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IRON OXIDE REDOX CHEMISTRY AND NUCLEAR FUEL DISPOSAL

by

David J. Jobe, Robert J. Lemire and Peter Taylor

ABSTRACT

Solubility and stability data for iron(III) oxides and aqueous Fe(II) and Fe(III) species are
reviewed, and selected values are used to calculate potential-pH diagrams for the iron system at
temperatures of 25 and 100°C, chloride activities {Cl"} = 10'2 and 1 mol/kg, total carbonate
activity {CT} = 10'3 mol/kg, and iron(III) oxide/oxyhydroxide solubility products (25 °C values)
Ksp = {Fe3+} {OH"}3 = 10'385, 10"40 and 10"42. The temperatures and anion concentrations bracket
the range of conditions expected in a Canadian nuclear fuel waste disposal vault. The three
solubility products represent a conservative upper limit, a most probable value, and a minimum
credible value, respectively, for the iron oxides likely to be important in controlling redox
conditions in a disposal vault for CANDU nuclear reactor fuel. Only in the first of these three
cases do the calculated redox potentials significantly exceed values under which oxidative
dissolution of the fuel may occur.
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A AECL EACL

CHIMIE REDOX DE L'OXYDE DE FER ET STOCKAGE DU COMBUSTIBLE NUCLEAIRE

par

David J. Jobe, Robert J. Lemire et Peter Taylor

RESUME

Les auteurs examinent les données sur la solubilité et la stabilité des oxydes de fer (III) et des
espèces Fe(II) et Fe(III) aqueuses et utilisent des valeurs choisies en vue d'établir les schémas du
potentiel pH de l'ensemble de fer pour des températures de 25 et 100 °C, activités chlorure {Cl'
} = 10'2 et 1 mol/kg, activité carbonate totale {CT} = 10'3 mol/kg, et produits de solubilité oxyde-
oxyhydroxyde de fer (III) (valeurs à25 °C) K , = {Fe3+} {OH"}3 - 10"38-5,1040 et 10"42. Les
températures et les concentrations d'anions englobent la plage de conditions prévues dans une
enceinte de stockage permanent de déchets de combustible nucléaire au Canada. Les trois produits
de solubilité représentent respectivement une limite supérieure prudente, une valeur très probable et
une valeur minimale crédible pour les oxydes de fer susceptibles d'être importants pour régir les
conditions redox dans une enceinte de stockage permanent du combustible de réacteurs nucléaires
CANDU. Ce n'est que dans le premier de ces trois cas que le calcul des potentiels redox dépasse
considérablement des valeurs pour lesquelles la dissolution oxydative du combustible peut se
produire.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, a multiple-barrier system is
envisaged for the disposal of used CANDU® reactor fuel. In this system, the Zircaloy-
clad UO2 fuel bundles will be enclosed in corrosion-resistant containers and buried,
packed in a clay-based buffer, in an excavated vault at least 500 m below the surface in a
granite formation (Hancox and Nuttall 1991, Johnson et al. 1994). Iron minerals, such as
magnetite and biotite, are expected to play a part in removing entrained oxygen and
restoring reducing conditions after the vault is sealed (Johnson et al. 1994, pp. 34-39;
Taylor and Owen 1993, 1995 and in preparation).

The redox potential that is achieved in such a system will depend in part on the nature of
the ferric oxide that is formed by reaction of dissolved oxygen with either a ferrous
mineral or Fe2+ solution (Taylor and Owen 1993 and references therein). It is likely that
the initial solid product will be one of the less stable forms of ferric oxide, such as
ferrihydrite or maghemite. In time, this should transform to a more stable form, such as
goethite or hematite. Concomitant with this sequence of events, the groundwater redox
conditions should evolve from strongly oxidizing (dissolved oxygen) to slightly oxidizing
or reducing (metastable ferric oxides), and ultimately more strongly reducing (more stable
ferric oxides, i.e., magnetite/hematite or magnetite/goethite).

There is some concern as to whether the potential will be sufficiently reducing to
eliminate the possibility of significant oxidative dissolution of UO2, i.e., whether a
persistent, metastable form of ferric oxide will be able to mediate such dissolution
(AECB 1995). To help resolve this issue, we address here the following fundamental
questions:

(a) What is the least thermodynamically stable (and hence most strongly oxidizing)
ferric oxide that is likely to persist for more than a few years in a fuel waste vault?

(b) What are the phase and solubility relationships between this oxide, magnetite and
aqueous solutions?

(c) Is this oxide capable of mediating a significant degree of oxidative dissolution of
UO2?

For this purpose, we have reviewed the literature on the stability and solubility of the
various forms of ferric oxide and calculated potential-pH stability diagrams for the Fe-O-
H-CI-CO2 system for a range of temperatures, carbonate and chloride concentrations that
brackets the range of expected conditions in a nuclear fuel waste vault.

CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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2. RELATIVE STABILITIES OF FERRIC OXIDES AND OXYHYDROXIDES

The complex relationships among the various ferric oxides and oxyhydroxides
(sometimes known as oxide hydrates) have attracted intensive research for the best part of
a century (Welo and Baudisch 1934). In recent years, the chemistry of these phases has
been reviewed by Schwertmann and Cornell (1991), Langmuir (1969), Taylor and Owen
(1993), Blesa and Matijevic (1989), Taylor (1987), Waychunas (1991) and Greenland and
Mott (1978). These reviews emphasize the preparation, thermodynamic stability, redox
chemistry, phase interconversion chemistry, crystallography, mineralogy and soil
chemistry of these materials, respectively.

2.1 Principles

The aqueous ferric oxide system is complicated by the existence of many different
crystalline modifications of Fe2O3, FeOOH [Fe2O3-HaO], and other forms of Fe2O3-xH2O.
Their relative stabilities can be compared conveniently in terms of their solubility
products, Ksp, based on equilibrium (1):

0.5[Fe2O3xH2O] (s) + (1.5-0.5x)H2O(l) - Fe3+(aq) + 3OH'(aq) (1)

whence:

Ksp = {Fe3+KOH'}3 ,

where {X} is the ionic activity of species X.

Care is needed in comparing values of Ksp. First, it is important to ensure that appropriate
activity corrections have been made to derive Ksp from the concentration product, Qsp:

Qsp - [Fe3+][OHf .

Alternatively, values of Qsp for different solids in similar aqueous media may be used to
estimate relative Ksp values. Finally, some values of Ksp or Qsp may not have been
obtained by direct solubility measurements, but instead are based on thermodynamic
calculations from some other measured quantity, such as an electrochemical potential or a
heat of dissolution. In such cases, it is important to know which ancillary thermodynamic
values were used in the calculation, to ensure that any comparisons are self-consistent.

The selection of appropriate, consistent values for the Gibbs energies of formation of
aqueous Fe2+ and Fe3+ ions and their various complexes and hydrolysis products is
especially important. In the NBS tables (Wagman et al. 1982; compiled in 1966), the
recommended AfG° values for aqueous Fe2+ and Fe3+ are -78.9 and -4.7 kJ/mol,
respectively. However, work by Larson et al. (1968) pointed to significantly more
negative values of -(91.2 ±2.1) and -(16.8 ± 2.2) kJ/mol, respectively. This finding was
subsequently endorsed by Tremaine et al. (1977), Tremaine and LeBlanc (1980) and
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Sadiq and Lindsay (1981). Nevertheless, the data from Wagman et al. (1982) continue to
be widely used in iron oxide solubility calculations (e.g., Macalady et al. 1990). This can
lead to discrepancies of over two orders of magnitude in calculated Ksp values. Based on
the weight of post-1966 literature, we have used the AfG° values from Larson et al.
(1968), in preference to the NBS tabulation, in the following calculations.

Values of Qsp are useful in drawing comparisons between different ferric oxides and
oxyhydroxides, and in making a variety of hand calculations; however, detailed solubility
and potential calculations, especially at elevated temperatures, require other
thermodynamic data, as described in Section 3. The following discussion is based on a
previous report by Taylor and Owen (1993).

