the adsorption
process at the electrode surface [5-8]. Accordingly two
principal results have to be noted: (i) the corrosion
inhibition efficiency is maximized when the inhibitor
concentration is near the critical micellar concen-
tration (CMC); (i) the maximal inhibitor efficiency is
generally observed when the surfactant has a hydro-
phobic chain with 10 to 13 carbon atoms. Activity-
structure correlations in relation to the physico-
chemical behaviour of the surfactants in solution
(micellisation phenomenon) have been established.
In the present paper a study of the effect of
two surfactants (dodecyl sodium phosphonate and
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n-undecylimidazole) on the corrosion mechanism of
carbon steel (XC38) in 3% NaCl has been carried out.
The hydrophobic chain was maintained constant
while the nature of the liophilic group of the studied
molecule was modified. The head groups concerned
here are phosphonate and imidazole. In further work
we studied the effect of the surfactant dodecyl sodium
phosphate (C,,H, PO,Na,) and the non-surfactant
orthoaminothiophenol (C,H,NS); results and the
general conclusions are submitted in the same issue

[9].
2. Experimental details

The carbon steel (XC38)" used in the present study
had elemental composition (other than Fe) as follows:
035 < C< 040,050 < Mn < 0.80;0.10 < Si <
0.40; P and S < 0.0035.

For electrochemical measurements, a 300 ml volume
three electrode cell was used. The reference electrode
was always saturated calomel (SCE), the counter
electrode was a large surface area cylindrical grid of
platinum. The carbon steel working electrode had

1 Terminology given by 1’Association Francaise pour la Normal-
isation (AFNOR).
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a cross-section of lcm® and was covered with an
impermeable heat shrunk film. It was bolted onto a
rotation support. The electrode surface was polished
with a silicon carbide emery cloth (grade 80), rinsed
thoroughly with distilled water, ultrasonically cleaned
and degreased with alcoho!l and finally dried with hot
air. The corrosive medium was a 3% pure Na(l
solution (pro-analysis grade) dissolved in double
distilled water.

In this paper, as in a further work {9], studies were
all carried out at room temperature except in the
case of n-undecylimidazole. For this compound, a
temperature of 30° C was used because the Kraft point
of this compound is higher than that of the other
compounds.

The surfactant organic compounds studied in this
paper were: (i) n-undecylimidazole (C,,H5;N,); and
(i) dodecyl sodium phosphonate (C,,H, PO;Na,).
Both surfactants were synthesized in the laboratory of
molecular interaction and chemical-photochemical
reactivity at the Paul Sabatier University, France.

Previous studies [10, 11] permitted the choice of the
concentration, 5 x 107*M for the C, H, POyNa,
and 1072 M for the C,,HxN,. These are in both cases
higher than the critical micellar concentration {(CMC),
2.1 x 1072 M for the first and 10~ M for the second
surfactant. It has also shown that the inhibition
efficiency seems to be constant with concentrations
higher than the CMC. [5-8].

The -current-potential curves . were recorded in
either galvanostatic or potentiostatic modes. Electro-
chemical impedance measurements made over a
frequency range 100kHz down to a few mHz. The
response was analysed using a Schlumberger-Solartron
1174. Description and details of the set-ups used have
been published elsewhere [12, 13]. In the Niquist
complex impedance Z = R — jG, where R is the real
component, G is the imaginary component and

j=4(=D.
3. Results and discussion

3.1. Carbon steel (XC38) — 3% NaCl + 5 x

In Fig. 1, the cathodic potentiostatic curves at the
interface carbon steel (XC38) - 3% NacCl (a) without
and (b) with dodecy! sodium phosphonate are shown.
The same figure also shows the values of i calculated
from the Levich equation [14]. The symbols i and /
refer to current density and applied (or measured)
current, respectively. Thus,

0.62nFC D* v 0 4 D

wherk # is the number of electrons exchanged during
oxygen reduction (O, + 2H,0 + 4e — 40H™); F
is the Faraday constant {~96500C), C,, is the dis-
solved oxygen concentration (2 x 1077 molem™ at
25°C); v is the kinematic viscosity of the medium
(10~% cm® s~ ' at 25° C); D is the diffusion coefficient of
oxygen (2 x 1077 em’s™"); @ (=2xnN; N is the num-
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Fig. 1. Steady-state cathodic current-voltage relationship for a
rotating disc electrode (¥ = 1000 r.p.m.). {a) Carbon steel (XC38)—
3% NaCl, (b) carbon steel (XC38)-3% NaCl + 5 x 107*M
C,,H;, PO, Na, (¢) Levich current. The electrode was maintained for
30min at E,,, before measurements.

