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Abstract

A comprehensive database of boron and lithium aqueous thermochemistry has been developed for use at
elevated temperatures. The Helgeson-Kirkham-Flowers (HKF) formalism provides a framework to describe
thermodynamic properties over a broad range of temperatures and pressures. Accuracy at high temperatures
is vital to modeling nickel oxide and ferrite fuel deposits that occur in pressurized water nuclear reactors
(PWRs). CALPHAD (CALculation of PHAse Diagrams) calculations are performed at PWR crud conditions
to predict the stability regions of the solid lithium metaborate (LiBO,) and lithium tetraborate (Li,B,0,)
precipitates. In addition, similar calculations are performed using sodium and potassium instead of lithium
in order to assess the thermodynamics associated with preventing the formation of such precipitates. This
database contributes to understanding of crud formation and composition and will aid in the prediction of
phenomena such as Crud-Induced Power Shifts (CIPS).

Keywords: Aqueous, boric acid, crud, Helgeson-Kirkham-Flowers, Pitzer, CALPHAD

1. Introduction

Boric acid (B(OH),) is the principal additive in pressurized water nuclear reactor (PWR) primary loop
coolant to control reactivity through neutron adsorption [[1]. Reactor operators add lithium hydroxide (LiOH)
to control the pH, with a typical target value of roughly 7.0 depending on the reactor, which is alkaline at

s reactor coolant temperatures [2]. These additives are often trapped within porous corrosion deposits known as

"crud" which form along the upper spans of fuel cladding surfaces where the temperatures are the hottest and
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localized boiling conditions are experienced [1]. When concentrations of these species become elevated due
to trapping in crud, lithium borate solids are suspected to precipitate [1 3], which due to the high neutron
absorption cross sections of lithium and boron produce local neutron flux and power suppression. Boron
trapping within the core leads to undesirable local depression and fluctuation of the reactor fission power,
referred to as crud-Induced Power Shifts (CIPS), or Axial-Offset Anomaly (AOA) [1}13]. Knowledge of PWR
primary loop aqueous boric acid thermochemistry is largely based on potentiometic titration data performed
at temperatures between 50 and 290 °C [4} 3]]; however, temperatures in crud that sustains internal boiling
reach the saturation temperature of 345 °C. The Helgeson-Kirkham-Flowers (HKF) model [6, 7] provides an
extrapolation strategy appropriate up to 350 °C to predict the thermochemistry under PWR crud conditions.
A comprehensive database of boric acid chemistry is developed using the HKF framework, allowing for
CALPHAD (CALculation of PHAse Diagrams) [8, [9] calculations at PWR crud conditions to predict the
stability of the solid precipitates likely to contribute to AOA.

It is possible that the local concentrations in the crud exceed the ionic strength limits of the Pitzer model.
While the Pitzer model performs well for lower ionic strengths and provides adequate extrapolation for this
work, the MSA model employed by Wang et al. [10, [11] can span greater concentrations past the precip-
itation thresholds reported here, however, does not incorporate the most recent experimental Raman and

conductivity data at temperatures above 250 °C [12,[13} 114} 15,16} [17].

2. Background

2.1. Helgeson-Kirkham-Flowers (HKF) Formalism

The Helgeson-Kirkham-Flowers (HKF) model provides a basis to predict thermodynamic properties of
aqueous solutions at a broad range of temperatures and pressures. The complete revised Helgeson-Kirkham-
Flowers (HKF) formalism [6} [7] gives the standard partial molar thermodynamic properties (hypothetical
1 mol/kg standard state) such as Gibbs energy of formation, entropy, heat capacity, and volume for indi-
vidual aqueous species at elevated temperature and pressure. It combines non-electrostatic and electrostatic
contributions. The non-electrostatic contribution considers hydrogen bonding effects important at low tem-
peratures. The electrostatic contribution uses the Born equation to consider long-range ion-solvent polariza-
tion important at high temperatures [6, [7].

Important for equilibrium calculations, the apparent partial molar Gibbs energy of formation is expressed
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where T is temperature in Kelvin. P is pressure in bars. P. = 1 bar is the reference pressure. T, =
298.15 K (25 °C) is the reference temperature. ¥ = 2600 bar is the solvent pressure parameter. ® =
228 K (—45.15 °C) is the solvent temperature parameter. There are nine parameters that are unique to each
individual species. A fG;r,Tr and S;’pTr(T —T,) are the Gibbs energy of formation and entropy respectively
at the reference temperature and pressure. The parameters a;,a,, a3, and a, are integration constants for vol-

ume, and ¢; and c, are integration constants for heat capacity. w is the Born coefficient. ¢ is the dielectric

dlne
oT

from the HKF model is not calculated using this exact expression, but instead using the standard formation

constant of water, and Y = % < ) . In order to be consistent across data sources, the Gibbs function
P

enthalpy and entropy, A H° - §°, as is done throughout this work for all data sources.

