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Advisor: 

Peter Tremaine 

 

A state-of-the-art high precision flow-through conductance instrument has been used to measure 

very accurate transport properties and equilibrium constants for aqueous borate and polyborate 

species from 25 to 350 °C. These results provide a significant improvement to the database that 

has been used to adjust mass transport thermodynamic models used for chemistry control in 

Pressurized Water Nuclear Reactors (PWRs). Frequency dependent molar conductivities were 

measured for over 500 aqueous solutions of boric acid, sodium borate, potassium borate, and 

lithium borate to yield (i) limiting conductivities of borate, diborate, and triborate (ii) ionization 

constants of boric acid, (iii) diborate and triborate formation constants, and (iv) sodium borate, 

potassium borate, and lithium borate ion-pair formation constants using the Turq-Blum-Bernard-

Kunz (“TBBK”) theoretical model. These results are the first reported accurate (poly)borate 

limiting conductivities above 50 °C and only the second high temperature study to report 

polyborate formation constants, the first lithium borate ion-pair formation constants reported 

above 45 °C, and the first accurate boric acid ionization constants reported above 290 °C. The 

significance of this work lies in providing the new thermodynamic and transport properties 

measured under extreme conditions which are necessary (i) to develop our basic theoretical 

understanding of aqueous systems and (ii) to model the crevice chemistry of fuel deposits in 

PWRs under the “hideout” conditions that can lead to crud-induced power shifts. The results are 
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expected to form the basis for a new database for borate species in the EPRI software MULTEQ, 

used to model PWR primary coolant chemistry.  
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1 General Introduction 

1.1 General Overview and Rationale 

Hydrothermal systems are important to many scientific and industrial applications including 

electric power generation, industrial steam systems, hydrothermal processing of materials, and 

geochemical processes. The properties of water change drastically as the temperature and 

pressure increase, which has a significant effect on the behavior of species in aqueous solutions. 

A wide range of models have been developed to predict the behavior of aqueous systems under 

high temperature and high pressure conditions but the accuracy of these models largely depends 

on the availability of high quality experimental data, which are limited under hydrothermal 

conditions. 

The work in this thesis is part of a larger experimental program to address the knowledge 

gaps in aqueous boric acid chemistry under hydrothermal conditions, specifically in the context 

of boric acid and its use as a soluble neutron absorber in the primary coolant of Pressurized 

Water Reactors (PWRs). By addressing the knowledge gaps in aqueous boric acid chemistry 

over a wide range of temperatures, this work yields the thermodynamic constants and transport 

properties necessary to develop a self-consistent database for boric acid species to be 

implemented in chemical equilibrium software used to model primary coolant conditions in 

PWRs. In a more general scientific context, this work expands our knowledge of systems under 

hydrothermal conditions. 

1.1.1 Properties of High Temperature Water 

The critical point of water is at 647.096 K and 22.064 MPa.
1
 This is the point beyond 

which the liquid and vapor phases become indistinguishable from each other. As the temperature 
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and pressure increase from ambient conditions to approach the critical point, the properties of 

water change significantly and this affects the behavior of water as a solvent. The properties of 

water and steam and their changes with temperature have been studied extensively, and in the 

1930s, a series of international conferences were held to address the discrepancies between 

different sources, and a set of standard formulations for these properties were adopted. Today 

this has evolved into the International Association for the Properties of Water and Steam 

(IAPWS), which still holds regular international conferences and updates the standard 

formulations for these properties as needed. The current formulation is based on a treatment of 

the Helmholtz energy as a function of temperature and density,
2
 and from this formulation any 

thermodynamic property can be derived. This formulation is valid up to temperatures of 1273 K 

and pressures of 1000 MPa.  

Figure 1.1 shows the temperature dependence of the vapor pressure, dielectric constant 

and viscosity of water up to the critical point. Figure 1.2 shows the temperature dependence of 

the compressibility of water at four different pressures. The dielectric constant and viscosity of 

water both decrease with increasing temperature while the isothermal compressibility and 

thermal expansivity both approach infinity as the critical point is approached. In addition, the 

hydrogen bonding network of water breaks down as temperature increases, due to increased 

thermal motion. Under ambient conditions, the average hydrogen bond number is four, while at 

high temperatures, it decreases to approximately two.
3
 The value of the ionization constant of 

water, Kw, also changes significantly with temperature and density. In general, high temperatures 

favor dissociation, and low densities reduce the dissociation. Therefore, the change of Kw with 

temperature is not straightforward. The formulation for Kw from Bandura and Lvov 
4
 has recently 
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replaced that of Marshall and Franck 
5
 as it more accurately represents Kw under low density 

supercritical conditions. 

1.1.2 Pressurized Water Reactors 

Pressurized Water Reactors (PWRs) are the most common type of nuclear reactor, with 

292 in operation as of January 2018, predominantly in the USA, France, Japan, Russia and 

China. These reactors use enriched UO2 fuel, and operate with light water as the coolant and the 

moderator.
6
 A schematic of a PWR is shown in Figure 1.3. These reactors are designed to have 

one large pressure vessel which contains the reactor core, and refueling is done at intervals of 12, 

18, or 24 months, at which point the reactor is shut down and a quarter to a third of the fuel 

assemblies are replaced with fresh fuel. Each fuel assembly contains 200 – 300 individual fuel 

rods, which are arranged vertically in the reactor core. A large PWR typically contains 150 – 250 

of these fuel assemblies. PWRs contain a primary cooling circuit in which the light water 

primary coolant is pumped through the core of the reactor at pressures of 15.5 MPa. In the core, 

heat is generated by the fission reaction of the fuel contained in the fuel rods, and this heats the 

primary coolant which is then pumped through to a heat exchanger where the heat is transferred 

to the secondary circuit. Water in the secondary coolant circuit operates at a lower pressure and 

is pumped through the boiler to produce steam which drives a turbine to produce electricity.
6
  

