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It is generally accepted that CrVI in chromate conversion coatings
(CCCs) and in SrCrO4 containing primersc is the critical component
in corrosion protective coating systems used on aluminum aircraft
alloys such as AA-2024-T3. The ability of a CCC to release CrVI as
soluble chromate species is likely to be important to “self-healing”
exhibited by CCCs, in which CrO4

22 or related species can migrate
to defects or corrosion sites and inhibit further damage.1-8 Several
investigators have reported that CCCs contain both CrIII and CrVI 9-

11 and a CrIII-CrVI mixed oxide has been identified as a major CCC
component.12 Furthermore, release of CrO4

22 from a CCC has been
demonstrated, as has protection of an initially untreated alloy surface
by dilute CrO4

22 in a chloride solution.7 The mechanism of corrosion
protection by chromate is currently being debated, but storage and
release of CrVI by a CCC appear to be essential for its long term pro-
tection property. In addition, release of chromate from sparingly sol-
uble SrCrO4 in primers may also provide a source of dilute chromate
for self-healing.

The current investigation addresses the storage and release of
CrVI in more detail. The release of CrVI from a CCC and SrCrO4 into
water and salt solution was monitored quantitatively with ultravio-
let-visible (UV-vis) spectroscopy, in order to examine solution con-
centrations, saturation (if any), release rate, and possibly storage
mechanism. By considering a variety of conditions, a quantitative
model for CrVI storage and release was formulated, and its implica-
tions for corrosion protection were considered. The kinetics and
rate-controlling factors during release will be addressed in a separate
communication.

Experimental
All the chemicals used were analytical grade. Solutions were pre-

pared with “deionized” water (Barnstead, Nanopure 18 MV-cm).
The absorbance vs. concentration behavior of chromate solutions is
complicated by the equilibria between HCrO4

2, CrO4
22, and Cr2O7

22,
which depend on both concentration and pH.13-17 The combined

concentration of these species in solution is indicated herein as
[CrVI]. In order to determine the relationship between UV-vis
absorbance and [CrVI], solutions of K2Cr2O7 were prepared at vari-
ous concentrations in the range of 1.0 3 1025 M to 4 3 1024 M of
CrVI, and adjusted to different pH values with HClO4 or NaOH and
a pH meter. UV-vis absorption spectra for solutions in 1 cm quartz
cuvettes were collected using either a Perkin Elmer Lambda 20 spec-
trometer or a custom system based on an ISA Triax monochromator.
Spectra for one CrVI concentration are shown in Fig. 1 for a pH range
from 2.01-9.47. Since the absorption at 339 nm (A339) was indepen-
dent of pH, this wavelength was used to construct the pH-indepen-
dent calibration curve shown in Fig. 2. The absorbance at 339 nm
was preferable to that at 295 nm for quantitative analysis of [CrVI]
due to the smaller interference from nitrate ion. Over the range of
total [CrVI] from 1 3 1025 to 4 3 1024 M and pH range 2.0 to 9.5,
A339 is linear with total [CrVI]. This calibration curve was used to
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Figure 1. UV-vis spectra of 8.3 3 1025 M CrVI as a function of pH. Path
length was 1 cm. A is the observed absorbance.
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determine [CrVI] from observed A339 in subsequent experiments. The
molar absorptivity in terms of total CrVI concentration is 1.48 3
103 M21 cm21 at 339 nm over the pH range 2-9.5.

CrVI concentrations in solution were determined spectrophoto-
metrically as a function of time for several starting conditions,
including a CCC in water or salt solution, CrIII/VI mixed oxide in
water, and CrIII hydroxide immersed in dilute CrVI solution. CCC
films were prepared by dipping polished AA2024-T3 alloy or
AA1100 alloy (polished with Al2O3/H2O slurries as described in
Ref. 7) into freshly prepared Alodine coating solution (Alodine 1200,
7.5 g/L, pH 1.3) at room temperature for 1 min, washing with more
than 100 mL flowing water, and then air drying for various periods
of time (indicated below). Then the coupons were immersed in a
known volume of deionized water or 0.1 M NaCl, in well-sealed
glass containers. CrIII-CrVI mixed-oxide was prepared as described
previously.12 A known weight of freshly prepared CrIII-CrVI mixed-
oxide was weighed and dried on a small piece of glass in air for
known periods of time. The dried CrIII-CrVI mixed-oxide powder
samples on glass were immersed in known volumes of Nanopure
water or 0.1 M NaCl solution and tightly covered. The containers
were agitated occasionally over a period of several days. Aliquots
(2-3 mL) of each solution were withdrawn periodically for UV-vis
spectroscopy, then returned to the corresponding container. [CrVI]
released from the CCC film or mixed oxides was determined from
the absorbance at 339.0 nm. The details of CCC surface/volume ratio
and CrIII-CrVI- mixed-oxide mass/volume ratio are listed in Table I.