2.2. Pitzer Equations

Given the HKF model calculates individual species standard Gibbs energy of formation, the Pitzer equa-
tions calculate the excess Gibbs energy of an aqueous solution due to nonideality. The Pitzer equations
account for the electrostatic interactions between ions and the solvent [18]. In these equations, the Debye-
Hiickel expression accounts for interactions of ions dissolved in water in the limit of infinite dissolution [[19],
and a virial expansion accounts for short-range interactions between the dissolved species at higher concen-
trations. By considering only the interactions between cations and anions to be significant, the excess Gibbs
energy for mixed electrolytes simplifies. Terms describing interactions of like-charged ions and of neutral

solutes are omitted. A thorough description of the Pitzer equations is described by Pitzer [18]. The excess



Gibbs energy due to ionic interaction is given by,
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The Debye-Huckel parameter is given by,
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where N, is Avogadro’s number, p,, is the density of water, e is the electronic charge, k is the Boltzmann’s

constant, and e is the dielectric constant. The constant b = 1.2 (kg mol~!)!/2. The following equations give

the parameters for a cation M and an anion X:

Burx = By + By (a 1'7) + B0 g (ay1'V?), 8
g(x)=2[1—1(1 +x)exp{—x}1/x?, ©6)
co
C = 7
MX = S (N

If one or both of the ions are singularly charged, @; = 2.0 (kg mol~!)!/2 and &, = 0 (kg mol=!)!/2, eliminating

the need for ﬁﬁ[) «- The following equations give the activity coefficients for mixed electrolytes:

Inyy =25 F+ ) mQ2Byrg+ ZCp )+ 2y Y, Y mem,Cep (8)

a c Z
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B;WX = I:‘Bg\}[)xg, (alll/z) +ﬁ§‘3)xg’ (0211/2>:| /I, (12)
g (%) ==2[1—(1 +x+x2/2)exp(—x)]/x2, (13)
Z = Zmilzil. (14)

2.3. Specific Ion Theory (SIT) Equations

Specific Ion Theory (SIT) is another way to account for the short-range interactions in concentrated
solutions [[19, 20]. Like the Pitzer equations, SIT is an extension of Debye-Hiickel theory. The activity

coefficient y; for a species i with charge z; is given by,
Iny, =227+ ) e(i,kymy, 15)
k

where f7 is the Debye-Hiickel expression defined in Eq. (TT)), and & is the interaction coefficient between
species i and k [21]. The interaction coefficient € is assumed to be zero for uncharged aqueous species
(z; =0or z; = 0) and for equally charged ions (z; = z;). In general and for this work, € is not dependant on

concentration, though there is evidence that it may vary slightly with ionic strength [21} [18].

2.4. Boric Acid Chemistry Speciation

Boric acid (B(OH),) is a weak Lewis acid with the first ionization reaction associated with forming the
borate anion:

B(OH), + OH™ < B(OH)," (16)

Mesmer, Baes, and Sweeton [4]] performed potentiometric titrations of boric acid solution under hydrothermal
conditions up to 300 °C for low boron concentrations less than 0.020 mol kg~! and up to 200 °C for high boron
concentrations reaching 0.597 mol kg~!. Two schemes were presented to fit their data [4]]. The polyborates
B2(OH)7‘ and B3(OH)10‘ are assumed to form in both schemes. Either B 4(OH)1 42‘ or Bs(OH)133 ~ can
be assumed to form in order to fit the data. The optimal formulas for these polyborates reported by many
researchers [22} 23 12} 13]] are B,O(OH);"~, B;O,(OH), ", and B405(OH)22’ or B506(OH)63’, which all
match the borate number and charge of the ions reported by Mesmer et al. [4].

The divalent tetraborate ion B 405(OH) 42‘ in the first scheme proposed by Mesmer et al. [4] has been

observed in Na,B,0, or K,B, 0O, solutions through Raman spectroscopy performed by Y. Zhou et al. [12]
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and L. Applegarth et al. [13]]. Zhou et al. [12] and Applegarth et al. [13]] both observed B3O3(OH) 4 which
was noted by Mesmer et al. [4] as being common to all satisfactory fitting schemes. Other notable polybo-
rates suggested by Zhou et al. [12] include B;O4(OH) 42’ forming from B;O,(OH), ™ at high pH levels, and
B,O,(OH),~ in highly concentrated solutions. B;O,(OH) 42_ was also reported as a minor species in lithium
tetraborate solutions at 25 °C [24]. Applegarth et al. [13] possibly observed evidence of B,O(OH)~ that
they report with caution. Applegarth et al. [13] also confirmed the main pentaborate species is B;O,(OH),~
as opposed to B506(OH)63’, which is inconsistent with the second scheme proposed by Mesmer et al. [4]].
The polyborate species B;O,(OH),~, B,05(OH) 42‘, and B;O(OH),™ have also been observed by Raman
spectroscopy studies performed by Sasidharanpillai et al. [14] under hydrothermal conditions. B;O(OH),~
is only present in low concentrations at low temperatures, and is not present in solution at temperatures above
150 °C [14].