1.1.2.1 Boric Acid in Pressurized Water Reactors 

Boric acid is added to the primary coolant of PWRs as a soluble neutron absorber. By 

adjusting the concentration of boric acid in the primary coolant, a uniform nuclear reactivity over 

the lifetime of each refueling cycle of the reactor is maintained. The PWR primary coolant 
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circuit is typically operated at temperatures from 550 to 600 K and a pressure of 15.5 MPa. The 

temperature in the pressurizer and on the fuel cladding can reach up to 618 K.
6
  

Borate deposits on the fuel rods can arise due to the accumulation of corrosion products 

in the coolant, colloquially known as “crud”, on the fuel rods, where sub nucleate boiling then 

occurs, resulting in the precipitation of solid boron containing species on the fuel rods, thus 

affecting the power output. This process, referred to as crud-induced power shift (CIPS), can 

lead to operational issues such as reduced shutdown margins and in extreme cases, can require 

the unit to derate the power or require a redesign of the core for the next cycle. To optimize the 

primary coolant chemistry so that these reactions can be avoided, it is important to have accurate 

thermodynamic and transport property data for aqueous boric acid species. The results of this 

study provide a significant improvement to the database for the Electric Power Research Institute 

chemical equilibrium modeling software, MULTEQ (MULTiple EQuilibrium). This is a high 

temperature aqueous database originally developed for predicting the local environment within 

steam generator tube crevices, which has since been extended to conditions which model the 

PWR primary coolant chemistry environments to allow for the pH throughout the cycle to be 

calculated.
7
  

The Electric Power Research Institute (EPRI), through the EPRI Fuel Reliability 

Program, Water Chemistry Program, and MULTEQ Database Committee, is carrying out a 

program to re-evaluate the sources of data used in the current version of MULTEQ, a chemical 

equilibrium model developed by EPRI, and other modeling codes to address concerns about the 

formation of borate deposits on the PWR fuel rods and the resulting high local concentrations of 

boric acid or borate salts. Implementing accurate high temperature thermodynamic and transport 
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property data for aqueous boric acid species into the MULTEQ database will allow for more 

accurate predictions of the speciation of boric acid under PWR coolant conditions, which can 

then be used to estimate plant-specific risk of CIPS. In addition, current practices used for the 

chemistry control of PWRs rely on conductivity measurements of quenched samples of primary 

coolant, for which the pH at 298 K is calculated from the values for limiting conductivity of 

polyborates, lithium, and hydroxide, as well as polyborate formation constants in the MULTEQ 

database. Therefore, accurate transport and equilibrium properties for polyborate species at low 

temperatures are needed to accurately model the chemical speciation and the equilibrium pH in 

the quenched samples of primary coolant. 

1.2 Experimental Methods for Measuring Standard State Properties at High 

Temperatures 

1.2.1 Pioneering Work of Noyes 

Conductivity studies by Noyes
8-10

 are recognized as pioneering work in the field of high 

temperature aqueous chemistry. Noyes and Coolidge designed and built a high pressure static 

conductivity cell, which was then used to measure equivalent conductivities, ionization 

constants, and ion-pair formation constants for several aqueous electrolytes at high temperatures. 

Noyes recognized the importance of high temperature aqueous chemistry, as he stated that the 

results would serve not only to yield information about specific systems at high temperature, but 

to also hopefully allow for general principles to be established based on the results of studies of 

various systems under a range of temperature and pressure conditions. The high pressure static 

conductivity cell developed by Noyes was a made of steel and lined with platinum. The body of 

the cell acted as one of the electrodes, with two other platinum electrodes in the upper and lower 



 

 

6 

 

part of the cell, insulated from the cell walls by mica and quartz washers. The cell could then be 

filled with the solution of interest at a pressure near the saturation vapor pressure such that the 

electrode on the wall of the cell would be in contact with both the liquid and vapor phases, the 

electrode in the upper part of the cell would only be in contact with the vapor phase, and the 

electrode in the lower part of the cell would only be in contact with the liquid phase. This was an 

extremely novel design at the time and allowed for the measurement of the first ionization 

constants above 373 K. The work done by Noyes set a high standard for conductivity 

measurements and high temperature aqueous chemistry research and yielded equilibrium 

constants and limiting conductivities which were still used well into the 1970s. These values still 

compare well with recent high temperature conductivity studies.
11

 

1.2.2 Conductivity 

Noyes pioneered the use of conductivity for measurements on hydrothermal systems. 

Until the advancement of potentiometric techniques in the 1970s, conductivity measurements 

were the main technique available to make measurements of high temperature aqueous solutions 

to determine equilibrium constants. Much of the progress made in this field occurred in the 

1950s and 60s, when Marshall and Franck did many studies on aqueous electrolytes, using a 

platinum lined cell with ceramic insulators which allowed for temperatures up to 1000 °C and 

pressures up to 800 MPa.
11

 This cell is described in greater detail by Franck.
12-13

 These studies 

were done up to temperatures of 800 °C and pressures of 400 MPa. This cell was used for a 

number of important studies at Oak Ridge National Laboratory (ORNL) by Marshall and 

coworkers, including studies to determine conductivities and ionization constants for metal 

halides
13-21

 and later by Palmer and coworkers including studies to determine conductivities and 
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association constants for metal chlorides, metal hydroxides and sodium triflate.
22-27

 To this day, 

much of what is known about ion association above 200 °C is due to these studies by Marshall 

and Palmer and their coworkers. 

For a system which involves the dissociation of a neutral species such as the following: 

 AB A B
(1 )α m αm αm

 


 (1.1) 

the equilibrium constant is directly related to the concentration of ions in solution, which can be 

measured by conductivity. Here α is the degree of dissociation and m is the molality of the 

electrolyte. The equilibrium constant, K, for this equilibrium is given as follows: 

 

2 2

1

m
K 



 


 (1.2) 

The degree of dissociation is equal to the ratio of the experimental molar conductivity and the 

conductivity of the fully dissociated electrolyte: 

 
exp


  





 (1.3) 

here λ+ and λ- are the ionic conductivities of the cation and the anion in solution, and Λ
exp

 is the 

experimental molar conductivity. 