Saturation concentrations of SrCrO4 in deionized water or 0.1 M
NaCl were obtained by adding 2 g of SrCrO4 to 100 ml Nanopure
water or 0.1 M NaCl, and stirring for 6 days. After centrifugation,
1.00 mL of supernatant was diluted to 50.00 mL with 2 M NaOH,

Figure 2. Calibration line of A339nm vs. total CrVI concentration. The 8.3 3
1025 M point ( ? ) is the average of 12 samples with the same [CrVI], but pH
2.01-9.47. All other points are the average of four samples with the same
[CrVI] concentration, but pH 5-6. 

Table I. Observed equilibrium CrVI concentration in solution under various conditions.

Equilibrium
Material (2024-T3 unless Aging time A/V or m/V CrVI in solution

indicated otherwise) (h) (cm2/mL) or (g/mL)a Solution (M)b

CCC on AA2024-T3 0 0.4 Deionized water 26.0 3 1025

CCC on AA2024-T3 0 0.8 Deionized water 21.2 3 1024

CCC on AA2024-T3 0 1.2 Deionized water 21.7 3 1024

CCC on AA1100 2 1.67 Deionized water 22.0 3 1024

22.1 3 1024

22.3 3 1024

CCC on AA1100 2 5.0 Deionized water 26.5 3 1024

26.9 3 1024

25.6 3 1024

CCC on AA1100 2 10.0 Deionized water 28.2 3 1024

29.0 3 1024

CCC on AA1100 2 20.0 Deionized water 1.22 3 1023

CCC on AA2024-T3 0.25 4.5 Deionized water 1.34 3 1024

CCC on AA2024-T3 22 4.5 Deionized water 1.54 3 1024

CCC on AA2024-T3 96 4.5 Deionized water 1.32 3 1024

CCC on AA2024-T3 210 4.5 Deionized water 1.16 3 1024

CCC on AA2024-T3 22 4.5 0.1 M NaCl solution 1.94 3 1024

CCC on AA2024-T3 2 1.67 Deionized water 21.0 3 1024

CCC on AA2024-T3 2 5.0 Deionized water 23.6 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0032 Deionized water 2.11 3 1024

CrIII-CrVI mixed-oxide 22 0.0032 Deionized water 1.56 3 1024

CrIII-CrVI mixed-oxide 96 0.0032 Deionized water 1.33 3 1024

CrIII-CrVI mixed-oxide 210 0.0032 Deionized water 1.28 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0032 0.1 M NaCl solution 2.97 3 1024

CrIII-CrVI mixed-oxide 22 0.0032 0.1 M NaCl solution 2.92 3 1024

CrIII-CrVI mixed-oxide 0.25 0.00092 Deionized water 4.03 3 1024

CrIII-CrVI mixed-oxide 0.25 0.00092 Deionized water 4.48 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0013 Deionized water 2.70 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0017 Deionized water 5.33 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0020 Deionized water 6.85 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0030 Deionized water 7.66 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0037 Deionized water 9.39 3 1024

CrIII-CrVI mixed-oxide 0.25 0.0042 Deionized water 9.81 3 1024

SrCrO4 N/A 0.020 Deionized water 4.65 3 1023

SrCrO4 N/A 0.020 0.1 M NaCl solution 7.81 3 1023

a A/V is the ratio of CCC film area to solution volume, m/V is the ratio of mixed oxide weight to solution volume.
b CrVI concentration observed after reaching an apparently constant value, at least 10 days after immersion. 
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then a UV-vis spectrum was obtained. The CrO4
22 concentration was

determined from the molar absorptivity at 373 nm, 4884 M21 cm21.
For experiments in which the sample was not reused, such as SrCrO4
saturation and the pH effects described below, it was more conve-
nient to dilute the sample with NaOH and determine the absorbance
at 373 rather than 339 nm. This approach significantly reduced pos-
sible interference from NO3