Palmer et al. [3] reinterpreted the results of Mesmer et al. [4] using the updated polyborate chemical

formulae, providing equilibrium constants for the following reactions considered valid up to 200 °C:

2B(OH), + OH™ «— B,0(OH);” +H,0, 17
3B(OH), +OH~ «— B,0,(0OH),” +3H,0, (18)
4B(OH), +20H™ «— B,0,(OH),>” +5H,0. (19)

Like Mesmer et al. [4]], Palmer et al. [S] reported the pentaborate species BS(OH)183‘ as an alternative to
the B,O4(OH) 42’ species in Eq. , and noted that the pentaborate species gave a slightly better fit to the
titration data. Sasidharanpillai et al. [14] report alternatively the original diborate species formula reaction

proposed by Mesmer et al. [4], given by,
2B(OH); +OH™ «— B,(OH),". (20)

Wang et al. [25] provide an extensive thermodynamic description boric acid and metal borate systems
using the HKF formalism and Pitzer equations. Their broader activity coefficient model [10] also included
a UNIQUAC (a portmanteau of universal quasichemical) component for short range interactions and an
empirical function for middle range interactions. Several studies recently have reported discrepancies in
speciation from spectroscopic experimental studies calculated values using this thermodynamic model [14,

15]. Instead of considering the typical orthoboric acid (B(OH),) as the only neutral aqueous species, the



115

120

125

130

135

model by Wang et al. [25] assumes the formation of aqueous metaborate (BO(OH)) in conjunction with:
B(OH); «— BO(OH) +H, 0. 21

Contrary to the assumption made by Wang et al. [25], the Raman results by Arcis et al. [15] showed that
metaborate (BO(OH)) does not exist in significant concentrations under relevant hydrothermal conditions.
In addition, Wang et al. [25] consider B506(OH)63’ to form in conjunction with B 405(OH) 42’ formation,
instead of as an alternative scheme as originally proposed by Mesmer et al. [4].

Wang et al. [25]] provide HKF parameters for the associated lithium/sodium and borate ion pair, shown
in the following reactions:

Li* +B(OH),~ «— LiB(OH),’(aq). (22)
Na*+B(OH),” «— NaB(OH),’(aq). (23)

The contribution of ion pairs can instead be determined through means of an appropriate activity model [14]
such as the Pitzer equations. Therefore, the ion association reactions Eqs. (22) and (23)) are not incorporated
into the analysis in this work, and their effects can instead are considered to be included by use of the Pitzer

equations.

3. Methods

Reactions Eqgs. (I6) to (I9) were selected to describe boric acid hydrolysis and are denoted by subscripts
xy where x is the boron number and y is the charge. While B,O,(OH) 42‘ and B;O,(OH),™ are present in
highly concentrated solutions and at lower temperatures, they are excluded in these calculations for simplicity
and because their concentrations are expected to be low at high temperatures. The HKF formalism was
utilized to calculate the standard partial molal Gibbs free energy of formation of each species, and equilibrium

constants for the reactions are calculated from the change in the Gibbs free energy of the reaction, as:

_AG°
K =exp RT . 24)

The required HKF parameters for most species are available from the SUPCRT database [26}, 27,128} [29].
Unavailable or deficient parameters were optimized in this study to match the best available data.

The thermodynamic properties of water were provided by the revised IAPWS 1995 formulation [30]. The
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formulation for the dielectric constant of water from Johnson and Norton [27]] was utilized for consistency
with the SUPCRT92 software [26].

The Pitzer equations provide a means of modeling the changes in activity of the borate anions (B(OH), ",
B,(OH),”, B,0,(0OH),~, B,05(OH), ) due to the presence of univalent cations such as Lit. SIT parameters
are also calculated for comparison.

Equilibrium calculations were performed over a broad range of possible concentrations within crud to
obtain a phase diagram of solid precipitates. The primary precipitates of interest are lithium metaborate
(LiBO,), lithium tetraborate (Li,B,0,), and solid metaborate (HBO,), which are modeled as pure com-
pounds.

For the purposes of fitting, the equilibrium solve is often performed in this work by solving the material
balance presented by Eqgs. (I6) to (I9) given their equilibrium quotients, a method described in detail by
Mesmer et al. [4]. This material balance results in a polynomial of the concentration of B(OH)3, which can
be solved analytically. If the ionic strength of the equilibrium solution is unknown, iterations of this solve are
performed to account for changes in the activity coefficients. If the pH is unknown, the concentration of both
B(OH), and OH™ can be computed by symbolically solving the system of equations set up by the charge and
mass balance equations from Eqgs. (T6) to (T9) and the dissociation of water reaction given their equilibrium

quotients.

