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ARsrRAcT 

Gibbs energy and entropy data for aqueous Fe**, FeOH’, HFeO; and 
Fe@’ are critically reviewed. The most reliable values are used in a 
Criss-Cobble extrapolation to calculate Gibbs energies to 300 “C and, hence, 
the solubility of FelOI in Hz0 and DrO as a function of the pH or pD at 
25 “C_ A set if Gibbs energies is presented which s&sties the Criss-Cobble en- 
tropy correspondence principle and which is consistent with both the reliable 
low-temperature thermodynamic data and all published high-temperature sol- 
ubilitics. 

INTRODUCTION 

A detaikd and accurate description of the solubility properties of magne- 
tite is essential for predicting corrosion product transport in the primary heat 
transport circuits of nuclear power reactors’“. Because the magnetite dissolu- 
tion reaction involves the reduction of Fe3+ to Fe*+, the solubility varies with 
the concentration of hydrogen gas in the water_ Only thn?e studies have been 
reported in which the hydrogen concentration was carefully controlled: two at 
pH less than 10S6.’ and one at pH 12 and 13’_ The results of these studies 
are somewhat contradictory and none agree with the solubilities calculated by 
Macdonald et al? using a CrissXobble extrapolation of room temperature 
thermodynamic data. 

In order to resolve these discrepancies, we have critically examined the 
thermodynamic data for the various ferrous ions and used the most reliable 
values to calculate the solubility of magnetite as a function. of pH and tem- 
perature. The uncertainties in both the calculated and experimental solubilities 
have been carefully evaluated and are often large. As a result, a pragmatic ap- 
proach was adopted in which the most reliable experimental solubilities were 
used to refine the calculations in order to predict the solubility behavior of 



magnetite at pH’s where the 
The free energy data derived 
solubility data for DO. 

experimental data are sparse or widely scattered. 
from this fitting procedurewere used to estimate 

SOLUBIm CALCULATIONS 

A. Thermodynamic Data 
Unless otherwise specified, free energies and entropies were taken from 

the recent NBS tables”’ and heat capacities from Wicks and Block’s compila- 
tion”. Values for the ionic d. issociation product of water, K,, and for the ap- 
parent molal f& energy of water under its own vapour pressure were taken 
from Olofsson and HepIef2 and from Helgeson and Kirkham13, respectively. 
The equilibrium vapour pressure of hydrogen over solutions at elevated tern- 
peratures was calculated from Himmelblau’s data” on the assumption that the 
dissoived hydrogen concentration is that of a saturated solution at 25 “C. The 
only measured values for the dissociation constant of LiOH at high temper- 
atur@ are completely inconsistent with the precise data below 50 “C, probably 
because of the difliculties in determining large dissociation constants by con- 
ductance methods’” *‘. The values for the L.iOH dissociation constant used 
hero were obtained by extrapolating the low-temperature data’*-r9, assuming a 
constant entropy of reaction, 2.65 J mol-‘K- ‘. They are listed in TabIe 1 along 
with other high-temperature data. HCI was assumed to be completely disso- 
ciated at all temperatures. 

TABLE 1 

D&soCXAl.tON CONSTANTS AND HYDROGEN PARTIAL PRESSURES 

25’C 60-c Iwc Isor 2iw’C 250°C 3m “C 

K, x 1O”lbnol kg-y Loo2 9.25 54.2 228 449 637 Sal 
KDx 10*4f(mcA/1.S117 k&O_136 1.58 9.57 42.8 99.1 133 116 
LioH. KB/mol kg-* O-64 O-69 O-74 080 O-85 O-89 0.92 

&.@ms 0_10132 0.10994 0_09uL4 O&Q43 O-04722 O-03032 O-01 831 

s For a 7.786x low4 aquamo&l concal~tion_ 

High-temperature apparent molal Gibbs energies of formation for OH- 
and the various ferrous ions were calculated from data at 25°C using the 
Criss-CobbIe principIeaD.2’ and methods identical to those in ref. 22. Following 
MacdonaIdn, the Gii energies of the hydrogen ion were determined fmm 
the calculated values for OH- using the experimental values for K, and the 
Gibbs energy of water. By definition”-P, apparent molal Gibbs energies of for- 
mation are identical to standard molal Gibbs energies except that the former 
refer to standard state elements at 25 “C, rather than at the temperature in 
question. Data for the various ionic species in DB were crudely estimated by 



