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ABSTRACT

In this investigation, first, substrate coupons of commonly used alloys of Aluminum, which
are 2024, 6061 and 7075 alloys, were immersed in solutions of inhibitors such as
gluconate esters having the formula of (M)x(hydroxyacid)y(M‘aOb)z combining
constituents that are already known for high inhibition efficiencies such as hydroxyacids
and metal oxyanions. Among other inhibitor solutions used were benzilate esters,
gluconate salts, zinc carboxylates, etc. Secondly, after immersions of the mild steel
coupons in inhibitors solutions of varying concentrations for different periods of time, they
were characterized by means of various surface techniques such as FT-IR, X-Ray, SEM,
XPS and digital imaging. As a result of use of these characterization techniques, it is
decided whether protective layers of inhibitor compounds are formed on the substrate
surfaces due to immersions in the solutions of the inhibitor compounds similar to those of
conversion coatings. The results have proven individual consequences for each inhibitor
tried and are described in detail herein the paper, which assisted in the assessment of
aqueous corrosion inhibition mechanisms of mild steel by oxyanion esters of α-hydroxy
acids and their salts.
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1. INTRODUCTION

Corrosion inhibitors that were used for immersions of aluminum alloy coupons were
synthesized via a single precursor method described in detail in author’s previous studies
that are available in the literature [1-5]. Common characteristics of these inhibitors are that
they are environmentally friendly metallo-organic corrosion inhibitors for protection of mild
steel and certain aluminum alloys aimed to replace hexavalent chromium based corrosion
inhibitors. For this reason, several corrosion inhibiting species such as hydroxyacids and
metal oxyanions were combined in a single compound with the general formula,
(M)x(hydroxyacid)y(M‘aOb)z. These were tested alongside the individual components in order
to determine whether there were any synergistic interactions. It is also important to note that
most of the chosen individual components were corrosion inhibitors that were previously
commercialized. Some of these species such as gluconates were commercially available
resulting in their direct use with no synthesis required. The common commercial use for
these readily available gluconates is in the field of medicinal health as nutritional
supplements. Such gluconates of zinc, calcium, magnesium and sodium were used and
tested throughout this study as corrosion inhibitors, precursors, or constituents of synergistic
corrosion inhibitor formulations.

2. MATERIALS AND METHODS

2.1 Preparation of Substrate Coupons of Aluminum Alloys

Coupons are described as small pieces of metal, usually of rectangular shape, which are
inserted in the process stream and removed after a period of time that is greater than 24
hours. For the preparation of coupons, commercially available aluminum alloy metal sheets
of sufficient thickness were cut in dimensions of 1x1 inch as seen in Fig. 1. A hole is drilled
at the corner of the coupon so that the coupon could be hanged in solution via a durable
polymeric material such as a fishing-line that does not corrode.

Fig. 1. Immersion apparatus

Standards determined for Preparing Specimens for Weight-Loss Tests by ASTM (American
Society for Testing and Materials) were followed with no alteration [6-7]. For mild steel
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specimens, the first step is described as degreasing in an organic solvent or hot alkaline
cleaner or both. Aluminum alloy specimens used in this study were cut out of large rolls of
aluminum alloy sheets that were previously greased for corrosion prevention. This grease
was removed from the aluminum alloy coupons by dipping them in hexane and rubbing them
with paper towels soaked with hexane when necessary. Secondly, coupons were placed in
Oakite Products Inc. brand Oakite-164 alkaline cleaner solution at 150ºF for 10 minutes to
complete degreasing of the coupons. Lastly, pickling of the aluminum alloy coupons is
performed to remove the remaining oxides or tarnish.

Oakite solution was prepared by dissolving 60 g of Oakite detergent in 1000 ml of water at
180ºF. After degreasing and cleaning, the coupons were weighed and fully immersed in 100
ml solutions of 60 ppm Cl- and various concentrations of inhibitors for various periods of time
(3 days, 7 days or for 14 days).  As a controlled variable, 100 ml has been chosen as the
volume of the solution due to the low amount of inhibitors that was required. Another
controlled variable was the salt content of the solution, which was chosen as 60 ppm Cl-

since it is a situation commonly encountered in cooling water systems based on mild steel
construction [8].

