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Inhibition efficiency of calcium gluconate, alone and in blends
with sodium benzoate, on the corrosion of carbon steel in chloride
solutions has been assessed by potentiodynamic polarization meas-
urements and mass loss detection in the temperature range from 25
to 70 8C. Sodium benzoate efficient in hindering the general corro-
sion in chloride solutions can induce pitting of carbon steel. Along
with decreasing the general corrosion calcium gluconate, an ecolo-
gically acceptable compound, eliminated the susceptibility to pit-
ting formation. The inhibition of the anodic reaction by gluconate
and benzoate, and the slowing down the cathodic reaction in solu-
tions of calcium gluconate was confirmed.

Die Inhibitorwirksamkeit des Kalziumglukonats allein oder in
Mischungen mit Natriumbenzoat bezuÈglich der Korrosion von
Kohlenstoffstahl in ChloridloÈsungen wurde erforscht, und zwar
durch potentiodynamische Polarisationsmessungen und Massen-
verlustbestimmungen im Temperaturbereich von 25 bis 70 8C.
Natriumbenzoat ist wirksam fuÈr die VerhuÈtung der allgemeinen
Korrosion in ChloridloÈsungen aber kann Lochfrass von Kohlen-
stoffstahl ausloÈsen. Nebst der VerzoÈgerung der allgemeinen Korro-
sion beseitigt Kalziumglukonat, das auch oÈkologisch annehmbar
ist, die Neigung zur Lochfrassbildung. Die Inhibition der ano-
dischen Reaktion durch Glukonate und Benzoate sowie die Ver-
langsamung der kathodischen Reaktion in LoÈsungen des Kalzium-
glukonates wurden bestaÈtigt.

1 Introduction

The actual trend in the environmental protection and the
ecological aspects of the use of chemicals have changed es-
sentially the traditional approach to corrosion inhibition.
Changes in formulation of corrosion inhibitors have been
prompted primarily by an increasing demand for reduced
environmental impact in discharge of industrial effluents.
One may expect that the reuse of water will increase in the
future and consequently the content of heavy metals, ni-
trites, phosphates and the other polluting agents, contained
in some inhibitor blends, will pass over the level tolerated
by the legislation.

Among non-toxic chemicals efficient as corrosion inhibi-
tors sodium, calcium and zinc salts of polyhydroxycarboxilic
acids were studied and those of the gluconic acid were found
to hinder general corrosion of carbon steel in the near neutral
media. The inhibition effect of gluconates has been discussed
by several authors in the literature [1 ± 16]. Calcium and zinc
gluconates are used in medicine as health strengthening sub-

stances and iron gluconate for the treatment of iron deficien-
cies. However zinc appears on the list of the Environmental
Protection Agency as a pollutant, but the permissible content
in potable water, declared by the WHO (World Health Orga-
nisation) was 5.0 mg/L [17]. Par instance that of chromium
was 0.05 mg/L. In some medical treatment is recommended
50 mg of zinc to be taken per day as zinc gluconate.

The effectiveness of gluconates on the anodic metal disso-
lution reaction and the cathodic oxygen reduction reaction in
neutral solutions depends of the inhibitor concentration and
the nature of cations introduced in the solution as a gluconate
salt, or contained in water.

There have been several speculations on the mechanism of
the action of gluconates in stabilising the protective oxide film
formed on iron and carbon steel in near neutral solutions. First
gluconates can repair the oxide film by adsorption on the ex-
posed metal surface in weak spots of an inhomogeneous, po-
rous oxide film, the second, gluconates can be incorporated in
the oxide film during its formation, the third Fe(II) ions pro-
duced by the anodic dissolution and then oxidised to Fe(III)
ions can react with a gluconate forming more or less soluble
complexes, depending of pH and the concentration, and then
be precipitated on the metal surface. Even a mechanism of
chelating species with metal ions while they are still bound
up in the metal lattice may be considered according to the
literature [19].

In our former studies [5, 6] the anodic inhibition mechanism
has been shown by the electrochemical measurements in the
solution of sodium gluconate. The influence of calcium and
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zinc ions in slowing down the cathodic reaction was also re-
cognised in solutions of their gluconate salts, and may be at-
tributed to the formation of zinc and calcium hydroxides or a
sparingly soluble metal gluconate complex formed on the
cathodic areas of iron and steel in the presence of air. By
an Auger analyses of the iron sample anodically polarised
in sodium born gluconate we could detect boron, and conse-
quently the gluconate, adsorbed on the oxide layer and incor-
porated in it and not directly on the metal surface [6]. Boron
signals decreased going from the oxide surface vanishing
completely at the metal surface. The complex of gluconate
with the boric acid, boron gluconate, has the inhibition proper-
ties of the gluconate.

