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CHAPTERI

1. INTRODUCTION

1.1 Corrosion and Its Definition

According to American Society for Testing and Materialsrazion glossary,
corrosion is defined as “the chemical or electrochemicalticabetween a material,
usually a metal, and its environment that produces a deterioratibe aifdterial and its

properties™

Other definitions include Fontana’s description that corrosion is ttractive
metallurgy in reverse which is expected since metals thermodynamically arestabée
in their elemental forms than in their compound forms as ores. Fostttea that it is not
possible to reverse fundamental laws of thermodynamics to avaidsmor process,
however he also states that much can be done to reduce its aatepiable levels as

long as it is done in an environmentally safe and cost-effective manner.

In today’s world, a stronger demand for corrosion knowledge arise® deseral
reasons. Among them the application of new materials requitegasexe information
concerning corrosion behavior of t\hgseticular materials. Also the corrosivity of water

and atmosphere have increased due to pollution and acidification daysedustrial



production. The trend in technology to produce stronger materials witbadeng size
makes it relatively more expensive to add a corrosion allowarnttéckness. Particularly

in application where accurate dimensions are required widespread wsé&ling due to
developing construction sector has increased the number of corrosion mdblem
Developments in other sectors such as off shore oil and gastiextrauiclear power
production, and medicinal health have also required stricter rules amtblc More
specifically, reduced allowance of chromate based corrosion inhildioesto their
toxicity constitutes one of the major motivations of this study eplace chromate

inhibitors with the environmentally benign and efficient ones.

1.2 TheCorrosion Process and Affecting Factors

There are four basic requirements for corrosion to occur. Amomng teehe
anode where dissolution of metal occurs generating metal ions andoglectThese
electrons generated at the anode travel to the cathode elacironic paththrough the
metal and eventually they are used up atdathodefor the reduction of positively
charged ions. These positively charged ions move from the anode d¢athoele by an
ionic current path Thus, the current flows from the anode to the cathode by an ionic
current path and from the cathode to the anode by an electroni¢heahy completing
the associated electrical circuit. Anode and cathode reacticns simultaneously and at
the same rate for this electrical circuit to functiofihe rate of anode and cathode
reactions, that is the corrosion rate is defined by Ameriaaciey for Testing and

Materials as material loss per area unit and time'unit.



In addition to the four essentials for corrosion to occur; theresecendary
factors affecting the outcome of the corrosion reaction, amongttiena is temperature,
pH, associated fluid dynamics, concentrations of dissolved oxygen, sswlvéid salt.
Based on pH of the media, for instance, several different cathembtians are possible.

The most common ones are:
Hydrogen evolution in acid solutions,
JH26 — 5 H (Eq. 1.1)

Oxygen reduction in acid solutions,

Q+4H 46 —» 2HO (Eq. 1.2)
Hydrogen evolution in neutral or basic solutions,

2H0O +2é __ yH, + 20H (Eqg. 1.3)
Oxygen reduction in neutral or basic solutions,

O, + 2H,0 + 46 — 40H (Eq. 1.4)

The metal oxidation is also a complex process, and includes hydoatiesulted metal

cations among other subsequent reactions.
MO M™ + ne, (Eq. 1.5)

In terms of pH conditions, near neutral conditions are chosen as the ioethie
purposes of this study, therefore hydrogen evolution and oxygen mduetctions in

acidic conditions will not be considered within the scope of thisareee And among



cathode reactions in neutral or basic solutions, oxygen reduction is rtieryicathodic
reaction due to the difference in electrode potentials. Thus, oxygpgtydo the system,
in which corrosion takes place, is of utmost importance for the out@dngerrosion
reaction. In addition to choosing neutral pH conditions, inhibitors aredt@ststagnant
solutions, thus effects of varying fluid dynamics on corrosion ezl rout. Weight-loss
tests are performed at ambient conditions, thus effects of tetm@er@nd dissolved
oxygen amounts are not tested, while for salt-fog chamber testgerature is increased
for accelerated corrosion testing of sol-gel coated Al 2024 aboypkes. For both
weight-loss tests and salt fog chamber tests, however, dissdlteztbncentrations were

kept high for accelerated testing to be possible.

Despite the fact that dissolved oxygen was not a tested parametés study,

when corrosion products such as hydroxides are deposited on suniteé, a reduction

in oxygen supply occurs since the oxygen has to diffuse through defasds.the rate

of metal dissolution is equal to the rate of oxygen reduction, glinsupply and limited
reduction rate of oxygen will also reduce the corrosion rate. $ncdge the corrosion is
said to be under cathodic controln other cases corrosion products form a dense and
continuous surface film of oxide closely related to the crystalitnecture of metal.
Films of this type prevent primarily the conduction of metaisi from metal-oxide
interface to the oxide-liquid interface, resulting in a corrogieaction that is under
anodic controf. When this happens, passivation occurs and metal is referred as a

passivated metal. Passivation is typical for stainless steels and aluminum



1.3 Corrosion TypesBased on Mechanism

Brief definitions of major types of corrosion will be given hist section in the
order of commonalities and importance of these corrosion typethdéometal alloys

investigated in this study, which are mild steel, Aluminum 2024, 6061, and 7075 alloys.

1.3.1 Uniform Corrosion

Uniform corrosion occurs when corrosion is quite evenly distributed tineer
surface leading to a relatively uniform thickness reductiokletals without a significant
passivation tendency in the actual environment, such as iron, are this form.
Uniform corrosion is assumed to be the most common form of corrosiorespahsible
for most of the material lo§sHowever it is not a dangerous form of corrosion because
prediction of thickness reduction rate can be done by means of s&sfde Therefore,
corresponding corrosion allowance can be added, taking into accoungtlstre

requirements and lifetime.

1.3.2 Pitting Corrosion

Pitting corrosion is one of the most observed corrosion types for ralomand
steel and it is the most troublesome one in near neutral pH cmsditith corrosive
anions such as Clor SQ? present in the medf&! It is characterized by narrow pits
with a radius of equal or less magnitude than the depth. Pittingisded by adsorption
of aggressive anions such as halides and sulfates that penetrate thrquagsitrefilm at
irregularities in the oxide structure to the metal-oxide iatef It is not clear why the

breakdown event occurs locaflyin the highly disordered structure of a metal surface,



aggressive anions enhance dissolution of the passivating oxide. Also, iainsofbialide
ions causes a strong increase of ion conductivity in the oxidesé that the metal ions
from the metal surface can migrate through the film.

Thus, locally high concentrations of aggressive anions along withdmta pH
values strongly favor the process of pitting initiation. In time, lldb@aning of the
passive layer leads to its complete breakdown, which resuhs iiormation of a pit. Pits
can grow from a few nanometers to the micrometer range. In the propogagenraetal
cations from the dissolution reaction diffuse towards the mouth of the previce (in
the case of crevice corrosion) where they react with iGht produced by the cathodic
reaction, forming metal hydroxide deposits that may cover theomt varying extent.
Corrosion products covering the pits facilitate faster corrosionusecthey prevent
exchange of the interior and the exterior electrolytes leading to giglig and aggressive
conditions in the pit:*" Stainless steels have high resistance to initation of pitting.
Therefore rather few pits are formed, but when a pit has beeredort may grow very
fast due to large cathodic areas and a thin oxide film thatdwasiderable electrical
conductancé’ Conversely for several aluminum alloys, pit initiation can beepied
under many circumstances. This is so because numerous pitsnaee fand the oxide is
insulating and has therefore low cathodic activity, thus corrosionigateder cathodic
control. However, if the cathodic reaction can occur on a differemdlbecause of
galvanic connection as for deposition of Cu on the aluminum surfategpdte may be

very high. Therefore the nature of alloying elements is very impdrtant.



1.3.3 CreviceCorrosion

Crevice corrosion occurs underneath deposits and in narrow créwatesstruct
oxygen supply’® This oxygen is initially required for the formation of the passive
and later for repassivation and repair. Crevice corrosion iscalized corrosion
concentrated in crevices in which the gap is wide enough for liqupénetrate into the
crevice but too narrow for the liquid to flow. A special form ofvare corrosion that
occurs on steel and aluminum beneath a protecting film of mepddasphate such as in
cans exposed to atmosphere is calfilitorm corrosion'® Provided that crevice is
sufficiently narrow and deep, oxygen is more slowly transportedhetarevice than it is
consumed inside it. When oxygen has been completely consumeda®@Ho longer be
produced there. Conversely dissolution of the metal inside the cremtgues, driven
by the oxygen reduction outside of the crevice. Thus, the concentratioretaf ions
increase and with missing OHproduction in the crevice, electrical neutrality is
maintained by migration of negative ions such asif@d the crevicé® This way, an
increasing amount of metal chlorides or other metal saltpraguced in the crevice.
Metal salts react with water and form metal hydroxiddsclvare deposited, and acids
such as hydrochloric acid, which cause a gradual reduction of phh dowalues
between 0-4 in the crevice, while outside of crevice it is 9-I&revoxygen reduction
takes place. This autocatalytic process leads to a criticedsion state. Since pH has

been reduced strongly
2H" +2¢ —, H™ (Eq. 1.1)

reduction of hydronium ions takes place in addition to the primary cathodic reaction of



Q+2H0 + 46 — » 40H."° (Eq. 1.4)

1.3.4 Galvanic Corrosion

Galvanic corrosion occurs, when a metallic contact is made he@ve®wre noble
and a less noble or€™ A necessary condition is that there is also an electrolytic
condition between the metals, so that a closed circuit is esttallli The area ratios
between cathode and anode is very important. For instance, nidte noble cathodic
metal has a large surface area and the less noble metatdiasvaly small area, a large
cathodic reaction must be balanced by a correspondingly large aneafition
concentrated in a small area resulting in a higher anodidaeaete’. This leads to a
higher metal dissolution rate or corrosion rate. Therefore e of cathodic to anodic
area should be kept as low as possible. Galvanic corrosion is ¢ime wiajor practical
corrosion problems of aluminum and aluminum altdyssince aluminum is
thermodynamically more active than most of the other commonstalienaterials, and
the passive oxide which protects aluminum may easily be broken dowly wbain the
potential is raised due to contact with a more noble material.ig piarticularly the case
when aluminum and its alloys are exposed in waters containirayidgd or other
aggressive species.

The series of standard reduction potentials of various metals carseoeto
explain the risk of galvanic corrosion; however these potentigieess thermodynamic
properties, which do not take into account the kinetic aspeéttso, if the potential
difference between two metals in a galvanic couple is too,léihgemore noble metal
does not take part in corrosion process with its own ions. Thus, unsl@otidition, the

reduction potential of the more noble metal does not play anyTiodeefore establishing



a galvanic series for specific conditions becomes crucial.ekample a new galvanic
series of different materials in seawater at 10 °C amtDalC has been established by
University of Delaware Sea Grant Advisory Grant Progfaand a more detailed one by
the Army Missile Commarfd. According to these galvanic series Aluminum 6061-T6
alloy is more active than 7075-T6 alloy, which is more adtinam 2024-T4 alloy. In this
scheme, mild steel ranks lower than the aluminum alloys. This ordg be opposite to
the order of corrosion affinity in different circumstances sushira the case for

aircrafts?

1.3.5 Intergranular Corrosion

Intergranular corrosion is the localized attack with propagatitmthe material
structure with no major corrosion on other parts of the suffaée.The main cause of
this type of corrosion is the presence of galvanic elements audifferences in
concentration of impurities or alloying elemeht® most cases, there is a zone of less
noble metal at or in the grain boundaries which acts as an anodepthieiteparts of the
surface form the cathodéThe area ratio between the cathode and anode is very large
and therefore the corrosion rate can be high. The most famidange of intergranular
corrosion is associated with austenitic stéels.special form of intergranular corrosion
in aluminum alloys igxfoliation corrosiotf* It is most common in AICuMg alloys, but
also observed in other aluminum alloys with no copper present. Bothia@igfol
corrosion and other types of intergranular corrosion are effigigortévented with a
coating of a more resistant aluminum alloy such as an aldadal commercially pure

aluminum, which is the reason in most modern aircrafts alclad 2024-T3 alloy 8. used



1.3.6 Sdective Corrosion

Selective corrosion aelective leachingccurs in alloys in which one element is
clearly less noble than the othétsAs a result of this form of corrosion the less noble
metal is removed from the material leading to a porous miteitta very low strength
and ductility. However, regions that are selectively corrodedametimes covered with
corrosion products or other deposits. Thus the component keeps exactynthalape

making the corrosion difficult to discovét.

1.3.7 Erosion or Abrasion Corrosion

Erosion or abrasion corrosion occurs when there is a relative movement between a
corrosive fluid and a metallic material immersed ifiit..in such cases, the material
surface is exposed to mechanical wear leading to metatlicidan surfaces, which
results in a more active metal. Most sensitive materiglgharse normally protected by
passive oxide layers with inferior strength and adhesion to theratiehstuch as lead,
copper, steel, and some aluminum alloys. When wearing panisdes parallel to the
material surface, the corrosion is callgorasion corrosionOn the other hand, erosion
corrosion occurs when the wearing particles move with an atoglthe substrate

surface’’

1.3.8 Cavitation Corrosion

Cavitation corrosion occurs at fluid dynamic conditions causingelg@ressure

variations due to high velocities, as often is the case forwatsnes, propellers, pump
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rotors and external surfaces of wet cylinder linings in diesgines:**** While erosion
corrosion has a pattern reflecting flow direction, cavitatidacas are deep pits grown
perpendicularly to the surface. Pits are often localized closeath other or grown

together over smaller or larger areas, making a rough, spongy strface.

1.3.9 Fretting Corrosion

Fretting corrosion occurs at the interface between two lgléising components
when they are subjected to repeated slight relative motiorThe relative motion may
vary from less than a nanometer to several micrometers intadglVulnerable objects

are fits, bolted joints, and other assemblies where the interface is und&r load

1.3.10 StressCorrosion Cracking

Stress Corrosion Cracking is defined as crack formation due aimeoliis effects
of static tensile strength and corrosiofi. Tensile stress may originate from an external
load, centrifugal forces, temperature changes or internat strésced by cold working,
welding or heat treatment. The cracks are normally formethimes normal to the tensile
stress, and they propogate intergranularly or transgranularly and magbkedafd
Corrosion fatiguds crack formation due to varying stresses combined with corrgsion.
This is different from stress corrosion cracking because sstcesrosion cracking

develops under static stress while corrosion fatigue develops under varyingsstress
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1.4 Corrosion Types of Based on the Media

Corrosion types can also be categorized based on what typeiafnenent they
take place in. Accordingly, major corrosion types are atmospherrosion, corrosion in
fresh water, corrosion in seawater, corrosion in soils, corrasiooncrete, and corrosion

in the petroleum industry.

1.4.1 Atmospheric Corrosion

Atmospheric corrosion can be categorized further such as atmaspbgnsion
in rural or inland areas, in dry environments with little or no pollytion marine
environments on or by the sea with more humidity and salts, in urban areas witiopoll
due to exhaust and smoke, or in industrial areas with high pollution dunelustry
smoke and precipitatés>

In general for atmospheric corrosion, dusts and solid precipitatégygm@scopic
and attract moisture from air. Salts can cause high condudvdycarbon particles can
lead to a large number of small galvanic elements since thegsaefficient cathodes
after deposition on the surfat> The most significant pollutant is $Owhich forms
H,SO, with water®® Water, that is present as humidity, bonds in molecular form to
even the most clean and well-characterized metal surfaceShrough the oxygen atom
it bonds to the metal surface or to metal clusters and aats@sis base by adsorbing on
e-deficient adsorption sites. Water may also bond in dissociated iionvhich case the
driving force is the formation of metal-oxygen or metal-hydrokginds. The end
products resulting from water adsorption are then hydroxyl andi@atoydrogen groups

adsorbed on the substrate surficAtmospheric corrosion rate is influenced by the
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formation and protective ability of the corrosion products formed. cdmposition of
corrosion products depends on participating dissolved metal ions and assiget] in
the aqueous layer. According to HSAB theory hard metal ions su&t®*asnd F&*

prefer HO, OH, 0% SQ% NOs, CO;? while intermediate metals such asF&n™,

Ni?*, CU*, PF* prefer softer bases such as;30r NO,” while soft metals such as Car

Ag" prefer soft bases as® RSH or RS**°

In the specific case of iron or steel exposed to dry or humi@ aery thin oxide
film composed of an inner layer of magnetite;Bg forms, covered by an outer layer of
FeOOH (rust)”** Atmospheric corrosion rates for iron are relatively high andekc
those of other structural metals. They rangeau(myear) from 4 to 65 (rural), 26 to 104
(marine), 23 to 71 (urban) and 26 to 175 (industrial).

In the case of aluminum, the metal initially forms a few rnck layer of
aluminum oxide, y-Al,Os, which in humidified air is covered by aluminum
oxyhydroxide, y-AIOOH, eventually resulting in a double-layer structlif&. The
probable composition of the outer layer is a mixture gDdlnd hydrated AD3, mostly
in the form of AI(OH)}. However, the inner layer is mostly composed gfAland small
amounts of hydrated aluminum oxide mostly in the form of AIG®HThis oxide layer
is insoluble in the pH interval of 4 to*®Lower pH values results in the dissolution of
Al**, Rates of atmospheric corrosion of aluminum outdoorgrfifyear) are substantially
lower than for most other structural metals and are from 0.0 touwbdl)(rfrom 0.4 to 0.6
(marine), and ~1 urbah®

In general, anodic passivity of metals, regardless of type ofosion, is

associated with the formation of a thin oxide film, which isol&#tesmetal surface from

13



the corrosive environment. Films with semiconducting properties asche, Ni, Cu
oxides provide inferior protection compared to metals as Al, whishamainsulating
oxide layer?’

An alternative explanation of differences between oxide fingifferent metals
based on their conducting properties, is tlegwork-formingoxide theory in which
covalent bonds connect the atoms in a three dimensional structureto Dagure of
covalent bonding, there is short range order on the atomic scale but mahgegerder.
These networks of oxides can be broken up by the introductiometirark-modifier”
When a network-modifier is added to a network-forming oxide, thegkbitee covalent
bonds in the network introducing ionic bonds, which can change the propemneseaf
oxides such as Cu/@D or Al/Al,O3 where rate of diffusion of Cu in @D is 10000
times larger than Al in ADs.>* Depending on single oxide bond strengths, metal oxides
can be classified as network formers, intermediates, or modifietsvork formers tend
to have single oxide strengths greater than 75 kcal/mol, intermeteateetween 75 and
50 and modifiers lie below this valtde>® Iron is covered by a thin film of cubic oxide of
v-Fe0s/FeO, in the passive regionThe consensus is that theFe,Os; layer, as a
network former, is responsible for passivity while®g as a network modifier, provides
the basis for formation of higher oxidation states but does not lglicezitribute toward
passivity>* The most probable reason that iron is more difficult to passisatet it is
not possible to go directly to the passivating specigsF@&0s. Instead a lower oxidation
state film of FgO, is required and this film is highly susceptible to chemicalotigi®n.
Until the conditions are established whereby thgO-@hase can exist on the surface for

a reasonable period of time, the=e05; layer will not form and iron dissolution will
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continue>>*° Impurities such as water also modify the structure of oxide films. Water act
as a modifying oxide when added to network-forming oxides and thukemgdahe
structure2™® In conclusion metals, which fall into network-forming or interméeslia
classes, tend to grow protective oxides, such as Al or Zn. Netwonkefs are non-
crystalline, while the intermediates tend to be microcrystakht low temperatures. The
metals, which are in the modifier class, have been observed tocgystalline oxides,
which are thicker and less protecti’e partial solution is to alloy the metal with one
that forms a network-forming oxide in which the alloying rhands to oxidize
preferentially and segregates to the surface as a gtesdy film™. This protects the
alloy from corrosion. For example, the addition of chromium to iramses the oxide
film to change from polycrystalline to noncrystalline as tmeoant of chromium
increases making it possible to produce stainless %téel.

Alloying is important such that pure Al has a high resistamcattmospheric
uniform corrosion, while the aerospace alloy Al 2024, containing 5% Cu among others, is
very sensitive to selective aluminum leaching in aqueous environntesion the other
hand, less sensitive to pitting. In the case of steel, the additiaihromium as an
alloying element substantially decreases the amount of pitbngsion in addition to

other corrosion type$.

1.4.2 Corrosionin Water

Second to atmospheric corrosion is corrosion in water. The rate aok att
greatest if water is soft and acidic and the corrosion prodiectsbulky mounds on the

surface as in the case of irohThe areas where localized attack is occurring can
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seriously reduce the carrying capacity of pipes. In sevesescaon oxide can cause
contamination leading to complaints of ‘red waférn seawater the bulk pH is 8 to 8.3,
however due to cathodic production of OHe pH value at the metal surface increases
sufficiently for deposition of CaCfand a small extent of Mg(OKjogether with iron
hydroxides. These deposits form a surface layer that reducgsroxiffusion. Due to
this and other corrosion inhibiting compounds as phosphates, boric acid, organic salts that
are present the average corrosion rate in seawater isyusallthan that in soft fresh
water. However the rate is higher than it is for hard wataestheir higher Ca and Mg
content™® An exception occurs when a material is in the splash zonevaser, where a
thin water film exists on the surface a majority of tmeetithat frequently washes away
the layer of corrosion deposits resulting in the highest oxygen sapplyeading to the
highest corrosion raf&.In slowly flowing seawater, the corrosion rate of aluminum is 1
to 5 um/year, whereas for carbon steel it is 100 to 60year®’ Additionally, even
when the oxygen supply is limited, corrosion can occur in watersewBieB (sulfate-
reducing bacteria) are actit®.Other surface contamination such as oil, mill scale (a
surface layer of ferrous oxides of FeO and(sehat forms on steel or iron during hot
rolling)® or deposits may not increase the overall rate of corrosion, bigato pitting

and pinhole corrosion in the presence of aggressive affions.

Cooling Water Systems

Cooling water systems are employed to expel heat from amsxé variety of
applications ranging from large power stations down to a samaltonditioning units

associated with hospitals and office blo&k&orrosion inhibitors extend the life of these
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systems by minimizing corrosion of heat exchange, receivinglgesmd pipework that
would otherwise possess a safety risk, reduce plant life andripmpaiess efficiency’
Based on the type of system present, that is, either open od,clmsee-through or
recirculated systems, different amounts and types of corrosion inhibitonmglieyed. In
potable waters for example, since the systems are non-ratimguluse of corrosion
inhibitors is limited by toxicity and cost. The inhibitors usedsmbe inexpensive and
still can only be added in low quantities. Calcium carbonateas#s, polyphosphates,
phosphate and zinc salts are commonly used inhibitors in potable ®@ats-through
cooling waters have the similar limitation of cost. Inhibitorghvdulfate, silicate, nitrite
and molybdate are oftenly used in the closed-water systems, suskeam boiler
systems®* However, the hardness in the system may precipitate the mtdyhtias

resulting in increased inhibitor demand and corrosion of the iron material in the §y/ste

Oil/Petroleum Industry

In oil/petroleum industry, corrosion of steel and other metals isommon
problem in gas and oil well equipment, in refining operations, and in pgatid storage
equipment®’’ Production tubing that carries oil/gas up from the well has the mos
corrosion’® Petroleum has water and €@ water forms carbonic acid, which in turn
forms FeCQ. Deposits of FeCQare cathodic relative to steel leading to galvanic and
pitting corrosion”’ Besides water content, the salt content is also similaratvater and
with pressures bigger than 2 bars; oil and gasses become coffddigé. flow rates,
high flow temperatures, and.8l ratio in petroleum are other major factors causing

corrosion®

17



Minewaters

Mine waters occupy a special place in corrosion studies comsjdieir widely
varying composition from mine to mine. Because of its low cost|adbikily, and ease of
fabrication, mild steel is widely used as a structural neltéen mining equipment,
although it can experience rapid and catastrophic corrosion failune mwhmntact with
polluted acid mine waters. Specifically in coal mines corrosidm@wvn to be a serious

problem®

1.4.3 Corrosionin Soil

Particle size of soils is an important factor on corrosion int@aadio the apparent
effect of acidity levels. Gravel contains the coarsest andcdatains the finest particles,
with 2 mm. diameter for the former and 0.002 mm. diameter forather | Sizes of sand
and silt are in between gravel and clay. While clay preventsupgely of oxygen but not
water, gravels allow oxygen supply as well.

In concrete carbonation of concrete reduces the pH of solution and leads to

general breakdown of passivity.

1.5 Nature of Protective M etal Oxide Films

Regardless of the corrosion type, the major product of iron andcsteesion is
FeOOH, which is referred to as rlistRust can occur in 4 different crystalline

modifications based on the type of corrosion and the environment thatrtbsian takes
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place: a-FeOOH (goethite)3-FeOOH (akaganeite)y-FeOOH (lepidocrocite), and-
FeOOH (feroxyhitef*®

a-FeOOH seems to be the most stable modification of the fexide hydroxides.
Solubility of o-FeOOH is approximately 2Qtimes lower than that of-FeOOH. The
relative amounts ofi-FeOOH andy-FeOOH depend on the type of atmosphere and the
length of exposur€&. In freshly formed rust in SOpolluted atmospheresFeOOH is
usually slightly dominant. On prolonged exposure the ratig-B€OOH toa-FeOOH
decrease?. Also in weakly acidic conditions in generaFeOOH is transformed inte-
FeOOH depending on the sulfate concentration and tempetature. marine
atmospheres, where the surface electrolyte contains chlofidesQOH is found -
FeOOH has been shown to contain up to 5% chloride ions by weight imemari
locations?” §-FeOOH has not been reported in rust created under atmospheritorsndi
on carbon steef. Magnetite, FgO,, may form by oxidation of Fe(Okpr intermediate
ferrous-ferric species such as green-tlstmay also be formed by reduction of FeOOH
in the presence of a limited oxygen supply accordifg to

8FeOOH + Fe——»  3f@y + 4H,0 (Eq. 1.6)

The rust layer formed on unalloyed steel generally consisteafregions: an
inner region, next to the steel/rust interface often consistingapity of dense,
amorphous FeOOH with some crystalling®g and an outer region consisting of loose
crystallinea-FeOOH and-FeOOH>" 4%

Aluminum initially forms a few nm thick layer of aluminum oxideaimly v-

Al,O3 (boehmite), which in humidified air is covered by aluminum oxyhydi®xy-
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AIOOH due to hydrolysis, resulting in a double-layer structfifé Related reactions that

occur within the passive film when in contact with humidity or water are lasvig|

A" +30H ——» AIOOH + KO (Eq. 1.7)
Al,OstH,O —» 2AIOOH (Eq. 1.8)
AIOOH+H,O —» AI(OH) (Eq. 1.9)

The probable composition of the outer layer is a mixture gDAand hydrated
Al,03, mostly in the form of amorphous Al(OH)r a-Al(OH); (bayerite). This outer
coating of AIOOH-AI(OH} is colloidal and porous with poor corrosion resistance and
cohesive properties. The inner layer on the other hand is mostly campioa&O; and
small amounts of hydrated aluminum oxide mostly in the form @Q¥. This inner
coating of AbOs;-AIOOH is continuous, resistant to corrosion and is a good base for
paints and lacquefs® Altogether, this passive layer is insoluble in the pH interva of

to 9° Lower pH values results in the dissolution of A"

1.6 Effect of Aggressive Anionson Corrosion

Both weight-loss and salt-fog chamber tests in this study hese performed
under circumstances, where high salt concentrations were presemieight-loss tests,
high salt concentrations were applied for accelerated corros&ting purposes in
addition to simulating the actual highly corrosive environments suchmasne
environments, seawater, and industrial areas. In the case dbgsalhamber tests,
chemical stress in accelerated testing primarily referghloride containing salts in
solution because airborne contaminants are believed to play a vaoy roie in paint

aging’®* Other chemical stress factors such as UV effect was rspedtein this
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investigation since any coating, such as a sol-gel coating, camobected from UV
exposure by simply painting over it with a paint that does not transmit light.

Many mechanisms have been proposed for the suppression or acceleration of
metallic dissolution by the action of aggressive anions in gefféf&iThe simple most
common theory on the accelerated corrosion due to aggressive anibasatept of
competitive adsorption. Aggressive anions, such gsc@inpete with adsorption of OH
or the inhibitor ion depending on pH. Thus, aggressive anions increasmntentrations
of inhibitors required to prevent corrosion. This must be taken into accsinne the
application of less than the adequate inhibitor concentration leadting pbrrosiort™
Competitive adsorption of aggressive anions can lead to corrosion uhiffer@nt ways.

ClI', for instance, may either cause the initial local breakdown gfaksive oxide film or
simply interfere with the repassivation process after tim has been broken down
locally. In one study, no indication was found thati€incorporated into the anodic film
on iron when the passive oxide film was initially formed ifCla containing solution
suggesting that Clons cause local film thinning by interfering with the film repai#®

In the case of aluminum adsorbed aggressive anions such as chdoridiedergo
a chemical reaction with the passive film and produce solubleédrdre®mpounds such
as AlI(OH)CI, AIOHCI,, and AIOCI, which are easily dissolved into the solution once
they are formed Similarly, soluble FeS®complex forms in presence of another
aggressive anion, that is $0° Thus as a result of these adsorption-dissolution

processes, the protective oxide film is thinned locally, smali are made and the

corrosion rate of aluminum is greatly enhanted.
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When aggressive anions have to be compared with one another, the stability of the
intermediate complexes of substrate metal and aggressive anigsh®enconsidered. In
the specific case of steel corrosion, if an anionjsXfirst adsorbed on the steel surface, a

surface complex forms in the anodic process, and then the complesorbetkfrom the

surface™*®’
Fe+X «— (FeXs (Eq. 1.10)
(FeX)s «—> (FeX)+6 (Eqg. 1.11)
(FeXxy —> FeX+¢ (Eg. 1.12)
FeXX <« P +X (Eq. 1.13)

S represents ion or compound at the surface. In general, if the atisorioa or the
surface complex is stable, the corrosion of steel is suppressecefdre, the order of
tested anions in terms of the stability of the surface contpdsrd on the corrosion rates
would bé®” Clo, > SQ” > CrI

Due to the stability of intermediate complexes between the metal salzstchthe
aggressive anions, pitting corrosion does not occur for chromium metdllit$ta
constants of CrX’ complexes are smaller than 1, for instance it is 1 when X &n@110
®>when it is 1.2 In addition, exchange of Tind HO ligands between the inner and outer
sphere of chromium halide complexes is extremely §ldwgether these factors causes
insolubility of CrCk in cold water due to very low dissolution rate of ‘CiTherefore the
presence of a Cr-Cl complex at the surface will not incréeselissolution rate because
it will dissolve very slowly by itself. In the case of *tehis exchange is very rapid.

Similarly Fe-Cr alloys are more resistant to pitting insGlution than is pure Fe.
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1.7 Corrosion Prevention Methods

With such variety in types of corrosion comes many different prevention methods.
Among these is selecting a material which does not corrotleiactual environment.
When changing the material is not possible, changing the environimeptevent
transport of essential reactants of corrosion often using corrodidritors seems to be
the second most reasonable prevention method. Using chemical inhibitdosver
molecular oxygen activity at the metal surface is one exaofgl@s type of prevention
technique. Also, applying coatings on the metal surface in the dbpaint, providing a
barrier between the metal surface and the corrosive environmeanhoiter very
commonly used prevention technique. Other prevention techniques includee udta
limited to using special designs to prevent water accumulatiothe metal surfaces or
changing the potential, which results in a more negative metahasdgrevents transfer
of positive metal ions from the metal to the environni&nt.

The objective of the proposed research was the development of nomgtahe
inhibitors for mild steel and aluminum alloys. Inhibitors that coddemployed in water
or as a component of a protective coating were targeted. Mit @toy was chosen due
to the fact that it finds extensive use in various structural @ains due to its physical
characteristics, such as stiffness and high strength to weitips. The aluminum and
aluminum alloys are widely used in engineering applicationsausec of their
combination of lightness with strength, their high corrosion resistatheir thermal and
electrical conductivity, heat and light reflectivity, and thbirgienic and non-toxic
qualities'® In addition to their mechanical properties, the low residual ratidy is

another unique property of aluminum leading to its use as the fistnsthermonuclear
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reactors. However the long and safe exploitation of aluminunysalto nuclear power
production greatly depends on its corrosion stability, which is whyyibe of the alloy
and corrosion protection measures is importarithis investigation was focused on the

2024, 6061, and 7075 alloys.

1.8 AlloysUsed In This Study and Their Properties

The composition of alloying elements of mild steel samples us#tsi study was
0.02-0.03 % S, 0.03-0.08 % P, 0.4-0.5 % Mn, and 0.1-0.2 % C.

The aluminum alloys are usually divided into two major groups; al&sts and
wrought alloys. While the term wrought aluminum may not be aslita as wrought
iron, it basically refers to aluminum material that is consédiausing wrought iron
techniques. Essentially, this means that the aluminum is "shappdidoce the desired
material. The term "wrought iron" is slightly ambiguous asefers not only to the
method of construction but also to the type of metal used. In other wordgghw iron is
a specific type of iron and also a style of metal work, whileught aluminum simply
refers to the metalworking method-not the type of aluminum. Qastimim on the other
hand is made from literally pouring molten aluminum into a cast alowing it to
harden. Each wrought and cast aluminum alloy is designated by difgunumber by
the Aluminum Association of U'&% with slight differences between wrought and cast
alloys (See Table 1-1). The first digit indicates the aliogup according to the major
alloying element. The second digit indicates the modificatiorhefalloy or impurity
limits. Original (basic) alloy is designated by “0” asthecond digit. Numbers 1...9

indicate various alloy modifications with slight differences in the composit
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The last two digits identify the aluminum alloy or indicate &lley purity. In the

alloys of the 1xxx series the last two digits indicate tkellef purity of the alloy: 1070

or 1170 mean minimum 99.70% of aluminum in the alloys, 1050 or 1250 mean 99.50%

of aluminum in the alloys, 1100 or 1200 means a minimum 99.00% of aluminum in the

alloys. In all other groups of aluminum alloys (2xxx through 8xxx) s two digits

signify different alloys in the group. For the purposes of this stadyy wrought

aluminum 2024, 6061, and 7075 alloys are used.

Table 1-1 Designations for alloyed wrought and cast aluminium alloys

Wrought Alloy Cast Alloy
Name Major Alloy Element Name Major Alloy Element
IxxX More than 99% pure Al Ixx.X More than 99% pure Al
2XXX Cu, small amount of Mg 2XX.X Cu
3XXX Mn 3XX.X Si with Cu and/or Mg
4XXX Si 4XX.X Si
5XXX Mg SXX.X Mg
BXXX Mg, Si BXX.X Unused
7xxx | Zn, small amount of Cu, Mg, Cr, Zr7xx.x Zn with Cu and/or Mg
8xxx Other elements (Li, Ni) 8XX.X Sn
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1.8.1 Aluminum 2024 alloy

The 2xxx (aluminum-copper) alloy series started to be used fréguweith the
development of 24S (2024) in 1933 for maximum solubility of alloyingnelgs in the
solid phase. Due to their high strength, toughness, and fatigue resistanceatimakf of
24S are widely used today for aircraft applicatitfisiowever the alloys of these series,
in which the copper is major alloying element, are less comasisistant than the alloys
of other series. Copper increases the efficiency of the cathoditer reaction of the
corrosion such as and H reduction reaction and, thus, the presence of copper

increases the corrosion raté.

1.8.2 Aluminum 7075 Alloy

Alloy 75S (7075), developed during World War Il, provided the high-gtren
capability not available with aluminum-magnesium-copper alloyss Type of alloy
contains major additions of Zn, along with Mg or both Mg and Cu. The Caioorg
alloys have the highest strength and therefore have been used asctionsmaterials,
especially in aircraft applications. The Cu-free alloys, cvhhave good workability,
weldability as well as moderate strength, have increasedcheir applications in
automotive industry’’ The first commercial aluminum-magnesium-silicon alloy (51S)

was developed and brought to market by 1921.
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1.8.3 Aluminum 6061 Alloy

The introduction of alloy 61S (6061) in 1935 filled the need for mediumgdtren
heat-treatable products with good corrosion resistance that coulddexves anodized.
The corrosion resistance of alloy 6061 even after welding nmiagepular in early
railroad and marine applications. Alloy (62S) 6062, a low-chromium orersi similar
magnesium and silicon, was introduced in 1947 to provide finer graiinsszame cold-
worked products. Unlike the harder aluminum-copper alloys, this 61S an&lBgS
series of Al-Mg-Si could be easily fabricated by extrusimtling, or forging. These
alloys’mechanical properties were adequate (mid 40-45 ksi yavge with a less-than-
optimum quench, enabling them to replace mild steel in many maiketsmoderate
high strength and very good corrosion resistant properties of thyssalties of Al-Mg-Si
make them highly suitable in various structural building, marind aachinery
applications. The ease of hot working and low quench sensitivity duantages in
forged automotive and truck wheels. Also made from alloy 6061 aré¢wtblsheet and
tooling plate produced for the flat-rolled products market, extruttadtgral shapes, rod
and bar, tubing, and automotive drive shifts.