Consider an aqueous solution in equilibrium with the magnetite (Fe3C>4) / hematite
(cc-Fe2O3) redox buffer. The equilibrium can be depicted in various ways, as shown by
reactions (2) to (4) and the associated expressions for equilibrium constants, Kn, Gibbs
energies of reaction, ArG°, and electrode potential, E°.

(a) Equilibrium between the solids and gaseous oxygen:

6Fe2O3(s) = 4Fe3O4(s) + O2 (g) (2)

K2 = p(O2)

ArG° = 4AfG0(Fe304, s) + AfG°(O2, g) - 6AfG°(a-Fe2O3) s)

= -RTlnK2 .

(b) Equilibrium between the solids and aqueous ferrous ions:

Fe2O3 (s) + Fe2+ (aq) + H2O (1) = Fe3O4 (s) + 2H+ (aq) (3)

K3 ={H+}2/{Fe2+}
(assuming dilute aqueous solution, with unit activity of H2O).

ArG° = 2AfG°(H+,aq) + AfG°(Fe304, s) - AfG0(a-Fe203, s) - AfG°(Fe2+, aq)

= -RTlnK3 .

(c) An electrochemical half-reaction:

1.5Fe2O3(s) + e" + H^aq) = Fe3O4(s) + 0.5H2O(l) (4)

E° - [AjG°(Fe3O4, s) + 0.5AfG°(H20,1) - 1.5AfG°(a-Fe2O3, s)
- AfG°(H+, aq)] / 96.485 (AG values in kJ/mol)
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At25°C,Eh = E° - 0.05916pH .

Consider now replacing hematite in these equilibria with any other ferric oxide or
oxyhydroxide, with an empirical formula Fe2O3vtH2O:

6Fe2O3-xH2O (s) = 4Fe3O4 (s) + O2 (g) + *H2O (1) (5)

Fe2O3-xH2O (s) + Fe2+(aq) + (1-*)H2O(1) - Fe3O4(s) + 2H+(aq) (6)

1.5Fe2O3vtH2O(s) + e" + H+(aq) = Fe3O4(s) + (0.5 + 1.5x)H2O 0) (7)

The Gibbs energy expressions for reactions (5) to (7) are related to those for reactions (2)
to (4) as follows:

ArG°(reaction (5)) - ArG°(reaction (2)) +

ArG°(reaction (6)) - ArG°(reaction (3)) + AC0nG0(Fe2O3-;cH2O)

E°(reaction(7)) = E°(reaction (4)) + 1.5AconG0(Fe203-;cH20)/96.485

Where AconG0(Fe203-A:H20) is the Gibbs energy of conversion of hematite to the ferric
oxyhydroxide of interest:

Fe2O3 (s) + xH2O (1) = Fe2O3vtH2O (s) (8)

AcOnG°(Fe2O3aH2O) = AfG°(Fe2O3-*H2O, s) - AfG°(a-Fe2O3, s)
- xAfG0(U2O,\)

This can, in turn, be related to Ksp values (Taylor and Owen 1993):

Ac0nG
0(Fe2O3'*H2O) - -2RT[lnKsp(a-Fe2O3, s) - lnKsp(Fe2O3-JcH2O, s)]

It follows that, for an order-of-magnitude increase in Ksp for a species Fe2O3ocH2O, the
corresponding change in the magnetite / Fe2O3-;eH2O equilibria will be:

- 12 orders of magnitude increase in effective p(O2) (reaction (5));
- 2 orders of magnitude increase in K3, i.e., two orders of magnitude decrease in

{Fe2+} at a given pH value (reaction (6));
An increase of 177.5 mV in E° at 25°C (reaction (7)).

Reported values of Ksp for various Fe2O3-xH2O phases span about 10 orders of magnitude
(1O35 to 10"45); therefore the nature of the ferric oxyhydroxide species can dramatically
influence the redox conditions that are achieved. Evidently, we need to evaluate these
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reported Ksp values and corresponding thermodynamic data, and hence make some
judgment about the most soluble (i.e., least stable) ferric oxyhydroxide that is likely to
persist in a waste vault. Note that any Fe2C>3vtH2O phase with a positive AconG

0 value is
either unstable or metastable with respect to a-Fe2O3 and to any other phase with a lower
AconG0 value.

The magnetite / ferric oxyhydroxide redox couple was chosen above for illustrative
purposes. Under many conditions, magnetite will not be involved, but rather the redox
potential will be controlled by the Fe2+(aq) / ferric oxyhydroxide couple:

0.5Fe2O3;cH2O (s) + e" + 3H+(aq) = Fe2+(aq) + (1.5 + 0.5x)H2O (1) (9)

E° = [AfG°(Fe2+, aq) + (1.5 + 0.5A;)AfGo(H2O,l) - O.SAfG^FeiOa-xHaO, s)
- 3AfG°(H+, aq)] / 96.485

Note that this equilibrium is less sensitive to the ferric oxyhydroxide identity than the
magnetite equilibria; E° for reaction (9) varies by 59.2 mV (at 25°C) for each order-of-
magnitude variation in Ksp.

Similar arguments can be applied to equilibria involving hydrolyzed or complexed
aqueous iron species, such as FeOH+ and FeCl+, but these are best discussed in terms of
integrated Eh/pH calculations (Pourbaix diagrams), as described in Section 3.

2.2 Data Selection

2.2.1 Gibbs Energies of Formation and Solubility Data for Iron(III) Oxides
at or Near 25°C

Gibbs energy data at 25°C for aqueous iron species and solid iron oxides have been
investigated and assessed by numerous researchers. Table 1 presents data (Gibbs
formation energies or Ksp values or both) from various determinations and compilations
for the more common iron oxides and oxyhydroxides and key aqueous species. Note that
the number of compiled and assessed values sometimes exceeds the number of original
experimental measurements. Here, we select and discuss oxide data for use in our
calculations. Data for siderite (FeCO3 (s)) and important hydrolyzed or complexed
aqueous iron species are compiled and discussed in Section 2.2.2.

Magnetite. Fe^Oa (s)

Reported Gibbs energies of formation for magnetite span a relatively narrow range, from
-1009.7 to -1020.9 kJ/mol. The value recommended by Wagman et al. (1982) is
-1015.4 kJ/mol, and this value is commonly used in recent literature. Other recent studies
yielded values of -(1012.6 ± 2.1) kJ/mol (Robie et al. 1979, Hemingway 1990),
-(1013.30 ± 2.12) kJ/mol (Parker and Khodakovskii 1995) and -1018.7 kJ/mol (Sadiq and
Lindsay 1979). The impact of these changes on our solubility and potential calculations
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would be small compared with uncertainties regarding Fe(III) oxyhydroxides, therefore
there is no compelling reason to deviate from the Wagman et al. (1982) value. Note that
the entire range of reported values listed in Table 1 corresponds to an uncertainty within
±2 kJ/mol Fe.

Hematite. a-Fe?Ch (s)

Reported Gibbs energies of formation for hematite also span a narrow range, from -740.9
to -744.3 kJ/mol. Again, the value recommended by Wagman et al. (1982),
-742.2 kJ/mol, lies near the middle of this range. Hemingway (1990) and Sadiq and
Lindsay (1979) both recommend slightly more negative values, -(744.3 ± 1.3) kJ/mol and
-744.1 kJ/mol; again, the Wagman et al. (1982) values are appropriate for the present
purposes.

Calculation of the Magnetite / Hematite Buffer

Using the Wagman et al. (1982) values for AfG0 of magnetite and hematite in reaction (2),
we obtain K2 = p(O2) - 10'68'6 bar (1 bar = 105 Pa) for the magnetite/hematite buffer at
25°C. Using extreme values from the compilation in Table 1, we obtain conservative
upper and lower limits for K2 of 10"63"4 and 10"74'8 bar, respectively.