It has been referred in the literature [18] that gluconic acid
may form complexes more or less soluble in water, with dif-
ferent cations, the stability of which increases with pH, as
detected by the stability constant measurements. The com-
plexing is favoured by a local pH increase due to the reaction
in the metal/water interface. It is rather a perplexing question
which are conditions for the formation of a soluble iron glu-
conate complex or contrarily a sparingly soluble one which
can repair the oxide film. In our former work [8, 10 ± 13]
we have shown that sodium gluconate exhibits a synergistic
behaviour in the presence of a passivating inhibitor, as nitrite,
borate and molybdate, present in a low concentration, which
suggested that the gluconate repairs the protective oxide layer.
A pronounced synergistic effect was observed also in the
blends of sodium benzoate and zinc and calcium gluconate
in tap water in the temperature region from 25 to 70 8C [14].

As sodium benzoate is generously used by the food industry
and confirmed as successful inhibitor for carbon steel even in
chloride solutions when added in an adequate concentration, it
has been of interest to compare its effectiveness with gluco-
nate and in mixtures respectively. Furthermore, as sodium
benzoate, if added in not sufficient amount to prevent general
corrosion of carbon steel, in solutions of certain concentration
of chloride may induce pitting formation, the subject of the
actual work was to study the behaviour of carbon steel in so-
lutions of different concentrations and ratios of chloride to
benzoate and gluconate respectively and in the mixture in or-
der to asses the eventual pitting phenomenon.

2 Experimental

The inhibition of carbon steel has been assessed by poten-
tiodynamic polarization measurements and by mass loss de-
tection in solutions of sodium chloride of different concentra-
tion ranges from 0.0035% to 3.5% (approximate value in the
seawater). As inhibitors were used sodium benzoate and cal-
cium gluconate respectively and their blends. For the polar-
ization measurements an electrode of carbon steel having
the composition in wt.-%: 0.35 C, 0.8 Mn, < 0.05 S and
< 0.05 P was used. The electrode was prepared from the
rod of steel mounted in a Teflon holder to get an exposed
surface of 0.8 cm2, ground with abrasive papers up to 600
grit, then degreased in acetone, washed with distilled water,
dried with a filter paper and immediately introduced in a con-
ventional polarization cell. Measurements were carried out
under atmospheric conditions in non stirred solutions at
25 8C, and at 70 8C. Potentials were recorded with a saturated
silver/silver chloride electrode and plotted in diagrams with
respect to the saturated calomel electrode. A large platinum
plate was used as a counter electrode. Polarization was per-
formed stepwise 30 mV per minute by a Wenking LB 75H

potentiostat with a Scanning Potentiometer Model SMP 72.
The shift of the corrosion potential and the anodic potentio-
dynamic curve to more positive values of potential were taken
to assess the anodic inhibition action, and the shift of the
cathodic run into the negative direction of potential indicated
the influence of the inhibitor on the cathodic reaction. A series
of experiments was carried out by cyclic anodic polarization,
recording the current by increasing the potential from the open
circuit value to approximately 50 mA. cmÿ2 and then decreas-
ing the current density to be stopped when the current turns
cathodic. The breakdown potential related to the pitting nu-
cleation, the repassivation potential and the hysteresis indi-
cated the formation of pitting. All solutions were prepared
with reagent grade chemicals in double distilled water. Cal-
cium salt of a-D-gluco heptonic acid, product of Sigma Che-
mical Co., USA, and sodium benzoate, product of Kemika,
Croatia were used.

3 Results

Figure 1 shows anodic and cathodic polarization runs re-
corded at 25 8C in 0.35% sodium chloride, curve 4, in the
same chloride concentration with addition of: 1.5% sodium
benzoate, curve 1, 1.5% (sodium benzoate/calcium gluconate
� 1:4), curve 2, 1.5% calcium gluconate, curve 3.The shift of
the open circuit potential and the anodic polarization curves to
more positive values in inhibitor solutions reveal the anodic
behaviour of gluconate along with benzoate. The shift of
cathodic runs, 2 and 3 to negative values of potential indi-
cates the influence of the inhibitor on the cathodic reaction.
It can be attributed to the precipitation of calcium hydroxide
or a low soluble metal gluconate complex on cathodic areas.
The precipitation of a sparingly soluble calcium-iron gluco-
nate on cathodic areas was discussed in the literature [16].
Similar results confirming the influence of calcium gluconate
on anodic and cathodic reaction were obtained in different