Detailed composition of the alloys used in this study is given in Table 1-2;

Despite its inferior corrosion resistant properties, Al 2024 wasech&w this
study for both agueous and sol-gel coating applications due to thectenetics of the
binder, that is sol-gel coating, which was designed primaoly Al 2024 in prior
research. The reason why the sol-gel coating was initialigded for Al 2024 alloy is
due to the fact that it is a peculiar alloy used in the fusetictures of aircrafts where

the corrosion resistance properties are compromised for the sake of mddieemggh.
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The nominal composition of Al 2024-T3 alloy is 4.4% Cu, 1.5% Mg, 0.6%Mn,
and lesser amounts of Fe, Si, and impurity element allow&bfé The “T3” designation
indicates that the alloy was solution-annealed, quenched, and agethbanta

temperatures to a substantially stable condition.

Table 1-2 Chemical Composition of Aluminum Alloys

Composition of Alloys 2024 6061 7075
Al 91.5-92.8 96.8-97.2 86.85-89.55
Cu 3.8-4.9 0.15-0.4 1.2-2.0
Mg 1.2-1.8 0.8-1.2 2.1-2.9
Mn 0.3-0.9 <0.15 <0.30
Fe <0.50 <0.7 <0.50
S <0.50 0.4-0.8 <0.40
Zn <0.25 <0.25 5.1-6.1
Zr+Ti <0.20 - <0.25
Ti <0.15 < 0.15 <0.20
Cr <0.10 0.04-0.35 0.18-0.28
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It is important to recognize that in most modern aircraftadddd” variant of the
2024-T3 is used. Alclad 2024-T3 has a thin layer of commercially Au@pplied to
enhance corrosion resistarfce.

However, alclad layer is easily removed exposing the underlying2B2bre in
maintenance operations where grinding-out of cosmetic corrosion suracestine.
Thus, corrosion protection of the Al 2024-T3 core then becomes an ispaeladly for

older aircraft that have experienced many depot maintenance tycles.

19 Cost of Corrosion and Use of Corrosion Inhibitors

In a study, entitled “Corrosion Costs and Preventive Strategigbei United
States,” conducted from 1999 to 2001 by CC Technologies Laboratories,alhentaial
estimated direct cost of corrosion in the U.S. is a staggeringl$iid6—approximately
3.1% of the nation’s Gross Domestic Product (GBPThis cost includes the application
of protective coatings (paint, surface treatment, etc), ingpeeind repair of corroded
surfaces and structures, and disposal of hazardous waste materials. Tihevetaldythat,
although corrosion management has improved over the past several detades.t
must find more and better ways to encourage, support, and implemiem&logirrosion
control practices. Due to reasons such as economics and easeic#tiapplcorrosion
inhibitors continue to be the most common corrosion prevention technique. Corgpared
other techniques corrosion inhibitors are very convenient since thepecamployed
alone or within a protective coating, such as paint. Also, among rdawgloped

corrosion inhibitors it is possible to find a working one for any specific derfand.
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The definition of corrosion inhibitor favored by the National Assocratof
Corrosion Engineers (NACE) is: a substance which retardeston when added to an
environment in small concentratioh§.Alternatively, according to the American Society
for Testing and Materials Corrosion Glossary, a corrosion inhilgtodefined as a
chemical substance or combination of substances that, when present pnoples
concentration and forms in the environment, prevents or reduces corrosion.

Available references in corrosion phenomena in the technicaltliterappeared
by the end of the ¥Bcentury. The first patent in corrosion inhibition was given to

Baldwin, British patent 2327/

Corrosion inhibition is reversible, and a minimum concentration of théitimy
compound must be present to maintain the inhibiting surface film. Goodation and

the absence of any stagnant areas are necessary to maintain inhibiotretioc’'®

Inhibitors function in one or more ways to control corrosion; namely by
adsorption of a thin film onto the surface of a corroding matesrahy inducing the
formation of a thick corrosion product, or by changing the charsitsr of the
environment resulting in reduced aggressiveness. Some remove ORydEnagueous
media to reduce the cathodic reaction. Though there are lots oficathe that can
function as inhibitors, some may be too expensive and not economical. @lsethat
are toxic or not environmentally friendly are also of limited. ddereover, inhibitors for
one metal may or may not work for another or even may causssor. In addition, the
effectiveness of inhibitors is affected by the pH, temperatudenaater chemistry of the

system-*
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Generally, inhibitors efficient in acid solutions have little or ffil@ct in near-
neutral aqueous solutions since in acidic media the main cathodic isdegdrogen
evolution, and inhibitor action is due to adsorption on oxide-free metaicestf’ In
alkaline conditions, most metals are inclined to be passive, argadested from most
of the corrosion damagé’ In near-neutral solutions however corrosion processes result
in the formation of sparingly soluble surface products such as oxigesyxides, salts
and cathodic half-reaction is oxygen reduction. Therefore the iahiadtion must be
exerted on the oxide-covered surface by increasing or maintathimgprotective

characteristics of the oxide or surface layers in aggressive soltftiofis.

1.10 Typesof Corrosion Inhibitors

While there are various inhibitor classifications listed inlitezature, there is no
completely satisfactory way to categorize. One of the commags gato classify them

according to their reaction at the metal surfaté.

1. Anodic inhibitorsreduce the actual rates of the metal dissolution that isribdica

reaction.

2. Cathodic inhibitorsreduce the rates of the cathodic reactions such as the hydrogen

evolution or oxygen reduction reactions.

3. Mixed inhibitorsretard the anodic and cathodic corrosion processes simultaneously

by general adsorption covering the entire surface, sometimes witiiraguol
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1.10.1 Anodic Inhibitors

Anodic or passivating inhibitors slow down corrosion by either stafgi or
repassivating the damaged passive film by forming insoluble compoandsy
preventing adsorption of aggressive anions via competitive adsorptionafdeged in
the neutral pH range to treat cooling water systems, coojisigra metals, and steel-
concrete composités. Passivating inhibitors can be further divided into two types:
direct passivating inhibitors which are oxidizers themselves iadidlect passivating
inhibitors which are non-oxidizers and require the presence of ox§geDirect
passivating inhibitors react with metals directly and beconmwmacated into the passive
film to strengthen it, complete it and repair“t.Chromate (Cr@¥) and nitrites (N@)
are the best oxidizers which can passivate steel in deaemdtgmrss; however both
inhibitors have limited uses due to toxicity.In open systems, oxygen is abundant
enough; while in closed systems the addition of oxidizing salteeésled for indirect
passivating inhibitiors such as analogues of chromate such abdatgy to functiof’™
%0 Indirect passivators may develop a protective film in the fofm salt. It is proposed
for example that ferrous ions at the solution/metal interfaget kgith molybdate ions to
form a complex which is further oxidized to an insulative ferric-molybdate evel€ the

metal surface with a thin, adherent protective fiffi>*

1.10.2 Cathodic I nhibitors

Cathodic Inhibitors slow down corrosion by reducing the rate of thtieodi&

reaction in the corrosion system. They may form precipitatdseicdthodic locations to
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limit access of the cathodic reaction species, and are albed cprecipitation
inhibitors’* Zinc salts are cathodic inhibitors that form precipitates ¢ hiydroxide at
the cathodé® Magnesium salts also work in similar wdy.Bicarbonate (HC®) forms
insoluble metal carbonates in alkaline solufiSnPhosphates, the most widely used
corrosion inhibitors of steel, precipitate as ferrous and ferricghtatss on the substrate
surface’® Oxygen scavengers, react with the dissolved oxygen to limisupply of
oxygen for the cathodic reaction. Sodium sulfite is an oxygen scaveogenonly used
at room temperatures. It reacts with oxygen to form sulfate.eidery since oxygen
scavengers remove oxygen only, they are not effective in aciditiari® Cathodic
poisons make discharges of hydrogen gas difficui€athodic inhibitors are generally

not as effective as anodic inhibitors (passivators), but on the othdrthay are not

likely to cause pitting?°

As for organic inhibitors, chelating agents, which contain at ksas functional
polar groups, such as acidic —COOH, -SH or basic -hidups, those able to form
coordinate bonds with metal cations are good exaniple&luconate is such a
complexing agent with two carboxylic groups and have been extensiwelied in this

research.

1.11 Chromates: Best Corrosion Inhibitorsto Date

Overall, chromates as inhibitors and in chromate conversion coatifgs a
protective coatings continue to be the most efficient corrosion premenethod for the

most commonly used metals such as steel, aluminum, zinc, and magreaimy
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others.’* The term conversion coating here refers to the traditionahcifiassivation
treatment for steel and aluminum which produces a layer of corrpsadict, by means
of dissolution of the base metal through reaction with the passvablution and
precipitation of insoluble compounds, capable of resisting further icheattack:*>'**
Chromate conversion coatings used for aluminum, typically gendratedmixtures of
soluble hexavalent chromium salts and chromic acid, participad&idation-reduction
reactions with aluminum surfacés precipitating a continuous layer of insoluble
trivalent compounds” The use of chromate conversion coatings to increase the
corrosion resistance and paintability of aluminum alloys candgedrto the early part of
the twentieth century/® The protection of many aluminum alloys, such as those used in
aerospace components, depends heavily on chrortparticular interest to the Navy

is the use of chromate conversion coatings on aircraft aluminum alloys overgetitent

corrosion resistance and the ability to serve as an effective basenfiot par’

Only films formed in chromate solutions meet the stringent comogsistance
requirements of the military specifications MIL-C817861t is estimated that about
100,000 tonnes of aluminum per year in the UK are chromate treatechodlized film
may be substituted for chromate conversion coatings on certainnalmnproducts but
only at greater operating and capital cd5ts.

Among advantages of the chromate conversion coatings are good gfz@sioa, low
cost, quick and simple application process by immersion, spray, imgrdhe capability
to resist forming operations, and excellent corrosion resistarateding a self-healing

151

ability.

34



Results from exposure corrosion testing show that aluminum ssirfaepared
with a chromate conversion coating and a chromate-free primermparfach better than
a chromate-free sol-gel type of conversion coating with the same chriremimet?,
which gives rise to the second part of this study, the necdssignriching the sol-gel

coating with efficient inhibitors.

1.11.1 Limitationson the Use of Chromates dueto Toxicity

The mobility of aqueous Ef within biological systems and its reactivity with
biochemical oxidation mediators make it both highly toxic and carcmogand
generally regarded as a very hazardous soil and groundwater pdfftitart*>°

More rigid environmental regulations have been introduced about the use of
chromates, mandating the elimination of hexavalent chromium ative ingredient in
corrosion inhibition packages for the protection of aluminum-skinned aif¢faf The
harmful effects of chromates on human tissue have been well docdmBetenatitis
and skin cancer have been reported among workers merely handling catapone
protected by a chromate filtaMany reviews in the literature points out to toxicity of
chromates, such an association of®*@vith lung cancer. Although there is no general
agreement on the details for the®Onduced damage to DNA resulting in cancers, it is
clear that CY is highly water soluble and passes through cell membranes anig hig
reactive intermediates such as'Gitabilized by alpha hydroxyl carboxylates and@re
genotoxic and react either directly or through free radiotrinediates to damage

DNA.?*%* Also, adverse toxicity of chromates to aquatic life has alwagsn a
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problem. Chromate is quoted on the EU Red List of the EU Dangendostafces
Directive No 76/464/EEC and Groundwater Directive No 80/68/EEC.

National Primary Drinking Water Regulations prepared by EPAvifonmental
Protection Agency) states that chromium is a naturally ocmurelement found as
chrome iron ore, primarily as chromite (Fe@@j), in rocks, animals, plants, soil, and in
volcanic dust and gas&S.'® In air, chromium compounds are present mostly as fine
dust particles which eventually settle over land and water. Chrogamnstrongly attach
to soil and only a small amount can dissolve in water and move deetiex soil to
underground water. There is also a high potential for accumulatiairomium in

aquatic life %%

Chromium is present in the environment in several different forrhs. mMost
common forms are chromium(0), chromium(lll), and chromium(VI1). Ntetas odor is
associated with chromium compounds. Chromium(lll) occurs naturadly the
environment and is an essential nutrient. Chromium(VI) and chromiung®@eaerally
produced by industrial processes. The metal chromium, which ghtbenium(0) form,
is used for making steel. Chromium(VI1) and chromium(lll) areduse chrome plating,
dyes and pigments, leather tanning by means of chromic sulfat&] preserving by
means of copper dichromate, treating cooling tower water, magnetic tapesitcpaper,
rubber, composition floor covering, automobile brake lining and catalgtivesters and
other materials. Smaller amounts are used in drilling muds, textiles, amddooepying
machines:***®® Production of the most water soluble forms of chromium, the chromate
and dichromates, was in the range of 250,000 tons in 184Z.The two largest sources

of chromium emission in the atmosphere are from the chemigalfacuring industry
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and combustion of natural gas, oil, and coal. The following treatmehbagehave been
approved by EPA for removing chromium: Coagulation/Filtration, lon Exahang
Reverse Osmosis, Lime Softenin§. From 1987 to 1993, according to the Toxics
Release Inventory, chromium compound releases to land and wated to&rly 200
million pounds. These releases were primarily from industrial nicgahemical
industries. The largest releases occurred in Texas and Nodhn@ai he largest direct
releases to water occurred in Georgia and Pennsylvania. In 1974, €opgssed the
Safe Drinking Water Act Law, which requires EPA to deternsiaiie levels of chemicals
in drinking water which do or may cause health probléfM&’ The MCLG (Maximum
Contaminant Level Goal) for chromium has been set at 0.1 ppm (partsillion)
because EPA believes this level of protection would not causefdahg potential health
problems described below. Based on this MCLG, EPA has set aneafftastandard
called a Maximum Contaminant Level (MCL). MCLs are setlase to the MCLGs as
possible, considering the ability of public water systems to dea@ct remove
contaminants using suitable treatment technologies. The MCLI$@adbeen set at 0.1
ppm because EPA believes, given present technology and resourcés,tiieidowest
level to which water systems can reasonably be required toveethes contaminant
should it occur in drinking water. The Reference Concentration (Rf@hromium (VI)
(particulates) is 0.0001 mgfnbased on respiratory effects in rats. The Reference
Concentration (RfC) for chromium (VI) (chromic acid mists andsdived Cr (VI)
aerosols) is 0.000008 mginbased on respiratory effects in humans. EPA has not

established an RfC for chromium (lll). The RfD for chromium (i4IYL.5 mg/kg/d based
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on the exposure level at which no effects were observed in rats exposed to ch{bmium

in the diet%>168

The general population is exposed to chromate by eating food, drinking wate
and inhaling air that contains the chemical. The average dddke of chromium,
generally in the form of chromium(lll), from air, water, and fasdestimated to be less

than 0.2 to 0.4 micrograms (pg), 2.0 pg, and 60 pg, respectfiefy.

EPA reports hexavalent chromium to cause shortness of breath, rgughi
wheezing(mostly with inhalation of chromium trioxide), and skirtation or ulceration,
when people are exposed to it at levels above the MCL for relatbalrt periods of
time, while damage to circulatory and nerve tissues, stomachisupse ulcers,
convulsions, kidney and liver damage, perforations and ulcerations of phemse
bronchitis, asthma, decreased pulmonary function, pneumonia, skin irritatioavan
death are potential results of a long-term or a lifetime axposSome people are
extremely sensitive to chromium(VI) or chromium(lll). Allezgeactions consisting of
severe redness and swelling of the skin have been noted. Longigrosure to
chromium(VI1) has been associated with lung cancer as in teeotasrkers exposed to
levels in air that were 100to 1,000 times higher than those found in thealna
environment. Lung cancer may occur long after exposure to chrorhasnended.
Limited information on the reproductive effects of chromium (Vilhumans exposed by
inhalation suggest that exposure to chromium (VI) may result in coatipins during

pregnancy and childbirtf>*’
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On the contrary, chromium(lll) is an essential nutrient, with a daily inth&@
200 pg/d recommended for adults. This ion helps the body use sugam,parote fat.
Without chromium(lll) in the diet, the body loses its ability to gsgars, proteins, and
fat properly, which may result in weight loss or decreased fgtawmiproper function of
the nervous system, and a diabetic-like condition. With too much intalenicimn (III)
can also cause health problems but is considered about 100 to 1000 $sriexitethan
chromium (VI). Although each form can be converted to the othen fander certain
conditions, chromium (lll) is not oxidized to chromium (VI) in the umat soll
environment. %%

Cr(lll) compounds are one of the major candidates to replace chroxijum(
based corrosion inhibitors and protective coatings if the requiredsoon resistance and
adhesion of organic coatings can be obtaineédThus, Cr(lll) compounds were
investigated in this project as chromate replacements. Gg(hit an oxidizing agent but
it will form the mixed oxides/hydroxides with the substratehie presence of a primary
passivator/oxidizing agent such as dissolved oxygen. When a praxigiiging agent is
present, the substrate can oxidize to its higher oxidation staienscgbroducing
hydroxide and the existing Cr(lll) ions can react with the pced hydroxides to form a
conversion coating composed of mixed oxides/hydroxides of the substrate and’Cr(ll1).

The metal, chromium(0), is less common and does not occur naturalyolt clear how

much it affects health, but it is not currently believed to cause a seriotts tislal®

The International Agency for Research on Cancer (IARC) has daetznthat
chromium(V1) is carcinogenic to humans. IARC has also deterntimgdchromium(0)

and chromium(lll) compounds are not classifiable as to their reagenicity to
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humans-">*"* The World Health Organization (WHO) has determined that chromium(VI)
is a human carcinogéf: The Department of Health and Human Services (DHHS) has
determined that certain chromium(VI) compounds (calcium chrometieomium
trioxide, lead chromate, strontium chromate, and zinc chromate) arenkhaman
carcinogens’? Finally, the EPA has classified chromium (VI) as a Group A, know

human carcinogen by the inhalation route of expoStré. 1>+

In the light of given negative effects of hexavalent chromiumpmmds, stricter
environmental regulations have already mandated their removalvieder and general
waste effluents, and have mandated their near term removalctsomsion inhibiting
packages used for the protection of aluminum-skinned airétaft:’’"*® Strict
regulations already exist for chromate residues which regbhgeuse of expensive
effluent treatments to achieve the desired residual concentrabpngrecipitating
hexavalent chromium compounds®™ Despite their negative aspects, to date, no
replacements exist in the market for carcinogenic chromatbghve same efficiency for
a range of aluminum alloys and steel, neither as pigment, nor asetal
pretreatment%**

For perhaps the last 20+ years, a considerable effort has focuskstowering
nonchromate corrosion-inhibiting compounds for protection of aluminum allays.
number of reviews focusing on this subject alone have been writtidye ipast several
yearsl.83,184,l85

Given the toxicity and carcinogenity of chromates; the purpose oftiidy is not

only to synthesizefficient corrosion inhibitordor certain alloys of certain metals to be

applied in different environments, but also to fiedvironmentally friendly corrosion

40



inhibitors for successful chromate replacements. In this regard, the stafudtaesh
environmentally friendly inhibitor is considered as having acceptableo toxicity
compared to chromate inhibitors. Studying the reasons underlyingsubeess of
chromate inhibitiors seems as the first reasonable approach om¢ takg before

formulating chromate replacements.

1.11.2 Corrosion Inhibition M echanism of Chromates

Chromates are very effective inhibitors of Fe, Al, Cu, Zn corrositie. dnique
chemical and electronic properties of the oxo-compounds of chromiumrigevéo a
unique ability to inhibit corrosion in ferrous and nonferrous matefiaEhey are both
anodic and cathodic inhibitors due to their abilities to form pretgs with the
dissolving metal ions such as iron, aluminum, and zinc ions, at anoesc asid by
reducing to trivalent chromium to form composite inert compounds hodiat sites™’
The tetrahedral, % hexavalent Cf oxoanion compounds of chromium, which are
chromate, dichromate, bichromate, and chromic acid, dissolve de siath mobile
complexes in water. Thus, they are easily transported te sftéocalized corrosion
where they are reduced to very stable, kinetically inert reina®xide compounds of
Cr***® These octahedral, trivalent, dompounds of Gt are irreversibly adsorb at metal
and metal oxide surfaces to form a protective film of a neamolayer thicknes$® As
one of these irreversibly adsorbed compounds, Cr{@kvides a good, hydrophobic
barrier with good adhesion properti€5The concentration of the transported or leached
chromate is sufficient to be active as an inhibitor for the matdér the paint, at defects

or at cut edges. These hexavalent oxoanion compounds of chromium alsiptiaoten
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solubilities enabling them to be used as efficient paint pigmantshich blistering of
the paint does not occtif. Also, possibly the most crucial property of the barrier fifm o
trivalent chromium compounds is its ability to storé*Gxoanions that can be slowly
released into a solution when attacked by aggressive anions. Télessed Cf
oxoanions can migrate to and interact at defects to interrutseamy which gives rise to
the unique “self-healing” ability of chromate conversion coatimggeaneral. There is a
good agreement that chromate conversion coatings not only contain butelksase
hexavalent chromium to repair defects and damage of the conversion ¢®atihg.

Specifically for aluminum corrosion; releasedGrxoanions inhibit pit initiation
by adsorbing onto aluminum oxides, thereby discouraging adsorptianiaris such as
chloride and sulfate, which promote dissolution and destabilization oprthtective
oxides®®?* Thus, competitive adsorption of chromates with regard to aggrestives
such as chloride and sulfate appears as another major propertywiathrconversion
coatings™”?

Along with nitrites, chromates passivate independent of dissolved oxyge
contrast to molybdates and vanadates, which require the presencsobtfedioxygen as
a primary passivatdt-

In general, following steps of reactions oc¢tir;
Cf" —» CF + 3HO —» Cr(OH)+3H — » CiO:.3H,0 (Eq. 1.14)
The hydrolysis reactions generatg Which are consumed by redox reactions.
In alkaline condition$”
Cro” + 4HO +3é——» Cr(OH)+ 50H (Eq. 1.15)

In case of iron corrosion in near neutral conditiofs,
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6FeO + 2Crg + 2HLO —» GiIOs;+ 2FeOs; + 40H (Eq. 1.16)
Mixed chromium/iron hydroxides also form such’&s,
3Fé" + HCrQ* + 8HO — FLr(OH), + 5H' (Eq. 1.17)
In contrast to nitrites, molybdates, vanadates and other inhibdlorsmates are also
effective in moderately acidic conditions. In an acidic medium sEnverts to GO
, Which is a very strong oxidant, according to
GO + 14H + 66 —» 2CF + 7THO ™ (Eq. 1.18)
The following reaction takes place with the metal substfates
6/n M+ CrO” + 7TH —» 6/n M"+ 2CP* + 7TH,0 (Eq. 1.19)
where M can be Al, Fe, Zn.
For the specific case of chromium conversion coating formation onhalfdilowing
overall formation reactions are givéfi?**
GO/~ +2Al+2H + H,0 ——» CrOOH + 2AI00H (Eq. 1.20)
Or212
GO + 2Al + 2H + 2H,O ——» 2Cr(OH) Al,O3 (Eq. 1.21)
The chromate conversion coating process is aided by fluoride, wgnesrents rapid
passivation of the Al surface, thus allowindCio CP* reduction and is also aided by
ferricyanide, which functions as a mediator between Al oxidatiorchramate reduction
and accelerates the redox reacfion.
As a result of these multiple redox reactions, while hexavatmormaum(VI) is
reduced to its lower oxidation state oxides and hydroxides, the sabsetal is oxidized
to its oxides and hydroxides. The pH also rises to the point winakeit chromium and

other oxide/hydroxide compounds are insoldbleConsequently, a protective conversion
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coating of adherent composite oxide/hydroxifesorm with the general formula of
M.O4/Cr,05 and/or M(OHY/Cr(OH)s, where M = Fe, Al*°

Another reason for protective ability of chromium oxide and hydroxide dver
aluminum surfaces is their stability over a wider rangepldf Based on Pourbaix-
diagrams, the approximate stability limit of the Al oxidexigoH 9, while it is up to pH

15 for chromium (I1l) oxide”’

1.12 Chromate Inhibitor Replacements:.Current and Potential Applications

Given some basic information about the corrosion inhibition mechanisms of
chromates; many studies have been conducted for chromate nepaseFor effective
replacement of hexavalent Cr, however, an inhibitor has to inhibitxygen reduction
reaction as well as anodic dissolution/pitting and several stuniisate that hybrid
formulations seem to be the best way to do just that. Typicallywhase hybrid
formulations an organic oxygen reduction reaction inhibitor is includech wit

environmentally benign anodic inhibiting anions.

1.12.1 Nitrites

Another commonly used inhibitor that passivates independent of dissolved
oxygen is nitrites. Nitrites are the established inhibitorsréisting machinery tooling,
and workpieces, and are often used with alkanolamines. However, like ¢bsotihay

are also being replaced because of the risk of carcinogenic nitrosanmiragidor™®
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Nitrites’ MCL (Maximum Contaminant Level) and MCLG (Maximum
Contaminant Level Goal) limits have been determined as 1 mgth éy EPA
(Environmental Protection Agency). Infants below the age of six whak duater
containing nitrite in excess of the MCL could become seriousni, if untreated, may
die. Symptoms include shortness of breath and blue-baby syndrome. Major oitritess

are listed as runoffs from fertilizer uses, leaches from septic tanksewades’

1.12.2 Trivalent Chromium Compounds

Cr(lll) compounds arise as one of the potential replacementsCfvl)
compounds given its much lower toxicity. Cr(lll) is not an oxidizingrdagout it will
form the mixed oxides/hydroxides with the substrate. Therefar¢hae presence of a
primary passivator/oxidizing agent such as dissolved oxygen, theagalsin oxidize to
its higher oxidation state cations producing hydroxide and therexiSti(lll) ions would
react with the produced hydroxides to form a conversion coating cothpbsaixed
oxides/hydroxides of the substrate and Cr{ffif*>?** Despite this there are limited
successful applications of trivalent chromium coatings. The corro®eistance of
trivalent chromium coatings was found considerably less effecdtarethat of hexavalent
chromium conversion coatings, as significant concentrations of ledap#ting were
observed after a 168-hr salt spray {é5tThus, rather than using trivalent chromium
coatings alone, incorporation of corrosion inhibitors based on trivalerdmium
compounds into coatings that have better mechanical properties tedmsa more

reasonable prevention method.
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Formation of trivalent chromium hydroxides is based on their aliityorm
coordination compounds of coordination number six. The hydrolysis of coordination
complexes is accelerated by addition of alkali and the hydrexrdey form successively

in the following mannef?

[Cr(tD)e]Cls . [Cr(OH)(KHO)s]Cl> + HCI (Eg. 1.22)
[Cr(OH)(HO)s]Cl, —  [Cr(OHYH20)4]CI + HCI (Eq. 1.23)
[Cr(OHY(H:0)]Cl —»  [Cr(OHYH0)4] + HCI (Eq. 1.24)

These species can polymerize as shown in eq. 1.25.

H
2[Cr(OH)(H0)s]Cl2 ——» [(HO)Cr — X Cr@D)«]Cls + 2H0 (Eq. 1.25)
N

One concern is that Cr(lll) and Al(lll) compounds are both capablerafing
octahedral complexes and the introduction of these ions into aowsgakectrolyte will
interfere with conversion of the hydrous alumina into the aluminydnaxide film by
bonding to the active film sites. Therefore, similar to their iappbn in hexavalent
chromate conversion coatings, flouride ions are used to remove alunexiden and
hydroxide films on the substrate surface before forming trivadbramium conversion
coatings’”®

AlLOs + 12F + 3H,0 —» 2AIE> + 60H (Eq. 1.26)

1.12.3 Oxyanions Analogousto Chromate

Other likely candidates to replace chromates are reducibleaypet transition

metals similar to chromium, which are compounds of Mo, V, Mn, and Tc.hidgte
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valent oxoanions of these elements exist in aqueous solution and dueg t® form
insoluble oxides, which exhibit high resistance to dissolution in atirsgkanvironment
in the same way as €f.**’ Other anodic inhibitors might include oxo-compounds of P
and B as welf”® Among these analogous metals, however, the oxoanion of hypervalent
Mn, permanganate, is thermodynamically unstable with respdoé toxidation of water
unless the solution is sufficiently alkaline and all techneciwtofes are radioactive”
%0 vanadium oxide is relatively more stable toward high pH and Mdeois stable
toward lower pH value$’ Solely as oxides, the elements of Mo and V will never give
the same stability as seen in analogoud’ ©xide?* On the other hand, the oxo-
compounds of these elements can form very stable polyoxometalighesash other, or
phosphates and tungstates, providing significant inhibition for aluminumosoon,
particularly when combined with other compountis>

The inhibition mechanism of aluminum corrosion by molybdates, vanadates
similar oxyanions is primarily due to the competitive adsorptiothete anions with
aggressive anions such as chloride and sulfate anions. As a resulsoopten of
oxyanions in the place of aggressive anions, oxygen bridged commplétkethe metal
substrates form. Such complexes were found in catalyst systemas MoQ@ + Al,Os
and WQ + AlLO;.**?* These compounds are expected to have a low solubility in the
electrolyte hindering the dissolution of the passive film anddigtg pit initiation and
propogation of pitting corrosion.

Oxides of heavier elements such as Nb, Hf, Ti, Zr, and Ta arestadsle in their
highest oxidation state. The mechanism for rare-earth inhibitionssee originate from

the alkaline precipitation of protective oxide films at actia¢hodes. However, soluble
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and mobile precursors of these oxides remain difficult to stabiii aqueous solution
with the slight exception of Ce, which is the only lanthanide elertteit exhibits a
tetravalent oxidation state that is stable as a complex inoagusolution>>*® Cé&**
behaves somewhat like CrThe reduction product, e however, is not nearly as stable

as compared to €7*’

Molybdates

The molybdates have been the most investigated metal oxyanioogaesl
Although Mo compounds are not totally harmless they are rapidlyetextcrby the
bodyZ* Unlike many other transition metals, molybdenum has been desesHtealing
an extremely low or even negligible toxicity.In a review it is stated that in spite of
considerable use of molybdenum in industry, no incidences have been rgpetdeé to
industrial poisoning by molybdenufif.Molybdenum compounds are listed in the lowest
potentially carcinogenic categofy.**

The most recent TLV (Threshold Limit Value) published by the Acaer
Conference of Government Industrial Hygienists 1984-1985 show the timéteei
average TLV for soluble molybdenum particulates to be 5 rhgnu for insoluble
particulates to be 10 mgfmFor comparison, the TLV for total particulates in the
nuisance dust category is 10 md/fi Molybdenum has long been identified as a
micronutrient essential to plant Iifé;**® and as playing a major biochemical role in
animal health as a constituent of several important enzymenssst *° Several studies

have indicated that molybdenum-deficient diets may be associatedheiincidence of

various forms of cancér-?>®
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From an environmental perspective, five statutes, and their agsbegiulations,
govern the use and disposal of chemicals within the United Statese Hne Safe
Drinking Water Act>® the Resource Conservation and Recovery Act (RCRA)Yhe
Clean Water Act (CWA)?*® the Comprehensive Environmental Response Liability Act,
?9 and the Toxic Substances Control Act (TSCAJ.Molydenum is not a regulated
parameter under any of these statutes. The TSCA requiresxialing chemical
substances be registered. Sodium molybdate has been assigrigtethieal Abstract
Service number of 7631-95-0 for instance but has not been selected &ty tt@sting.
Under RCRA, molybdenum is neither listed as a hazardous waste haraadous
constituent. Section 311 of the CWA lists 299 substances as hazardspifled in
waterways, no molybdenum compound is included. In summary, sodium molybdate a
other molybdates are free of accompanying toxic elementsngpaunds; and exhibit an
environmental compatibility within the framework of their commédraization as a
corrosion inhibitor.

Furthermore, molybdate inhibitors are recommended by the UK IHeald
Safety Executive Guideline (HSG70) as part of a complete wegatment program
designed to minimize the risk of infecting cooling systems wie pathogen Legionella
Pneumophil&!

Molybdenum (Mo) occurs naturally in various ores; the principal csoleing
molybdenite (Mo%). Molybdenum compounds are used primarily in the production of
metal alloys. Molybdenum is also considered an essentiad tedment with the
provisional recommended dietary intake of 75-250 pg/day for adult®lded children

(NRC, 1989Y°" There is no information available on the acute or subchronic oral toxicity
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of molybdenum in humans. Subchronic and chronic Reference Concentr&iGdqr
molybdenum are not available. Information on the inhalation toxi¢itpaybdenum in
humans following acute and subchronic exposures is also not availablehrdiné oral
Reference Dose (RfD) for molybdenum and molybdenum compounds is 0.005
mg/kg/day, based on biochemical indices in humans (U.S. EPA, 1992). Theosubchr
RfD is also 0.005 mg/kg/day (U.S. EPA, 1992). Molybdenum is placed in@&®Ap D,

not classifiable as to carcinogenicity in humans (U.S. EPA, 1890).

Corrosion-inhibiting behavior was first attributed to the molybdate$9397*
First they were used as pigmefftand in a wide variety of applications as corrosion
inhibitors*+2"> 282% gpecifically, they are utilized in alcohol-water antifreezes
protect automobile cooling systems from corrosion since 183%.Molybdate allows
the partial®*’®, or in complex formulations, the complete replacement of nitfité In
addition to being efficient, molybdate inhibitior replacements faite# and others were
found to be cost effectivé” Typically, a molybdenum concentration of 50-150 ppm is
maintained in the closed cooling water systems and the pH terdintained within the
range of 9.0-10.57°% Even with concentrations insufficient to produce a layer, Mo(VI)
is effective in improving the barrier properties of oxide or other fffh8>

In addition to the general competitive adsorption of oxyanion analogiibs
those of aggressive anions as in the case of chromates, thdiypeotdfect for steel by
MoO,* may also be due to oxygen atoms produced via the reduction of fiedvido**

(or MoGO;) during film formation,

MoQ® —»Mo0O,+ 20 (Eq. 1.27)
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These oxygen atoms interfere with the ability of lide anions to reach the
metal/film interface. The formation of M@On neutral medium is predicted by the
Pourbaix diagram for M3. Also, the inhibitive nature of molybdate anions may be due
to the formation of a thin film of molybdate in a range of reduci@d&ency states,
resulting in a passivating effect at anodic sites on the raetédce like other oxyanion
analogues of chromat&®

In the case of molydate assisted inhibition of aluminum corrosias,bielieved
that a layer of boehmite, AD3.H,0O, is formed on the surface of the aluminum specimen
accompanied by a closure of the cavities with the alkali molylitataes adsorbed on the
surface. The oxidation state of molybdenum on the aluminum surfeatygdepends on
the type of molybdate that is used. It is Mwhen simple Mo@' is used, and it is M6
when polymolybdates are us€dOther theories on molybdate inhibition in the literature

are widely availablé™

Vanadates

Vanadium is a metallic element that occurs in six oxidasiates and numerous
inorganic compounds. Some of the more important compounds are vanadium pentoxide
(V20s), sodium metavanadate (Nay)Psodium orthovanadate (BN&D,), vanadyl sulfate
(VOSQy), and ammonium vanadate (DND3). Vanadium is used primarily as an
alloying agent in steels and non-ferrous metals (ATSDR, 1899ganadium compounds
are also used as catalysts and in chemical, ceramic emialty applications. An
inhalation reference concentration has not been derived for vanadiuscompounds
(U.S. EPA, 1992 There is no information available on the acute or subchronic oral

toxicity of vanadium in humans. Subchronic and chronic Reference ConmmTa@dRfC)
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for vanadium are not available. Reference Doses (RfD) for choyaicexposures are:

0.007 mgl/kg/day for vanadium; 0.009 mg/kg/day for vanadium pentoxide; 0.02
mg/kg/day for vanadyl sulfate; and 0.001 mg/kg/day for sodium metavenéds.

EPA, 1987, 1991a,b). The subchronic RfDs for these compounds are the same as the
chronic RfDs, except for sodium metavanadate, which is 0.01 mg/k@udi&y EPA,

1987, 1991a,b). There is little evidence that vanadium or vanadium compounds are
reproductive toxins or teratogens. There is also no evidence that any vanadium compound
is carcinogenic; however, very few adequate studies are aeaifabl evaluation.

Vanadium has not been classified as to carcinogenicity by the U.S. EPA (1991a).

Like molybdates and other oxyanion analogues of chromates, theiiréhaation
of monovanadate anions are attributed to their competitive adsorption ometiad
surface, the formation of an adsorbed layer on the oxide film tr@ndormation of a
highly insoluble salt with dissolved metal ions which prevents the iagioet of CI ions

and consequently decreases the rate of corrgsion.

It is proposed that vanadates undergo a reduction to a four-valentuptate
incorporation into the surface coating of aluminum similar to Mn&hd MoQ.**
Therefore, the protective ability of the four-valent oxides ipure barrier protection,

while hexavalent state compounds work as passivators.