 Until the 1990s, all conductance cells being used were static cells. These cells are useful 

for measuring concentrated solutions but have disadvantages, such as the long residence time of 

the solution being measured, which can allow impurities to leach into the solutions from the cell, 

and the possibility of the solute of interest adsorbing onto the cell walls. Therefore these cells are 

limited by the inability to make the accurate measurements of dilute solutions (< 10
-3

 mol·kg
-1

), 

required for accurate measurements to yield equilibrium constants, independent of chosen 
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activity coefficient model. In addition, the difficult procedure for injecting solutions into these 

cells and the fragile nature of the inner electrode can lead to variations in the cell constant 

calibration which can also affect the accuracy of the measurements.
28

 

To address the need for a conductivity instrument which could make more accurate 

measurements of dilute solutions, R. H. Wood and coworkers at the University of Delaware 

developed flow-through conductance apparatus.
29

 This served as the basis for a similar design by 

Ho, Palmer, and their coworkers at ORNL.
30

 The injection system and flow through nature of 

these cells allowed for experimental designs which eliminated systematic errors and enabled 

accurate measurements of aqueous solutions to supercritical conditions and with concentrations 

as low as 4×10
-8

 mol·kg
-1

. This development has allowed for the study of many acids, bases, and 

salts.
31-33

 Upon the retirement of Wood in 2008, the cell developed in his lab was given to our 

group, where it has been used for studies on high temperature ionization, ion association and ion 

transport properties,
34-36

 including the work in this thesis. This cell will be described in more 

detail in Chapter 2. 

1.2.3 Potentiometry 

 The use of potentiometric techniques for high temperature systems advanced in the 1970s 

with the development of high temperature high pressure hydrogen electrode concentration cells 

(HECC) at ORNL 
37

 to make accurate pH measurements up to 300 °C and over a wide range of 

ionic strengths. The cell typically consists of a pressure vessel, which contains two concentric 

Teflon cups separated by a porous Teflon liquid junction, with the inner cup containing a 

reference solution with a known molality of H
+
 and the outer cup containing the solution of 

interest. The pressure of H2 is constant throughout the cell so that the value of partial pressure of 
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H2 is not required for the measurements. For a study of the ionization of a weak acid, the 

configuration of the cell would be as follows: 

 2 HA NaCl NaA NaCl HCl 2
Test Reference

Pt, H | , , || , | H , Ptm m m m m  (1.4) 

The Oak Ridge group has used their method to measure accurate ionization constants for a very 

large number of acids and bases under hydrothermal conditions.
38

 The most recent version of a 

stirred HECC is described in more detail by Palmer et al.
39

 

Above 300 °C, HECC cannot yield accurate results, because the components of the cell 

which are made of Teflon lose thermal stability above 300 °C, and at high temperatures a 

common vapor phase can form through which volatile solvents can be transferred between the 

compartments of the cell. To address these challenges flow-through potentiometric cells have 

been developed
40-43

 which eliminates these issues. This type of cell comes with its own 

challenges however, such as the existence of a streaming potential which must be accounted for, 

and the resulting loss of accuracy due to thermal diffusion potentials. The flow system reduces 

the possibility of contamination in the cell, and because the high temperature solution only 

comes in contact with relatively inert materials such as platinum and zirconia, the solution 

composition in the cell where the measurement is being made can be very well controlled.
28

 An 

example of this type of cell is described in more detail by Lvov,
40

 who used this system to obtain 

association constants of HCl from 300 to 400 °C. 

1.2.4 Spectroscopic Techniques 

UV-visible and Raman spectroscopy have also been used to measure equilibrium constants 

in high temperature aqueous solutions. Typically, high temperature UV-visible measurements are 

made by using a static high pressure cell, or a pressurized flow cell, in a small oven which can be 
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placed within the sample compartment of a commercially available UV-visible spectrometer. 

Several UV-visible high-pressure flow systems have been developed which use sapphire or 

quartz windows.
44

 These systems have been used to determine equilibrium constants for species 

for which the spectra of the reactants and products differ in the visible or near UV region.
44

 

Some groups have also worked on the development of thermally stable colorimetric pH 

indicators for hydrothermal applications.
45-46

 

Raman spectroscopy has also been a very useful technique for observing the presence of 

different species in aqueous solution under hydrothermal conditions. The pioneering studies done 

by Irish and others which were successful in applying Raman spectroscopic techniques using 

thick walled Pyrex tubes, pressurized and heated, which could reach 573 K,
47-48

 but were limited 

to measuring concentrated solutions because Raman scattered light is so weak. Techniques were 

developed by Brooker et al.
49

 and Rudolph et al.
50-51

 to obtain reduced isotropic spectra to yield 

spectra with well-defined peaks with areas which are directly proportional to the concentration of 

each species. Recent work has made use of these techniques and developed methods to obtain 

quantitative data from measurements made in fused silica optical capillary cells.
52

 As Raman 

spectroscopic techniques advanced with the development of the CCD detector, this technique 

became more widely used for hydrothermal solution measurements. The development of 

confocal Raman microscopes allowed Raman spectroscopy to be coupled with high pressure 

optical capillary cells 
53

 and diamond anvil cells,
54

 which allow measurements to be made up to 

1473 K and 2.5 GPa.  
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1.3 Equilibrium Constants under Hydrothermal Conditions 

1.3.1 Ionization Constants 

For the ionization of an acid: 

 
+ -HA(aq) H (aq)+A (aq)  (1.5) 

the equilibrium quotient, Q, is given as: 

 
+ -H A

HA

a

m m
Q

m
  (1.6) 

where mHA, mH+, and mA- are the molalities of HA, H
+
, and A

-
, respectively. Here we use 

molalities (mol·kg
-1

) rather than molarities (mol·L
-1

) because molalities do not depend on 

volume and are thus unaffected by changes in temperature and pressure. This equilibrium 

quotient varies with temperature, pressure, and ionic strength. The equilibrium constant, K, is 

given as: 

 
+ -H A

HA

a

a a
K

a
  (1.7) 

where aHA, aH+, and aA- are the activities of HA, H
+
, and A

-
, respectively in units of mol·kg

-1
. 

