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Abstract

The inhibitive properties of calcium benzoate for steel corrosion were studied in sodium
nitrate solutions at room temperature. Corrosion parameters of the steel/nitrate and steel/ben-
zoate + nitrate interfaces were obtained from polarisation curves. Adsorption parameters of
benzoate on steel in sodium nitrate solutions were determined through changes in the degree
of surface coverage by the inhibitor, as a function of concentration, time and adsorption
potential. The effect of chloride on the corrosion inhibition of benzoate was analysed exposing
the metal in different chloride solution concentrations.
© 2004 Published by Elsevier Ltd.
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1. Introduction

Steel has found wide applications in a broad spectrum of industries and machin-
ery; however its tendency to corrosion made it not the adequate for exposures in
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marine atmospheres. The industry of steel and iron goes closely to the incorpora-
tion of the proper methodology for metal protection in each application. The use
of inhibitors is one of the most widespread strategies to restrain corrosion [1-3].
Two types of corrosion inhibitors are of special interest for protection: adsorption
inhibitors in acid corrosion and metal passivation [4]. The inhibitors for acid cor-
rosion have extensive engineering importance in the pickling of scaled metals and in
the production of natural gas and oil. Investigations conducted on corrosion inhi-
bition in acid media showed that a great number of effective inhibitors are organic
species containing nitrogen, oxygen and/or sulphur [4-6]. The inhibitive action
arises from the adsorption to the metal surface of the functional groups contained
in the organic compound. It results in a decrease of the anodic and/or cathodic
reaction kinetics responsible for the metal corrosion in aggressive environments
[5-7]. Many mono- and poly-functional organic inhibitors are being described in
the current literature through their efficiencies to corrosion inhibition, as well as
their adsorption characteristics [§—18]. A detailed list with the dosage of these inhib-
itors to restrain metal corrosion can be found in the review by Fontana and Greene
[19].

Different electrochemical techniques such as linear polarisation (PC) curves, cyclic
polarisation tests, electrochemical impedance spectroscopy and surface scanning
with ultra-microelectrodes have been used to envisage the mechanism of corrosion
inhibition on various metals [20-22]. From the pioneer works of Bockris et al.
[23,24], it has been also shown the importance to include in situ spectroelectroche-
mical methodologies as complementary tools for the investigation of the inhibitors
adsorption.

Benzoate compounds also offer interesting possibilities for corrosion inhibition
and are of particular interest because of their safe use and high solubility in water
[25-34]. The influence of benzoate concentration, pH and dissolved oxygen on the
corrosion of pure annealed iron was studied employing sodium benzoate solutions
[24,25,32]. The inhibition effect by benzoate was attributed to the blocking of surface
sites in the anodic dissolution by the inhibitor molecule. According to the literature
[27,32] the degree of adsorption by benzoate compounds on ferrous metals follows
the Langmuir isotherm. Moreover, the adsorption of the inhibitor competes with
that of anions such as chloride and sulphate [28].

The corrosion inhibition of carbon steel by blends of gluconate and benzoate and
blends of benzoate and acetate was also reported as a new possibility for their use
[29,30]. Sodium benzoate and p-substituted benzoic acid derivatives were employed
as corrosion inhibitors for aluminium in acid media [31,33,34].

Recently, an increasing interest in the use of organic inhibitors in the field of paint
technology grew up during the last decade. Many of these inhibitors were found to
improve the anticorrosive behaviour of inorganic pigments [35-39]. Among these
inhibitors, the salts formed by benzoic acid and bivalent cations, such as calcium
and zinc, have gained acceptance due to the inhibitive properties of the anion [35-
37] which may be highlighted by the presence of the cation [40,41]. Moreover, it
has been found that metallic benzoates are also useful to reduce “flash rusting” in
water-borne paints [42].
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In this work, the adsorption parameters that characterise the inhibition effects of
calcium benzoate on steel are approached by classical electrochemical techniques in
sodium nitrate solutions. The influence of chloride is also evaluated through the PCs.