2. 
The adsorption of aqueous CrVI by CrIII-hydroxide was studied

by adding [CrVI] solution to solid Cr(OH)3 prepared as described
previously.12 A known amount (0.1 to 1.0 g) of Cr(OH)3 was com-
bined with 50.0 mL of [CrVI] solution with known concentration and
pH in a sealed vial which was shaken occasionally thereafter.
Aliquots of solution were withdrawn periodically, centrifuged, quan-
titatively diluted with 2 M NaOH, and analyzed spectrophotometri-
cally at 373 nm. Details about the mass of CrIII-hydroxide and ini-
tial/final [CrVI] are listed in Table II.

The dynamic interaction between CrIII-hydroxide and CrVI was
studied as follows. A mixture of 0.062 M (as Cr(NO3)3?9H2O) and
0.019 M CrVI (as K2Cr2O7) was prepared. The total volume was
500 mL and the initial pH was below 3. In the first cycle, concentrat-
ed (,20 M) NaOH was added dropwise while agitating the solution.
After each NaOH addition, the solution was stirred until the pH sta-
bilized to 60.1 pH unit. 10 mL of the suspension was centrifuged for
5 min, then 1.00 mL aliquot of supernatant solution was quantitative-
ly diluted to 50.00 mL by 2 M NaOH and analyzed spectrophoto-
metrically. The remaining supernatant solution and solid was re-
turned to the original 500 mL volume of solution. NaOH was added
repeatedly such that spectra were obtained at 0.5,1.0 pH unit incre-
ments. Spectra were obtained after aliquots were diluted with NaOH,
since the NO3

2 band (310 nm) overlaps with CrVI bands at acidic or
neutral pH. After reaching a pH of 12, the process was reversed by
incremental addition of concentrated HNO3 until the pH was less

than 3. A second complete cycle of NaOH and HNO3 addition was
conducted, in order to demonstrate reversibility. A similar experiment
was carried out by using Cr2O3, instead of Cr(NO3)3?9H2O. 

Results
When a CCC was immersed in water or salt solution, the CrVI

concentration in solution increased with time, as shown in Fig. 3.
The CrVI is a mixture of CrO4

22, Cr2O7
22, and HCrO4

2, depending on
concentration and pH, but the absorbance at 339 nm permits assess-
ment of total CrVI in solution. All release curves of the type shown
in Fig. 3 eventually reached a constant CrVI concentration after sev-
eral days, and these limiting concentrations are listed in Table I for
a variety of initial conditions. Several observations deserve special
note. First, a higher ratio of CCC area to solution volume led to high-
er [CrVI] in solution. Second, aging of the CCC before exposure to
water decreased the final [CrVI], but not greatly. Third, the [CrVI]
observed in 0.1 M NaCl was higher than that in deionized water, by
approximately 26%, as shown in Fig. 4.

Release of CrVI from CrIII-CrVI mixed oxide was studied by
adding known weights of synthetic mixed oxide to known volumes
of water or salt solution, followed by spectrophotometric monitor-
ing. Release curves similar to those of Fig. 3 and 4 were observed,
and the final concentrations are listed in Table I. As was the case
with the CCC, the final [CrVI] after release from the synthetic mixed
oxide was in the range of 1024 to 1023 M, decreased with aging
time, and was slightly higher in 0.1 M NaCl than in water. Table I
also lists the final concentration of [CrVI] released from solid SrCrO4

Table II. Equilibrium CrVI concentration in solution after
adsorption to CrIII-hydroxide.

Mass of
Cr(OH)3

[CrVI]t50 (g, in 50 mL Initial [CrVI]final [CrVI]t50 2 [CrVI]final
(mM) solution) pH (mM) (mM )

