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ABSTRACT

In this investigation, aqueous immersion solutions of novel enrientally friendly corrosion inhibitors that are
used to inhibit corrosion of Aluminum 2024, 6061 and 7075 substiuefaces in corrosive media are characterized since
immersion solutions are indicators of the extent of cammavhich can even be observed visually in a qualitatie@ner.

In addition to visual observations revealing the extertoofosion qualitatively, the pH and oxidation-reduction potential
of the immersion solutions were measured with respegtigbes prior to and after the immersions and relevardgsion
made extensively to propose the chemical mechanisms vgtrd® to the inhibitors used for corrosion inhibition of

aluminum alloys.

Inhibitors used were previously synthesized by the authoemacements for carcinogenic hexavalent chromium
inhibitors. Syntheses and characterization studies of thel eovironmentally friendly corrosion inhibitors, thesults of
weight-loss tests performed to obtain the inhibition efficies of these inhibitors and characterization studiethef
substrate surfaces immersed in aqueous inhibitor epkitly means of different surface techniques such as FX-Ray,

SEM, XPS and digital imaging were reported in author’s wariwork elsewhere in the literature.
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INTRODUCTION

The mobility of aqueous Cr6+ within biological systems @sdeactivity with biochemical oxidation mediators
make it highly toxic, carcinogenic and generally regardeda very hazardous soil and groundwater pollutant [1-6].
Dermatitis and skin cancer have been reported among worleeetynhandling components protected by a chromate film
[7]. Many reviews in the literature point out to takycof chromates associating Cr6+ with lung canceth@lgh there is
no general agreement on the details for the Cr6+ induaethge to DNA resulting in cancers, it is clear that G5+
highly water soluble and it passes through cell membraneéshighly reactive intermediates such as Cr5+ stabilied
alpha hydroxyl carboxylates and Cr4+ are genotoxic and eatmr directly or through free radical intermediates to
damage DNA [8-13]. The International Agency for ResearcB8amcer (IARC) has determined that Cr(VI) is carcinogeni
to humans. The World Health Organization (WHO) has deéteminthat Cr(VI) is a human carcinogen [14]. The
Department of Health and Human Services (DHHS) has detedrthat certain Cr(VI) compounds (calcium chromate,
chromium trioxide, lead chromate, strontium chromate, and ehromate) are known human carcinogens [15]. Finally,

the EPA has classified Cr(VI) as a Group A, known hun@anicogen by the inhalation route of exposure [16-21].

However, despite their negative aspects, to date, no replatemast in the market for carcinogenic chromates

with the same efficiency for a range of aluminunoydl and steel, neither as pigment nor as a metal prageaf22-23].
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Given the toxicity and carcinogenicity of chromates, theppse is not only to synthesize and characterize
efficient corrosion inhibitors for certain alloys of cémtanetals to be applied in different environments, but &sfind
environmentally friendly corrosion inhibitors for successfbfomate replacements. In this regard, the standardrfor

environmentally friendly inhibitor is considered as havéiegeptable or no toxicity compared to chromate inhibitors.

Studying the reasons underlying the success of chromtaitétors seemed to be the first reasonable approach one
might take before formulating chromate replacements, gygergistic combinations of oxyanion analogues of chresnat
with those of hydroxyacids and metal cations that are krfowtheir corrosion inhibiting efficiencies having tgeneral
formula of (M)x(hydroxyacid)y(M'aOb)z, which constituteltetfirst phase of this research by the author [24].

Syntheses and chacaterization work was followed up with thghtvkeiss tests to obtain the inhibition efficiencies
of respective inhibitors, while in this study, aqueous imsio& solutions of novel environmentally friendly corrosion

inhibitors that are used to inhibit corrosion of alumindloyasubstrate surfaces in corrosive media are chaiaete

Three aluminum alloys were chosen for the corrosion itibibtests in aqueous environments that are Aluminum

2024, 6061, and 7075 alloys due to their common use in industry aodicsilg, in aircrafts.
CHARACTERIZATION OF IMMERSION SOLUTIONS

Immersion solutions are indicators of the extent of cormsidiich can even be observed visually in a qualitative

manner.

In addition to visual observations revealing the extent ofos@n qualitatively, the pH and oxidation-reduction
potential of the immersion solutions were measured keitpective probes prior to and after the immersions andargle
conclusion made extensively to propose the chemical mectanisth regards to the inhibitors used for corrosion

inhibition of aluminum alloys.
Two readings were taken per sample, one before immersicanatiger after completion of immersion.

Inhibitors used were previously synthesized by the authogmacements for carcinogenic hexavalent chromium

inhibitors.

Syntheses and characterization studies of the novel envintaltyefriendly corrosion inhibitors, the results of
weight-loss tests performed to obtain the inhibition efficies of these inhibitors and characterization studiethef
substrate surfaces immersed in aqueous inhibitor enkitily means of different surface techniques such aRFX-Ray,
SEM, XPS and digital imaging were reported in author’s wariwork elsewhere in the literature.

ORP Measurements

ORP is proportional to the concentration of oxidizers ducers in a solution, and their activity or strength. It
provides an indication of the solution's ability to oxidize educe another material. The addition of an oxidizer wilerai
the ORP value, while the addition of a reducer will lowee ORP value. The ORP values of immersion solutiogr® w
measured to determine whether the redox capable inhiloitopa@unds had gone thorugh redox reactions or not. Dissolved
oxygen may be reduced by the metal substrate anchipéalilowering of the ORP value but comparison to the control

solution should negate this effect.