Immersion periods of 3, 7 and 14 day periods were chosen since periods less than 24 hours
are not enough for the system to come into an equilibrium, while a period of more than 14
days was too long to test many samples, that are needed for comparison purposes [9].
Given that accelerated corrosion is required, a period of 7 days has been determined to be
the optimum period of immersion at room temperature.

2.2 Qualitative Analysis of the Coupons after Immersions

Visual inspection of the coupons compared to the control coupons after completion of
immersions but before removal of corrosion products has been a useful qualitative method.
When the images of coupons treated with molybdenum esters of ydroxyl-acids and those of
controls are compared, it is found that coupons treated with molybdate esters had a
nonuniform black colored deposition along with depositions of corrosion products around a
few pits. The black color is indicative of the presence of molybdenum oxide and hydroxides
in a mixed Mo(V)/Mo(VI) oxidation state.

2.2.1 Aluminum 2024 alloy

Among the images shown in Fig. 2, apart from the control coupon that had deposition of
corrosion products, the potassium benzilate molybdate treated coupon revealed black
colored depositions similar to the ones reported in the literature. For instance, thin colored
films of molybdenum oxides produced by molybdate salts on Al 7075-T6 alloy that provide
slight corrosion resistance have been reported in the literature [10].
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Fig. 2. Images of Al 2024 Alloy Control Coupon and Sample Coupons Immersed in
Solutions of Metal Oxyanion Esters; Respectively

Many other studies have also reported black-colored molybdate coatings on various metal
surfaces [11-15]. On the other hand; coupons treated with inhibitors that resulted in high
inhibition efficiencies had visually clear surfaces. Among these are zinc gluconate vanadate,
potassium benzilate vanadate, and chromium oxyhydroxide. Other coupons had varying
amounts of deposited corrosion products that corresponded with the inhibition efficiency
results. Examples are chromium butyrate treated coupon that had a deposition of uniform
corrosion products, and calcium gluconate borate treated that had a non-uniform deposition
of pitting corrosion products as seen in Fig. 3.

Fig. 3. Images of aluminum 2024 coupons immersed in solutions of various inhibitors
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2.2.2 Aluminum 6061 alloy

Coupons treated with inhibitors with high inhibition efficiencies had images of clear surfaces;
while ones with very little inhibition efficiencies had deposition of corrosion products on them
mostly around pits indicating pitting corrosion. Several such examples are shown in Figs. 4,
5, and 6.

Fig. 4.  Images of Control Coupon and Coupons Immersed in Solutions of Metal
Oxyanion Esters; respectively

The only exception to the direct relation between inhibition efficiencies and images of clear
substrate surfaces was the molybdenum ester treated coupons, which had non-uniform
deposition of molybdenum oxides on the surface along with corrosion products around a few
pits despite the fact that inhibition efficiencies were close to 100% as revealed in the images
in Fig. 5.

Fig. 5.  Images of aluminum 6061 coupons immersed in solutions of various inhibitors
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Fig. 6.  Images of aluminum 6061 coupons immersed in solutions of various inhibitors

2.2.3 Aluminum 7075 alloy

Among the tested chromium(III) carboxylates for Al 7075 corrosion, chromium butyrate failed
to inhibit corrosion, while chromium propionate was more efficient and chromium acetate
was the best among the three as shown in Fig. 7. This observation is in agreement with the
fact that chromium butyrate is the least and chromium acetate is the most soluble among the
three tested chromium(III) carboxylates. Despite being insoluble, the synthesized CrO(OH)
inhibited Al 7075 corrosion very efficiently similar to the results with other Al alloys.