10.17 1.051 7.19 8.939 1.231
10.17 0.1075 7.19 9.936 0.2340
10.12 1.309 2.76 6.558 3.562
10.12 0.1408 2.76 9.380 0.740
10.937 1.003 7.59 0.5108 0.4259
10.937 0.1563 7.59 0.8369 0.0998
10.947 1.051 2.67 0.0842 0.8595
10.947 0.1075 2.67 0.4621 0.4816
10.112 1.020 7.66 0.01997 0.09243
10.112 0.1321 7.66 0.011 0.1014
10.117 1.008 2.58 0.04097 0.07603
10.117 0.1076 2.58 0.04347 0.07353
10.14 0.2942 7.19 9.430 0.710
10.14 0.5169 7.19 9.182 0.958
10.14 0.8238 7.19 8.835 1.305
10.14 0.3216 2.67 8.531 1.609
10.14 0.5077 2.67 7.661 2.479
10.14 0.8146 2.67 6.324 3.816
10.14 2.8885 7.19 6.598 3.542
10.14 3.6067 7.19 5.002 5.138
10.14 6.0380 7.19 3.245 6.895
10.14 2.7110 2.67 2.412 7.728
10.14 3.9886 2.67 1.736 8.404
10.14 3.9886 2.67 1.736 8.404
10.14 5.7103 2.67 0.5566 9.5834
15.91 1.0046 2.68 1.749 4.156
15.91 1.1340 7.18 4.189 1.716
13.01 1.0421 2.71 0.1383 2.8677
13.01 1.1022 7.18 1.701 1.305

Figure 3. CrVI concentration determined from the absorbance at 339 nm as a
function of time after immersion of a CCC in nanopure water. Curves are
labeled with the ratio of the geometric CCC area to solution volume.

Figure 4. [CrVI] vs. time curves for CrIII-CrVI mixed oxide immersed in
nanopure water or 0.10 M NaCl. 3.2 mg of mixed oxide was present per mil-
liliter of solution, and then aged for the periods indicated.
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into water and 0.1 M NaCl. For both the mixed oxide and SrCrO4,
solid remained after reaching the final [CrVI] level. The ratio of the
final [CrVI] observed in water to that in 0.1 M NaCl ranged from 0.60
for SrCrO4, 0.5-0.7 for the CCC, to 0.79 for the mixed oxide. This
ratio did vary somewhat with aging time and A/V ratio, but was con-
sistently in the range of 0.6 to 0.8 for all three starting materials. The
activity coefficient of the dominant CrVI species in solution
(HCrO4

2) in 0.1 M NaCl is 0.769, calculated from the extended
Debye-Huckle equation.13 The experimental ratios are very close to
this calculated value, implying that the higher concentration ob-
served in NaCl is due to a reduced activity coefficient.

If the constant [CrVI] observed at long times in Fig. 3 and 4 rep-
resents an equilibrium between solution and solid CrVI, then CrIII

oxide should adsorb CrVI from solution, according to Reaction 1

CrIII 2 OH (solid) 1 CrVIO4
22 (aqueous) 1 H1 (aq)

kads
o CrIII-O-CrVIO3

2 (solid) 1 H2O [1]
kdesorb

Reaction 1 is a simplified form of a reaction proposed in a previous
report to represent a dynamic equilibrium between the CrIII-CrVI

mixed oxide and aqueous CrVI, 12 and the remaining bonds to CrIII

are not shown to improve clarity. CrO4
22 is used as an example of

CrVI (aq); similar equilibria by using HCrO4
2 (aq), Cr2O7

22 (aq) are
also possible. As written, the reverse reaction describes release of
CrVI into solution from the CCC or mixed oxide, while the forward
reaction represents CrVI adsorption by CrIII hydroxide. To test the
forward reaction, CrIII hydroxide was added to CrVI solution, and the
CrVI in solution was monitored spectrophotometrically. Figure 5 and

Table II show results for CrVI adsorption by CrVI hydroxide for dif-
ferent pH values and different initial weights of CrIII hydroxide. The
solid Cr(OH)3 did indeed adsorb CrVI from solution, and the solution
concentration decreased to an apparently constant [CrVI] level.
Table II lists several final CrVI concentrations for different initial
conditions. Adsorption was more pronounced at lower pH, and for
higher weights of CrIII hydroxide.

The dynamic nature of the equilibrium between dissolved and
adsorbed CrVI was examined further by cycling the pH of a CrIII-CrVI

solution, as described in the experimental section. As concentrated
NaOH was added dropwise, to soluble CrIII and CrVI salts, the CrIII-
CrVI mixed oxide formed and was allowed to equilibrate at a given
pH for about 2 h. The total [CrVI] was determined spectrophotomet-
rically, and the pH was measured before adding another aliquot of
NaOH and re-equilibration at a different pH. After reaching pH 10-
12, HNO3 was added to decrease pH, and two complete pH excur-
sions were carried out in this fashion. A plot of solution [CrVI] vs. pH
is shown in Fig. 6. Each point was taken after the addition of con-
centrated NaOH or HNO3 and equilibration at a particular pH. A
similar experiment starting with solid Cr2O3 and CrVI solution
exhibited no adsorption of CrVI from solution. To assure time for
equilibration, the results shown in Fig. 6 were acquired over a peri-
od of 7 days.