ber of electrode revolutions per unit time) is the
angular rotational speed of the electrode (104.6rads™");
and A4 is the working electrode area (1cm®). The
current value calculated from Equation 1 is higher
than the experimental value obtained with (XC38)~
3%NaCl] interface. The low experimental value of
has been attributed to the development of strongly
adsorbed corrosion film products on the working
electrode [4]. The corrosion products were produced
with the electrode maintained at E,,. This film acts as
a barrier to the oxygen reduction reaction. Addition-
ally, this reaction is totally diffusion controlled (i, =
i, = 550 uA cm™? [3]). In the presence of 5 x 107° M
dodecyl sodium phosphonate, the diffusion plateau is
not clear. The value of the cathodic current density
measured at —900mV is less important than #
obtained in the case of the blank. In this case, the
working electrode surface is very probably free of
corrosion products. Moreover, the addition of this
surfactant shifts the corrosion potential towards more
positive values. Consequently i, can be determined
by the extrapolation of the cathodic Tafel line. The
values of E..., b, (slope of cathodic Tafel line) and i,
(25 uA cm™?) explain the existence of a large potential
domain with mixed kinetics. The inhibition efficiency
can be calculated from:

o ™ Lo
— COrT - corr X EO(}

COry

E(%) @

“where i, and i, are the corrosion current densities

in the absence and in the presence of additives respect-
ively. The inhibition efficiency was found to be 95%.
Changes in the form of the response in the presence of
the inhibitor can then be atiributed to changes in the
process at the inhibitor-metal/solution interface.
Figure 2 shows a galvanostatic electrochemical
impedance diagram in the complex plane. The experi-
mental conditions were i = OuAcm™ and N =
1000 r.p.m. The electrode was maintained for 2h at its
free corrosion potential, before the measurements
were made: a capacity loop appears. It is important to
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Fig. 2. Diagram of electrochemical galvanostatic impedance of the
rotating disc electrode (N = 1000r.p.m.}. The electrode was main-

tained for 2h at E; in 3% NaCl + 5 x 107*M C,iH, PO;Na,

before measurements.

note that this loop is not closed at low frequencies
(i.e. frequencies at which it is difficult to work due to
the very large time required for measurements and the
long term instability of the interfacial electrochemical
system). However, the intersection with the real axis of
the extrapolated part at zero frequency gives the value
(R, + Rg), where R is the polarization resistance and
Ry, is the resistance of the electrolyte. The calculated
value (~2000Qcm?*) is in a good agreement with
the slope of the steady state current-voltage curve
(dE[di),_, (see Fig. 1).

Using the same experimental conditions, the
impedance diagrams were recorded in the absence of
the inhibitor with the working electrode maintained
for different periods at its free corrosion potential,
E, before the measurements were initiated (see
Fig. 3). With a critical immersion time of 30 min, two
loops appear and become better defined with increas-
ing immersion time. In a recent, in-depth analysis [15]
the low frequency loop (BF) has been identified with
mass transport in both the liquid phase as well as
through the surface film of corrosion products. This
analysis prompted Dabosi and co-workers [15] to
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Fig. 3. Influence of pretreatment time of the interface carbon steel
(XC38)-3% NaCl on the electrochemical impedance diagrams:
(a) 30min, (b) 2h and (c) Sh. Conditions: i = 0 uAcm™? (Eeon s
N = 1000r.pm.
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Fig. 4. Equivalent circuit of the carbon steel-3% NaCl interface
{15]; R, and R, are respectively the anodic and cathodic resistances
for charge transfer, Z, is the diffusion impedance and C is the
double layer capacity.

propose an equivalent circuit for the carbon steel~3%
NaCl interface (see Fig. 4).

