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Inorganic ion exchange compounds (IECs) including hydrotalcites and bentonite clays are a well known
classes of layered mixed metal hydroxides or silicates that demonstrate ion exchange properties. These compounds
have a range of applications from water purification to catalyst supports. The use of synthetic versions
of these compounds as environmentally friendly additives to paints for storage and release of inhibitors
is a new and emerging application. In this paper, the general concept of storage and release of inhibiting
ions from IEC-based particulate pigments added to organic coatings is presented. The unique aspects of
the IEC structure and the ion exchange phenomenon that form the basis of the storage and release characteristic
are illustrated in two examples comprising an anion exchanging hydrotalcite compound and a cation exchanging
bentonite compound. Examples of the levels of corrosion protection imparted by use of these types of pigments
in organic coatings applied to aluminum alloy substrates is shown. How corrosion inhibition translates to
corrosion protection during accelerated exposure testing by organic coatings containing these compounds
is also presented.
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1. Ton exchange compound as corrosion inhi-
biting pigments

Ion exchange compounds (IECs) including cation ex-
changing bentonites and montmorillonites, and anion-ex-
changing synthetic hydrotalcites (HTs) are important in-
dustrial materials used as absorbents, polymer stabilizers,
catalyst supports, and neutralizing agents. For example,
synthetic hydrotalcites are manufactured on an industrial
scale with a manufacturing capacity that increased by at
least 20,000 metric tons in 1999 alone.”? Most of these
applications exploit the unique nanostructure of HTs.
Bentonites are commodity minerals used widely in a range
of industrial applications, including use as an additive for
paint.

Over the past five years we have developed a new appli-
cation for IECs in the area of corrosion protection. We
have shown that IECs can be synthesized into pigments
that contain releasable anionic and cationic corrosion
inhibitors. These pigments can be dispersed in organic res-
ins and applied to metallic surfaces as a corrosion resistant
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coating. In this paper, selected examples are given on the
use of synthetic HT compounds to deliver anionic corro-
sion inhibitors, and synthetic bentonite and montmor-
illonites to deliver cationic inhibitors. The discussion will
focus on an mixed Zn-Al hydroxide-decavanadate HT
compound that releases Zn°" and decavanadate as corro-
sion inhibiting species, and a Ce-bearing bentonite com-
pound that releases Ce’" as an inhibitor. The discussion
will focus on corrosion protection of high strength Al al-
loys; specifically 2024-T3 (Al-4.4Cu-1.5Mg-0.6Mn).

1.1 Hydrotalcites

Hydrotalcite compounds consist of positively charged
layers of mixed metal hydroxides separated by negatively
charged layers of anions and water (Fig. 1). The proto-
typical HT compound is the naturally occurring hydro-
magnesite whose formula is MgsAl:(OH)6 « CO;3 -
4H,0.M Structurally, the compound consists of Mg(OH),
layers. This layer is positively charged by substitution of
trivalent Al on Mg sites. This positive charge is offset
by negatively charged carbonate situated in the interlayer.
Layer-to-layer spacing in HT depends in part on anion
diameter,” and in some cases x-ray diffraction can be used
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Fig. 1. Schematic illustration of the layered structure of
anion-exchanging hydrotalcite clays.
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Fig. 2. Schematic illustration of the layered structure of
cation-exchanging bentonite clays.

to provide information on the chemical identity of anions
in the interlayer.3)

There is great chemical variety in HTs because there
are many different pairs of metals that can combine to
form the positively charged layered hydroxide "host". In
turn, each host structure can accommodate many different
types of anions. Hydrotalcite compounds may be synthe-
sized as powders by titration one metal salt solution with
another to induce co-precipitation.”””

