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Abstract: The aim of this work is the evaluation of the inhibition effect of tartrate ions with respect
to the localized corrosion of steel reinforcements in alkaline solution as a function of the
concentration of chlorides ions. Weight loss tests and electrochemical tests were carried out in
saturated Ca(OH): solution with NaOH at pH 12.7 and 13.2. The results only evidence a slight
inhibition effect at pH 12.7, whereas at pH 13.2 the pitting onset is inhibited also for chloride
concentration up to 3 M. Tartaric acid is a dicarboxylic acid with nucleophile substituents, which
can act as a chelating agent both adsorbing on the surface of the passive film and forming a soluble
complex with ferrous and ferric ions. Tartrate causes an increase in the passive current density but
it prevents the depassivation of carbon steel due to the action of chlorides, thus preventing pitting
initiation due to the competitive adsorption on metal surface.
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1. Introduction

The aging of concrete structures is nowadays still actual, and the theme of concrete durability is
now increasing its importance also from the point of view of eco-sustainability, in terms of raw
materials quarrying savings. One of the most important issues that is far from being solved is surely
carbon steel reinforcements’ corrosion [1-6]. Well compacted and low porosity concretes
manufactured with ordinary Portland cement protect carbon steel reinforcement against general
corrosion due to the formation of the passive film on the steel surface that occurs naturally in alkaline
environments. However, the reaction with the atmospheric CO2 reduces the pH of concrete, thus
causing the occurrence of general corrosion [7-9]. Carbonation can be conveniently delayed by
considering suitable concrete design strategies, i.e., by increasing the cover thickness and decreasing
the water/cement ratio [10]. However, in structures in contact with seawater—i.e., port installations,
bridges and coastal buildings—or exposed to the action of de-icing salts—i.e., viaducts, bridge decks
and garages [11,12] —more severe corrosion issues can arise due to chloride ions” diffusion inside
concrete. Chloride corrosion is more dangerous than carbonatation because the attack is more
localized, thus leading to a severe reduction of the cross section of the rebar and increasing the risk
of collapse [13-15]. In high-strength steels typically used for prestressed and post-tensioned
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structures, localized corrosion attacks can also give rise to the insurgence of hydrogen embrittlement
phenomena [16-20].

Suitable mix design strategies as well as the proper placing and curing of concrete can reduce
the risk of chlorides penetration, but, when very prolonged service life is required in severe
environments, additional protection or prevention methods must be considered. Such methods
include—but are not limited to—the application of concrete coatings [21], coated reinforcing bars
[22], galvanized or stainless steels [23,24] and cathodic protection or prevention [25,26]. In addition,
corrosion issues can be also mitigated using corrosion inhibitors which are chemical admixtures
added during concrete mixing. They can be considered a cost-effective and easy solution for common
concrete practices [27,28]. Many studies were carried out on nitrite ions [29-33], alcohol amine [31],
and inorganic and organic compounds [34-37]. Several studies have shown that the ions of organic
acids with nucleophilic substituents are able to act as corrosion inhibitors; the greatest efficiency is
represented by dicarboxylic acids, such as tartaric acid, which can coordinate on the metal surface
with a chelating effect [38—41]. The properties of tartaric acid as a corrosion inhibitor were underlined
by several authors [42,43]. However, it is a strong set retarder and its dosage must be well determined
to achieve chlorides corrosion protection thus avoiding excessive retardation. Vice versa, it could be
evaluated for the new binders characterized by very fast setting times [44,45]. In fact, the global
warming problem has directed research towards the use of new binders with a lower environmental
impact than Portland cement [46-48]. These new binders require the use of retarders [49], such as
tartaric acid [50,51].

The aim of this work is to analyze the effect of the tartrate ions on the localized corrosion of
carbon steel in alkaline solutions at a different concentration of chloride ions in order to promote the
combined use of tartaric acid as set retarding admixture and corrosion inhibitors for concrete
manufactured with alternative binders to Portland cement. Due to the stochastic nature of pitting
initiation and propagation [52-58] and the number of environmental parameter involved,
electrochemical cyclic voltammetry tests have been performed as a rapid and reliable technique for
the screening of the behavior of different inhibitors in solution [59,60].