assuming that the Gibbs energy and entropy of all species except D* were id- 
entical to the light water values, using the hypothetical aquamolaI* reference 
state. This assumption is correct to within a few hundred joules at 25 “C for 
monatomic species= but may be less au&ate at higher temperatures and for 
hydrolysed species. Value for D* were determined from the calculated free en- 
ergies of OD- using Shoesmith’s” values for the ionization constant of DzO, 
KD. High temperature Gibbs energies for D20 were calculated from the 25 “C 
heat capacity- This procedure has been used for H20n and introduces an error 
of less than 40 J which, for the DzO calculations here, is insignificant. 

Many different values for the free energies and hydrolysis constants of 
the ferrous ions have been reported== and the choice of data is therefore cru- 
cial to the solubility calculations- The most reliable values for the Gibbs en- 
ergies and entropies at 25 “C are tabulated in Table 2 and the reasons for 

choosing them are presented below- The neutral species, Fe(OHj2, was not 
included in the calculations because of a lack of data. 

TABLE 2 

STANDARD GIBBS ENERGIES AND ENTROPIESa FOR FERROUS IONS AT 25% 

‘best. lilerarure value Fit fed !o solubiriy dara 

A@ Oil m0l-I) p tJ mol- ‘K-II AC7 OcJ mol-‘1 p lJ mol- ‘K-1) 

Fe2+ - 91.2120 -1075 4 - 9111 -107 
FcOH+ -278 +3 - 29217 - 274.26 - 33 

HFcOr b -383 +8 i- 42221 - 376.35 + 63 
FCOg-b -301 +8 - 98221 _(301.2) (- 98) 

8 Not to be confused with C&s-Cobble absolute entropies. b Based on AGO (Fe(OH)2. SoliC) = 
-492f4 W mol-I_ 

Patrick and Thomson= demonstrated that the often quoted figun? of 
-84.9 kJ mol-’ for the Gibbs energy of Fe’+ was obtained by e.m.f. measure- 
ments in an electrochemical cell contaminated by tram of oxygen_ In oxygen- 
free systems, e-m-f- measurements yielded a Gibbs energy of -78.9 or 
-92.0 kJ mol-’ depending on whether the iron electrode was prepared by the 
decomposition of iron carbony or by hydrogen reduction, respectively=_ The 
fatter resuits agree well with Hurien’s value”, of -90_OkI’mol-1, also from 
a reduced iron electrode. More recently, Larson et aI.= caIculated a Gibbs 
energy of -91.2&2.0 kJ mol- ’ by combining measured heats of solution with 
existing thermodynamic data, This value agrees with the results from reduced 
iron electrodes and, since it was obtained by an independent method, it was 
accepted as correct_ Patrick and Thompson’s more positive value was probUy 

‘ant mole soiutc pa 55.51 r&es of solvent and equal to one rnol/kg for Hz0 and one 
mol/1_1117kg for D&I- 
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due to incomplete dissolution of the initial oxide fdrn on the electrodes pze- 
pared fmm iron carbonylz. 

The tabulated vaI~e#‘.~~ for the Gi%tbs energy of F&H+ are calculated 
from hydrolysis studies on ferrous salt solutions or on saturated solutions of 
ferrous hydroxide. The principaI errors in most recent worlcsu appear to be 
due to oxygen contamination and/or hydrolysabIe impurities. Under the re- 
ported experimental conditions, both contaminants would cause the observed 
values of the hydroIysis constant, p&, to be low. Oxidation of the ferrous spe- 
cies lower% the apparent p&. either because hydrolysis of Fe3* to the more 
stable F&H** lowers the pH%=, or because f&c hydroxide, which is ess- 
entially insoluble relative to ferrous hydroxide=, forms as a precipitatesB. Hy- 
drolysable impurities lower the apparent pKI by decreas ing the measured PH. 
The highest values for pKI in the literature are 9.5kO.2 and 9.49+0.08 report- 
ed by HedstromB and MesmerH, respectively. Taking Mesmer’s value, the free 
cncrgy of the hydrolysis of Fe** is +54.2+05 kJ mol-’ and, hence, the Gibbs 
energy of F&H+ is -274.1 %!.S kJ mol-‘. 