Aqueous Ions. Fe2"1" (aq) and Fe3* faq")

The range of reported Gibbs energies of formation of these two ions is much more
significant than the ranges for magnetite and hematite. Selection of a reliable value is
critical for our calculations, and especially to derive data for hydrolyzed Fe(II) and Fe(III)
ions and other complexes from reported complexation constants.

In the NBS tables (Wagman et al. 1982, compiled in 1966), the recommended AfG0

values for aqueous Fe2+ and Fe3+ are -78.9 and -4.7 kJ/mol, respectively. However,
careful work by Larson et al. (1968) yielded significantly more negative values of
-(91.2 ± 2.1) and -(16.8 ± 2.2) kJ/mol. Their findings have been endorsed by Tremaine et
al. (1977), Tremaine and LeBlanc (1980) and Sadiq and Lindsay (1981), among others.
More recently, Parker and Khodakovskii (1995) have carried out a careful, systematic
review of AfG0 values for the ferrous ion derived from solubility and EMF measurements.
They recommend AfG0 of -90.5 kJ/mol and -16.26 kJ/mol for the Fe2+ and Fe3+,
respectively. These values are consistent with Larson's recommended values.
Nevertheless, the data from Wagman et al. (1982) continue to be widely used in iron
oxide solubility calculations and related studies (e.g., Macalady et al. 1990). This can
lead to discrepancies of over two orders of magnitude in calculated Ksp values. For our
calculations, we have used the AfG° data derived from Larson et al. (1968).

Using AfG0 values for magnetite from Wagman et al. (1982) and for Fe3+(aq) from Larson
et al. (1968), the following 25°C equilibrium constants are obtained:
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4Fe3O4(s) + 02(g) + 18H2O(1) = 12Fe3+(aq) + 36OH"(aq) (10)

K10 = {Fe3+}12{OH-}36/p(O2)= lO-(43Z5±5-2)

2Fe3O4(s) +10H2O(l) = H2 (g) + 6Fe3+(aq) + 18OH"(aq) (11)

K n = <Fe3+}6{OH">18-p(H2) = i0"(257'8±2-6)

Note that both K!0 and Kn contain a term {Fe?+}n{OH.~}3n, which corresponds to Ksp
n. It

follows that any iron(HI) oxyhydroxide with Ksp > io"(4325/12), that is, > 10"36, will be
unstable with respect to oxygen evolution and concomitant magnetite formation (as well
as with respect to conversion to more stable forms of iron(III) oxyhydroxide). Likewise,
any such phase with Ksp < io (2578/6), that is, < 10"43, will be stable with respect to
magnetite plus 1 bar of hydrogen. Neither of these situations is realistic. Thus, by using
Gibbs energy data only for magnetite, aqueous Fe3+, and O-H species, we can establish
the following limits on realistic Ksp values for solid iron(III) oxyhydroxides:

-42.7 < logioKsp < -35.8

Also, by applying the data discussed so far to reaction (1), we obtain Ksp = 10"41'9 for well
crystallized hematite, in good agreement with the recommendations of Langmuir (1969)
and Lindsay (1979, 1988).

Fe(III) Oxides and Oxvhvdroxides. Except Hematite

In the following discussion we generally make the conservative assumption that the range
of solubility and Gibbs energy values reported for various phases reflects variations in
crystallinity and particle size of the solids; that is, with a few exceptions we do not
consider experimental or calculational error. As a rule, the range of reported values well
exceeds the reported uncertainties in individual measurements.

Goethite. ct-FeOOH (s)

Goethite is the commonest naturally occurring crystalline Fe(III) oxyhydroxide. In the
laboratory, it is usually prepared by aging "Fe(OH)3" precipitates under controlled
conditions of pH, temperature and time (Schwertmann and Cornell 1991, Chapter 5).
Reported solubility products, Ksp, vary from 10"39'8 to 10'443, but some of the extremely
low values were derived using Gibbs energy data for Fe2+ and Fe3+ from Wagman et al.
(1982, see above). Ignoring this point for the moment, this range of solubility products
corresponds to AfG°(a-FeOOH, s, 298 K) = -479 to -504 kJ/mol. Explicit reports and
citations of the Gibbs energy of formation of goethite range from -482.3 to -497.8 kJ/mol.

The experimentally determined solubility and stability of goethite, hematite and other
Fe(III) oxides and oxyhydroxides varies with their particle size (specific surface area) and
crystalline perfection. Langmuir (1971) attempted to quantify this effect, based on
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enthalpy-of-solution data for hematite and goethite of different particle sizes. However,
his calculations represent upper limits for particle-size effects, because the enthalpy data
he used would include an internal-defect term as well as a surface-area term.
Interestingly, Langmuir's calculations indicated that the relative stability of hematite and
goethite can change with crystallinity, that is, AconG

0(a-FeOOH, s, 298 K), as expressed
in reactions (8) and (12), is negative for well-crystallized materials but positive for very
fine-grained solids.

a-Fe2O3 (8) + H2O (1) - 2a-FeOOH (12)

Berner (1969) found that fine-grained goethite is slightly less stable (more soluble) than
crystalline hematite at 85°C. Lindsay (1979,1988) concluded that crystalline goethite is
marginally more stable than crystalline hematite, whereas some of the other data
compiled in Table 1 suggest that hematite is the more stable phase.

The highest reported Ksp value for goethite is 10"3980 (Hsu and Marion 1985). This value
is somewhat suspect, because the authors observed a significant residual ionic-strength
dependence of Ksp after Qsp values had been converted in the normal manner. If we
exclude the unusually high Ksp values for goethite from Hsu and Marion (1985), as well
as the very low values that can be traced to the Wagman et al. (1982) data for aqueous
iron species, we conclude that Ksp for goethite, after at least some aging, normally lies
between 10'405 and 10"42S. The corresponding limits for AfG°(a-FeOOH, s, 298 K), are
-483 and -494 kJ/mol. By coincidence, the value selected by Parker and Khodakovskii
(1995), -(488.5 + 1.7) kJ/mol, lies precisely in the middle of this range.

Lepidocrocite, y-FeOOH (s)

Lepidocrocite is a less abundant mineral than goethite, and experimental studies indicate
that it is also less stable (Schwertmann and Cornell 1991). It is somewhat sensitive to
both hydrothermal alteration (dissolution and reprecipitation) to more stable Fe(III)
oxides and reaction with aqueous Fe2+ to form magnetite (Gehring and Hofmeister 1994,
Schwertmann and Taylor 1972, Tamaura et al. 1983). However, it occurs in soils and in
low-temperature corrosion products of carbon steel, as well as by oxidation of aqueous
Fe2+ solutions, therefore it cannot be dismissed as a potentially important phase in the
present context.

Most reports on the solubility or thermodynamic properties of lepidocrocite indicate that
it is thermodynamically, as well as kinetically, less stable than goethite; that is, AcOnG° is
negative for transformation (13).

Y-FeOOH(s) -> ct-FeOOH(s) (13)

Reported Ksp values range from 1O'387 to 10"406, corresponding to AfGo(y-FeOOH, s,
298 K) - -472 to -483 kJ/mol. Compiled AfG° values range from -469.0 to -483.3 kJ/mol.
This appears to be a reasonable range for materials varying in crystallinity and particle
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size (see Langmuir 1969,1971). It is unlikely that material at the less stable extreme of
this range would persist under waste-vault conditions as the transformation kinetics of
ferric oxyhydroxides are rapid (Tolchev et al. 1993) relative to the lifetime of the vault;
therefore we suggest an upper limit of AfG0(y-FeOOH, s, 298 K) = -475 kJ/mol, which
corresponds to Ksp = 10'3 .