1.2 Bentonites

Bentonite is a hydrated alumino silicate clay primarily
composed of the smectite mineral montmorillonite.” Fig.
2 is a schematic illustration of the smectite structure.
Smectite is composed of units consisting of two silica tet-
rahedral sheets with a central alumina octahedral sheet.”
The ideal chemical formula for montmorillonite is (Na,
Ca)0,33(A11,67, Mg0A33)Si4O1o(OH)2 N HHQO.S) Isomorphic
substitution of A’ with Mg”" alters the crystal charge
balance, giving the lattice a net negative charge. This re-
quires adsorption of cations, commonly Na' and Ca”" for
charge balance.” The hydration of these exchangeable in-
terlayer cations causes the bentonites to expand upon
wetting. Therefore, layer separation in smectites depends
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both on the interlayer cation and the amount of water asso-
ciated with it.'"” The interlayer cations are much more ac-
cessible than other cations in the structure and can be ex-
changed with cations in solution when the clay is wetted
by a salt solution.'”

1.3 Ton exchange

Ion exchange is the basis of the inhibitor release from
IEC pigments in organic coatings. Anions in hydrotalcites
may exchange with anions in a contacting solution while
the host structure remains stable. Similarly, cations in ben-
tonites can exchange with cations in solution without col-
lapse of the host structure. Exchange reactions are regu-
larly employed to embed large electrochemically or cata-
lytically active anions in HT.'"""™ Their ability to partic-
ipate in exchange reactions also makes these compounds
useful anion scavengers.'? Exchange isotherms and equili-
brium constants have been measured for simple mono- and
divalent anions such as CI, F, SO42', and CO32', etc. ex-
changed with NO5° "> These equilibrium constants range
from about -0.6 to 2.0 and tend to increase as the anion
radius decreases and as anion valency increases. Exchange
capacities are reported to range from 1 to 5 meg/gram
making IECs very efficient inorganic ion scavengers.””"”
Exchange characteristics also depend on the charge density
in the host structure.'®

2. Synthesis approaches for ion exchange com-
pounds

2.1 Hydrotalcites

Hydrotalcites can be synthesized by co-precipitation
from aqueous solution. Generally, co-precipitation in-
volves titrating a mixed metals salt solution with a solution
containing the exchangeable anion while carefully control-
ling solution pH. A method described by Kooli is an exam-
ple of how co-precipitation may be used to form a
Zn-Al-hydroxide hosts intercalated with decavanadate,
Vi0025"."" First, 2000 ml of 0.33 M NaVOs; solution is
acidified from pH 8.5 to 4.5 by drop wise addition of
2 M HCI. At pH 4.5, the decavanadate anion (V 100286')
is speciated in solution, which is indicated by a change
in the color of the solution from colorless to orange.lg)
This anion is thermodynamically unstable at pH 6.5
(synthesis pH). However, the kinetics of transformation
to the stable V3Oy" (metavanadate) anion are sufficiently
slow so as to not interfere with the HT synthesis.'"” A
2 M NaOH solution is added drop wise from a burette
with a plastic stopper so that the pH increases steadily.
At pH 6.5, the precursor (1000 ml of 0.39 M ZnCl, and
0.2 M AICI; - 6H,O solution) is added drop-wise with
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NaOH to keep the pH between 6.3 and 6.5. Under these
conditions the resulting precipitate is the Zn-Al-deca-
vanadate hydrotalcite. The resulting mixture is aged for
several hours at 55°C, filtered and rinsed. X-ray diffraction
is typically used to verify synthesis.

2.2 Bentonites

Bentonite clays in dry powder form are inexpensive
commodity materials. Bentonite may be mixed in a sol-
ution containing an exchangeable cation to induce ex-
change with Na' in the clay. The resulting compound con-
tains the inhibitor ion of interest and this ion itself can
be exchangeable leading to inhibitor release from the ben-
tonite material. A Cerium (III) bentonite has been obtained
by repeatedly soaking 50 g of Na-bentonite for several
hours in 500 mL of a 0.5 M CeCl; solution. The resulting
pigments were washed until no ClI' was detected by a
AgNO; test. Again, x-ray diffraction may be used to meas-
ure a change in the diffraction pattern associated with the
exchange of Na* for Ce’",

3. Inhibitor release from IECs

As corrosion-inhibiting pigments, IECs must be able to
store and later release soluble corrosion inhibitors into
electrolyte that permeates a coating system. In the most
general sense, the exchange characteristics of the pigment
must favor inhibitor release, the kinetics of inhibitor re-
lease must be sufficient to achieve critical concentrations
needed for inhibition, and the total inhibitor reservoir con-
tained in the pigment must be large enough to confer
long-lasting corrosion protection.

