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ABSTRACT

The solubility of three iron oxides [hematite (a-Fe2O3('.y/)), magnetite (Fe3O4fr,)) and lepidocrocite
(y-FeOOHfa))] under representative steam generator feedtrain conditions were calculated using a
thermodynamic database for these oxides and the associated aqueous species. Using this
database, we calculated the solubility of iron for both Fe3O4(sJ in equilibrium with other iron
oxides and for the individual oxides in the presence of various oxygen partial pressures. The
results indicate that the solubility of iron is strongly dependent on redox conditions, represented
either by dissolved H2 or O2 concentration, or by the presence of other iron oxides (stable or
metastable). The solubility behaviour of these oxides can be explained by changes in the
aqueous-phase speciation of iron with temperature and pH. Similar calculations for the
individual oxides in the presence of C>2(g) are also presented and were used to construct
temperature-dependent phase diagrams for these oxides in equilibrium (including metastable
conditions) with 1 ppb (ppb = jjg "kg"1) of soluble iron. Calculations were also performed for
feedtrain solutions containing 5 ppb of dissolved oxygen and pH buffered using mixtures of
amines. From these calculations it was concluded that, relative to the oxidation potential and
temperature of the feedtrain solution, changing the pH-buffer has only a minor effect on iron
solubility. The effect of the variation in iron solubility along the feedtrain with solution pH,
temperature and redox potential on corrosion-product transport to the boiler is also discussed.
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RESUME

La solubilite de trois oxydes de fer [hematite (a-F^Oifs)), magnetite (Fe^O^s)) et lepidocrocite (y-
FeOOHfaJ)] dans les conditions representatives du circuit d'alimentation des generateurs de vapeur
a ete calculee en utilisant une base de donnees thermodynamique relative a ces oxydes et aux
especes aqueuses associees. A l'aide de cette base de donnees, nous avons calcule la solubilite du
fer pour Fe^O^s) en equilibre avec d'autres oxydes de fer et pour les oxydes individuels en
presence de diverses pressions partielles d'oxygene. Les resultats indiquent que la solubilite du fer
depend fortement des conditions redox, representees soit par la concentration de H2 ou d'O2
dissous, soit par la presence d'autres oxydes de fer (stables ou metastables). Le comportement de la
solubilite de ces oxydes peut s'expliquer par des changements de la differentiation des especes de
fer dans la phase aqueuse en fonction de la temperature et du pH. Des calculs semblables pour les
oxydes individuels en presence d'O2 (g) sont aussi presentes et ont ete utilises pour construire des
schemas de phase en fonction de la temperature pour ces oxydes en equilibre (y compris les etats
metastables) avec 1 ppb (ppb = [Ag#kg~') de fer soluble. Les calculs ont ete egalement effectues
pour des solutions de fluide de circuit d'alimentation contenant 5 ppb d'oxygene dissous et ayant un
pH tamponne en utilisant des melanges d'amines. Ces calculs ont permis de conclure que, par
rapport au potentiel d'oxydation et a la temperature de la solution de fluide d'alimentation, la
modification du tampon-pH ne produit qu'un effet minime sur la solubilite du fer. On examine
aussi l'effet de la variation de la solubilite du fer dans le circuit d'alimentation en fonction du pH,
de la temperature et du potentiel redox de la solution sur le transport des produits de corrosion au
generateur.
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1. INTRODUCTION

The two principal factors contributing to the premature deterioration of steam generators are
feedtrain fouling and boiler corrosion. Although these two processes are inextricably linked, the
corrosion mechanisms leading to these problems are different. Figure 1 shows a schematic
layout for the secondary side of a typical nuclear generating station (NGS). Feedtrain corrosion
and fouling involves the carbon steel piping that comprises most of the balance-of-plant (BOP)
in the system. Corrosion of these components results in the formation of iron oxide deposits,
principally magnetite (F^O^s)), which are eventually deposited in the boiler. Much of the
corrosion in this area occurs at temperatures less than 250°C. The corrosion of steam generator
tubes and the broach or support plates in the boiler occurs through direct attack of either the
metal or the Fe-Ni-Cr based alloys that some of the structures are made of, although the
iron-based corrosion products from the feedtrain are also involved. The temperature in the boiler
is in excess of 250°C and therefore involves two-phase (steam-water) systems. In the solution
phase, attack of these alloys often occurs at the interface between the metal surface and deposits
containing the feedtrain-boiler corrosion products. These deposits will also accumulate ions
(Cl'(aq) and SO^'(aq)) that concentrate in the pores and crevices of these deposits and accelerate
the corrosion processes.

In this report, the effect of deposit composition, temperature, pH, redox potential (as either
dissolved oxygen or equilibrium iron concentration) and the use of different amine buffers, on
the calculated amounts of soluble iron released to the feedwater are discussed. These variables
are considered to be the principal factors controlling corrosion and dissolution of iron in the
secondary-side feedwater systems of NGS. Although the present study is theoretical in nature,
the insight that such calculations provide is useful in sorting out some of the issues related to the
corrosion of carbon steel under BOP conditions.

2. CORROSION CHEMISTRY IN STEAM GENERATORS

Corrosion of carbon steel surfaces in nuclear power plants is complex, and many mechanisms
have been put forward (Mabuchi etal. 1991, Fujita et al. 1990, Joshi et al. 1993); however, it is
generally accepted that corrosion of the feedtrain is initiated by attack of the carbon steel surface
by oxygen, water or both:

Fe(s) + 1/2 O2(aq) + H2O(7J -> Fe2+(aq) + 2 OK(aq) (1 a)
or

Fe(s) + 2 K2O(l) -> Fe2+(aq) + 2 OK(aq) + H2(aq) (lb)

The release of Fe2+(aq) can result in several corrosion products, the chemical form of which
depends on the redox and pH conditions of the surrounding solution. For example, if the pH of
the solution is between 7 and 9 and the redox conditions are reducing or the solution is
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sufficiently deaerated, Fe(OH)2(s) could be the predominant solid, although this product is
metastable (Joshi et al. 1993, Visalakshi et al. 1993). Should the feedtrain solution become more
oxidizing, higher in temperature (>373 K or 100°C) or both, Fe(OH)2(s) transforms to Fe^O^s),
which contains iron in both the +2 and +3 oxidation states. Under more oxidizing conditions, all
the ferrous ion should oxidize to Fe?+(aq) resulting in a number of other corrosion products
including hematite (a-Fe2O3^J), maghemite (y-F&iO^s)), goethite (a-FeOOHfa)) and
lepidocrocite (y-FeOOHfsj). All of these corrosion products, except Fe(OH)2(s), have been
observed in the steam cycles of NGS's (Sawicki and Brett 1993, Ho and Brett, 1992, Rmus and
Brett 1992, Sedov et al. 1978,1980; Moskvin et al. 1979,1981; Chao et al. 1993); therefore, it is
important to understand how these products are formed in situ and how their presence may
influence the corrosion processes occurring in either the feedtrain or the boiler.