Maghemite, Y-Fe?O^ (s)

Maghemite is most commonly prepared by either low-temperature air-oxidation of
magnetite or controlled transformation of lepidocrocite (Egger and Feitknecht 1962,
Gallagher et al. 1968, Taylor and Owen 1993, Taylor and Schwertmann 1974). Based on
limited available data, Langmuir (1969) concluded that maghemite has similar stability to
lepidocrocite, with Ksp values ranging from about 10'38'8 or less for a fresh precipitate to
about 10"40 for well crystallized material. Sadiq and Lindsay (1988) obtained
Ksp = io"(4O-36±OO7) for a naturally occurring (soil) maghemite. Although the latter study
appears to have been careful, some typographic errors in the paper make it difficult to
evaluate. Taylor and Owen (1997) compared the solubilities of synthetic maghemite and
hematite powders with closely matched particle size, and estimated AconG

0 =
+(12.8 ± 3.9) kJ/mol for reaction (14):

a-Fe2O3(s) -> Y-Fe2O3 (s) (14)

This corresponds to a lower limit of Ksp = io'(4a8±o'5) for well-crystallized maghemite.
We suggest that maghemite in a waste vault may have Ksp values ranging from 10~39 to
10"41, but that values much higher than 10"40 are unlikely to persist. The corresponding
range of AfG° values is from -709 to -732 kJ/mol.

"Ferric Hydroxide". Fe(OH^ fam)

In low-temperature mineral alterations, such as soil formation processes, as well as in
laboratory situations, amorphous or poorly ordered solids with the approximate formula
Fe(OH)3 are widespread (Cornell et al. 1989, Pankhurst and Pollard 1992, Schwertmann
and Cornell 1991, Taylor 1995). These materials include the mineral ferrihydrite, which
has been variously formulated as 5Fe2O3-9H2O, Fe6(O4H3)3 and
"Fe2O3 ± 2FeOOH-2.6H2O" (Schwertmann and Cornell 1991). Here, we shall use the
term ferric hydroxide or Fe(OH)3 to include any poorly defined mineral of this sort.

Amorphous Fe(OH)3 is surprisingly persistent in some situations; its stability is strongly
enhanced by adsorbed silica coatings (Taylor 1995 and referehces therein). A s expected
for amorphous or very poorly crystalline material, reported solubility products for
Fe(OH)3 are generally high, as compared with the phases previously discussed. Most
reported values lie between 10"36'6 and 10'39'7 (Fox 1988 and references therein). This
corresponds to AfG° values from -698 to -715 kJ/mol. Compiled AfG° values (Tables 1
and 2) range from -677.5 to -714.6 kJ/mol, with only one cited value more positive than
-695 kJ/mol.
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Higher values of Ksp of Fe(OH)3 typically refer to freshly precipitated materials, and even
brief heating or aging leads to substantially reduced solubilities (Fox 1988, Langmuir and
Whittemore 1971, Lindsay 1988, Whittemore and Langmuir 1975). Indeed, most of the
less stable Fe(III) oxides transform quite rapidly to either goethite or hematite at
temperatures above 90°C, unless inhibited by adsorbed silicate, phosphate, or certain
other impurities (Schwertmann and Cornell 1991, Schwertmann and Murad 1983, Taylor
1995, van der Woude and de Bruyn 1984).

Norvell and Lindsay (1982) found that the "Fe(OH)3" component of many soils typically
has a Ksp value between 10"390 and 10'39'5. Thus, Ksp values higher than 10'39 are
unlikely to persist in natural systems, even at ambient temperatures. Fox (1988) compiled
Ksp data from many sources, and recalculated them where necessary to convert Qsp to Ksp

and/or to correct for hydrolysis of Fe3+(aq). He obtained an average Ksp value of
j0-(39.o±o.7). He also reinterpreted the data in terms of a precipitate with an OH:Fe ratio of
2.4:1; however, the mass-action expression he derived appears to be flawed because it
does not account for compensating anions needed to formulate a neutral solid. It is well
known that foreign anions (i.e., anions other than O2" or OH") are often associated with
amorphous "Fe(OH)3" (Harrison and Berkheiser 1982, Taylor 1995 and references
therein).

We conclude that freshly precipitated Fe(OH)3 may have a Ksp value near 10'37, but that
material aged for a year or more at slightly elevated temperatures is unlikely to have
Ksp > 10~38'5. Furthermore, amorphous Fe(OH)3, as opposed to fine-grained goethite or
lepidocrocite, is unlikely to have Ksp < 1039'5.

Other Iron(III) Oxyhydroxides

Several other synthetic and natural iron(III) oxyhydroxides have been reported. These
include feroxyhite (5-FeOOH), akaganeite (3-FeOOH) and bernalite (crystalline
Fe(OH)3), as well as some synthetic materials that do not appear to correspond to known
minerals (Au-Yeung et al. 1984,1985; Carlson and Schwertmann 1980; Chukhrov et al.
1977; McCammon et al. 1995; Schwertmann and Cornell 1991; van der Giessen 1968).
We do not have thermodynamic data for these materials; however, given their rarity or
specialized synthesis, it is highly improbable that any of these materials would dominate
the iron chemistry of a nuclear fuel waste vault.

General Conclusions on Irondll) Oxyhydroxides

Based on the foregoing discussion, we estimate a conservative upper limit of Ksp = 10'38'5,
a most probable value of Ksp = 10"40, and an ideal but probably unattainable value of
Ksp = 10"42 for the dominant iron(III) oxides or oxyhydroxides that are likely to be present
in a waste vault when container failure occurs. The highest Ksp value corresponds to
marginally aged Fe(OH)3 or poorly crystalline maghemite or lepidocrocite. The
intermediate value corresponds to fairly well crystallized maghemite or lepidocrocite, or
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to poorly crystallized goethite or hematite. Even the least stable of these materials
(Ksp = 10"385) has a solubility of about 10"7 mol/L in near-neutral solutions, therefore
oxidation by dissolved Fe(III) transported into the vault is expected to be negligible.

The lowest value corresponds to highly crystalline goethite or hematite. We have
conducted solubility/stability calculations for temperatures of 25 and 100°C, as described
in Section 4, based on substances with these 25°C values for Ksp. The value of 100°C
was chosen to exceed slightly the expected peak temperature of a Canadian nuclear fuel
waste vault. It would be expected that, at 100°C, the less hydrated solids would become
more stabilized, therefore our calculations with hypothetical "Fe(0H)3" solids of varying
stability (Section 4) should be conservative. In other words, they should tend to
overestimate the Eh of redox couples involving iron oxides or oxyhydroxides at 100°C.
We assume that sufficient ferrous iron (or other reductant) is available in a newly sealed
vault to consume all entrained oxygen well before container failure occurs, and hence that
the redox conditions will be controlled by an iron(III) oxyhydroxide solid and either
aqueous Fe2+ or magnetite. The availability of iron is being investigated in a separate
study.

2.2.2 Thermodynamic Data for Aqueous Iron Species. Siderite and Ferrous and Ferric
Chloride at 25°C

In addition to the uncomplexed, aqueous ferric and ferrous ions (cf. Section 2.2.1), their
various hydrolyzed forms were also considered. Data for these species are largely based
on the results of Tremaine and LeBlanc (1980). Our investigations also considered the
effects of Cl"(aq) and CC>32"(aq), which are the anions in Canadian Shield groundwaters
most likely to form complexes or solid phases with iron. The Gibbs energies of
formation, standard entropies (S°) and heat capacities (Cp°) for most of the aqueous iron
species as well as the ancillary data have been tabulated elsewhere (Jobe and Taylor,
1994); here we also include thermodynamic values for chloride and carbonate solids and
complexes.

FeOH+Caq). Fe(OHUaq). FefOHV(aq). FeOH2+(aq). Fe(OH)9+(aq). Fe(OHUaq) and
Fe(OHV(aq)

The following AfG° values at 25°C (298 K) have been selected for the ferrous hydrolysis
species: AfG^FeOH+.aq) = -268.5 kJ/mol; AfG°(Fe(OH)2,aq) = -440.6 kJ/mol;
AfG°(FeOH3\aq) = -605.1 kJ/mol. These are the values used by Tremaine and LeBlanc
(1980) to fit their solubility data. For the ferric species, the following values have been
chosen: AfG°(FeOH2+,aq) - -242.8 kJ/mol; AfGo(Fe(OH)2

+, aq) = -464.7 kJ/mol;
AfG°(Fe(OH)3,aq) - -660 kJ/mol; AfG°(Fe(OH)4',aq) = -842.2 kJ/mol. The values for the
first and second hydrolyzed species are derived from the hydrolysis constants given by
Salvatore and Vasca (1990), whereas the values for the third and fourth hydrolyzed
species are derived from the solubility measurements of Tremaine and LeBlanc (1980).
The standard entropy and heat capacity values used to calculate the AfG° for all of the
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above species at 100°C have been given elsewhere (Jobe and Taylor 1994); most of these
values were derived from the solubility measurements of Tremaine and LeBlanc (1980).