The equilibrium constant is for a solution at the hypothetical 1 mol·kg
-1

 standard state does not 

include solute-solute interactions. This equilibrium constant still varies with temperature and 

pressure, but is independent of ionic strength. The ratio between molalities and activities is 

defined as the activity coefficient, γ, given as: 

 
a

m
   (1.8) 

Ionization constants are widely available for many species under ambient conditions 

however as temperature and pressure increase, accurate experimental values for ionization 



 

 

12 

 

constants are much less common. Equilibrium constants are related to the standard Gibbs energy 

change of the reaction: 

 lnG RT K    , (1.9) 

where T is the temperature in Kelvin and R is the molar gas constant. The thermodynamic 

definition for Gibbs energy is the following: 

 G H T S U p V T S               (1.10) 

This is the relationship that governs the ionization of a neutral species. The effect of increasing 

temperature and pressure is a shift toward the side of the reaction that favors smaller volumes  

( 0p V   ) and greater entropies ( 0T S   ). At temperatures below ~373 K, due to the 

hydrogen bonding effects, the short range and long range interactions are species-specific and it 

is therefore difficult to generalize about the behavior of the ionization constants. However as 

temperature and pressure increase the hydrogen bonding effects decrease and the compressibility 

of water increases and the long-range interactions begin to dominate.
55

 At temperatures above 

~523 K, the behavior is no longer species specific and we see that increasing the temperature 

along the steam saturation pressure curve causes the ionization constants of neutral species to 

decrease and increasing the pressure causes the ionization constants of neutral species to 

increase. At temperature between 373 K and 523 K species display intermediate behavior.
38

 

1.3.2 Ion-Pair Formation Constants 

Ion pairing is the partial association of oppositely charged ions in electrolyte solutions to 

form a distinct chemical species. The definition of what exactly constitutes an ion-pair relies on 

defining a cutoff distance between the two ions. If the distance between the two ions, r, is greater 

than this cutoff distance, the ions are considered to be free ions rather than an ion-pair. There is 
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also a lower limit to the distance between two ions, as they cannot be closer to each other than a 

distance of closest approach, a, which is typically related to the sum of the crystallographic ionic 

radii. Two ions are considered to be an ion-pair if the distance between them is greater than a 

and less than the cutoff distance for a time longer than the time requires to diffuse over the 

distance between a and the cutoff distance.
56

  

Ion-pairs are held together by long range electrostatic forces, and unlike a complex, in an 

ion-pair there is no transfer of electron density to form a covalent bond between the ions. They 

can exist in three distinct forms in equilibrium with one another: solvent-solvent separated ion-

pairs (SSIP), solvent separated ion-pairs (SIP) and contact ion-pairs (CIP). These three types of 

ion-pairs are depicted in Figure 1.4. In SSIP, the solvation around each ion remains intact so 

there are two solvent molecules between the anion and cation while in SIP there is only a single 

solvent molecule between the two ions, and in CIP, the two ions are in direct physical contact. 

Some experimental techniques cannot detect all three types of ion pairing.
57

 For example, most 

spectroscopic techniques usually only see CIP because in SSIP and SIP the two ions are not close 

enough together to affect the response of the ions. Conductivity measures the concentration of 

charged species, and ion-pairs move through solution as a neutral species, regardless of the type, 

therefore conductivity can detect ion-pairs but cannot distinguish between the different types of 

ion pairing. Dielectric relaxation spectroscopy, a technique which measures the response of a 

sample to an applied electromagnetic field as a function of its frequency, is one of the few 

techniques which can detect the three types of ion pairing because the magnitude of the response 

is related to the separation of the charges.
57-59
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The first theoretical treatment of ion pairing in solutions of strong electrolytes was 

presented by Bjerrum.
60

 This model considers ions as hard spheres with a diameter, a, in a 

solvent which is a dielectric continuum, and the only interactions considered are the pairwise 

interactions between ions. In this model, the work required to separate two ions is a stepwise 

function which is equal to –∞ when the distance between the two ions, r, is less than the distance 

of closest approach, a. When the distance between the two ions is greater than or equal to the 

distance of closest approach, the work is given as: 

 

2

( )
i jz z e

W r
εr




  (1.11) 

where zi and zj are the charges of the ions, e is the unit charge, and ε is the dielectric constant of 

the bulk solvent. Using this work, Bjerrum calculated the probability, Pi(r,dr), of an ion, i, being 

a distance between r and r + dr from another ion, j: 
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( , ) exp
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A i
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B

πr N c W r
P r dr dr

k T


 

  
 

 (1.12) 

Here NA is Avogadro’s number and ci is the molar concentration of the i ions. For two ions of 

opposing signs, this probability has a minimum at a distance, q, given as follows: 

 

2

2

i j

B

z z e
q

εk T
  (1.13) 

Here kB is the Boltzmann constant and T is the temperature in Kelvin. Bjerrum’s model considers 

this value, q, which depends on ionic charges, the nature of the solvent and the temperature, but 

which is independent of the electrolyte concentration, to be the cutoff distance beyond which 

ions are considered to be free ions rather than ion-pairs. An expression can then be derived for 

the equilibrium constant for the ion association reaction: 
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 + - 0A + B AB
(1 )αc αc α c

 (1.14) 