2. Experimental
2.1. Materials and solutions

A three electrode compartment cell was used for the electrochemical and adsorp-
tion measurements (cyclic voltammetry, electrochemical adsorption and polarisation
curves). The working electrodes were made of SAE 1010 steel rods. They were
embedded in parafilm and coated with poly-urethanic paint so as its geometric area
resulted in 0.122 cm?. All the working electrodes were mechanically polished with
emery paper up to a 1200 grid and subsequently rinsed in pure water.

The counter electrode was a large-area platinum electrode (approximately 20 cm?)
and the reference electrode a saturated calomel device in a double-fritted glass com-
partment to avoid chloride diffusion into the main vessel. The supporting electrolyte
was prepared with sodium nitrate (99.998% by Merck), the working solutions with
the addition of calcium benzoate (lab-prepared with benzoic acid, ammonium
hydroxide and calcium nitrate) and/or sodium chloride (99.99% by Merck) with
APS Ultra water (p > 18.2MQcm).

2.2. Equipments

The electrochemical experiments were performed using a PGP Radiometer
Potentiostat—galvanostat with the Voltamaster 1 software.

Alternatively, the surface morphology of steel, previously subjected to distinct
electrolyte solutions for 48 h, was analysed by a Phillips SEM 505 Scanning Electron
Microscope coupled with an EDAX OX Prime 10 (energy dispersed form).

The reflectance spectra were recorded with a GBC CINTRA 40/UV-visible spec-
trometer, which operate between 190 and 1000 nm. Spectra were scanned in the 200-
800nm range.

2.3. Technical methodologies

Before the adsorption and PC experiments, cyclic voltammetry was run at
0.50 Vmin~! between the solvent stability potentials to obtain the electrochemical
spectra of steel in the different electrolyte solutions.

2.3.1. Polarisation curves

Linear sweep PCs were obtained by scanning at 0.05Vmin~' the working elec-
trode in the £0.10V range from the open circuit (oc) potential of the steel/electrolyte
interface. Corrosion current densities ( j.orr) and corrosion potentials (E.or;) were
evaluated from the intersection of the linear anodic and cathodic branches of the
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PC as Tafel plots. They were calculated by linear regressions in the £0.05V linear
ranges from the oc potential with the Voltamaster 1 software.

2.3.2. Adsorption isotherms

The adsorption isotherms were constructed by evaluating the j... in the presence
and in the absence of the inhibitor (j.o o). All measurements were carried out in nor-
mally oxygenated solutions without stirring and at room temperature (20°C).

The surface coverage of the steel electrode by benzoate () in nitrate solutions was
determined at different calcium benzoate solution concentrations (C), adsorption
times (Z,4s) and adsorption potentials (E,qs). In this method, it is assumed that the
inhibitor is homogeneously distributed on the steel surface and only a monolayer
is formed on the electrode [48-50]. Thus, on the basis of this consideration, the value
of 0 is

19 — 1 _ Jcorr (1)

J corr,0

According to the literature [27,32] the adsorption process of aromatic containing
compounds on ferrous metals can obey Langmuir, Temkin or Frumkin isotherms.
They were checked in the 107°M < C< 10~'M range at 7,4 = 20min and oc poten-
tial. Moreover, in the case of C = 107>M, t,qs was varied from 0 to 60min. On the
other hand, 0 values were also evaluated varying E,yqs from the oc *0.30V in
C=10"2M at t,qs = 30 min.

2.4. The influence of chloride in solution

The effect of chloride on the inhibition of steel corrosion caused by benzoate was
studied following the routines described below:

Routine A

Firstly, benzoate was adsorbed on steel in 0.10 M calcium benzoate + 0.70 M so-
dium nitrate solution during 30 min at the oc potential. Secondly, the steel surface
was put in a solution of 0.10 M benzoate + 0.70 M nitrate containing different con-
centrations of sodium chloride (0.01, 0.10 and 0.40 M) at the new oc potential for
10min. Finally, the PC was run in those solutions at 0.05Vmin~' within the
10.10V domain from the oc potential. From the linear lines the corrosion parame-
ters were determined.

Routine B

Firstly, the steel surface was put in contact with 0.10M calcium benzo-
ate + 0.70 M sodium nitrate solution during 30min at the oc potential. Secondly,
the passivation of the surface was accomplished at 0.40V for 10 min in the same solu-
tion and thirdly the electrode was put in contact with a solution containing 0.40 M
sodium chloride + 0.10M calcium benzoate + 0.70 M sodium nitrate at the new oc
potential also for 10min. Finally, the PC was run at 0.05Vmin~! in the £0.10V do-
main from the oc potential to determine the corrosion parameters.