FeCt(aq\ FeCbfaq). FeCl2+faql FeCl2
+(aq). FeCUs) and FeCUs)

The following thermodynamic values have been selected for the Fe(H)/Cl" species at
25°C: AfG°(FeCr,aq) - -221.5 kJ/mol; AfG°(FeCl2,aq) = -293.0 kJ/mol;
AfGo(FeCl2,s) = -302.33 kJ/mol; S°(FeCl+,aq) = -46 J/mol -K;
S°(FeCl2,aq) = 345 J/mol -K and S°(FeCl2,s) - 117.95 J/mol -K. The following heat
capacity data have been selected: Cp°(FeCl+,aq) = 130 J/mol *K;
CP°(FeCl2,aq) = -247 J/mol -K and CP°(FeCl2)s) - 76.65 J/mol -K. The values for
FeCl+(aq) are based on the solubility data of Heinrich and Seward (1990), whereas those
for the neutral species were derived from the solubility studies of Crerar et al. (1976,
1978). These studies also suggest that the neutral species is a minor contributor at
temperatures below 573°C (Crerar et al. 1976,1978). The values for solid FeCl2 are those
recommended in the NBS tables (Wagman et al., 1982). According to Mellor (1935), the
stable iron chloride solids are FeCl2-4H2O and FeCl3-6H2O at 25°C, and FeCl2-2H2O and
anhydrous FeCl3 at 100°C. All are soluble in water to several mol/dm3.

The following thermodynamic values have been selected for the Fe(III)/Cr species at
25°C: AfG°(FeCl2+,aq) - -156.6 kJ/mol; AfG°(FeCl2

+,aq) = -291.5 kJ/mol,
AfG°(FeCl3,s) = -334.05 kJ/mol, S°(FeCl2+,aq)= -198 J/mol -K;
S°(FeCl2

+,aq) = -8 J/mol -K; S°(FeCl3)s) = 142.3 J/mol -K. The following heat capacity
data have been selected: CP°(FeCl2+,aq) = 102 J/mol -K; CP°(FeCl2

+,aq) = 32 J/mol -K"1;
Cp°(FeCl3,s) = 96.65 J/mol -K. All of the values for Fe(III)/Cl complexes are based on
the solubility data of Nikolaeva and Tsvelodub (1977), except for S°(FeCl2

+,aq), which is
an estimate from Ruaya (1988). The values for solid FeCl3 are those recommended in
the NBS tables (Wagman et al. 1982).

FeCO^aq). Fe(COV)2
2'. Fe(CO1)2Yaq'). FeOHCO^aq*) and FeCCM'si

The following thermodynamic values have been chosen for the iron-carbonate species at
25°C: AfG°(FeCO3,aq) = -648.91 kJ/mol; AfG°(Fe(CO3)2

2',aq) = -1191.0 kJ/mol;
AfG°(Fe(CO3)2",aq) = -1113.5 kJ/mol; AfG°(FeOHCO3,aq) = -759.4 kJ/mol. These values
were derived from the hydrolysis and solubility constants obtained from solubility
measurements by Bruno et al. (1992a, 1992b). A review of the literature revealed no S° or
Cp° for either the ferric or ferrous carbonate complexes; therefore, values at 100°C
(373 K) could not be calculated (cf. equation (15)). As a result, the Eh-pH diagrams at
100°C were constructed using the AfG° for the carbonate complexes at 25°C. Because
AfG°(CO3

2\aq) is more positive at 100°C than at 25°C, this procedure probably
overestimates the stability of the carbonato complexes at 100°C.

A value of AfG°(FeCO3,s)« -679.4 kJ/mol was derived by taking the average of the
following pKsp values: 10.80 (Bruno et al. 1992a), 10.6 (Smith 1918), 10.24 (Singer and
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Stumm 1970), 10.68 (Smith and Martel 1976), 10.80 (Wersin 1990) and 10.35 (Langmuir
1969). Values (in J/mol -K) of S°=95.29 and Cp°=257.38-0.04620T-
3081.9/T1/2+1.523xl06T'2 (T in Kelvin) were taken from Robie et al. (1984).

2.2.3 Gibbs Energies at 100°C

The AfG° values for the various species (excluding the iron-carbonate complexes) at
100°C were calculated using the expression:

is - 75.0-S°mi5 - 373.15 298.15f
 73J5Cp7TdT + 298.]5f

 73-15Cp°dT (15)

and

C O A i D T i (~* T'2 /1 (L\

P = A + B-l +C-1 (16)

where A, B and C are empirical coefficients obtained from fitting equation (16) to heat
capacity values or solubility data if other thermodynamic values are available. The
AfG°373 values as well as those at 298 K are given in Table 2.

3. DISCUSSION OF POTENTIAL IRON-URANIUM INTERACTIONS

In the following discussion of Eh-pH diagrams, we use the term Ez to describe the
position of a point in Eh-pH space above the H2/H2O equilibrium line, i.e.,
Ez = Eh + RT[pH]/nF. This is a useful term, because many of the oxide stability
boundaries of interest, such as U4O9/U3O7, U3O7/U3O8, Fe3O4/Fe(OH)3, and Fe3O4/Fe2O3,
parallel the H2/H2O line.

Based on the equilibrium calculations by Taylor et al. (1993), we obtain the following
values for the potential, E°, of the U4O9/U3O7 couple: +0.517 V at 25°C
(P(O2) = 10"4313 Pa) and +0.502 V at 100°C (P(O2) = lO'3095 Pa). The latter value is
slightly lower than the value of 0.516 V cited by Johnson et al. (1994, pp. 124-125).
Values for the U3O7/U3O8 couple are about 50 mV higher at 25°C, and 20 mV higher at
100°C, based on the phase relationships determined by Taylor et al. (1993). The latter
couple represents a limiting condition beyond which the solubility-limited dissolution for
UO2 fuel, as discussed by Johnson et al. (1994), may not be valid. Shoesmith and Sunder
(1992) have established that the threshold corrosion potential above which significant
oxidative dissolution of UO2 occurs is about -100 mV vs. the saturated calomel electrodea

at pH 9.5 and 25°C. This corresponds to Ez ~ 700 mV. We suggest, conservatively, that
any potential corresponding to Ez > 500 mV represents a condition under which

The potential of the saturated calomel electrode is +0.2415 V relative to the
standard hydrogen electrode at 25°C.
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significant oxidative dissolution of UO2 is conceivable. Such situations are described as
"significantly oxidizing" in the following section.

4. CALCULATED STABILITY RELATIONSHIPS (Eh-pH DIAGRAMS)

4.1 Method of Calculation

The boundaries of the Eh-pH diagrams were calculated using a FORTRAN program
based on the method developed by Froning and Verink (Verink 1967, Froning et al. 1976)
This program was executed on a VAX alpha station and the input file was constructed of
AfG° for each of the species at the given temperatures and at 10"5 mol/kg boundaries for
the aqueous species. The diagrams were constructed from the output file using Corel
Draw®.

We have computed Eh-pH (Pourbaix) diagrams for all permutations of the following
conditions:

(b) "Fe(OH)3" Ksp values of 10"42,10"40 and 10"38 5, plus an "all-aqueous" calculation that
(a) Temperatures of 25°C and 100°C;

"Fe(OH)3"Kspvali
ignored all solids;

(c) Chloride ion activities of 10'2 and 1 mol/kg at a total carbonate activity of
10"3 mol/kg. These combinations approximate the chemistry of shallow (<500 m)
and deep (-1000 m) granitic groundwaters, respectively (Gascoyne et al. 1987).