The exchange of interlayer ions in IECs is evident in
x-ray diffraction data collected from hydrotalcites and ben-
tonites exposed to chloride solutions. Fig. 3 shows x-ray
diffraction patterns for a Zn-Al-decavanadate hydrotalcite
in the as-fabricated condition, and after exposure to NaCl
solutions of various types for exposure times of 22 days.
As the exchange process occurs, large decavanadate ions
are released and smaller chloride ions are absorbed. The
exchange of large for small ions in the interlayer results
in a change of interlayer spacing that can be observed
as the appearance of a new peak in the diffraction pattern.

A similar effect is observed in Ce-exchanged bentonite
pigments. Fig. 4 shows the x-ray diffraction pattern from
a coating comprised of a 10 % by weight Ce-exchanged
pigment dispersed in a polyvinyl butyral resin and applied
to a 2024-T3 substrate. Coated samples were exposed in
a 5 weight % salt fog chamber at 35°C for various lengths
of time indicated in the Figure. The diffracted peaks are
those associated with the exchangeable cation layer in the
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Fig. 3. X-ray diffraction pattern of Zn-Al-decavanadate hydro-
talcite pigments exposed to chloride solutions. The emergence
of (003) peaks at 20 = 12° is typical of chloride at the interlayer
position in HT. The diffraction peak for the (006) planes associated
with interlayer decavanadate occurs at 20 =15°.
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Fig. 4. X-ray diffraction patterns in the vicinity of the interlayer
spacing diffraction peaks for bentonite. The peak at 20 = 5.8°
is associated with hydrated Na' ions. The peak at 26 = 4.8°
is associated with hydrated Ce’". As exposure time increases
the intensity of the peak associated with Na increases compared
to the peak associated with ce”.

compound. Prior to exposure of the compound to a sodium
chloride solution, the interlayer contains a mixture of Na"
and Ce’ ions because the exchange process used to impart
Ce’" does not result in complete exchange. As a result,
the diffracted peak associated with Na™ (20 = 4.8°) is about
the same intensity as that for Ce’" (26= 4.8°). With in-
creasing exposure time up to 23 days, the peak associated
with a basal spacing determined by the incorporation of
Na ion increases relative to that of the peak associated
with Ce’ ion indicating Ce’ release by Ce’*-for-Na”
exchange.

The extent of ion exchange between the solid and sol-
ution phase is characterized by an exchange isotherm.
Exchange isotherms have been measured in pigment- sol-
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ution equilibration experiments for the Zn-Al-deca-
vanadate and Ce-exchanged bentonite.'”*” When in con-
tact with a dilute chloride solution. Zn-Al-decavanadate
pigments release both Zn>" and decavanadate according
to the following reactions:

HT-vanadate + Clq —

HT-chloride + vanadatenqy logKeq = 0.03 (@8]

HT-zinc + Na'@g —

HT-sodium + Zn"'uy logKeq = 1.10 )
where HT-X (X = vanadate, chloride, zinc, and sodium)
refers to the exchangeable species in the solid HT phase
and the (aq) notation refers to ions in the solution phase.
The small positive values for the equilibrium constants
indicate that the forward reactions are slightly favored in-
dicating a small thermodynamic driving force for release
of the inhibitor.

In the case of Ce-exchanged bentonite, the exchange
reaction in a chloride solution is given by:

Bentonite-Ce®" + 3Na+(aq) -

Ce3+(aq) + 3 bentonite-Na'  logKeq = 2.9 3)
The magnitude of the equilibrium constant for this ex-
change reaction is larger than those measured for exchange
from Zn-Al-decavanadate hydrotalcite, and release of Ce’
and uptake of Na' ions is favored.