Routine B was repeated in similar conditions, but without calcium benzoate and in
another without solution chloride for comparison purposes.
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3. Results and discussion

3.1. Electrochemical and surface characterisation of SAE 1010 steel in the
presence of calcium benzoate

The cyclic voltammogram of a SAE 1010 steel surface in oxygen free 0.70 M so-
dium nitrate run at 0.50 Vmin~' is shown in Fig. 1. The anodic profile exhibits a
complex contour of four peaks with the onset potential of steel oxidation approxi-
mately —0.7V, which corresponds to the formation of a monolayer of ferrous oxide
[43]. The first stage of steel oxidation defines an anodic peak at —0.60 V, whereas the
formation of the two bulk iron oxides occurs at —0.40 and 0V, respectively. The
fourth peak appeared at approximately 0.25V, like a hump of the third peak.
The passivation of the steel surface in the electrolyte took place from 0.50 to
1.00V. In the reverse scan, two cathodic peaks were observed at —0.25V and
—0.50V denoting the reduction of the iron oxides in aqueous 0.70 M sodium nitrate.

In the same figure is depicted the voltammogram of the steel surface in 0.10 M cal-
cium benzoate + 0.70M sodium nitrate run at 0.50Vmin~'. The electrochemical
spectrum shows little activation by iron dissolution. Thus, no anodic peak can be
clearly seen, but in the reverse scan a cathodic contribution at approximately
—0.6V was observed. This fact shows the inhibitive action of the benzoate layer
on iron dissolution.
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Fig. 1. Cyclic voltammetry of the SAE 1010 steel electrode in 0.7M NaNOj; (solid line) and in 0.10M
calcium benzoate + 0.7M NaNO; (dashed line). Scan rate = 0.50 Vmin~'. Temperature = 20°C.
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Fig. 2a corresponds to the SEM micrograph of the steel surface after 48h in con-
tact with sodium nitrate. A compact oxide layer with a smooth morphology, as well
as residues of flower-like and quasi-globular oxides, developed on the steel surface.
The structure of the globular formations can be seen with some detail in Fig. 2b. The

Fig. 2. SEM micrographs of a SAE 1010 steel surface put in contact with different electrolyte solutions
during 48h. (a) 0.70M NaNOj; (magnification 1000x), (b) 0.70M NaNOj; (magnification 5000x) and (c)
0.10M calcium benzoate + 0.7M NaNO; (magnification 1000x).
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EDAX analysis revealed that the layer was basically composed by iron oxides. It was
not possible to obtain more information with EDAX analysis in our case.

When calcium benzoate was added to the sodium nitrate solution, no signs of the
globular oxide appeared after 48h of exposure. A very smooth and, maybe, thin
layer developed on the steel surface rendering it in the passive state (Fig. 2c). No sig-
nificant amounts of calcium were detected on the surface by EDAX analysis.

The UV-visible reflectance spectrum of a steel panel (Fig. 3) in contact with the
sodium nitrate solution depicted the characteristic absorption bands of iron oxides
at 300-400nm and at approximately ~500nm [44—46]. On the other hand, the spec-
trum corresponding to the panel passivated by calcium benzoate showed a band
approximately ~220nm (Fig. 3), which was reported as a carbonyl group linked
to the benzene ring into benzoate compounds [47].

3.2. Adsorption isotherms for benzoate on SAE 1010 steel in sodium
nitrate solutions

3.2.1. Polarisation curves of steel in benzoate containing solutions

A PC of a SAE 1010 steel electrode was run at 0.05Vmin ™' in oxygenated solu-
tions with different concentrations of calcium benzoate (107°-10"'M) + 0.70 M so-
dium nitrate without forced convection. Fig. 4 shows the PCs as logj vs. E curves

0.6
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Fig. 3. UV-visible reflectance spectrum of a SAE 1010 steel surface put in contact with different electrolyte

solutions during 48h. (solid line) 0.70M NaNOj; and (dashed line) 0.10M calcium benzoate + 0.7 M
NaNO;. Temperature = 20°C.
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in the presence of calcium benzoate. Table 1 shows the corrosion parameters, jeorr,
and E.,., together with the resulting values of 0, calculated according to Eq. (1)
at 1,4 = 20min.