Values of the capacitance, C, calculated using the
relation C = (2nF,R,)™", associated with the HF
loops of Fig. 3, are high and also increase with
immersion time. The highest value of these capacitances
(~14mFem™? — 2.2mFcm™?) has been attributed

-to the presence of the film of corrosion products which

induces a considerable increase in the specific surface
area [16]. The value of C determined in the presence of
ethylenediamine under the same conditions was also
found to be high, 500 uFcm™?; this supports the
hypothesis of the increase in the specific surface area.

The high inhibition efficiency of C,,H,,PO,Na,
(E = 95.5%) at the concentration used in these
studies, suggests that the high value is due to the
presence of the film of corrosion product. Conse-
quently the diagram shown in Fig. 5 needs to be
analysed in more detail.

The value of C from the data in Fig. 4, compared to
the value associated with the high frequency (HF)
loops in the absence of the inhibitor implies that the
capacity loop only represents the charge transfer
process. With this assumption, the polarization
resistance R, will be equal to the transfer resistance

J P P} PR 3
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Fig. 5. Experimental confirmation of the existence of a Warburg
impedance when 5 x 107*M dodecyl sodium phosphonate is

added to the 3% NaCl electrolyte. G is the imaginary component of
the impedance in the complex plane and f is the frequency.
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Ry. Calculation of corrosion rafe using the relation of
Stern and Geary [17], gives a corrosion current, i, of
14 A cm~? instead of 25 uA cm™ obtained from the
extrapolation of the Tafel line corrected for diffusion
as follows:

Vi = 1i* + 1/i, 3)

where 7 is the measured current intensity, i* is the
intensity of corrected current and i is the limiting
diffusion current. On the basis of the calculated value
of the corrosion current, i, assuming that Ry <€ R,
the observed capacitive loop does not correspond to
one time constant. This must indicate the simultaneous
occurrence of charge transfer and mass transport.

A further analysis of the HF part of the diagram in
Fig. 2 reveals a linear region of approximately unit
slope. Such behaviour generally characterizes a
Warburg impedance [18] and suggests a relaxation of
concentration.

The slope of the linear relationship between values
of the imaginary component of the impedance in the
complex plane and frequencies (Fig. 5) was found to
be —0.43. The theoretical slope for pure Warburg
impedance would be —0.5, so it can be reasonably
assumed that, within experimental error, the HF
impedance corresponds to Warburg impedance. It is
important to note that this phenomenon appears with
both low and high rotating speeds (N = 600 and
2400 r.p.m.). The difference between the experimental
and theoretical values of the slope is justified below.

The impedance diagram in Fig. 2 starts at high
frequencies with a diffusion impedance and, as the
frequency is reduced, no loop which could be associated
with charge transfer appears. This can be explained if
we consider the equivalent circuit in Fig. 4. It is
important to note that the circuit takes into account
the mixed nature of the corrosion potential. Conse-
quently cathodic and anodic branches in parallel are
presented. R, and R, are the anodic and cathodic
charge transfer resistances respectively while Z,, is the
classical diffusion impedance.

th (jo'8°/ D) .
z = k(G ) @
where ' = 2nf: D is the diffusion coefficient; 6 is the
diffusion layer thickness; and ‘th’ is the hyperbolic
tangent.

We have recently reported that if R, » R, andif R,
and R, are of the same order of magnitude, the
simulated faradaic impedance, Zp, shows, in the
complex plane, close similarities with experimental
values noticed in the present work [16]. The observed
capacitative loop represents both the cathodic trans-
port process as well as the anodic charge transfer
process. It is not simply a charge transfer loop.
Because of the finite values of R, in parallel with
both R, and Z,, the classical form of the diffusion
impedance is not observed. This can also explain the
difference between the experimental and the theoretical
slope obtained from the representation log G = f(log F)
in Fig. 5. Figure 6 shows the electrochemical cathodic

a (a)
500
L .. . * ; .« . )
Tt 2474 mHz
~ 1572 Hz
o M - et d bt P
g 500 1000
g
O
T
- (b
500 . » .
r - . 1 -
L " 30.55mHz *
L. * 1572mHz
FAt1572Hz e
O L L 1 1. L i b " i E L i 4 i " L
500 1000 1500
R(Qcm?)