Fig. 1. Potentiodynamic polarization curves of carbon steel at
25 8C: 1. 0.35% sodium chloride � 1.5% sodium benzoate, 2.
0.35% sodium chloride � 1.5% (sodium benzoate/calcium gluco-
nate � 1:4), 3. 0.35% sodium chloride � 1.5% calcium gluco-
nate, 4. 0.35% sodium chloride

Abb. 1. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 25 8C: 1. 0,35% Natriumchlorid � 1,5% Natriumbenzoat,
2. 0,35% Natriumchlorid � 1,5% (Natriumbenzoat/Kalziumgluko-
nat � 1:4), 3. 0,35% Natriumchlorid � 1,5% Kalziumglukonat, 4.
0,35% Natriumchlorid
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concentration of mixtures of two inhibitors in investigated
chloride solutions from 3.5% to 0.0035% NaCl.

To asses the eventual pitting susceptibility in inhibited
chloride solutions cyclic anodic polarization curves were re-
corded.The potential at which the current abruptly increased
has been defined as a breakdown potential associated with the
onset of pitting.

In Figure 2 results are shown obtained in solutions of 3.5%
sodium chloride at 25 8C with addition of: 1. 1.5% sodium
benzoate, 2. 1.5% mixture of sodium benzoate/calcium gluco-
nate � 1:4, 3. 1.5% calcium gluconate, 4. in the same mixture

as 2. at 70 8C, and 5. with addition of 1.5% sodium benzoate,
at 70 8C. One can observe a small hysteresis in the first curve
but the return current trace did not intersect the increasing one
and pitting was not observed. After all 5 runs there were no
signs of pitting as controlled also by a visual inspection. One
should point out that at the higher temperature, 70 8C, in solu-
tions containing calcium gluconate, anodic curves shifted to
more positive values compared with sodium benzoate alone
indicating the improvement of the inhibition efficiency.
The same effect was observed in tap water [14].

In Fig. 3 cyclic runs are recorded, at 25 8C in 0.35% sodium
chloride , curve 4, in 0.35% sodium chloride with addition of:
1. 1.5% sodium benzoate, 2. 1.5% (sodium benzoate/calcium
gluconate � 1:4), 3. 1.5% calcium gluconate. The curve re-
corded in sodium benzoate exhibits a rapid increase of cur-
rent occurring at approximately � 40 mV and also a hyster-
esis of current traces which intersect at ÿ 230 mV, corre-
sponding to the formation of pitting, also detected by a visual
inspection. Calcium gluconate alone and in the mixture with
benzoate eliminated pitting as shown by the anodic runs with-
out hysteresis. Rising and reverse anodic runs are traced very
close.

In Figure 4 results are shown obtained in solutions of 0.35%
sodium chloride at 70 8C. As expected 3% sodium benzoate
eliminated the uniform corrosion without pitting formation,
curve 1. The lower concentrations of inhibitor, 1.5% benzo-
ate, curve 2, along with uniform corrosion induced pitting as
revealed by an abrupt increase of current density and the hys-
teresis. By visual observation a severe pitting was detected.

By addition of calcium gluconate in the inhibitor solution in
the ratio 1:4, curve 3, the intensity of pitting was decreased. In
the gluconate alone, curve 4, pitting was not observed. Curve
5 corresponds to the 0.35% sodium chloride solution without
inhibitor. Only a uniform corrosion was observed.

Fig. 2. Potentiodynamic polarization curves of carbon steel: 1.
3.5% sodium chloride � 1.5% sodium benzoate, 25 8C, 2. 3.5%
sodium chloride � 1.5% (sodium benzoate/calcium gluconate
� 1:4), 25 8C, 3. 3.5% sodium chloride � 1.5% calcium gluco-
nate, 25 8C, 4. 3.5% sodium chloride � 1.5% (sodium benzoate/cal-
cium gluconate � 1:4), 70 8C, 5. 3.5% sodium chloride � 1.5%
sodium benzoate, 70 8C
Abb. 2. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl: 1. 3,5% Natriumchlorid � 1,5% Natriumbenzoat, 25 8C, 2.
3,5% Natriumchlorid � 1,5% (Natriumbenzoat/Kalziumglukonat
� 1:4), 25 8C, 3. 3,5% Natriumchlorid � 1,5% Kalziumglukonat,
25 8C, 4. 3,5% Natriumchlorid � 1,5% (Natriumbenzoat/Kalzium-
glukonat � 1:4), 70 8C, 5. 3,5% Natriumchlorid � 1,5% Natrium-
benzoat, 70 8C