In exposure experiments conducted over of several tens
of hours, inhibitor release from both hydrotalcites and ben-
tonites is mass transport limited.'””” Inhibitor release
from pigments in coatings is also mass transport limited.
Fig. 5 shows the concentration of vanadate and Zn" in
solution released over hundreds of hours from a Zn-
Al-decavanadate pigment loaded at a rate of 25% by
weight into and epoxy resin and applied as a coating to
Al alloy 2024-T3. The exposed area of the coating was
12.5 cm’ and the volume of the solution was approx-
imately 5 cm’ and the vanadate and Zn®* concentrations
are plotted in the Fig. as a function of exposure time.
Concentrations of the inhibitors were determined by in-
ductively couple plasma-optical emission spectroscopy.
This particular cell also contained 12.5 cm’ of a bare
2024-T3 that may have been a sink that consumed soluble
inhibitor released into solution. Fig. 5 shows that the con-
centration of Zn"" developed in solution is several tens
of parts per million by weight and compares with concen-
trations of Sr™" cations released from a SrCrO4-pigmented
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Fig. 5. Inhibitor concentrations developed as a function of
exposure time in 5 cm’ of 0.5 NaCl solution in contact with
12.5 ecm’ of an epoxy coating containing 25% by weight Zn-
Al-decavanadate pigment applied to 2024-T3.

primer applied to 2024-T3 and evaluated in a comparable
manner. Initially, the vanadate concentration developed in
solution is measured to be nearly 10 ppm by weight, which
approaches the concentrations of chromate released from
a SrCrO4-pigmented primer. The vanadate concentration
decreases with exposure time, perhaps due to adsorption
or precipitation on the bare metal surface present in the
exposure cell used in this particular experiment. The con-
trol data points shown in Fig. 5 show the concentrations
of vanadate and Zn>" developed by dissolution of 25 cm’
of 2024-T3 in contact with 5 cm’ of 0.5 M NaCl solution.

Fig. 6 characterizes inhibitor release from Zn-Al-deca-
vanadate hydrotalcite and Ce-bearing bentonite using an
x-ray diffraction approach. In this plot, the y-axis is the
ratio of the intensity of diffracted peak associated with
the spacing of the interlayer containing the exchangeable
ion. The ratio plotted is that of the peak intensity at some
exposure time normalized by the peak intensity at zero
exposure time. As inhibitor is released from the interlayer,
the volume fraction of the compound containing the in-
hibitor decreases and the intensity of the diffracted peak
decreases. To facilitate plotting, the peak height ratio has
been normalized to vary between 0 and 1. In the case
of Zn-Al-decavanadate, the normalized peak height ratio
varies little over the course of the experiment consistent
with the small value of K¢q for the decavanadate-chloride
exchange reaction shown in Eq. 1. In the case of Ce-ex-
changed bentonite, Ce appears to be released in two
episodes. A period of rapid early release is followed by
a regime characterized by slower diffusion-controlled ex-
change kinetics. The stimulated release demonstrated by
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Fig. 6. Normalized peak height ratio versus exposure time. HT-V
refers to a Zn-Al-decavanadate pigment; Ce-B refers to a Ce-
exchanged bentonite. A data set for a mixed inhibitor combination
is also shown. The PHR was computed from x-ray diffraction
peaks associated with IEC interlayer spacing.

the Ce-exchanged bentonite also seems to be consistent
with the larger K value for the cerium-sodium exchange
reaction of Eq. 3.

The total exchangeable capacity of inhibitor from an
IEC pigment is important for determining the total useful
life of the pigment and the coating containing it. The ex-
changeable fraction of an IEC can be assessed by serial
washing experiments where an amount of pigment is wash-
ed with a fixed amount of solution. Assessments of in-
hibitor released into the washing solution, and the inhibitor
remaining can be made. Total inhibitor release capacities
for Zn-Al-decavanadate pigment exposed to dilute chloride
solutions range from 1.2 to 2.2 mmol per gram for vana-
date, and 0.13 to 5.9 mmol per gram for Zn”". The release
capacity of Ce’ from Ce-exchanged bentonite has not yet
been estimated.