CrVI loading levels in CrIII-CrVI mixed-oxide or CCC film were
measured as described previously.12 CCC film was dissolved in
basic solution, or the CrIII-CrVI mixed oxide was dissolved in con-
centrated HNO3, then the pH of both was increased to >12 by adding
NaOH. Spectrophotometric measurements show that CCC film
(Alodine, 1 min on AA2024-T3) contains (1.03 6 0.17) 3 1027 mol
CrVI/cm2 and CrIII/CrVI-mixed-oxide contains (5.46 6 0.25) 3
1024 mol CrVI/g. Both results are the average of three trials.

Discussion
Before considering the quantitative implications of the observa-

tions, some useful conclusions are available about CrVI storage and
release. A simple hypothesis might be that CrVI is trapped in the
CCC as a soluble salt, such as K2Cr2O7. In this case, the soluble CrVI

would merely dissolve when the CCC was exposed to solution, and
the final [CrVI] in solution would be linear with the A/V ratio. This
case is plotted as the depletion model of Fig, 7, for which the CCC
(or mixed oxide) is merely a repository of a soluble CrVI salt. The x
axis in Fig. 7 is the number of moles of CrVI in the CCC or mixed
oxide divided by the solution volume, and is proportional to either
the CCC area/volume ratio or the CrIII-CrVI mixed oxide weight/vol-

Figure 5. [CrVI] observed over CrIII(OH)3 placed in 50 mL of solution which
initially contained 10.0 mM [CrVI] (A, top) or 1 mM [CrVI] (B, bottom). The
initial pH was adjusted to the value indicated with HNO3 or NaOH.
CrIII(OH)3 was prepared freshly, and the weight indicated was added to the
CrVI solution.

Figure 6. Equilibrium [CrVI] observed for a solution containing 0.062 M
Cr(NO3)3?9H2O and 0.019 M CrVI (as K2Cr2O7) following the addition of
NaOH, then HNO3. The pH was increased from ,3 to ,10 with NaOH, then
decreased to ,2.5 with HNO3 to comprise cycle 1. Open circles indicate the
equilibrium [CrVI] for a second complete cycle. Solid line is a fit to Eq. 3 with
b 5 1010. See text for details.
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ume ratio listed in Table I. This depletion model is inconsistent with
the observations for two major reasons. First, the observed [CrVI] is
not linear with x in Fig. 7. Second, the uptake of CrVI by Cr(OH)3
indicates that CrVI is not completely soluble in the presence of the
synthetic CrIII oxide, or the mixed oxide present in the CCC.

A second possibility is a solubility model, in which the CrVI con-
centration over a CCC or the mixed oxide is controlled by a solubil-
ity product, analogous to the case for SrCrO4. Ignoring reactions of
CrO4

22 with H1 or H2O, SrCrO4 should behave as a simple sparing-
ly soluble salt, with a saturation concentration determined by its sol-
ubility product (Ksp 5 2.2 3 1025). The behavior of the solubility
model is also shown in Fig. 7. Once sufficient CrVI was available to
reach the solubility limit (4.7 mM), the solution would saturate and
the addition of more SrCrO4 would have no further effect on [CrVI]
in solution. If the CCC or mixed oxide followed this behavior, we
expect a saturation level of CrVI which could not be exceeded by
adding more CCC (increased A/V) or mixed oxide. However, this is
not the case, with increasing A/V always resulting in higher [CrVI] in
solution. The solubility model is likely to apply to SrCrO4 contained
in the primer, but not to the CCC or the CrIII-CrVI mixed oxide.