According to the Bjerrum theory, the association constant for this equilibrium is given as: 

 24
exp(2 / )

1000

q
A

A
a

πN
K q r r dr   (1.15) 

This model yields reasonable values for 1-1 electrolytes in aqueous solutions, however for 

solvents with lower dielectric constants, the cutoff distance calculated in this model becomes 

larger and less realistic and thus the association constant is over predicted using the Bjerrum 

model.
61

 Despite this limitation, Justice and Justice have shown that the Bjerrum model has been 

successful in modeling experimental association constants and that the choice of cutoff distance 

is valid.
62

   

Alternative models include the mean spherical approximation (MSA) and the Fuoss 

model. The MSA considers a system where the ions and the solvent molecules are treated as hard 

spheres. Unlike some more traditional models, in which the distance of closest approach is non-

additive, the MSA equations are based on a distance of closest approach which is related to the 

sum of the radii of the ions.
63

 In addition, in the MSA, the activity coefficient of the ion-pair is 

not assumed to be unity and it is dependent on the electrolyte concentration.
61

  

The model developed by Fuoss 
64-65

 applies only to symmetrical electrolytes, with the 

cation modeled as a conducting charged sphere of diameter a, and with the anion as a point 

charge that can penetrate the cation sphere. This model assumes both ions are immersed in a 

dielectric continuum and assumes that only ions which are in direct physical contact are ion-

pairs.
65

 This approach yields the following expression for the association constant: 



 

 

16 

 

 

34
exp( )

3000

A
A

πN a
K b  (1.16) 

where NA is Avogadro’s number, a is the ionic diameter, e is the unit charge, and b is given as:  

 
2

B

e
b

aεk T
 (1.17) 

In some cases, the Fuoss model can provide a more realistic estimate of the association constants 

than the Bjerrum model 
61

 however it only considers cases with 0 ≤ r ≤ a and therefore allows for 

the anion to either be at a distance from the cation which is less than the chosen radius of the 

cation or to be at a distance which is exactly equal to the chosen radius of the cation. Therefore 

the accuracy of this model largely depends on the choice of the effective size of the ions.
62

 

1.3.3 The Density Model 

The density model is a useful semi-empirical fitting function which can be used to model 

the temperature and density dependence of ionization constants. The linear relationship between 

log10 K and log10 ρw for aqueous species at high temperatures was initially observed by Franck.
66-

67
 Based on this observation, the density model for the specific case of the ionization of water 

was developed by Marshall and Franck 
5
 and later used by Mesmer et al. 

55
 for application to 

general ionization reactions. The density model is given as: 

 10 102 3 2
log log

   
         
   

w

b c d f g
K a e ρ

T T T T T
 (1.18) 

where a, b, c, d, e, f, and g are adjustable parameters and ρw is the temperature-dependent density 

of pure water in g·cm
-3

. In this equation, the terms a – d dominate at lower temperatures where 

hydrogen-bonding structural effects are dominant, and the terms e – g become dominant at 

higher temperatures as the hydrogen bonded structure of water breaks down and long range 
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polarization effects become dominant. From this model, the standard Gibbs energy of ionization 

takes the form: 

 
10 102 3 2

Δ 2.303 log 2.303 log
    

              
    

w

b c d f g
G RT K RT a e ρ

T T T T T
 (1.19) 

This equation can then be used to yield other thermodynamic quantities. For instance, from 

 
2

Δ Δ   
  

  p

G H

T T T
, (1.20) 

the expression for enthalpy of ionization is: 

 2

102 2

2 3 2
Δ 2.303 log

    
             

    
w w

c d g f g
H R b f ρ RT e α

T T T T T
 (1.21) 

Here, αw is the thermal expansion coefficient of water:  

 
1 w

w

pw

ρ
α

ρ T

   
   

  
 (1.22) 

Other thermodynamic identities can be used to derive equations for entropy of ionization and 

standard partial molar heat capacity of ionization. The standard partial molar volume of 

ionization, which depends on βw, the compressibility of water, is given as follows: 

 Δ wV RTkβ , (1.23) 

where 

 
1 w

w

w T

ρ
β

ρ p

  
   

  
 (1.24) 

Since the density model has several adjustable parameters, it cannot be easily generalized to be 

used as a predictive tool for systems with a lack of experimental data over a wide range of 

temperatures, but it is very useful as a fitting function for modeling and extrapolating ionization 
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constants and thermodynamic properties for systems for which high-quality experimental data 

are available.  

1.3.4 The Helgeson-Kirkham-Flowers Model 

The Helgeson-Kirkham-Flowers (HKF) model is based on the Born equation 
68

 for ionic 

hydration, which describes the standard Gibbs energy of ionic hydration by representing the ion 

as a hard conducting sphere and water as a dielectric continuum. The Born equation is as 

follows: 

 
Born eff (1/ 1)rG       (1.25) 
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  (1.26) 

where NA is Avogadro’s number, z is the ionic charge, e is the electron charge, ε0 is the 

permittivity of free space and reff is the ionic radius. The Born equation is effective at describing 

the contributions of long-range ion-solvent polarization to partial molar properties.
69

 This is the 

dominant term at high temperatures. However at lower temperatures the short-range hydrogen 

bonding effects between the ion and the solvent are much more important. Therefore, Helgeson 

and his co-workers 
70-72

 developed the HKF model in which terms are added to the Born equation 

to improve the model for the low temperature region.  