It can be clearly seen that for increasing benzoate concentrations, the values of
Jeorr decrease monotonously and at C = 10~'M a similar Jeorr Value results to that ob-
tained when using C = 107>M. In the case of E,,,, the tendency is to become more
positive for increasing C values, clearly denoting the protection of the metal. Con-
comitantly, 0 increased up to 93% for the most concentrated solution.

On the other hand, Table 2 exhibits another view to the inhibition process. Values
of j.orr decrease for increasing 7,45 values at oc conditions when using C = 1072M in
0.70M sodium nitrate. Moreover,  matched 90% after 30min of exposure and
reached its maximum value (93%) 30min later. These data clearly denote the inhibi-
tion of steel corrosion under the experimental conditions.
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Fig. 4. logj vs. E plots of a SAE 1010 steel electrode run at 0.05Vmin~' in 0.7M NaNOs (solid line as
blank) containing different concentrations of calcium benzoate; (1) 107> M (dashed dotted line); (2) 107*M
(long dashed line); (3) 107>M (dotted line); (4) 107>M (dashed doubled dotted line); (5) 10" M (short
dashed line). Temperature = 20°C. Unstirred solutions.

Table 1

Corrosion parameters and degree of coverage by benzoate on SAE 1010 steel in 0.7M NaNOj; containing
different concentrations of calcium benzoate for 20min and 20°C

Cc (M) Ecore (V vs. SCE) Jeorr (NAcm ™) 0 (%)
0 —0.488 575 -
1073 —0.463 407 29
1074 —0.379 229 60
1073 —0.298 173 70
1072 —0.303 44 92

107! —0.286 39 93
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Table 2
Corrosion current densities and surface coverage values by benzoate for a SAE 1010 steel electrode as a
function of time (7,q45)

tads (min) Jeorr (nAcmiz) 0 (%)
0 176 -

5 139 21

10 99 43

15 58 67
20 45 89
30 23 90
45 15 91

60 12 93

The coverage (0) was determined at the open circuit potential in 0.01 M calcium benzoate + 0.7M NaNO;
at 20°C.

The dependence of 0 as a function of #,4, can be explained from data of Table 2.
For t,4s <30min 0 increases fast with time, whereas for 7,4 > 30min, the surface
coverage reaches a limiting plateau value (93%). This behaviour can be explained
considering another type of adsorption configuration for the molecule. However, a
change in the functional group attachment upon adsorption is not really expected
when varying the potential value, i.e., from the carboxylate or the aromatic ring to-
wards steel [48]. The interaction between n bonding states of the aromatic ring with
noble metal surfaces has been extensively studied in the case of thin-layer electro-
chemical interfaces. At potentials larger than that of zero charge of the interface,
the aromatic compounds (containing different functional groups) are adsorbed with
the phenolic ring parallel to the surface at low concentrations [48]. At these poten-
tials the interaction between the © bonds of the molecule and d? orbital of the metal-
lic atoms are strong enough to stabilise the adsorbed residue without any oxidative
disruption [48,49]. On the other hand, when the surface concentration is high
enough, the re-orientation of the aromatic ring being normal to the surface takes
place [49]. In our case, a similar interaction between benzoate and steel is expected
for low surface concentrations of iron oxides.

3.2.2. Evaluation of the adsorption isotherms of benzoate on SAE 1010 steel in
sodium nitrate

The values of 6 can also depend on the values of E,qs, thus, the influence of the
electrode potential to benzoate adsorption was studied at a fixed 7,4, = 30 min, where
a plateau is reached.