Gibbs energies for HFeO, and Fe@- have been calculated from the hy- 
drolysis constants of solid ferrous hydsroxide”X. Fostd’ has noted that the 
accepted value of --482 lcJ mol-’ for soIid ferrous hydroxide= is based on irre- 
producible e.m.f.s and suggested that the true free energy is more negative. 
A more reliable Gibbs energy can be calculated -from Lcussing and Kolthoffs 
hydrolysis constan@’ by assuming that their fire for p& differs from Mes- 
mer’s slightly higher value” because of impurities, as d&cussed above. The ef- 
fect of these impurities on their other hydrolysis constants can then be 
eliminated by using Mesmefs pKJ to c&XIate the COnCtZntfatiOn of impurities 
in their system. From the corrected hydrolysis constants and the Gibbs 
energym of Fe”, the Gibbs energy of formation of ferrous hydroxide is 
-492+4 kJ moI’J. This results yields standard free energies of 
-385 +4 kJ mol-’ for HFeO, from Shrager’s hydrolysis constants”, and 
-383+8 lcJ mol-’ and -3OOf8 kJ mol-’ for HFeO, and FeOi-, respectively, 
from Gayer and Woontnc~s data3’. 

The most reliable standard entropy for Fe*+ at 25 oCir-B appears to be 
- 107+4 J mol-’ K-‘. This value yields a standard entropy for F&H+ of 
3+15 J mol-‘K-I, when combined with Bolzan and Arvia’s-emmpy of hydrol- 
ysis3’. The only other value in the literature is -29+17 J moI-JK-J, derived 
from Sweeton and &es’ magnetite solubility study. B&an and Arvia’s data 
yields p& values which are much too low, according to the criteria discussed 
previously. We, therefore, chos Swceton and Baes value for the calculations, 
even though it is not truly i&qendent of the experimental data. Standard en- 
tropies for HFeO; and Fdz- were estimated from Connick and Powell’s em- 
pirical expression0 to be +42f21 J moI-JK-* and -98f21 J mol-*K-r. The 
standard moIaI entropies here and in Table 1 should not be confused with the 
absolute entropies required for the C&+CobbIe extrapohition~.~. 
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B_ Solubilities 
AU the evidence 

solutions of magnetite 
to date* suggests that the principal species in aqueous 
are Fe” and its hydrolysis products FeOH’, Fe(OHh, - 

HFeOF and FeO? _ Magnetite dissolves according to reactions of the type6.‘: 

F~0,+(6-33)H+-+H, = 3Fe(OH)~2-b’* +(a--3b)H,O (1) 

where 0 6 b S4 and where Fe(OHh_ and Fe(OHx are the hydrated formu- 
lations of HFeO, and FeOi-, respectively. The aquamolal saturation concen- 
tration, m,, of each ferrous species can be calculated from the expression’: 

where AG”, is the aquamolal -Gibbs energy of the salvation reaction, pH, is the 
h_igh temperature pH of the saturated solution, and Pu2 is the partial pressure 
(Mpa) over a solution at high tempemture. Above about 50 “C, the single ion 
activity -coefEcient, y, can be expressed by the two parameter Debye-Hiickel 
formuIa4’ 

-_Z= AI”= 

logy = (1+@/3 (3) 

in which 2 is the ionic charge, A is the Debye-Hiickel limiting law parameter 
and I is the ionic strength of the system. The parameter B approaches a vahre 
of 1_5+0.2 above 125°C but is species dependent at lower temperatures4’. 
Because of hydrolysis, the vaIue of pH, depends on the final equilibrium con- 
centrations of ions in the solution, as does the ionic strength_ For this reason, 
iterative procedures are required to calculate high-temperature solubilities from 
eqns (2) and (3) as a function of the low-temperature pH- 

To be consistent with the usual experimental arrangement6-8-422. our cal- 
culations refer to situations in which an initial feed solution at 25 “C, whose 
pH is set with either HCI or LiOH, is exposed to magnetite at high temper- 
ature. The concentration of hydrogen is that of a saturated solution at 25 “C, 
7-786 x lo-’ aquamolal, and is assumed to be temperature-independent so that 
PH2 could be c&uIated from Henry’s law ” For computational simplicity, eqn _ 

(2) was considered adequate for calcuIating the concentration of LiOH or HCI 
corresponding to a given pH in the feed solution_ The high temperature feed 
pH was then calculated from the temperature variations of K, and the LiOH 
dissociation constant. The tinal pH and concentration of each ferrous species 
in the sahuated soIution were determined from eqns (2) and (3) and the charge 
bahmce of the system using an iterative method. 