Salts of Polyhydroxycarboxylic Acids
Non-toxic organic chemicals that are efficient as corrosion ingiinclude

sodium, calcium and zinc salts of polyhydroxycarboxylic acids. Tieogic acid
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derivatives were found to hinder general corrosion of carbon steakan neutral
media® Many studies have been carried out on the use and the mecharistivofof
sodium, calcium, zinc and borogluconates as corrosion inhibitors folsiedaticularly
for carbon steel in the neutral environm&At>’ In other studies gluconate salts were
tested as non-toxic environmentally friendly inhibitors to repldee currently used
inhibitors in cooling water system ** There are other applications of gluconates in
addition to cooling waters, such as their use to improve the corrosgistance of
medical instruments in sterilizing solutidfisand structures in marine environméhts
Calcium and zinc gluconates are used as dietary supplements trst-aisl treatments
while iron gluconate is used for the treatment of iron deficgsndlowever, zinc appears
on the list of Environmental Protection Agency as a pollutant, buygdimaissible content
in potable water, declared by the WHO (World Health Orgamizatis 5.0 mg/L as
opposed to 0.1 mg/L of hexavalent chromitifh.

Since it is listed as a secondary pollutant of drinking water sbasEc
information about its uses and toxicity levels are produced hereia.iZused primarily
in galvanized metals and metal alloys, but zinc compounds also hdgecainmercial
applications as chemical intermediates, catalysts, pigmentanzdtion activators and
accelerators in the rubber industry, UV stabilizers, and supplenmeatsmal feeds and
fertilizers. They are also used in rayon manufacture, smoke bomitdsyiisg fluxes,
mordants for printing and dyeing, wood preservatives, mildew inhibittgsgdorants,
antiseptics, astringents, and as rodenticides (Lloyd, 1984; ATSDR, £988inc is an
essential element with recommended daily allowances ranging5 mg for infants to

15 mg for adult males (NRC, 1989). In some medical treatmentat@nmended 50 mg
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of zinc to be taken per day as zinc glucordt@&he upper limit of zinc in drinking waters
is given as 5 mg/L. An inhalation reference concentration has not been derizetfor
zinc compounds (U.S. EPA, 1992). There is no information available onctite ar
subchronic oral toxicity of zinc in humans. Subchronic and chronic Reteren
Concentrations (RfC) for zinc are not available. The currerdbepted RfD for both
subchronic and chronic exposures is 0.2 mg/kg/day based on clinical dedasti@ating
zinc-induced copper deficiency and anemia in patients taking zinatesuibr the
treatment of sickle cell anemia (U.S. EPA, 1992). No case stodiepidemiologic
evidence has been presented to suggest that zinc is carcinogearnans by the oral or
inhalation route (U.S. EPA, 1991a). Zinc is placed in weight-of-evidemoapED, not
classifiable as to human carcinogenicity due to inadequate evidienocemans and

animals (U.S. EPA, 19914’

1.12.4 Synergistic Use of Oxyanions Analogues of Chromate

Despite many similarities, oxyanion analogues of chromaée rent strong
oxidants like chromate and only in the presence of a primary passoaat they inhibit
corrosion as anodic inhibitors. Therefore, their combined use with thosgnefgistic
constituents in formulations seems to be a reasonable approaabtdaring sufficient
efficiency for replacement of chromat&$>"* Among synergistic constituents, cathodic
inhibitors are synergists of molybdate inhibitidhin neutral or alkaline solutions, these
cations can interrupt the cathodic reaction of the corrosion prdmeserming an
adherent, insoluble oxide, hydroxide or carbonate film, which is not ggdvby the

oxyanion analogues of chromate.?Zmost efficiently synergizes molybdate inhibition
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of steel in aerated, neutral and alkaline cooling tower W&t€@e*, another cathodic
inhibitor usually present as hardness in cooling water, signijcantreased the
corrosion protection of steel already synergistically inhibitih MoO,>-Zn?*****"* An
amount of 10% of calcium or zinc gluconate was found to considerablyerdtac
amount of molybdate required for the same inhibition effect as observedlybdate
alone’™® In a comparative study it was found that permanganate imctehe corrosion
resistance more than molybdate and molybdate more than cerium(lll) roir&@6fl-T6.
However, the order was opposite for 2024°F3* Many examples of inhibitors that are

synergistic with oxyanion analogues of chromate for the proteatf ferrous and

nonferrous metals are available in the literaftiré®*

1.13 Sol-Gels (Ormosils): Propertiesand Uses

As mentioned earlier, conversion coatings are applied to metédcesrto
promote both adhesion of organic finishes such as paints and fori@orpostection of
the metal substrate. As an alternative to chromate conversibngsoaol-gel processing
grew out of the ceramics field. In this method, soluble met&d sald/or metal organic
materials are used to produce a wide variety of mixed metde and metal-oxide-
organic composite§2>" It is proposed that the only universal process for treating
several Al alloys that is effective in various corrosion enviramsjes environmentally

compliant, are coatings consisting of organofunctional and nonorganofuaict

silanes:™*"9¥¢3% These coatings are a promising solution for the corrosion protection of

aluminum alloys, which is a key requirement for aircrafth@sWS Air Force extends the
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lifetime of its fleet™® The downside of epoxy silicate sol-gel coatings when compared to
chromate conversion coatings is that the sol-gel films cannot passivate gedeaneg

In 1985, Wilkes et &t first reported successful preparation of a new type of
organic-inorganic hybrid material by the reaction of TEOSg&thyl ortho-silicate) and
PDMS (polydimethyl siloxane), which he name@ramers. At approximately the same
time, Schmidt independently reported the successful preparation of ongawic-
inorganic hybrid materials which he termeatthosils (organically bonded or modified
silicates)*®> Ormosils are hybrid organic-inorganic materials formed throulye
hydrolysis and condensation of organically modified silanes withtiwadl alkoxide
precursors>>**" Later on, after other oxides such as Zire also bonded to organic
groups, Schmidt has also used the teonmfocers. **

The sol-gel process, which is mainly based on inorganic polynienz@actions,
is a chemical synthesis method initially used for the preparatf inorganic materials
such as glasses and ceramics. Instead of using metal alkasides precursor for the
sol-gel reaction, alkoxysilanes are used as the only or onkeoprecursors and the
organic groups are introduced into the inorganic network through tbensdarbon bond
in an alkoxysilang?##*%*

One of the attractive features of the sol-gel process is ithahables the
preparation of numerous types of new organic-inorganic materidls improved
thermal, mechanical, optical, and electrical properties such agXidstmaterials which
are either impossible or extremely difficult to synthesize amy other proces§”
3853871389391 The numerous applications of these materials include saattfabrasive-

resistant hard coatings and special coatings for polymerteriaa, metal, and glass
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surfaces™ "% Specifically for mild steéf® and aluminum 2024 alloy€“** widespread

uses of these ormosil materials have been reported.

1.13.1 Typesof Sol-Gels

Silanes used for ormosil manufacture are a family of orgammsiimonomers
with the general formula R-Si(OR;)where R is an organofunctional group and R’ is
usually a methyl or ethyl group. In an aqueous environment, the alkouy gydrolyzes
to form a silanol R-Si(OH) which in turn forms a chemical bond with the hydrated
oxide film.*®*" The other functional group on the silane molecule, R, may bond strongly
with the polymer resin base of the paint coating. Introduction oétbegalently bonded
Si-R groups allows chemical modification of the resulting nmatsrproperties. The
inorganic components tend to impart durability, scratch resistamu, improved
adhesion to the metal substrates, while the organic components centakintreased
flexibility, density, and functional compatibility with organic polymermiaystems:°

Precursors, which generally are di- and tri-functional silampes) a wide range of
sizes, chemical reactivities, and functionalities. The use efupsors containing non-
hydrolyzable Si-C bonds, such as bifunctional or/and trifunctional gdidexes
(R'wSI(OR).n, N = 1-3, R = alkyl, R’ = organic group), allows introduction of oiga
groups directly bonded to the polymer-like silica netw8**¢** Trifunctional
alkoxysilanes are more commonly used as precursors than otheysaios precursors
because a variety of such silanes are commercially availaide bifunctional
alkoxysilanes have to be used in the presence of higher functiopiityrsors in order

to form a three-dimensional netwotk:*°
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Ormosils can be divided into three categories based on their atiepanethods.
In type A, the organic such as a dye, is mixed into the sdieggetl solution, such as
triethanolamine (TEOA) in alcohol. On gelation, the organic is trppethe porous
silica matrix. It is assumed that no chemical reactions loacarred between the two
constituent§”*“* In type B, a porous oxide gel is first formed, in which the poyasid
pore size is controlled by heating. An organic solution is thenagmated into the pores
of the gel. The organic phase is then solidified via polymerizatimhaananocomposite
is formed such as para-methoxy-methamphetamine (PMMA) im.sHitll, no chemical
bonds usually exist between the organic and inorganic pffds&sn type C, the organic
solution is added to the oxide gel liquid solution but unlike type Ayeanical bond is
formed between two phases or the inorganic oxide precursor may yalhead a
chemically bonded organic group, such ass8SIEDCH);s prior to the reaction. Types A,
B, and C can further be mixed. The most common system in thgs afldybrids is that
of PDMS (polydimethylsiloxane) and tetraethoxysilane (TEQ®jether, these various
types of Ormosils offer a very wide spectrum of chemistryuctires, and

applications?**%

1.13.2 Corrosion Inhibition Mechanism of Sol-Gel Coatings

Other than versatile coating formulations and ease of applicationr nodaal
conditions, ormosil coatings exhibit increased thickness as compatbdirtanorganic
counterpart$”“® Thus, sol-gel derived coatings provide good corrosion protection for
various metal substrates, such as Fe, Al, and Zn, due to theiy abiliorm a dense

barrier to the penetration of water and corrosion initiators talgog with their good
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adhesion properties, and chemical interi&sdt should be noted however, when
adsorbed initially, the silane actually is highly hydrophilicbécomes hydrophobic by
loss of water molecules only after the «cure of the paint. This
hydrophilicity/hydrophobocity dual nature is a unique property oheganot shown by
any other existing interface modifiers. Interfaces modifiecksitgne perform well even
under paints which are poor in terms of permeability, porosity oiebgroperties, since
the hydrophobic nature of organo-functional groups limits the degjrbgdration, and
reduces the degree of adhesion [853he reduction in adhesion of paints on non-silane
treated aluminum surfaces after exposure to an aqueous environmssbcsated with
the transformation of the aluminum oxide film beneath the paintngp#bi a hydrated
oxide, which adheres poorly to the aluminiifiThus the silane processes do not require
the same high-cost paint systems as chromates do, which israadtia@tage of these
novel treatment$.”**

Another important aspect of corrosion protective coatings is flegetcoatings
should be barriers between the coatings and their environment, but no koating
system stops completely the transport of oxygen, water andsocarions to the
coatings/metal interface>*****> Therefore, most corrosion control coating systems are
at least two-coat systems, sometimes even three-coamsyste that the topcoat layer
with its hydrophobic polymer composition has the greatest resestantJV, and the
primer and midcoat adhere to the substrate and each other due higliherosslink
density and wet adhesion properties of the polymers that exisirthelowever, the main
reason for multiple-layer coating systems overall is the taobal decline in the

probability of one defect area overlying another, thus preventing 2edaktorrosion.
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Therefore, the same final thickness of coating applied by nmiltaters will give a
significantly better performance than that of a single layer of this thisKftes

Despite the fact that sol-gel coatings do not have thehealing ability of
chromate conversion coatings, they still effectively inhibit aiartypes of corrosion,
such as uniform corrosion, provided that there is no coating fadumes coating failures
may lead to excessive pitting corrosion for aluminum alloyparticular'®* Corrosion
resistance behavior of sol-gels is related to the crosslinkingeopolysiloxane to the
metal alkoxide with the formation of M-O-Si bridges and to the &iom of
polymetallosiloxane-Al interfacial chemical borit#s Thus it is desirable to improve the
chemical interaction between the first monolayer of the coatadgtlae substrate such
that electrochemical reactions like the reduction of oxygennduibited and bonds may
withstand the attack of water and other aggressive species lik&'GH

The adsorption of organic compounds on metal substrates is generadtyeal
by two ways. Organic compounds are either adsorb from the theoBlertsimilar to
other conventional inhibitors or adsorb onto the metal surface by catidengsom the
vapor phase similar to that of volatile corrosion inhibitors, suchapholine, hydrazine
or hexylamine salts. With no significant e-transfer between the substicithe adsorbed
molecule, this pure electrostatic adsorption process is calleispitptson, which is fast
and reversible due to low activation eneftfy”® However provided that eransfer
occurs due to orbital overlap between a single pair of electraihe @dsorbed molecule
and empty bonds of the solid, physisorption becomes chemisorption, whicghlg hi
irreversible. Chemisorption is slower than physisorption and it mregjhiigher activation

energy. In contrast to physisorption, it is specific for certagais. On the other hand,
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the inhibitor should have free singlepairs, orrz-electrons for chemisorptions to occur.
Based on Lewis acid-base concept, higher polarizability of theveddieteroatom leads
to stronger chemisorption. The inhibitor is thesdenor and the metal is-acceptor in
agreement with the soft and hard acid and base theory (HSAB).

Silane coupling is adherence of the organosiloxane-modified natural grotgm
the aluminum surface in the form of chemisorption. As a resuhtisfcoupling, sol-gel
derived thin films highly adhere to metal surfaces, which is aoefir by bond strength
measurements in the literatdf®. Chemisorption of silanes is provided by their
hydrolysis in humid atmospheres to silanolg-nSi(OH),. Following hydrolysis,
condensation occurs through reactions between —OH or —COOH groups onytherpol
precursor, the silanol groups from organosiloxane side-chains, and hydpegies
present on the aluminum surface. The hydrolysis of the silang@ésted to be the rate-
determining step and polymerization begins when hydrolysisdgynénished:* The
commonly used silane coupling agents have the structy&(Ct,),Y, where X
represents a group that can hydrolyze, such as methoxy or ethodyY an
organofunctional group such as chlorine, amine, epoxy, or mercapto-sedsatiayl
groups. Non-functional silanes are very similar to functionahedain their structure,
except that they have hydrolyzable Si-O-C bonds on both ends, andtarekbewn as

cross-linking agents?

1.13.3 Synthesis of Sol-Gels

Synthesis is typically described by two steps; first hydislgé metal alkoxides

to produce hydroxyl groups, followed by polycondensation of the hydmgrogps and

61



residual alkoxyl groups to form a three-dimensional network. Thestiaes are as
follows; "
Hydrolysis Reactions
Si(OR) + O «—— (HO)SI(OR) + ROH (Eq. 1.28)
(OH)SI(OR} + HLO «—» (HQPBI(OR) + ROH (Eq. 1.29)
(HO)Si(OR) + HLO <«—— (HQPI(OR) + ROH (Eq. 1.30)
(HO}Si(OR) + HO <«—> Si(OH)}+ ROH (Eq. 1.31)
General Hydrolysis Reaction:
M(OR)x + xH,O —, M(OH)+ xROH (Eg. 1.32)
Alcohol Condensation (Alcoxolation)
=Si-OR + HO-SE <«—» =Si-0-Si= + ROH (Eq. 1.33)
Water Condensation (Oxolation)
=Si-OH + HO-S& <—» =Sj-O-SE + HOH (Eq. 1.34)
General Condensation Reaction:
2M(OH)Y — (OH)1M-O-M(OH) .1 + H,O (Eq. 1.35)
The hydrolysis rate is high under an acidic environment relatvéhat of
condensation, and acid catalysts promote the development of moreolirpedymer-like
molecules in the initial stages. In addition to the pH of theti@mgaahe concentration of
reagents and the size of the alkoxy group can also influence thelysyslrand
condensation reactions through a steric or leaving-group stabilegtefAs a result,

species such as tetramethoxysilane (TMOS) tends to be madivee than

tetraethoxysilane (TEOS}>**
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Gelation

The condensation reaction leads to the formation of a sol, which ceasb@to
films, fibers, or blocks and then gelled through continued condensatiomgel pbase in
sol-gel processing is defined and characterized as a thresslonal solid “skeleton”
enclosing a liquid phase. Both liquid and solid phases are continuous aotioafat
dimensions. The solid phase is typically a condensed polymeric soé e particles

have cross-linked between themselves to form a three-dimensional néffvork.

Drying

When the gelled materials dry, capillary forces cause shmnkédghe flexible
skeleton. The skeleton stiffens as it shrinks until the gel cdrstard capillary pressures
at which point the pores empty leaving a microporous solid xeroglfil&s can be
formed on a substrate by two methods, immersion and non-immersion, (@ipaspin-
on, etc.) Sol-gel based coatings must be designed to contain and delivge non-
chrome inhibitors at a rate to maintain effective concentrations in the cegsiteagn®®
Highly organic films do not adhere to the metal surface welsymably due to the low
inorganic content and insufficient concentrations of Si-OH groups to procwalent
Si-O-Al bonds with the underlying metal surface. In addition, higitosity Ormosils
produced using low hydrolysis water content do not flow evenly over ubstrate
surface, producing differences in texture at regions wherdaelatcurred. On the other
hand, ormosils prepared from high water content do not wet the alunsindace well

due to high surface tension of the mainly aqueous sol, resulting ynthiar unevenly

coated films. Therefore, appropriate inorganic/organic ratio andrwantent are very
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important for the formation of good quality, corrosion resistant, bafitiras highly

adherent to the underlying metal substféte.

1.13.4 Incorporation of Corrosion Inhibitive Pigmentsinto Sol-Gel Coatings

The main protection mechanisms of coatings in generdf‘are;

1. Creating a path of extremely high electrical resistance,itthilsiting anode-cathode
reactions.

2. Creating an effective barrier against the corrosion reagtgmimarily water and
oxygen.

3. Providing an alternative anode for the dissolution process.

4. Passivating the metal surface with soluble pigments.

The first corrosion protection mechanism of organic coatings, thatdseate a
path of extremely high electrical resistance between anodesatimaties, is probably the
most important one al$6’ This electrical resistance reduces the flow of currentablai
for anode-cathode corrosion reactions. One way to achieve this ilscdagporate
corrosion protective pigments into the coatings. Inhibitor pigmentsircaease the
electrical resistance in the coating due to their unique gdlyproperties or due to the
physical properties of their products they form in the coating.

In addition to the inhibitive pigments, which contain the anodic/cathodic and
mixed inhibitor types, those described earlier, there are twe wlasses of inhibitors
commonly incorporated into protective coatings. These two inhibitor pigtypes are

barrier and sacrificial pigments.
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Barrier Pigments

Barrier pigments are chemically inert, flake or plake-lshaped particles, such as
MIO (micaceous iron oxide) particléS. The term micaceous refers to its particle shape,
which is flake-like or lamellar shape. In addition to providinigaarier against diffusion
of aggressive species through the coating, barrier pigmentspadsade mechanical
reinforcement to the paint film and when present in the topcoat daeyalso block
ultraviolet light, thus shielding the binder from this destructive form of raadiati >
As a result, barrier pigments can be incorporated into primemmatBate coat, or
topcoat since they are chemically inert and do not react with the metad unflibitive or

sacrificial pigment$>*

Sacrificial Pigments

Sacrificial pigments usually contain zinc in the form of zinctdus large
amounts. When in electrical contact with the steel surfacejribditm acts as the anode
of a large corrosion cell and protects the steel cathode. In otrdswznc sacrificially
corrodes instead of steéf.In addition to sacrificially corroding, zinc dust also provides

barrier action due to formation of its insoluble corrosion prodi€ts’

Inhibitive Pigments
Inhibitive pigments are soluble species, such as molybdates or phospltatts
are carried to the metal surface, where they inhibit corrdsygmassivating the substrate

surface mostly by forming protective filfi$. Solubility and reactivity are critical
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parameters for inhibitive pigments with too much of both parameters, coatinglafgmna
occur due to blistering and delamination.

Prior to this investigation, a sol-gel coating for Al 2024-T3ylhas been
developed and found successfdl. Therefore, the purpose of this study has been to
enhance the corrosion inhibitive properties of this particular solegeting by
incorporating inhibitor pigments into its structure. For the purposdisfstudy, only
inhibitive pigments are put into test, although inhibitive pigments oir tfeaction

products can act like barrier or sacrificial pigments as well.
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CHAPTERIII

SYNTHESISAND CHARACTERIZATION OF OXYANION ESTERS OF

a-HYDROXY ACIDSAND THEIR SALTS

2.1 Introduction
In this investigation, environmentally friendly metallo-organic rasion

inhibitors for protection of mild steel and certain aluminum allags being sought to
replace hexavalent chromium based corrosion inhibitors. For this reaseerals
corrosion inhibiting species such as hydroxyacids and metal oxyameescombined in
a single compound with the general formula, ,((Mydroxyacid)(M‘aOb)z. These were
tested alongside the individual components in order to determine whiethemwere any
synergistic interactions. It is important to note that most ef ¢hosen individual

components are corrosion inhibitors that were previously commercialized.

Some of these species such as gluconates were commerciaiyplaveesulting
in their direct use with no synthesis required. The common comaherse for these
readily available gluconates is in the field of medicinal headt nutritional supplements.
Such gluconates of zinc, calcium, magnesium and sodium were used shed te
throughout this study as corrosion inhibitors, precursors, or constituestmeigistic

corrosion inhibitor formulations.
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211 D-gluconic acid

D-Gluconic acid or 2,3,4,5,6-pentahydroxyhexanoic acid is an orgamipaund
with the formula of HOCKH{CHOH),CO,H. Reported pKa values of D-gluconic acid are
in the range of 3.443.86 with 3.60 the most common. Thus in aqueous solutions at
neutral pH, gluconic acid produces the gluconate ion, which forms gleceakis with

corresponding metal ions, known as gluconates.

HO

O HO OH

Figure2-1 Structure of D- gluconic Acid

Gluconic acid and gluconates occur widely in nature due to oxidatighuodse,
while in chemistry D-gluconic acid is widely used as an igffict masking reagent for
cations For the purposes of this study, a 50% weight solution of D-gluconicveas
used as a precursor to synthesize gluconate salts that areadily available such as
borogluconate, aluminum gluconate and chromium gluconate. In addition te i&s @&
precursor, D-gluconic acid has been tested for corrosion inhibiffarieecy via the

weight-loss method.

2.1.2 Zn(gluconate),
Zinc gluconate or zinc (2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanoate is a

popular form for the delivery of zinc as a dietary supplemerd.ftiund naturally, while
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industrially it is manufactured via fermentation of glucose. Ipite form, it is a white
to off-white powder. It can also be manufactured by electrobpidation, which yields a
lower microbiological profile with longer shelf life, althoughist a more expensive

process.

Zinc(ll) aqua complex reacts with gluconate ion to form monovatemt gluconate

complex, which leads to the formation of divalent zinc gluconate complex;
[Zn(OH,)e] 2 +HO-CHy-(CH-OHW-COO «_, {Zn[HO-CH-(CH-OH),-COO]} **
(Eg. 2.1)
{Zn[HO-CH,-(CH-OH),-COO]} ** + HO-CH-(CH-OH)-COO  +—>
Zn[HO-GHCH-OH)-COO], (Eq. 2.2)

Formation constant of divalent zinc gluconate is intlicating a relatively low-

strength compleX.

Zinc cation mostly forms octahedral complexes, however its hedral
complexes are also known. A tetrahedral structure might be favoeieous solutions
due to charge neutrality and the size difference between the aiion avith that of

gluconate anion as pointed out in the literatlre.

In this investigation zinc gluconate has been used both as a preandsas an
individual corrosion inhibitor. It is favored due to the additional corrosionbitibin

property provided by zinc cations.
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2.1.3 Ca(gluconate),

Calcium gluconate is commonly used as a mineral supplemasitthié form of
calcium most widely used in the treatment of hypocalcemiai@algluconate has also
been used extensively in this study for the same reason\@glaconate. Calcium

gluconate is also a coordination compound with a low stability constant 8f 1.21

2.1.4 Mg(gluconate),

Magnesium gluconate is used as a supplement to maintain adequate magmesium
the body and is used to treat low blood magnesium. The latter conditicaused by
gastrointestinal disorders, prolonged vomiting or diarrhea, kidney djseaszertain
other conditions. Certain drugs lower magnesium levels as waljnbkium gluconate
was tested for its corrosion inhibition efficiency in this invgsiion for comparison to
other gluconates with different cationic constituents. It has not bsed as a precursor.
Similar to the aforementioned gluconate salts magnesiunomgie is a coordinaton

complex compound with a low stability constant of 6.70

2.1.5 Na(gluconate)
Sodium Gluconate is a high quality crystalline sodium salt of glacaaid. It
appears as white crystals that exhibit high solubility. This cwmesive, non-toxic and

highly pure gluconate is an excellent choice when dry matesigbréferred. Like
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magnesium gluconate, sodium gluconate also has not been used as sopeulihas

only been tested for its corrosion inhibition efficiency in this investigation.

2.2 Other Readily Available Compounds

Readily available compounds could be further categorized basediondbeas

corrosion inhibitors, precursor, or both.

2.21 Readily available compounds solely tested as corrosion inhibitors

These compouns included L-lactic acid, aluminum acetate hydrekadbdized
with boric acid, aluminum lactate, chromium acetate hydroxide nwneial chromium
oxyhydroxide, chromium acetate molybdate, and MEEA
{[(methoxyethoxy)ethoxy]acetic acid} that is tested for alam corrosion inhibition.
MEEA is used in synthesis of carboxylate-alumoxanes, that sevprecursors for
developing aluminum-based ceramic membranes and il the coating procedure

based on carboxylate-alumoxanes is economical and environmentally Bénign.

2.2.2 Readily available compounds solely used as precur sor

Among these compounds were benzilic acid, octanoic acid, caproichatydic
acid, propionic acid, acetic acid, methoxy acetic acid, gallid, amsandelic acid, tartaric
acid, aluminum acetate hydroxide, chromium nitrate, chromium chloridgjbdenum
trioxide, vanadium oxide, potassium carbonate, sodium hydroxide, ammonium

hydroxide, potassium hydroxide, sodium tetraborate, iron nitrate, and zinc nitrate.
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2.2.3 Readily available compounds used both as precursor and corrosion
inhibitors
Examples to this category of compounds are boric acid, D-glucbsemium

acetate in addition to the gluconates explained individually in the first section.

2.3 Synthesis

Salts ofa-hydroxy acids, that were not commercially available, vegrehesized
by reacting the correspondimghydroxy acid with metal cation hydroxide, carbonate, or
acetate. All reagents were ACS reagent grade or higher aul wighout further
purification. Small amounts of reactants, such as 20 mmols equalongetequivalance,
were refluxed in 100 ml up to several hundred ml of distilled wates few hours up to
a period of overnight, followed by the isolation of product mostly viaryogvaporation
or by precipatition in methanol given the product is not soluble in methBxamples of
hydroxy acid salts synthesized via described method wergludt{natejOH,

B(gluconatejOH and Cr(gluconate)Please refer to Table 2-1 for further details.
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Table 2-1 Designated Reagent/Solvent Amounts for Synthesis Reactions

Amount Water/Soln. Additional
Product Reagents
(mmols) (ml) Information
Calcium Calcium Gluconate 20 100
Gluconate Molybdenum Trioxide 20
Zinc Gluconate Zinc Gluconate 20 100
Molybdate Molybdenum Trioxide 20
Calcium Calcium Gluconate 20 100
Gluconate Vanadium Penta Oxide 10
Zinc Gluconate Zinc Gluconate 20 100
Vanadate Vanadium Penta Oxide 10
Potassium Potassium Carbonate 10 200 Room Temp.
Benzilate Benzilic Acid 20
Potassium Potassium Benzilate 20 200
Benzilate Molybdenum Trioxide 10
Potassium Potassium Benzilate 20 200
Benzilate Vanadium Pentaoxide 10
Calcium Calcium Gluconate 20 200
Gluconate Borate Boric Acid 20
Zinc Gluconate Zinc Gluconate 20 200
Borate Boric Acid 20
Potassium Potassium Benzilate 20 200
Benzilate Borate Boric Acid 20
D-Gluconic Acid Soln. 10 96 or 98 ml water,
Borogluconate
Boric Acid 10 or 20 100 ml soln.
D-Glucose 20
Boroglucose 100
Boric Acid 20 or 40
Aluminum D-Gluconic Acid Soln. 400 75 ml water, 1896+
Gluconate Aluminum (Acetate) 200 150 ml soln.
Zinc Benzilate Zinc Chloride 20
100. room temp.
Potassium Benzilate 20

Molybdate
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Table 2-1 (Continued)

Amount Water/Soln. Additional
Product Reagents
(mmols) (ml) Infor mation
Chromium D-Gluconic Acid 30 88 or 94 ml water,
Gluconate Chromium Acetate 10 100 ml soln.
Chromium Methoxyacetic Acid 30 100
Methoxyacetic Chromium Acetate 10
Chromium Chromium Gluconate 30 150
Gluconate Borate Boric Acid 30 0r 60
Chromium Gluconate- fired at
lg 66.86%**
Chromium Borate 1borate 350°C
Chromium Gluconate- 1g fired at 73 7106+
2borate 380 °C
Chromium Chromium Borate 20 100 room temp-
Chromium Chromium Gluconate 20 100
Gluconate Molybdenum Trioxide 20
Chromium Chromium Gluconate 20 100
Gluconate Vanadium Pentaoxide 10
Sodium Octanoic Acid 500 500
Octanoate Sodium Hydroxide 500
Chromium Sodium Octanoate 500 250
Octanoate Aqua Chromium Nitrate 167
Sodium Caproate Caproic Acid 500 500
Sodium Hydroxide 500
Chromium Sodium Caproate 500
500 3
Nona Aqua
Caproate d 167
Chromium Nitrate
Hexaaqua 23 ml of 30% NHOH
45
Chromium Chromiumtrichloride diluted to 100 ml +
62.4%*
Hydroxide _ _ 500 ml water =
2N Ammonium Hydroxide 200
600 ml soln.
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Table 2-1 (Continued)

Amount Water/Soln. Additional
Product Reagents
(mmols) (ml) Infor mation
0.05M Nona Aqua 200 ml of first +
. 10
Chromium ) )
Chromium Nitrate 600 ml of second, 58.3%*,4
Hydroxide 0.05M Potassium
30 800 ml total soln.
Hydroxide
Sodium Tetraborate 20
Chromium Nona Aqua 1 of first, _
fused using a torch
Tetraborate Chromium Nitrate or 3.5 of
Chromium Acetate second
Sodium Tetraborate 15 50 ml of the first
Chromium
Nona Aqua added to 400 ml of 75%
Tetraborate 10
Chromium Nitrate the second = 450 ml
Iron Nitrate 10
Iron Chromium N A
ona Agua 20 250 90%
Tetraborate Chromium Nitrate
Sodium Tetraborate 45
Butyric Acid 500
Sodium Butyrate 500
Sodium Hydroxide 500
Chromium Sodium Butyrate 300
250 !
Nona Aqua
Butyrate d 100
Chromium Nitrate
Sodium Propionic Acid 500
500
Propionate Sodium Hydroxide 500
Chromium Hexa Aqua 100
8
. Chromium Chloride 250
Propionate : :
Sodium Propionate 300
Methoxy Acetic Acid 300 23 ml of first + 227
Sodium Methoxy
ml water = 250 ml
Sodium Hydroxide 300

Acetate
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Table 2-1 (Continued)

Product Reagents Amount Water/Soln. Additional
(mmols) (ml) Infor mation
Chromium Hexa Aqua 100
, , 100 o
Methoxy Acetate Chromium Chloride
Sodium Methoxy Acetate 300
Ammonium Ammonium Hydroxide 20 100
Mandelate Mandelic Acid 20
, Zinc Nitrate 15 o
Zinc Mandelate 150 75%
Ammonium Mandelate 15
Sodium Tartrate Sodium Hydroxide 20 100
Tartaric Acid 20
Zinc Tartrate Zinc Nitrate 40 150
Sodium Tartrate 40
Ammonium Ammonium Hydroxide 100 250
Gallate Gallic Acid 100
Zinc Gallate Zinc Nitrate 50 150
Ammonium Gallate 50

*ceramic yield

**ceramic yield for chromium gluconate with one equivalence of borate

*** ceramic yield for chromium gluconate with two equivalences of borate

! reflux leads to oxidation of €rto CFP*

2 yield calculated w/ respect to product formula of CrOOH, result suggested
dihydrate structure

% Product is slightly soluble in methanol

*using reagents with 0.01 M concentration did not result in precipitation

> wirespect to product formula of £B4O)s

® wirespect to product formula of FeCk(®)3

" Product is soluble in methanol
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®Due to oxidation of chromium nitrate, chromium chloride was preferred. Product
is slightly soluble in water. Ethanol was used to purify product from NacCl.

% Ethanol was used to purify product from NaCl

19 wirespect to product formula of sodium mandelate

Additional Information

Unless stated all products were obtained via reflux. Exceptions werensaait

room temperature, at 350 °C, and at 380 °C.

e D-gluconic acid was available as a water solution, thus water from the reagent
solution in included in total water amount as well.

¢ In addition to the mentioned amounts of reagents, very high amounts of reagents
were also used in the same proportions to synthesize products in bulk amounts
when needed in weight-loss and salt fog chamber tests.

e Yield was not measured for many products, in particular for gluconate isdlts a

their esters due to their very high hygroscopic nature leading to errors.

2.3.1 Synthesisof Gluconate Salts
Al(gluconate),OH
Al(gluconate)OH was synthesized by reacting Al(acetg@d®) and D-gluconic
acid via reflux for overnight. Thermogravimetric analysis ofgheduct conducted using
a Seiko EXSTAR 6000 TG/DTA 6200 instrument with temperature ranmped 25°C
to 1000C at a rate of C/min under a 50 ml/min flow of dry air, revealed a single
decomposition step above 400 °C corresponding to oxidation of the gluconate. The

ceramic yield was recorded as 18 %.
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Figure 2-2 Thermogravimetric Analysis of Aluminum Gluconate Hydroxide

B(gluconate),OH and B(glucose)

Boron gluconate, or with its more common name borogluconate is usezhto t
hypocalcemia, also called parturient paresis and commonly cailledener, in the form
of calcium borogluconaté:**

Calcium Borogluconate is one of the most widely used calciuts $ad the
treatment of hypocalcaemia, since it is more soluble, morelyapbsorbed, and less
irritating than calcium gluconatg.

B(gluconatejOH was synthesized via reaction of D-gluconic acid with borid, aci
while boron glucose was synthesized via reaction of D-glucose aric acid. Both
products were soluble in methanol, thus they were isolated via retaagoration.
Different from the other tested metal oxyanion salts, structuberogluconate is likely a

monovalent complex in which gluconate is a bidentate ligand.
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Cr(gluconate)s

Chromium gluconate in the form of violet crystal powder is useth@additive
of medicine or food. It is easily absorbed by human body and séov@somote
childhood growth and cure diabetes, arteriosclerosis, coronary hesasediand myopia
of young boys and girls. It is a marvelous nutritional supplemenake when on a
weight-loss diet and is sold in vitamin stores. Thus, chromium glteaves synthesized
due to trivalent chromium compounds are much more acceptable enviralyndrdn
hexavalent chromium compounds as corrosion inhibitors. One equivalence of
Cr(acetate)is refluxed with three equivalences of gluconic acid in ad@afit amount of
distilled water. Gluconate replaces acetate in time to fdme desired product of
chromium gluconate. The reaction proceeds slowly due to the low spludfilacetate.
Only after several hours gluconate starts to replace thatacettensively, thus this
particular reflux process took more time than the other glucmatheses. After the
reflux, the solution was cooled down and evaporated via rotary evaporgtierfinal
precipitate was dried in vacuum to yield a dark violet-black solmdo@ium gluconate

complex is also reported in the literatdte?

2.3.2 Synthesisof Gluconate Esters of Selected Oxyanions

Synergistic combinations of corrosion inhibitors have been the most gangmi
candidates for the replacement of hexavalent chromium compounds. Foeabis,
benzilate and gluconate salts were reacted with molybdenum, anduwanaddes and
boric acid to produce the corresponding esters. Most often 20srohgluconate salt

was reacted with sufficient amount of metal oxyanion in 100 r20tml distilled water.
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Three metal oxyanions used as reactants with gluconates; thuslithaniy reactions

were performed,;

M(gluconate) + MoOs 1) reflux/tO »  M(gluconatejmolybdate (Eq. 2.3)

2) precipitation/methanol

1) reflux/H,0O

2M(gluconate) + V.05 »  2M(gluconateyjanadate (Eq. 2.4)

2) precipitation/methanol

M(gluconate) + HsBOs 1) reflux/H,0

—»  M(gluconate)borate (Eqg. 2.5)
2) precipitation/methanol

where M = ZA* or C&*,

Various complexes of molybdenum and vanadium with gluconic acid have been
reported in the literaturé:’

In addition to calcium and zinc gluconates, trivalent chromium gluesnaere
used as reactants with proper stoichiometry. After completiorflokyeesulting solution
was partially evaporated until a concentrate solution is obtainerbtasy evaporation.
The saturated solution was then added dropwise to 100 ml to 200 mthanoleunder
constant stirring for precipitation of the product. The product wasfthered followed
by rinsing with acetone to remove excess water. Finallyptbduct was isolated after
drying in vacuum. Products with various colors such as dark blue-purple
Ca(gluconatejmolybdate, navy-black Cr(gluconageolybdate or dark green-black
Cr(gluconatejvanadate were synthesized.