Values of j., were calculated at different E,q; according to Section 2. When
E,4s < oc, the values of j..,, are larger than those found at oc and when E, 4, > oc,
almost constant values for j.... are reached. It can be concluded that the optimum
value of E,4s for benzoate adsorption is the oc potential. At the maximum benzoate
coverage, a flat configuration parallel to the surface is expected as explained above.
It involves the largest interaction of the two functional groups with the surface, i.e.,
carboxylate and aromatic ring moieties.
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Different types of simple isotherms were assayed to evaluate the best fit of the exper-
imental data. The values of 0 used for the fitting procedure correspond to the oc poten-
tial at 7,4s = 20min. The equation obeying those isotherms can be gathered in;

0,
(1-19)
where K = (1/55.5) exp(—A(_;gds /RT) being A@st the electrochemical standard free
energy of adsorption by benzoate on steel. The value ““55.5”” denotes the molar con-
centration of the water displaced by benzoate species at the surface and r is the lat-
eral interaction parameter for the adsorption process. The rest of the symbols have
their usual meanings.
A Langmuirian behaviour is observed (r = 0), since a linear In(0/1 — 0) vs. InC
plot was obtained (Fig. 5). Then, the equation representing benzoate adsorption
on steel is

Y (C/55.5)exp (‘iﬁf’) 3)

= KC exp(—r9) (2)

(1—v)
Considering Eq. (3) the value of Aégds = —32 kJmol ™! was found, showing a large
stabilisation of the inhibitor on the steel surface at the oc potential.

3.3. The effect of chloride on steel in nitrate solutions containing benzoate

Fig. 6 depict linear PCs on a SAE 1010 steel surface in 0.01 M, 0.10M and 0.40M
sodium chloride solution run from —1.00V to 0.20V. The interface has been previ-
ously left in contact with a 0.10 M benzoate-containing solution at oc during 30 min.
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Fig. 5. Adsorption isotherm of calcium benzoate on SAE 1010 steel for a Langmuirian behaviour depicted
as In(0/1 — 0) vs. In C plot. The open circuit potential is used for 30min of adsorption in 107>M calcium
benzoate + 0.70 M NaNOs. Temperature = 20°C. Unstirred solutions.
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Fig. 6. Linear polarisation curves of a SAE 1010 steel electrode run at 0.05Vmin~' in different NaCl
concentrations; (1) 0.01 M (dashed line); (2) 0.10M (solid line); (3) 0.40M (dotted dashed line). The
electrode surface has been left during 30min at the open circuit potential in 0.10M calcium
benzoate + 0.70 M NaNOs. Ecopr12 and Ecops are the corrosion potentials in 0.01, 0.10 and 0.40 M Nacl,
respectively.

Calculated E,,,, values are similar for 0.01M and 0.10M, i.e., —0.30V. However,
when sodium chloride concentration is increased to 0.40M, E..., = —0.25V. Fig. 6
also exhibits pitting potentials as the abscissa to the sudden increase in the current
intensities. The increase in the chloride concentration produces the proximity be-
tween pitting and corrosion potentials.

3.3.1. The influence of chloride on steel using Routine A

Fig. 7 shows the logj vs. E plots for the steel surface treated according to Routine
A. Benzoate was adsorbed on the electrode at oc potential in two different situations.
On one hand, the surface with the benzoate residue was put in contact with different
sodium chloride concentrations (0.01 M, 0.10 M and 0.40 M). On the other hand, the
electrode was immersed in the same sodium chloride concentrations but in the pres-
ence of 0.10M calcium benzoate. In order to interpret the experimental results with
Routine A, a blank experiment was also performed without adding calcium benzoate
to any testing solutions.

It has been found from the above figure that at sodium chloride concentrations
higher than 0.10 M, the inhibitor layer is slightly altered by the pitting agent. In this
sense, the values of E.,, change from —0.283V to —0.248 V, when the chloride con-
centration is increased from 0.10 to 0.40M (plots (2) and (3)). However, there are
small changes when a similar experiment is conducted with calcium benzoate in solu-
tion together with sodium chloride. For example, E.., varies from —0.520V to
—0.496V, when the chloride concentration is increased from 0.10 to 0.40 M (plots
(2') and (3’)). Evidently, when the experiments above are compared between each
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Fig. 7. logj vs. E plots of a SAE 1010 steel electrode run at 0.05Vmin~! in solutions containing 0.10M

calcium benzoate + 0.70M NaNO; + NaCl of (1) 0.01 M (dashed dotted line); (2) 0.10M (solid line); (3)
0.40M (dashed line). logj vs. E plots of a SAE 1010 steel electrode run at 0.05 Vmin ' in 0.70 M NaNOs
with different NaCl concentrations; (1’) 0.01 M (dashed dotted line); (2") 0.10M (solid line); (3") 0.40M
(dashed line). The electrode was previously conditioned according to Routine A. A blank experiment
(dotted line) without growing a benzoate layer is also indicated.