RESULXS AND DISCLJ!33ON 

The extrapolated values of the apparent Gibbs energies are listed in 
Table 3. The results for Hi differ from Maaionaid’s’ because more recent va- 



TABLE 3 

APPARENT GIBBS ENERGIES OF FORMA’IlON* <W d-‘1 

25% 60% IO% 150% ml% 250°C 3w-c 

ii-. OD- 

FcCtH+. F&D* 
HFcOF. DF~OF 
FtOp 

-10155 -10209 -1027.8 -1037.5 -1048.2 -1059.9 - 1072.5 
0 - 4.627 - 10.045 - I6.990- 24.1W - 31.375 - 38.785 
0 - X127- Il.118 - 18.780- 26.616- 34.SlS- 42735 

- 237.18 - 239.77 - 243.07 - 247.66 - 25268 - 258.10 - 263.88 
- 243-H - 24631 - 24992 - 254.94 - 260.45 - 266.41 - 272.77 

0 + 0.623+ 0.6%3- 0.305- 2l72- 4s- 6.975 
- 1339- 1.025- o-774- 1.ip9- 3m- 6.058- 8.920 
- 157.29 - 15736 - 156.76 - 155.11 - 152.59 - 149.28 - 145.26 
- 91.23 - 86.41 - 8216 - 78.74 - 77.29 - 77.88 - 80.46 
- 27426 - 27269 - 271.90 - 27242 - 27453 - 21828 - 2Kk65 
- 376x5 - 378.84 - 380.64 - 381.17 - 379.77 - 376.60 - 371.62 
- 301.2 - 298.0 - WI.2 - 278.6 - 261.4 - 239.2 - 2120 

'AquamoIaI rcfii state f-or dissolved spazies. 

I~es~~ for K, wexe used, Also, we used the figure -47.2 for the Criss-Cobble 
Ua” parameter for OH- and simple anions at 300 “C instead of the tabulated 
vaIue*’ which is apparently a typographical error. The Gibbs energies of the 
ferrous ions were calculated from the data in the Iast two columns in Table 2 
which were chosen to fn the experimental solubihties as discussed below. The 
error Iimits correspond to the maximum and minimum vaIues of the Iiterature 
data in Table 2. 

The calculated right water solubilities are pIotted in Figs. l-5 as a func- 
tion of the 25°C pH of the iron-free feed sohrtion. The upper and lower 
curves show the maximum and minimum solubihties which can be caIcuIated 
from the “best” Iiterature data in Table 2 The large uncertainty in the high 
temperature solubihties is primarily because the room temperature entropies of 
F&H’ and HFeO~ and the Giibs energy of HFeO, are so poorly known. 
The difference between our results and MaaionaId’sg at Iow pH is due to his 
use of Patrick and Thomps&‘s suspect value for the Gibbs energy of Fe2*. 
The horizontal region between pH 5 and pH 9 occurs because the equilibrium 
pH of the saturated soIutions is buffered by the hydrolysis of the ferrous spe- 
ties released by the magnetite. EteIow pH 12, the calculations can be compared 
to experimental data using NaOH as a base because the effect of LiOH as- 
SociatioIl on the OH- concentration is less than 1%. The experimental data 
in the figures were measured”tx.” at 7,786 x 10S4 mol H21kg and lie within the 
unc&ainty of the c&uIations. Kanert et aI! and Hawton and von Masso~‘~ 
removed oxygen by bubbling hydrogen through the feed solution in a 50 I car- 
boy for 2 h before use. Tests in our Iaboratory showed that very high hydrogen 
flow-rates are required to reduce the oxygen concentration below 
10-6molkg-’ so that there is a deftite possiiility of oxygen contamination 
in b&h mts. Hawton and von Massow’s results near the soIubiIity 
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L 

Fig_ I_ ExperimenmI and calculated solubilities of magnelite in HlO at 300 “C plotted against the 
pH of the hydrogen saturated feed solution at 25 “C- The upper and lower curves are the max- 
imum and minimum calculated solubilities The middle curbe is fitted to the data 0, ret 6, 0, 
n5 8; A, ref. 42. 
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Fs 2 The solubility of magnetite in Hz0 at 250 “C. Description as in Fig_ I_ Data from n& 6 
ate at 260%. 
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minimum are unreIiable since their system may have contained residual iron, 
Their result at 250°C and pH 12 agrees with Kanert et al_ Sweeton and Bae.s” 
took scrupuIous care to remove oxygen from their system but their resuIts 
above pH IO are few and scat- The large scatter at pH 7 is undoubtabIy 
due to the eff&t of hydroIysabIe impurities on the high temperature pH. 
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Fw 5_ The volubility of magnetite in E&O at 100 “C_ Description as in Fig_ 1. 