2. Experimental

Weight loss tests were carried out on an aerated alkaline saturated solution of Ca(OH)2 added
with NaOH in order to obtain pH 12.7 at room temperature. The tests were performed with a constant
molar ratio between tartrate and chloride ions of 0.28 M. In addition, weight loss tests were also
conducted with sodium nitrite as the most effective commercial chlorides corrosion inhibitor for
concrete, by considering the same concentration of the tartrate. The specimens were taken from steel
rebar, grounded, and finally polished with emery paper. Before the tests, the specimens were cleaned
by means of sonication in acetone and weighted using an analytical scale (+0.00001 g accuracy). Three
weightings were carried out for each specimen and the average weight value was considered. Two
specimens for each condition were passivated in the alkaline solution for more than 72 h. The tests
were conducted both adding the substances before or after the chloride ions addition in the solution.
The total time of exposure was 790 h. At the end of the tests, the specimens were cleaned according
to ASTM G1-90, by using solution C.3.5 (inhibited HCl with hexamethylenetetramine) and then
weighted again. The mass loss was calculated as a percentage of the initial weight of the specimens.
All the specimens were observed at the optical microscope in order to evaluate the corrosion
morphologies.

Cyclic voltammetry tests were performed by using Ivium CompactStat potentiostat in a glass
cell of about one liter of volume with a stainless-steel counter electrode designed to grant uniform
current distribution over the specimen surface. A saturated calomel electrode (SCE) was used; the
potential of the electrode is +0.242 V vs. SHE. A Huber-Luggin capillary was adopted to minimize
the ohmic drop into the electrolyte. Before the tests, the specimens were passivated in saturated
Ca(OH): solution at pH 12.7 or in aerated saturated Ca(OH): solution added with NaOH at pH 13.2
for 72 h. The specimen was removed from the passivation solution just before the cyclic voltammetry
test. The cyclic voltammetry tests were carried out in solutions with the same composition of the
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passivation one, increasing the chlorides concentration from zero to 3.5 M. The tests were at least
repeated twice. The specimen was replaced after each test. The cyclic voltammetry tests procedure
was as follows: specimen conditioning at =1 V vs. SCE for 60 s in order to clean the surface avoiding
relevant damage of the passive film, followed by 15 s of equilibration at open circuit potential and
two consecutive voltammetry cycles from —1.7 to +0.8 V vs. SCE at a 50 mV/s scan rate. This procedure
was already applied in a previous work devoted to the study of corrosion inhibitors in alkaline
solutions and in concrete slabs after long-term exposure [60].

For cylindrical specimens with a diameter equal to 10 mm, a 20 mm height was considered. All
samples were ground with silicon carbide emery paper up to 1200 grit and then ultrasonically cleaned
in acetone. Rotating electrode at 2550 rpm was used to avoid diffusion effects. Localized corrosion
occurrence was confirmed by optical microscopy after all the tests.

3. Results and Discussion

The weight loss tests of the specimens after 790 h of immersion in saturated Ca(OH)2 solution at
pH 12.7 and 0.28 M of tartrate ions and chloride ions are significatively lower than the values obtained
in absence of inhibitors (Figure 1). A one order of magnitude weight loss decrease was noticed once
the inhibitor was added to the solution 72 h before the chlorides (TR + CI"). Slight increases were
observed if the inhibitor was added after the chlorides (CI- + TR), thus indicating a tartrate ion’s
ability to affect the pitting propagation. Shallow pits were always noticed at the end of the tests
(Figure 2). The efficiency of the tartrate is comparable with the nitrite added before the chloride. The
nitrite ions are anodic passivating inhibitors and their action is beneficial only if they are added to
the solution before the pitting initiation. On the contrary, they act cathodically, thus leading to an
increase in the corrosion rate. The tartrate does not have an oxidant effect, and it does not have a
stimulating effect on the pitting propagation.
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Figure 1. Results of the loss of weight tests in Ca(OH)2 solution at pH 12.7 and 0.28 M of tartrate ions
and nitrite.
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— 0.1mm

Figure 2. Shallow localized attack on the specimen after 790 h of exposition in saturated Ca(OH)2
solution added with 0.23 M tartrate and 0.23 M chloride ions. Chlorides were added 72 h after the
inhibitor.

The effect of chloride concentration and pH on the inhibition efficiency of tartrate was
electrochemical evaluated, according to a precedent work [59].

Figure 3 shows the typical voltammogram of carbon steel in alkaline solutions. The peaks can
be interpreted as described in literature [36,61-64].