Although the same method has been used for the synthesis of all glunwatat

oxyanion esters, not all the products could be isolated due to their Imgigscopic
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nature. Such products were kept in solution form as in the casescofjlaconate
molybdate and calcium gluconate vanadate. Other products, thalessraygroscopic
enough to isolate, were still too hygroscopic to perform gravimetric catmdat

= M=Zn++or Ca++

-1 —2
R

O

HC Q C//
2 \U /
/ [ \

C O———CH
o// °
— R=-(CHOH)%CH,OH R_

Figure 2-3 Structure of Zinc or Calcium Gluconate Molybdate

Synthesis of Cr(gluconate)s.xbor ate

Chromium gluconate borate was synthesized with both one and two eqceglen
of boric acid per equivalence of Cr(gluconatdBoth mixtures were refluxed for two
days in sufficient amount of water and after isolating the prodtiaty were obtained as
black and hygroscopic solids. Attempts to obtain a less hygroscopic phogwsther
decreasing the amount of water in the solution or purification oflih@mium gluconate
beforehand, or changing the reaction time were not effective.

Thermogravimetric analyses of both chromium gluconate boratesaled that
increasing the proportion of the boron constituent within chromium gluednatate
ester resulted in an increase in both the decomposition temperamrgd50 C up to 380

°C and the ceramic yield from 21% to %28.
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Figure 2-4 Thermogravimetric Analysis of Figure 2-5 Thermogravimetric Analysis of
Chromium Gluconate Borate with One ~ Chromium Gluconate Borate with Two

Equivalence Equivalences

Similar to the other metal oxyanion esters of gluconates, chromiuoonate borates

were also very soluble in water.

2.3.3 Synthesesof Benzilate Saltsand Their Metal Oxyanion Esters

Benzilates were expected to be promising complexing agents fyifioaruse in
synergistic corrosion inhibitor formulations. The primary reasontita consideration
was the relatively lower solubility of benzilates compared lt@wapates, which could
lead to optimum corrosion protection since most of the inhibitor fatioms inhibit
corrosion eventually by precipitating on anodic and cathodic sitesrewhether
corrosion reactions are blocked.

For the syntheses of metal oxyanion benzilates, first potassiuniabenzas

synthesized by dissolving 20 mmols of benzilic acid in about 200 milletistvater.

118



Later 10 mmols of KCO; was added to the stirred benzilic acid solution at a rate that
avoided foaming of the solution by the released carbon dioxide.

Next the potassium benzilate solution obtained from the first\steprefluxed
with the corresponding metal oxide in water until a clear soluttes obtained. The
products were relatively easier to isolate than the correspogtlingnate esters due to
their less hygroscopic nature. An exception was dark gray-blacknKilate)vanadate
that was kept in solution due to its highly hygroscopic nature compagtier benzilate
esters. After several months the initially soluble K(benzNateddate particles were
observed to precipitate out of the solution forming a brown pre@ptiampared to the
initial dark grayish color. Filtering this solution and attemptingedissolve it in water
easily led to the formation of a suspension that is stable for several days.

K(benzilate) + Mog —L)rEMUX/HbO » K(benzilate)molybdate  (Eq. 2.6)

2) precipitation/methanol

1) reflux/H,0O

2K (benzilate) + YOs » 2K(benzilate)vanadate (Eq. 2.7)

2) precipitation/methanol

K(benzilate) + HBO; _1) reflux/H0 > K(benzilate)borate (Eq. 2.8)
2) precipitation/methanol

It is reported in the literature that molybdenum(VI)-benziliad agystem forms stable
complexes®*® One of these complexes is in dimeric structure similar tstheture of

gluconate molybdate complex as shown in Figure 2-3, while the athgvlex consists
of two benzilate ligands along with two molybdenum cores connectexkygen bridges

with formation constants ¢ = 17.35 for the former arfti= 29.07 for the latte?’
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Complexes of vanadium(V)-benzilic acid are also mentioned in ti@tiire, however
these complexes usually seem to involve another ligand as welasymmidine, thiol, or
salen’®®

In addition to the salts and esters of benzilic acid and glucord¢ salis of lactic acid,

methoxyacetic acid, D-glucose and a few others were alsthesized via similar

methods.

234 Synthesisof CrBO3

TGA analyses of the previously synthesized Cr(glucopaterate samples
revealed decomposition temperatures of 350 °C and 380 °C, for Cr(glugdrmteate,
and Cr(gluconatgRborate, respectively. The samples were fired overnight
corresponding decomposition temperatures under ambient conditions. Wesgist doe
to firing the samples were recorded in the range of 68.89 % to Z8iBdicating the loss
of bulky gluconate groups. Preliminary XRD of the fired Cr(ghate).xborate samples
revealed mixed phases due to possible byproducts and excess reactantsh®pbadds
was found to be boric acid. Therefore, fired Cr(gluconateyrate samples were washed
and stirred with sufficient water overnight and then filteredofeihg by drying in
vacuum yielding a black colored product. The washing solution had a yebtw,
suggesting that some chromium oxidized to hexavalent chromium dirig Presence

of hexavalent chromium was also confirmed by weight-loss tesstgy the nonpurified

at

batch of chromium borate, which had inhibited corrosion of mild steel successfuitg unl

the purified batch. The additional weight-loss, after thorough wagsliitgying and

drying processes, was recorded as 10.4 %. XRD of the purifiedugtr after firing
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revealed the product was amorphous. The absence of crystalline iegoumdicated
successful purification. Weight-losses due to firing of chromium aglate borate
suggested the product formula to be CsBO

Thermogravimetric analysis of this purified CrBOsample revealed a
decomposition temperature of 670 °C. Overnight firing of the sam@&GaiC resulted

in a product that had a one-to-one match with XRD pattern of chromium oxide.

i B A e i b i

17 20 a0 40 50 B0 T

2-Theta - Scale

Figure2-6 X-ray Diffraction Pattern of Sintered CrBO

The same result was also reported in the literature thiady fri chromium borate results

in the formation of GO3.>"°

2.3.5 Synthesisof CrO(OH)

A few milimoles of purified CrB@Qwas added to 100 ml of NaOH and stirred for

12 hours. The solution was filtered and a green product was obtainedirgftey in

121



vacuum. A high yield of 96.8% was recorded. In the literature, gregnegoits based on
CrO(OH) with low hardness and low particle sizes along with laigloring ability are
manufactured for use in cosmetics by calcination of a 1:4 atietial dichromate-gBO3
mixture at 600 “C to 800 °C. Also known with its common name in cosmetiosmium
hydroxide green is approved by the FDA (U.S. Food and Drug Admainiest) for use in
cosmetics to be applied to the skin and eye &rea.

The CrOOH produced in this investigation had a small partizeeaid dispersed
well in water and sol-gel coating. Dynamic light scattenhg sample dispersed in water
by 15 minutes of sonication gave an average particle size of 318withh a
polydispersity of 0.388) indicating the CrOOH pigment is nanoparteula addition,
the method used for synthesis is a straightforward, one stepreachich is performed
at ambient conditions rather than syntheses via calcinations, whophire high
temperatures.

Suspensions of synthesized chromium oxyhydroxide remained stableaover
period of one week, but eventually precipitated out due to agglomeddttbe particles
thereafter, parallel to the results obtained in other studidseititerature’™ UV visible
spectroscopy of the suspended sample of commercial grade CrO(@ith was
conducted using an HP 8453 UV-visible spectrometer via quartwitela 10 mm path
length, revealed a maximum peakiat 267 nm, while UV spectra of suspended sample
of synthesized CrO(OH) also revealed a maximum peak at 269 timAw+ 1.381
matching the value for commercial grade CrO(OH). However, the spectra of
synthesized CrO(OH) resulted in an additional peak at372 nm with an absorption

value of 1.353.
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X-ray measurements did not reveal a crystalline pattern stiggean amorphous
structure. X-ray diffraction studies of nanoparticulate chromiumdxyde prepared via
different methods also yielded amorphous structures as reported in tharktérat

Notably, commercial grade CrO(OH) required sieving with a sieV&5 p
opening to obtain fine particles in contrast to the synthesized GtD(Which had
sufficiently fine particles after synthesis with no requirement of sgevi

Heating chromium borate and sodium hydroxide to obtain chromium
oxyhydroxide was also attempted, however the resulting solutionneltavas dark
yellow in color indicating the presence of hexavalent chromiunoxi@ation of trivalent

chromium.

2.3.6 Synthesisof Zinc Carboxylates

Due to well-known cathodic inhibitive property of zinc cations, syséi
combinations of zinc cations with hydroxy acids were attempted.tli®e purpose,
hydroxy acids with varying solubilities were chosen as reactanth as mandelic,
tartaric, and gallic acids. The first step of the synthesis the formation of the sodium
or ammonium salt of the hydroxy-acid by reacting it withnanium or sodium
hydroxide. The byproducts NNO3; and NaNQwere washed away during filtration. In
the second step, these hydroxy acid salts were reacted witmigiate to form the

desired product.
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Zinctartrate

Zinc tartrate was synthesized from sodium tartrate andntiirate. Zinc tartrate’s
XRD pattern was isostructured to that of manganese tartrate as showaren )
Zinc mandelate

Zinc mandelate was synthesized via reaction of ammonium salaiedelic acid

with zinc nitrate.

Zinc gallate

Like zinc mandelate, zinc gallate was synthesized from ammosalinof gallic
acid and zinc nitrate. Gallic acid has been chosen as a resic@its structure mimics
the chemicals that mussels use to adhere to both inorganic andcagdaces. Among
this group of chemicals of substituted phenols that mussels use-dshyioxy-L-

phenylalanine.

HO 0] OH

HO NH,

Figure 2-7 Structure of 3,4-dihydroxy-L-phenylalanine
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Figure 2-8 X-ray Diffraction Pattern of Zinc Tartrate
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2.3.7 Synthesisof Chromium(l11) Carboxylates

Various chromium carboxylates were synthesized in the searané that was
optimally soluble to incorporate into sol-gel coatings. Among thesboxylic acid
precursors were octanoic acid, caproic acid, butyric acid, propiomica acetic acid

in the order of decreasing number of carbon atoms in the alkyl chains.

) OH 0]
\/\/\j/ \_\_>;OH

o caproic acid
octanoic acid

o) o) o) Q
/\)J\ \)J\ O\)J\ i >
OH OH / OH

butyric acid propionic acid methoxy acetic acid  acetic acid

Figure 2-9 Structures of Carboxylic Acids That were Used for

Trivalent Chromium Carboxylate Syntheses

The first step of the syntheses was preparation of the sodilismby reacting
them with sodium hydroxide. The sodium carboxylates were thenadoéet yellow to
clear yellow color jelly-like substances.

Secondly, sodium salts produced from the first step were reactdd wi
chromium(lll) nitrate in 3:1 proportions to obtain the corresponding chromium
carboxylate. In general, chromium(lll) nitrate was preferred okesmium(lll) chloride

as precursor to avoid corrosion accelerating chloride ions witexiteption of synthesis
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of chromium butyrate, in which byproduct sodiumrati¢ was observed to decompose

into nitrogen dioxide during filtration.

Chromium Octanoate and Chromium Caproate

Both chromium octanoate and chromium caproate \peeeipitated out of the
solution during reflux due to insolubility in wateExcess water, which contains the
byproduct sodium nitrate, was decanted. Chromiutanmate was dried in oven at 55 °C,
while chromium caproate was first dissolved in maethl due to its sufficient solubility
unlike chromium octanoate followed by its dryingsét°C after evaporation of methanol.
Cleaning of glassware containing both chromium eat@ and chromium octanoate was
proven to be difficult. Both chromium octanoate actttomium caproate were very
viscous products such that nitric acid has been tseclean the glassware containing

both products.

Chromium Butyrate

Chromium butyrate formed a suspension in water,ttegre was no phase
separation after the reflux unlike chromium cardatgs with longer alkyl chains. The
product was thoroughly washed with water and ®iterafterwards to remove the
byproduct sodium nitrate. Subsequent vacuum dryietyled a green colored product.
Chromium butyrate forms suspensions in water anthamel as implied by dynamic

light scattering measurements in Figure 2-11 agdrei 2-12.
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Cr(butyrate); in water Cr(butyrate), in methanol
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Figure2-10 Dynamic Light Scattering Figure 2-11 Dynamic Light Scattering

Result for Chromium Butyrate in Water Result for Chromium Butyrate in Methanol

Attempts to crystallize chromium butyrate for X-rdiffraction measurements
were unsuccessful. Among these attempts were diagothe product in ethanol, in
which chromium butyrate was considerably solubdptved by its slow evaporation in
narrow vials under refrigeration or trying varioather solvent compositions besides
ethanol such as pure isopropanol or 90% isopropbdfd water mixture. Initially used
sodium nitrate was discontinued to be used duerdblgms occurred during reflux. It
was likely that the batch of sodium nitrate corgdiloxides or possibly even acids since a
redox process occurred during the synthesis, M@s observed to evolve from the
refluxing solution by its characteristic orange &8n The solution pH also decreased.
Therefore, chromium chloride was used as a readgentemove sodium chloride the
product was washed first with water and secondlth vethanol since the product is
soluble in ethanol while sodium chloride is notndtly, the product was tested for
presence of chloride with silver nitrate and nocpp#ation was observed indicating

absence of chloride.
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Chromium Propionate

Chromium propionate was synthesized in the samenarachromium butyrate
was synthesized. Given that its alkyl chain is eaghon atom shorter than chromium
butyrate, chromium propionate was slightly soluble water and did not form

suspensions.

Chromium Acetate and Chromium M ethoxyacetate

Commercially available chromium acetate was diyeaded without synthesis,
while the dark green chromium methoxyacetate wathggized from methoxyacetic acid
and chromium chloride. It was found to be highlyubte in water and methanol and
most soluble in the former. However, the byprodd@l could not be rid completely
during rotary evaporation indicated by a low pH @necipitation of silver chloride. Thus
a second batch of chromium methoxyacetate was eayia#d using sodium
methoxyacetate. This produced sodium chloride lagpaoduct that could be filtered out
after dissolving the product in ethanol in whick thromium methoxyacetate is soluble.
The resulting product was checked for chloride gmes with silver nitrate and no

chloride was found.

2.3.8 Synthesisof Selected Chromium(l11) Compounds

Due to the success that was achieved with chronuxymydroxides inhibiting
corrosion; other inorganic trivalent chromium compds were synthesized. Among

these chemicals were chromium tetraborate, iromwmhmm tetraborate, and chromium
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hydroxide. In additioncommercially availablechromium acetate hydroxi was also

tested.

Chromium tetraborate

For the synthesis of chromium tetraborichromium nitratevas first fusecwith
borax (sodium tetrabor@ with a 1:10 proportion. Howevelespite a homogenolbead
shaped product phadein¢ obtained, C¥ wasalso formed during the proct due to the
high temperaturegrovided by thetorch.

Considering thepotential abilit of nitrate to oxidize Cf to Cr*"; chromium
acetate was used aseplacement fc chromium nitrate. As a result no yellcor orange
colored by-productsind, thus, no hexavalent chromiumere formed. A sing product
with a green colowas obtaine instead. However, isolating the pratlby itsremoval
from the cruciblehas proven to be difficult despitrying many solvents

Finally, a solution chemistryapproach was developeuh which stoichiometric
amounts ohighly solublereactants were reacted in a snaatfiount of wateto produce
chromium tetraboratevith %70 efficiencyafter thoroughwashing toremove sodium

nitrate.

3Na,BO4fs) + 2Cr(NO,), IH0 (s) ‘LHZO’ﬂTﬁ“" » Cry(B05)4(8) + 6NaNO,(s)
2)vacuum drying

(Eq. 2.9)

Thermogravimetric malysis ofthe product indicated a one-phaseomiumtetraborate.
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Figure2-12 ThermogravimetriiAnalysis of Chromium &traborat

Iron Chromium Tetraborate

Sodium tetraborat, chromium nitrate and iron nitrate weprecipitated in
proportions of 4.52 and 1, respectivelyielding a mixed metal bora in a 65%

efficiencybased on the product formula in eq. .

ANa,B,0s) + 2CF(NO4) . 9,0 (s) + Fe(NO,), (s) DUeOffiltration
2yvacoum drying

Chromium Hydroxides

Chromium hydroxidewas initially synthesized usingery dilute solutions o
chromium nitrate and ammonium hydrox. When mixed resulted iprecipitation of fine
particles that rdissolved due to formation «chromium aminecomplexesAttempts to

saturate the mixture with KOH to reprecipitate G#); werenot successfu
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Using KOH instead of NLLOH, and Cr{ instead of Cr(NG)s;.9H,O prevented

formation of soluble producsuch as chromium ammonia complekesthe product was

formed in largeparticles asdemonstrated by dynamic light scattering measurés.

Replacing KOH witiNH4OH but keeping Cr(N€)s.9H,0 in the reaction mixturdid not

produce precipitateat first butincreasing the concentrations of the reactants fidirM

to 0.3M-0.4M resulted in precipitation olumpy particlesthat wert hygroscopic in

nature.

Finally, using éromium chlorideinstead ofchromium nitrateand ammonium

hydroxide instead of potassium hydrox resulted in stable fingrecipitate. The

amounts of reactantssedwere 100 ml 2N ammonium hydroxide ah#2lg of chromium

chloride, [Cr(HO)s]Cls, in 500 ml wateas described in the literatdfé® as a method for

the synthesis of chromium hydroxide nanopartic The productwas filtered after

decanting and thoroughly washthereafter until free of NKCI and was theair dried.

3NH,OH(s) + Cr(Cl), 6H,0 (s)

1) H,O/filtration

» Cr(OH)y(s) + 3NH,CI(s)

2)vacuum drying

(Eq. 2.12)
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Comparison of the thermogravimetric analyses of ¢heomium hydroxide batches
synthesized from chromium chloride and ammonia widt synthesized from chromium
nitrate and potassium hydroxide revealed similaults. Chromium oxide was obtained
after a loss of water at temperatures of 441 °@ &®.4% ceramic yield for the former

and at 452 °C with 58.3% ceramic yield for thedatt

2.4 Characterization Studies of the Synthesized Compounds

24.1 FT-IR Spectroscopic Studies

FT-IR spectroscopy has been used extensively ferctaracterization of the
synthesized chemicals and substrate coupon surfamesrsed in inhibitor solutions.
Infrared spectroscopy measurements were perforns@ag ta Nicolet Magna-IR 75
spectrometer. Spectra were collected in the 4003-480" range using 128 scans and a
resolution of 4 crit. The background was eliminated using spectra gfedsed blank
alloy coupon as a reference. For the infrared spadftthe synthesized compounds, KBr
pellets are prepared carefully. The compositionghef KBr pellets were determined
based on the predicted strength of the absorpwdrfsinctional groups present in the

sample.

Gluconate Salts and Other Hydroxy Salts
Interpretation of IR spectra of the gluconate satid their esters was based on
comparison with spectra of compounds such as calcgluconat¥ and sodium

gluconaté’ that are available at public databases.
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Chromium gluconate

FT-IR spectrum of chromium gluconate revealed batd3301 crit, 1581 cnf,
1451 cnt, and 1363 ci. Broad band at 3301 ¢hwas attributed to symmetric and
asymmetric hydroxyl stretchings. It is reportedhe literature that bands observed at ca.
1600 and 1385 c in the spectra of metal hydroxyacid salts are tdugsymmetric and
symmetric OCO stretching vibrations. Thus the bands at 1581 ¢rand at 1363 cthin
the spectra of chromium gluconate were assignetheéoasymmetric and symmetric
OCO stretching vibrations, respectively.

A separation of more than 200 thibetween the observed OC@mponents in
the spectra of the chromium gluconate (also obsefoe other gluconate salts in this
study) can be attributed to monodentate carboxytaterdination as stated in the
literature?® When compared to the reference compounds, interectbetween the
hydroxyl groups of the gluconate and the metal ipnsduces broadening of OH
stretching vibrations while interactions betweea thetal ion and thaydroxy acid in
general produces both broadening and shifting of,, GEIOH and CHO bending
vibrations, which appear in the region 1400-1100"dm agreement with the literature
data’’ Relatively weaker bands at 1100-940 teould be assigned to the hydroxy acid
C—-0 stretching vibrations in general for gluconat&hese absorptions were common to
all synthesized gluconate salts with few tfnequency differences. In the specific case
of chromium gluconate however, additional absorsiat 960 ci and in the range of

550-560 crit were present due to Cr-O stretching vibratiGns.
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Metal Oxyanion Esters of Hydroxy Acid Salts

Calcium gluconate molybdate

Ca(gluconate)molybdate
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Figure 2-13 Infrared Spectrum of Calcium Gluconate Molybdate

In addition to asymmetric and symmetric stretclohgpydroxy group at 3500 cm
! the asymmetric and symmetric OC6ltretching vibrations at 1620 ¢hand at 1400
cm?, and CH, COH and CHO bending vibrations at 1400-1100 ‘cmere present.
Absorption at 975 cih is assigned to Mo-O vibrational mode since for isim
compounds molybdenum oxygen vibrational modes wagerted in the literature at 972

cm*?’ 994 cmt*®, and 996 ci .

Chromium gluconate molybdate

As a difference between the FT-IR spectra of calcand chromium gluconate
molybdates, the band for chromium gluconate moliddhat is due to asymmetric
stretching vibration of OCQabsorbed at 1594 ¢hrorresponding to a shift of around 25

Cm_l. 42-45
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Chromium gluconate vanadate

Cr{gluconate)vanadate
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Figure 2-14 Infrared Spectrum of Chromium Gluconate Vanadate

Compared to the infrared spectrum of crystallingd8”, absorption bands
between 400 cthand 1000 ciare indexed to various group vibrations of V-O type
general™>?, which includes bands at 1019 ¢n850 cnt, and between 406m* to 650
cm™* %, Thus, in the case of chromium gluconate vanablaiel at 1030 crhis assigned
to stretching vibrations of V=0 and band at 850"¢snassigned to stretching vibrations
of V-O among others. The band at 960 °cnext to the band of V=0 stretching vibration,

and bands in the range of 550-560cane assigned to Cr-O stretching vibratiohis.

Zinc gluconate bor ate
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Figure 2-15 Infrared Spectrum of Zinc Gluconate Borate

In addition to the bands due to gluconate, bandsdsn 1300 c and 1450 cm
were due to trigonal B-O asymmetric stretching, lavhthe band at 1200 ¢hmwas
attributed to bending of B-O-H plane. Relativelyaker bands due to boron constituent
between 400 cthand 1000 cil region are attributed to tetrahedral B-O asymroetri
stretching, trigonal B-O symmetric stretching, abidral B-O symmetric stretching, out
of plane B-O-H bending, O-B-O ring bending in thider of decreasing frequenciés’

The absence of absorption at 840 tmnd around 420 crhsuggests the absence of

tetrahedral coordination of Zrand absence of Zn% bond, respectively.

Chromium gluconate borate compounds

As a difference from the FT-IR spectrum of zincaglnate borate, bands at 960
cm* were present for both chromium gluconate borateestd Cr-O stretching vibrations,
while it was sharper for the one with two equivales of boron. Another difference

between the spectra of chromium gluconate boratessthat at 1200 c¢ino band was
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present for chromium gluconate borate with oneejence of boron opposed to the one
with two equivalences of boron. Thus, it is asstyte either the bending of the B-O-H

plane of the product or to excess boric acid.

Zinc carboxylates

Zinctartrate

Zn(tartrate)
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Figure 2-16 Infrared Spectrum of Zinc Tartrate

The IR spectra of zinc tartrate and other zinc aaylates were similar to the
spectra of other hydroxy-acid salts in general \th distinction of broadening of GH
COH and CHO bending vibrations and OH stretchirgations due to metal hydroxy-
acid interactions. All bands due to the tartratestituent had one to one match with that
of potassium tartrate measured by a Nicolet 20SXFE®s reported in the literatufe.
The absorption at 840 chsuggests the presence of tetrahedral coordinatfiazn

Absence of any bands at 420 ¢nimdicates the absence of Zn-O bS§h.
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Other Trivalent Chromium Compounds
Commercial Grade CrO(OH)

Comparison of infrared spectra of synthesized amdnoercial grade CrO(OH)
batches assisted in assessment of the purity of stmples as well as their

characterization.

commercial CrO{QOH)
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Figure 2-17 Infrared Spectrum of Commercial Grade Chromium Qxlybxide

Bands between 2125 ¢hand 1986 cm, with one of them being at 1994 ¢nwere
attributed to Cr-O bond and Ganteractions, while a relatively weak band at 250"
was attributed to vibration of Cr-O correspondingts literature value of 960 ¢hi* A
sharp band at 1061 ¢his assigned to Cr-O stretching vibration corresfig to its
literature value of 1050 cfhand the band at 550-560 ¢megion at 563 cihis also

assigned to Cr-O stretching vibrations, correspumdd the literature value of 560 ¢m

42-45
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Synthesized CrO(OH)

1=t batch CrO(OH)
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Figure2-18 Infrared Spectrum of Synthesized Chromium Oxyhyittext™ Batch

The bands at 1050 ¢mand 560 critt or 550 cmi* ® are due to stretching vibrations of
Cr—0. Broadening and weakening of these Cr-O bamile observed due to interactions
of chromium with hydroxyl grouf’*® Two bands between 1300 thand 1450 cnt
were attributed to the B-O trigonal asymmetric tstigng vibrations, thus implying the
presence of boric acid impurity in the sample, Whi@s confirmed via X-ray diffraction
studies as welff! Therefore, additional batches of the product wgrgtgesized with more

thorough washing. As a result, bands due to free lagid disappeared.
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2nd batch CrO(0OH)
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Figure 2-

19 Infrared Spectrum of Synthesized Chromium Oxyhyittex?" Batch

Chromium Tetraborate
Cr{B401)s
100 4w =y
&
2
= 99 A
E
Z
5 93 -
=
g? T T T T T T T T T T T
4000 3700 3400 3100 2500 2300 2200 4900 1600 4300 {000 YOO 400
wavenumbers{cm}

In the literature, three main bands of 708'cm019 cml, and 1347 crhare

assigned to symmetric stretchings compared to éifierance spectra of pure sodium

tetraborate

the spectra

Figure 2-20 Infrared Spectrum of Chromium Tetraborate

powder with KBr pellets annealed at ‘@®. Corresponding bands exist in

of synthesized chromium tetraborate thit band at 1347 chibeing stronger
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than the other two. Other bands include Cr-O stirtgvibrations at 560 crh and 960
cmt, H-O-H bending at 1600 ch** symmetric and asymmetric stretchings due to
hydroxyl groups of water at 3500 chi’®

The presence of bands due to water may imply thatydrate of chromium
tetraborate has been synthesized; unfortunatelpyXdiffraction pattern indicated an
amorphous structure for the product. Relatively keeabands due to the boron
constituent between 400 &mand 1000 ci region are assigned to tetrahedral B-O
asymmetric stretching, trigonal B-O symmetric stngtg, tetrahedral B-O symmetric
stretching, out of plane B-O-H bending, O-B-O ribgnding in the order of decreasing

frequencies’™’

25 Solubility Measurements

Depending on different types of applications, tAege of solubility had a major
impact on the efficiency of the corrosion inhibgoBoth in aqueous solutions and in sol-
gel coatings, inhibitors must possess an optimulubgity sufficient to migrate to the
sites of corrosion and react with corrosive ageBtdubility also has to be low enough
not to cause leaching of the inhibitor, or bligtgriand delamination which may lead to
the degradation of the coating as well as lostsdiydrophobicity. On the other hand, too
high solubility values increase the conductivitytleé solution among other things, which
accelerates corrosion.

Based on many tests, an inhibitor concentratioP06f ppm or less for a system of
100 ml of distilled water solution has been deteedias an optimum concentration. The

concentration unit has been chosen as ppm (parnplen) for reasons of convenience
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considering performing several thousands of tedth wsing very small amounts of
inhibitors. In most cases however, molecular weighft the tested inhibitors were 200
g/mol and higher due to high weights of hydroxydaconstituents such as gluconates
and benzilates, which corresponds to a concentraiage of 0.01M for a molecular
weight of 200 g/mol and 0.005M for a molecular weigf 400 g/mol, thus leading to
comparable inhibition efficiency values with littlerror caused by concentration
discrepancies. These seemingly low concentratioese wften sufficient since the
corrosion process itself is not a very fast procéssis, the supply provided by a low-
solubility inhibitor was sufficient unless the eronment is too warm or contains very
high concentrations of aggressive anions espedialthe case of mild steel, which is
prone to heavy corrosion. In addition to directilmiion of corrosion, formation of
conversion coatings is another desired outcomefayer term corrosion protection. This
often requires precipitation of inhibitor produas the metal surface. Thus, optimum
solubilities are essential for the formation of teaiive conversion coatings on substrate
surfaces. Gluconate salts, given their very hignlslity, were not predicted to form a
conversion coating and results supported that gtiedi with the exception of
Al(gluconate)OH, which formed a protective layer composed ofrahum oxides and
aluminum hydroxides on the substrate surface. Metghnion esters of gluconate salts
were also tested for conversion coating formatimmyever no positive result has been
obtained.

Solubilities of inhibitors, especially those inteadto be used in sol-gel coatings,
were measured by means of different methods sucltolmimeter, flame atomic

absorption spectrometer and particle size analyzer.
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251 Colorimeter

The maximum solubility that could be measured bprmeter is 0.70 ppm, thus
it has been primarily used to measure the solidsliof the poorly soluble chromium(lll)
compounds. Solubilities of some chemicals that wmeoee soluble than the upper limit of
the colorimeter were measured by diluting the saspkfore testing. Solubilities in pure
water as well as solubilities in 0.5 M salt watevé been measured to observe the
common or foreign ion effect, by placing 0.5 g afrple into 50 ml of distilled water,

which was then filtered by a Ow@n syringe filter.

2.5.2 Flame Atomic Absorption Spectrometer

Flame atomic absorption measurements were condudied) a Varian flame
atomic absorption spectrometer with the working dibons of 7 mA lamp current,
acetylene fuel, air support, and reducing flamécktometry. Interference is reported in
the literature for metals such as barium, aluminamagnesium, and calcium in air-
acetylene flamé& ™ Thus, primarily trivalent chromium compounds haeet measured
using the technique. Based on the Varian Flame AtoAbsorption Spectrometer
handbook, standards have been prepared using Adle gpotassium dichromate.
Samples for flame atomic absorption measurements haen prepared from saturated
solutions of inhibitors in distilled water filteragith 0.2um syringe filter.

Measurements have been performed at varying wagthlgras the following;

A = 520.8 nm is appropriate for concentrations nagdrom 20 ppm to 2600 ppm with

standards of 100 ppm, 250 ppm, 500 ppm, and 1000ngeded for calibration purposes.
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A = 428.9 nm is appropriate for concentrations naggrom 1 ppm to 100 ppm with
standards of 100 ppm, 250 ppm, and 500 ppm need@alibration purposes.
A = 425.4 nm is appropriate for concentrations naggrom 0.4 ppm to 40 ppm with

standards of 50 ppm, 100 ppm, and 250 ppm needealibration purposes.

Table 2-2 Solubility Values in ppm obtained via colorimegard

flame atomic absorption spectrometer

Colorimeter (ppm) AASIn DI water (ppm)
Solubility Values In DI in0.5M
2=520.8 nm| A=428.9 nm| A=425.4 nm
water salt water
CrO(OH) 0.07 0.06
Commercial CrO(OH) 0.72
Cr(octanoatey) 0.07 0.11
Cr(caproatey 0.04 0.05
Cr(butyrate) 0.22 0.35 0.83
Cr(propionatey 1190
Cr(acetate) 4035
Cr(acetate)OH 3317
Cr(methoxyacetate) 2572
Cry(tetraboratey) 0.14 1.03
FeCr(tetraboratg) 0.48 0.03
CrBG; 0.27
Cr(OH) 0.21 0.97
Cr(OH)* 55.1 63.6
Cr(OH)** 1.6
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Table 2-2 (Continued)

Colorimeter (ppm) AASIn DI water (ppm)
Solubility Values In DI in0.5M
A=520.8 nm| A=428.9 nm| A=425.4 nm
water salt water
Cr(gluconate) 1308

Cr(gluconate)molybdatée 428.2

Cr(gluconate)vanadats 304

Cr(gluconate)lborate 18.7

Cr(OH); = synthesized from CrgbH,O + 2N NH,OH,
*Cr(OH);3 = synthesized from Crg&bH,O + 30% NHOH,

**Cr(OH) 3 = synthesized from Cr(Ng$».9H,0O + KOH

Despite that exact matches could not be obtained) &0 methods; solubilities
of the same compounds were found to be within gomarange. Since better results in
sol-gel coating were obtained with synthesized ©1d), CrBG;, and Cr(octanoatg)it
was concluded that even very low solubilities cobll sufficient and may even be
desirable for use in sol-gel coatings. On the othand for aqueous solutions, the
minimum solubility limit appears to be around 20hpplue to positive results obtained
using Cr(gluconate)lborate in such concentratiawisie other compounds such as
Cr(butyratej, which has a solubility less than 1 ppm yieldedat®e results in weight-

loss tests.
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2.6 Particle Size M easurements

Particle size reasuremen have been conducted using a dynamic light scatf:
paticle size analyzer.Other than complimentingcolorimeter and flame atom
absorption spectrometer for solubility measuren, average patrticle si information is
also importanin engineering of the s-gel coatings which ardesignecto incorporate
such inhibitors.

Particle sizes of very soluble inhibitors were foutm be very small. Size
distribution by volume graph indicat the Zaverage size values to be between 0 a

nanometers for thieighly water solublccompounds shown below.

particle sizes
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Figure 2-21 Dynamic Light Scattering of Selected Tes€ompounds

Large particle siz values have been fouridr insoluble chemica such as zinc
carboxylates, andnhost of thi trivalent chromium compoundg.or instance, hromium
carboxylatewith longer alkylchains were predicted suspend as micellar partic and

the large particle sizewere obtained for these chromium carboxy.
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Figure 2-22 Dynamic Light Scattering of Chromiuma@boxylate

The dfect of solvent type was also evid in the particle sizefarticle size of chromiur
butyrate in methanol was found to be significahdkyer than in wateas expectedue to

aggregation of hydrophobic partic.

2.7 Surface Area Measurements

The surface aremeasurementwere conducted using Quantachrom Nova 12|
surface area analyzer, via a nitrogen adsorptiothésm, using the Brunai-Emmett-
Teller (BET) method, and six points in the rang® @5 to 0.30 Pj,. A high surface are
for an inhibitor is a positive contribution its inhibition efficiencythat correlates with
higher reactivity, and more rapid dissolution kicg. High surface areas may rightful
imply effective barrier propertielnhibitors, thoe were found to have siginifaspecific
surface areais decreasing ordeare as follows;

= CrO(OH), synthesizeby reacting synthesized CrB@ith NaOH,344 nf/g,
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= CrBO;, synthesized by firing chromium gluconate borafe nf/g, opposed to
commercially available CrO(OH), 871y,
= Cr(OH);, synthesized by reacting Ce@EH,O with 2N NH,OH, 148 ni/g,
=  Chromium gluconate molybdate ester, synthesized régcting chromium
gluconate with molybdenum(V1) oxide, 6&#m,
= Chromium gluconate vanadate, synthesized by regactinomium gluconate with
vanadium(V1) oxide, 68 fig
The surface areas of chromium carboxylates; ofralum gluconate, chromium butyrate,
chromium propionate, and chromium acetate hydroxideEre measured as less than 1
m%g. The significant difference between the specfficface areas of commercially
available CrO(OH) and the synthesized CrO(OH) isteworthy. Accordingly,
commercially available CrO(OH) had low inhibitiorffieilency opposed to very high

inhibition efficiency of synthesized CrO(OH) measdiby weight-loss tests.

2.8 Powder X-Ray Diffraction Studies

X-ray powder diffraction patterns were recordedaoBruker AXS D-8 Advance
X-ray powder diffractometer using coppeg fadiation. X-Ray diffractometer studies did
not reveal many results since the synthesized cangmwere all amorphous with a few
exceptions such as zinc tartrate, and zinc mareleht times, it was also used as a
complimentary tool to other characterization meth@s in the case of detection of
crystalline boric acid impurity in a batch of chriim borate that was obtained by firing

of chromium gluconate.

149



2.9 Discussionsand Conclusions

Compounds, which were tested for their corrosiohibition properties, were
synthesized via a single-source precursor methdithwis a relatively easier synthesis
method. The problems arose particularly due tondeire of the products, which were
too hygroscopic preventing them to be handled faracterization. Such products were
kept in solution form even after isolating them.etall, the syntheses reactions were
reproducible regardless of the amounts of the r#ageacted.