Fig. 3. Potentiodynamic polarization curves of carbon steel at
25 8C: 1. 0.35% sodium chloride � 1.5% sodium benzoate, 2.
0.35% sodium chloride � 1.5% (sodium benzoate/calcium gluco-
nate � 1:4), 3. 0.35% sodium chloride � 1.5% calcium gluco-
nate, 4. 0.35% sodium chloride

Abb. 3. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 25 8C: 1. 0,35% Natriumchlorid � 1,5% Natriumbenzoat,
2. 0,35% Natriumchlorid � 1,5% (Natriumbenzoat/Kalziumgluko-
nat � 1:4), 3. 0,35% Natriumchlorid � 1,5% Kalziumglukonat, 4.
0,35% Natriumchlorid

Fig. 4. Potentiodynamic polarization curves of carbon steel at
70 8C: 1. 0.35% sodium chloride � 3.0% sodium benzoate, 2.
0.35% sodium chloride � 1.5% sodium benzoate, 3. 0.35% so-
dium chloride � 1.5% (sodium benzoate/calcium gluconate
� 1:4), 4. 0.35% sodium chloride � 1.5% calcium gluconate, 5.
0.35% sodium chloride

Abb. 4. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 70 8C: 1. 0,35% Natriumchlorid � 3,0% Natriumbenzoat,
2. 0,35% Natriumchlorid � 1,5% Natriumbenzoat, 3. 0,35% Natri-
umchlorid � 1,5% (Natriumbenzoat/Kalziumglukonat � 1:4), 4.
0,35% Natriumchlorid � 1,5% Kalziumglukonat, 5. 0,35% Natri-
umchlorid
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In Figure 5 results are shown of anodic polarization mea-
sured at 25 8C in solutions of 0.035% sodium chloride, curve
4. The addition of 3% sodium benzoate produced an important
shift of the anodic run into positive direction without pitting
formation. The addition of 1.5% sodium benzoate, curve 2,
induced pitting, as revealed by the critical potential at about
500 mVand an intersect of forward and backward anodic runs
at 50 mV. A hysteresis in the cyclic anodic polarisation was
observed in all concentrations of sodium benzoate ranging

from 1.5% to 0.15%. Pitting formation was confirmed by a
visual detection.

In Fig. 6 polarization runs are recorded in 0.035% sodium
chloride at 25 8C with addition of 1.0% inhibitor: 1. 1.0% so-
dium benzoate, which induced pitting, 2. 1.0% (sodium
benzoate/calcium gluconate � 1:4), and 3. 1.0% calcium glu-
conate.

As in former experiments gluconate eliminated the pitting
formation.

In Figure 7 polarization curves are shown recorded at 70 8C
in the solution with 0.035% sodium chloride, dashed line, and
in the same chloride concentration with addition of: 1. 0.5%
sodium benzoate, 2. 1.0% (sodium benzoate/calcium gluco-
nate � 1:4), 3. 0.5% (sodium benzoate/calcium gluconate
� 1:4). Sodium benzoate alone and in the 1.0% mixture
with gluconate induced pitting which was not observed in
the 0.5% mixture.

The same sequence of results as in previous experiments
was obtained with the addition of inhibitor mixtures as me-
asured in diluted solutions of 0.0035% chloride.

The inhibition efficiency derived from the mass loss me-
asurement is shown in the Table 1.

In 3.5% sodium chloride solutions calcium gluconate
shows a considerable higher efficiency compared with so-
dium benzoate , and the mixture of both inhibitors exhibits
a synergistic effect. In more diluted sodium chloride solu-
tions, 0.35%, gluconate did not performed the same effi-
ciency of the sodium benzoate in the applied concentration
and the ratio of component in the mixture. In 0.035% chloride
solutions results obtained in mixtures of both inhibitors are
close to the values obtained in benzoate alone or even high-
er. Generally one may conclude that the addition of calcium
gluconate has not contributed to the synergistic behaviour
of sodium benzoate, expected in high concentrated chloride
solutions.