It is clear that the release of CrVI from the CCC (or mixed oxide)
is reversible and pH dependent, and strongly dependent on the initial
amount of CrVI in the CCC or mixed oxide relative to the solution vol-
ume. A mechanism that is consistent with the observations is ad-
sorption of CrVI species to the insoluble CrIII hydroxide, shown
schematically in Fig. 8. We consider the insoluble CrIII to have many
surface hydroxyl groups available for formation of CrIII-O-CrVI

bonds. These hydroxyl groups act as sites for covalent binding of CrVI

according to Eq. 1. CrIII-OH (solid) in Eq. 1 represents insoluble CrIII

hydroxide, CrVIO4
22 (aq) is solution-phase hexavalent chromium,

CrIII-O-CrVI is the mixed oxide present in the CCC or prepared syn-
thetically depending on pH and concentration. Solution-phase CrVI

may be CrO4
22, HCrO4

2, or Cr2O7
22. Reaction 1 is reversible, so the

CCC may release CrVI, and the CrIII hydroxide may adsorb CrVI from
solution. Release and adsorption of CrVI are pH dependent, favoring
the mixed oxide at low pH and soluble CrVI at higher pH, as observed
experimentally (Fig. 6). Furthermore, the number of hydroxyl groups
in CrVI-hydroxide which may be exchanged for CrVI in finite, result-
ing in a saturation level of CrVI:CrIII of approximately 1:3. The equi-
librium for a solution species binding to a finite number of sites on a
solid is mathematically similar to Langmuir adsorption behavior as
represented by Eq. 2.18 The insoluble CrVI oxide is a porous solid
containing CrVI binding sites rather than the flat surface normally
associated with Langmuir behavior, but it does exhibit a nonlinear
relationship between solution and surface concentration consistent
with Eq. 2. If we consider the CrIII oxide matrix in the CCC or mixed

oxide to have a finite surface area for adsorption with a saturation
coverage of adsorbed CrVI to equal to GS, then

[2]

where GVI is the coverage of CrVI on the CrIII oxide in mol/cm2, b is
a binding constant, and uVI is the fractional coverage of CrVI. Note
that the area relevant to adsorption is the microscopic area of the CrIII

oxide matrix, not of the CCC itself. Although this microscopic area
is difficult to determine, we assume it to be proportional to the geo-
metric CCC area or to the mass of synthetic mixed oxide. If we
define NVI as the moles of CrVI present in the CCC or mixed oxide
solid, NVI may be calculated after assuming a homogeneous distrib-
ution of CrVI in the solid. For the CCC, NVI equals the initial average
CrVI concentration (mol/geometric cm2) times the CCC geometric
area. For the mixed oxide, NVI equals the initial CrVI loading
(mol/gram) times the weight of mixed oxide.

Under the assumption that Eq. 2 controls the CrVI (aq) concen-
tration of a solution in equilibrium with a CCC or mixed oxide, pre-
dictions of the behavior of [CrVI] for several situations may be
derived. When CrVI (aq) is desorbed from an initially saturated CCC
or mixed oxide, the [CrVI] follows Eq. 3, with V representing solu-
tion volume (see Appendix for derivation)

[3]

The observed pH at the end of release experiments was 4.6 6 0.7. A
fit of Eq. 3 to the equilibrium values of [CrVI] listed in Table I is
shown in Fig. 9. Results for the CCC on both AA2024 and AA1100,
as well as for the synthetic CrIII-CrVI mixed oxide are shown, along
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Figure 7. Predicted behavior of [CrVI] as a function of CrVI loading in a CCC
or mixed oxide for the solubility, depletion, and adsorption mechanisms of
CrVI release. NVI/V is the ratio of the moles of CrVI in the solid to the solution
volume. The Ksp is that of SrCrO4, and is used only to illustrate the shape of
the curve.

Figure 8. Model for adsorption of CrVI to solid CrIII hydroxide, based on Eq.
1. CrVI is shown as CrO4

22, but may also exist as HCrO4
2 or Cr2O7

22, depend-
ing on pH and [CrVI]. Gray area represents insoluble CrIII matrix which is
permeable by water and solution phase CrVI.

Figure 9. Results of release experiments from a CCC on both AA1100 and
AA2024-T3, and the CrIII/CrVI mixed oxide. Lines are calculated from Eq. 3
with the indicated values of the product b[H1]. NVI/V is the ratio of adsorbed
moles of CrVI to the solution volume.
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with curves predicted from Eq. 3 for three values of the product
b[H1]. As noted earlier, the model assumes that CrVI permeates the
CCC and is able to adsorb to its microscopic area. This permeation
process certainly affects the release kinetics, but Eq. 3 requires only
that the entire CCC or mixed oxide has equilibrated with the solu-
tion. The release kinetics will be discussed in a separate publication.