4. Thermochemical Data

4.1. Optimized HKF Parameters for K,

Estimated K,, values often deviate at high temperatures based on the specific formulation. These de-
viations can result in differences in K, values up to 0.4336 at the saturation temperature in a PWR when
using the Marshall and Franck [31] formulation and the SUPCRT92 database [26]. TAPWS [32] recom-
mends the formulation by Bandura and Lvov [33] as the most accurate. Using this formulation the c¢; and
¢, HKF parameters for OH™ are fit using a nonlinear least squares regression over a temperature range from
the triple point temperature, 7, = 0.01 °C, to the critical temperature T, = 374 °C, and over a density range
from 0.1-1.2 g cm~> weighted to improve agreement to K,, at PWR pressure and temperatures. The prop-
erties A fGE)Tr, Py A fH ("Tr’ Py S(OT,, P and the volume constants a;,a,,as, and a, are maintained from the
SUPCRT92 database [26]]. The resultant parameters, which are reported in Table[I] provide improved agree-

ment between the resultant K,, and that of Bandura and Lvov [33]] under PWR conditions. Fig. [I] shows
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Figure 1: Deviation of logK,, using the HKF parameters of SUPCRT92 [26] and reported in Table

the difference between the HKF-calculated K, and that of Bandura and Lvov [33] using the SUPCRT92

database [26]] and the parameters in Tablem The values using SUPCRT92 [26]] and those from Table E]both

agree well with Bandura and Lvov [33] at 25 °C and low pressures, but both overestimate K, at 25 °C as

pressure increases. At 155 bar, the K,,, values calculated using SUPCRT92 [26] show a large difference in

Fig.[I} especially at high temperatures, while the corresponding values from this work show improved agree-

ment with

the Bandura and Lvov [33] values at 155 bar and high temperatures. The values from this work

only offer improved agreement for pressures up to 200 bar.

By changing the HKF parameters for OH™ to match the Bandura and Lvov [33] K,,, values at high temper-

atures, this work is notably not consistent with EPRI’s MULTEQ which uses the Marshall and Franck [31]]

formulation, and is not consistent with other species parameters in SUPCRT based on the previous OH™

parameters.
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4.2. Optimized Borate lon (B(OH) ) HKF Parameters

HKEF parameters for B(OH), were first reported by Shock Helgeson [29]. These parameters were subse-
quently updated by G.S. Pokrovski et al. [34], who fit the parameters to standard partial molar heat capacity
(C;) and volume (V °) measurements by Hnedkovsky et al. [36]. G.S. Pokrovski et al. [34]] report a greater
value for S° than reported by Shock and Helgeson [29], however the A G° or A ; H® values were not updated

accordingly. Therefore, the selected value of A H* is edited for consistency according to,
A;G°=A,H°-TS°+(298.15 K)Z(Sg%)i’ 25)
i

where subscript i denotes the constituent elements in their standard state.

For B(OH), ", the volume constants a,,a,,as,a, in the HKF model are given by Pokrovski et al.[34]
based on partial molar volume measurements [36]. Pokrovski et al. [34] fit the ¢, c, and w parameters to
the equilibrium constant for the association reaction reported by Mesmer et al. [4] based on measurements
performed up to 290 °C. New cy,¢,, and @ parameters are fit using the experimental ionization constants
reported by Arcis et al. [[15]] based on AC conductivity measurements performed up to 350 °C. As was the
case of the potentiometric titration data of Mesmer et al. [4], these measurements of the first ionization of
boric acid were performed at low boron concentrations (less than 0.052 mol kg™!) to avoid the complications
of polyborate formation, yet differ by keeping the ionic strength sufficiently low to prevent short-range ion-ion
interaction allowing Debye—Hiickel theory to account for changes in activity. As recommended by Arcis et
al. [15]], the experimental data at 25, 100, and 250 °C were not included in the regression, as shown in Fig. @
Also included are the low temperature data from Owen and King [37]] and Manov et al. [38]] at zero ionic
strength, in addition to the high temperature UV-visible spectroscopy data from Bulemela and Tremaine [39],
and the lowest ionic strength data from Mesmer et al. [4], which were corrected to zero ionic strength. The
equilibrium constant calculated using the HKF parameters by Wang et al. [25]], also shown inFig. 2] show
some deviation from the data at temperatures above 100°C while the HKF parameters used in this work
agree well with the data for temperatures up to 350 °C. The difference between the experimental data and the
calculation performed using the parameters by Wang et al. [25] could be due to differences in the formulations
for the properties of water used to compute the parameters. Miron et al. [40] showed that differences in K,
formulation cause significant differences in HKF-computed equilibrium constants. Addressed in Section[d.T}
new HKF parameters for OH™ were computed based on an updated formulation for K, [33]], which could

explain some of the discrepancy. In addition, Wang et al. [25] computed their parameters using a different

11
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Figure 2: The equilibrium constant for the association reaction of the borate ion from different sources [[15} 125 1371 138} [15} |39} 4]
compared with values calculated using the fit HKF values.

formulation for the dielectric constant of water [11]] than the formulation used in SUPCRTO92 [26} 27]]. The
formulation used in SUPCRT92 [26] [27] was used to produce the results in Fig.[2] which could contribute to

discrepancy when using the HKF parameters due to the sensitivity of Eq. (I)) on the dielectric constant.