Obviously, neitlxr the experimental nor the cakuiated data are aaxrate 
enough to describe the solubility over the entire pH and temperature range. 
A pragmatic approach to this problem is to use the experimental data to refine 
the cakulations. We did this by choosing values for the room-temperature, 
thermodynamic parameters which lie within the error limits listed in Table 2 
and which yield calculated high-temperature solubilities that agree with the 
reasonably precise results at pH ~9.5 and pH> 11.5. The resuit is shown in the 
middle curve in Figs- 1-5, obtained from the values in the last two columns 
in Table 2. The corresponding high temperature Gibbs energies are listed in 
Table 3_ At 3OO”C, and about pH 10.6, Sweeton and Baes’ solubility results 
were higher than the trend of &&rt’s data and we chose the latter for the 
fit because it was more precise and extended to high pH- The standard de- 
viation of the experimental solubilitk from rek 6 and 8 about the fitted 
curves was about 40 and 20 %, respectively- From eqn (2), these standard de- 
viations correspond to a precision of better than f25 k3 mol-’ for the high- 
tempcraturc Gii cncrgics for Fc?‘, FcOH’ and HF~OF if the data for non- 
ferrous species are assumed to be exact. Below pH 14, Fe@- did not contri- 
bute signiicautly to the solubiity~ The experimental results in the region of 
the solubiity minimum are high, probably because of the presence of dis- 
solved Fe(Om, which was not considered in the cafculation, or because of 
trace revels of iron in the apparatus. The data in Fw. l-6 near the sohability 
minimum suggest -that the concentration of Fe(OH)2 .is less. than 



2 x 10” mol kg-’ at high temperatures_ Numerical values for the fitted solu- 
biiities are t.abuIated in Table 4. 

Fig& 6 shows the solubility data reported by Styrik&ich et aI.‘, along 
with the solubility curves calculated from the data in the last two columns of 
TabIe 2 Styrikovich saturated his soiutions with hydrogen at high temperature 
and, for the soIubiIity calculation, we assumed that the hydrogen pressure was 
the vapour pressure of water pIus an overpressure of 0.1 MPa. At 285 “C, the 
experimental vafues beiow pH 4 lie with&-the 40% _uncertainty in the calcu- 
lated curve. The low experimental values between pH 4 and pH 9 are probably 
due to the effect of hydrofysable impurities on the high-temperarure pH or to 
hydrogen leakage from the sealed autoclave. The discrepancy between the cal- 

TABLE 4 

THE CONCENIRA TION OF IONIC FERROUS SPECIES 
IN SATURATED SOLUTIONS OF Fes04’ 

IS0 “C 200 ‘C 250 OC 300 ‘C 

3.0 5-2 x IO-4 52 x IO-” 5.2x IO-’ 5.2x IO-4 5.1 x 10-4 4.9 x IO-1 4.6 x 1O-e 
4.0 5.3 x 10-S 5.3 x 10-s 5.3 x IO-5 5.2 x IO-5 4.9 x 10-S 4.2 x 10-s 33 x 10-S 
5.0 7.6 x IO-6 8.1 x IO+ 7.9x IO-6 7.0% IO-6 54x IO-6 3-4 x 10-S 21 x IO-6 
6.0 3.9 x IO-6 4.4 x IO-6 4.1 x 1O-6 3.2 x IO-6 I.9 x 1O-6 I-OX 10-6 4.9 x lo-’ 
7.0 3.6 x IO-6 4.0x 1O-6 3-8 x IO-6 28 x 1O-6 1.7x 1O-6 7.9 x IO-’ ‘4.0 x IO-’ 
8.0 3.2 x 1O-6 3.7x 1O-6 3.4 x IO-6 2.5 x 10-6 1.4 x 10-6 6.5 x IO-’ 3.2 x IO-’ 
9.0 1.2x IO-6 1.5x IO-6 1.4x lO-6 8.2 x IO-7 3.9 x lO-7 1-8x IO-’ 8.4 x IO-* 