The adequate fit of the experimental data to Eq. 3 with b[H1] 5
103 provides support for a saturable adsorption process similar to
Langmuir adsorption as the equilibrium which controls [CrVI]. One
cannot rigorously exclude other mechanisms, but at least the results
are consistent with Langmuir adsorption, and not with the solubility
or depletion models. Based on the solution pH observed for CrVI re-
lease from a CCC or mixed oxide (4.6 6 0.7), the fit shown in Fig. 9
corresponds to a b value of 107-1010. Several observations about
Eq. 3 and Fig. 9 deserve note. First, the agreement between the re-
sults from the CCC on different alloys and the synthetic mixed oxide
implies that the same chemistry controls the release process. As stat-
ed previously,12 we believe the CCC consists of a porous CrIII-CrVI

mixed oxide that can slowly release CrVI into solution. Second, there
is a finite number of binding sites for CrVI on the insoluble CrIII

oxide matrix of a CCC, and the sites can be saturated. The high CrVI

concentration and low pH present during CCC formation promotes
CrVI adsorption and favors saturation of the matrix. Third, CrVI bind-
ing is strongly pH dependent, as is consistent with Fig. 6. The solid
line in Fig. 6 was calculated from Eq. 3, and indicates reasonable
agreement with experimental results. This dependence is a simple
and predictable consequence of Reaction 1, in which high [H1]
favors CrVI binding. Fourth, the equilibrium [CrVI] has an unusual
square-root dependence on NVI (and therefore on the A/V ratio).
Unlike a solubility mechanism, in which the solution reaches a sat-
uration level, the [CrVI] predicted from Eq. 3 increases with (A/V)1/2

without bound. In reality, an upper limit of [CrVI] will occur at satu-
ration when a Cr2O7

22 salt or CrO3 precipitate, but this level is much
higher (>0.1 M) than those observed during release experiments. In
chemical terms, the square root dependence on A/V stems from the
fact that the activity of adsorbed CrVI changes as release occurs,
while the activity of a slightly soluble solid remains constant. Unlike
the case for SrCrO4 solubility, release of CrVI from the CCC affects
both the CrVI activity in solution and adsorbed on the CrIII matrix.

Solution of Eq. 2 for the case of an initial quantity of solid CrIII

hydroxide exposed to CrVI solution yields Eq. 4 (see Appendix for
details)

[4]

where NVI
max is the moles of CrVI adsorbed to the CrIII hydroxide at

saturation, and [CrVI]t50 is the initial [CrVI] in solution. The experi-
mental results of Fig. 6 are consistent with Eq. 4 and Eq. 3, and a b
value of 109. For the results listed in Table II, there was significant
variation in the equilibrium pH for different initial amounts of CrIII

hydroxide. The fairly wide spread of final pH values (about 3 pH
units) prevented a reliable fit of the results to Eq. 4.

Implications to corrosion protection.—The current results provide
additional support for previous conclusions about CCC chemistry,
and add some new insights into chromate storage and release. The
Langmuir adsorption model is completely consistent with CrVI stor-
age in a CCC as a CrIII-CrVI mixed oxide,12 according to Reaction 1.
The large binding constant of 107-1010 implies a strong bond between
CrIII and CrVI. For comparison, “chemisorption” is considered to have
a DG8 of adsorption more negative than 240 kJ/mol, corresponding
to a binding constant of >107, while physisorption has a DG8 above
225 kJ/mol (b < 2 3 104).19 The b value estimated from Fig. 9 (107-
1010) corresponds to chemisorption, implying a relatively strong
covalent bond. As noted earlier, the pH dependence of CrVI binding
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apparent in Fig. 6 favors CrVI binding during CCC formation (low pH
and high [CrVI]) and CrVI release in a defect in the field (low [CrVI],
neutral pH). The storage and release of CrVI is likely to be critical to
the ability of chromate coatings to passivate defects, scratches, etc.
While self-healing may also result from CrVI released by the SrCrO4
containing primer, the two processes are controlled by different equi-
libria. The finite solubility of SrCrO4 (,5 mM) implies that SrCrO4
will dissolve until this limit is reached, perhaps leading to complete
dissolution and depletion of the SrCrO4 exposed to the environment.
The Langmuir adsorption operative in the CCC does not result in a
constant [CrVI], but rather one that decreases as the CCC film is
depleted. Although the released [CrVI] decreases as the CCC is de-
pleted, an equilibrium can be maintained at very low levels of both
adsorbed and solution CrVI. Depending upon the [CrVI] level required
for self-healing, and the relative amounts of CrVI in CCC and primer,
the CCC may outlast a SrCrO4 primer, since the CCC will release less
CrVI as it becomes depleted.