Iron oxides and oxyhydroxides are the major secondary-side corrosion products in CANDU®
NGS's and hence contribute to deposits in steam generators. Recent Mossbauer studies by Brett
(Sawicki and Brett 1993; Ho and Brett; 1992, Rmus and Brett 1992) have shown that the major
component in steam generator deposits is Fe^O^s); however, other iron oxides such as
a-FfyOsfs) and y-FeOOH(s) have been identified in the feedtrain. Similar observations have
been reported for the corrosion-product deposits obtained from the recirculation loops of PWR
and BWR reactors (Sedov et al. 1978,1980; Moskvin et al. 1979,1981; Chao et al. 1993).
Sedov et al. (1978,1980) and Moskvin et al. (1979,1981) have examined the corrosion products
obtained from Russian-made RBMK-1000 (BWR) and VVER-1000 (PWR) reactors,
respectively, and observed the presence of all the corrosion products found in CANDU steam
generators as well as Y-Fe2O3(5J and spinels of the type (Fe, Cr, NI)3OA(S).

The diversity of corrosion products in feedtrains poses many questions, and provides some clues,
about the mechanism(s) of corrosion in these systems. Chemicals such as hydrazine and
morpholine are commonly added to feedwater to minimize corrosion and reduce
corrosion-product transport (CPT). The addition of hydrazine is intended to scavenge residual
dissolved oxygen and thus maintain reducing conditions. Morpholine is used as a buffer to
maintain the solution pH near the solubility minimum for F^O^s) and thereby minimize the
amount of iron released. However, analysis by Mossbauer spectroscopy of the corrosion
products collected at various points along the steam cycle suggests that the redox conditions in
some parts of the system may not be sufficiently reducing. Therefore, adjusting the pH of the
feedwater to the solubility minimum for Fe^O^s) under reducing conditions may not be an
optimum strategy, especially if other oxides that are less stable or have faster dissolution rates are
present.

An interesting observation from the Mossbauer studies of the Russian reactors was the absence
of any iron oxyhydroxides (e.g. y-FeOOH(s)) in either the primary or secondary loops of the
VVER-1000 reactors (Sedov et al. 1980). The primary loop contained Fe3O4f.sj (54%),
a-Fe2O3f^ (17%) and 7^203(5,) (27%), and the secondary loop contained only a-

' CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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(60%) and Y-F^Osfa) (40%). In contrast, RBMK-1000 reactors were found to contain
y-FeOOH(s) in addition to the other iron oxides; the percentage of y-FeOOH(s) varied with the
sampling point in the loop. In general, iron oxyhydroxides were found only in the "colder"
(<150°C), more oxic sections of the loop, e.g., condensers, condensate decontamination tanks
near the condensers and at the outlet of the low-pressure turbines. In the "hotter" sections
(high-pressure heaters and the boiler), the composition of the corrosion deposits was dominated
by iron oxides, mainly a-Fe2O3f5'/) and FejOds), with some y-Fe2O3f5J found in areas on the
outlet side of the primary side loop, e.g., at both the steam separators and at the high-pressure
turbines. The working temperature of the VVER-1000 reactors is ca. 300°C (573 K), whereas
the single-loop RBMK-1000 reactors have both high- and low-temperature regimes (Moskvin et
al. 1979); therefore, there also appears to be a correlation between the temperature in a portion of
the loop and the composition of the corrosion products deposited there.

This apparent correlation between deposit composition and the temperature-oxic conditions led
Moskvin et al. (1981) to propose a three-stage mechanism for the formation of the corrosion-
product deposits where

1. the first stage is dissolution of the iron metal or the iron oxide(s) into ionic forms, i.e.,
2 ) , Fe3+(aq), FcOH+(aq) etc.;

2. in the second stage, iron oxyhydroxides are formed during the hydrolysis of the ionic species;
and

3. in the final stage, deposits are formed by the thermal degradation (dehydration) of the
oxyhydroxides to a-F^O^s) and Y-

For two-loop reactors, the third stage takes place rapidly leaving no oxyhydroxides, whereas for
the cooler sections of the single-loop reactors, the rate of thermal degradation is slower and
deposits of y-FeOOH(s) form in these areas. Eventually, steady state is attained in the corrosion
processes, and the composition of the deposits in the nuclear power plant remains stable.

The mechanism presented by Moskvin et al. (1981) is particularly relevant to the distribution of
corrosion products in CANDU steam generator systems. These plants generally operate at
temperatures lower than either BWR or PWR reactors, and the operating temperatures in the
secondary loop range between 36°C and 180°C, where there is a likelihood of oxyhydroxides of
iron, such as y-FeOOH(s), being formed. Indeed, this was observed by Sawicki and Brett (1993)
when they examined the composition of deposits obtained at various points along the secondary
loop of the Darlington NGS during steady-state operation. Their results showed a considerable
fraction ofy-FeOOK(s), and a small fraction of goethite (a-FeOOHf^j) was obtained from areas
where there is moisture (two phase) separation and condensation, e.g., the piping that links the
moisture separator to the low-pressure turbines, the second stage heater drains and the
condensate extraction pump. These areas are generally cooler and more oxic than the steam
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generator; therefore, the presence of large fractions of iron oxyhydroxides is no surprise based on
the mechanism of Moskvin et al. However, given the diversity in the composition of the deposits
throughout the feedtrain, the view that some of these products are produced only in the cooler
areas and then transported along the feedtrain to warmer areas cannot be ruled out. This would
be possible if the rates for the transformation reactions for the conversion of these oxides were
much slower than the lifetime of the oxide in the circuit. This view also raises the question as to
whether Mossbauer spectroscopy of deposits provides an accurate description of the chemistry in
the area of the feedtrain where the deposit was collected. Rather than having formed there, it
may have simply been transported to that area.