10.0 5.3 x IO-’ 7.6 x 1O-s 7.7 x IO-* 54 x IO-’ 3-S x IO-’ 2.2 x IO-8 1.5 x 10-s 
II-0 43 x IO-9 6.8 x JO-9 8.9 x IO-9 1.4 x IO-8 2.4 x 10-8 43x 10-r 62 x IO-* 
12.0 I.5 x IO-9 6.2x 1O-9 2.5x lo-’ 9.1 x IO-’ 22x IO-’ 43 x IO-’ 6.6 % IO-’ 
13.0 2.9 x lo-’ 9.4 x 10-t 3.2 x 1O-7 1.1 x 1O-6 2.8 x 1O-6 5.4 x IO-6 8.3 x 1O-6 
14.0 4.8 Y 10-6 93 x IO-6 1.6 x 1O-s 3.1 x 1O-5 6.1 x 1O-5 1.1 x IO-’ 1.8x IO-’ 

B. lrvn cotue~rnztion in D@~mor11_I1/7 h& 
PD 25°C 6O’C 100 ‘C 150 ‘C 200 “C 25O’C 300°C 

3.0 

% 
;O 
7.0 
8.0 

IZ 
llr, 
12.0 
13.0 
14.0 

5.2 x IO-4 5.2 x 10-4 5.2 x 1 O-4 
5.1 x IO-5 5.2 x 10-s 5.2 x 10-s 
62 x 10-s 6.4 x 10-s 6-4 x IO-6 
2-3~ IO-6 26x IO-s 24x IO-6 
20x IO-6 2.2x IO-6 21 x 10-h 
1.9 x IO-6 22 x IO-6 20 x IO-6 
15 x IO-6 1.8x 1O-6 1.6x IO-6 
1.7x IO-’ 25x IO-’ 22x IO-’ 
6.8x10-9 i.OxIO-= 1.2x IO-* 
9-0x lO-‘o 2.4 x 1O-9 6.7 x 1O-9 
8.4 x IO-9 2.2 x IO-’ 6.7 x IO-’ 
1.2~10~ 1.6~10-~ 20x10-6 

52 x so-4 5.2 x IO-4 5.1 x IO-’ 
5.1 x 1O-s 5.0 x lo-’ 4.6 x 1O-5 
6.0 x 1O-6 5.2 x 1O-6 4.0x 1O-6 
1.9% IO-6 1.3 x 1o-6 6.8 x IO-’ 
1.6 Y 1O-6 9.8 x IO-’ 4.7 x IO-’ 
1.5x IO-” 9.1 x IO-’ 43 x IO-’ 
1.2 x 1O-6 -6.1 x IO-7 26x IO-’ 
1.3 x IO-’ 6.4 x IO-= 3.1 x IO-’ 
1.0 x IO-* 9.6 x IO-9 1.1 x IO-’ 
20 x IO-’ 4.5 x IO-” 8.0 x IO-’ 
2.1 x IO-’ 4.9x 10’7 8.7x IO-7 
3-7 Y LO-6 6.9 x IO-6 1.2 x 10-S 

4.8 x lU-’ 
4.0 x IO-5 
27 x 1O-6 
3.3 x IO-’ 
2.11 IO-’ 
I.9 Y IO-’ 
1.1 x IO-’ 
1.5x IO-’ 
I.3 x 10-s 
1.2 x IO-’ 
I.3 x IO-6 
1.7 x IO-5 

8 PH and pD refer to a feed sdution at 25-C containing only LiOH or HCl and 7.786 x lo-* 
aqusm&l Hz or &_ (2) Near pH 7 the solubiiity umuld bc afkucd by JIOII fernnrs hydroIysabk 
ioormmle aonocn~otnoa-ionicgdesisprobablytcssthan2x10-7aquam0lalandmay 
k mnpuatun ckpaenc. 
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Fsg. 6_ Experimental and CalcuIatui solubilities of magnetite in Hz0 at 285 “C with 7.01 MFa IIt 
and at 325 “C with 1216MPa Hz. Experimental data from ref. 7. 

culated and experimental results at 325 “C is due, a’t least in part, to our ne& 
Iect of compressi%iIity effects43 which become important above 300°C. 