Fig. 5. Potentiodynamic polarization curves of carbon steel at
25 8C: 1. 0.035% sodium chloride � 3.0% sodium benzoate, 2.
0.035% sodium chloride � 1.5% sodium benzoate, 3. 0.035% so-
dium chloride � 0.15% sodium benzoate, 4. 0.035% sodium chlor-
ide

Abb. 5. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 25 8C: 1. 0,035% Natriumchlorid � 3,0% Natriumben-
zoat, 2. 0,035% Natriumchlorid � 1,5% Natriumbenzoat, 3.
0,035% Natriumchlorid � 0,15% Natriumbenzoat, 4. 0,035% Na-
triumchlorid

Fig. 6. Potentiodynamic polarization curves of carbon steel at
25 8C: 1. 0.035% sodium chloride � 1.0% sodium benzoate, 2.
0.035% sodium chloride � 1.0% (sodium benzoate/calcium gluco-
nate � 1:4), 3. 0.035% sodium chloride � 1.0% calcium gluconate

Abb. 6. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 25 8C: 1. 0,035% Natriumchlorid � 1,0% Natriumben-
zoat, 2. 0,035% Natriumchlorid � 1,0% (Natriumbenzoat/
Kalziumglukonat� 1:4), 3. 0,035% Natriumchlorid � 1,0% Kalzi-
umglukonat

Fig. 7. Potentiodynamic polarization curves of carbon steel at
70 8C: 1. 0.035% sodium chloride � 0.5% sodium benzoate, 2.
0.035% sodium chloride � 1.0% (sodium benzoate/calcium gluco-
nate � 1:4), 3. 0.035% sodium chloride � 0.5% (sodium benzoate/
calcium gluconate � 1:4), 0.035% sodium chloride dashed line

Abb. 7. Potentiodynamische Polarisationskurven fuÈr Kohlenstoff-
stahl bei 70 8C: 1. 0,035% Natriumchlorid � 0,5% Natriumben-
zoat, 2. 0,035% Natriumchlorid � 1,0% (Natriumbenzoat/
Kalziumglukonat � 1:4), 3. 0,035% Natriumchlorid � 0,5% (Na-
triumbenzoat/Kalziumglukonat � 1:4), 0,035% Natriumchlorid ±
gestrichelte Linie
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4 Conclusion

Calcium gluconate performs the inhibition of general cor-
rosion of carbon steel in chloride solutions when added in an
adequate concentration in the temperature range from 25 to
70 8C. In chloride solutions in which a low content of benzoate
induced pitting, calcium gluconate alone, or in the mixture
with benzoate eliminated that phenomenon.

An evidence for the slowing down the cathodic reaction,
along with hindering the anodic dissolution of metal, was ob-
tained by polarization measurements in solutions of calcium
gluconate. The cathodic effect may be due to the precipitation
of calcium hydroxide, or/and a low soluble metal gluconate
complex on cathodic areas.

In higher concentrated chloride solutions calcium gluco-
nate improved the inhibition efficiency compared with benzo-
ate and exhibits a synergistic behaviour in the mixtures with
benzoate.
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Table 1. Inhibition efficiency derived from the mass loss measure-
ments

Tabelle 1. Aus Massenverlustmessungen abgeleitete Inhibitor-
wirksamkeit

Solutions Inhibition
efficiency
(%)

1. 3.5% NaCl ÐÐ±
2. 3.5% NaCl � 1.5% Na-benzoate 32.75
3. 3.5% NaCl � 1.5% (Na-benz./Ca-gluc. � 1:4) 69.27
4. 3.5% NaCl � 1.5% Ca-gluconate 60.70
5. 0.35% NaCl ÐÐÐ
6. 0.35% NaCl � 1.5% Na-benzoate 97.25
7. 0.35% NaCl � 1.5% (Na-benz./Ca-gluc. � 1:4) 94.89
8. 0.35% NaCl � 1.5% Ca-gluconate 83.75
9. 0.035% NaCl ÐÐ±

10. 0.035% NaCl � 3.0% Na-benzoate 99.07
11. 0.035% NaCl � 1.5% Na-benzoate 97.05
12. 0.035% NaCl � 1.0% Na-benzoate 98.75
13. 0.035% NaCl � 0.5% Na-benzoate 98.44
14. 0.035% NaCl � 1.5% (Na-benz./Ca-gluc. � 1:4) 99.54
15. 0.035% NaCl � 1.0% (Na-benz./Ca-gluc. � 1:4) 95.21
16. 0.035% NaCl � 0.5% (Na-benz./Ca-gluc. � 1:4) 97.70
17. 0.035% NaCl � 1.0% Ca-gluconate 89.04
18. 0.035% NaCl � 0.5% Ca-gluconate 89.35
19. 0.0035% NaCl ÐÐÐ
20. 0.0035% NaCl � 0.5% Na-benzoate 98.60
21. 0.0035% NaCl � 0.5% (Na-benz./Ca-gluc. � 1:4) 97.55
22. 0.0035% NaCl � 0.5% Ca-gluconate 91.94
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