The HKF model considers that each standard partial molar property, Y°, has two 

contributions, a non-electrostatic term, Yn°, and an electrostatic term which is based on the Born 

equation, ΔY°Born: 

 
o o

n BornΔY Y Y    (1.27) 
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The electrostatic term, Yn° has contributions from the intrinsic gas phase property of the solute, 

the difference between the standard states of the gas phase and solution and short range 

hydration effects. In the HKF model, this electrostatic term, Yn°, is used as an empirical fitting 

equation. The HKF model expressions for V° and Cp° respectively are as follows: 

 
1 2 3 4 Born2
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1 1 1
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 (1.28) 
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 (1.29) 

Here pr = 1 bar, Θ = 228 K, Ψ = 2600 bar and a1, a2, a3, a4, c1, and c2 are species dependent 

fitting parameters which are independent of temperature and pressure. The HKF model describes 

partial molar properties effectively because the Born term dominates at high temperatures, and in 

this range the Born term accurately represents the partial molar properties. By fitting the 

adjustable parameters to experimental values of the partial molar properties in the lower 

temperature region, this can then be extrapolated with the Born term to accurately model the 

temperature dependence of partial molar properties to high temperatures.
34, 38

 

1.4 Transport Properties under Hydrothermal Conditions 

1.4.1 Ionic Conductivity in Electrolyte Solutions 

The measurement of electrical conductivity gives important information on the transport 

properties of electrolytes as well as the concentration of ionic species in aqueous solutions. 

Conductivity measurements are also used in practical applications such as in nuclear power 

plants to monitor the conditions of the coolant. In the limit of infinite dilution, the dissociation is 
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complete and the mobility of the ions through solution is entirely dependent on the ion-solvent 

interactions. At infinite dilution, Kohlrausch’s law of independent migration of ions holds, and 

the limiting molar conductivity (Λ°) is equal to the sum of the ionic limiting molar conductivities 

(λ°): 

        (1.30) 

In this limit, the ionic conductivity is completely independent of the counterion in solution and 

thus provides information on the transport of ions through solution and ion-solvent interactions. 

Kohlrausch also showed that at low concentrations, molar conductivities of strong electrolytes 

have a linear dependence on the square root of concentration: 

 1/2Kc    (1.31) 

K is a constant which has been found to depend more on the stoichiometry of the electrolyte than 

on its specific identity.
61, 73-74

 

Early work to explain the theoretical basis for the movement of ions through a solvent 

was done by Debye and Hückel.
75

 The Debye-Hückel theory was then incorporated by Onsager 

76
 into a model for the concentration dependence of ionic conductivity which considers 

contributions from both relaxation and electrophoretic effects. The form of the equation is the 

same as Kohlrausch’s law: 

 1/2Sc    (1.32) 

Here Λ is the molar conductivity, Λ° is the molar conductivity at infinite dilution, referred to as 

the limiting conductivity, c is the molarity and S is the limiting law slope which is given as 

follows: 

 S     (1.33) 
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  (1.35) 

Here η is the viscosity of the solvent in Pa·s, z is the charge, ε is the dielectric constant, and T is 

the temperature in K. Deviations of experimental data from the limiting law slope indicate ion-

association. The Debye-Hückel-Onsager theory 
76

 is the basis for modern equations. Two of 

these models which were used in this thesis, the Fuoss-Hsia-Fernández-Prini (FHFP) 

conductivity model and the Turq-Bernard-Blum-Kunz (TBBK) conductivity model, will be 

described in greater detail in the following sections. 

1.4.2 FHFP Conductivity Model 

The limiting law given in equation (1.32) is obtained when the first-order approximation 

is used and the terms for the electrophoretic effects and the relaxational correction can be 

separated. A negative deviation from this law indicates that the ions are associated, but even for 

non-associated ions a positive deviation can be seen due to neglected short-range interactions 

which make a higher-order contribution to conductivity. One method of including these higher-

order contributions is the Fuoss-Hsia-Fernández-Prini (FHFP) equation. This is a semi-empirical 

model which is an extension of the Debye-Hückel-Onsager theory. The FHFP model takes the 

following form: 

 
1/2 3/2

1 2lnSI EI I J I J I       (1.36) 

and for an associated electrolyte the FHFP model has an additional term:  

 
1/2 3/2 2

1 2ln ASI EI I J I J I K c          (1.37) 
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In these equations, I is the ionic strength, defined as 1/ 2 i iI z c  , S and E are coefficients 

which depend on the charge type of the electrolyte, the mobility of the ions, the temperature and 

the solvent properties, and J1 and J2 depend on E as well as on the minimum distance of free 

ions, d, and are associated with the electrophoretic effect and the relaxation of the solvent. The 

equations for E, J1 and J2 are as follows: 

 1 2( )E E E    (1.38) 

 
12 4 3

1 2.9425 10 / ( )E z T   (1.39) 

 
6 3 3

2 4.3324 10 / ( )E z T    (1.40) 

 
1/2 1/2

1 1 1 2 22 ln( / ) 2 2ln( / )J I E d I E d I              (1.41) 

 
2 3

1 (2 2 1) / 0.90735b b b      (1.42) 

 2 22 / 3 0.01420b    (1.43) 

 
3/2 1/2

2 1 3 2 4 5 24 2 8.2487 / ( ( ) )J I bdE bdE z E T           (1.44) 

 
3 2

3 0.9571/ 1.1187 / 0.1523 /b b b     (1.45) 

 
2 3

4 (0.5738 7.0572 2 / 3) / 0.6461b b b      (1.46) 

 5 4 / 3 2.2194b    (1.47) 

Here ε is the dielectric constant of water, η is the viscosity of water and b = 2. This model can be 

fit to experimental data with either one or both of Λ° and KA treated as fitting parameters. The 

FHFP model is a rigorous model which is applicable to dilute (< 0.01 mol·L
-1

) solutions of 

symmetrical binary electrolytes.
11, 77
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1.4.3 TBBK Conductivity Model 

Turq et al. 
78

 developed the TBBK conductivity model which can be applied to both 

symmetrical and unsymmetrical electrolytes. This model was derived using the Fuoss-Onsager 

approach and using the mean spherical approximation (MSA) to solve for the electrophoretic  

(
el 0/i i  ) and relaxation ( /X X ) contributions. The Fuoss-Onsager equation that is the basis 

of this model is: 

 
el

0
1 1i

i i

i

X

X

 
 



  
     

  
 (1.48) 

Here λi and λi° are the ionic equivalent conductivities in solution and at infinite dilution, νi
el
 and 

νi° are the velocities of the ion in solution and at infinite dilution, and X is the electric field.  