4.3. Pitzer and SIT Parameters for Borate and Polyborate Species’ Interactions with Alkali Metal Cations

Both Mesmer et al. [4] and Palmer et al. [S] provided expressions that give the ionic strength dependence
of the first borate ion formation reaction. These expressions are both based on the low boron potentiometric
titration data of Mesmer et al. [4] performed in a KCI solution where polyborate formation can be neglected.
The scheme by Palmer et al. [3]] assumes the activity coefficient of the neutral boric acid species is unity
(rBony, = 1.0), which gives the following relation between the equilibrium quotient Q, the equilibrium con-

stant K, and the activity coefficients of the anions,

VB(OH);
logQ; =logK;; —log ——. (26)
YoH~-

In fairly dilute solutions, the Debye-Hiickel activity coefficients for charged ions with the same charge
}’B(OH)Z
YoH—
deviate due to short-range interactions with other ions. The Pitzer equations account for both the long-

are equal, yielding log( ) = (0. However, in solutions with greater concentrations, the activities can
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range interactions using the Debye- Hiickel term and these short-range interactions with the addition of an
extra term, given in Eq. . The extra term is used to describe the ( B(OH) 4 s K* ) binary interaction,
which is considered analogous to any interaction with a univalent borate ion and an alkali metal cation (e.g.
(B(OH),~, Li* ), ( B,O(OH),~, Li* ), ( B;0,(OH),~, Li* )). The short-range interactions of the OH~
ion are neglected, so the activity coefficient for OH™ is simply given by the Debye-Hiickel term for all ionic
strengths. Therefore, the activity coefficients YB(OH); differ from yoy- by the short-range ( B(OH), ", K*)
binary interaction term in the Pitzer equations.

In a similar fashion, an SIT parameter is calculated to account for the ( BOOH),, MT™ ) interaction,
which is also considered analogous to any interaction with a univalent borate ion and an alkali metal cation.
In the SIT model used here, the activity coefficient for the borate ion is only sensitive to the alkali metal
concentration (m,,+) and not on the borate ion concentration, as is the case for the Pitzer model. Because of
the superior fit, the Pitzer model alone is used in subsequent sections.

Fig.[3|shows the equilibrium quotient from Eq. (26)) as a function of ionic strength at various temperatures
from 50 to 294 °C. The equilibrium quotient calculated using the HKF parameters in Table[I]and the Pitzer
equation parameters in Table[2] shows good agreement with the experimental data and the corresponding fit
from Mesmer et al. [4]]. The SIT parameters in Table [2] show worse agreement with the experimental data.
The activity coefficient deviation given by the determined Pitzer model matches the data with slightly less
error than the fits of Mesmer et al. [4] and Palmer et al. [S]] and shows similar trends with temperature and
ionic strength. The Palmer [3] fit (not shown) shows greater variation with temperature at high ionic strength
giving a broader range of values at 1.0 mol kg=!'. The Pitzer model values agree best with the Mesmer et
al. [4] values at low temperatures, but differ slightly from the Mesmer et al. [4] values at high temperatures.
The SIT model gives a linear increase in log O with ionic strength, and therefore cannot match the curvature
of the experimental data. Much of the difference in the models comes from the use of different log K, values
from those of Mesmer et al. [4]], giving lower log O at zero ionic strength.

The ionic interaction behavior of the divalent tetraborate anion (B,04(OH) 42’) differs from that of uni-
valent anions and therefore requires different Pitzer parameters. The behavior is given by,

7B ,O5(OH) 2
logQ4, =log Ky, —log - a— 27
Yon-
Palmer et al. [S]] assumed the divalent species to be analogous with the divalent hydrogen phosphate ion

(HPO 42‘). Similar to the method of Palmer et al. [S]], Pitzer and SIT parameters are fit to describe the
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Figure 3: The dependence of logQ,; for B(OH),™ on ionic strength showing the experimental data and fit by Mesmer et al. [4] and the
use of the Pitzer parameters in TableEl

(HPO 42’ , K™ ) binary interaction which are then be used to describe the ( B 4O5 (OH) 42’ , M™ ) interaction.

Mesmer and Baes [41] performed potentiometric titrations to determine phosphoric acid dissociation

equilibria up to 300 °C. At low concentrations of added base, the first ionization reaction is dominant and

subsequent reactions can be neglected. The first reaction is given by,

H3PO4 +OH™ «— H2P04_ +H2O.

(28)

Here, the equilibrium quotient is described similarly to univalent borate reaction,

14

YH,PO,-
logQ; =logK; —log ———.

YOH™

29)



Table 2: Pitzer Parameters for Binary Interactions with Alkali Metal Cations

Interaction Pitzer Parameters SIT Parameters s(log Q)
0
. o = —0.18781+5.0379E—4-T Pitzer fit ~ SIT fit  Ref. [4]
(B(OH),”,M™*)’ () = _0.28438—4.1443E-4-T £ =-0.63367+8.4773E-4-T
Co = —4T663E —2+58504E—5 T 0.0086  0.0177  0.0057
0
o =—3.9656+6.4795E-3-T Pitzer fit  SITfit Ref. [4]
(H,PO,~, M*) B =10.7874-1.6267E-2-T £=12341-19517E-3-T
C,,=34183—6.1555E—3 T 0.013  40.029 L
0
o = —3.4568+4.8743E-3-T Pitzer fit  SITfit  Ref. [4]
(HPO,>~, M* )* () — §2720-8.6974E-3-T €=095181-7.5695E—4-T

C,, = 1.7406—2.9283E~3-T 0.008" V@13 @ 0.017

* Same for ( B,0(OH);~, M*), (B,0,(0OH),, M* )

* Same for ( B,05(OH),>~, M*)
B(OH), is assumed to have no interaction parameters.