Characterization studies on the other hand weregpr to be difficult first due to
amorphous structure of the products, which in t@sulted in no structural information
through X-ray analysis. Secondly, difficulty in lthimg most of these products resulted
in very little gravimetric measurements to be perfed. Such examples were chromium
octanoate and chromium caproate, which were vesgous and most gluconate esters,
which were too hygroscopic. However, this disadagatwas tried to be overcome using
various techniques resulting in some charactedmainformation for each and every
inhibitor that were tested. Among these techniquese flame atomic absorption
spectrometry, dynamic light scattering, colorimetnyrared analysis, X-ray analysis, UV

visible spectrometry, thermogravimetric analysigj aurface area measurement.
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CHAPTERII11

AQUEOUS CORROSION INHIBITION FOR MILD STEEL

Corrosion inhibition of mild steel in aqueous saos has been studied using
various techniques that can be categorized undee tjroups;

First, synthesized corrosion inhibitorsiere tested for both direct corrosion
inhibition efficiencies and for conversion coatifigrmation usingweight-loss tests
Effects of inhibitor concentrations, immersion pes, and cationic constituents have
been discussed individually. Inhibition efficiendgta were recorded using statistics.

Secondly, surfaces of substrateBnmersed in inhibitor solutions have been
characterized by means of different surface tealescguch aBT-IR, X-Ray, SEM, XPS,
digital imaging

Third, immersion solutionshave been characterized by meansoridation—

reduction potential, pH meter, and conductivity probes

3.1 Weight-loss Test Method

The weight-loss method was used extensively througlhis study to assess

inhibition efficiencies of corrosion inhibitors. g metal coupons to assess inhibition
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efficiencies is the oldest and simplest method omitoring of corrosiort. Coupons are
described as small pieces of metal, usually ofaremilar shape, which are inserted in the
process stream and removed after a period of tiraei$ greater than 24 hodrsThe
most common and basic use of coupons is to deterawerage corrosion rate over the
period of exposuréThis is accomplished by weighing the degreasepaotefore and
after immersions followed by its exposure to vasiagidic solutions to remove corrosion
deposits on the substrate surface. The differert@den the initial and final weights of
the coupon, that is the weight loss, is comparetthéccontrol. The control coupon is the
substrate of the same metal alloy exposed to thee snvironment with no inhibitor
present. At least two, and preferably more specemgmould be exposed for each
condition® The reasons why the weight-loss method has beesenho assess inhibition
efficiencies were first, tested inhibitors are wafter soluble and second it is easy to
obtain accelerated corrosion conditions, and tlemdall amounts of inhibitors are

sufficient for testing.

3.1.1 Preparation of Coupons/Weight-loss Apparatus

For the preparation of coupons, mild steel and alum alloy metal sheets were
cut in dimensions of 1x1 inch. A hole is drilledthe corner of the coupon so that the
coupon could be hanged in solution via a durablgnperic material such as a fishing-

line that does not corrode.
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1"x1”
coupon

100 ml 60 ppm
CI" solution

Figure3-1 Weight-loss Apparatus

Standards determined for Preparing Specimens fogiW/eoss Tests by ASTM
(American Society for Testing and Materidls)vere followed with no alteration. For
both aluminum alloy and mild steel specimens, itst $tep is described as degreasing in
an organic solvent or hot alkaline cleaner or bbtid steel specimens used in this study
were cut out of large rolls of mild steel sheetsttivere previously heavily greased to
prevent them from corroding. This grease was remdk@n the mild steel coupons by
dipping them in hexane and rubbing them with pdperls soaked with hexane when
necessary. Secondly, coupons were placed in O&kweucts Inc. brand Oakite-164
alkaline cleaner solution at 190 for 10 minutes to complete degreasing of the coap
Oakite solution was prepared by dissolving 60 @akite detergent in 1000 ml of water
at 180°F. An additional step before performing immersiests$ that is instructed by
ASTM is pickling of specimen in an appropriate sion if oxides or tarnish are present
in the case of aluminum specimens. After degreaamd) cleaning, the coupons were

weighed and fully immersed in 100 ml solutions o® @pm Cl and various
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concentrations of inhibitors for various periodstiofie (3 days, 7 days or for 14 days).
As a controlled variable, 100 ml has been chosghesolume of the solution due to the
low amount of inhibitors that was required. Anotlwamtrolled variable was the salt
content of the solution, which was chosen as 60 @braince it is a situation commonly
encountered in cooling water systems based onstekl construction.

Immersion periods of 3, 7 and 14 day periods whosen since periods less than
24 hours are not enough for the system to comeantequilibriumi, while a period of
more than 14 days was too long to test many samitlas are needed for comparison
purposes. Given the condition of accelerated cammgsa period of 7 days has been
determined to be the optimum period of immersiéifter completion of immersion tests,
coupons were exposed to an acidic solution destrilye ASTM to remove corrosion
products for accurate weight-loss results. Thisitsmh has been prepared by dissolving
3.5 g hexamethylene tetramine in 500 ml of distiNeater followed by adding 500 ml
HCI. Specimens were exposed to this reagent fanitDat 20C to 25C. It is indicated
by ASTM that longer times may be required in cerfastances; however such instances
did not occur in this study meaning all specimereencleaned of corrosion deposits
thoroughly after 10 minutes of exposure. In casespécimens of aluminum and
aluminum alloys, direct use of concentrated HN®inscribed by ASTM to remove

corrosion deposits for periods of 1 to 5 min a2t 25C.
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3.1.2 Inhibition Efficiency Calculations

Inhibition efficiencies were calculated based oa tomparison of weight loss

values of inhibitor treated coupons and those atrots with the following formula;

IE = 100[1-(Wo/W1)]% (Eqg. 3.1)

where

% W, = corrosion rate in the absence of inhibitor

s W, = corrosion rate in the presence of inhibitor

< W1 & W3 = (Wiinal — Winitial ) / Winitial

The concentration of the inhibitors and the imnargperiods were varied to obtain
any possible trends of inhibition efficiencies, few&r inhibitor concentration of 200 ppm
in 100 ml distilled water and a period of 7 daysavehosen as the standard conditions
after many trials as explained earlier.

Inhibition efficiency values calculated by meanstlué above formula were inserted
into a t-distribution function formula to obtainasstically significant results. T-
distribution is used rather than Z-distribution dae¢he low number of samples according

to following formula’

E=utt % (EqQ. 3.2)

wheret is equal to the critical t-distribution value 0% confidence limit with usually

two degrees of freedom based on n, which is thebeurof samples. Often, only one
sample has been put into test at the beginningterhine the presence of any kind of
inhibition. When corrosion inhibition was observdtree more samples of the same

inhibitor have been put into test, thus resultimg i= 3 and degrees of freedom, that is (n-
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1), equaling to 2. Critical t-distribution valuerf®0% confidence limit with two degrees
of freedom is reported as 2.920

Formulas for the meam) value and standard deviatias) @re as follows;

l’l =% ?zlxi — % (xl + ..., +xn) (Eq 32)

0= 25— 27 (Eq. 3.3)

The results found with inhibition efficiency fornaulere calculated to be statistically
significant by hypothesis testing. For the inhinitiefficiency values to be significant, the
difference between the mean inhibition efficien@iue and that of control must be

bigger than the following}

U — Ustandarda =t (0/\/5) (Eq. 3.4)
Since there is no inhibition efficiency for contreblutionsi;anaara = 0, thus the
equation is simplified to the following;
u>t(a/Vn) (Eq. 3.5)
Insertion of critical value for t-distribution, stdard deviation, and number of sample
values into the above equation lead to the cormtuginat mean inhibition efficiency

values even for inhibitors with slight inhibitiomgperties were statistically significant.

3.2 Categorization of Weight Loss Test Results

The weight-loss results were categorized basedhenype of inhibitor, inhibitor
amount in the immersion solution in ppm (part pdtiom), chloride ion concentration in
immersion solution in ppm, and the immersion periadnumber of days. Three

immersion periods were shown in the inhibition@éncy graphs, 3 days, 7 days, and 14
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days. 200 ppm is used as the standard concentratittn25, 50, 100, and 500 ppm were

other tested concentrations in addition to litded higher concentrations in molarity.

3.21 Gluconate Salts
All gluconate salts with the formula of TX™), vielded very high inhibition

efficiencies both for 3 days and 7 days immersiarigus with the exception

Cr(gluconate)
Gluconate Salts
100

- @ D-gluconic acid
S 80 -
5 B Zn(gluconate)2
§ 60
2 OCa(gluconate)2
w
-5 40 @ Mg(gluconate)2
g B Na(gluconate)
C ]
- 2 @ Cr(gluconate)3

0 n

3days 7days

Figure 3-2 Inhibition Efficiency vs. Immersion Time Grapbrf
M*"(X™), Type Gluconates

Zn(gluconate) performed better than others, which was due tioockt inhibitive
activity of Zn'? cations in addition to the inhibitive activity gfuconate anions. Zh
cations are known to form insoluble Zn(QHprecipitates on cathodic sites by reacting
with hydroxide ions provided by corrosion reactiafsiron and thus diminish further

corrosion activity. On average, only slight decesasn the corrosion inhibition
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efficiencies have been observed when the immersoiod was increased to 3 days from
7 days in contrast to the results of a similar gtumlicating an inhibition efficiency of
99% for one day immersion and 65% for immersiob dfays in 200 ppm Ca(gluconate)
solution® The exception of low inhibition efficiency of chramm gluconate can be
explained with strong complexation of chromium wdluconates; which as a result
prevented complexation of iron cations with gludesa thus leading to no positive
effect. Notably, D-gluconic acid also inhibited wmsion with an average inhibition

efficiency of 40% despite being an acid with a [E{8.86

3.2.2 Group Il Gluconates and D-Glucose

The inhibition effciciency of Al(gluconatgdH was high comparable to the

M*(X ™), type gluconate salts, while B(glucona@) showed only slight inhibitive

activity.
Group |11 Gluconates
100
0 | o
~ 80 -
S I OD(glucose)
g 60 | mBoric acid
B ig 1 @ D-gluconic acid
E 30 1 B Al(acetate)20H
S 20 BB(glucose)
S 10
% o | B B(gluconate)20H
= .10 | B Al(gluconate)20H
-20 |
-30 1 3 days 7days
-40

Figure3-3 Inhibition Efficiency vs. Immersion Time Grapbrf
M*"(X%),.2OH Type Gluconates
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Gluconate’s and D-glucose’s corrosion inhibitingliabs were lowered by coupling with
the Boron constituent. Also boric acid performeditdre than borogluconate and
boroglucose. Thus, it was concluded that borogkeic@rsd borogluconates were in fact
not synergistic formulations. Similarly negative sudis were predicted for
Al(gluconate)OH, opposite to what was observed. This differem@s due to the
exceptionally strong bonding between gluconatelavdte as opposed to aluminum or it

may be due to the influence of the aluminum iomsrtbelves’.

3.2.3 Application of Other M*™(X™),..OH and M*"(X ™), Type Compounds

Being similar in structure to gluconates, lactatel acetate salts have also been
tested. All of the salts under this category wdreaaly commercially available. Among
them, lactic acid or 2-hydroxypropanoic acid, aksmwn as milk acid, is a chemical
compound that plays important roles in several ieogical processes and is produced
naturally, while chromium (lll) acetate is used fie certain textile dyes, to harden
photographic emulsions and as a catalyst.

Among tested salts, Al(lactate) has shown goodbitiie activity with values
slightly lower to that of Al(gluconatgpH. Notably the difference was the similar to the
difference between the inhibition efficiencies ofgliconic acid and lactic acid.

Al(acetate)OH was the only other compound with slight inhiatiactivity.
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Other Hydroxy Acid Salts

70

__ 60

8\; jz B Lactic acid

g 0 | m Al(lactate)

E 20 | DOAl(acetate)20H

é 10 1 m Cr(acetate)20H

% _1(; | OCr(acetate)3
:23 | 3days 7days

Figure3-4 Inhibition Efficiency vs. Immersion Time Grapbrf

M*(XH,10H and M"(X ™), Type Hydroxy Acid Salts Other Than Gluconates

3.24 Molybdenum Estersof Gluconate Salts

Opposite to what had been anticipated, inhibitifiiciencies of molybdenum
oxyanion esters of gluconate salts were substhnt@tler than those of gluconate salts.
Thus, metal oxyanions esters of gluconate salte wet synergistic combinations similar
to borogluconates and boroglucose. Apparently, lothstituents lose their inhibitive
properties by forming a third product with veryfdient chemical properties rather than a

product of combined inhibitive activities of botbrstituents.
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Figure 3-5

Gluconate Molybdates

H

3days

7days

@ Zn(gluconate)2molybdate

OCa(gluconate)2molybdate
B K(benzilate)molybdate

B Cr(gluconate)3molybdate

B Cr(acetate)3.1molybdate

Inhibition Efficiency vs. Immersion Time Grapbrf

Molybdenum Esters of Gluconate Salts

Zinc gluconate molybdate among others has showhitive activity for both

D

immersion periods due to cathodic inhibitive adyivof zinc cations included in the

formulation. Both calcium gluconate molybdate awmtbgsium benzilate molybdate have

shown similar inhibitive activity during the firstnmersion period and none in the

second, probably due to molybdate’s anodic inhibitctivity which disappeared when

the immersion period has been prolonged.

3.25 Vanadium Estersof Gluconate Salts

Inhibition efficiencies of vanadium esters of glonate salts were also

substantially lower than those of gluconate sdltstead of being reduced to form

insoluble oxides and hydroxides like chromatesadaimm constituent formed a complex
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compound with gluconate and benzilate which asaltreiminished inhibitive properties

of both constituents.

Gluconate Vanadates
90

80 |
70
60 |
50 |
40 -
30 - BK(benzilate)vanadate

20
10 1
0

-10

®Zn(gluconate)2vanadate

OCa(gluconate)2vanadate

HH

B Cr(gluconate)3vanadate

Inhibition Efficiency(%)

3days 7days

Figure 3-6 Inhibition Efficiency vs. Immersion Time Grapbrf

Vanadium Esters of Gluconate Salts

3.2.6 Boron Estersof Gluconate Salts and Derivatives

Unlike molybdenum and vanadium esters of gluconsa#ts, boron esters
performed very well in terms of corrosion inhibiti@f mild steel with the exception of
the borate ester of chromium gluconate.This is spppdo what had happened with the
molybdenum and vanadium esters. Since the borostiteent did not diminish the
inhibitive activity of the gluconate constituenh fact, when the inhibition efficiencies
for the 3 day immersion period are taken into aotaine borate esters of gluconate salts
performed better than gluconate salts alone indigahat combination of gluconate salts
and borate constituents was a synergistic combimatvhere both constituents preserved

their inhibitive activity.
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Gluconate Bor ates

100 T
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Figure 3-7 Inhibition Efficiency vs. Immersion Time Grapbrf

Boron Esters of Gluconate Salts and Their Deriestiv

The facts that zinc gluconate borate had highabitbn efficiency than calcium
gluconate borate, which had higher inhibition efficy than potassium benzilate borate
implied the positive effect of the cationic constit on the inhibition efficiency results.
In fact, potassium benzilate borate had inhibigdinciencies almost same as boric acid,
indicating that potassium and benzilate constisi@émtpotassium benzilate borate were
not effective on the inhibition efficiency resulfBhese observations also revealed that
cationic constituent, anionic hydroxy-acid congitt and the borate constituent
synergisticly inhibited corrosion with cationic tituent having the most pronounced

positive effect on the inhibition efficiency resilt
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3.2.7 Zinc Carboxylates

Except for Zn(tartrate) all the other compounds hagdligible inhibitive activity.
And that of Zn(tartrate) was likely high due toleadic inhibitive activity of Zn cations.
Surprisingly Zinc cations did not show any inhiogiactivity when combined with other
a-hydroxy acids. At this time, it is difficult to @kain why the other-hydroxy acids

promote corrosion or are poor inhibitors.

Zinc Carboxylates
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Figure 3-8 Inhibition Efficiency vs. Concentration Graph foing Carboxylates

3.2.8 Chromium Carboxylates

It was found that Cr(lll) carboxylates do not swgsfally inhibit corrosion.
Chromium propionate slightly inhibited mild ste@rmsion, while chromium methoxy
acetate inhibited more when concentrations of 2% mgere used. However, increasing
the concentration chromium methoxyacetate to 20@ ppm 25 ppm yielded negative
inhibition efficiencies. The results suggest thatekevated concentrations corrosion is

accelerated, possibly due to increased solutiodwctivity.
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Similar to chromium carboxylates, selected trivalenromium compounds did
not inhibit corrosion of mild steel. Notably, na@opiculate chromium hydroxide slightly
inhibited corrosion while the material with larg@article size actually promoted

corrosion.

3.3 Effectsof Independent-Controlled Variables on Corrosion Inhibition
Efficiency

The effect of independent variables that are inbibtoncentration and cationic
constituents on inhibition efficiency has been exad. These variables were varied to
yield higher values of dependent variables thatlaedinal weights of the coupons (thus
are the weight-losses and the inhibition efficiesyi

On the other hand, the effect of various immersp@riods has also been
examined. Since the controls were immersed fos#ime periods as the tested coupons,

the immersion periods were controlled variablesgathan independent variables.

3.3.1 Effect of Concentration& Immersion Periodson Inhibition Efficiency

Concentration is one of the major factors detemgrthe inhibition efficiency.
Inhibitors prevent corrosion by reacting with agggige chemicals, preventing them to
react with the metal substrates. Thus, inhibitarcemtration decreases with time unless
provided. Various concentrations of inhibitors wased from 25 ppm up to 500 ppm and
also from 0.05 M up to 1 M for immersion tests. Hwer, as stated earlier, among the

various concentrations, the optimum concentratmmah immersion test of a 1x1 mild
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steel coupon in a 100 ml solution of 60 ppm Was determined to be 200 ppm after
many tests. Tests revealed that inhibition efficies generally increased with increasing
concentrations up to 200 ppm and decreased there&itmilar observations have been
reported in the literature, in which 100 ppm, 150np and 200 ppm concentrations were
recorded as sufficient concentrations for corrogidribition in similar systems.

200 ppm corresponds to a weight percentage of @@, which is in between
literature values of 1%, that is claimed to be &@pimum concentration of calcium
gluconate tested in seawatégnd 0.1%, that is claimed to be the optimum cotmagaon
since higher concentrations could produce a solubfegluconate complex resulting in
pronounced corrosiofi.

It has been pointed out in a previous study that zgluconate’s inhibition
efficiency decreases with increasing concentrafiiom 200 ppm to 500 ppm due to the

competition between ZAand F&? cations for the counter ionis.
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3.3.2 Effect of Cationic Constituent on Inhibition Efficiency

Cationic constituents had considerable influencerwbompounds with similar
anionic constituents were compared in terms ofbiibn efficiencies. Zinc cations are
known for their cathodic inhibitive activity in tHeerature. Z/? cations form insoluble
Zn(OH), precipitates on cathodic sites at high pH valuestd the production of OHby
corrosion of iron substrate with dissolved oxyg&mc hydroxide gradually changes to
zinc oxide resulting in a passive film of zinc ocagdand hydroxide®.

Zn(OH) —» ZnO + HO (Eq. 3.6)
However, when chloride anions are present in thdiane¢hey react with zinc hydroxide
to form soluble Zf'-CI-OH complexe¥, thus leading to breakdown of the localized

passive film resulting in pitting corrosion.

Cationic Effect on Corrosion I nhibition
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Figure 3-12 Inhibition Efficiency vs. Immersion Time Graphrfo

Formulations with Different Cationic Constituents
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Other than zinc cations, calcium and magnesium,ioviich constitute the
hardness of water, are also known to have sligtitockc inhibitive activity due to their
little soluble hydroxides especially in near nelbrasic conditions such as seawater.
However, no major differences were observed in $epimnhibition efficiencies between
sodium, magnesium, and calcium gluconates. Theusodiation, all of its salts being
soluble, and also inert towards redox reactionprisiarily considered ineffective for
corrosion inhibition of any metal. It is only eftae in determination of secondary
solution properties such as solubility and conditgti Therefore, this indifference
between sodium, magnesium, and calcium gluconateiate that the inhibition by
gluconate was the primary mechanism of corrosidmbition. Trivalent chromium did
not seem to inhibit mild steel corrosion even witembined with metal oxyanions. If
anything, CF¥" either prevented the gluconate’s inhibition medémnor promoted

corrosion.

3.4 Conversion Coating Formation Studies

Corrosion inhibitors prevent corrosion either byntouously reacting with the
aggressive chemicals, which requires a continuopplg of the corrosion inhibitor or by
forming conversion coatings on the metal surfadackv protects the metal substrate for
longer periods of times. Thus, in addition to direhibition of corrosion, the inhibitors
were tested for conversion coating formations drmdsent, the nature of this film was
studied and characterized. Notably, chromates ptewerrosion both directly and

indirectly leading to the formation of conversiamatings that have self-healing abilities.
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34.1 Using the Weight-L ossMethod

To examine the coupons for conversion coating fdiona coupons that
previously immersed in the solutions of inhibitevere immersed in salt water with no
inhibitor present for a second period of time. Pnesence of corrosion inhibition during
this second immersion period would imply the presenf a protective conversion

coating on the substrate surface.

Testing for Conversion Coatings
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Figure 3-13 Inhibition Efficiency vs. Immersion Time Graphrfo

Testing Conversion Coating Formations

The results revealed that for all of the glucoraiataining inhibitors there was
corrosion protection present during the first 3slay the second immersion period but
the inhibition efficiency was significantly lessath that found when the corrosion
inhibitor was present in the solution. This suggetitat the inhibition was due to
inhibitors leached from deposits of corrosion pidwon the substrate surfaces. This was
confirmed by further substantial decreases in iibib efficiencies during the next 4

days of the second immersion periods. Upon conguiedf second immersion periods of
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7 days, only a few inhibitors yielded positive ipition efficiencies; among them were
zinc and calcium gluconate, and aluminum glucohgtiFoxide.

The weight changes of mild steel coupons after ismoRrs into solution of
Al(gluconate)OH with or without 60 ppm Clhas also been measured. Less weight-loss
was recorded for the coupon immersed in solutiorAl§fluconate)OH without CI
compared to the control coupon under the same tonslindicating that conditions with
no CI were favored for the formation of aluminum glucteneonversion coatings.

The slight inhibition by calcium and zinc glucormtéuring second immersion
periods could be attributed to the same reasonigiergd for their inhibition efficiencies
during first immersion periods. However, this redsg cannot explain the high
inhibition efficiency of Al(gluconatelDH since for one, aluminum is not known with its
cathodic activity and since, unlike calcium andczhydroxides, at highly basic local
conditions, aluminum hydroxide dissolves due to plaxation. Thus, further

examination was needed using other methods susirfase characterization techniques.

3.4.2 Weight Difference Measurements

Weight changes of the coupons during immersionsewtermined prior to
cleansing of corrosion deposits, since the presefcany type of deposition on the
surface would have increased the weight of the aoudo determine whether the
increase in weight was caused by corrosion deposasprotective coating, weights prior
to the removal of corrosion deposits were compdecethe weights after removal of
corrosion deposits. Almost no weight-loss valuesewecorded for Al(gluconatg)H

and Ca(gluconatg)orate treated coupons prior to the removal ofasion products. In
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the case of Zn(gluconatgpnadate treated coupon’s weight had increaseckr Affie
application of the cleaning solution, both Al(glnede}OH and Ca(gluconatg)orate
treated coupons still had negligible weight-lossésese results correlated with the
inhibition efficiency results. Also the formationf @& protective coating due to
Al(gluconate)OH was visually apparent. In the case of Ca(glusylsorate treated
coupons a possibly formed protective coating wasairgdy not stable since a highly
negative inhibition efficiency was observed durisgcond immersion periods. On the
other hand, the Zn(gluconafednadate treated coupon had a significant weigig-lo
correlating with its lower inhibition efficiency s than those of Al(gluconat®H,
and Ca(gluconatd)orate.

In conclusion boron esters and Al(glucong®#) had the least weight-losses
during first immersions followed by vanadium, analyfbdenum esters; respectively.

Trivalent chromium compounds had the highest weligbd values among all.

3.4.3 Qualitative Analysis of the Coupons after Immersions

mild teel control in 60 200 ppm Al(gluconateH in 200 ppm CrO(OH) in
ppm CI soln. for 1 week 60 ppm Clsoln. for 1 week 60 ppm Clsoln. for 1 week

Figure 3-14 Images of control, uncorroded, and corroded coup@spectively.
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Comparison of the images of coupons treated witimth®gsized CrOOH, and
Al(gluconate)OH revealed that the CrOOH treated coupon and @botupon seemed
to be extensively corroded while there was a getehiue colored layer on the surface of

the coupon that was treated with Al(gluconzDe).

200 ppm Cr(propionatgjn
ppm CI soln. for 1 week 60 ppm Clsoln. for 1 week 60 ppm Clsoln. for 1 week

mild teel control in 60 200 ppm Cr(butyratg)in

Figure 3-15 Images of control coupon and coupons immersed in

solutions of chromium carboxylates; respectively.

Coupons treated with other Cr(lll) compounds, swuh Cr(butyrate) and
Cr(propionate) also revealed extensive corrosion taking placéhensubstrate surface.

These observations were in agreement with the wégh test results.

mild steel control in 60 200 ppm K(benzilate)vanadate 200 ppm Ca(gluconate)borate
ppm CI soln. for 1 week 60 ppm Cifor 1 week 60 ppm Cifor 1 week

Figure 3-16 Images of control coupon and coupons immersed in

solutions of metal oxyanion esters; respectively.
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The image of the Ca(gluconate)borate treated coupwmaled less corrosion
products than that of the control confirming thaghloss test results. On the contrary,
the weight-loss test results contradicted the Vistgervation of K(benzilate)vanadate
treated coupon, which seemed clear despite a fege laits. The clear surface indicates

that K(benzilate)vanadate inhibits uniform corresbut not pitting corrosion.

3.4.4 X-Ray Powder Diffractometer Studies

As a complimentary technique, X-ray powder diffrastpatterns of the inhibitor
treated substrate surfaces revealed phase congpositagreement with those of weight-
loss test results and visual observations.

Correlated with their positive inhibition efficieiles, X-ray diffraction patterns of
relatively uncorroded steel coupons, such as tles tneated with 60 ppm Gblutions of
200 ppm Al(gluconatepH, Ca(gluconatgporate, Zn(gluconate)vanadate, and
Cr(propionate) revealed only iron without corrosion products. dontrast, the X-ray
pattern of a steel coupon dipped into 60 pprs@ution of CrOOH revealed peaks due
to corrosion products of iron such as rust FeO(Gsth in the form of lepidocrocite and
goethite along with magnetite FePa. Two examples are shown in Figure 3-17 and

3.18.
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183



zn 30 <0

2-Theta - Scale

m&-nhzslzzu Cro0oH seel - Flle: volkanooohs Bel.AAN - TYpe (2T Thioked - S@rl: 0000 ° - End @
operalon=: mporl

mDE-DEEIE (y-ron, syn-Fe - 5000% -d xby: 1. - WL 15405 - Cublc-

|E|1EI-DEE (J-Mgrelle,=yn - FEFE20 + - SO0 % -d xby:1.-WIL: 1. 5405 - Cublc- VIEPDF +5-
e-01 () -Chromle , syn- FECIZ0 4 - SO0O0 % -d xby:1.- NIL:1.5+05 - Cublc-

|E|u-u15 (*)- lepidoTode  =yn - FEOL[OH) -v:S000% -d x bhy: 1. -WIL: 15405 - Or horbomblc - Vs

m3-131-5 (y-Mxghremle-C, syn- FEZO3-V:S0M % -d xby:1.-WL:1.5405 - Cublc- FICPDF 1.4 -
25-142 (f - Maghem lie-0 ,=yn- FE203 - : 5000 % -d x by:1.- WL 1.5405 - Telmgoral -

mE#—I:I:EE -ronChromium +3+-Ls@ness seel- FE-Cr-":S000% -d xby:1.- WL 1545 - Cubl
0505« ' )-Chrombum , syn - Cr-Y: 5000 % -d x by: 1. - L: 15405 - Cublc- P POF & 4 -

Figure 3-18 X-ray Diffraction Pattern of #ild Steel Coupon Immersed in CrOOH-salt solution7 days
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The X-ray diffraction pattern of steel coupon teshtvith 60 ppm Clsolution of
200 ppm potassium benzilate molybdate for 3 dagsndt reveal any corrosion products
confirming the positive inhibition efficiency. Immson of the same coupon into the
same potassium benzilate molybdate-salt solution7falays was just enough for the
peaks due to corrosion products such as goethit{d), and magnetite Fefa, to

appear in agreement with inhibition efficiency data
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Figure 3-19 X-ray Diffraction Pattern of Mild Steel Coupon Immersed in

K(benzilate)molybdate-salt solutidar 3 days
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3.4.5 Scanning Electron Microscope Studies

Scanning electron microscopy (SEM) is a morpholalgisurface analysis
technique that uses electrons, rather than lighfotem an image. There are many
advantages for using the SEM instead of a lightosiwope. The SEM has a large depth
of field, which allows a large amount of the samjoldoe in focus at one time. The SEM
also produces images of high resolution, which ra¢hat closely spaced features can be
examined at a high magnification. Preparation efsamples is relatively easy since most
SEMs only require the sample to be conductivehdf sample is not conductive, then it
should be coated with a conductive material. Thahkioation of higher magnification,
larger depth of focus, greater resolution, and easample observation makes the SEM
one of the most heavily used techniques in researeas today. In this study a JEOL
JXM 6400 SEM was used for surface imaging of sals$r both before and after
immersions. As an example, SEM micrographs revealdastantially less corrosion
products on the surface of the coupon that was msedeinto the solution of 200 ppm
Al(gluconate)OH for a period of 1 week. The micrograph of theéay Al(gluconateyOH
treated coupon immersed into salt water for a syes® period of 7 days revealed the
presence of an intense deposition layer; whichpeasibly a mixed coating composed of

protective aluminum oxides and hydroxides and &oroproducts.
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for 7 days 60 ppm Cifor 7 days 60 ppm C13 days + 60 ppm
CI' 7 days

Figure 3-21 1500 Times Magnified Scanning Electron MicrogmphControl Coupons
and of Coupons Immersed in Solutions of Aluminura@@hate Hydroxide

for 7 days and 10 days.

L2 '
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Blank steel 200ppm Al(gluconatePH, 0.01M Al(gluconate)OH,
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Figure 3-22 2000 Times Magnified Scanning Electron MicrogsphControl Coupons
and of Coupons Immersed in Solutions of Aluminumddhate Hydroxide
for 7 days and 10 days.
There was no difference between the control cougnmh the coupon that was
immersed into salt water for a second period ofetiafter treating it with 0.01 M of
Al(gluconate)20H in agreement with the poor comasinhibition results. This most

likely was due to the increased conductivity of tbelution caused by high ion
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concentrations.
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Figure 3-23 Scanning Electron Micrographs of Control Coupon ah@oupons
Immersed in Solutions of Aluminum Gluconate Hyddiwith or without 60 ppm

Chloride, respectively.

No significant difference was observed between SiMrographs of coupons

treated with 200 ppm solution of Al(gluconateH with or without 60 ppm CI

3.4.6 Infrared Spectra Studies

Infrared spectra studies of inhibitor treated cowgpand control coupons have
been performed both before and after immersionsceSthe substrate surfaces were
examined, three types of absorptions were possabkgrptions purely due to structure of
the substrate, absorptions purely originated frdsogption of inhibitor compound on the
substrate surface, and absoptions due to deposificcompounds such as corrosion
products formed by the reactions between the mikklssubstrate, the inhibitor

compound, and the corrosive chemicals.
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The immersion in water is expected to lead to bheatds due to symmetric and
asymmetric stretchings of hydroxyl of water ceresround 3500 cth and due to
bending of hydroxyl of water around 1600 tmvere expectelf > However, the
substrates were air dried for several days befakeng their spectra to minimize
absorptions caused by physically adsorbed wateg. difierence in absorptions in the
1600 cnt region of the spectra of control substrates anbstsates treated with
gluconates, benzilates and other hydroxyl acidsdatlt to the conclusion that air drying
was successful in minimizing the effects of waléwus, the absorptions around 1600 cm
! region were assigned to carbonyl stretchings ineg® and specifically to OCO
stretchings. Other bands in the 1600'cregion were assigned to hydroxyl groups of
organic compounds rather than hydroxyl of water.sffectra of different compounds

differed depending on the IR active functional greleading to a categorization based

on the IR active constituent.

Gluconate Salts
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Figure 3-24 Combined Infrared Spectra of Coupons Immersegbiations of
Gluconates for 7 days with 60 ppm Chloride

In accordance with literature values of ca. 1606 4885 cni', *° the bands
centered at 1600 cfand at 1380 cthin the spectra of gluconate salts were assigned to
the asymmetric and symmetric OCGtretching vibrations. The strength of the
absorptions seemed to be somewhat proportiondletantibition efficiency values with
boroglucose, borogluconate, gluconic acid havingakee absorptions in that order
indicating little adsorption of gluconates on thibstrate surface in agreement with their
low inhibition efficiency results. The only excemti to this trend was chromium
gluconate which had a strong absorption despitdoits but still positive inhibition
efficiency. In addition, the separation of morert290 cm* between the observed OCO
components in the spectra of the gluconate saksassigned to monodentate carboxylate
coordination as stated in the literafire

Based on literature data, broadening of the OHtcltieg vibrations due to
interactions between the hydroxyl groups of thecghate with the metal ions was

observed. However broadening and shifting o, OBOH and CHO bending vibrations,
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which appear in the region 1400-1100 tuiue to interactions between the metal ion and
the hydroxy acid were not observétiRelatively weaker bands at 1100-940 tmvere

assigned to the hydroxy acid C—O stretching vibretiin general for gluconatés.

Al(gluconate),OH

mild steel coupons treated w/Al(gluconate),OH
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Figure3-25 Combined Infrared Spectra of Coupons Immersegbiations of
Aluminum Gluconate Hydroxide with Varying Immersidimes, Chloride

Concentrations, and Inhibitor Concentrations

Infrared Spectra of the coupons treated with Alghate)OH, revealed
absorptions similar to the gluconates for frequemichigher than 1200 c¢hwith
symmetric and asymmetric stretching vibrations yafroxyl groups centered at 3500 cm
! OCO stretching vibrations centered at 1600 camd 1370 cril. Notably a shift to
lower frequency region was observed with increagimgpitor concentration. In the low
frequency region, the OH bending vibrations at 1680 were assigned to AIOOH, and

Al-O stretching vibrations at 770 ¢hmwere assigned to AIOOH (as opposed to the
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absorptions of Fe-O stretching vibration dueyt6eOOH at 750 cih and the OH
bending vibration at 1000 chdue toy-FeOOH in the spectra of the control coupdiis).
34

The presence of OCGtretching vibration bands at 1600 tand 1370 crii on
the other hand suggested the adsorption of theogaie constituent on the substrate
surface as well as bound to the protective aluminude/hydroxide layer. More
evidence for the formation of a conversion coath@luminum oxides/hydroxides was
provided by XPS results, which revealed the pres@fi@luminum on the surface of the
coupons treated with Al(gluconat®H and also by weight-loss test results, which
revealed positive inhibition efficiencies during cead immersion periods for

Al(gluconate)OH treated coupons opposed to coupons treated atitbr gluconates

salts.
mild steel coupons treated w/Al(gluconate),OH-2" Immersion

100

o0 ——control 1 day

s 4
" 0 200ppm 3+7 days
E 6 -
)
-‘E 5 ——0.01M 3+7 days
g a0
[
= 30 ——0.01M 7+7 days
==

0

10 4 ——0.05M 7+7 days

4000 ATO0 3400 3100 2B0D 2500 2200 1500 1600 1300 1000 TO0 400
wavenumbers{cm-1)

Figure 3-26 Combined Infrared Spectra of Coupons Immersed intféas of

Aluminum Gluconate Hydroxide for 14 days for Tegt@onversion Coating Formation
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In the spectra of coupons immersed for a secondgef time, bands matching
with FeOOH bands of the control coupons were alssgnt along with bands due to
AIOOH confirming the previous assignment of bande tb AIOOH suggesting that they
were not just shifted bands due to FeEOOH. Despite dresence of bands due to
corrosion products of FeOOH; bands due to AIOOHewstill strong as opposed to the
other gluconate salts where either no or very weakds were present. However, it is
also important to note that a lot of weaker similands were also present in the spectra
of some coupons of other gluconate salts in théomsgof 1050 cni and 750 cnt
matching bands of Al(gluconat€H treated coupons, which may imply that an
eventually soluble iron gluconate layer was fornoedthe substrate surface of coupons
treated with other gluconate salts, while for caugptreated with Al(gluconatg€)H both
iron gluconate and aluminum oxides and hydroxigensa were present. Lastly, shifting
of the bands due to hydroxyl stretchings with iasiag inhibitor concentration was

observed similar to the spectra of coupons®tifimersions.