Fig. 6. Galvanostatic cathodic impedance diagrams of the interface
carbon steel (XC38)-3% NaCl + 5 x 107°M dodecyl sodium
phosphonate for two different current densities. (2) , = 160 gAcm™,
{bYi, = 80 uA cm 7. Pretreatment time = 45minand N = 1000r.p.m.

impedance diagrams obtained at two different applied

‘current densities for the interface carbon steel-3%

NaCl + 5 x 107 M dodecy! sodium phosphonate:
(@) i, = 160 gAcm™, (b) 80 pAcm ™.

In the anodic range (Fig. 7), the diagrams are
characterized by only one capacity loop. Because of
difficulties in obtaining well defined steady-state
conditions a dispersion phenomenon was observed in
the low frequency (BF) domain, particularly for
maximum current densities at which it is difficult to
work below 1 Hz.

Estimated values of resistance R, characteristic
frequency, F,, and of the associated capacity to the
capacity loop, C, are reported in Table 1.

Tt should be noted that for low anodic overvoltages
(i, = 20 and 50 pAcm %) at which the cathodic
reaction is still active, capacity values were found to be
one order of magnitude higher than the value of C
recorded at the corrosion potential (i = 0pAcm™?).
Those high values were previously justified by the fact
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Fig. 7. Electrochemical anodic galvanostatic impedance diagrams at
different current densities. {a) i, = 20gAcm™?, (b)i, = 500 pAcm™?,
(© i, = 1mAem™2 (d) I, = 2MAcm ™™ In all cases N =
1000 r.p.m. and the electrode was maintained for 1 h at E before
measurements.
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Table 1. R, F and C values from galvanostatic anodic impedance diagrams of carbon steel electrode in 3% NaCl + 5 x 1077 M C,,H,, PO; Na,,

N = 1000r.p.m.

i(ud cm?) 20 50 120 200 500 1000 2000
R(Qcm?) 1800 1500 1400 750 440 350 170
f(Hz) 0.040 0.055 0.160 0.530 2.500 16.000 250.000
C(uFem™?) 2210 1930 710 400 145 28 4

that the capacitive loop represents both the ancdic
charge transfer and the cathodic mass transport
processes.

Starting at 120puAcm™, the capacity decreases
considerably and regularly with the overvoltage
to reach a very low value (~4uFcem™) at i, =
2mA Cm™?. From the above observations, the for-
mation of a superficial thick film is suggested. These
observations indicate that there is a direct relationship
between the compactness of the film and the initial
dissolution rate corresponding to the applied current
density. The origin of this thick film may be due to
a transformation of the initial and relatively porous
film which results from the initial metal dissolution
process.

The observed capacitive loop then represents both
the film and charge transfer effect, the low capacity
value resulting from the joined effects of a blocked
surface and an additive with a hydrophobic head
group [10].

2

3.2. Carbon steel (XC38) —~
3% NaCl + 107> M C,HxN,

The potentiostatic cathodic response with 1072 M
Ci HyN, at a rotating speed N = 1000r.p.m. after
“the electrode had been maintained for 30min at its
free E,. before measurements were initiated, is
given in Fig. 8. This indicates that the addition of
n-undecylimidazole (C,H,;N,) shifts the corrosion
potential considerably towards positive values. A
limiting current plateau appears and the density of the
corresponding current is much higher than in the

700} (c)

100

A 1 1
-800 ~-1000 -1200
~-£{mV}

-400 -600

Fig. 8. Potentiostatic cathodic impedance characteristics of rotating
carbon steel (XC38) electrode, respectively, in (a) 3% NaCl, (b) 3%
NaCl + 107?M C,HyuN,. N = 1000rpm. temperature =
30°C. The electrode was maintained for 30min at £, before
measurements, Theoretical current value according to Levich
equation is represented by (c).

blank solution, but this is still lower than the corre-
sponding theoretical value for a uniformly reactive
surface.

A mixed kinetic domain can also be demonstrated
with a cathodic Tafel line of slope 188 + 10mV
decade™'. The extrapolation of this linear relation

to the corrosion potential gives a value of i, =
40 uAcm™*. The corresponding inhibition efficiency
was found to be 93%.