At higher concentrations of added base the second ionization reaction becomes prevalent,

H,PO,” +OH™ «— HPO,*” +H,0, (30)
Yupo 2~
log @, =log K, —log ——— . 31
YOH™7H,PO,~

"Hpo 2- . 5 ,05(0H), 2~ . "Hpo 2-

Palmer et al. [5]] used —log ———— as an estimate for —log —3—=—. In this study, —log ——*

YOH~TH,PO,~ YoH— YoH—

S . ", 0,0m 2 . . . .
is utilized as an estimate for —log — instead which is a more logical estimate for the desired value.
OH™

255 This change gives a greater deviation from an ideal solution, making the difference between log K4, and
log Q4, in Eq. greater at high concentrations of polyborate ions and alkali metal cations. Pitzer and SIT
parameters are fit for the (H,PO,~, K* ) and (HPO,>~, K* ) binary interactions along with new equilibrium
constants. The least squares regression for the new equilibrium constant expressions and Pitzer parameters
was performed in tandem. The same was done for new equilibrium constant expressuresions and SIT param-

=20 eters. The Pitzer model fits the data with less error than the original correlation fit by Mesmer and Baes [41]],
and the SIT model fits with roughly the same error as the original fit.

Rudolph [42] determined the equilibrium constant for Eq. (28) by way of Raman spectroscopy. The equi-
librium constants from this study compare well with the original fit by Mesmer Baes [41] and by Rudolph [42]]
with only slight deviations, as shown in Fig.[d] While the deviations are slight, log K; from the Pitzer model

s 1in this study is lower at low temperatures, and log K, is greater at high temperatures. In addition, the ionic

strength dependence calculated using the fit Pitzer parameters deviates slightly from the original fit by Mes-
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Figure 4: The equilibrium constants for the first and second ionization reactions of phosphoric acid, Eqs. and .

mer Baes [41]], especially at lower temperature. Fig. [5] shows the ionic strength dependence of the two
equilibrium quotients given by Equations 28 and 30. The SIT model fit favors greater log K values than the
Pitzer model fit, and has slightly greater error than the Pitzer fit. Altogether, the thermochemical properties
calculated using the HKF model and the Pitzer equations fit the phosphoric acid dissociation equilibria data
with little error.

Holmes et al. [43] reported a modified Pitzer equation model to describe aqueous solutions of mono- and
di- hydrogenphosphate salts. The ( HPO 42_, M) binary interactions given by Holmes et al. [43] compare
fairly well with the Pitzer equation results calculated in this work. The results by Holmes et al. [43] demon-
strate only a slight difference between Na™ and K* as the interacting metal cation, helping to evaluate the
assumption made here that the interaction with K" ions calculated from the Mesmer and Baes [4] data can

be used as an analogue for the interaction with any alkali metal cation.

4.4. Polyborate HKF Parameters

Equilibrium constant values for the polyborate formation reactions are determined by nonlinear least
squares regression using the high boron concentration data (0.025-0.594 mol kg~!) of Mesmer et al. [4].
These measurements were performed at an ionic strength of 1 mol kg~!, so the new Pitzer parameters given

in Table 2] were used to extrapolate the equilibrium quotients to infinite dilution giving the equilibrium con-
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Figure 5: The dependence of log Q; (a) and logQ, (b) on ionic strength showing the experimental data and fit by Mesmer Baes [41]
and the use of the Pitzer parameters in TableElfor hydrogen phosphate ions.

stants. The HKF parameters reported in Table [I] provide a given equilibrium constant for Eq. (I6), and the
ion interactions are calculated using the Pitzer parameters given in Table [2] Best fit values for the equilib-
rium constants of Egs. (17) to @) are determined at 50, 100, and 200 °C. Best fit HKF parameters are then
determined for the three polyborate species, B2O(OH)5‘, B3O3(OH) 4 and B 4O5 (OH) 4 which are also
reported in TableE' While B;O,(OH), ™ has been shown to be present for temperatures below 150 °C, it is
neglected here in this work because its inclusion does not improve the quality of the fit and because it is not
expected to have an impact at higher temperatures relevant for PWRs. The resulting equilibrium constants
from the fit are plotted in Fig. @ The recommended values by Palmer et al. [J] for the diborate B,O(OH)~
tetraborate B,O,(OH) 42_ reactions at 25 °C are included. For the triborate B;O,(OH),~ supplemental data

is included from recent high temperature experiments [[14,[16]. Sasidharanpillai et al. [14] measured the trib-
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Figure 6: The equilibrium constants of the polyborate formation reactions (Eqs. to ) as a function of temperature. The polyborate
species are (a) the diborate B,O(OH); ™, (b) the triborate B;O,(OH), ", and (¢) the tetraborate B,O,(OH) 42’.

orate formation constant up to 300 °C using Raman spectroscopy. In addition, Ferguson et al. [16] performed

conductivity measurements up to 200 °C. Ferguson et al. [16] also reported values for the diborate species,

which are not include in the fit due to the lack of agreement with the Mesmer et al. [4] data. The HKF values

in Table[I| provide a suitable fit to the available data that can be extrapolated up to the PWR crud temperature

of 345 °C.