Other carboxylic acids and their salts
Infrared spectra of the other tested carboxylidssalich as aluminum acetate,
aluminum lactate and chromium acetate revealedlynsishilar absorptions to those of

gluconate salts with weaker absorptions in geradaasig with several differences.
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mild steel coupons treated w/other acids/salts
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Figure 3-27 Combined Infrared Spectra of Coupons Immersed lati®as of Other

Carboxylic Acid Salts with 60 ppm Chloride for estt3 or 7 days

One difference was in the OC6&lretching vibrations, where the separations were

less than 200 cihfor acetate salts indicating the chelating or girid structures of

acetates. Another difference was the absence afsdarthe 1050 cih

Molybdenum Esters of Hydroxy Acid Salts

Calciumé& Zinc Gluconate M olybdates
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mild steel coupons treated w/zinc or calcium gluconate molybdates
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Figure 3-28 Combined Infrared Spectra of Coupons Immersegbiations of
Molybdenum Esters of Calcium and Zinc Gluconates wD ppm Chloride
for Various Immersion Periods

Absorptions due to carbonyl groups of carboxylatese present in two bands
with 200 cni* separation as in gluconate salts, however no ptisns were observed due
to the Mo-O bending vibrational modes at 972'cth 994 cni *, and 996 cil ®’ as
stated in the literature. Additional bands due @gor@sion products at 1020 ¢hand at
750 cm' were assigned tg-FeOOH and band at 580 ¢rvas assigned to magnetite
(F%O4).33’34

A possible absorption at 1398 ¢rmdue to Zn(OH)was not observed. This could
still be present but overwhelmed by OCretchings common to other gluconate salts in

the same region.

Potassium Benzilate M olybdates
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mild steel coupons treated w/potassium({benzilate)molybdate
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Figure3-29 Combined Infrared Spectra of Coupons Immersegbiations of
Molybdenum Esters of Potassium Benzilate with 66 @ghloride

for Various Immersion Periods

In contrast to the gluconate salts and their estely one weak band at 1600 ¢m
was assigned to the carbonyl of benzilate, whicls yweesent only in the spectra of
coupons immersed in potassium benzilate solutionsohe week. Other bands in the
spectra of coupons immersed in potassium benziedlybdate solutions were due to
corrosion products of iron at 1020 ¢rand at 750 cfhassigned tq-FeOOH, at 890 cih
assigned tou-FeOOH, at 580 cthassigned to magnetite (&), at 470 crit also
assigned t@-FeOOH. The difference compared to the spectraoapans immersed in
solutions of potassium benzilate and calcium amgt gluconate molybdates was the

weaky-FeOOH bands and emergenceidfeOOH bands>**
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Vanadium Esters of Hydroxy Acids

Calcium& Zinc Gluconate Vanadates

mild steel coupons treated w/zinc or calcium{gluconate)vanadates
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Figure3-30 Combined Infrared Spectra of Coupons Immersegbiations of
Vanadium Esters of Calcium and Zinc Gluconates @@tppm Chloride

for Various Immersion Periods

Spectra of coupons immersed in solutions of calciand zinc gluconate
vanadates revealed more pronounced carbonyl bambs/@aker bands due to corrosion
products, otherwise all bands were the same agrap&fccoupons immersed in calcium
and zinc gluconate molybdate solutions. Howeveg, 9pectra of coupons immersed in
zinc(gluconate)vanadate solutions fof and 2¢ immersion periods revealed shifted
bands at 1020 cthand at 850 ci which could imply presence of vanadium on the
substrate surface since absorption bands betwe®em®and 1000 ci are indexed to
various group vibrations of V-O type in genéfal including bands at 1019 ¢m850

cm?, and between 408m® to 650 crit “°. The slight inhibition efficiency of zinc
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gluconate vanadate during 3 days of second imnrepoiod, the increase in weight of
the coupon after immersion for one week, and viservation of the coupon after
completion of immersion may all be explained by pihesence of a vanadium conversion
coating on the substrate surface although otheidtseslearly indicate a low corrosion

resistance of this coating even if it exists.

Potassium Benzilate Vanadates

Spectra of coupons immersed in potassium benziktadate solutions were one
to one match to the spectra of coupons immersepdotassium benzilate molybdate
solutions with no indication of vanadium on the stulte surface but only corrosion

products.

Boron Estersof Hydroxy Acids
Spectra of coupons immersed in solutions of borstere of hydroxy acids
revealed weak absorptions, which were mostly assign corrosion products with no

indication of boron.

3.5 Characterization of Immersion Solutions

Immersion solutions were also indicators of theeekbf corrosion. For instance,
salt solutions of gluconate salts remained clesoughout the immersion of mild steel
coupons, while the salt solution in which the cohttoupon was immersed, changed its

color from clear to dark brown indicating the pmse of iron corrosion products. On the

199



other hand, the color of salt solutions of molyhdatenesters of gluconate salts changed
from clear to yellow and the salt solution of vaiuad ester of potassium benzilate
changed color from clear to light yellow indicatingme corrosion was taking place. In
addition to visual color observations revealing éxtent of corrosion qualitatively, the
pH, conductivity and oxidation-reduction potentia the immersion solutions were

measured prior to and after the immersions.

3.5.1 ORP Measurements

ORP is proportional to the concentration of oxidizer reducers in a solution,
and their activity or strength. It provides an oation of the solution's ability to oxidize
or reduce another material. The addition of an iaeidwill raise the ORP value, while
the addition of a reducer will lower the ORP value.

The ORP values of immersion solutions were measiarelétermine whether the
redox capable inhibitor compounds had gone thoreglox reactions or not. Dissolved
oxygen may be reduced by the metal substrate auihig to lowering of the ORP value
but comparison to the control solution should neghis effect.

Overall, the ORP values were decreased in avenagalbduring immersions for
both the control and inhibitor containing solutiofiie exceptions were the gluconate
salts of zinc and calcium, and their vanadate gstelnere only a slight decrease in ORP
occurred. As expected, inclusions of salt ions theimmersion solutions and increasing
the immersion period led to further decrease in ORP

In contrast to the molybdenum esters of gluconates,sthe ORP values for

immersion solutions of vanadium esters of gluconalie not decrease. The amount of

200



slight decrease or even increase was approximé#telysame for all vanadium esters
regardless of whether the hydroxy-acid constitveas gluconate or benzilate with the
exception of zinc salts of vanadium esters, in Wratight increases in ORP have been
observed compared to almost no decrease to velg diecreases when calcium and
potassium cations were in the formulation, respebti These results were unusual
considering the decrease in ORP values of the @ostlutions and the immersion
solutions of other tested inhibitor compounds thatl similar inhibition efficiencies.
Qualitative analyses of the vanadium ester treategbons revealed clear surfaces with
no uniform corrosion except a few pits. In the IRedra of coupons treated with
vanadate esters, contained absorptions that maghd heen due to vanadium oxides in
the low frequency region of 400 €mto 1000 crif, but these were not resolved
sufficiently to deduce such a conclusion. Ovethk, vanadates seemed to work similarly
to chromates; however any conversion coating thghinie formed is either not adherent
to the substrate surface or not resistant to g@nahg solution of 50% hydrochloric acid.
In agreement with the results for the vanadiumrestihe ORP values of the
immersion solutions of calcium and zinc gluconatkssdid not decrease as opposed to
magnesium and sodium gluconate salts, which shegedficant decrease. The zinc salt
had the lowest decrease of all of the gluconateseSall gluconate salts had similar high
inhibition efficiency values, the difference in ORRBIues is likely due to the cathodic
inhibitive properties of zinc and calcium catioresulting in precipitation of zinc and

calcium hydroxides at cathodic sites.
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AORP During Immersions
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Figure3-31 ORP (Oxidation-Reduction Potential) vs. Time Graplmmersion
Solutions of Various Inhibitors During ImmersionsGoupons
Below AORP graph indicates the majority of corrosion iiting compounds’

ORP values lowered by an average of roughly 350 mV.
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Figure3-32 AORP vs. Time Graph of Immersion Solutions of Vasidnhibitors

During Immersions of Coupons
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The AORP vs IE graph shown below indicates that the rgjof the compounds
that had ORP values decreased by an average of r86(had positive inhibition

efficiencies in the range of 50% to 100%.

AORPvs IE
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Figure 3-33 AORP vs. Inhibition Efficiency Graph of Immersionl&mns

of Various Inhibitors

The AORP/ORRiia VS IE graph below indicates that the average ORBeg

were roughly halved for over 100 tested compoundf ¥he exception of zinc and

calcium gluconates and the vanadate esters.
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Figure 3-34 AORP/ORRjia Ratios vs. Inhibition Efficiency Graph of

Immersion Solutions of Various Inhibitors

The vast majority of the ORP values were foundaathin the range of 200 mV
and 500 mV with the exceptions of the immersiorusohs with various concentrations
of calcium or zinc gluconate salts and the boraggecsolution which had an ORP value

down from 600 mV to almost 0 mV.
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Figure3-35 Final ORP Values vs. Inhibition Efficiency Grapf

Immersion Solutions of Various Inhibitors

3.5.2 pH Graphs

In acidic solutions an increase in pH occurs dubydrogen evolution caused by
the reduction of hydronium ions. In near neutrab&sic solutions, the system chosen for

this study, the pH also increases due to the amedittion of corrosion process, that is

Q+2H0+46 _ » 40H (Eq. 3.7)

Accordingly, pH of the immersion solutions of goothibitors increased only
slightly, while a large increase was observed fompounds with poor corrosion
inhibition ability. One week immersion solutionsntaining boroglucose, borogluconate,
and the molybdenum esters of gluconate salts hgttehApH and final pH values than
the other tested compounds. This is also correlatéidl the trends observed by ORP

measurements.
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Figure3-36 ApH vs. Time Graph of Immersion Solutions of Varidaisibitors
During Immersions of Coupons
On the other hand, the gluconate salts and vanadstens of gluconate salts had
either very little increase or very little decreaseheir pH values, again agreeing with
the ORP measurements and inhibition efficiency ltes®verall, theApH values were
within ~ -0.2 and 2.6. The final pH values vs IElaypH/pHniia Values vs IE graphs did

not reveal any other trends other than the aforéioresd ones.

3.5.3 Conductivity Graphs

The conductivities of the immersion solutions aliiy originated mainly from the
initially present inhibitor concentration of 200m@and the 60 ppm chloride. However, as
the corrosion and corrosion inhibition processesktglace many other products

contributed to the final conductivity values.
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Most decreases in conductivity occurred for imnuarsiof 10 and 14 day periods
with no inhibitor present during the second immamnsperiod. These results are in
harmony with the inhibition efficiency results segtjng the total consumption of the
inhibitors and precipitation of ions originated fiacorrosion reactions leading to a lower
final conductivity. The exception to this trend w#se immersion solution of the
Al(gluconate)OH treated coupon, which revealed a slight incraaseonductivity in

harmony with the inhibition efficiency results.

AConductivity During Immersions
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Figure3-37 Ao (Conductivity) vs. Time Graph of Immersion Soluisoof
Various Inhibitors during Immersions of Coupons
The immersion solutions with high inhibition eficicies revealed no or slight
positive increases in their conductivities. Thislirded one week immersion solutions of
gluonate salts and their esters in general. Theersion solution of chromium acetate
revealed the only out of trend result with the leigthincrease in conductivity. Notably,
the inhibition efficiency of chromium acetate tesgtmild steel coupon was also highly

negative.
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AConductivity vs IE
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Figure3-38 Ao (Conductivity) vs. Inhibition Efficiency Graph of

Immersion Solutions of Various Inhibitors

Most of the final conductivity values were withinet range of 10QS to 200uS,
close to the initial conductivity values. Plottifimmal conductivity values vs IE and
Aconductivity/initial conductivity values vs IE didot reveal other trends but the

aforementioned ones.

3.6 Discussion and Conclusions
3.6.1 Discussion of theInhibition M echanisms of Gluconate Saltsin Literature

The inhibition effect of gluconates has been disedsby several authors in the
literature?>” Most of the authors agree that gluconates inhibé torrosion by
influencing the anodic reaction of metal dissolnfibut there is no general agreement on
the mechanism of that acti6h'’>**** On the other hand, there seems to be an

agreement on the contribution of the cationic dtunesit to the corrosion inhibition. The
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most commonly used gluconate salts are zinc glueoaad calcium gluconate, which
form zinc and calcium hydroxides at the cathodiessinhibiting the cathodic corrosion
reaction. Initially, the cathodic corrosion reaatidhat is the oxygen reduction reaction,
provides the OHleading to increases in local pH values enougpréeipitate zinc and
calcium hydroxides. Thus, the process is a repassiv process. Among zinc and
calcium gluconates, the effect of zinc gluconatdascribed as more pronounced in the
literature due to the higher insolubility of zingdmoxide®*>***>° The following
mechanisms have been proposed for corrosion indmbgtction of gluconates on iron and
mild steel in near neutral solutiofis*****
1. Repair of the oxide film by adsorbing on the weaots of an inhomogeneous,
porous oxide film,
2. Incorporation into the oxide film during its fornnaa,
3. Reaction with iron ions forming complexes that geate on the metal surface,
4. Forming complexes with iron cations while they sti# bound up in the metal lattice
rather than forming precipitates.
The third action mechanism among others seemedetdabored in several recent
studies’® while it is being questioned by some oth&rs™ There are other studies that
favor simultaneous occurrence of both the third &mdrth mechanisms, in which
gluconate forms insoluble complexes weith Fe(llJiaces, while at the same time
forming soluble complexes with the Fe(lll) catioms.these studies, it is claimed that
complexation of both E&and F&" with oxalate or gluconate inhibits mild steel osipn
by keeping F& ions in solution but forming insoluble complexe&haFe*. In one of

these studies, insolubFe(GH1:07), precipitatewas claimed to be observed through
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X-ray analyses of the surfaces. However, our X-aaglyses of mild steel substrate
surfaces treated with gluconates revealed peaksodlyeto the substrate metal and
corrosion products. Also a frequency shift of theQCpeak of calcium gluconate from
1606 cm' to 1622 crit after completion of immersion was claimed to beesitlence of
precipitation of iron gluconates on the surfacevai.**® A similar shift in the spectra of
coupons immersed in calcium gluconate solutionsotagrved in this study.

It is well-known that gluconic acid and gluconatalts form water-soluble
complexes with most metal cations. Stability const@measurements also indicate that
stabilities, thus the solubilities of these compkeincrease with pf.

Therefore, the differences between proposed actiechanisms is reduced to a
problem of determination of the micro conditiongtsas whether the pH is suitable for
gluconate complexes to precipitate on the metadtsate. Testing of the alloy substrates
treated with inhibitor solutions for conversion ting formation revealed substantially
low inhibiton efficiencies with the exception of (§luconatejOH. This indicates that an
insoluble protective iron-gluconate film does ngise on the metal surface or it is only
present when gluconate ions are provided in thatisol. In practical terms, a non-stable
film of iron gluconates that dissolves in very ghitme when no gluconate is present in
the solution is equal to having no film at all nan both cases, gluconates have to be
supplied steadily. In agreement with this statemgrratctical applications such as the use
of gluconates to eliminate iron oxide corrosionaits in cooling water equipmefitor
as sequestering agents that prevent depositioalcdtim carbonate from hard waters also
requires steady supply of gluconateé$:™ This fact has been implied in one of the

studies of the authors who favor iron-gluconatecipigation on the substrate surface. It
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has been stated that the decrease in inhibitioiciexfty with increasing period of
immersion time, from 1 to 3 days to 5 days, was tu¢he dissolution of the Ee
gluconate complex formed on the metal surfade.another study, it has been mentioned
that concentrations by weight over 0.1% would resal soluble iron gluconate
complexes> This concentration corresponds to the 100 ppm tibitor used in weight-
loss experiments in this research. Considering@98 was determined to be an optimal
concentration in this research, it is likely thaluble iron gluconate complexes were
adsorbed on the substrate surface, thus repainegtotective oxide film rather than
forming a protective coating on the substrate serf#\ similar behavior of gluconates
has been pointed out in a study of sodium boroglat® adsorption on an iron surface

that revealed it was adsorbed on the protectivéeofiim and not directly on the irdh.

3.6.2 Suggested Inhibition Mechanism of Salts of Gluconic Acid and Other

Hydroxy-Acids

Prior to the discussion of the inhibition mechanisigluconates a few points
should be considered:

Gluconate is known as a complexing agent widelydws® an efficient masking
reagent for catior’& When comparing the complexing ability of the hydrcarboxylic
acids however, a larger negative charge corresptmdsronger complexing ability,
which also translates to having more carboxyl gsodmother point is that gluconic acid
has a pKa of 3.86 therefore, it is fully ionized at near neutral diions to gluconate,
thus pH does not play any role and conjugate aas®lequilibrium of gluconate does not

have to be considered. When mild steel coupon mersed in a solution containing 60
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ppm CI and 200 ppm gluconate salt, the gluconate sdiis#is from the bulk of the
solution to the metal surface, where initially aonill) gluconate complex is formed on
the anodic regions and the cationic constituenthef gluconate salt is released to the
solution or to the cathodic sites in the case o€,zcalcium or magnesium cations. Thus,
first iron(ll) cations form, driven by the negatiwandard reduction potential of the
following reaction at ambient conditions;
Fe—» Fé+2e (Eg. 3.8)
Normally, driven by thermodynamics, iron (II) cat® oxidize quickly to iron (Ill)
cations in watéf, leading to the corrosion products as follows;
Fe'* +3H,0 —» Fe(OH)+ 3H' (Eq. 3.9)
Fe(OH) —_, FeOOH + D (Eq. 3.10)
However gluconates form complex compounds with then (Il) cation
preventing its oxidation to iron (lll) cation andepenting further corrosion reactions
from taking place by stopping mass transport ofsigesulting in an incomplete
electrochemical cefl’ Iron(ll) cations can form monodentate or bidentatenplexes
with gluconates.
Fe* + M(gluconate) «—» Fe(gluconafey M™ (Eq. 3.11)
Fe(gluconaté) + M(gluconate) «—» Fe(gluconate} M™ (Eg. 3.12)
Other studied carboxylic acid salt and its esténat is benzilate, also form stable
complexes with iron(ll) and iron(lll)catiofs’, thus same arguments that is being made

for gluconates herein may as well be consideretdorzilate compounds to some extent.
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It is also mentioned in the literature that ligawdsich form complex compounds with
iron cations with comparable low formation conssantll cause precipitation of Fe(Of)
and Fe(OH)in highly alkaline condition§’

Ksp(Fe(OH) = 8.0 x 10", KsFe(OH) = 4.0 x 10°®™

Conversion of iron gluconates to more stable irgdrbxides with increasing pH may
explain the presence of weak bands due to corrgsimsiucts of iron in the IR spectra of
coupons immersed in gluconate salts.

Gluconates are also reducing agents, similar torasxacid although less strong,
preventing oxidation of iron(ll) to iron(ll1}? In addition, the formation of a more stable
complex when the metal has the lower oxidation remfévors reduction and as a result
the reduction potential becomes more posifive. this case, the comparison is with the
Fe(ll)hexahydrate vs Fe(ll)gluconate. The gluconatenplex is more stable and
therefore favors remaining in the reduced statearManile, the cationic constituents such
as zinc and calcium cations form insoluble hydregiat the cathodic sites, thus lead to
the blocking of the galvanic corrosion cell.

M™+ nOH —»  M(OH) (Eq. 3.13)
when M = Zn, Ca, or Mg

Thus, trivalent iron gluconate formation is ruledt aunless breakdown of the
gluconate inhibitor occurs due to extreme condgiawr if it is consumed totally.
However, if present, due to conditions favoringrosion reactions, iron (lll) cations can
also form stable complex compounds with glucongiesventing further corrosion
reactions that involve trivalent iron.

Fe’* + M(gluconate) — » Fe(gluconafé)+ M™ (Eq. 3.13)
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Fe" + M(gluconate) —» Fe(gluconatd)+ M™ (Eq. 3.14)
log (B1) = 22.23, log f§,) = 10.517°
Iron (Ill) gluconates can further form complex camapds with calcium cations to form
very stable water soluble produéts.

Fe(gluconaté) + C&" —, CaFe(gluconaté) (Eqg. 3.15)

Fe(gluconatej + C&* —» CaFe(gluconaté&) (Eqg. 3.16)

In the specific case of Al(gluconat®H, the low stability constant of aluminum

gluconate may facilitate forming of iron(ll)glucaea and a protective coating of
aluminum oxides/hydroxides as implied by the IRutss In addition, the greenish color
that was visible on substrate surface might be tdueon(ll)gluconate since iron(ll)

products are known to be greenish in color.

3.6.3 Metal Oxyanion Estersof Gluconate Salts

The combined use of metal oxyanions with glucondtage been reported to
result in increased inhibition effect such as, éxample, the application of sodium
gluconate together with tetraborate, nitrite or ybdate’*>>* Other studies reporting
synergistic effects of gluconate include literataite gluconates as scaling inhibitors that
improve the action of molybdate and tungstaté.

The combination of these constituents under onadation yielded only slightly
positive inhibition efficiencies in the case of wlmilenum and vanadium esters but high
inhibition efficiencies in the case boron esters.

Clearly, complexation of molybdenum and vanadiumstibuents with gluconate

led to a diminished complexing ability of the glmedes with iron cations due to highly
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stable complexes. Gluconate and benzilate complekeasolybdenum and vanadium
with various oxidation states are reported in ttegdture’®®

The boron esters of gluconates on the other haoduped high inhibition
efficiencies. As a reason, the formation constdrttooon gluconate complex is very low
compared to transition metal complexes of glucandtence, boron ester may facilitate

the formation of iron gluconate complex due tohigher solubility compared to other

gluconate salts.
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CHAPTER IV

AQUEOUS CORROSION INHIBITION FOR ALUMINUM ALLOYS

41 Introduction

Following the testing of inhibitors for mild stealloy in aqueous solutions, the
inhibitors were tested for aluminum alloys as waH.explained in the introduction, three
aluminum alloys were chosen for the tests, Al 20846061, and Al 7075 alloys due to
their common use in industry and, specificallyaircrafts. Sol-gel coatings on Al 2024
alloy are also the subject of an investigation in Bpblett’'s laboratories, so the
inhibitors that successfully inhibit aluminum 202drrosion in aqueous solutions could

also be incorporated into the sol-gel coatingskohit corrosion of Al 2024 alloy.

4.2 Weight Loss Test Results

The standard methods for “Preparing Specimens fagighit-Loss Tests”
developed by the ASTM (American Society for Testimgl Materials)’ were followed
with no alteration. Before immersion, aluminum cong were degreased first by dipping
in hexane followed by dipping in methanol. Afterdsy the coupons were placed in

aerated Oakite-164 alkaline cleaner solution at ‘Bfbr 10 minutes. The Oakite bath
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was prepared in the same manner used for degreafsinidd steel coupons by dissolving
60 g of Oakite detergent in 1000 ml of water at IBONext the coupons were treated
with a pickling solution composed of Henkel Surfabechnologies brand acid-based
Deoxalume 2310 (70% water, and 20% concentrateit @icid, and 10% Deoxalume).
The Deoxalume is composed of 10-30% sulfuric ati@30% ferric sulfate, 1-10%

ammonium bifluoride. Coupons were dipped into theklpg solution for 6.5 minutes.

After the immersions were completed, coupons wgrpeatl into concentrated nitric acid

for 5 minutes followed by drying and weighing.

4.2.1 Inhibition Efficiency Results

Weight-loss tests were performed based on thewollp parameters; type of the
substrate, type of inhibitor, inhibitor amount hetimmersion solution in ppm (part per
million), chloride ion concentration in immersionlgtion in M, and immersion period.
The type of the substrate is of crucial importasgece the alloying elements in the
substrate have different corrosion resistivitied amght also react differently with the
tested inhibitors. For instance, Aluminum 2024 walleas high amounts of copper and
Aluminum 7075 alloy has high amounts of zinc, whishwhy both alloys have lower
corrosion resistivities than Aluminum 6061 alloye#&se refer to Table 1-2 for detailed
composition of the alloys. An inhibitor concentoatiof 200 ppm was determined to be
optimal for a system of 100 ml solution. Also, d&y immersion period was found to be
the best immersion period. Instead of the chloddecentration of 60 ppm used in the
weight-loss tests of mild steel coupons, a conasintr of 0.5 M was used for the

aluminum. The high 0.5 M chloride concentrationcleser to seawater values as is
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required to achieve measurable weight losses. Serauldoride concentration is given as
19000 mg/L or pprby USGS (United States Geological Survey) for Racfcean of

California, which is close to 0.325 M in molaritgrins or 3.5% by weight. The reason
why 0.5 M salt concentration or 5% salt percentageveight has been chosen as the
concentration instead of 0.35 M was to match thditional 5% salt concentration of salt
fog chambers so that the inhibition efficiencies tbé same inhibitors in aqueous

solutions and in sol-gel coatings could be compared

Gluconate Salts

Only zinc and chromium gluconates were effective ifthibiting corrosion of
aluminum alloys. Therefore, it can be concluded tie metal ions were the main
corrosion preventing constituents. This conclus®rsupported by the acceleration of

corrosion by sodium gluconate.

Gluconate Salts

100
90 A
80 A
70 1
60 -
50 1
40
30 1
20 A
10

B Zn(gluconate)2
B Ca(gluconate)?2
OMg(gluconate)2

B Na(gluconate)

Inhibition Efficiency(%)

-10 -
-20 A
-30 A
-40

B Cr(gluconate)3

Figure4-1 Inhibition Efficiency Graph of Gluconate Salts ¢i®ppm
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Group Il Gluconates and D-Glucose

Results for the inhibitors in this category werd&ejdifferent from those observed
with mild steel corrosion. Al(gluconat®H, for example, did not have effect on
corrosion inhibition except for 7075 alloy. Howey&(gluconate)OH, and B(glucose)
and their precursors, boric acid and D-glucose, ettier inhibition efficiencies than

those of Al(gluconateDH and gluconate salts of Mg, Ca, and Na.

Group Il Gluconates

80
"1k oD(glucose)
= glucose
S 60
g 50 | @ Boric acid
S}
£ 40 ] @ B(glucose)
5 30 -
2 B B(gluconate)20H
Z 20 |
c 0 B Al(gluconate)20H
= 0
0 :

2024 6061 7075

Figure4-2 Inhibition Efficiency Graph of M(X™),..OH Type Gluconates

Application of Other M*™"(X™%),2,OH and M*™(X™%), Type Compounds
Compounds similar to gluconate salts were testetthe results are shown in

Figure 4-3.
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Other Hydroxy Acid Salts

100

90 1 T T L
80 1 <
S 70| OCr(acetate)20H
3 60 |
S 50 | B Cr(acetate)3
O 40 1
T B Al(acetate)(OH)2.
5 2 H3BO3
E o . OAl(lactate)
< 10 |
— 20 1
30 | 2024 6061 7075
-40

Figure4-3 Inhibition Efficiency Graph of M'(X™),.1OH and M™(X™), Type Salts

of Other Carboxylic Acids Other than Gluconates

Among the tested salts, Cr(acetate)d Cr(acetatePH performed very well and
were similar to Cr(gluconatg)Aluminum salts inhibited corrosion for 2024 an@i73
alloys, while they accelerated corrosion in theeca$ 6061 alloy. The reason that
Al(acetate)(OH).H3BO3; performed slightly better than Al(lactate) coul@ blue to
presence of boric acid, which also inhibited cdonswvhen tested seperately. Overall,
when gluconate and other carboxylic acid salts efamncations such as Gy Al* are

compared; acetate and lactate salts seemed tampdridter than gluconate.

Molybdenum Esters of Gluconate Salts
In contrast to what was observed with gluconates stile inhibition efficiencies
of molybdenum esters of gluconates were almostepefbr 2024 alloy and also very

high for 6061 and 7075 alloys. This observationidattd that the molybdenum
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constituent inhibited corrosion since earlier resalready revealed that gluconates had a

slightly negative effect on corrosion inhibition.

Gluconate Molybdates
110

100 - —I—
90 -
80 H
70 A
60 -

50 1
40 | BK(benzilate)molybdate

B Zn(gluconate)2molybdate

OCa(gluconate)2molybdate

30
20 B Cr(gluconate)3molybdate

Inhibition Efficiency(%)

10 A

2024 6061 7075

Figure4-4 Inhibition Efficiency Graph of Molybdenum Estesf

Gluconates and Benzilates

Vanadium Estersof Gluconate Salts

The vanadium esters of gluconates inhibited casrosven better than the
molybdenum esters. Surface characterization ineicathat vanadium esters and
molybdenum esters inhibited corrosion by formingoimble oxides and hydroxides on

the substrate surface, thus assisting repassivation

225



Gluconate Vanadates
110
100 |
90 |
80 |
70 |
60 |
50 |
40 |
30 |
20 |
10 |

B Zn(gluconate)2vanadate
OCa(gluconate)2vanadate

B K(benzilate)vanadate

Inhibition Efficiency(%)

] Cr(gluconate)Svanadaﬂe

2024 6061 7075

Figure4-5 Inhibition Efficiency Graph of Vanadium Esters oliuGonates and Benzilates

Boron Estersof Gluconate Salts and Derivatives

Boron esters of gluconate salts inhibited corrostowarying extent depending on
the cationic constituent. When compared to themagiiconate salts, the boron esters
have almost identical inhibition efficiencies. Thtise boron consitutent did not seem to
inhibit corrosion unlike the molybdenum and vanadliesters of gluconates. Neutral to

slightly negative effect of borates on corrosiorabfminum is reported in the literatdre.
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Inhibition Efficiency(%)

120

110 H
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©
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Gluconate Borates and Derivatives

B Boric acid
OZn(gluconate)2borate
@ Ca(gluconate)2borate
BK(benzilate)borate

B Cr(gluconate)3.1borat
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EBCrBO3

BsCrBO3
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4%

2Uz4a

Figure 4-6

0061 7075

Inhibition Efficiency Graph of Boron Esters ofuBonates and

Benzilates and Their Derivatives
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The perfect inhibition efficiencies of chromium btes are also noteworthy.
Separation of a very fine fraction of chromium leraith a sieve of 25 pum resulted in
better inhibition efficiencies. This could be dweforming a better suspension in water
and higher surface area. Inhibition efficiencieseneven higher than 100% in some tests,
which indicated deposition on the substrate surfAceorphous chromium borate could
lead to the formation of chromium oxides and hyditeg at sufficiently high local pH
values that passivates surface while boron comestitmight act as a facilitator in this
process or more likely it could be a part of thegpee layer as in the case of traditional
chromium phosphate conversion coatigs-ray powder diffraction of the samples
however revealed that the synthesized GyB@s amorphous (The product was also
found to be insoluble when tested both with Atomdibsorption Spectrometer and

Colorimeter).

Zinc Carboxylates
Unlike what was observed for mild steel all thresstéd zinc carboxylates
revealed very good results. Zinc tartrate was thst lmeagent with %100 inhibition

efficiency for all three aluminum alloys.
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Zinc Carboxylates
110

100 1
90 A
80
70
60
50 1
40
30
20
10

OZn(gallate)

B Zn(mandalate)

B Zn(tartrate)

Inhibition Efficiency(%)

2024 6061 7075

Figure4-7 Inhibition Efficiency Graph of Zinc Carboxylates

Chromium Carboxylates

Cr(lll) carboxylates also inhibited the corrosioh auminum alloys extremely
well even at concentrations as low as 25 ppm farlgsoluble chromium butyrate and
chromium propionate salts. Chromium octanoate dmdngium caproate salts could not
be tested due to their total insolubility in wat@he results confirmed the effect of
solubility on the inhibition efficiency with the g¢ihest soluble Cr(lll) carboxylate among

tested carboxylates having the highest inhibitifficiency and vice versa.
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Inhibition Efficiency(%)

Inhibition Efficiency(%)

25 ppm Chromium Carboxylates
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100 -
90 -
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B Cr(methoxyacetate)3

@ Cr(propionate)3

OCr(butyrate)3

2024 6061 7075

Figure4-8 Inhibition Efficiency Graph of 25 ppm Chromium Caxylates

200 ppm Chromium Carboxylates
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90
80 |
70
60
50
40 |
30 |
20
10

B Cr(acetate)3

B Cr(methoxyacetate)3

OCr(gluconate)3

2024 6061 7075

Figure4-9 Inhibition Efficiency Graph of 200 ppm Chromium Gaxkylates
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VariousCr(l11) Compounds

In addition to the organic acid salts and theiraxgn esters, several Cr(lll) and
Zn(ll) salts were synthesized and tested for casroshibition activity as well. Many
chromium(lll) salts tested under this category shdwonsiderable inhibitive activity as
shown in Figure 4-10. CrOOH synthesized via hydslyof chromium borate was the
most efficient, while nanoparticulate Cr(QHyas the least. In the case of Al 2024
corrosion, commercial grade CrOOH and Cr(@bynthesized using different reagents

than the nanoparticulate Cr(Offynthesis had also very little inhibition efficaes.

4.2.2 Effect of Concentration on Inhibition Efficiency

Varying concentrations from 25 ppm up to 50 ppnultesl in a general trend of
increase in inhibition efficiencies with the exdept of the molybdenum ester of
gluconates. Inhibition efficiencies slightly varidmetween the 50 ppm and 200 ppm
values depending on the type of inhibitor and tgpeubstrate. Inhibitors used to treat
6061 alloy had slightly decreasing inhibition efficcies when concentrations were
increased from 50 ppm to 200 ppm. In contrast,bimdris that were used to treat 2024
and 7075 substrates had slightly increasing inbibiefficiencies. For concentrations of
200 ppm up to 500 ppm the inhibition efficiencieemed to decrease in general with the
largest decreases observed for the inhibitors tsdrbat the 6061 alloy. These results
suggested that the optimum inhibitor concentrafamna 100 ml solution system should
be between 50 and 200 ppm; closer to 200 pmm 24 20d 7075 alloys and closer to

50 ppm for 6061 alloy. As a reason for the discnegaregarding 6061 alloy, inhibitor
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amounts over 50 ppm are more than sufficient introases, which only increases the
conductivity of the solution leading to lower inhibn efficiencies.
The amount of 25 ppm was also included in the rigstsince compounds as

chromium borate chromium oxy-hydroxide were onlywaightly soluble.

4.2.3 Effect of Cationic Constituent on Inhibition Efficiency

Zinc cations inhibited both mild steel and aluminaorrosion very well. In the
case of aluminum corrosion, trivalent chromium @asi also inhibited corrosion

extremely well.

Effect of Zn Cations

All formulations with zinc cations inhibited alumim corrosion considerably,
with zinc tartrate, zinc mandelate, zinc gluconaaadate, and zinc gluconate being the
best and zinc gluconate borate, zinc gallate, and gluconate molybdate being the
worst. Please refer to Figure 4-11 for inhibitidficgencies of the inhibitors with a zinc

constituent.
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Inhibition Efficiency(%)
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Figure 4-10 Inhibition Efficiency Graph of Various Trivalent @mium Compounds

*synthesized CrOOH, **nanoparticulate Cr(QH)
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Zinc as the Cationic Constituent
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Effect of Cr Cations

As shown in Figure 4-12, chromium gluconate varmadeas the most efficient
inhibitor among the formulations with trivalent olmium cations. On the other hand,
chromium gluconate borate had negligible or negaitiibition efficiencies in the case
of aluminum 6061 alloy. These results corresporttl tie inhibition efficiency results of
other boron esters of gluconate and benzilate. salts

The solubilities of chromium(lll) carboxylates alseemed to affect the inhibition
efficiencies. When inhibition efficiencies of chramm acetate, chromium propionate,
chromium butyrate were compared, the least solctmlemium butyrate yielded the least
inhibition efficiency and the most soluble chromiusmetate resulted in the highest

inhibition efficiency as shown in Figure 4-13.
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Figure4-13 Inhibition Efficiency Graph of Trivalent Chroom Carboxylates
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Effect of Ca, K and Other Cations
Magnesium and calcium cations had positive effent®\l 6061 corrosion due to
their cathodic inhibitive activity. This was deddc&om the comparison of inhibition

efficiencies of calcium and magnesium gluconateh Wiat of sodium gluconate.
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From Figures 4-14 and 4-15, it can be deducedliesénionic constituent had the
major impact on inhibition efficiency values witlanvadates, molybdates, and borates
showing pronounced inhibition efficiencies. Othérart directly being involved in
corrosion reactions, cations also determine theibfidles of reactants due to the
common ion or foreign ion effect. For instancehas been reported that the addition of
1000 ppm of F& had a slight positive effect on the corrosion fateAl 7075 alloy in
the presence of 0.1 M NaCl solutibrlowever due to very small amounts of reactants,

the foreign ion effect could not be observed inwteeght-loss tests of this study.

4.3 Conversion Coating Formation Studies

In addition to weight-loss tests to measure theatiinhibition efficiencies of
inhibitors for aluminum corrosion in aqueous salnsg, inhibitors were also tested for
conversion coating formations on substrate surfaues if present these conversion

layers were examined and characterized by meaavafiety of techniques.