Fig. 7. Images of coupons immersed in various solutions of trivalent chromium
compounds

Potassium benzilate molybdate treated Al 7075 coupon resulted in molybdic oxide
deposition starting from the edges similar to the other Al alloys of 2024 and 6061 as it can be
seen in Fig. 8. It may be speculated that a film of molybdic oxides is more adherent on the
edges rather than to the surfaces; since a thinner layer of corrosion products or aluminum
oxide is expected on edges than the substrate surface resulting in a higher percentage of
pure Aluminum on the edges, which molybdic oxides seemed to better adhere on.
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Fig. 8.  Images of control coupon and coupons immersed in   solutions of metal
oxyanion esters; respectively

Coupons treated with calcium gluconate borate revealed virtually no pits, which is in
agreement with the inhibition efficiency results of boron esters of hydroxy-acid salts in
general as shown in Fig. 9. Boron esters of hydroxy-acid salts inhibited corrosion of Al 7075
alloy considerably higher than the other two alloys. This might have something to do with the
composition of Al 7075, which is richer in zinc and magnesium. Borate might react with the
magnesium and zinc cations to form insoluble borates and contributing to the passivation
layer.

Fig. 9.  Aluminum 6061 coupons immersed in solutions of various inhibitors

2.3 X-Ray Powder Diffractometer Studies

The X-ray powder diffraction patterns of a blank, untreated Aluminum 2024 alloy and the one
treated with K(benzilate)vanadate were identical as shown in Figs. 10 and 11. This
correlates with the inhibition efficiency of K(benzilate)vanadate, which was almost perfect
even during second immersion period.

The only slight difference between the X-ray diffraction patterns of the two coupons was the
very slight strengthening in the peaks due to Al(OH)3 in the X-ray diffraction of the coupon
immersed in the salt solution of potassium benzilate vanadate for 7 days.
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Fig. 10. X-ray diffraction pattern of a blank aluminum 2024 coupon

Fig. 11. X-ray diffraction pattern of a 2024 coupon immersed in 200 ppm
K(benzilate)vanadate and 0.5M Cl- solution

2.4 X-Ray Flourescence Studies

X-ray fluorescence (XRF) is a powerful tool to detect tiny amounts of elements on the
substrate surfaces. Vanadate esters of hydroxy-acid salts had high inhibition efficiencies with
no visually observable conversion coating formation. XRD detected only amorphous phases
on the substrate surface but XRF spectroscopy detected vanadium on the substrate
surfaces of aluminum alloys as seen in Fig. 12. Vanadium was detected no matter what
other constituents were present in the formulation (e.g. zinc gluconate vanadate or
potassium benzilate vanadate). The only possible overlap with the ~4 keV vanadium peak
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could be due to the L-lines of barium or cesium but even then multiple peaks around the 4
keV range should be present, which was not the case.

Fig. 12. X-ray Flourescence Diagrams of various Aluminum alloycoupons immersed in
solutions of vanadium esters of benzilates and gluconates; respectively

2.5 Scanning Electron Microscope Studies

Scanning Electron Micrographs of aluminum alloys immersed in high concentration salt
water for one week revealed extensive corrosion taking place on the substrate surfaces as
shown in Fig. 13.

Fig. 13. Scanning electron micrographs of control coupons of various aluminum
alloys immersed for 7 Days in 0.5 M chloride solution

Blank and corroded Al substrate samples were examined at lower magnifications for further
investigation. Images indicated Al 7075 alloy as more porous than other alloys; while Al 6061
alloy surface was more homogenous than 2024 alloy as shown in Figs. 14, 15 and 16.
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Fig. 14. Scanning electron micrographs of aluminum 2024 alloy coupons

Fig. 15.  Scanning electron micrographs of aluminum 6061 alloy coupons

Fig. 16.  Scanning electron micrographs of aluminum 7075 alloy coupons

Comparison of the blank substrates with gluconate treated substrates revealed the extent of
deposition taking place for the latter as seen in Fig. 17. However, unlike the case for mild
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steel, no corrosion protection was observed based on inhibition efficiency results except for
the gluconate salts of cations with cathodic inhibitive activity.