18




300

305

310

—— This work, HKF

504 —-—- Ferguson et al. (2017)

1.5+
b4
o
O 1.0

0.5

/ Li* + OH™ « LiOH
I
0.0 4
5ID lCIrO l:'l)O 260 25;0 360

Temperature (°C)

Figure 7: The equilibrium constant for the association reaction of lithium hydroxide from different sources.

4.5. LiOH Association Constant

Ferguson et al. [[17]] report a density model for the association constant of LiOH intended to fit experimen-
tal data better at both low temperatures (T < 100 °C) and high temperatures (T > 250 °C, up to 410 °C). The
experimental data used in their fit is that of Corti et al. [44] and Ho et al. [45]. As shown in Fig.|/} this model
differs from other models, especially at low temperatures. The change in entropy at 25 °C for this reaction
appears to be large, as can be seen in the steep slope at that temperature in Fig.[7} The equilibrium constant
for this work is calculated using the HKF parameters for Li* by Shock and Helgeson [28]], the parameters for
LiOH by Shock et al. [35]], and the selected parameters for OH™ reported in Table[I] While the dissociation
constant calculated in this work differs from the best available fit by Ferguson et al. [[17], because LiOH is a
strong base and has nearly total dissociation, this difference has a negligible effect on the final calculated pH

of solution and on the ionic strength.

4.6. Thermodynamic Data for Solids

Lithium borate solid precipitation is a likely cause of AOA. Yet, high temperature data for these solids is

fairly limited. Byers et al. [46] measured the solubility of LiBO, between 300 and 360 °C. Using this data,
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the standard Gibbs energies of formation for LiBO, is calculated using the reaction,
LiBO,(s)+H,0+H* «— Li* + B(OH),. 32)

Given the calculated standard Gibbs energy of formation for the other species in the reaction using the selected
HKF parameters from Table [T| and the Pitzer parameters in Table [2] the data reported by Byers et al. was

reanalyzed, and thermodynamic parameters for LiBO, consistent with these models are calculated as

A H® = —1010.957 kI mol™', (33a)
S° = 79.365J mol~ K71, (33b)
C, = (28.946)+(0.1054)T J mol~! K~ (33¢)

p

These values the Gibbs of formation and the heat capacity at 25 °C are the same as in the JANAF (NIST)
tables. However, the enthalpy and entropy at 25 °C are closer to the values reported by Wang et al. [25]]
of —1011.478 kJ mol~! and 74.224 J mol~! K, respectively. It should also be noted that the Byers et al.
experiment [46] may not have achieved equilibrium, and the actual LiBO, stability may be lower than the
measured values.

The Gibbs energy of formation for Li,B,O, have been estimated prevously [47, 48], as well as for hy-
drated Li,B,O; [25]]. The unhydrated solid Li, B, O, is expected to be dominant at high temperatures. In this

work, the Gibbs energy of formation is calculated using the equilibrium constant for,
L12B4O7(s)+4H20+2HJr «—2Li* +4B(OH),, (34)

from MULTEQ [49]. The MULTEQ equilibrium constant predicts Li,B,O, to be more stable than the other
sources [48,/47], and details behind this estimation are unknown. As a result, any differences in the formation
energies of the aqueous species in this reaction cannot be accounted for, but are not expected to result in large

differences in the ultimate equilibrium calculations.

The Gibbs energy of formation for solid HBO2 and B(OH)3 were taken from the JANAF (NIST) database [48]].
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Figure 8: The formation energy of LiBO, calculated using the data from [46]] and compared to the values of Wang et al. [25].

5. Equilibrium Calculations

Equilibrium calculations were performed to compare with the pH values reported by MacDonald et
al. [50]]. Fig. [0] shows the results of these calculations. Like the previous equilibrium constant correla-
tions fit by Mesmer et al. [4]], the pH calculated using the HKF parameters in Table [I| match the pH data
from MacDonald et al. [50] within the error bars for low concentrations (0.01 m) of B(OH), and KOH.
The Pitzer parameters in Table [2|allow for pH calculations matching the Macdonald et al. [S0] solution data
with high ionic strength shown in Fig. @ with I m NaOH and 1 m Na,SO,. The calculations match the
yttria-stabilized zirconia (YSZ) electrode pH measurements well for B(OH), concentrations up to 5 m. For
greater concentrations of 20 and 50 m, the calculations agree well at low temperatures, but overpredict pH
for temperatures over 150 °C. For the greatest concentration of 100 m B(OH),, the calculations match the
experimental data very well with the exception of a few data points which are assumed to be erroneously high
pH readings. The HKF and Pitzer parameters are able to match most pH measurements of these solutions
with extremely high concentrations and ionic strengths within experimental uncertainty, which indicates their
utility for calculations of conditions within crud.