4.3.1 Weight-Loss Method

Coupons those already immersed in the solutionshalbitors were immersed in
salt water for a second period of time to obsemg eorrosion inhibition due to a

possibly formed conversion coating.
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The results revealed a few successful candidatesofoversion coating formation
on aluminum substrates such as potassium benziatadate, chromium acetate, zinc
gluconate vanadate, calcium gluconate vanadateséTltage listed in the order of
decreasing inhibition efficiencies). The fact thatassium benzilate vanadate performed
better than zinc gluconate vanadate suggestedhhaathodic inhibitive activity of zinc
cations was no longer effective during second insioer period. Alternatively, the
benzilates may have been incorporated into a pre¢elayer on substrate surface during
first immersion period resulting in a stable protezlayer. The lower benzilate solubility
could lead to sufficient stability for preventioi corrosion during second immersion
period. Regardless, the vanadate constituent seémbkd the major contributor to the
passivation of the substrate surface. Chromiumaseetiso held up well during second
immersion period suggesting the formation of a passhromium oxide-hydroxide layer
on the substrate surface. Other inhibitors withitp@s inhibition efficiencies during
second immersion period were calcium gluconate budte, D-glucose, and B-glucose

in the case of Al 6061 alloy.

4.3.2 Weight Increase M easur ements

In addition to inhibition efficiency calculationsaged on weight-loss values,
changes in weights of the coupons after the immessbut before cleaning with acid
solution were measured to provide evidence of absigpn on the surface. A weight
increase after completion of the immersions bubteetleaning with concentrated nitric
acid solution may be due to two types of deposstidinst a conversion coating formation

due to inhibitor compounds, second a depositioarlay corrosion products.
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Comparing weights of coupons before and after thaning with concentrated
nitric acid solution revealed whether a stable gutive coating was present on the
substrate surface or not, assuming that a stableqgtive coating is not dissolved when
treated with concentrated nitric acid for 5 minutBesults are shown in Table 4-1, in
which the inhibitors that formed protective deposis on the substrate surface are
underlined, while the ones that had depositionscafrosion products or a mixed
deposition of both corrosion products and inhib@aginated compounds are written in

italic letters.

Table4-1 Weight Increases of Metal Substrates Due to Imioes in Inhibitor

Solutions
%Wt
Substrate Inhibitor Whefore(g) | Wafter (g) | W>W1(Q) |[E**
Increase*

2024 Al K(benzilate)molybdate | 5.0867 5.1041 0.0174 0.34207 93.08
2024 Al Zn(gluconatejanadate | 5.0907 5.0905 -0.0002 -0.003929 90.06
2024 Al Cr(prop) 5.0375 5.0375 0 0 23.87
2024 Al Cr(butyrate) 5.1161 5.1430 0.0269 0.52579 9.95
2024 Al Syn. CrO(OH) 5.0701 5.0748 0.0047 0.0927 95.87
2024 Al Al(gluconatejOH 5.0918 5.0980 0.0062 0.12176 3.59
2024 Al Ca(gluconateporate 5.0791 5.0936 0.0145 0.28548 14.82
6061 Al K(benzilate)molybdate | 4.6652 4.6688 0.0036 0.07717 100
6061 Al Zn(gluconatejvanadate | 4.6522 4.6521 -0.0001 -0.00215 91.03
6061 Al Cr(propionate) 4.6917 4.6928 0.0011 0.02345 86.62
6061 Al Cr(butyrate) 4.6539 4.6613 0.0074 0.15901 26.99
6061 Al Syn. CrO(OH) 4.6893 4.6948 0.0055 0.11729 97.38
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Table 4-1 continued

0,
Substrate Inhibitor Whbefore (g) | Wafter (g) | Wx-W1(9) o |[E**
I ncrease*

6061 Al Al(gluconatejOH 4.6833 4.6899 0.0066 0.14093 -4.67
6061 Al Ca(gluconateporate 4.6501 4.6634 0.0133 0.28602 3.83
7075 Al K(benzilate)molybdate | 6.3211 6.3386 0.0175 0.27685 47.14
7075 Al Zn(gluconate)vanadate | 6.2970 6.2979 0.0009 0.01429 90.53
7075 Al Cr(prop) 6.3318 6.3386 0.0068 0.10739 30.43
7075 Al Cr(butyrate) 6.3093 6.3225 0.0132 0.20921 20.76
7075 Al Syn. CrO(OH) 6.2987 6.3086 0.0099 0.15718 100
7075 Al Al(gluconatejOH 6.2635 6.2685 0.005 0.07983 47.49
7075 Al Ca(gluconateporate 6.2649 6.2664 0.0015 0.02394 10.07

* (before cleaning), ** (after cleaning)

4.3.3 Qualitative Analysisof the Coupons after Immersions

Visual inspection of the coupons compared to thatrob coupons after

completion of immersions but before removal of osmon products has been a useful
qualitative method. When the images of couponstddeavith molybdenum esters of
hydroxy-acids and those of controls are compated, found that coupons treated with
molybdate esters had a nonuniform black coloredsiéipn along with depositions of

corrosion products around a few pits. The blaclorced indicative of the presence of

molybdenum oxide and hydroxides in a mixed Mo(V)(Mb oxidation state.
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2024 Alloy

7T '~ o . AR, T 1
Al 2024 alloy control in 200 ppm K(benzilate)molybdate 200 ppm Zn(gluconate)vanadate
0.5M CI soln. for 1 week in 0.5 M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-17 Images of control coupon and coupons immersed in

solutions of metal oxyanion esters; respecti

Thin colored films of molybdenum oxides produced roglybdate salts on Al
7075-T6 alloy that provide slight corrosion ress®@ have been reported in the
literature!

Many other studies have also reported black-colareslybdate coatings on
various metal surfacés? On the other hand; coupons treated with inhibitoas resulted
in high inhibition efficiencies had visually clesurfaces. Among these are zinc gluconate
vanadate, potassium benzilate vanadate, and chmooxyhydroxide. Other coupons had
varying amounts of deposited corrosion product$ toaresponded with the inhibition
efficiency results. Examples are chromium butytedated coupon that had a deposition
of uniform corrosion products, and calcium glucenabrate treated that had a non-

uniform deposition of pitting corrosion products.
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200 ppm Al(gluconate)OH

] 200 ppm Ca(gluconate)borate 200 ppm Cr(butyrate)

in 0.5M Cl soln. for 1 week i, g 5m Cf soln. for 1 week in 0.5M CI soln. for 1 week
200 ppm K(benzilate)vanadate 200 ppm Cr(propionatg) 200 ppm CrO(OH)

in 0.5M CI soln. for 1 week  in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-18 Images of Aluminum 2024 coupons immersed intgmis

of Various Inhibitors

6061 Alloy
Coupons treated with inhibitors with high inhibiicefficiencies had images of
clear surfaces; while ones with very little inhibit efficiencies had deposition of

corrosion products on them mostly around pits iatiing pitting corrosion.
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e ke GO0

Al 6061 alloy cotrol in 200 ppm K(benzilate)molybdate 200 ppm Zn(gluconate)vanadate
0.5M CI soln. for 1 week in 0.5 M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-19 Images of control coupon and coupons immersed in
solutions of metal oxyanion esters; respectively.

The only exception to the direct relation betweahibition efficiencies and
images of clear substrate surfaces was the molyimester treated coupons, which had
nonuniform deposition of molybdenum oxides on thefaxe along with corrosion

products around a few pits despite the fact thhtbition efficiencies were close to

100%.

200 ppm Al(gluconate)OH 200 ppm Ca(gluconate)borate 200 ppm K(benzilate)vanadate
in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-20 Images of Aluminum 6061 coupons immersed intsmhs

of Various Inhibitors
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200 ppm Cr(butyrate) 200 ppm Cr(propionatg) 200 ppm CrO(OH)
in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-21 Images of Aluminum 6061 coupons immersed intswis

of Various Inhibitors

7075 Alloy

Among the tested chromium(lll) carboxylates for K175 corrosion, chromium
butyrate failed to inhibit corrosion, while chromupropionate was more efficient and
chromium acetate was the best among the three.dlsiervation is in agreement with
the fact that chromium butyrate is the least an@rium acetate is the most soluble
among the three tested chromium(lll) carboxylatBespite being insoluble, the
synthesized CrO(OH) inhibited Al 7075 corrosionwefficiently similar to the results

with other Al alloys.
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200 ppm Cr(butyrate) 200 ppm Cr(propionatg) 200 ppm CrO(OH)
in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-22 Images of coupons immersed in
Various solutions of trivalent chromium compounds

Potassium benzilate molybdate treated Al 7075 coupasulted in molybdic
oxide deposition starting from the edges similathi® other Al alloys of 2024 and 6061.
It may be speculated that a film of molybdic oxig®snore adherent on the edges rather
than to the surfaces; since a thinner layer ofaston products or aluminum oxide is
expected on edges than the substrate surfaceimgsirita higher percentage of pure

Aluminum on the edges, which molybdic oxides seetoduktter adhere on.

Al 7075 alloy control in 200 p K(benzﬂe)molbdate 200 ppm Zn(gluconate)vanadate
0.5M CI soln. for 1 week in 0.5 M CI soln. for 1 week in 0.5M CI soln. for 1 week

Figure4-23 Images of control coupon and coupons immensed i

solutions of metal oxyanion esters; respectively.
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Coupons treated with calcium gluconate borate tedeartually no pits, which is
in agreement with the inhibition efficiency resutfsboron esters of hydroxy-acid salts in
general. Boron esters of hydroxy-acid salts inbtbitcorrosion of Al 7075 alloy
considerably higher than the other two alloys. Thight have something to do with the
composition of Al 7075, which is richer in zinc anthgnesium. Borate might react with

the magnesium and zinc cations to form insolubleates and contributing to the

passivation layer.

200 ppm Al(gluconate)OH 200 ppm K(benzilate)vanadate

. 200 ppm Ca(gluconate)borate
in0.5M CI soin. for 1 week o b Sa(gueonatelborate  <ry e o1 soln. for 1 week

Figure4-24 Aluminum 6061 coupons immersed in solutions ofaasiinhibitors

4.3.4 X-Ray Powder Diffractometer Studies

The X-ray powder diffraction patterns of a blankfreated Aluminum 2024 alloy
and the one treated with K(benzilate)vanadate wdeetical as shown in Figure 4-25.
This correlates with the inhibition efficiency of(llenzilate)vanadate, which was almost

perfect even during second immersion period.

249



-

—

\.

720

30

2-Theta - Scale

Blank 2024 Aluminum alloy

40

Al(OH)3
: I AE— *—LLT—?J“‘P'—:'I——rr—h-H—HJL‘r—
L RN L R e L e e B

60

2-Theta - Scale

mﬂl ZO24 Khenciiake varadale 7 days - Flle:wolkankbuanZO2S. RAN - Type:2ThiTh lodked - Slarl: 10000" - End: 70 000 * - Siep :0.020 " - Siep ime 1220 £ - Temp . 25 (Room) - Time Skred 105 - 2-Thea: 1
operalons: mpol

[Los-orer ¢ - uminum syn N R - - ;5000 % - € 5 by: 4. WU L 15406 - & b le- Wiz POE 35 -

mlt-mmfn' Mom skand lle, syn - RGO H)3 - S000% - dxby:d.- WL | 5406 - Tridinkc -

Aluminum 2024 dipped into 200 ppm
K(benzilate)vanadate and 0.5M &blution

Figure4-25 X-ray Diffraction Patterns of a blank AluminurO24 coupon and

one immersed in solution of potassium benzilateadate; respectively.
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The only slight difference between the X-ray difian patterns of the two coupons was
the very slight strengthening in the peaks duel(®K)s in the X-ray diffraction of the

coupon immersed in the salt solution of potassiemzbate vanadate for 7 days.

4.35 X-Ray Flourescence Studies

X-ray fluorescence (XRF) is a powerful tool to dmtény amounts of elements
on the substrate surfaces. Vanadate esters of syydmd salts had high inhibition
efficiencies with no visually observable conversicmating formation. XRD detected
only amorphous phases on the substrate surfaceXBIt spectroscopy detected
vanadium on the substrate surfaces of aluminunyallyYanadium was detected no
matter what other constituents were present in ftmmulation (e.g. zinc gluconate
vanadate or potassium benzilate vanadate). The modgible overlap with the ~4 keV
vanadium peak could be due to the L-lines of barameesium but even then multiple

peaks around the 4 keV range should be presenthwias not the case.
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Figure4-26  X-ray Flourescence Diagrams of various Alummalloy coupons

immersed in solutions of vanadium esters of betegland gluconates; respectively.
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4.3.6 Scanning Electron Microscope Studies

Scanning Electron Micrographs of aluminum alloys memsed in high
concentration salt water for one week revealedrnskte corrosion taking place on the

substrate surfaces.

‘ ot . - >
Mag:40 kV:25 WD:37 999 um Mag:40 kV:25 WD:38 99 um
2024 rusted in 0.5 M Clater 6061 in 0.5 M Clwater
for 7days for 7days

Figure4-27 Scanning Electron Micrographs of control cougpoh
various Aluminum alloys immersed for 7 days in M%hloride solution

Blank and corroded Al substrate samples were exainah lower magnifications
for further investigation. Images indicated Al 70@Boy as more porous than other
alloys; while Al 6061 alloy surface was more homumes than 2024 alloy as shown in

Figure 4-28.

253



i
-

A A8 Vi 1.
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Mag:2000 kV:25 T um
Al 2024 in 0.5MCI" water for 7day Al 6061 Al(gluconate)OH 0.5 M ClI, 7days Al 7075 Zn(gluconate)0.5M CI, 7+7days

Figure4-28 Scanning Electron Micrographs of various Aluminuioys coupons
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Comparison of the blank substrates with gluconatatéd substrates revealed the
extent of deposition taking place for the latteowéver, unlike the case for mild steel, no

corrosion protection was observed based on inbibi&fficiency results except for the

gluconate salts of cations with cathodic inhibitactivity.

Mag:500 kV:25 WD:1570 um kV:25 WD:3870 ym Mag:500 kV:25 WD:1370 um
Blank Al 2024 6061 Al(gluconatelOH 7075 Zn(gluconateg)
0.5M CI, 7days 0.5MCI, 7+7days

Figure4-29 500 Times Magnified Scanning Electron Microdrap

of various Aluminum allov:

Consecutive immersions seemed to be destroying pitatective coating

originated from application of zinc gluconates.
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Mag:40 KV:15 WD:37 T00 um
7075 rusted in 0.5 M Clater 7075 Ca(gluconatg) 7075 Cr(acetatg)
for 7day: 0.5M CI, 7+7days 0.5M CI, 7+7days

Figure4-30 40 Times Magnified Scanning Electron Micrograph

of Aluminum 7075 Coupon

Scanning electron micrographs of substrates treatiéd different inhibitors
revealed the extent of corrosion during second imsme periods with no inhibitor

present in the solution.

Blank 7075 7075 Cr(acetate)
0.5M CI, 7+7days

7075 Zn(gluconate)
0.5M CI, 7+7days

Figure4-31 2000 Times Magnified Scanning Electron Microdrap

of Aluminum 7075 Coupons
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Immersion of chromium acetate treated Al 7075 coufay a second period of
time revealed abundant corrosion deposits on thetsate surface in agreement with its
zero inhibition efficiency during the second immensperiod. Al(gluconatepDH treated
Al 6061 substrates were examined at different ntagas to investigate the nature of the

deposition on the substrate surface.

N 6 s AN | '
WD:1370 pm Mag:2000 kV:25 T0 um
6061Al(gluconate)OH 6061Al(gluconate)OH 6061Al(gluconate)OH
0.5M CI 7days 0.5M CI 7days 0.5M CI 7days

Figure4-32 Scanning Electron Micrographs of Aluminum 6@dupons

Immersed in Solutions of Aluminum Gluconate Hydoti

4.3.7 Infrared Spectra Studies

Gluconate Salts

IR spectra of aluminum alloy coupons treated withcgnate salts revealed
significant differences than those of IR spectramlid steel coupons treated with the
same gluconate salts. Firstly, three bands werseptein the 1400 cth— 1600 crit
range rather than the two bands in the same rdgiomild steel coupons treated with
gluconate salts. Most importantly, these three bamdre exact matches of the three

bands present in the IR spectra of untreated dactrgons.
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Therefore, the presence of gluconate moieties hen dubstrate surfaces of
aluminum alloys can be ruled out and the three amthe 1400 cih— 1600 crif region
can be assigned to the bending of hydroxyl of watdrydrated aluminum oxide, which
is a corrosion product, at 1600s trand Al=O bonds at 1400s &m>** Also, the broad
band centered at 3450 @nis due to symmetric and asymmetric stretchingsyalfroxyl
of water. >** Loss of the middle band out of these three basdshiserved with
increasing inhibition efficiency, and the loss b&tband in the lower frequency region
occurs with even higher inhibition efficiency. Thigher frequency band is present at all
times suggesting that it is due to the bendingatibn of water. Assignment of these
three bands to hydroxyl groups and not to carboasifoxyl groups of hydroxy-acids
were in agreement with weight-loss test resultsicivhall gluconate salts and other
hydroxy-acid salts revealed very low inhibitioniefncies with the exception of zinc
gluconates.

Comparison of the IR spectra of the aluminum alkmpstrates treated with
different amounts of the same inhibitor supporteel assignments of the three bands in
1400 cm — 1600 crit region. One example is comparison of IR spectralafminum
gluconate hydroxide treated aluminum 2024 alloypoms. Comparison of the IR spectra
of aluminum gluconate hydroxide powder with thodeatuminum 2024 substrates
treated with various amounts of aluminum glucorigtdroxide revealed a difference of
20 cmi® between the band due to OC&symmetric stretching and the band due to

bending vibration of water hydroxyl, respectively.
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Figure4-33 Combined Infrared Spectra of Aluminum 2024 Cawpbmmersed in

Aluminum Gluconate Hydroxide Solutions

Notably, the strength of the three main bands é1#00 crit — 1600 crit region
varied widely based on the concentrations of ctiorions. When no chloride ions were
present in the solution only weak absorptions webserved in the IR spectra of
aluminum 2024 control coupon in contrast with tRespectra of aluminum 2024 control
coupon immersed in 0.5 M Téolution. Correspondingly, the control coupon wiii
chloride present in its solution resulted in sigrihtly less weight-loss than the control
coupon immersed in 0.5 M Tséolution. Changes in absorptions of these bands wi
increasing corrosion imply the presence of morenalum hydroxide corrosion products,
thus ruling out the assignment of these bands tboogl/carboxyl groups once more.
The broadening of OH stretching vibrations centexe8450 crit for all tested aluminum
alloys substrates was attributed to interactionsvéen the hydroxyl groups with the

surface aluminum metal ion3.On the other hand, the corrosion products vary with
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different aluminum alloys and with the use of diffiet inhibitors causing shifting of the

bands in the 1400 ¢f1600 cn' and 3450 ci region.

Al 2024 coupons treated w/200 ppm gluconate salts, 0.5M Nacl
10 oy :

——control
2 o

o —— Calgluconate)2
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——Boroglucose

——D-glucose
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Figure4-34 Combined Infrared Spectra of Aluminum 2024 Cmmglmmersed in

Solutions of Various Gluconate and Glucose Salts
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Figure 4-35 Combined Infrared Spectra of Aluminum 6061 Couplom®iersed in
Solutions of Various Gluconate and Glucose Salts
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Al 7075 coupons treated w/200 ppm gluconate salts, 0.5 M Nacl
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Figure4-36 Combined Infrared Spectra of Aluminum 7075 Couplomsiersed in

Solutions of Various Gluconate and Glucose Salts

In the low frequency region, bands due to alumirsumiace were common for all
three tested aluminum alloys albeit with slighfeli€nces in frequencies and strengths.
Major peaks in the order of decreasing frequenciese at 1155 cthand 1067 ci
assigned to OH in-plane bendings of AIOOH, at 1@560" assigned to OH bending
vibrations of AIOOH, at 770 cthassigned to Al-O stretching vibrations of AIOOH, a
765 cm* assigned to ® displacements, at 736 Enassigned to OH out of plane bending
of AIOOH and at 411 cthassigned to displacements of G#&®

Notably, the IR spectra of the zinc gluconate #datoupon revealed only two
bands in the 1400 ¢~ 1600 crit with the middle band missing. Examination of tRe |
spectra of other coupons treated with inhibitoraststing of zinc cations revealed the
same result, indicating that the cause of thiscéffieas due to the zinc ions. Although not

confirmed by any spectroscopic technique, the ftionaof a protective zinc hydroxide
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film might have hindered the bidentate adsorptibrhydroxyl group on the substrate
surface. However, the absorption at 1397cm characteristic of the presence of
Zn(OH), protective film was not observed. Thus, an alteveaexplanation, in agreement
with middle band missing in the spectra of couptreated with other highly efficient
inhibitors, might be that middle band is due to dieg vibration of hydroxyl of
aluminum hydroxide that is a corrosion product ¢firAinum, which disappears when

the corrosion is efficiently inhibited.

Other carboxylic acids and their salts

The infrared spectra of the other tested acidsthant salts such as boric acid,
aluminum acetate, and aluminum lactate revealedslentirely the same absorptions as
those of the gluconate salts. Even the strengththeofbands due to use of different
aluminum alloys matched when both IR spectra ofpoos treated with gluconate salts
and other hydroxy-acid salts were compared once eading to the confirmation of the
assignments of the bands in the 1400'ei600 crit region to the bending vibrations of

hydroxyl groups.

Molybdenum Esters of Hydroxy Acid Salts

The presence of molybdic oxides on aluminum sutestsarfaces was apparent
from the visual observations. Absorptions due to-®ldending vibrational modes
normally are observed at 972 ¢m’ 994 cm' **, and 996 cnl ** as stated in the
literature, however OH bending vibrations of AIO@l40 do absorb in the same region.

Regardless, a band due to Mo-O bending vibratisasemt in most of the IR spectra of
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aluminum coupons exposed to molybdenum esters afolry-acid salts was observed
around 990 cfm. Notably, bands due to OH bending vibrations abd@0 cni were not

present in the IR of potassium benzilate molybda¢ated coupons suggesting the
presence of a barrier film in between water andssate surface. Bands due to Mo-O
bending vibrations also appear in the IR spectréhefcoupon immersed for a second
period of time, but this time the OH bending vilwas of AIOOH also appear matching
the same bands of controls indicating the extentasfosion taking place despite the

layer of molybic oxides.

Al 6061 coupons treated w/200 ppm potassium{benzilate)molybdates, 0.5M NaCl
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Figure4-37 Combined Infrared Spectra of Aluminum 6061 Gmmglmmersed in

Potassium Benzilate Molybdate Solutions

Out of the three bands due to bending vibrationkyolroxyl groups, the middle
band was found to be missing in the spectra of aosigreated with calcium gluconate
molybdates and zinc gluconate molybdates. The bigihequency band among the three

bands was also absent in the spectra of coupomsedrewith potassium benzilate
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molybdates. Together with weight-loss test restitts,absence of bands due to bending
vibrations of hydroxyl of water of corrosion produthat is hydrated aluminum oxide,

seemed to be an indication for better inhibitidincefncy.

Al 6061 coupons treated w/200 ppm calcium(gluconate)molybdates, 0.5 M Nacl
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Figure4-38 Combined Infrared Spectra of Aluminum 6061 Gmmglmmersed in

Calcium Gluconate Molybdate Solutions

Vanadium Estersof Hydroxy Acids

Calcium&Zinc Gluconate Vanadates

Absorption bands due to presence of vanadium afengn the literature to be
between 400 cthand 1000 cilindexed to various group vibrations of V-8 This
includes bands at 1019 &m850 cnt, and between 406m™ to 650 crit. *>*° However,
the weak infrared absorptions of the coupons tdeatéh vanadium esters and the
presence of many bands due to OH vibrations aredching of AIOOH in the same
region made it impossible to detect the presenceanf&dium on the surface. However,

along with absence of bands due to vanadium, baowdsto corrosion products of
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aluminum were also absent. IR spectra of coupaetad with vanadium esters for a
second period of 7 days seemed similar to the abotrupons with missing bands such
as the band at 700 ¢halue to stretching vibrations of AIOOH which midie considered

as a complimentary evidence for the positive irthibi efficiencies of vanadium esters

during second immersion periods.

Boron Esters of Hydroxy Acids

Spectra of coupons immersed in solutions of bosters of hydroxy acids almost
entirely matched the spectra of the same alloy cosipireated with gluconate and
benzilate salts. Thus, almost all IR spectra haéetfbands due to bending vibrations of
hydroxyl of water due to hydrated aluminum oxidel800 cni region. Coupons treated
with zinc salts of borate esters were missing theédha band as in the case of other

inhibitors containing zinc cations.

4.4 Characterization of Immersion Solutions

Characterization of the immersion solutions wasdomted using oxidation-
reduction potential and pH probes. Two readingsewieken per sample, one before

immersion and another after completion of immersion

441 ORP Measurements

Immersion solutions of gluconate salts and theidytmdenum esters revealed

decreasing ORP values; while immersion solutiongasfadium esters and boron esters
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in general had kreasing ORP valu with theinitial ORP values ranging between &

mV to 750 mV and th&énal ORP values ranging from 350 mV to 650 .
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Figure4-39 AORP vs. Time Graph of Immersion Solutions of Vasiduohibitor:

During Immersions

AORP graphs indicated that ORP values lowered bgvamnage of roughly 10
mV with molybdenum esters, potassium benziland aluminumlactate having the
highest decreasesofassium benzilate vanadate and calcium glucoraiztd esters Id

the highestricrease in ORP values. Vanadate esters had thstloviteal ORP values &

well.
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Figure4-40 Initial ORP values vs. Inhibition Efficiency Grapi

Immersion Solutions of Various Inhibito

ORP is proportioni to the concentration of oxidizers or reducers sokutior. It
increases withhte addition of an oxidizeand the decreases with ttiee addition of ¢
reducer.Initial and final ORP values of immersion solution vanadium esters |
particular were opmite to what was predicted. Only tHeRP values of immersic
solutions of vanadium estewere lower than the controls.oBon esters had slight
higher ORP values than control solutions, whiletia other immersion solutions h
significantly higher iniial ORP values than control solutic. Molybdenum esters d the
highest ORP valuesVery high initial ORP valuesimplied the preservation of +
oxidation state of molybdenuin the hydroxyacid formulation (+6 oxidation staas in
the reactant Mo@and as in molybdate¢) corresponding to atrong oxidizingability,

which led to high initial ORP valu. Reduction potential of hexavalent molybdenun
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molybdenum oxides such as Me@ near neutral basic solutions is reported ag8@®.
V"3 thus resulting in the preservation of +6 oxidatitate of molybdenum against a
mild reducing agent such as gluconate. Howevelinaga very strong reducing agent as
aluminum metal, hexavalent molybdenum is likelyrémluce to pentavalent state in
molybdenum oxide explaining the black depositionstlee substrate surfaces. The half-
reaction potential of Al to Al(OH)is reported to be -2.300 V in basic solutions aad
1.676 V in acidic conditions.**

As for the boron esters, the fact that the inf@&P values were almost equal to
the ORP values of control solutions indicated thertness of boron esters in terms of
redox potentials. In other words boron was alreediyplexed in its +3 oxidation state
and was inert towards any oxidation and reductieaction. The highly negative
reduction potentials of trivalent boron to elemébtaron support this conclusiohi*®

In the case of vanadium esters significantly loméral ORP values implied the
addition of a reducer rather than an oxidizer. dkelation state of vanadium in,s,
which was used as a precursor to gluconate vanadtdes, is +5. However reacting with
gluconate salts, which are known to be mild redyagents, vanadium seemed to be
reduced to its lower oxidation states, which igljkconsidering the reduction potentials
of vanadium. In neutral to basic conditions redarctpotential of V@ to V,0s is
reported to be 1.366 V' **

In conclusion, vanadium atoms already were in lomadation states initially in
the form of vanadium esters, which were then ti@mséd into insoluble vanadium
oxides on the substrate surfaces with increasiogl lpH values without involvement of

any oxidation-reduction process, which explains shaall changes in ORP values for
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vanadate ester$hat small chancs that are positive and 100 miV averagebetween the
ORRina and ORRiiar Valuesof vanadium esters was likelgue to themigration of
reducingagents that are lower oxidation state vanaditfrom the solutiorphase to the
substrate surfade the fom of deposition of vanadium oxides.

AORP/ORPInitial vs Il graph below indicates that in average ORP valuag

roughly decreaseabout a quart for the tested compounds.
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Figure4-41 AORP/ORIiyitia Ratios vs. Inhibition Efficiency Graph

Immersion Solutions of Various Inhibito

442 pH Measurements

Due to the anodic reaction of corrosion process, it
0, +2H0 + 46 ——» 40H (Eq. 4.1)
an increase in pH is expected in corroding systenAccordingly the pH of the

immersion solutions of good inhibitors increasety@ightly, while large increases were
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observed for compounds with no positive effect dar@sion inhibition Some inhibitors
were organic acids initially, thus resulting in lawitial pH valtesaround 2

ApH valuesof immersion solutionwere within ~ -0.1 and 2,9vith ineffective
inhibitors such agluconate salts and their borate esters hawpg values around
along with control slutions and solutions of second immersiondighly efficient
inhibitors such ashromium(lll) acetate, zinc gluconate, avanadate esters of calcit
gluconate, zinc gluconate and potassium benzilate had deed pH values after

immersions. Thus, changes in pH win agreement with Imbition efficiency and (RP

measurements.
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Figure4-42 ApH vs. Inhibition Efficiency Graph of

Immersion Solutions of Various Inhibitc
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WhenApH values were plotted versus inhibition efficierg;iit was observed that
inhibitors with high inhibition efficiency valuesald negligible changes in pH opposed to

inhibitors with low inhibition efficiencies.

4.5 Discussion and Conclusions
45.1 Effect of cationic constituents

In general the results were opposite to what haa ledserved in the case of mild
steel highlighting the positive effect of metal axyons and cationic constituents in the
formulation. Gluconate salts and their boron esta¥se the most efficient inhibitors for
mild steel corrosion, while molybdenum and vanadesters together with formulations
consisting of zinc and trivalent chromium cationsrev most efficient inhibitors for
aluminum corrosion. Only zinc cations were foundo®an efficient inhibitor for both
mild steel and aluminum corrosions.

With sodium gluconate revealing slightly negativéhibition efficiencies, the
complexing property of gluconate this time aidee tlissolution of protective aluminum
oxide coating on the surface. Other gluconate salth as magnesium gluconaied
calcium gluconate inhibited corrosion around 10%kensodium gluconate while zinc
gluconate effectively inhibited corrosion indicatithe sole effect of cationic constituent.
Magnesium, calcium, and zinc cations are knowrtHeir cathodic inhibitive activity due
to forming insoluble hydroxides with zinc cationgilg the most inhibitive ones.
Trivalent chromium was also considered to inhibdrrosion through a similar

mechanism in which it forms insoluble chromium hyddes and oxides.
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45.2 Molybdenum and Vanadium Esters of Hydroxy-Acid Salts

Both molybdenum and vanadium esters of hydroxy-aalts effectively inhibited
corrosion of aluminum alloys with potassium bereilganadate inhibiting the corrosion
very effectively even during a second immersioniqagrwithout a supply of inhibitor.
There was much evidence for the formation of ptoteccoatings originating from the
molybdenum and vanadium esters through surfaceactmization studies. Digital
imaging and infrared spectroscopy provided eviddocaleposition of molybdenum on
the substrate surfaces in the form of molybdic egjdvhile X-ray fluorescence revealed
presence of vanadium on the substrate surfaceselision solution studies revealed that
formation of trivalent vanadium oxide coatings ntigiot have been due to a redox
reaction but rather due to an ion-exchange mectmahitween Al" and \V** cations in
the protective aluminum oxide layer leading to tiepair and repassivation of the
substrate surface resulting in a uniform clear qutite coating, while coating of
molybdic oxides were formed as a result of a redgaction between the molybdenum
esters of hydroxy-acid salts and the aluminum satesteading to the formation of a non-

uniform albeit protective, rough coating.
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CHAPTER YV

CORROSION INHIBITION OF SOL-GEL COATED AL 2024-T3 ALLOY

VIA INHIBITOR PIGMENT ENRICHMENT

5.1 Introduction

The corrosion resistance behavior of inhibitor @med organically-modified
silane (Ormosil) thin films on 2024-T3 aluminum oll substrates were investigated
using accelerated salt spray analysis techniquassél-gel coatings to be used on Al
2024 alloys on aircrafts, an alkoxide precursothwan epoxide functional group was
initially chosen because of its ability to reactttwihe chemistry of the permanent
foundation layer or the primer. The downside of »gpsilicate sol-gel coatings when
compared to chromate conversion coatings is thatsti-gel films cannot passivate a
damaged arealn principle, all functional silanes that are liiaxy esters can be used on
metals. The preferred way of applying silanes toedal substrate is to hydrolyze a dilute
solution of the silane in water first; for example,

X-CH, CH; CH-Si(OCHy); —»  X-CH CH, CH,-Si(OH) + 3CHOH  (Eq. 5.1)
where X is an organofunctional group. The alkoxyugs are, in principle, quantitatively
hydrolyzed to active silanol groups; however, ifsthydrolysis is not complete, good-

quality films can still be formed. The remainingezsgroups will then hydrolyze when
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the treated metal is exposed to air. The struatfithe silane, its concentration, and the
pH of the silane solution has to be optimized fackecombination of paint and metal.
Once these parameters are determined, the filmtican be obtained by dipping,
spraying, brushing, or wiping the silane solutiotioothe metal and rinsing off the excess
with water. The surface is then ready for furthercpssing, such as painting or adhesive
bonding? The dipping time of the clean metal into the silaolution was reported to
have no effect on the film thickness. The tempeeati the silane solution was reported
to have little effect on the film thickness as wéhe effect of pH was also reported to be
very low. The pH was expected to affect the wawimch the first layer is adsorbed but

was reported to have no effect on the subsequgertsi@r on the film thickness.

5.2 Sol-Gel Preparation

Prior to this research, the corrosion resistanticga laboratory at Oklahoma
State University developed Ormosil solutions basada 11.2 ml TEOS (tetra-ethyl-
ortho-silicate or tetraethoxysilane), 15.4 ml VTMQ&hyl-tri-methoxy-ortho-silane), 3.8
ml MEMO (3-(tri-methoxy-silyl)-propyl-methacrylateprecursor mixture using 0.05M
HNO; as the catalyst. After thorough stirring for ormihfollowed by drying at ambient
conditions for 24 hours, the thicknesses of Ormfisils on 3 x 5 inch AA (Aluminum
alloy) test coupons were reported to be approxilyat®-20 microns. The network
structure of this ormosil contains pendant vinydl amethacrylate groups that occupy pore
space and surface positions. The presence of tresgs is anticipated to make the
Ormosil coating hydrophobic, slowing the penetrati water and corrosion initiatofs.

Given that parameters such as pH, temperatureindjppime had very little effect on the
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quality of the coating; this sol-gel preparatiochieique has been implemented for the
purposes of this study without alteration. The ety TEOS, VTMOS, and MTMOS
were purchased from Aldrich or Gelest and were aseckceived. Nitric acid (NF Grade,
Fisher) was used to catalyze the sol-gel reactrah sodium chloride (reagent A.C.S.,
Spectrum) for accelerated salt spray analysis wad without further purification. 0.05
M nitric acid solution was prepared by diluting 206 concentrated nitric acid in one liter
of distilled water. The specified literature compios of the sol-gel mixture was used
due to its appropriate inorganic/organic ratio pidg a highly adherent film to the
underlying AA substrate. It is reported in therktieire that highly organic films do not to
adhere to the metal surface producing differenoetexture at regions where gelation
occurs as the sol sheets down the AA surface, pralsly due to the low inorganic
content and insufficient concentrations of Si-Okbups to produce covalent Si-O-Al
bonds with the underlying metal surface to staitize sol-gel coating on the AA Parel.
On the other hand, Ormosils prepared from high matatent did not wet the aluminum
surface well due to high surface tension of thentgaaqueous sol, resulting in very thin,

unevenly coated films.

5.3 Incorporation of Inhibitor Pigmentsinto Sol-Gel

The sol mixture was stirred for an hour before andther half an hour after the
inhibitor pigments were added. The mixtures weentboated onto clean AA substrates
by spraying with an airbrush. Pressurized air @ kPa was used to spray substrates
from a distance of approximately 20 cm. Uprighigtdly tilted substrates were sprayed

several times, generally twice up and twice dowmthva moderate speed. Since the
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pigments used were all solid, it was possible td #tkm directly to the sol. If the
pigments had to be dissolved, their solution cdugdprepared either in methanol or
ethanol, which are byproducts of the sol-gel resctnd, thus already present in the sol
mixture. An excessive concentration of the inlmigtions in the coating however may
lead to degradation of its physical and mecharpcaperties as well as resulting in the
inhibitor being washed away from the coating. Theaept of an effective, limited range
of solubility for any given inhibiting additive hdmseen called thewindow of solubility.