In all of the figures, the Fe(III) oxide is denoted "Fe(OH)3", irrespective of whether the
solubility product best represents Fe2O3, FeOOH or Fe(OH)3. This emphasizes that the
calculations are applicable to any oxide or oxyhydroxide with the appropriate Ksp value
(see Section 2).

In the following discussion, we pay particular attention to any situation where the
potential of a ferrous/ferric species pair (in volts) exceeds that of the U4O9/U3O7 couple,
as discussed in Section 3. The latter couple is represented in the Eh-pH diagrams by a
dotted line parallel to the water stability boundaries.

4.2 Discussion of Stability Relationships at 25°C

Figure 1 shows a calculated Eh-pH diagram13 for Ksp - 10~42 at 25°C,
{CT} = 103 mol/kgc, and {Cl} = 102 mol/kg. This diagram is dominated by the
"Fe(OH)3" species, which is expected because the Ksp value approximates those for

Note that the extreme pH values (-2 and +16) do not represent realistic aqueous
conditions, but are included to help depict the preponderance fields of some marginal
species.
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crystalline hematite and goethite, the most stable Fe(III) oxides. The Fe3(V"Fe(OH)3"
boundary lies at strongly reducing potentials, just above the H2/H2O line, and the only
significantly oxidizing Fe(II)/Fe(III) potentials exist under acidic conditions, pH < 5,
which are not expected in a waste vault. Note the small stability field for FeCO3, which
indicates that it is a strongly reducing phase, and hence perhaps a desirable buffer or
backfill additive. We recognize that such a suggestion would require careful evaluation
before being implemented. For example, it is possible that oxidation of siderite may lead
to undesirable, slightly acidic conditions, as indicated by reaction (17):

4FeCO3(s) + O2(aq) = 2Fe2O3(s) + 4CO2(g) (17)

Figure 2 shows a corresponding diagram with the chloride activity increased to 1 mol/kg.
Note that the aqueous ferric species at pH < 2.2 is now the iron chloride complex
FeCl2+(aq). Although activity effects on some aqueous equilibria have been neglected,
the overall changes in the solid phase fields of interest appear to be slight. The chloride
complex encroaches slightly onto the Fe(OH)3 stability field (i.e., the solubility of this
solid increases). The Fe2+/FeCl2+ potential is slightly less oxidizing than the uncomplexed
Fe2+/Fe3+ couple, but significantly oxidizing conditions still occur at pH < 5.
Complexation of Fe2+ by chloride is sufficiently weak that FeCl+(aq) does not appear on
this diagram; it is expected to become important at still higher chloride-ion activities, but
at worst would encroach only slightly on the solid stability fields.

Figure 3 represents the same conditions as Figure 1, except that Ksp = 10"40. As expected,
the main difference between this figure and Figure 1 is the diminution of the "Fe(OH)3"
stability field and a corresponding expansion of the Fe3O4 field. Also, note the
emergence of small fields of preponderance for aqueous Fe(OH)4" and Fe(OH)2+.
Significantly oxidizing Fe(II)/Fe(III) potentials now extend to pH ~ 6, and the
Fe3O4/"Fe(OH)3" couple now lies very close to the U4O9/U3O7 line (i.e., Ez s 0.5 V). The
small stability field for FeCO3(s) is unchanged from Figure 1.

Figure 4 corresponds to Figure 3, except that {Cl} is increased to 1 mol/kg. Again, the
chloride complex replaces the Fe3+ species and the field of preponderance for FeOH2+(aq)
has disappeared. However, the overall impact on the Fe(H)/Fe(III) redox chemistry is
small and at this activity of Cl'(aq), the aqueous ferric ion speciation is dominated by
FeCl2+(aq), at the expense of both the FeOH2+(aq) and Fe3+(aq) species, with a resulting
shift of the Fe(II) (aq)/Fe(III)(aq) potential boundary to a lower value relative to Figure 3.

Figure 5 represents the same conditions as Figure 1, except that Ksp = 10"38'5. With this
further increase in the solubility product for "Fe(OH)3", there is a further diminution of
the stability field of this phase. The Fe3O4/"Fe(OH)3" boundary now lies well above the
U4O9/U3O7 line, and hence redox coupling is feasible, i.e., the least stable forms of ferric
oxide are capable of oxidizing UO2 beyond U4O9. Note, however, that the solubilities of
both uranium and iron(III) species are very low in neutral to slightly alkaline solutions, so

{CT} = total carbonate activity = <CO3
2" > + {HCO3'} + f H2CO3"}.
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the oxidation of uranium oxides by ferric oxides would be expected to be slow.
Furthermore, the redox reaction must compete with the spontaneous transformation of the
"Fe(OH)3" to more stable, less oxidizing forms of Fe(III) oxide.

Figure 6 corresponds to Figure 5, but with {Cl"} = 1 mol/kg; again, the impact of the
chloride complexation, except on Fe(III) speciation, is minor.

Figure 7 represents aqueous iron speciation at 25°C in a solution with {CT} = 103 mol/kg
and {Cl} = 10~2 mol/kg. Note the presence of a field for FeCO3(aq) as well as the
various hydrolyzed Fe(II) and Fe(III) species. The bold line is a composite ferrous/ferric
boundary; note that this boundary lies at significantly oxidizing potentials at pH values
below about 8, but at strongly reducing potentials at pH > 10. The situation is modified
only slightly at higher chloride activity (1 mol/kg), as shown in Figure 8. It should also
be noted that the Eh-pH diagram in Figure 7 should be similar to that shown by Bruno
(1992b), given the low chloride concentration. However, the boundaries in their diagram
were calculated using the PHREEQE database values for the iron species, which are
based on the NBS tables (Wagman et al. 1982). As noted earlier, the value for AfG° of
Fe3+(aq), as well as its hydrolyzed forms, will be considerably less negative than those
recommended here, and consequently the Fe(OH)CC>3(aq) species will be less stable with
respect to the ferric hydrolysis species, and will not appear on the diagram.

4.3 Discussion of Stability Relationships at 100°C

Figures 9 to 16 correspond to Figures 1 to 8, respectively, except that the temperature is
100°C, rather than 25°C. The changes with increasing temperature are modest, and the
main points of the discussion in Section 4.2 still apply. Note the slight skewing of the
diagrams, because of the change in the RT/nF term of the E-pH relationship. Most of the
stability-field boundaries shift to slightly lower pH values between 25 and 100°C. The
chemical significance of this shift is largely offset by the change in pKw (the dissociation
constant for water) from 14.00 at 25°C to 12.26 at 100°C, and the corresponding shift of
neutral pH from 7.0 to 6.13.

The most significant change in the diagrams between 25°C and 100°C is the increase in
potential of the "Fe(OH)3"/Fe3O4 boundary, in particular for the case with Ksp = 10"40.
This boundary now lies well above the Ez = 0.5 V line, indicating that the potential for
UO2 to be oxidized by metastable Fe(III) oxides may be greater at 100°C than at 25°C.
This effect is offset by the more rapid conversion of such oxides to hematite or goethite at
elevated temperatures.

5. CONCLUSIONS

Thermodynamic data for a variety of aqueous and solid iron species have been evaluated
and used to compute representative Eh-pH (Pourbaix) diagrams. All of the calculated
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Fe(II)/Fe(III) potentials represent extremely low P(O2> values. Therefore, ferrous iron is
thermodynamically capable of scavenging dissolved oxygen under all realistic vault
conditions. Under some circumstances, however, the resulting redox potentials (at least
in the short term) may not be sufficiently low to preclude oxidative dissolution of UO2.
Ferric species are capable of oxidizing UO2 beyond U4O9 (and hence perhaps promoting
oxidative dissolution) in acidic solutions and in the presence of less stable forms of
Fe(III) oxide or oxyhydroxide.