This variation in the composition of the oxides deposited along the feedtrain will have an effect
on the total amount of iron transported to the steam generator. Deposits that contain Y-FeOOHfs)
and either Fe^O^s) or a-F^O^s) are metastable with respect to a mixture containing
well-crystallized a-F^Osfs) and Fe^O^s) (Taylor and Owen 1993), and the iron solubility will
differ from the more stable pair of solids. Similarly, an increase in the concentration of dissolved
oxygen can result in an increase in the corrosion potential of the feedtrain and hence an increase
in the concentration of iron entering the steam generator. In any of these instances, the solubility
depends on whether the Fe(II) or Fe(IH) species dominate. Clearly, the solution chemistry of iron
in a feedtrain is a metastable steady state at best, and an unpredictable transient at worst. If the
system were in thermodynamic equilibrium, only a-FesOafs) would be present in the presence of
5 ppb of dissolved oxygen; nevertheless, thermodynamic calculations provide some insight into
the chemistry of iron in metastable states on its way to forming a-

Defining, measuring and modeling the appropriate solution parameters, in particular the pH and
redox potential, is often difficult. For example, the redox potential of an oxygenated solution in
contact with a corrosion deposit containing Fe^O^s) and y-FeOOHfa) may be better described by
a mixed potential rather than an equilibrium model. In an equilibrium model, the solution
potential is determined by the equilibrium concentrations of Fe(Il)(aq) and Fe(JH)(aq) species,
which are controlled by the solubilities of the two solids. In a mixed potential model, the
corrosion potential would be a function of the dissolution-reaction rates, i.e., the potential when
the sum of the anodic currents equals the sum of the cathodic currents for the oxidation and
reduction reactions, respectively. In this way, the concentrations of iron that result because of the
kinetics for the various redox reactions during metastable transitions (intermediate states) can be
calculated.

3. THERMODYNAMIC DATABASE AND CHEMICAL EQUATIONS

Table 1 gives the Gibbs energy of formation (AfG°), entropy (S°) and heat capacity coefficients
(A, B and C) for the various metals, oxides and aqueous species used in these calculations.
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Unless otherwise indicated, the value was obtained from R.J. Lemire1, who conducted an
extensive literature search to obtain these values. The heat capacities (Cp) for these species were
calculated over the temperature range investigated using the formula Cp = A + B-T + C-T"2.
Whenever possible, experimentally determined thermodynamic values were used; however, some
entropy and heat capacity values were calculated using accepted methods such as the
Criss-Cobble Principle (Criss and Cobble 1964) or by using analogues.

3.1 CALCULATION OF TOTAL IRON CONCENTRATION

It was assumed that the solutions behaved ideally. The combination of chemical equations used
in the calculations varied with the experimental situation investigated. For the sake of
comparison, the solubility of Fe^O^s) in the presence of 1 bar (1 bar =100 kPa) of VL2(g) was
calculated, where the Fe2+(aq) and Fe3+(aq) concentrations were calculated using the following
equilibria:

1/3 F&3O4(s) + 1/3 H2(g) + 2 E+faq) <-> Fe2+(aq) + 4/3 H2O(7) (2)
1/3 Fe3O4(s) + 3 U+(aq) <-> Fe3+(aq) + 1/6 U2(g) + 4/3 R2O(l) (3)

For those calculations where the effect of another oxide (either a-Fe2O3(s) or Y-FeOOHfaJ) on
Fe3O4(,s) solubility was investigated, the Fe2+(aq) and Fe?+(aq) concentrations were given by

Fe3O4(s) + 2 Ft(aq) <-> Fe2+(aq) + Fe2O3(X) + H2O(l) (4)
1/2 Fe2O3(s) + 3 tf(aq) f-> F e 3 ^ ) + 3/2 n2O(l) (5)

where for y-FeOOH(s), the equivalent "Fe2O3 property" was calculated; for example,
AfG°(Fe2O3('5/)) = 2 AfG^Y-FeOOHfsJ) - AfG°(H2O(7,)). Here, Fe2O3(s) represents a hypothetical
anhydrous ferric oxide for which the Gibbs energy of hydration to Y-FeOOH(^ is zero. This
approach simplifies comparisons between different Fe(III) oxides and oxyhydroxides (Taylor and
Owen 1993).

For calculations involving Fe3O4(s) in the presence of O2, the following equations were used for
the Fe2+(aq) and Fe?+(aq) concentrations in place of the equivalent Reactions (2) and (3):

1/3 Ft3O4(s) + 2 H+(aq) <-> Fe2+(aq) + H2O(l) + 1/6 O^g) (6)
1/3 Fe3O4frJ + 3 H+(aq) +1/12 O2(g) <-> Fe3+(a^ + 3/2 H2OC/j (7)

and the corresponding equations for the ferric oxides are Equations (5) and (8):

1/2 Fe2O3fr) + 2 Y?(aq) <-> Fe2+fa^ + H2O(7) + 1/4 O2(g) (8)

1 CRL, personal communication, 1994.
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Again, in the case of y-FeOOHfs), the equivalent "Fe2C>3 property" was used. The hydrolysis
steps for the Fe2+(aq) and Fe?*(aq) ions are assumed to be common to all cases where

F&2+(aq) + HzO(l) <-» F e O H ^ j + Ft(aq) (9)
Fe2+(aq) + 2 H2O(7) «-» Fe(OH)2 + 2H+(aq) (10)
Fe2+fa^ + 3 H2O(7) <-> Fe(OHh'(aq) + 3H+(aq) (11)
Fc3+(aq) + H2O(I) O FeOH2+(a^ + H+(aq) (12)
Fe3+(aq) + 2 U2O(l) <-> Fe(OH)2

+fa^ + 2U+(aq) (13)
F^(aq) + 3 U2O(l) ̂  Fe(OHh(aq) + 3Y?(aq) (14)
Fe3+(aq) + 4 H2O(l) f-> Fc(OH)4'(aq) + AH+(aq) (15)

Gibbs energies for Reactions (2) to (15) at temperatures other than 298 K (ArG°x) were calculated
using the expression:

ArG°T = ArG°298 - ArS
0

298(T-298.15) - T 298 J
TArCp7TdT + 298 J

TArCp°dT (16)

where:
ArG°298 = EAfG°298(products) - SAfG°298(reactants) (17)
ArS°298 - SSc

298(products) - 2S°298(reactants) (18)
and

ArCP° = ECP°(products) - 2Cp°(reactants) (19)
- AA + AB-T + AC-T2 (20)

where the coefficients AA, AB and AC are the summed differences between the coefficients for
the products and the reactants. These Gibbs energies were then used to calculate equilibrium
constants (Keq) for Equations (2) to (15) where Keq = exp(-ArG°r /RT). The Keq values were then
used to calculate the equilibrium concentrations of the aqueous species.