Fig. 17.  500 Times magnified scanning electron micrographs of various aluminum
alloys

Consecutive immersions seemed to be destroying the protective coating originated from
application of zinc gluconates as it can be seen in Fig. 18.

Fig. 18. 40 Times magnified scanning electron micrographs of aluminum 7075
coupons

Scanning electron micrographs of substrates treated with different inhibitors revealed the
extent of corrosion during second immersion periods with no inhibitor present in the solution
as shown in Fig. 19.
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Fig. 19. 2000 times magnified scanning electron micrographs of aluminum 7075
coupons

Immersion of chromium acetate treated Al 7075 coupon for a second period of time revealed
abundant corrosion deposits on the substrate surface in agreement with its zero inhibition
efficiency during the second immersion period as seen in Fig. 20. Al(gluconate)2OH treated
Al 6061 substrates were examined at different magnitudes to investigate the nature of the
deposition on the substrate surface.

Fig. 20. Scanning electron micrographs of aluminum 6061 coupons immersed in
solutions of aluminum gluconate hydroxide

2.6 Infrared Spectra Studies

Infrared spectra studies of inhibitor treated coupons and control coupons have been
performed both before and after immersions. Since the substrate surfaces were examined,
three types of absorptions were possible; absorptions purely due to structure of the
substrate, absorptions purely originated from adsorption of inhibitor compound on the
substrate surface, and absorptions due to deposition of compounds such as corrosion
products formed by the reactions between the mild steel substrate, the inhibitor compound,
and the corrosive chemicals.
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The immersion in water is expected to lead to broad bands due to symmetric and
asymmetric stretchings of hydroxyl of water centered around 3500 cm-1 and due to bending
of hydroxyl of water around 1600 cm-1 were expected [10-15]. However, the substrates were
air dried for several days before taking their spectra to minimize absorptions caused by
physically adsorbed water. The difference in absorptions in the 1600 cm-1 region of the
spectra of control substrates and substrates treated with gluconates, benzilates and other
hydroxyl acid salts led to the conclusion that air drying was successful in minimizing the
effects of water. Thus, the absorptions around 1600 cm-1 region were assigned to carbonyl
stretchings in general and specifically to OCO- stretchings. Other bands in the 1600 cm-1

region were assigned to hydroxyl groups of organic compounds rather than hydroxyl of
water. IR spectra of different compounds differed depending on the IR active functional
groups leading to a categorization based on the IR active constituent.

2.6.1 Gluconate salts

IR spectra of aluminum alloy coupons treated with gluconate salts revealed significant
differences than those of IR spectra of mild steel coupons treated with the same gluconate
salts. Firstly, three bands were present in the 1400 cm-1 – 1600 cm-1 range rather than the
two bands in the same region for mild steel coupons treated with gluconate salts. Most
importantly, these three bands were exact matches of the three bands present in the IR
spectra of untreated control coupons.

Therefore, the presence of gluconate moieties on the substrate surfaces of aluminum alloys
can be ruled out and the three bands in the 1400 cm-1 – 1600 cm-1 region can be assigned to
the bending of hydroxyl of water of hydrated aluminum oxide, which is a corrosion product,
at 1600s cm-1 and Al=O bonds at 1400s cm-1 [16-17]. Also, the broad band centered at 3450
cm-1 is due to symmetric and asymmetric stretchings of hydroxyl of water [18-25]. Loss of the
middle band out of these three bands is observed with increasing inhibition efficiency, and
the loss of the band in the lower frequency region occurs with even higher inhibition
efficiency. The higher frequency band is present at all times suggesting that it is due to the
bending vibration of water. Assignment of these three bands to hydroxyl groups and not to
carbonyl/carboxyl groups of hydroxy-acids were in agreement with weight-loss test results,
which all gluconate salts and other hydroxy-acid salts revealed very low inhibition
efficiencies with the exception of zinc gluconates.