The effect of ionic strength on CrVI release is attributable to an
activity effect. The activity coefficient calculated for HCrO4

2 in
0.1 M NaCl quantitatively accounts for the higher equilibrium [CrVI]
in NaCl, at least to the accuracy expected from the extended Debye-
Huckel equation.13 The current results do not take CrVI speciation
into account, except for the spectophotometric analysis described in
Fig. 1 and 2. The distribution of solution CrVI between HCrO4

2,
CrO7

22, CrO4
22, and even H2CrO4 may affect the binding constant b.

The dominant CrVI species in the conditions used here is HCrO4
2, but

the adsorption equilibria may vary above pH 6.5 or below pH 2. The
value of b and the nature of the adsorbed CrVI may vary under these
conditions, but Langmuir adsorption is still expected to prevail.

An additional issue of importance to the applications of CCCs
involves aging after CCC formation. Aging of both the CCC on AA
2024-T3 and the CrIII-CrVI mixed oxide for periods from 0.25 to 210 h
at room temperature decreased the equilibrium [CrVI] released into
water (Table I). However, the decrease in CrVI release was not large;
about 25% for the CCC and 40% for CrIII/CrVI mixed oxide. A much
greater decrease in CrVI release occurred after the CCC was heated at
508C in air for 1 h. These decreases could be due to a reduction in
CCC hydration or to a structural rearrangement that tightly binds CrVI.

In conclusion, the adsorption and release of CrVI from a CCC is
consistent with adsorption of CrO4

22, HCrO4
2 or Cr2O7

22 to a porous,
insoluble CrIII hydroxide matrix. Adsorption is saturable, reversible,
and pH dependent, with higher pH favoring desorption of CrVI. The
low pH and relatively high [CrVI] in a CCC formation path favor
adsorption of CrVI to the CrIII matrix formed by reduction of CrVI to
the CrIII by the alloy. The observations are quantitatively similar to a
Langmuir adsorption-desorption equilibrium with a binding constant
of 107-1010 for the CrVI interaction with CrIII hydroxide. This high
binding constant supports an adsorption mechanism based on for-
mation of a covalent CrIII-O-CrVI bond. Unlike traditional Langmuir
adsorption to a surface, however, CrVI binding to Cr III oxide occurs
throughout the entire porous CrIII film. 
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Appendix
Release of CrVI from CCC.—Starting with Eq. 2 from the main text, we

note that GS is the initial coverage of CrVI in the CCC, (mol/cm2) and GVI is
the equilibrium coverage. Once equilibrium is reached

[A-1]

and

GVI 5 GS 2 [CrVI]V/A [A-2]

[ ]
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since the released CrVI enters the solution as soluble CrVI. Substitution of GS
and GVI from Eq. A-2 into Eq. 2 yields

[A-3]

Application of the quadratic formula and assignment of GSA as NVI, the ini-
tial moles of CrVI in the CCC, yields Eq. 3 in the main text.

Release of CrVI from mixed oxide.—Solution of Eq. 2 for the CrIII/CrVI

mixed oxide also yields Eq. 3, except the surface area of CrIII in the solid is
unknown. However, NVI has the same meaning and can be calculated as the
weight of oxide times the initial CrVI concentration in the oxide in terms of
moles/gram.

Adsorption of CrVI to synthetic CrIII hydroxide.—The area available for
adsorption on the CrIII hydroxide matrix is unknown, but is assumed to be
proportional to the mass of CrIII hydroxide, m, by some constant k, so that
A 5 km. Starting with an initial CrVI in solution of [CrVI]t50, the equilibrium
coverage of CrVI is

[A-4]

Substitution of GVI from Eq. A-4 into Eq. 2 yields

[A-5]

Gmax is the maximum loading of the CrIII hydroxide, and differs from 
GS for the CCC only in its relationship to microscopic rather than geometric
area. The total moles of adsorbed CrVI, NVI

max, is
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Substitution of Eq. A-6 into A-5 and solving for [CrVI] yields Eq. 4 in the
main text.
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