3.2 CALCULATION OF pH IN THE PRESENCE OF AMINES

Because the present calculations were designed to examine how effective various amines are at
buffering the feedtrain solution and their impact on the soluble iron concentration, only
single-phase solutions were considered; that is, no steam was present. Under such conditions,
the partitioning of the amine between the gas and liquid phases can be ignored, and the pH of the
solution is calculated by considering only the temperature dependence of the ionization constants
for water (Kw) and the conjugate acid of the amine (Ka).

The temperature dependence of Kw is given by the expression (Olofsson and Olofsson 1981):

800 18
pKw(T) - - 204.520 + - 0.066246T + 5.48822 ln(T-197.15) (21)
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where T is the temperature in Kelvin. High-temperature dissociation equilibrium data were
found for the conjugate acids of the following bases: (1) ammonia (NH3) (Hitch and Mesmer
1976), (2) morpholine (MPH) (Mesmer and Hitch 1977), (3) piperidine (PIP) (Wetton and Lewis
1986), (4) ethanolamine (ETA) (Datta and Grzybowski 1962), 5) cyclohexylamine (CYC)
(Mesmer and Hitch 1977) and 6) 2-amino-2-methyl-propanol (AMP) (Wetton and Lewis 1986).

For each base, the expression

pKa(T) = a-T"1 + b + c-log T (22)

was fit to the data and the coefficients a, b and c were obtained. The parameters a, b and c for
each base are given in Table 2. The base dissociation constant (Kb) is then given by
PKb(T) = pKw(T)-pKa(T).

Under the assumptions made above, the feedtrain can be treated as a solution containing j weak
bases and the hydrogen ion concentration ([H+]) or pH is obtained by solving the following
expression (Wetton and Lewis 1986)

+ ± Kb|(T)Ci[H+]. MD. + ± Kb|(T)Ci[H] _
[H+] t ? K w + Kb,(T)[H+]

where Ci is the concentration of base i. A similar approach has been used by Wetton et al. for
two-phase systems, (Wetton and Lewis 1986, Lewis and Wetton 1988) except amine partitioning
between the water and steam was also considered in their calculations. Using the pH calculated
from Equation (23) and Equations (2) to (20), the variation in total iron concentration with
temperature was calculated.

3.3 OXYGEN PARTIAL PRESSURE CALCULATIONS

Equations (6) to (8) describe the dissolution of iron oxides in the presence of oxygen. To
calculate the F&2+(aq) and Feu(ag) concentrations, Henry's law was used to calculate the
equilibrium partial pressure for the dissolved oxygen at the given temperature. The temperature
dependence of the Henry's law constant (H) was calculated using the generalized expression
given by Himmelblau (1960)

logH* = 1.142 - 2.846(—) + 2.486(-^-)2 - 0.9761(—)3 + 0.2001(—)4 (24)
T T T T

where H* and (1/T*) are reduced parameters given by
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TT* _ •"•max ( 2 5 )

1 V T& - -f—v (26)
T <—> - ( 7 )

Hmax is the maximum value for a plot of H (atm/mole fraction where 1 atm =101.325 kPa)
versus 1/T and Tmax is the temperature where Hmax occurs; Tc is the critical temperature of water
(647 K). For oxygen, the values for Hmax and Tmax are 70800 and 366 K, respectively.

4. RESULTS

4.1 DEPENDENCE OF IRON SOLUBILITY ON PHASE COMPOSITION

Given that there are three major iron oxide phases observed in CANDU feedtrains, the redox
couples of interest are (1) Fe3O4(s)+H2(g), (2) Fe3O4^/)+Y-FeOOHf5J, (3) Fe3O4(rsj+a-Fe2O3C5J
and (4) Fe3O4(s)+O2(aq). These redox pairs represent the conditions most likely to affect the
soluble iron content in the feedtrain. Although provided primarily for comparison, the behaviour
of the Fe3O4(s)+H.2(g) couple also represents the solubility behaviour of magnetite under
reducing conditions, e.g., in the post-deaerator region after N2H4 is added. Rmus and Brett
(1992) report dissolved oxygen levels of 20.6 ppb in the feedwater; however, this level fell to
<0.6 ppb at the high pressure heater outlet (HPHO) following the addition of 25 to 30 ppb of
hydrazine. The other couples could represent iron solubility values in areas of the feedtrain
where these oxides dominate in the presence of oxygen.

Figure 2 shows the temperature and pH dependence of the logarithm of the calculated total iron
concentration (log[Fe]) when magnetite is in equilibrium with 105 Pa (1 bar) of fyfg) as well as
the aqueous-phase speciation for iron as a function of pH at 300 and 450 K. The pH is the pH at
that temperature (pH(T)). At the low temperatures near the operating pH(T) of the feedtrain
(-9.3 at 35°C), the Ft2*(aq) and FtOYt(aq) species dominate. However, at the higher
temperatures, the neutral species Fe(OH)2(aq) and Fe(OH)3(aq) become important. Under
extremely basic conditions, the anionic hydrolysis species such Fe(OH)s (aq) and Fe(QH)4~(aq)
dominate. At both high temperatures and high pH(T) values, these anionic species dominate and
the solubility increases. This variation in speciation with temperature and pH(T) is the reason
why the minimum solubility for iron shifts to lower pH(T) values with increasing temperature.
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The pH(T) range where the neutral species Fe(0H)2(aq) and Fe(OYS)i(aq) dominate shifts to
lower pH(T) values with increasing temperature; therefore, the solubility minimum shifts also.