4. Examples of comnosion protection from coa-
tings containing iec pigments

4.1 Salt spray exposure testing

Accelerated exposure testing is an important means of
assessing the protectiveness of organic coatings. In an ex-
ample of the levels of corrosion protection achievable with
IEC pigments, Zn-Al-decavanadate and Ce-exchanged
bentonite pigments were added to bisphenol epoxy resins
to make rudimentary corrosion resistant coatings. These
coatings were applied to degreased and deoxidized 2024-
T3 substrates and cured. No conversion coating or adhe-
sion promoter was applied to the surfaces prior to applica-
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Fig. 7. Photograph of 2024-T3 samples coated using amide-cured
epoxy resin doped with IEC pigments at a level of 25% weight
after 1200 hours of ASTM B117 salt spray exposure. Samples
were scribed prior to exposure. SrCrOy: strontium chromate
pigment; HT: Zn-Al-decavanadate pigment; Ce-B: Ce-exchanged
bentonite pigment.

tion of the organic coating. Once cured, coated samples
were scribed with a stylus to expose bare metal and sub-
jected to exposure according to ASTM B117 (continuous
spray generated from 5% NaCl solution, exposure temper-
ature 35°C).21) Periodically, samples were inspected visu-
ally for the presence of blisters and localized corrosion
at defect sites in the coating. Samples were also inspected
for corrosion damage in the scribe and corrosion under
the coating initiated at the scribe. Results were compared
to a SrCrOs-pigmented epoxy primer applied per manu-
facturers instructions as a positive control.

Fig. 7 shows coated 2024-T3 samples after the 1200
hour exposure period. The SrCrO4-epoxy coated sample
shows no blistering or local corrosion through the coating.
The bare metal in the scribe was bright suggesting power-
ful protection from chromate inhibitor released from the
SrCrO;4 pigment. There is some minor staining from corro-
sion occurring at an unprotected edge of the sample.
Overall, the corrosion protection provided by the SrCrOs-
epoxy coating is excellent as expected. The Zn-Al-deca-
vanadate-epoxy coating also provides good protection to
the underlying substrate, though not as good as that of
the chromated coating. This sample presents no blistering
or localized corrosion, The scribe is bright indicating pro-
tection by released inhibitors. There is a greater degree
of corrosion at exposed sample edges that contributes to
more staining and a degraded visual appearance compared
to the positive control. The coating containing the Ce-ex-
changed bentonite also appears to provide a significant
amount of corrosion protection. No blistering or localized
corrosion is evident. Cut edge corrosion is minimal, but
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white corrosion product is present in the scribe suggesting
that any released Ce’" is not effective in scribe protection
under salt spray exposure conditions. These simple ob-
servations indicate that the corrosion protection provided
by IEC-pigmented coatings is good. In the case of the
Zn-Al-decavanadate-bearing coating, protection of bare
metal in the scribe is evident. However, the overall im-
pression is that the SrCrOs-pigmented coating corrosion
protection is superior to that provided by either IEC-pig-
mented coating.

4.2 Characterization of protection by electrochemical
impedance spectroscopy (EIS)

Further distinctions in the levels of corrosion protection
provided by IEC-organic coatings can be drawn using EIS
methods. Fig. 8 shows Bode magnitude and Bode phase
angle plots of EIS data collected from each of the coatings
presented in Fig. 7. Spectra were collected after 100 hours
and 600 hours of salt spray exposure. To collect the spec-
tra, samples were removed from the chamber, fitted with
a clamp-on cell that permitted a section of the coating
away from the scribe to be flooded with a 5% NaCl
solution. The cell was fitted with counter and reference

electrode so that a conventional three-electrode controlled
potential electrochemical impedance measurement might
be made. Once a spectrum was collected, the samples were
returned to the chamber for further testing.