Comparison of the IR spectra of the aluminum alloy substrates treated with different
amounts of the same inhibitor supported the assignments of the three bands in 1400 cm-1 –
1600 cm-1 region. One example is comparison of IR spectra of aluminum gluconate
hydroxide treated aluminum 2024 alloy coupons as shown in Fig. 21. Comparison of the IR
spectra of aluminum gluconate hydroxide powder with those of aluminum 2024 substrates
treated with various amounts of aluminum gluconate hydroxide revealed a difference of 20
cm-1 between the band due to OCO- asymmetric stretching and the band due to bending
vibration of water hydroxyl, respectively.
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Fig. 21.  Combined infrared spectra of aluminum 2024 coupons immersed in
aluminum gluconate hydroxide solutions

Notably, the strength of the three main bands in the 1400 cm-1 – 1600 cm-1 region varied
widely based on the concentrations of chloride ions. When no chloride ions were present in
the solution only weak absorptions were observed in the IR spectra of aluminum 2024
control coupon in contrast with the IR spectra of aluminum 2024 control coupon immersed in
0.5 M Cl- solution. Correspondingly, the control coupon with no chloride present in its
solution resulted in significantly less weight-loss than the control coupon immersed in 0.5 M
Cl- solution. Changes in absorptions of these bands with increasing corrosion imply the
presence of more aluminum hydroxide corrosion products, thus ruling out the assignment of
these bands to carbonyl/carboxyl groups once more. The broadening of OH stretching
vibrations centered at 3450 cm-1 for all tested aluminum alloys substrates was attributed to
interactions between the hydroxyl groups with the surface aluminum metal ions [18]. On the
other hand, the corrosion products vary with different aluminum alloys and with the use of
different inhibitors causing shifting of the bands in the 1400 cm-1-1600 cm-1 and 3450 cm-1

region as shown in Figs. 22, 23 and 24.
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Fig. 22.  Combined infrared spectra of aluminum 2024 coupons immersed in solutions
of various gluconate and glucose salts

Fig. 23. Combined infrared spectra of aluminum 6061 coupons immersed in solutions
of various gluconate and glucose salts
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Fig. 24.  Combined infrared spectra of aluminum 7075 coupons immersed in solutions
of various gluconate and glucose salts

In the low frequency region, bands due to aluminum surface were common for all three
tested aluminum alloys albeit with slight differences in frequencies and strengths.

Major peaks in the order of decreasing frequencies, were at 1155 cm-1 and 1067 cm-1

assigned to OH in-plane bendings of AlOOH, at 1050 cm-1 assigned to OH bending
vibrations of AlOOH, at 770 cm-1 assigned to Al-O stretching vibrations of AlOOH, at 765 cm-

1 assigned to O2- displacements, at 736 cm-1 assigned to OH out of plane bending of AlOOH
and at 411 cm-1 assigned to displacements of OH- [26-31].

Notably, the IR spectra of the zinc gluconate treated coupon revealed only two bands in the
1400 cm-1 – 1600 cm-1 with the middle band missing. Examination of the IR spectra of other
coupons treated with inhibitors consisting of zinc cations revealed the same result, indicating
that the cause of this effect was due to the zinc ions. Although not confirmed by any
spectroscopic technique, the formation of a protective zinc hydroxide film might have
hindered the bidentate adsorption of hydroxyl group on the substrate surface. However, the
absorption at 1397 cm-1, characteristic of the presence of Zn(OH)2 protective film was not
observed [32]. Thus, an alternative explanation, in agreement with middle band missing in
the spectra of coupons treated with other highly efficient inhibitors, might be that middle
band is due to bending vibration of hydroxyl of aluminum hydroxide that is a corrosion
product of Aluminum, which disappears when the corrosion is efficiently inhibited.

2.6.2 Other carboxylic acids and their salts

The infrared spectra of the other tested acids and their salts such as boric acid, aluminum
acetate, and aluminum lactate revealed almost entirely the same absorptions as those of the
gluconate salts. Even the strengths of the bands due to use of different aluminum alloys
matched when both IR spectra of coupons treated with gluconate salts and other
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280ydroxyl-acid salts were compared once more leading to the confirmation of the
assignments of the bands in the 1400 cm-1 – 1600 cm-1 region to the bending vibrations of
hydroxyl groups.