Figure 3 shows the temperature-dependent solubility and iron speciation (300 and 450 K) as a
function of pH(T) for the FesO^sJ+a-FeaOsfa,) couple. The chemistry of this couple is
dominated by the Fe(II) species, Fe2+(aq) and F&Olt (aq) at low pH(T), whereas at the high
pH(T), the chemistry is dominated by the Fe(III) species, Fe(OB)j(aq) and Fe(OH)4~(aq).
Relative to the Fe3O4s)+H2(g) couple, this system contains little or no contribution from
Fe(OH)2(aq) species, and at pH(T) values relevant to steam generators, the chemistry is almost
totally dominated by the Fe(OH)3(aq) and Fe(OH)4~(aq) species. This is particularly true at high
temperatures. The dominant species in the pH(T) range 7 to 9 is Fe(OH)3(aq), which leads to a
decrease in solubility of iron relative to the FesO^+Ekfg,) couple. This is shown in Figure 3,
where the total iron solubility is plotted against temperature and pH(T) for the

couple.

Figure 4 shows the pH(T) and temperature dependence of the iron speciation and solubility for
the Fe3O4f5'y)+Y-FeOOHf5/) couple. The chemistry of this couple is dominated by the
Fe(OH)2+(aq), Fe(OH)3(aq) and FQ(OH)4~ (aq) species. For this couple, the dominance of the
Fe(OH)3(aq) species over a broader pH(T) range (relative to the other couples) results in a wide
range of temperature and pH(T) values where the solubility of iron is insensitive to these
parameters. The absence of any Fe(II) species in the pH(T) range 7 to 14 also contributes to the
decrease in curvature of the solubility surface, and the solubility minimum at a given temperature
is ten times higher than for the FesC^fsJ+Ha couple.

4.2 IRON OXIDE SOLUBILITIES IN THE PRESENCE OF O?(s)

In aerated water, the corrosion potential for carbon steel, and hence the steady-state concentration
of iron, is most strongly affected by the partial pressure of oxygen in the system. The operating
levels of oxygen in a steam generator feedtrain (ca. 5 ppb) corresponds to a partial pressure of
ca. 13.5 Pa of Oz(g) at 25°C, which makes a-F^O^ls) the stable iron oxide phase throughout the
alkaline pH range . Therefore, the presence of other iron oxides indicates the chemistry of the
feedtrain solution is metastable, and the concentration of iron is better described as being in a
steady state, rather than in equilibrium, with the corrosion products. However, equilibrium
solubility calculations for the various oxides in the presence of oxygen provides some
information about their relative stabilities within the feedtrain.

Figure 5 shows the effect of redox conditions (partial pressure of oxygen) on the solubility of
a-F&zO^is), y-FeOOHfs,) and Fe^O^s), as a function of temperature and pH(T). Values were
calculated under oxidizing (5 ppb of Oi(aq)) and reducing (log(Po2) = -70) conditions. As
expected, FQ^O^S) has a higher solubility under oxidizing conditions, and the ferric oxides are
more soluble under reducing conditions. This is particularly true for the ferric oxides at high
temperatures and for Fe3O4(s) at low temperatures.
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The equilibrium potential (E(T)) for the dissolution of iron oxides in the presence of oxygen is
determined by the pH(T) and partial pressure of O2(g) (P02) (Taylor and Owen 1993):

2.303RT
E(T)= E°(T) + [log(Po2)-4pH] (27)

nF

where E°(T) is the potential at temperature T for a solution having pH(T) = 0 and P02- 105 kPa
(1.00 bar), R is the gas constant, F is the Faraday constant, and n is the number of electrons
transferred (n = 4). At 298.15 K this value is 1.229 V relative to the standard hydrogen electrode
(S.H.E.). Calculation of E(T) at temperatures other than 298.15 requires values of E°(T) for the
O2(g)/H+(aq) electrode at that temperature. Using the reactions

4z -^ 2H2O(X> &EG(O2(g)/¥?(aq)) (28)
H2(g) -*

the Gibbs energy of formation for water (AfGo(H2O(7))) at any temperature can be written as

AfG°(H2O(7J,T) = V2[teG(O2(g)lrf(aq), T)] + AEG(Ji2(g)/H"(aq), T) (29)

Two conventions exist for defining the Gibbs energy of formation for elements (and Yt(aq)) at
temperatures other than 298.15 K, and the commonly accepted convention is AfG° = 0 for all
elements at all temperatures (Chase 1987). Therefore, using this convention, we can write

E°(T) » E(O2(g)/n+(aq), T) = 2AfG°(H2O(//>,T)/nF (30)

This value can be used in Equation (27) to calculate the potential of the feedwater, assuming that
the dissolved oxygen concentration is determining the potential of the system.

Figure 6 shows the predicted solubility for the three iron oxides as a function of the partial
pressure of oxygen (represented as the potential E(T), Equation (27)). For these calculations, the
feedtrain was assumed to be buffered with morpholine to a pH of 9.8 at 25°C. These plots can be
used to assess the solubility behaviour of the three oxides as they move along the feedtrain. The
solubility of iron was calculated for three representative points along the secondary side based on
varying amounts of dissolved oxygen: (1) the condensate extraction pump when the feedwater
has 5 ppb of O2(aq) (CEP, E(T)= 0.563 V, T= 35°C); (2) the deaerator after 90% of the oxygen
has been removed either by consumption through corrosion, sparging or both of the feedwater
(DEA, E(T)=0.354 V, T=130°C); and (3) the high-pressure heater outlets under reducing
conditions that are due to the addition of hydrazine (HPH, E(T) = -1.263 V, T=200°C). If it is
assumed that the dissolved oxygen undergoes a decreasing concentration gradient between the
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CEP and the HPH, extending over the potential range 0.563 V to -1.263 V (cf. above), the
solubility gradient for each of the oxides is given by the direction of the arrows in Figure 6. For
the two ferric oxides, the solubility gradient is always positive; that is, the solubility for these
oxides goes up as the feedtrain solution proceeds from the CEP through the DEA to the HPH.
This would indicate that, for these two oxides, precipitation is unlikely to occur. However, for
F^O^s), the solubility gradient is negative from the CEP to the DEA and then positive from the
DEA to the CEP. Therefore, if precipitation is rapid and dissolution slow, Fe^O^s) could
precipitate between the CEP and DEA and then be subsequently transported to the boiler as
colloidal or particulate iron. However, it is worth mentioning that of the three oxides, a-Fc2O3(s)
has the lowest solubility over the range of conditions expected in the feedtrain; therefore, this
oxide is also easily precipitated.