The peaks in zone I of the curve are connected to the first oxidation of Fe to Fe(OH)z, the peaks
IT are related to the transformation of the Fe®™ hydroxide in Fe®™ hydroxide. The oxide film has a thin
and protective inner layer and an outer layer generally thick, hydrate porous and less protective. This
film growth with the time of immersion until a stable state. The equilibrium composition of the outer
layer is strictly dependent upon the composition of solution and applied potential. Typically, the film
thickness increases during each voltammetry cycle and, in the concrete pore solutions, Ca* ions can
be absorbed into the film as calcium oxide gel [64-66]. Fe(Moxide layer is an n-type semiconductor,
the predominant donors inside it are either oxygen vacancies [67] and Fe® ions [68,69]. The electrical
conductibility of the film permits the growth of the localized attacks by means of the mechanism of
the occluded cell. The peaks IV and V indicate partial reaction reversibility. The part of the curve
between the peak III and the potential of the oxygen electrochemical discharge (Eox) represents the
passive range. At least, at En, the hydrogen electrochemical evolution takes place.
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Figure 3. Cyclic voltammetry curve of carbon steel in Ca(OH): saturated solution at pH 12.7.

The presence of chlorides modifies the passive range of the voltammetric curve as shown in
Figure 4. The initiation of localized attack causes a sharp increase in the current density at a potential
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named Ei1st, before Eox, with a very pronounced hysteresis during the subsequent return of scanning
[59]. The hysteresis is associated with the low repassivation potential of the inner zones of pit. In the
second cycle of voltammetry, localized corrosion was observed above a potential, named Eizng,
analogous to the E11stbut less noble. At very high chloride contents, repassivation does not occur and
a monotonic increase of current during anodic scan of the second cycle denotes an active
electrochemical behavior (red curve in Figures 5 and 6).

According to [59], the potentials Ei1st and Ei2na were defined as the values at which current
rapidly increases during the first and second voltammetry cycle, respectively, exceeding the 10% of
the mean current over the passive range, from 0 to 0.5 V vs. SCE. They substantially differ from pitting
potential because they are obtained in non-stationary conditions.
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Figure 4. Effect of chloride ions on the first cycle of the voltammetric curves of steel in saturated
Ca(OH): solution at pH 12.7.
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Figure 5. Effect of chloride ions on the second cycle of the voltammetric curves of steel in saturated
Ca(OH): solution at pH 12.7.
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Figure 6. Close-up of Figure 5 in the zone of the increases in the anodic current that evidenced the

potential E12nd.

The tartrate ions are able to inhibit the localized attack in saturated solution of Ca(OH): at pH
12.7 only at a very low chloride ion concentration. In the presence of 0.23 M of CI-, there is an
increment of the potential Ei1st with respect to the reference tests without any inhibitor (Figure 7).
The second cycle of the voltammetry tests [59] demonstrated the possibility to repassivate the steel
only in the presence of the lower concentration of chlorides ions; as the Cl- concentration is increased
at 0.23 M or higher, the second cycle of the voltammetry curve is practically active (Figure 8).
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Figure 7. Effect of chloride ion concentration on the first cycle of the voltammetric curves of steel in
saturated Ca(OH):2 solution at pH 12.7 and tartrate ions in a concentration of 1 M.
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Figure 8. Effect of chloride ion concentration on the second cycle of the voltammetric curves of steel
in saturated Ca(OH)2 solution at pH 12.7 and tartrate ions in a concentration of 1 M.

Increasing the pH of the solution at 13.2, the inhibition effect of the tartrate ions is more
pronounced: the Eiist remains over the potential Eox for all the chloride concentrations used, until a
chloride ion concentration of 3 M is reached (Figure 9). In the presence of a chloride ion concentration
of 3.5 M, the value of E11st reached the Eox, but the presence of hysteresis in the return scan of potential
evidenced the initiation of localized attack during the oxygen evolution. Oxygen evolution causes the
acidification of the electrode surface favoring the pitting initiation [70]. The second cycle of the
voltammetric curves confirms the absence of localized attack initiation for chloride concentration
lower than 3 M (Figure 10).
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Figure 9. Effect of chloride ions concentration on the first cycle of the voltammetric curves of steel in
saturated Ca(OH): solution at pH 13.2 and tartrate ions in a concentration of 1 M.
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Figure 10. Effect of chloride ions concentration on the second cycle of the voltammetric curves of steel
in saturated Ca(OH)2 solution at pH 13.2 and tartrate ions in a concentration of 1 M.