In a comparison by Bianchi et al. 
79

, the main differences between the TBBK and FHFP 

models were discussed. These include that the TBBK model, when expanded as a function of I, 

does not include the logarithmic term (I·lnI), that the TBBK model uses ionic diameters as 

parameters instead of the distance of closest approach, and that the TBBK model separates the 

electrophoretic and relaxation terms, resulting in a more complex concentration dependence. 

Although the FHFP model has been shown to be more accurate for dilute solutions at 298 K,
79

 

the TBBK model is a more accurate description of the concentration dependence of Λ over a 

wider range of concentrations and has been successful in modeling both symmetrical and 

unsymmetrical electrolytes at concentrations up to 1 mol·L
-1

 at room temperature.
78

 Moreover, 

the TBBK model can be applied to unsymmetrical electrolytes, while the FHFP model can only 

be applied to symmetrical electrolytes, and the TBBK model is capable of modelling solutions in 

which multiple equilibria must be considered. The TBBK model is therefore the preferred model 
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for treating high temperature and high pressure conductivity data. Most of the conductivity data 

in this thesis were analyzed with the TBBK model, using the equations from the original paper 

78
, corrected to address misprints found by other authors.

63, 79
 

1.4.4 Ionic Hydration: The Effect on Solvent Structure 

The ionic limiting conductivity is also related to the viscosity of the solvent and the ionic 

radius through Stokes Law: 

 i

Stokes

Fez

f r
 


   (1.49) 

here F is Faraday’s constant, zi is the charge of the ions, e is the unit charge, f is the boundary 

factor which ranges from 4 for perfect slip conditions to 6 for perfect stick conditions, and rStokes 

is Stokes radius. Stokes radius is affected by ionic hydration effects. Stokes Law predicts that the 

product of ionic limiting conductivity and solvent viscosity, referred to as the Walden product, 

should be independent of temperature. For most ions however the Walden product does have a 

temperature dependence.
80

 Despite these shortfalls, Stokes Law still serves as a useful starting 

point for a discussion of the current understanding of ionic mobilities. The deviation of 

experimental data from Stokes Law yields insight into how an ion moves through solution and 

how it interacts with the surrounding solvent molecules. As the availability of high-quality 

experimental data for ionic mobilities has increased, attempts have been made to provide a 

theoretical basis for the observed deviations of experimental data from Stokes Law.
80

 

One such model, which addresses the deviations between experimental data and Stokes 

Law, is the Frank-Gurney-Wen model.
81-82

 This model introduces the concept of the ionic 

cosphere, which refers to the solvent molecules directly surrounding an ion. These molecules 
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tend to have different properties than the bulk solvent due to their proximity to the ion. 

According to the Frank-Gurney-Wen model, ions can be separated into three different categories 

based on the behavior of the molecules in the ionic cosphere. The first type involves small ions 

with large surface charge densities. Around this type of ion, the cosphere contains a strongly 

bound layer of water molecules which are completely oriented. As a result, the object moving 

through solution is larger than the ion itself, therefore the Walden product should be lower than 

what is predicted by Stokes Law, and since the solvent is bound so strongly, this Walden product 

should show minimal temperature dependence. The second type of ion in this model involves 

larger ions which have a lower surface charge density. This charge density is insufficient to 

completely orient the water molecules but will still interfere with the normal hydrogen bonded 

structure of water, resulting in a region surrounding the ion which has lower viscosity than that 

of the bulk water. Since the ions are moving through this region of reduced viscosity, they appear 

to have increased mobility compared to what would be predicted by Stokes Law. This type of ion 

is typically referred to as a “structure breaker”. Since the difference in viscosity between the 

cosphere and the bulk water is greatest at lower temperatures where the bulk water is the most 

structured, this effect should decrease with increasing temperatures. The third type of ion 

involves large ions with hydrophobic surfaces. These ions are expected to be surrounded by a 

cosphere which has increased hydrogen bonding compared to bulk water. These ions are 

expected to have a lower Walden product than expected as they are surrounded by a region of 

solvent which has higher viscosity than that of bulk water, but this effect is also highly 

dependent on temperature as the hydrogen bonding in water decreases with increasing 

temperatures. These ions are typically referred to as “structure makers”.  
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1.5 Boric Acid Chemistry from Ambient to Hydrothermal Conditions 

Boric acid chemistry in water is complex due to the large number of possible species which 

can be in equilibrium with each other, with the speciation depending on temperature, pH and 

boron concentration. Under ambient conditions there have been a number of studies on boric 

acid, borate ion-pairs and polyborates.
83

 A review of the data at 298 K by Bassett 
83

 identifies the 

main anionic boron species in solution as B(OH)4
-
 B2O(OH)5

-
, B3O3(OH)4

-
 and B4O5(OH)4

2-
. 

These species were chosen by Bassett based on the results of potentiometric studies by Ingri et 

al. 
84

 and Mesmer et al. 
85

, and Bassett reports equilibrium constants for these species at 298 K, 

based on a reanalysis of the data from Ingri et al. 
84

 and Mesmer et al. 
85

 to correct for the ionic 

strength effects and formation of complexes. Bassett also identifies a number of metal borate 

ion-pairs and complexes and reports equilibrium constants, recalculated from the original studies 

to correct for ionic strength effects where possible.  