Boron speciation depends largely on pH, total boron concentration, and temperature. At low pH, B(OH),

is the dominant species, shown in Fig. [TT} Increases in the pH are caused by adding more lithium to the
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Figure 9: Calculated pH vs. high temperature YSZ electrode measurements [50] for low concentration solutions containing B(OH),
and KOH.

ws  solution. Increasing the concentration of LiOH yields an increase in the concentration of the borate ion
B(OH),~. Polyborate species tend to reach a peak concentration at elevated pH, and the location of the
peak depends on the species, the total boron concentration, and the temperature. At 25 °C, the triborate
B,0,(OH)," is the dominant polyborate, as noted by Graff et al. [51]. Differing from the results by Graff
et al. [51]], the model presented in this work calculates a higher peak concentration of the tetraborate species

s B,Os(OH) 42‘ at 25 °C. Under typical PWR conditions with a pH of about 7.0, a startup boron concentration
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of about 0.1 mol kg~!, and a hot leg temperature of about 290 °C, the primary species present is B(OH),
with little B(OH), ™ and virtually no polyborates. At likely crud conditions of 345 °C and an elevated boron
concentration of 0.5 mol kg~!, the diborate B,O(OH),™ is the major polyborate species.

Equilibrium calculations were performed at 155 bar and 345 °C to determine the phase diagrams of
solid precipitates as a function of the concentrations of elements in the aqueous phase. Lithium tetraborate
(Li,B,0,) precipitates at sufficiently high pH in combination with high concentrations of boron. Boron and
lithium can become concentrated within crud, crossing into the Li, B, O, stability region shown in Fig. @
Lithium metaborate (LiBO,) precipitates at even greater pH, above 8.97, which is unlikely to occur in crud
before lithium tetraborate precipitation occurs. However, if a less stable formation energy of Li,B,0, were
to be selected from the literature [45]], then Li,B,O, would not be the dominant precipitate. Still, The high
boron concentration of lithium tetraborate (Li,B,0O,) precipitates within the crud are a likely cause of AOA.
It should be noted that as boron and lithium coolant concentrations drop late in the reactor cycle [1]] the
conditions within the crud will exit the Li, B, O, stability region, causing the compound to reenter solution.

When performing similar calculations using KOH and NaOH instead of LiOH, it is found that no solids

form within the concentration range likely to occur in crud, shown in Fig.[I3] Concentrations of boric acid
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Figure 11: Boron speciation as a function of pH calculated at 25 °C (a b), 290 °C (PWR hot leg coolant temperature) (¢ d), and 345 °C
(PWR crud internal temperature) (e f), and at total boron concentrations of 0.1 mol kg~! (typical bulk coolant concentration at reactor
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individual species contributes to the total boron concentration by mole.
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Figure 12: Phase diagram showing the stability regions of solid precipitates under the assumed crud conditions of 345 °C, the saturation
temperature of pure water at 155 bar. The temperature of 355 °C is also shown to show how the model extrapolates to higher temperatures
that may occur due to a high concentration of boric acid raising the saturation temperature. Note the HKF model is only considered
valid up to 350 °C.

must exceed 8.1 mol kg~! for solid metaborate (HBO,) to precipitate.

6. Discussion

Predictions of the concentrations of B and Li in crud are complex multi-physics problems [52], and results
depend on modeling decisions. The boiling and possibility of dryout conditions, where only vapor coolant
exists in regions of the crud, will lead to extremely large concentrations of B and Li ensuring precipitation
of solids. Predictions of these concentrations are complicated by the volatility of B and Li at high tempera-
tures. The concentrations exceed the limits of the Pitzer model presented in this work and likely exceed the
concentrations considered in these calculations. HBO,, Li,B,0,, and LiBO, were calculated to precipitate

within the 10 mol kg™!, but if the concentration of boron exceeds this value it is possible that other phases

such as solid B(OH), would precipitate as well.

7. Conclusions

A detailed thermodynamic description of the system relevant to crud is implemented with the HKF and

Pitzer equations to describe the aqueous phases using the CALPHAD method. The solid phases are mod-
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Figure 13: Phase diagram showing the stability regions of solid precipitates under the assumed crud conditions of 345 °C, the saturation
temperature of pure water at 155 bar, if KOH or NaOH are used in place of LiOH in the coolant.

eled as pure compounds. Included in the aqueous model are new HKF parameters for OH™, B(OH), ",
B,O(OH);~, B;O,(OH),", and B,O4(OH) 42‘ that can be used to describe the thermodynamics and phase
equilibria in a PWR up to the saturation temperature. Pitzer parameters for the binary interaction between
various borate anions with alkali metal cations are provided to describe the solution behavior with ionic
strengths up to 1.0 mol kg~ .

Calculations using the models developed in this work indicate that lithium tetraborate (Li,B,0,) pre-
cipitation occurs when boric acid concentrations are high and pH is elevated. Lithium metaborate (LiBO,)
precipitation is only possible at elevated pH values. Because boron and lithium become concentrated within
crud, lithium tetraborate precipitation is predicted to occur, causing Axial Offset Anomaly (AOA). KOH
provides an attractive alternative to LiOH as an additive in PWRs due to the lack of potassium borate salt

precipitation in crud.
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