Based on a literature review, we have tried to judge the stability (as measured by
solubility product, Ksp) of the dominant iron(III) oxides or oxyhydroxides that are likely
to be present in a waste vault when container failure occurs. We estimate: a) a
conservative upper limit of Ksp = 1O"38'5, corresponding to slightly aged ferrihydrite; b) a
most probable value of Ksp = 10"40, corresponding to aged lepidocrocite or maghemite, or
poorly crystalline hematite or goethite; and c) an ideal but probably unattainable value of
Ksp == 10~42, corresponding to crystalline goethite or hematite. These are all 25°C values
for Ksp; they were used to derive Gibbs energies for the Eh-pH calculations. Based on our
calculations, such oxides may establish redox conditions that are a) significantly
oxidizing, b) marginally oxidizing and c) significantly reducing, with respect to oxidative
dissolution of UO2.

The less stable (more oxidizing) Fe(III) oxides are unlikely to persist for the lifetime of
the containers under vault conditions. If they do persist, it would likely be due to
adsorption of species, such as silicate, which would probably inhibit dissolution and
hence redox coupling with uranium as well as solid transformation (Taylor 1995).
Furthermore, it should be noted that the approach taken in this report does not account for
the presence of oxidizing species generated by radiolysis. If the less stable iron oxides
continue to be deemed important, kinetic models (with supporting experimental studies)
will be required to describe their interactions with UO2.
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TABLE 1

SOLUBILITY AND THERMODYNAMIC DATA FOR FERRIC OXIDES

AND OXYHYDROXIDES AND RELATED AOUEOUS SPECIES

Mineral / Chemical Name
Hematite

["Fe2O3(cr)"]

Maghemite

(fresh precipitate)
(well crystallized)
(natural, soil)
(dry synthesis)

Formula
a-Fe2O3

y-Fe2O3

10^10^^,25°^

-41.63C

-(41.9±0.4)b

>-(41.9±0.4)b

-41.91
-43.9C

-44.2
-45.93

-38.8
< -(38.8 ± 0.5)
approx. -40
-(40.36 ±0.07)

-40.41

A0(kJ/mol),25°C
-741.0 to-744.1
-740.9
-742.2
-742.7
-(744.3 ±1.3)

-742.2

-744.1
-710.3 to -727.0

Hematite+ (12.8 ±3.9)
-727.0

References
Sadiq and Lindsay (1979)w

Kraynov and Ryzhenko (1992)f

Dinov et al. (1993)1

Zaremboetal. (1988)m

Hemingway (1990)
Langmuir (1969)s

Lindsay (1979,1988)1

Wagman et al. (1982)

Robinson et al. (1983)h

Plummer et al. (1976)e

Sadiq and Lindsay (1979)v

Sadiq and Lindsay (1979)w

Plummer etal. (1976)e

Langmuir (1969)
Langmuir (1969)
Sadiq and Lindsay (1988)d

Taylor and Owen (1997)
Sadiq and Lindsay (1979)v

Lindsay (1979,1988)1

(continued...)



TABLE 1 (continued)

Mineral / Chemical Name
Goethite

(fine-grained)
(well crystallized)

["FeOOH<cr)"]

(presumed goethite)

Lepidocrocite

(fresh precipitate)
(well crystallized)

Formula
a-FeOOH

yFeOOH

logioKsp^SX?

> hematite at 85°C
-39.80 to -40.83
>-40.4 to-41.2
-41.20e;-41.76b

-41.35
-41.50

-42.02
-42.3±0.6c

> -42.7

> -43.3

-44.0 to -44.3

-(38.7 ± 0.6)
-38.7
> -(38.7 ± 0.5)
approx.-40

-39.5P

-40.61

AfG°(kJlmol),25°C
-482.3 to -493.0

-(490 ±1.5)
-487.6

-(488.51 ± 1.7)
-491.3

-497.8

-472.4 to-483.3
-469.0
-472.4b

-483.3

-488.51

References
Sadiq and Lindsay (1979)w

Berner(1969)
Hsu and Marion (1985)
Langmuir (1969)s

Naumov et al. (1974)
Kraynov and Ryzhenko (19927
Baes and Mesmer (1976)
Parker and Khodakovskii (1995)
Sadiq and Lindsay (1979)v

Lindsay (1979,1988)1

Langmuir (1971)
Whittemore and Langmuir (1975)g

Langmuir and Whittemore (1971)
Zaremboetal.(1988)m

Macalady et al. (1990)1

Sadiq and Lindsay (1979)w

Schwarz (1972)k

Doyle (1968)g

Gunnlaugsonn & Arnorsson (1982)e

Langmuir (1969)s

Langmuir (1969)s

Sadiq and Lindsay (1979)v

Hashimoto and Misawa (1973)
Parker and Khodakovskii (1995)
Lindsay (1979,1988)1

(continued...)



TABLE 1 (continued)

Mineral 1 Chemical Name
Ferric hydroxide

(various ages)
(various ages)
(range of reported values)
(fresh)
?
(fresh)
(fresh)
(precipitated)
["Fe(OH)3(cr)"]
(ppt aged 1 month)

(aged)
?
(synthetic?)
(amorphous)
(soil)
("many...soils")
(soil)
?

Formula
approx.
Fe(OH)3

logioKSD,25eV AtG°(kJ/mol),25°C
-677.5 to-714.6

-(39.0 ±0.7) [-36.6 to-39.7]
up to -36.6
-37.3 to -43.7r

up to -37.3
-37.08
< -(37.1 ±0.6)
-(37.5 ±0.1)

-37.52
-(37.7 +0.3/-0.6)

<-(38.3 ±0.7)

-38.46

-39.0 to -39.5
-39.30
-39.5

-692 to -729r

-696.5
-702.9

-705.1

-708.1
-713.0

-714±2

References
Sadiq and Lindsay (1979)w

Fox (1988)1

Whittemore and Langmuir (1975)8

Stumm and Morgan (1981)
Langmuir and Whittemore (1971)
Plummeretal. (1976)e

Langmuir (1969)s

Byrne and Kester (1976)g

Wagmanetal. (1982)
Kraynov and Ryzhenko (1992?
Zaborenkoetal.(1973)q

Langmuir (1969)s

Zaremboetal.(1988)m

Lindsay (1979,1988)1

Sadiq and Lindsay (1979)v

Sadiq and Lindsay (1979)v

Norvell and Lindsay (1982)
Lindsay (1979,1988)1

Baes and Mesmer (1976)u

tsi
oo

(continued...)



TABLE 1 (concluded)

Mineral 1 Chemical Name
Magnetite

Aqueous iron cations

Formula
Fe3O4

Fe2+(aq)
Fe2+ (aq)
Fe2+(aq)
Fe2+(aq)

Fe2+(aq)
Fe2+(aq)
Fe2+(aq)
Fe3+(aq)
Fe3+ (aq)
Fe3+(aq)
Fe3+(aq)
Fe3+(aq)
Fe3+(aq)
Fe3+(aq)

A0> (kJlmol),25°C
-1012.1 to -1020.9
-1009.7
-1009.9
-(1012.6 + 2.1)
-1012.6
-(1013.30 ±2.12)
-1015.4
-1018.7
-78.9 to -92.3
-78.9
-86.3
-90.0

-(90.53 ±1.0)
-91.2 ±2.1
-91.6
-4.6 to -17.9
-4.7
-11.9
-(16.28 ±1.1)
-16.6
-(16.8 ± 2.2)
-17.3