The analysis of the cyclic voltammetry curves in order to detect a parameter for describing the
corrosion susceptibility of carbon steel in simulated poor solution added with chlorides and corrosion
inhibitors was previous proposed by the authors [59]. The difference AEx was defined, according to
the following relationship (Equation 1):

AEn = El,nth - on (1)

where AEn is referred to as n-cycle. The subtraction of potential Eox from Eintn  is necessary to consider
the correlation between oxygen evolution potential and pH. If AEx is equal to zero, no localized
corrosion occurred before the Eox value is reached. Otherwise, it assumes negative values,
approaching a very negative asymptote for very high chloride content because Ei,1st and Ei,2nd reach
the potentials of the active peak. The interpolation of the experimental data of carbon steel in solution
at different pH without inhibitors permitted to obtain the following empirical relationships, valid for
AEx <0 in the range of pH of 12.6 = 13.87:

AE =12 06-—[ _]—1 2

1,1st . < . [Cl_] ) ( )
and

AE = 1 5 " 0 5 " —[ _] 1 3

1,2nd . < . [Cl_] ) ( )

The curves obtained by Equations (2) and (3) are compared with the values of AE1,1st (Figure 11)
and AE12na (Figure 12) measured in the presence of tartrate ions at pH 12.7 and 13.2. At pH 12.7, the
tartrate ions are able to improve the carbon steel resistance to localized corrosion, because the values
of AE11st are shifted on the right of the curve representing the behavior in the absence of an inhibitor,
but, at this value of pH, the inhibitor is not able to fully stop the pitting initiation.
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Figure 11. AE11« as a function of ClI7/OH- ratio in simulating pore solutions at pH 12.6-13.87 without
inhibitors [59] and in Ca(OH): sutured at pH 12.7 and Ca(OH): sat. + NaOH at pH 13.2 solutions,
added with 1 M of tartrate ions.
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Figure 12. AE12nd as a function of CI-//OH- ratio in simulating pore solutions at pH 12.6-13.87 without
inhibitors [59] and in Ca(OH): sutured at pH 12.7 and Ca(OH)2 sat. + NaOH at pH 13.2 solutions,
added with 1 M of tartrate ions.

Once the pitting has initiated, the tartrate is not able to promote carbon steel repassivation, as
evidenced by the practically overlapped points of AEi2nd with the reference curve in Figure 12.
Conversely, increasing the pH at 13.2, the effect of tartrate ions is very pronounced: the pitting was
also not initiated for a very high concentration of chlorides (Figures 11 and 12).

The mechanism commonly assumed for pitting initiation is the competitive chemisorption of
chloride and hydroxyl ions on passive film [71]; higher chloride content results in a higher probability
of the substitution of Cl- by OH- ions in the outer layer of the passive film. If chlorides substitute
hydroxyls in enough adjacent sites, the rupture of the passive film can occur with the formation of
pit embryos. However, in these areas, hydroxyl ions and dissolved oxygen can again restore the
protective film on the inner surface of the primitive pit that thus does not reach stable propagation.
On the contrary, the pit propagates by an occluded-cell mechanism; consequently, repassivation
gradually becomes less probable due to acidification and the high concentration of chloride [59].

Cornell and Schindler reported the adsorption of tartaric acid on the surface of both FeFOOH and
amorphous Fe(Mhydroxide, based on the partial replacement of the surface hydroxyl groups by
carboxylate groups. The surface concentration of the tartrate acid decreases with the increasing of pH
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due to the increasing of the stability of complexes in solution [72]. The formation of a complex
between tartrate ions and Fe(™ that influences the Fe/Fe( redox potential at a pH below 4 is
reported by [73], while Toropova reported a complex of tartrate ions and Fe(™ ions, stable in the range
of pH 3.4 and 7.0 [74]. In the literature, the inhibition effect of the tartrate acid on carbon steel that is
enhanced in the presence of Fe?* ions is reported. Gomma attributes the inhibition effect to a film of
the tartrate-Fe?* complexes existing on the electrode surface. The diffusion of the proton through this
film would be the most likely rate-determining step of both the hydrogen electrochemical reduction
and the overall corrosion process [75]. An inhibiting effect by means of mixed anodic and cathodic
mechanism was also reported by Qiang et al., based on corrosion tests in 0.5M HCl, XPS, atomic force
microscope and theorical quantum calculations, due to the adsorption of the carboxylate on the metal
surface. All these tests were carried out in acidic solution [76]. In alkaline solution, Valek Zulj et al.
proposed a competitive adsorption of tartrate ions and chlorides as a mechanism of corrosion
inhibition of rebar in pore solution [42]. Bazzaoui et al. reported the formation of a passive layer on
iron in 0.2M sodium tartrate at pH 6.8, at a potential of -0.35 V versus Ag/AgCl, according to the
reaction:

Fe? + C4HsOe* — FeCsH4Os 4)

This passive film is stable until the transpassive breakdown that occurs near the oxygen
evolution potential [77].