The potential defined by Equation (27) is the equilibrium potential for the dissolution of the
oxide in the presence of oxygen. Therefore, a plot of the logarithm of the partial pressure of
oxygen (expressed as E(T)) versus pH(T)) is similar to a Pourbaix or electrochemical stability
diagram for the oxides in equilibrium with a fixed concentration of soluble iron under ideal
conditions. Figure 7 shows these solubility isotherms (1 ppb total iron) for FesO^s), a-Fe2Oj(s)
and y-FeOOH(s) at 300, 350, 400 and 450 K. The lower bound of the y-axis is close to the
stability boundary for H2O with U2(g) at 25°C. Both Fe3O4(s) and a-Fe2Os(s) have solubilities
below 1 ppb over broad ranges of pH(T) and E(T) values (including metastable situations for
each phase). The E(T) value where two isotherms intersect corresponds to the equilibrium
between the two solids and the soluble iron. At E(T) values above these points, FQSO^S) will be
metastable with respect to the ferric oxide and below these values the converse will be true.
Under any conditions, y-FeOOHfa,) is metastable with respect to a-Fe2O3(s), and has solubilities
<1 ppb only over a narrow region. The region defined by the intersection of these curves
represents the range of E(T) and pH(T) values where all three oxides have solubilities <1 ppb.

Raising the temperature from 300 K to 350 K causes a shift in the regions of stability for all three
oxides. These regions for both Fe3O4(j) and Y-FeOOHfs) are significantly reduced and, as a
result, these solids are stable over a narrower range of pH(T) and E(T) values at the higher
temperature. Increasing the temperature to 400 K and 450 K causes a further narrowing of the
stability ranges for the oxides such that the overlap region between the oxides has diminished
significantly. It also appears that, compared with a-FfyOifs), the stability range for Fe^O^s)
decreases to a greater extent with an increase in temperature. At 350 K, the range of E(T) values
where FQ^O^S) is stable in the presence of 1 ppb of soluble iron extends from 0.20 V to -0.75 V,
whereas at 450 K, the range narrows to the limits -0.12 V and -0.72 V; however, a-Fe^O^s) is
stable for E(T) values upward of -0.62 V for both temperatures. Therefore, the E(T) range where
F&sO^s) can remain in equilibrium with 1 ppb of dissolved iron is reduced considerably upon
going from 350 to 450 K, whereas for a-Fe2O3(s) over the same temperature change, the E(T)
range is relatively unaffected. This result suggests that the dissolution of FesOrfs) by O2(g) in a
flow-accelerated corrosion model (FAC) may be more strongly affected by temperature.
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4.3 AMINE BUFFERING OF THE FEEDTRAIN

Figure 8 shows the reduction in the calculated solubility of iron that is due to pH buffering,
represented by the ratio of the iron concentrations in an unbuffered ([Fe]w) and buffered
feedtrain solution, as a function of temperature for the metastable condition of FezO4(s)+5 ppb
dissolved oxygen in the presence of different amine buffers. This ratio represents the iron
concentration reduction factor that is due to amine buffering of the feedwater. Similar curves can
be drawn for a-Fe2O3('j'j+5 ppb dissolved oxygen or Y-FeOOH(s)+5 ppb dissolved oxygen. The
curves in Figure 8 show that the solubility of iron is reduced significantly because of the
presence of amines; however, this reduction occurs only at low temperatures; the curves drop off
rapidly and there is little reduction in the soluble iron concentration because of pH buffering; that
is, the ratio drops to one, at temperatures >130°C.

Figure 9 shows the dependence of the solubility of iron on temperature and amine buffer for the
three iron oxides in the presence of 5 ppb dissolved oxygen. For a-Fe2O3(s) and y-FcOCM(s),
only the curves for PIP and MPH are shown, as these bases have the largest and smallest pKbS,
respectively, for the bases studied here. The P02 was calculated using the Henry's law constant
for a given temperature (Equation 24) and assuming that the concentration of dissolved oxygen
along the feedtrain remained constant. Calculations were made for feedtrain solutions containing
700 ppb of NH3 (ca. 40 |uM) and the molar equivalent of 15.5 ppm of MPH for the other amines
(ca. 20 mM). Ammonia was included in these calculations as some nuclear plants continue to
use ammonia in their feedtrain chemistries (Brett et al. 1992), and it can be produced through the
catalyzed decomposition of hydrazine in the presence of metal oxide surfaces (Moliner and
Street 1989). These concentrations are roughly those used during a study of the impact of high
and low morpholine concentrations on corrosion-product transport in Bruce A NGS (Brett et al.
1992).

Of the amines used in the calculations, only AMP and ETA showed any significant lowering of
the dissolved iron concentration, and this was only for Fe^O^s) which undergoes a solubility
minimum at ca. 85°C under these conditions. This dependence of iron solubility on temperature
is due to the variation in iron speciation with temperature (Figure 10). At low temperatures over
the pH(T) range 7 to 9, the neutral and charged species are present in varying amounts; therefore,
small changes in pH(T) with temperature can affect the relative ratios of the species and, hence,
the solubility. However, at higher temperatures, the neutral species, Fe(OH)3(a<?j, is dominant
and the solubility depends only on the concentration of this species that is pH independent.

In the presence of 5 ppb of dissolved oxygen, the solubility of Fe3O4(.s) is at least 10 times higher
than those for other two oxides, although it should be kept in mind that these calculations are for
a metastable condition. The higher solubility for Fe^O^s) compared with the other two oxides
arises from the higher concentrations of the charged species Fe(OH)2+(aq) and Fe(OHV, making
the total iron concentration in equilibrium with Fe^O^s) more sensitive to the small pH changes
associated with the varying pKb's of the different buffers. As a consequence, the amount of iron



-13-

dissolved from F^O^s) + 5 ppb dissolved oxygen decreases over the temperature range 30°C to
50°C and then increases at higher temperatures (Figure 9). The "apparent" minimal effect of
amine buffer on the dissolved iron concentration for y-FeOOH^j and a-Fe2O3('5/) is due to the
low solubility of these solids in the pH(T) range of 7 to 9 in the presence of 5 ppb of dissolved
oxygen; that is, these solids are thermodynamically more stable relative to F^O^s) in the
presence of 5 ppb of O2(aq). As a consequence, even though the pH is varying with buffer, there
is little increase in the solubility of the oxide relative to the change in pH and, hence, little
"apparent" effect. The increase in temperature along the feedtrain has a greater effect than the
change in pH, thereby dominating the solubility behaviour.