For the cathodic region, the results are shown in
Fig. 9. Comparison with the blank results indicates
that the presence of C,,H, N, increases the over-
voltage in the vicinity of E,, and that the form
obtained does not seem to be influenced by high over-
voltages. The extrapolation of the anodic Tafel
relationship (slope of 178 mV (decade))™' to E,,,. gave
fore 8 35 A cm™2,

The corrosion rate calculated from iron concen-
tration determined by atomic absorption was estimated
to be ~ 50 uA cm 2. According to the above results,
C.HyN, acts as a corrosion inhibitor and modifies
the mechanisms of the electrochemical anodic and
cathodic processes. With the impedance technique the
inhibition characteristics are clearly shown.

The electrochemical impedance diagrams in Fig. 10
are characterized by a capacitive loop with dispersion
at low frequencies (BF). The results shown are inde-
pendent of electrode rotation speed. In the anodic
region, the product R i, is constant where R is the
diameter of the capacitive loop and i, is the applied
anodic current density (see Table 2). The value of
2.3 R, representing the anodic Tafel slope, is 161 +
10mV. This value is close to that observed in the
steady-state anodic measurements (178 + 15mV),
but is much higher than that found in the blank
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Fig. 9. Galvanostatic anodic characteristics of carbon steel (XC38)
electrode in (a) 3% NaCl, (b) 3% NaCl + 107°M C,,HuN,.
N = 1000r.,p.m.; temperature = 30°C. The electrode was main-

tained for 1 h at E,_ . before measurements.
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Table 2. R and C values estimated from electrochemical impedance measurements for a carbon steel electrode in 3% NaCl + 1077 M C, Hy;, N,.
Temperature = 30°C and N = 1000 r.p.m. The electrode was maintained for 1h at e, before measurements were initiaied

Apdem™D)  —300 — 160 ~ 160 —40 —20 +40 +80 +120 +200 +400 1000

Rifrem®) 860+ 30 940 + 10 1040 + 10 1450 £ 40 1950 £ 50 980+ 40 840 + 10 770+ 320 61D 20 3 E 0 1MWE3 T0:3
CluFom™?) 4630+ 200 1880 £ 50 860+ 30 844 £50 392220 318 %25 33 £ 10 269+ 20 238 £ 20 19323 165+ 7 1206
RimV) g +9 10443 14+1 0 S8+2 B +2 - 336+1 6l6+4 T32+4 TA+3 68+ 4 T E3

measurements (74 mV). This means that the inhibitor
acts by modifying the anodic dissolution mechanism.

In the cathodic region, although the resistance
decreases at low overvoltages, the Ri, product was not
constant (Table 2). This reflects the increasing influ-
ence of bulk transport and confirms the hypothesis of
the existence of a cathodic region with mixed kinetics.

Calculation of the corrosion current density from
the Stern and Geary relation [17], with parameters
R = 925 + 75Qcm’, b, = 161 + 10mV gave the
fow = 42 + 10 uAcm™2, This value is consistent with
that resulting from the steady-state measurements,

The above results indicate that, for a concentration
of 1072M, C,,HxN, is clearly active in the anodic
region. The oxygen reduction reaction is controlled by
mixed kinetics in the vicinity of E,, (i, <€ i) and by
pure diffusion kinetics (diffusion plateau) at high
cathodic overvoltages. This compound then acts by
modification of the dissolution mechanism and not
simply by a diminution of the active area of the
electrode.
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Fig. 10. Impedance diagrams in 3% NaCl + 107 M C; Hy N, for
two rotation speeds (N} at 30°C: (®) 200 and (+) 2000 r.p.m. The
electrode was maintained for 30min at E,,, before measurements.
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Fig. 11. Representation of {a) surfactant compound, (b) its adsorp-
tion at low concentration by polar head onto the metallic surface,
and {c) the bilayer formation structure at high concentration on the
interface metal-solution.

i3

Values of i, found by different methods were in
good agreement. The use of impedance diagrams did
not show the existence of a capacitive loop at high
frequencies as was also the case with C;yH, PO;Na,.
The inhibitor film formed on the surface acting as a
barrier for oxygen diffusion is probably not very thick.
All these observations tend to support this view, i.e.,
the establishment of an inhibitor double layer between
the interface of the metal and the solution. The struc-
ture of this layer may involve a first adsorbed layer
due to the polar head groups and a second stabilized
layer resulting from the hydrophobic character of the
~CH, groups chain (see Fig. 11). A general conclusion
is given in Part II of this paper (following).
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