Sweeton and Baes’ data at 300°C show a shap rise nearpH 10 which is inconsist- 
ent with Kanert’s results. Becauseof theexperimental scatter,attempts toevaluate the 
concentrations of Fe(Om and HFeoZ by curve fitting procedures must be based on 
high pH data, preferably above pH 12, where HI%02 is unquestionabfy the dominant 
species. For this reason, we used Kane&s rest&s for the fitting and attributed the 
discrepancies at 300°C to staM scatter. However, either the presence of d.&oIved 
oxygen or the formation of lithium ferrite&--i5 on the magnetite surface coufd have 
caused Kanert’s results to be low and more experimental work in this high temper- 
ture-bigbpHregioniscIearIyneeded. 

The solubihty of magnetite in DzO, calculated from the Gibbs energies 
in Table 3, is presented in Table 4. The difference in the soIubiIities at a given 
value for pH and pD is largely due to the stability of D20 relative to Hz0 
(Table 3), since water occurs -as a reagent or product in eqn (1). Because of 
the Iack of high temperature data for ferrous systems ixi DzO, it is impossible 
to estimate the accuracy of the calculated soIubiIities in TabIe 4. The Iargest 
uncertainty lies in our assumption that the replacement of OH groups by OD 
groups, with their different zero point energies-, causes no marked changes 
in the Gibbs energies of the hydrolyzed ferrous species and OD-. The data 
in TabIe 3 yield a value of 0.9 for Ap&, the difference in the fm hydroIysis 
constant of Fe** between D20 and Hz0 at 25 “C. This compares to values of 
ApK from 0.2 to 0.7 observed for most acidsJ6 at 25 “C. If the true value for 
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Fw 7_ cakulat+d soiubiBies of magnetite in &O as a fumztion of fempuatu~ near the solubirrry 
minimum_ThtpDofthc~Saturatcd25”Cf&dsdutionis~naboveeachcurvc -rkblo- 
km lines show the contriiution of DF- and F&D* to the sohbility at pD 11-O_ 

ApK, is in this range, then the sum AG”(FeOD+)+AGO(D+) from Table 3 is 
too positive by O-5 to l-7 J mol” at 25 “C. 

Figute 7 is a plot of the D# solubihties as a function of temperature 
for several values of pD near the solubility minimum- The marked change in 
the dimction of the solubility-temperature gradient is caused by the increase 
in the concentration of DFeO? relative to FeOD+ as the pD in&_ The 
aquamolal concentrations of each species at pD 11.0 are shown by the broken 
tines_ Heavy corrosion product deposits are thought to form on CANDU* 
reactor fuel bundles when the sohtbility at 300 “C is lower than that at 250 OC 
so that particulate deposits do not dissolve off the fuel’“, Although the Da 
caIcuIations indicate that this condition is met for pDa10.9, CANDU reactors 
fimction su.ax&ullyO at pD>,10.4. The calculated solubiliti& do not consider 
the contribution of neutral species, most probably Fe(ODL, to the overall sol- 
nbility_Jfthisisthemajorcauseofthediscmpan cy, the difference in the con- 
azntration of Fe(ODh between 300°C and 250°C is at least 
5 x 10e9 mo1/1.1117 kg. 

CONCLUSIONS 

Although the ixcmacy of Criss-Cobble extrapolations from 25°C to 
temperatures above 200 OC has been questione@, the correspondence principle 
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can be used as a convenient framework for a@ating scattered high- and low- 
temperature results. Below pH 9.5, the magnetite solubilities and ferrous ion 
Gibbs energies reported here agree with all published solubility data and with 
the most reliable low-temperature data to within the experimental error. The 
results at higher pH are more suspect because of ambiguities in the experi- 
mental data on which the calculations were based. It is interesting to note the 
buffering effect of the magnetite dissolution reactions on feed solutions be- 
tween pH 5 and 9. Many solubility studies on sparingly soluble oxides and 
metals are done using nominally neutral feed solutions in whicn the final 
high-temperature pH is unknown because it is determined by the hydrolysis 
reactions of the various System components. Thermodynamically meaningful 
solubilities cannot, therefore, be measured using neutral solutions unless the 
chemistry of the entire system is carefully defined. 

Listings of the individual ion concentrations and activities corresponding 
to the solubilities in Table 4 and the details of the volubility calculations may 
be obtained from the authors upon request. 
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