2.6.3 Molybdenum esters of hydroxy acid salts

The presence of molybdic oxides on aluminum substrate surfaces was apparent from the
visual observations. Absorptions due to Mo-O bending vibrational modes normally are
observed at 972 cm-1 [33], 994 cm-1 [34], and 996 cm-1 [35] as stated in the literature,
however OH bending vibrations of AlOOH also do absorb in the same region. Regardless, a
band due to Mo-O bending vibrations present in most of the IR spectra of aluminum coupons
exposed to molybdenum esters of hydroxy-acid salts was observed around 990 cm-1 as
seen in Fig. 25. Notably, bands due to OH bending vibrations above 1000 cm-1 were not
present in the IR of potassium benzilate molybdate treated coupons suggesting the
presence of a barrier film in between water and substrate surface. Bands due to Mo-O
bending vibrations also appear in the IR spectra of the coupon immersed for a second period
of time, but this time the OH bending vibrations of AlOOH also appear matching the same
bands of controls indicating the extent of corrosion taking place despite the layer of molybic
oxides.

Fig. 25. Combined Infrared Spectra of Aluminum 6061 Coupons Immersed In
Potassium Benzilate Molybdate Solutions

Out of the three bands due to bending vibrations of hydroxyl groups, the middle band was
found to be missing in the spectra of coupons treated with calcium gluconate molybdates as
shown in Fig. 26 and with zinc gluconate molybdates. The highest frequency band among
the three bands was also absent in the spectra of coupons treated with potassium benzilate
molybdates. Together with weight-loss test results, the absence of bands due to bending
vibrations of hydroxyl of water of corrosion product, that is hydrated aluminum oxide,
seemed to be an indication for better inhibition efficiency.
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Fig. 26. Combined infrared spectra of aluminum 6061 coupons immersed in calcium
gluconate molybdate solutions

2.6.4 Vanadium esters of hydroxy acids

Absorption bands due to presence of vanadium are given in the literature to be between 400
cm-1 and 1000 cm-1 indexed to various group vibrations of V-O [36-37]. This includes bands
at 1019 cm-1, 850 cm-1, and between 400 cm-1 to 650 cm-1 [38-39]. However, the weak
infrared absorptions of the coupons treated with vanadium esters and the presence of many
bands due to OH vibrations and stretching of AlOOH in the same region made it impossible
to detect the presence of vanadium on the surface. However, along with absence of bands
due to vanadium, bands due to corrosion products of aluminum were also absent. IR spectra
of coupons treated with vanadium esters for a second period of 7 days seemed similar to the
control coupons with missing bands such as the band at 700 cm-1 due to stretching
vibrations of AlOOH which might be considered as a complimentary evidence for the positive
inhibitive efficiencies of vanadium esters during second immersion periods.

2.6.5 Boron esters of hydroxy acids

Spectra of coupons immersed in solutions of boron esters of hydroxy acids almost entirely
matched the spectra of the same alloy coupons treated with gluconate and benzilate salts.
Thus, almost all IR spectra had three bands due to bending vibrations of hydroxyl of water
due to hydrated aluminum oxide in 1600 cm-1 region. Coupons treated with zinc salts of
borate esters were missing the middle band as in the case of other inhibitors containing zinc
cations.
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3. DISCUSSION

3.1 Effect of Cationic Constituents

In general the results were opposite to what had been observed in the case of mild steel
highlighting the positive effect of metal oxyanions and cationic constituents in the
formulation. Gluconate salts and their boron esters were the most efficient inhibitors for mild
steel corrosion, while molybdenum and vanadium esters together with formulations
consisting of zinc and trivalent chromium cations were most efficient inhibitors for aluminum
corrosion. Only zinc cations were found to be an efficient inhibitor for both mild steel and
aluminum corrosions.