The EIS data show notable differences in how the coat-
ings provide protection. The spectra collected from the
sample with the SrCrOs-pigmented coating show very little
change from 100 to 600 hours of exposure. The spectra
are characterized by a resistive response at high frequen-
cies and a strongly capacitive response at low frequencies.
Spectra collected within the first few hours of exposure
show a well articulated coating capacitance and resistive
plateau associated with a pore resistance. Because the
SrCrOy4 coating, a commercial formulation, is loaded with
additional extenders and additives, the coating perme-
ability is very high allowing rapid water uptake. The caus-
es a sharp decrease in the pore resistance, which effec-
tively "shorts" the coating capacitance leading to a broad
resistive plateau seen in Fig. 8. The presence of a broad
capacitive region at lower frequencies indicates that the
metal substrate is passive and not corroding to any great
extent. It may be concluded that in this case the coating
is saturated with solution, the metal coating interface is
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Fig. 8. Bode magnitude and phase angle plots for 2024-T3 with coatings pigmented with SrCrO4 (a), Zn-Al-decavanadate
(b), and the Ce-exchanged bentonite (c). The notations "100" and "600" appear near the data collected after 100 and 600
hours of salt spray exposure respectively. Rpore denotes the region in the magnitude plot where a resistive contribution from

a pore resistance is evident.
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wet, but the substrate is passivated, presumably by chro-
mate leached form the sparingly soluble SrCrO4 pigment
addition.

A different scenario is presented by the sample with
the Zn-Al-decavanadate-pigmented coating. While the to-
tal impedance at the lowest measured frequencies is high,
the impedance magnitude at low frequencies decreases
from 100 to 600 hours of exposure. At high frequencies
a capacitive region is detected due to the coating capaci-
tance. After 600 hours of exposure the Bode magnitude
in this region is shifted to lower impedances, which is
consistent with effects that might be expected from slow
water uptake by the coating. In a related way, the pore
resistance decreases from 100 to 600 hours. From the shifts
in the coating capacitance and the pore resistance, it may
be concluded that electrolyte is taken up more slowly by
this coating compared to the SrCrOs-pigmented coating.
This is not surprising because the only solids addition to
this experimental coating is the 25% IEC addition. It is
interesting to note the increase in phase angle from 100
hours to 600 hours suggests a more capacitive response
at the longer exposure time. Such a trend would be con-
sistent with passivating action on the substrate by in-
hibitors released from the IEC pigment addition.

The EIS response of the sample coated using the Ce-ex-
changed bentonite formulation shares similarities with the
coating pigmented with the hydrotalcite IEC. The total
coating impedance decreases from 100 to 600 hours
exposure. There is little change in the coating capacitance
though a decrease in pore resistance is observed. Electro-
lyte uptake is occurring to some extent, but the effect on
coating capacitance is not apparent. At the lowest frequen-
cies the phase angle is low indicating that the impedance
is dominated by a resistive component, which is an in-
dicator of localized corrosion. Overall, these data suggest
that this coating confers the lowest degree of corrosion
protection of the three coatings compared.

5. Summary

Selected examples of the synthesis and use of ion ex-
change compounds illustrate their potential utility as corro-
sion inhibiting pigments for organic coatings. Simple
aqueous processing methods can be used to create a range
of synthetic IECs. These compounds allow specific in-
hibitors or inhibitor mixtures to be imparted to protective
coatings. Inhibitors can be stored within IECs and released
slowly and as needed as the environment penetrates the
coating system. Exposure and electrochemical testing of
organic coatings containing IEC pigments suggest that in-
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hibiting properties are imparted by the pigment additions.
The levels of protection are not equivalent to those ach-
ieved by chromate-bearing coatings, but IEC-bearing coat-
ings are currently unoptimized from a coating formulation
perspective and further gains may be expected as the ex-
ploration and use of IECs as pigments in coatings con-
tinues to mature.
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