By the analysis of the cyclic voltammetry curves, an increase in the height of peaks II and III and
of the current density in the passive state is evident (Figures 7-10); this effect is more pronounced as
the chloride ions concentration or pH increases, but are present also in absence of chloride ions
(Figure 13). A voltammetric test, carried out on platinum in the same Ca(OH): saturated solution
added with NaOH at pH 13.2 excluded the direct oxidation of the tartrate ions (Figure 13). In fact,
the voltammetric curve of platinum did not present any peaks in the anodic scan, but only a small
cathodic peak of the reduction of the platinum oxide formed during the oxygen evolution. It could
be said that the peaks in the voltammograms are due to the enhanced dissolution of the steel to Fe(
by means of the soluble complex formed with the tartrate ions and its successive oxidation to
Fe(Moxide. The competitive formation of soluble complexes of Fe(™ and the adsorption of the tartrate
ions on the electrode surface to substitute the hydroxyl in the passive film, increases the current
density in the passive range of potential, but, at the same time, inhibits the adsorption of chloride
ions, and, as a consequence, the pitting initiation. In the inhibition mechanism proposed by Valek
Zulj et al., the tartaric acid stabilized the Fe( in the passive film; as a consequence of this, the
concentration of Fe® jons in the film decreases, and, in this way, the conductivity of the n-type
semiconductor passive film is reduced, for the decreasing of the concentration of the donors, reducing
the efficiency of the occluded cell in the propagation of the localized attack [42]. At the same time,
the presence of the negative carboxylate group of the tartrate on the film surface counteracts the
adsorption of the chloride ions, favoring the re-passivation. The same authors also reported that
increasing the concentration of tartrate above 2.5 x 10 M results in the deterioration of passive film
due to the dissolution of the surface complex induced by the lowering metal/ligand ratio [42]. For
this reason, the overall effect of tartrate ions on carbon steel could be to enhance the generalized
dissolution of the passive film, but, at the same time, its carboxylate groups counteract the adsorption
of the chlorides on the film surface, inhibiting the localized corrosion onset and propagation.
Unfortunately, this effect is efficient in order to increase the critical chloride concentration for
localized corrosion only in solution with pH higher than that of saturated Ca(OH):2 solution. In
traditional Portland cement, high values of pH can be reached for the presence of Na:O and Kz0. On
the contrary, innovative co-sustainable binders, i.e., calcium-sulfoaluminate-based binders, are
characterized by the lower pH values of the cement matrix and a very low alkalinity reservoir
compared to traditional ordinary Portland cement [47,48]. In this way, the efficiency of tartrate as a
corrosion inhibitor can be strongly affected. More in depth studies are needed to assess the inhibition
efficiency of tartrate in concretes manufactured with innovative eco-sustainable binders.
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Figure 13. Cyclic voltammetry curves of carbon steel and platinum in saturated Ca(OH)2 solution +
NaOH at pH 13.2 and tartrate ions 1 M.

4. Conclusions

The inhibition efficiency of tartrate ions to counteract chlorides’ corrosion of reinforcements was
evaluated in saturated calcium hydroxide alkaline solutions at pH 12.7 and 13.2.

Weight loss tests and electrochemical tests were carried out at the same concentration of
chlorides and tartrate, equal to 0.28 M. The results were compared to those obtained by considering
sodium nitrite as a well-established commercial rebar corrosion inhibitor for concrete. The effect of
pH and chloride concentration was studied by means of cyclic voltammetry tests.

According to the experimental results, the following conclusions can be drawn:

*  Inpresence of tartrate, a decrease in the corrosion rate in terms of weight loss was noticed at pH
12.7 with respect to the solution without inhibitor. However, it is not able prevent the localized
attack initiation and propagation.

= Weight loss tests evidenced a similar effectiveness between tartrate and sodium nitrate at equal
concentration only if they are added to the solution before the pitting initiation. On the contrary,
if tartrate was used after the pitting initiation, it performs better than sodium nitrate.

*  The pitting onset was inhibited in the presence of tartrate until very high chloride concentration
at pH 13.2. When pH is 12.7, the tartrate ions’ capability to inhibit the localized attack is limited
only at very low chloride ions concentration.

*  The tartrate ions are adsorbed on the passive film of iron, favoring the oxidation of Fe® to Fe(™®
by means of the formation of slightly soluble salt and stable chelating complexes. In this way,
there is an enhanced general dissolution of the passive film, but, at the same time, the carboxylate
group of the tartaric acid counteracts the adsorption of the chlorides on the film surface.
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