The dominance of the neutral species at higher temperatures also explains why for all three
oxides at the higher temperatures, the solubility of iron was found to be independent of the
choice of buffer; that is, the curves converged. The variation in the aqueous-phase speciation
with pH(T) was the same for all three solids at 30 and 180°C. At 30°C, the feedtrain pH(T) is ca.
9.4; therefore, the three aqueous ferric species are present in nearly equal proportions and the
solubility varies as the dominant form changes with the shifting pH(T) associated with the
different buffers. At higher temperatures, the dominant species in the feedtrain over the pH(T)
range 7 to 9 is Fe(OH)3(aq).2 As a result, the solubility varies only slightly with the choice of
buffer as the concentration of Fe(OH)3(aq) is pH independent.

5. DISCUSSION AND CONCLUSIONS

The results from these calculations indicate several features about the solubility behaviour of iron
oxide deposits as a function of deposit composition, Ozfg) partial pressure, amine buffer,
temperature and pH:

1. Of the three oxides found in CANDU NGS steam generator deposits, magnetite and
lepidocrocite are the most soluble under oxidizing and reducing conditions, respectively.
Therefore, under moderately reducing conditions (at E(T) values below the equilibrium
potential for the two solids), lepidocrocite is most likely to control the concentration of
soluble iron going into a steam generator from the feedtrain. Under more oxic conditions,
FQ3O4(S) may be the major contributor.

2. The aqueous speciation is quite variable; therefore special consideration should be given to
the temperature and deposit composition when choosing an operating pH. If the system
were at equilibrium, the pH of the feedtrain water at the entrance to the steam generator
should be adjusted to a minimum in the Fe3O4(s)+a-Fe2O$(s) solubility curve as this would

This may also be related to the estimate used for the AfG° for Fe(OH)3(a#), which is an
upper limit (Tremaine and LeBlanc 1980).
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be the thermodynamically favoured situation. However, at high temperatures in the
presence of 5 ppb of dissolved oxygen, the aqueous-phase speciation of iron is dominated
by the Fe(OH)3(aq) in the pH(T) range 7 to 9 for all three oxides; therefore, the choice of
buffer has little impact on the concentration of soluble iron entering the steam generator.
This could change if the solution became significantly reducing, e.g., with addition of
hydrazine. Such a change would increase the solubility of the Fe(IH) oxides by chemically
reducing the Fe(OH)3(a^ to the more soluble Fe(II) aqueous species. This would increase
the amount of soluble iron entering the steam generator from the feedtrain or possibly
enhance the amount of flow-assisted corrosion on the feeder pipes at the entrance to the
steam generator.

3. The presence of oxides other than a-FfyOsfs) indicates that the system is metastable as only
a-F&iOifs) and perhaps Fe^O^s) (if hydrazine is used) should exist at the operating
temperatures and dissolved oxygen concentrations. However, the ease of precipitation of
Y-FeOOHfa) and its slow rate of alteration to hematite or goethite at low temperatures may
allow it to persists as a metastable corrosion product. This also suggests that it is unlikely
that y-FeOOH(s) is formed in the high-temperature regions of the feedtrain, and it is more
likely that it is transported to these regions from other areas where it is more stable.

4. Of the three oxides, the solubility behaviour of F&3O4(s) is most affected by the choice of
amine buffer; however, this is only a slight effect when compared to the corrosion potential,
dissolved oxygen concentration or the temperature.

5. Based on the solubility calculations for the metastable state of oxygen in equilibrium with
magnetite, it appears that amines may be effective at mitigating magnetite dissolution in the
feedtrain, but only in the "cold leg" between the condenser and the low-pressure heaters.
Again, these changes are small compared to the effect of corrosion potential and
temperature. However, partitioning and distribution of the amine though the
secondary-side circuit was not taken into consideration; therefore, this conclusion only
applies to feedtrain buffering. If amines are found to enhance the solubility of oxides in
either the feedtrain or the boiler, it may be due to the formation of a stable complex or
differences in liquid-vapour partitioning or both.

6. It appears that the best approach to controlling soluble iron concentration entering the
steam generator may be in controlling the iron oxide phases present. For example,
a-FfyOifs) has a very low solubility and a much smaller dissolution rate than the other two
oxides in the presence of 5 ppb of dissolved oxygen. This approach is this basis of the
Oxygenated Treatment used to protect the boilers in thermal and some nuclear power plants
(Effertz et al. 1983, Anan'ev and Kruzhilin 1981,1982. This approach would translate into
less soluble iron entering the feedtrain. However, it is recognized that controlling the
chemical conditions within the feedtrain to achieve this may not be possible and that most
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of the iron entering the boiler is filterable, i.e., particulate (Sawicki and Brett 1993, Ho and
Brett 1992).

A better approach may be to understand how the solubility/precipitation behaviour of the
different iron oxides is affected by the feedtrain parameters (pH, redox conditions, temperature,
etc.). This is best explained through the aqueous-phase speciation of iron. At low pH, where the
Fe(II) species dominate, the total iron solubility is lower for the Fe3O4s)+d-Fe2Oi(s) couple than
for the Fe3O4(s)+H.2(g) couple. However, at high pH and above the solubility minimum, the
Fe(III) species dominate and the total iron solubility is higher for the Fe3O4(sJ+a-Fe2O3(s,)
couple. With the FesO^sJ+y-FeOOHCs) couple, this trend is more pronounced, as the equilibrium
constant for Equation (5) is considerably higher for y-FeOOH(s) than for a-Fe2Os(s). It should
be noted that the value of AfG° for Y-FeOOHfs) that we have used here represents the high end of
the range of reported values.3 Therefore, the solubility of iron is enhanced in the presence of
y-FeOOH(s), mainly because of its thermodynamic instability and the domination of its
solubility by Fe(OH)4~ (aq). A similar behaviour has also been observed for boehmite
(y-AlOOH) solubility and aqueous aluminium speciation at high temperatures (Apps and Neil
1990, Castet et al. 1993). Therefore, special consideration should be given to pH control when
two or more iron oxides are present in the deposits, especially at high temperatures where the
anionic species enhance the solubility. The present calculations support the view that the
processes that lead to the interconversion of these oxides must be understood. The combination
of phases in the feedtrain, FesCUfaJ+cc-FeaOsfaj+Y-FeOOHfs,), is a metastable assemblage.
Therefore, an understanding of the formation and interconversion mechanisms for these oxides
may help in refining secondary-side chemistry control to minimize the soluble iron passed to the
steam generator.