Immersion solutions of gluconate salts and their molybaeesters revealed decreasing ORP values; while
immersion solutions of vanadium esters and boron esters @naydrad increasing ORP values with the initial ORP values
ranging between 300 mV to 750 mV and the final ORP vakmgimg from 350 mV to 650 mV.
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Figure 1: AORP vs. Time Graph of Immersion Solutions of Various Inhbitors during Immersions

AORP graphs indicated that ORP values lowered by an averageigifly 100 mV with molybdenum esters,
potassium benzilate, and aluminum lactate having the Higlexseases. Potassium benzilate vanadate and calcium
gluconate borate esters had the highest increase in OREsvdlanadate esters had the lowest initial ORP vakiasll.
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Figure 2: Initial ORP Values vs. Inhibition Efficiency Graph of Immersion Solutions of Various Inhibitors

ORP is proportional to the concentration of oxidizers or reduin a solution. It increases with the addition of an
oxidizer and the decreases with the the addition of a redlmigal and final ORP values of immersion solutions of
vanadium esters in particular were opposite to what pvadicted. Only the ORP values of immersion solutions of
vanadium esters were lower than the controls. Boron estérslightly higher ORP values than control solutions, waile
the other immersion solutions had significantly higher ih@&P values than control solutions. Molybdenum esteds ha
the highest ORP values. Very high initial ORP valuesigdpthe preservation of +6 oxidation state of molybdenum in the
hydroxy-acid formulation (+6 oxidation state as in thectaa MoQ and as in molybdates) corresponding to a strong
oxidizing ability, which led to high initial ORP valuese@uction potential of hexavalent molybdenum to molybdenum
oxides such as MoQn near neutral basic solutions is reported as -0.780 V [RS#81 resulting in the preservation of +6
oxidation state of molybdenum against a mild reducing agentt as gluconate.

However, against a very strong reducing agent as aluminuai, hekavalent molybdenum is likely to reduce to
pentavalent state in molybdenum oxide explaining the black digmsson the substrate surfaces. The half-reaction
potential of Al to AI(OH} is reported to be -2.300 V in basic solutions and as -NMaiecidic conditions [25-31].
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As for the boron esters, the fact that the initial ORIues were almost equal to the ORP values of control
solutions indicated the inertness of boron esters in tefmsdox potentials. In other words boron was alreadyptexed
in its +3 oxidation state and was inert towards anidaion and reduction reaction. The highly negative reduction

potentials of trivalent boron to elemental boron supfastconclusion [25-31].

In the case of vanadium esters significantly lower ih@®RP values implied the addition of a reducer rathant
an oxidizer. The oxidation state of vanadium Oy which was used as a precursor to gluconate vanadats,ds +5.
However reacting with gluconate salts, which are knowretmlid reducing agents, vanadium seemed to be reduced to its
lower oxidation states, which is likely considering tleeluction potentials of vanadium. In neutral to basic curdit
reduction potential of V& to V,0j is reported to be 1.366 V [25-31].

In conclusion, vanadium atoms already were in lower oxidastates initially in the form of vanadium esters,
which were then transformed into insoluble vanadium oxideshe substrate surfaces with increasing local pH values
without involvement of any oxidation-reduction process, whichamplthe small changes in ORP values for vanadate
esters. That small change that is positive and 100 mVerage between the ORR and ORR;, values of vanadium
esters was likely due to the migration of reducing aghatisare lower oxidation state vanadiums, from the solution phase

to the substrate surface in the form of deposition nhdaum oxides.

AORP/ORRPInitial vs IE graph below indicates that in ager@RP values were roughly decreased about a quarter

for the tested compounds.
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Figure 3: AORP/ORP,ia Ratios vs. Inhibition Efficiency Graph of Immersion Soldions of Various Inhibitors
pH Measurements
Due to the anodic reaction of corrosion process, that is,
0, +2H,0+46 5 40H (Eq. 1)

an increase in pH is expected in corroding systems. Acwlydithe pH of the immersion solutions of good inhibitors
increased only slightly, while large increases were mveskfor compounds with no positive effect to corrosion infohiti

Some inhibitors were organic acids initially, thus resgltmlow initial pH values around 2.

ApH values of immersion solutions were within ~ -0.1 ar®] @ith ineffective inhibitors such as gluconate salts

and their borate esters havingH values around 2 along with control solutions and solutainsecond immersions.
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Highly efficient inhibitors such as chromium(lll) aceta zinc gluconate, and vanadate esters of calcium
gluconate, zinc gluconate and potassium benzilate had decdsedues after immersions. Thus, changes in pH were in
agreement with inhibition efficiency and ORP measurements.
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Figure 4: ApH vs. Inhibition Efficiency Graph of Immersion Solutions of Various Inhibitors

WhenApH values were plotted versus inhibition efficiencies, it wiserved that inhibitors with high inhibition

efficiency values had negligible changes in pH opposéthibitors with low inhibition efficiencies.
CONCLUSIONS

Immersion solution studies revealed that formation of trival@nadium oxide coatings might not have been due
to a redox reaction but rather due to an ion-exchange meah#eitween Al and V** cations in the protective aluminum
oxide layer leading to the repair and repassivatiomefsubstrate surface resulting in a uniform clear proecmating,
while coating of molybdic oxides were formed as a resfudt redox reaction between the molybdenum esters of hydroxy

acid salts and the aluminum substrate leading to the fiarmatt a non-uniform albeit protective, rough coating.

Based on characterization studies oxidation-reduction pdtentéh pH measurements of immersion solutions
before and after completion of immersions; it was conduttat hydroxy-acid salts, gluconates in particular, slightly
damaged the naturally protective aluminum oxide film ondhiestrate surface by forming complexes with aluminum
cations leading to their dissolution. This effect hasmb@éimized when hydroxy-acid salts were complexed with metal
oxyanions. Instead, these complexes reacted with alumindacteuo deposit lower oxidation state oxides and hydroxides
of the metal oxyanions.
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