References
Sadiq and Lindsay (1979)w

Kraynov and Ryzhenko (1992)f

Belyanin and Grigor'yeva (1986)n

Hemingway (1990)x

Zarembo et al. (1988)m

Parker and Khodakovskii (1995)
Wagman et al. (1982)
Sadiq and Lindsay (1979)v

Sadiq and Lindsay (1979)w

Wagman et al. (1982)
Belyanin and Grigor'yeva (1986)°
Zarembo etal. (1988)m

Parker and Khodakovskii (1995)
Larson etal.(1968yv

Dinov et al. (1993)1

Sadiq and Lindsay (1979)w

Wagman et al. (1982)
Belyanin and Grigor'yeva (1986)n

Parker and Khodakovskii (1995)
Zarembo etal. (1988)m

Larson etal. (1968)1 v

Dinov etal. (1993)1

N



FOOTNOTES FOR TABLE 1

a Ksp = {Fe3+}{OH}3, i.e., the ion activity product for saturated solutions of the indicated phases. To convert to the frequently used
alternative form, {Fe3+}/{H+}3, add 42.00 to the exponent.

b Calculated using Fe3+ (aq) data from Larson et al. (1968).
c Calculated using ancillary data in the reference cited.
d Typographic errors in this paper make the data hard to evaluate.
e As cited by Criaud and Fouillac (1986).
f "data... provided by the geochemical department at Lomonoslov University, Moscow"
8 As cited by Macalady et al. (1990).
h Calculated by Macalady et al. (1990) using information from Robinson (1983) and ancillary data from Wagman et al. (1982).
1 Estimated by Macalady et al. using ancillary data from Wagman et al. (1982).
j See also Tremaine et al. (1977), Tremaine and LeBlanc (1980), Sadiq and Lindsay (1981), and Taylor and Owen (1993).
k As cited by Hashimoto and Misawa (1973).
1 Unreferenced tabulation.
m Data compiled by Zarembo et al. (1988) from Belyanin (1982) and Naumov et al. (1974).
n Tabulation, compiled and calculated from various sources.

P logioQsp value; this was used by Hashimoto and Misawa (1973) to derive a AfG° value for lepidocrocite, without ionic activity corrections.
q Abstract only seen; "solubility... was decreased by short-term heating".
r Based on the range of reported solubility products from freshly precipitated Fe(OH)3 or FeOOH to aged goethite; the AfG0 values are as

calculated by Stumm and Morgan (1981), using NBS data for Fe3+ (aq) that are almost identical to those of Wagman et al. (1982). Correct
AfG° values are probably 12 kJ/mol more negative (i.e., using data from Larson et al. (1968)).

s Selected values, consistent with Larson et al. (1968) data for Fe3+ (aq).
1 Compilation by Fox (1988) from ten sources, including his own work; activity coefficients were calculated by Fox. The data were also

reinterpreted by Fox in terms of the ion activity product {Fe3+}{OH}2 35 (see text).
u Ksp estimated by Baes and Mesmer (1976) from solubility measurements in 3 mol/dm"3 NaClO4 by Schindler et al. (1963); this was one of

the values compiled by Fox (1988); his treatment yielded logi0Ksp = -39.4 ± 0.2.
v Selected by Sadiq and Lindsay (1979) for their internally consistent database.
w Range of values compiled by Sadiq and Lindsay (1979).

Also cited by Robie et al. (1979)
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TABLE 2

THERMODYNAMIC DATABASE USED TO CALCULATE

THE BOUNDARIES OF THE Eh-pH DIAGRAMS.

Substance

"Fe(OH)3(s)"*

pKsp(25°C) = 38.5

pKsp(25°C) = 40.0

pKsp(25°C) = 42.0

Fe3O4(s)

FeCl2(s)

FeCl3(s)

FeCO3(s)

Fe2+(aq)

Fe3+(aq)

FeOH*(aq)

FeOH2+(aq)

Fe(OH)2
+(aq)

Fe(OH)2(aq)

Fe(OH)3-(aq)

Fe(OH)3(aq)

Fe(OH)4-(aq)

FeCl+(aq)

FeCl2(aq)

FeCl2+(aq)

AfG°298

(kJ/mol)

-708.99

-717.56

-728.97

-1015.4

-302.33

-334.05

-679.22

-91.2

-16.8

-268.5

-242.8

-464.7

-440.6

-605.1

-660$

-842.2

-221.5

-293.0

-156.6

AfG°373

(kJ/mol)

-718.23f

-726.79f

-738.23f

-1027.81

-311.85

-345.57

-687.16

-83.52

5.09

-262.82

-234.45

-462.33

-443.95

-608.84

-667.24

-846.05

-219.19

-316.72

-142.64

(continued...)



-32-

TABLE2 (concluded)

FeCl2
+(aq)

FeCO3(aq)

Fe(CO3)2
2Xaq)

Fe(CO3)2"(aq)

Fe(OH)CO3(aq)

H2O(1)

OH(aq)

ClXaq)

CO2(aq)

CO3
2Xaq)

HCO3"(aq)

-291.5

-648.91

-1191.0

-1113.5

-759.4

-237.18

-157.24

-131.228

-385.97

-527.81

-586.77

-291.18

-648.91

-1191.0

-1113.5

-759.4

-243.08

-155.36

-134.11

-396.90

-521.01

-593.30

* These values represent the range of AfG° expected for solids ranging from an aged
ferrihydrite or a poorly crystallized maghemite or lepidocrocite to a well crystallized
hematite or goethite, all expressed as the thermodynamically equivalent Fe(OH)3, as
discussed at the end of Section 2.2.1.

f These AfG°373 values were calculated using equation (15), with S°(Fe(OH)3, am) =
(106.7±8) J/mol-K from Wagman et al. (1982) and the following heat-capacity
expression derived from tabulated values in the JANAF tables (Chase et al. 1985):

Cp°(Fe(OH)3, am) - [99.08 + 75.93xlO"3T - 17.86xlO"5T"2] J/mol-K

$ This is an upper limit value.



14.O 16.O

FIGURE 1. Calculated Potential-pH Diagram for Iron (10s moVkg) at 25°C, with {CT} = 10'3 moLTcg, {Cl} = 102 moVkg,
and K,,, (25°C) for "Fe(OH)3" = 1042. The dotted line in this and subsequent figures corresponds to Ez = 0.500 V.



14.O 16.0

FIGURE 2. Calculated Potential-pH Diagram for Iron (105 mol/kg) at 25°C, with <CT> = 103 mol/kg, {Cl"> = 1 mol/kg,
and K,,, (25°C) for "Fe(OH)3" = 10"41.
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FIGURE 3. Calculated Potential-pH Diagram for Iron (10"5 mol/kg) at 25°C, with {CT} = 103 mol/kg, <C1} = 102 mol/kg,
and K^ (25°C) for "Fe(OH)3" = 10*.
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FIGURE 5. Calculated Potential-pH Diagram for Iron (10"s mol/kg) at 25°C, with {CT} = 10"3 mol/kg, {Cl } = 102 mol/kg,
and K^ (25°C) for "Fe(OH)3" = 10"385.



•-2.O O.O 16.O

FIGURE 6. Calculated Potential-pH Diagram for Iron (105 mol/kg) at 25°C, with {C,.} = 103 mol/kg, {Cl} = 1 mol/kg,
and K , (25°C) for "

0 0

= 10"385.



'-2.O O.O 2 . O
1

A.O
1

6 . O

PH

i
8 . O

I
1O.O

1
12.O 14.O 16.O

FIGURE 7. Calculated Potential-pH Diagram for Iron (Aqueous Species Only) at 25°C, with {CT} = 10~3 mol/kg,
{Cl-}=102mol/kg.
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FIGURE 10. Calculated Potential-pH Diagram for Iron (10s mol/kg) at 100°C, with
and K, (25°C) for "FeCOHV = 10"42.

10"3 mol/kg, {Cl } = 1 mol/kg,
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FIGURE 11. Calculated Potential-pH Diagram for Iron (105 mol/kg) at 100°C, with {CT} = 10'3 mol/kg, {Cl } = 102 mol/kg,
and K^ (25°C) for "Fe(OH)3" = 10"40.
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FIGURE 12. Calculated Potential-pH Diagram for Iron (105 mol/kg) at 100°C, with {C,.} = 10"3 mol/kg, {Cl} = 1 mol/kg,
and K,, (25°C) for "Fe(OH)3" = 10*.
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