Figure 11 shows a plot of iron solubility (ppb of Fe) versus temperature for three equilibria,
representative of the varying chemical conditions in the BOP: (1) Fe^O^s) + 5 ppb of Oiiaq),
(2) y-FeOOK(s) + F^OA(s) (or Y-FeOOHfa)) in the presence of 5 ppb of O2(aq)) and (3) Fe3O4(s)
+ H2. The first situation represents the amount of dissolved iron released under strongly
oxidizing conditions, and the second and third examples represent equilibria under mildly
oxidizing and strongly reducing conditions, respectively. The curve for the equilibrium of
F&^O^s) in the presence of 5 ppb of O2(aq) suggests that magnetite can release up to ten times
more soluble iron (right-hand scale of Figure 11) than is formed under the other two conditions;
this is a metastable condition and leads to the precipitation of Y-FeOOHCs) or a-Fe2Oz(s). This
does point out, however, that the dissolution of magnetite can be driven by the difference in
solubility for the different iron oxides in the presence of oxygen. This figure also suggests a
similar problem may exist at the higher temperatures (> 185°C). The addition of hydrazine,

For internal consistency, the AfG° = -476.9 kJ • mole"1 for y-FeOOHfa) given here is based
on the Ksp rather the AfG° reported in Hashimoto and Misawa (1973).
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which scavenges the dissolved C>2(aq), makes the solution conditions reducing. The solubility of
magnetite under reducing conditions (dashed line) may exceed the solubility of lepidocrocite
under oxidizing conditions (solid line) at temperatures >185°C. Therefore, a sudden shift in
redox conditions by adding hydrazine may cause the soluble iron concentration to exceed the
solubility of Fe3O4(s) and force it to precipitate out. These results would suggest that a number
of processes are contributing to CPT to the boiler; therefore, it is unlikely that a "magic bullet"
solution will involve a single reagent and will more likely involve a coordinated delivery of
various reagents that take advantage of the diverse conditions along the BOP.
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TABLE1

THERMODYNAMIC DATABASE USED IN THE IRON SOLUBILITY CALCULATIONS

Substance

a-Fe2O3(s)

y-FeOOHfs)

Fc2+(aq)

F^(aq)

FeOH+faq)

FeOR2+(aq)

Fe(OH)+
2(aq)

Fc(OK)2(aq)

Fe(OHh(aq)

Fe(OJlh(aq)

Fe(OH)i(aq)

U2(8)

O2(g)

WXD
OR'(aq)

AfG°

kJ-mole1

-742.2

-1015.4

-476.9

-91.2

-16.9

-268.5

-242.78

-464.72

-440.6

-605.1

-660e

-842

-

-

-237.18

-157.28

S°

J-mole-'-K"1

87.4

146.4

101.1"

-107

-279

-94.6

-105

-33.9C

29

29.9

75

24.5

130.68

205.14

69.91

-10.80

C p - A + B-T + C-T2

J-mol'-K"1

A

98.282

91.55

53.995

63

-122

162

-52

18"

135

171

185

254

27.28

29.957

75.291

2236.3

B

0.077822

0.2017

0.08661

-

-

-

-

-

-

-

-

0.003264

0.00418

-

-4.426

C

-1485300

-

-1257292"

-

-

-

-

-

-

-

-

50200

-167000

-

-95400000

Calculated using the AjG° derived from Hashimoto and Misawa (1979) solubility data and the
AfH° - -(536±1O) kJ-mole'1 for FeOOH given by Maijs and Vevere (1979).

The heat capacity equation for boehmite given by Caset et al. (1993).
0 Estimated assuming a linear relationship between the S° values for Fe3+(aq), FeOH2+(a^ and Fe(OB.)i(aq) and the
number of OH' ligands in the species.

Calculated using the Criss-Cobble principle.
e This is an upper limit value.
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TABLE 2

VALUES FOR THE COEFFICIENTS USED IN EOUATION T22) TO DESCRIBE THE
TEMPERATURE DEPENDENCE OF THE pK, FOR THE VARIOUS AMINES

Base

NH3

MPH

PIP

ETA

CYC

AMP

a/K

1683.5

779.885

1733.25

2309.66

2507.17

2705.75

b

21.2178

28.1509

25.207

2.9209

13.024

3.175

c

-7.11587

-8.99790

-8.04100

-0.0039152

-4.3720

-1.033



1

r
Steam \

Generator Reheater
Drains
Pump

High Pressure
Turbine

Reheater Drains

To Primary
Side

Boiler Feed
Pump

High Pressure
Heater

Deaerator
Storage
Tank

Low Pressure
Turbines

to

V Condenser
Well 7

Condensate
Extraction Pump

Drains Cooler
Deaerator Low Pressure

Heater

FIGURE 1. Schematic of the secondary side of a typical CANDU NGS
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FIGURE 2. Iron solubility and speciation as a function of pH and temperature for the couple
Fe3O4+H2(g)



-24-

NEUTRAL pH NEUTRAL pH

Fa
FeOH*
FefOH.a

0 0000 FefOH)J
FeCOHja
Fe(OH);

(300 K) (450 K)

<o

o

1 2
7777////////

FIGURE 3. Iron solubility and speciation as a function of pH and temperature for the couple
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FIGURE 4. Iron solubility and speciation as a function of pH and temperature for the couple
Fe3O4+y-FeOOH
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FIGURE 5. The effect of redox conditions on the solubility of iron for the three iron oxides
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FIGURE 6. Predicted solubility of iron as a function of potential for (a) Fe3O4, (b) -y-FeOOH and
(c) ct-Fe2O3 at different points along the feedtrain
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FIGURE 7. Solubility isotherms for the three iron oxides in equilibrium with 1 ppb of iron at
(a) 300, (b) 350 K, (c) 400 K and (d) 450 K
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FIGURE 8. Reduction factors for the calculated solubility of iron that is due to pH buffering by amines as a function of temperature
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FIGURE 9. Plot of the calculated iron solubility for the three iron oxides in the presence of 5 ppb
of dissolved oxygen versus temperature in the presence of various amines
(a) a-Fe2O3, (b) y-FeOOH and (c) Fe3O4
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FIGURE 10. Aqueous phase speciation for the three oxides in the presence of 5 ppb of dissolved
oxygen at (a) 300 K and (b) 450 K
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FIGURE 11. Plot of the calculated solubility of iron versus temperature for three representative
feedtrain conditions
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