other (similar chloride concentrations) E.., values are always approximately 0.2V
more positive in the presence of solution benzoate than in the absence. This means
that the first layer of the inhibitor (Routine A) grown at oc potential for 30 min has a
profound effect upon corrosion. Besides, the inhibitor layer can be continuously
grown even in the presence of chloride. This can be better seen through j.. values.
For example, comparing at 0.10 M sodium chloride the experiments run without cal-
cium benzoate in solution (plot 2’), jeorr = 316nA cm 2, whereas in the presence of
0.10M calcium benzoate (plot 2); jeorr = 16nAcm ™2 Also, in a more concentrated
sodium chloride solution (0.40 M) j...+ values decrease from 100 to I1nAcm 2, due
to the lower oxygen solubility in the large-ionic-strength electrolyte (higher than
1.2M). This behaviour is not expected but it has been found in other reports [25].
It was explained from the decrease of the mass transfer current density with the sol-
ubility and diffusion coefficient of soluble oxygen.

3.3.2. The influence of chloride in comparison with results from Routine B

The formation of a steel pre-passivated layer previous to the study of the inhibi-
tion of benzoate in the presence of sodium chloride (0.40 M) is analysed in this sec-
tion. In order to compare corrosion parameters, the same routine was performed in
two different cases; firstly without the inhibitor and secondly without the pitting
agent. Fig. 8 shows the logj vs. E plots for Routine B in which the surface is subjected
to a 0.40V potential in the two cases pointed above. This figure compares the effect
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Fig. 8. logj vs. E plots of a SAE 1010 steel run at 0.05Vmin~' according to Routine B. Polarisation curves
were run in the following conditions: (1) 30min in 0.70 M NaNO; followed by 10min at 0.40V and 10 min
in 0.40M NaCl (solid line); (2) 30min in 0.10 M calcium benzoate + 0.70 M NaNO; followed by 10min at
0.40V and 10min in 0.40 M NacCl (dotted line); (3) 30min in 0.10M calcium benzoate + 0.70 M NaNO;
followed by 10min at 0.40V (double dotted dashed line).

of chloride after passivation in the presence (dotted line, 2) and in the absence (solid
line, 1) of the inhibitor. The calculation of corrosion parameters shows a 0.25V
potential shift of E., to more positive values in the experiment with the inhibitor,
and also two orders of magnitude lower j.o,, values, i.e., from 320 to 0.7nAcm 2. On
the other hand, when no chloride is put in contact with the passivated steel surface
after the inhibitor adsorption, the values of E.,, are even more stable, that is,
—0.282V, with j.o;; = 4.0nAcm 2.

In conclusion we can say that the inhibitor remained on the steel surface even
after passivation, causing a lower value of j.,... This is an important feature because
passivation and inhibition processes in many cases show opposite results.

On the other hand, when performing the same experiment with 0.40 M of chloride
after 24 h of resident time, the values E.,, = —0.65 V and jo = 4.4 uAc:nf2 are ob-
tained. These corrosion parameters mean large activities, so the long-term exposure
experiments failed in the presence of chloride.

4. Conclusions

1. The voltammetric profile of steel in calcium benzoate solutions showed little acti-
vation by iron dissolution, thus pointing out the inhibitive action of calcium
benzoate.
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2. The maximum surface coverage degree by calcium benzoate was found to be 0.93
after 30 min.

3. The adsorption of calcium benzoate on SAE 1010 _s(;[eel electrode was found to be
of a Langmuirian type. The calculated value of AG,,, was —32kJ mol~!, showing

al
a large stabilisation of the inhibitor on the steel surface.

4. In order to achieve better results, the suggested concentration of the inhibitor on
steel lies between 107>M and 10~ M.

5. The best performance of the inhibitor was found to occur at the open circuit
potential. The increase of the electrode potential produced a fast increase in the
corrosion current density.

6. The presence of chloride had a deleterious effect on the protective properties of
calcium benzoate either on the surface or in solution.
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