For the purposes of this study, concentrations.@bd) 0.1g, 0.5g, 1g and 2 g per 50 ml

of sol solution have been used.

54 Substrate Cleaning

In order to achieve good protective action of agpllayers, it is important to
obtain excellent adhesion of the layer to the bas¢al. For this reason the substrate
surface must be cleaned very well before applyivegsurface layer. Cleaning is done in
two steps; first inorganic impurities such as gitease, and paint are removed from
surface by using organic solvents, strongly alkakolutions, emulsion baths, or steam
cleaning. Then solid inorganic material such ag, raosll scales and other corrosion
products are removed by mechanical treatment inaudrushing, grinding, polishing,
sandblasting or by heat treatment with flames, atidn heating followed by cooling to
obtain sealing or by chemical pickling with stromgjds®®

For degreasing the substrates, procedures commasBd in aerospace
applications have been chosen, which includes ramolvimpurities such as oil, and

grease from substrate surface by optional solMeanig and then by using an industrial

280



alkaline cleaner followed by deoxidization usingeutical pickling with strong acids”
For this reason, the same degreasing method tlsatdéan used to clean aluminum
substrates for weight-loss tests in the fourth tdvapf this study has been employed with
the sole difference of using 3 x 5 inch substratstead of the 1 x 1 inch substrates.
Thus, 3 x 5 inch coupons were first wiped off wpidper towels soaked with hexane and
then were wiped off again with paper towels soaketh methanol. Secondly, the
substrates were soaked in an aerated Oakite-16dir@kcleaner solutidh (Oakite
Products, Inc.) for 10 min at 150 °F or 65 °C famplete degreasing. Oakite-164
alkaline cleaner solution is one of the universkline cleaners on the market that work
well for carbon steel, galvanized steel, and alwmnand its alloys. Acid or neutral
cleaners are less desirable because the metal sih@dd have as many free hydroxyl
groups as possible. These are required for thetiseawith the acid silanol groups.
Lastly, substrates were soaked in Deoxalume 23tRidiging solutiori” for 6.5 minutes
at ambient conditions under rigorous air agitatibeoxalume solution consists of 20%
HNOs;, 10% deoxalume (Henkel Surface Technologies), @ HO. Each of these
treatments was followed by thorough rinsing for twinutes using reverse osmosis
water. After spraying is done, coupons were allowedbe cured under ambient
conditions for 5 days and were then taped on tige€tb prevent the ingress of corrosion
from underneath the coating. Cured and taped caupmre scanned for comparison

purposes before placing them into the salt fog dieam
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5.5 Acceerated Salt Spray Testing

Major factors that cause degradation of the protectoatings are; UV radiation,
water and moisture, temperature, aggressive ioos as chlorides. Thus, to simulate
long term real life applications some of thesedestare accelerated to test the corrosion
protective properties of a coating. A coating canpbotected from UV exposure simply
by painting over it with a paint that does not sanit light. Therefore UV stress is not
included in accelerated salt spray analySé8hemical stress in accelerated testing such
as chloride containing salts however is importaetause airborne contaminants are
believed to play a very minor role in aging of gaiand organic coatings in genefal.
Moisture and temperature are other acceleratingnpaters in salt spray testing. Thus,
corrosion protection properties of the sol-gel edafA substrates were evaluated by
exposing the substrates to a salt fog atmospherergged by spraying 5% aqueous NaCl
solution by weight at 35+1.7 °C or at'9sfor 168 hour in accordance with ASTM B117
specifications” After removal from the salt fog chamber, all sagspivere rinsed with
distilled water to remove any residues. After costiph of this first ASTM B117 test,
samples were scanned for later evaluation and exptis a second ASTM B117 test
totaling an exposure time of 15 days consisting) efeek of wet + 1 day dry + 1 week of
wet cycle. Comparison of scanned images of cordoalpons and inhibitor pigment
added coupons before salt fog exposure, after aiopl of £' ASTM B117 test and
after completion of ¥ ASTM B117 test revealed an exclusive evaluationthw
corrosion resistive behavior of the inhibitor pigmeResistance to corrosion for a total of
15 days of wet-dry-wet cycle is a strong indicatadrsuccessful corrosion inhibition for

the inhibitor pigment incorporated into the sol-geating.
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Along with aluminum coupons, steel coupons of saime were also cleaned and
placed in different parts of the salt fog chamlwebé tested afterwards via weight-loss
tests to make sure that the salt fog chamber dgonditdo not vary at different times.
Graduated cylinders were also placed in the difflereegions inside the salt fog
chambers. The amount of moisture collected by taelugated cylinder, the pH and the
density of the condensate were all good indicatdreow well salt-fog chamber was

running.

5.6 Discussion and Results
5.6.1 Evaluation Techniques

When evaluating the substrates after completiornthef salt fog chamber test,
direct or implicit signs of corrosion and coatinggdadation or failures were sought.
These signs can be seen by the unaided eye sucistatirough and creep from scribe
marks'® Aluminum alloys with properly formed chromate corsien coatings regularly
survive this exposure test without any visible sigrf corrosion. Thicker coatings are
required to protect alloys with higher copper cotdeCoatings can be grown sufficiently
thick to protect 7075-T6 (estimated to be @@), but chromate conversion coatings
cannot protect 2024-T3 sufficiently to pass salaggesting.’
If a coating is properly applied to a well-prepasatface and allowed to cure, then
general corrosion across the intact paint surfacglly is not a major concern. Hence,
sol-gel coated aluminum samples prepared by themfentioned technique were already
reported to pass the ASTM B117 test with no evident generalized corrosion or

coating delamination on unscribed control coupdtes 468 hour of salt spray exposre.
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However when the coating is scratched thus expdbi@gnetal surface, the metal in the
center of the scratch becomes a cathode becaus lidst access to the oxygen. The
anode arises at the sides of the scratch. As & oestosion begins at the scratch and can
spread outward under coating. Therefore coatinggityato resist this corrosion is a
major concern. Accordingly, localized pitting wasmanonly observed on the scribed
control coupons after 168 hour of salt spray expoas the primary film failure mode.

In this study, inhibitor enriched sol-gel coatedcnibed substrates were tested for
comparison with unscribed control substrates, whiehe already reported to pass the
ASTM B117 test. On the other hand, scribed inhib&ariched sol-gel coated scribed
substrates were tested to determine whether corrgspperties of sol-gel coatings were
improved or not with the addition of inhibitor pigmts.

Inhibitor pigments were chosen based on severér@acOne of the criteria was
the performance of the inhibitors in aqueous sohsi Inhibition efficiencies of these
inhibitors for aluminum 2024 alloy corrosion detémed by weight-loss tests were taken
into account. Secondly, the water solubility valeéghese inhibitors were considered.
As a result, zinc carboxylates, chromium carboxegathromium borate and chromium
oxyhydroxide along with a few inorganic trivalenhromium compounds have been
tested first in terms of their compatibility withet sol-gel coating and second in terms of

their contribution to corrosion protection propestiof the sol-gel coating.

5.6.2 Zinc Carboxylates

The low water solubilities of the zinc carboxylatsdied in this investigation

were a good fit for sol mixture with a few excepso Among the five different
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concentrations tried 1.0g/50ml concentration ofczmandelate resulted in a sol with
gritty foam on top that clogged the nozzles of $peayer, making it very hard to spray.
An even higher 2.0g/50ml concentration of zinc nedatk made it impossible to spray,

so the sol was brushed onto the substrate.

Zinc mandelate

There was some protection with zinc mandelatelferconcentration of
1.0g/50ml, while for 2.0g/50ml concentration thaibitor precipitated. Lower
concentrations of zinc mandelate seemed to resakdelerated corrosion compared to

the controls as shown in Figure 5.1.

Zinctartrate
In the case of zinc tartrate added to the sol-gated Al 2024 alloy substrates,
accelerated corrosion was observed for all fivedtrconcentrations as shown in Figure

5.2.

Zinc gallate

Compared to the controls, a slight improvement ofrasion inhibition was

observed for higher concentrations of zinc gallas shown in Figure 5.3.
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On top from left to right: 0.05 gand 0.5 g :z On top from left to right: 0.05gand 0.1 g z

Scribed and unscribed

mandelate added coupons, respectively. mandelate added coupons, respecti
control coupons _— o
At the bottom from left to right: 0.1 g, 1 g, and). At the bottom from left to right: 0.5 g, 1 g, and).
zinc mandelate added coupons, respecti zinc mandelate added coupons, respecti

Figure5-1 Scans of Sogel Coated Control CouporUnscribedZinc Mandelate Added S-gel Coated

Couponsand ScribeZinc Mandelate Added Sol-gel Coated Coupc

Immersed in Salt Fog Chamber for 2 weeks; respalgt
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On top from left to right: 0.05gand 0.1 g z On top from left to right: 0.05gand 0.1 g z

Scribed and unscribed

tartrate added coupons, respecti tartrate added couporrespectively.
control coupons — o
At the bottom from left to right: 0.5 g, 1 g, andj. At the bottom from left to right: 0.5 g, 1 g, and).
zinc tartrate added coupons, respectiy zinc tartrate added coupons, respecti

Figure5-2 Scans of Sogel Coated Control CouporUnscribed Zinc Tartte Added Sc-gel Coate:

Couponsand ScribeZinc Tartrate Added Sol-gel Coated Coupons

Immersed in Salt Fog Chamber for 2 weeks; respeigt
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On top from left to right: 0.1 g and 0.05 g z On top from left to right: 0.5 g and 0.05 g z

Scribed and unscribed gallate added coupons, respectiv gallate added coupons, respectiv
control coupons At the bottom from left to right: 1 g, 2 g, and @ At the bottom from left to right: 2 0.1 g, and 1 g
zinc gallate added coupons, respecti\ zinc gallate added coupons, respectiy

Figure5-3 Scans of Sogel Coated Control CouporUnscribed Zinc Galke Added Sc-gel

Coated Coupor, and ScribeZinc Gallate Added Sol-gel Coated Coupon:

Immersecin Salt Fog Chamber for 2 weeks; respectively.
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5.6.3 Chromium Gluconate Borate Derivatives

CrBO3

Cr(gluconate) and Cr(gluconateporates were too soluble to be added to solgel,
while CrBO; and CrO(OH) were only very little soluble makirigein appropriate to be
added to solgel yielding very promising resultslaswn in Figure 5.4.

In an additional attempt, the product was sievadgua sieve with a 25 micron
mesh opening in addition to standard grinding, Wiseemed to lead to better results
especially in the case of scribed samples as shoWwigure 5.5.

In general, the results were very promising for OsBadded solgel coated
substrates. Total corrosion inhibition was obsenvethe case of unscribed samples for
concentrations 0.1g/50 ml and up and as for scrédzedples the scribes were clear for

concentrations 0.5g/50ml and up.

Synthesized CrOOH vs Commer cial Grade CrOOH

Compared to the controls and to the commercialgjlable CrO(OH) added sol-
gel coated Al 2024 substrates, the synthesized @Hp@dded sol-gel coated substrates
performed very well especially in the case of uied substrates and for higher
concentrations of the inhibitor as shown in Figb@

Prolonging the curing times to improve corrosioriloitive properties of
synthesized CrO(OH) added sol-gel coating resuitecagglomeration of CrO(OH)
particles leading to negative results as showrigarg 5.7. CrO(OH) patrticles settled out
from the sol-gel coating, which was evident frore tolor of sol-gel coated substrates,

which were not green unlike prior attempts.

289



On left from top to bottom: 0.1 g and 0.05 g On left from top to bottom: 0.1 g and 0.05 g

Scribed and unscribed chromium borate added coupons, respectively. chromium borate added coupons, respectively.
control coupons On right from top to bottom: 2 g, 1 g,and 0.5 g On right from top to bottom: 2 g, 1g,and 0.5 g
chromium borate added coupons, respectively. chromium borate added coupons, respectively.

Figure5-4 Scans of Sol-gel Coated Control Coupons, Scriti@dmium Borate Added Sol-gel
Coated Coupons, and Unscribed Chromium Borate A&dediel Coated Coupons

Immersed in Salt Fog Chamber for 2 weeks; respalgtiv
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On left from top to bottom: 0.1 g and 0.05 g sie On left from top to bottom: 0.1 g and 0.05 g sie

Scribed and unscribed chromium borate added coupons, respecti chromium borate added coupons, respecti

control coupons On right from top to bottom: 2 g, 1 g, and 0.5@veid  On right from top to bottom: 2 g, 1 g, and 0.5eysid

chromium borate added coupons, respecti chromium borate added couporespectively.
Figure5-5 Scans of Sogel Coated Control CouporScribed Sieved Chromium BoraAdded Sc-gel
Coated Coupons, atvnscribed Sieved Chromium Borate Added $el-Coated Coupor

Immersed in SalFog Chamber for 2 weeks; respectively.
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On top from left to right: 1 g and 2 g chromit On top from left to right: 1 g and 2 g chromit

oxyhydroxide added coupons, respecti oxyhydroxide added coupons, respecti
At the bottom from left to right: control, 0.5 g,08 g, anc At the bottom from left to right: control, 0.5 g,08 g, anc
0.1 g chromium oxyhydroxide added coupons, respagt 0.1 g chromium oxyhydroxide added coupcrespectively.

Figure 5-6 Scans of Sogiel Coated Control Coupc Together with Unscribe@hromium Oxyhydroxid Added Sol-gel
Coated Coupons, arScribed Chromium Oxyhydroxide Added Sy Coated Coupor

Immersed in Salt Fog Chamber for 2 weeks; respalgt
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On top 0.05 g chromium oxyhydroxide added cou On top 0.1 g chromium oxyhydroxide added cou

At the bottom from left teight: control, 0.1 g, 2 g, and 1 At the bottom from left to right: control, 0.053g, and 2 ¢
chromium oxyhydroxide added coupons, respecti chromium oxyhydroxide added coupons, respecti

Figure5-7 Scans of Urgibedand Scribed Chromium Oxyhydroxide Added §el-Coated Coupo
(Prepaed via an Alternative Metho, Immersedn Salt Fog Chamber for 2 weeks; respecti\

Control samples for this figure are the same cdmtroFigure 5.7
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Shortening the stirring time of the sol mixturenfrmne hour plus half an hour
with the pigment down to one hour total revealegatiee results as shown in Figure 5.8,
presumably resulting in sol particles not to beeall chemically bond with each other
due to the presence of CrO(OH) pigments in therexiure from the beginning.

Sonicating CrO(OH) patrticles overnight in 0.05M Hj@hich is a component
of the sol mixture again resulted the sol mixtueligg after half an hour of stirring with
the inhibitor despite the seemingly reduced sizeCoD(OH) particles. Mixing the
inhibitor with the sol-gel mixture only for 3 mireg after one hour mixing of sol-gel
mixture however, yielded better results as showRigures 5.8 and 5.9. No clogging of
nozzles of the sprayer also implied better coapngperties. Additionally, for high
concentrations the sol-gel could be easily bruskigid no evidence of different textures

observed on the substrate.
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On top from left to right: 2 g, 1 g, and 0.5 g alniom On top from left to right: 2 g, 1 g, and 0.5 g alniom

oxyhydroxide added coupons, respecti oxyhydroxide added coupons, respectiy
At the bottom from left to right: control, 0.1 g3 0.05 ¢ At the bottom from left to rightcontrol, 0.1 g, and 0.05
chromiumoxyhydroxide added coupons, respecti chromium oxyhydroxide added coupons, respecti

Figure5-8 Scans of Ungibed ancScribed Chromium Oxyhydroxide Added Syt Coated Coupor

(Prepared via a®Alternative Method)Immersed in Salt Fog Chamber for 2 weeks; respelgt

Control samples for this figure are the same cémiroFigure 5.7
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oneweek test

On top from left to right: 0.05 g and 0.1 g chromi On top from left to right: 0.05 g and 0.1 g chromi
Scribed and unscribed oxyhydroxide added coupons, respecti oxyhydroxide added coupons, respecti
control coupons At the bottom from left to right: 0.5 g, 1 g, and). At the bottorfrom left to right: 0.5 g, 1 g, and 2
chromiumoxyhydroxide added coupons, respecti chromium oxyhydroxide added coupons, respecti

Figure5-9 1 Week Scans of S-gel Coated Control Coupons Along witlscribed and ScribeChromium

oxyhydroxide Added S-gel Coated Coupons (prepared vid"sa#ternative metho:

Immersed in Salt Fog Chamber for 2 we, respectively.

296



two week test

On top from left to right: 0.05 g and 0.1 g chromi On top from left to right: 0.05 g and 0.1 g chromi
Scribed and unscribed oxyhydroxide added coupons, respecti oxyhydroxide added coupons, respecti
control coupons At the bottom from left to right: 0.5 g, 1 g, andj At the bottom from left to right: 0.5 g, 1 g, andj.
chromium oxyhydroxide added coupons, respecti chromiumoxyhydroxide added coupons, respecti

Figure5-10 2 Week Scans of S-gel Coated Control Coupons Along with Unscribed Sodbed Chromiun
oxyhydroxide (synthesized via " alternative method) Added Sgél Coated Coupor

Immersed in alt Fog Chamber for 2 weeks; respectively.
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5.6.4 Chromium Carboxylates

Chromium Octanoate

Positive results were obtained for Cr(octangat®ntaining sol-gel coated Al
2024 substrates especially for the inhibitor cotregion of 2.0g9/50ml for scribed
samples andf 1.09/50ml for unscribed samples as shown in feigb.11l. The fine
texture of the coating with Cr(octanoateyas likely due to its relatively longer alkyl
chain. However inhibitor concentration of 2.0g/50s@emed to be the upper limit due to

formation of different textures on the substratdasie over that amount.

Chromium Caproate
Unlike Cr(octanoatg) Cr(caproate)revealed negative results as shown in Figure

5.12.

Chromium Butyrate, Chromium Propionate, and Chromium M ethoxyacetate
Chromium butyrate was dispersible in water althougbt soluble, while

chromium propionate was only slightly soluble angromium methoxyacetate was

highly soluble. All three inhibitors yielded negadi corrosion inhibition results when

incorporated to sol-gel coating as shown in Figrés, 5.14, and 5.15.

Chromium Acetate
Despite being highly soluble, higher concentratiafis2.0g/50 ml in case of
scribed samples and both 1.0g/50 ml and 2.0g/50mdentrations for unscribed samples

revealed positive results as shown in Figure 5.16.
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On left from top to bottom: 0.1 g and 0.05 g siever  On left from top to bottom: 0.1 g and 0.05 g sieved

Scribed and unscribed

ol chromium octanoate added coupons, respectivel'  chromium octanoate added coupons, respectively.
control coupons
P On right from top to bottom: 2 g, 1 g, and 0.5@vsid  On right from top to bottom: 2 g, 1 g, and 0.5eved

chromium octanoate added coupons, respectivel  chromium octanoate added coupons, respectively.

Figure5-11 Scans of Sol-gel Coated Control Coupons, 8drdnd Unscribed Chromium Octanoate Added

Sol-gel Coated Coupons Immersed in Salt Fog Chafob@rweeks, respectively.
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On left from top to bottom: 0.1 g and 0.05 g siever  On left from top to bottom: 0.1 g and 0.05 g sieved
Scribed and unscribed chromium caproate added coupons, respectively chromium caproate added coupons, respectively.
control coupons On right from top to bottom: 2 g, 1 g, and 0.5@vsid  On right from top to bottom: 2 g, 1 g, and 0.5eved

chromium caproate added coupons, respectively ~ chromium caproate added coupons, respectively.

Figure5-12 Scans of Sol-gel Coated Control Coupons, ScrédmetlUnscribed Chromium Caproate

Added Sol-gel Coated Coupons Immersed in Salt Huagrer for 2 weeks, respectively.
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i

On left from top to bottom: 0.1 g and 0.05 g sieved On left from top to bottom: 0.05 g and 1 g sieved

Scribed and unscribed chromium caproate added coupons, respectively. chromium caproate added coupons, respectively.
control coupons On right from top to bottom: 2 g, 1 g, and 0.5evsid On right from top to bottom: 2 g, 0.1 g, and 0.5 g
chromium caproate added coupons, respectively. sieved chromium caproate added coupons,

Figure5-13 Scans of Sol-gel Coated Control Coupons, ScrametUnscribed Chromium Butyrate

Added Sol-gel Coated Coupons Immersed in Salt Hugrher for 2 weeks, respectively.
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On left from top to bottom: 1 g and 2 g sieved On left from top to bottom: 0.1 g and 0.05 g sieved

Scribed and unscribed

| chromium propionate added coupons, respectively. chromium propionate added coupons, respectively.
control coupons
P On right from top to bottom: 0.05 g, 0.1 g, and .5 On right from top to bottom: 2 g, 1 g, and 0.5eyvsid

sieved chromium propionate added coupons, chromium propionate added coupons, respectively.

Figure5-6 Scans of Sol-gel Coated Control Coupons, Scribedarscribed Chromium Propionate

Added Sol-gel Coated Coupons Immersed in Salt Haagrer for 2 weeks, respectively.
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On left from top to bottom: 0.1 g and 0.05 g sieved On left from top to bottom: 0.1 g and 0.05 g sieved

Scribed and unscribed

chromium methoxyacetate added coupons, respectiv.chromium methoxyacetate added coupons, respectively

control coupons On right from top to bottom: 2 g, 1 g, and 0.5eysid On right from top to bottom: 2 g, 1 g, and 0.5evsid

chromium methoxyacetate added coupons, respectiv.chromium methoxyacetate added coupons, respectively

Figure5-7 Scans of Sol-gel Coated Control Coupons, Scribedarscribed Chromium Methoxyacetate

Added Sol-gel Coated Coupons Immersed in Salt Hugrer for 2 weeks, respectively.
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On left from top to bottom: 0.1 g and 0.05 g sieve On left from top to bottom: 0.1 g and 0.05 g sieved

Scribed and unscribed chromium acetate added coupons, respectively. chromium acetate added coupons, respectively.
control coupons On right from top to bottom: 2 g, 1 g, and 0.5@vsid  On right from top to bottom: 2 g, 1 g, and 0.5eyvsid
chromium acetate added coupons, respectively. chromium acetate added coupons, respectively.

Figure5-8 Scans of Sol-gel Coated Control Coupons, Sarérel Unscribed Chromium Acetate

Added Sol-gel Coated Coupons Immersed in Salt Hogrer for 2 weeks, respectively.
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5.6.5 VariousTrivalent Chromium Compounds

Results were in general negative for tested chromilll) compounds, among
them were Gi(B4Oy)3, Cr(acetatelOH and Cr(OHjas shown in Figures 5.17, 5.18, and
5.19. Cr(acetatepH added sol-gel coated substrates performed vileasethe controls.

Incorporation of 2.0g/50ml Cr(Ok) which was synthesized using
nanoparticulate chromium hydroxide synthesis metfrodh chromium chloride and
ammonium hydroxide, to the sol-gel coating stood particularly for the unscribed
samples in contrast to negative results obtaindd wther concentrations as shown in

Figure 5.19.
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On left from top to bottom: 0.1 g and 0.05 g sie On left from top to bottom: 0.1 g and 0.05 g sie

Scribed and unscribed chromium tetraborate added coupons, respect chromium tetraborate added coupons, respect
control coupons On right from top to bottom: 2 g, 1 g, and 0.5eyvsid On right from top to bottom: 2 g, 1 g, and 0.5evsid
chromium tetraborate added coupons, respect chromiumtetraborate added coupons, respecti

Figure5-17 Scans of Saffel Coated Control Coupons, Scribed and Unscrided@ium Tetraborat

Added Solgel Coated Couporlmmersed in Salt Fog Chamber for 2 weeakspectively
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On left from top tcbottom: 0.1 g and 0.05 g sieved On left from top to bottom: 0.1 g and 0.05 g sie

. . chromium acetate hydroxide added coupons, resgde chromium acetate hydroxide added coupons, respbge
Unscribed and Scribed b o g i b o g i
On right from top to bottom: 2 g, 1 g, and 0.5 eysi On right from top to bottom: 2 g, 1 g, and 0.5eysi
control coupons g . g9 9/ g : g9 o
chromium acetate hydroxide added coupons, resgde chromium acetate hydroxide added coupons, respbge

Figure5-18 Scans of Safjel Coated Control Coupons, Scribed and Unscrided@ium Acetate

Hydroxide Added Sogiel Coated Couporlmmersed in Salt Fog Chamber for 2 weakspectively
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On top from left to right: 2 g chromium hydroxideded On top from left to right: 2 g chromiuhydroxide added

coupon and control, respective coupon and control, respective
At the bottom from left to right: 0.05 g, 0.1 g, @5and 1 ¢ At the bottom from left to right: 0.05 g, 0.1 g5@, and 1 ¢
chromium hydroxide added coupons, respecti chromium hydroxide added coupons, respecti

Figure5-19  Scans of Segel Coated Control Coupons, Scribed and Unscribdad@ium Hydroxide

Added Sol-gel Coat Coupondmmersed in Salt Fog Chamber for 2 weekspectively
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5.7 Conclusions

Several inhibitors, that were initially tested fmrrosion inhibition of Aluminum
2024 alloy in aqueous solutions, revealed succdssnwncorporated into the sol-gel
coating including chromium borate, chromium oxyloydde and chromium octanoate.
Specific concentrations of chromium acetate androium hydroxide also revealed
positive results. With the addition of these intobs, corrosion resistance properties of
the sol-gel coating increased not only againstaumif corrosion demonstrated by the
unscribed samples but also against crevice compdiwat is filiform corrosion, and
against pitting corrosion demonstrated by the scrkamples.

The most successful inhibitor pigments, chromiunorate, chromium
oxyhydroxide, and chromium octanoate, were pringansoluble in water. Based on the
weight-loss tests in aqueous solutions, 200 ppnabddly for an inhibitor pigment
seemed to be an optimal solubility value to be ipomated in sol-gel coatings. Thus
chromium propionate, then chromium butyrate ancwothsted chemicals, which have
window of solubilities in that range, were expectedyield better results than others.
Results contradicting this hypothesis indicated tha upper solubility limit for this type
of sol-gel coating may not exceed even 20 ppm.essuccessful inhibitor pigments have
less solubility than that. The least soluble chaiibat is chromium octanoate yielded
very good results, which suggests other factoré siscsuccessful incorporation into the
sol-gel network are also very important, since éh&Bas no phase separation observed
with the addition of chromium octanoate to the gel- On the other hand, very
aggressive environments such as salt fog chambgrhanze consumed all the inhibitor

pigments, which have solubility values over 20 pgture to rapid leaching.
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CHAPTER VI

CONCLUSIONS

6.1 Synthesisand Characterization

A new group of novel metallo-organic compounds weyrethesized and tested
for use as chromate replacements in corrosion itntmbapplications of mild steel and
aluminum alloys. For this reason, certain aniorgs @tions that are well-known for their
corrosion inhibiting properties were combined undee formulation with the general
formula of (ML(hydroxyacid)(M‘aOb)z. M denotes the metallic cationic constituent;
among them zinc and calcium cations are well estadd cathodic inhibitors. The
second component is the anion of a hydroxy acichare specifically am-hydroxy acid
such as gluconic acid, which was also recentlybéisteed as an environmentally friendly
corrosion inhibitor for iron and steel. In this astigation benzilic acid was also tested
extensively along with other hydroxy-acids suchtasaric, mandelic, gallic, and lactic
acids and other carboxylic acids, such as octaacid, caproic acid, butyric acid, and
propionic acid. Gluconate salts were especiallgative in corrosion inhibition of mild
steel, while benzilic acid yielded synergistic fésyparticularly with metal oxyanions
such as vanadates. Both trivalent chromium and@ngoxylates revealed almost perfect

corrosion inhibition efficiency results for alumimualloys.
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The third component of the formulation, that is aheixyanions, were selected
among well-established corrosion inhibitors sucimatybdates, vanadates, and borates.
Molybdates, for instance, are very common corrosidnbitors for mild steel. These
metal oxyanions usually inhibit corrosion by formitower oxidation state oxides and
hydroxides repairing the passive oxide film ontinetal substrates. However this was not
necessarily the case when combined under one fatimmlwith other components. For
instance, metal oxyanions initially formed complex@hen combined with gluconate
salts, which as a result limited inhibitive actyibf the gluconates for mild steel
corrosion. In the case of aluminum alloys howesaesimilar tendency to form complexes
with hydroxy-acids this time increased the inhdmtiefficiency of the combined formula,
since hydroxy-acid salts such as gluconates werergbd to accelerate aluminum
corrosion. Notably, while limiting hydroxy-acid $sil negative effects on aluminum
corrosion inhibition, metal oxyanions also seemedarm their lower oxidation state
oxides and hydroxides preventing further corrosioocessfully.

In addition to synergistic formulations of hydroagids and metal oxyanions; a
second group of compounds have been derived fraonmghm gluconates and chromium
gluconate borates. Chromium borate obtained wviagfichromium gluconate borate, and
chromium oxyhydroxide obtained from alkali-treateltfomium borate were noted for
their interesting physical properties such as teghface areas and nanometer patrticle
sizes. Similar compounds to these trivalent chromicompounds have also been
synthesized; among them were nanoparticulate clummhydroxide, chromium

tetraborate, and spinel type iron chromium tetratsor
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6.2 Corrosion Inhibition of Mild Steel in Aqueous Solutions

Developing environmentally friendly effective caosron inhibitors to replace
carcinogenic inhibitors based on chromates is alpno that needs to be addressed in the
very near future. Iron and steel are the major ammepts of artificial structures. Thus,
increasing their lifetime by limiting the corrosida lowest possible rates is of utmost
importance. Structures in aqueous environmentsvarg common, so effective and
environmentally friendly inhibitors specifically signed for mild steel corrosion in
agueous environments are needed. Corrosion ofisteemmonly faced in areas such as
the oil/petroleum industry, cooling water systems)e water systems, in soils of marine
environments, etc. Gluconates have become welblesttad corrosion inhibitors of mild
steel in the last decade. In addition to their higfibition efficiencies, the fact that they
are even used as medicine for various mineral idefites as health supplements is a
characteristic that is not common among corrosiribitors, which are usually based on
toxic materials such as hexavalent chromium, e#ritphosphates, etc. In this
investigation, weight-loss tests with various sdftsve been repeated and results
supporting the literature have been observed. S¥golsynergistic formulations of
gluconates along with benzilates and other carlawaylsuch as lactate, and acetate were
put into test and as a result, borate esters ofolyehcids, namely, calcium and zinc
gluconate borates were observed as very succassiibitors of mild steel corrosion
along with zinc and calcium gluconates. Additiopakvidence supporting conversion
coating formation on mild steel substrate by alummngluconate hydroxide was realized
through weight-loss tests, infrared spectra, Xphgto electron spectroscopy and digital

imaging. Aluminum gluconate hydroxide is one of tjleconate salts and like other
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gluconate salts had high inhibition efficiency dhgri regular immersion periods.
However, substrates that were dipped into alumirglotonate hydroxide solutions
during first immersion periods were resistant agfigorrosion during additional
immersions of similar or longer periods even whieer¢ was no aluminum gluconate
hydroxide present in the solution.

Infrared spectra, scanning electron microscopysayX-diffraction and X-ray
photoelectron spectroscopy, and digital imaginthefsubstrates as well as the oxidation-
reduction potential, pH, and conductivity measunet®ief immersion solutions before
and after completion of immersions revealed vakalharacterization results
supplementary to weight-loss test results.

In the light of these characterizations, the psggbinhibition mechanism of the
synergistic formulations of hydroxy-acids and mebtafanions was based on the repair of
the protective oxide films on the metal substr8tgccessful inhibitors such as gluconates
and borates repaired the protective oxide film ald steel substrates either by adsorbing
onto the substrate surface and preventing aggeesanions to be adsorbed via
competitive adsorption mechanism or by forming nsldength complexes with iron
cations leading to an incomplete corrosion cellstppeventing further corrosion or by
incorporating into the protective oxide film angba&ing defective sites.

However, a mechanism favored by several authorshen literature, that is
formation of insoluble iron gluconate complexestba metal substrate did not seem to
be possible at least not for a considerable pesfadne given the aggressive conditions
of the media. On the other hand, supportive reswkse obtained concerning the

proposed inhibition mechanisms of zinc, calciunmg amgnesium via weight-loss tests.
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These cations inhibit corrosion by forming insokibhydroxides at cathodic sites.
However, no evidence was obtained by X-ray powd&adtion or infrared spectroscopy

for the existence of these hydroxide phases.

6.3 Corrosion Inhibition of Aluminum Alloysin Aqueous Solutions

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

Aluminum gluconate hydroxide was not observedotonfa protective coating on
aluminum substrates, instead hydroxy-acid estersadybdates and vanadates seemed to
form protective coatings consisting of their lovesidation state oxides and hydroxides.
This was demonstrated by characterization studies imfrared spectra, X-ray
fluorescence, and digital imaging. Vanadate esterd benzilate vanadate ester in

particular seemed to perform more lasting protectivatings than others.
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Based on characterization studies using infrarpdctsa, scanning electron
microscopy, X-ray diffraction, X-ray flourescencpestroscopy, and digital imaging of
the substrates as well as the oxidation-reductiotential, and pH measurements of
immersion solutions before and after completioninmmersions; it was concluded that
hydroxy-acid salts, gluconates in particular, dligldamaged the naturally protective
aluminum oxide film on the substrate surface bymiog complexes with aluminum
cations leading to their dissolution. This effeestbheen minimized when hydroxy-acid
salts were complexed with metal oxyanions. Instaadse complexes reacted with
aluminum surface to deposit lower oxidation stateles and hydroxides of the metal
oxyanions.

Trivalent chromium compounds performed very welgssibly via a similar
mechanism inhibition mechanism of hexavalent chusmforming insoluble oxides and
hydroxides of trivalent chromium, only this timeete was no hexavalent chromium

present in the media.

6.4 Corrosion Inhibition of Sol-gel Coated Al 2024-T3 Alloy via Inhibitor Pigment

Enrichment

Inhibitors with not too high water solubilities ath successfully inhibited
aluminum 2024 alloy corrosion in aqueous solutibage been incorporated into sol-gel
coatings on aluminum 2024 substrates. Designedadiyefor aluminum 2024 alloy in
Dr. Allen Apblett’'s corrosion protective coatingesearch laboratory, sol-gel coatings
have already proven to inhibit corrosion very welbwever problems arise when there is

a coating failure from which corrosive chemicalsn canter and initiate extensive
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corrosion since sol-gel coatings do not posseskhealing properties as chromate
coatings do and hence they cannot inhibit corrobypohemically reacting with corrosive
agents. This result is very clear when scribed $esnpf sol-gel coated aluminum
substrates are tested. From the scribes, whicharifecial coating failures, corrosive
chemicals initiate corrosion from underneath thiegeb coating. Thus, incorporation of
corrosion inhibitive pigments that can stop comasiby chemically reacting with
corrosive chemicals is of utmost importance. Sdwespects of the pigments come into
matter at this point. First, their successful ipayation to the sol-gel coating preventing
blistering and coating degradation issues; secaffatient corrosion inhibitive properties
either to prevent corrosive chemicals from initigticorrosion or to repassivate metal
surface after initiation of corrosion, third theiurability based on their solubilities and
other chemical properties.

Among tested inhibitor pigments, which were se&ddbased on their corrosion
inhibition efficiency for aluminum 2024 alloy in agous solutions and their solubilities,
chromium borate, chromium oxyhydroxide, and chramioctanoate stood out amongst
others. All these three inhibitor pigments werecgssfully incorporated into the sol-gel
coating; chromium oxyhydroxide’s army green colaaswincorporated throughout the
sol-gel coating evenly and chromium octanoate ahdomium borate could be
incorporated into the coating very well with no aegte phases forming. The long alkyl
chain seemed to cause chromium octanoate to fiietter compared to other tested
chromium carboxylates with shorter alkyl chainsclsuas chromium butyrate and

chromium propionate despite their solubility valubat were thought to be optimum
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initially. Secondly, all three inhibitors succedbfunhibited corrosion even at scribes,

where there are coating failures.

6.5 FutureWork

The synthesis part of the research could be eeldawith more characterization
work that would deduce the structural formulashe synthesized products. Successful
syntheses of crystalline products instead of threeati amorphous ones could lead to the
structural identification of these products usiaghiniques such as X-ray diffraction.

Among other techniques used for characterizatiatybdity data could be
enhanced using another technique in addition tortokter and flame atomic absorption
spectroscopy.

Thirdly, inhibitors that can form conversion coggn such as aluminum gluconate
hydroxide in the case of mild steel and potassiianzbate vanadate in the case of
aluminum alloys, could be deposited on the sulestuging layer by layer method. If
successful, physical properties of the coatingddea measured in addition to the tests to
measure the corrosion inhibitive properties.

Surface characterization techniques, X-ray fluaase, X-ray photoelectron
spectroscopy and scanning electron microscopy doelldsed more for characterization
of the substrate surfaces after treating them wuffbitors.

Inhibitor pigment enriched sol-gel coatings’ plogdi and corrosion resistive
properties could be measured by means of electniché techniques such as

electrochemical impedance spectroscopy.
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