With sodium gluconate revealing slightly negative inhibition efficiencies, the complexing
property of gluconate this time aided the dissolution of protective aluminum oxide coating on
the surface. Other gluconate salts such as magnesium gluconate and calcium gluconate
inhibited corrosion around 10% unlike sodium gluconate while zinc gluconate effectively
inhibited corrosion indicating the sole effect of cationic constituent. Magnesium, calcium, and
zinc cations are known for their cathodic inhibitive activity due to forming insoluble
hydroxides with zinc cations being the most inhibitive ones. Trivalent chromium was also
considered to inhibit corrosion through a similar mechanism in which it forms insoluble
chromium hydroxides and oxides.

3.2 Molybdenum and Vanadium Esters of Hydroxy-Acid Salts

Both molybdenum and vanadium esters of 282ydroxyl-acid salts effectively inhibited
corrosion of aluminum alloys with potassium benzilate vanadate inhibiting the corrosion very
effectively even during a second immersion period, without a supply of inhibitor. There was
much evidence for the formation of protective coatings originating from the molybdenum and
vanadium esters through surface characterization studies. Digital imaging and infrared
spectroscopy provided evidence for deposition of molybdenum on the substrate surfaces in
the form of molybdic oxides, while X-ray fluorescence revealed presence of vanadium on the
substrate surfaces. Immersion solution studies revealed that formation of trivalent vanadium
oxide coatings might not have been due to a redox reaction but rather due to an ion-
exchange mechanism between Al3+ and V3+ cations in the protective aluminum oxide layer
leading to the repair and repassivation of the substrate surface resulting in a uniform clear
protective coating, while coating of molybdic oxides were formed as a result of a redox
reaction between the molybdenum esters of 282ydroxyl-acid salts and the aluminum
substrate leading to the formation of a non-uniform albeit protective, rough coating.

4. CONCLUSIONS

Weight-loss tests of the inhibitors for corrosion of aluminum alloys revealed quite different
results than those for mild steel. For instance hydroxy-acid salts performed poorly with the
exception of zinc gluconate, which was attributed to the cathodic inhibitive activity of zinc
cation. Another example was the metal oxyanion esters of hydroxy-acids; molybdate and
vanadate esters of hydroxy-acids performed well but borate esters that performed well in the
case of mild steel performed poorly for aluminum alloys. Trivalent chromium compounds
performed very well in the case of aluminum alloys. Several inhibitors that were not initially
tested for mild steel corrosion were also tested for aluminum corrosion; among them were
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zinc and trivalent chromium carboxylates, which all performed very well in aqueous solutions
provided that the inhibitor is water soluble.

Aluminum gluconate hydroxide was not observed to form a protective coating on aluminum
substrates, instead hydroxy-acid esters of molybdates and vanadates seemed to form
protective coatings consisting of their lower oxidation state oxides and hydroxides. This was
demonstrated by characterization studies via infrared spectra, X-ray fluorescence, and digital
imaging. Vanadate esters and benzilate vanadate ester in particular seemed to perform
more lasting protective coatings than others.

Based on characterization studies using infrared spectra, scanning electron microscopy, X-
ray diffraction, X-ray flourescence spectroscopy, and digital imaging of the substrates
conducted in this study as well as on the oxidation-reduction potential, and pH
measurements of immersion solutions before and after completion of immersions and on the
corrosion inhibiton studies via the weight-loss tests performed by the author in previous
studies [40-44]; it was concluded that hydroxy-acid salts, gluconates in particular, slightly
damaged the naturally protective aluminum oxide film on the substrate surface by forming
complexes with aluminum cations leading to their dissolution. This effect has been
minimized when hydroxy-acid salts were complexed with metal oxyanions. Instead, these
complexes reacted with aluminum surface to deposit lower oxidation state oxides and
hydroxides of the metal oxyanions.

Trivalent chromium compounds performed very well, possibly via a similar mechanism
inhibition mechanism of hexavalent chromium forming insoluble oxides and hydroxides of
trivalent chromium, only this time there was no hexavalent chromium present in the media.
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