Studies at higher temperatures are more sparse, and much of what is included in high 

temperature databases for chemical equilibrium models is based on extrapolations of data which 

span a limited range of temperatures.
86

 Recently, Wang et al. 
86

 compiled a comprehensive boron 

thermodynamic database which covers temperatures from 298 to 738 K and pressures from 0.1 

to 47 MPa. This database is based on critically evaluated literature data and includes the 

following reactions of boric acid to form borate and polyborates:  

      
3 4

B OH aq OH B OH
  (1.50) 

      2 23 5
2B OH aq OH B O OH H O

   (1.51) 

      3 3 23 4
3B OH aq OH B O OH 3H O

   (1.52) 
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2

4 5 23 4
4B OH aq 2OH B O OH 5H O

   (1.53) 

      
3

5 6 23 6
5B OH aq 3OH B O OH 6H O

   (1.54) 

 For reaction (1.50), in the database of Wang et al., the data is from the potentiometric 

study of Mesmer et al. 
85

 which was reevaluated by Palmer et al. in 2000.
87

 The experimental 

data from this work cover the temperature range of 323 to 563 K, and outside of this temperature 

range, the database uses an extrapolation of these data. There have also been three other studies 

which report boric acid ionization constants. In 1980, Sirota et al. 
88

 measured the ionization of 

boric acid by conductivity from 373 to 623 K at saturation vapor pressure. Their equilibrium 

constants were derived from single data point conductivity measurements and were found to be 

less accurate than the equilibrium constants reported by Mesmer et al.
85

 In 1998, Wofford 
89

 

reported boric acid ionization constants from 300 to 380 °C and 24 to 41 MPa, however the 

results of this study have relatively large uncertainties. More recently, Bulemela and Tremaine 
45

 

reported boric acid ionization constants from 500 to 573 K in H2O and D2O from UV-visible 

spectroscopy measurements. 

 For reactions (1.51) – (1.54), the database of Wang et al., the data are also from the 

potentiometric study of Mesmer et al.,
85, 87

 however for these reactions the experimental data 

only covers the temperature range of 323 to 473 K, and outside of this temperature range, the 

database relies on an extrapolation of these data. There have been other studies of polyborates, 

however they are all limited to low temperatures. Two potential difference studies by Ingri 
84, 90

 

made measurements of boric acid solutions under high ionic strength conditions to yield 

polyborate formation constants, which were later corrected to zero ionic strength by Bassett.
83

 It 
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is of note that the polyborate scheme presented by Mesmer et al. 
85

 could fit the data from 

Ingri
84,90

 however the reverse is not true.  

Wang et al. 
86

 also included the formation of metaborates in their database, according to 

the following equilibria: 

     2 23
B OH aq   HBO (aq) + H O  (1.55) 

     2 3 23
2B OH aq   B O (aq) + 3H O  (1.56) 

These reactions were included in the database to fit the solubility data of Kracek et al. 
91

 which 

extend to 723 K, however the structure and stability of these species remains an area of active 

investigation.
92-94

  

It is also important to consider the formation of alkali metal borate ion-pairs: 

      
0 0

A,4 4 4
M  B OH MB OH      MB OHmK

  
 

, (1.57) 

where M is Na
+
, K

+
, or Li

+
. Using conductivity and potentiometry, a number of authors have 

studied these equilibria at low temperatures.
95-99

 At high temperatures, there is only one study 

which reports accurate association constants for MB(OH)4
0
 ion-pairs.

100
 This study reported 

values for KA[NaB(OH)4
0
] from 323 to 473 K. Based on the results of this study, Pokrovski et al. 

100
 reported a temperature-dependent model for KA[NaB(OH)4

0
], however at low temperatures 

this model is based on the data from Reardon et al. 
95

 which do not agree with other high quality 

low temperature studies.
96-97

 The available literature data for KA[NaB(OH)4
0
] are shown in 

Figure 1.5. It can be seen in this figure that at 298 K, the results for NaB(OH)4
0
 from Reardon et 

al. 
95

 are significantly higher than the values reported by Corti et al. 
96

 and Rowe et al.
97

 An 

osmotic pressure study by Weres 
101

 which studied solutions of sodium borate at 277 and 317 °C 
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postulates the existence of more complex sodium borate ion-pairs in aqueous solution, such as 

Na(BO2H)3(OH)2
-
 and Na2(BO2H)3(OH)3

-
. This study also looked at potassium borate solutions 

at 317 °C but did not report the formation of any potassium borate ion-pairs. 

1.6 Thesis Objectives and Overview 

1.6.1 Objectives and Organization of the Thesis 

The overall objective of this thesis was to study boric acid species in aqueous solutions 

under high temperature and pressure conditions which mimic the conditions of the primary 

coolant of PWRs. This work was completed to provide a self-consistent database for boric acid 

species in the primary coolant of PWRs which can be implemented in the database of chemical 

equilibrium modeling software such as PHREEQC 
102

, OLI 
103

, or EPRI’s MULTEQ.
104

 This 

work provides information on species which had not previously been studied under high 

temperature pressure conditions, which expands our current knowledge of hydrothermal systems. 

The work in this thesis to achieve these objectives can be divided into four separate projects, as 

described below. 

The first project focused on sodium borate and potassium borate. Before this work, borate 

limiting conductivities were unknown above 50 °C, potassium borate ion-pair formation 

constants were unknown above 25 °C and sodium borate ion-pair formation constants were 

unknown above 200 °C. From the conductivity measurements of these systems, values for the 

limiting conductivity of borate were found up to 300 °C, values for potassium borate ion pairing 

were found up to 350 °C, and values for sodium borate ion pairing were found up to 350 °C. 

Based on these results, equations were fit to the data to represent the temperature dependence of 

borate limiting conductivity and sodium and potassium borate ion pairing.  
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The second project focused on the ionization constants of boric acid, for which values 

were unknown above 290 °C before this project. This work made use of the model for borate 

limiting conductivity from the first project, and despite challenges due to the fact that boric acid 

is a very weakly ionizing species, highly accurate ionization constants were obtained from the 

conductivity data up to 350 °C. These constants were used to improve the temperature-dependent 

model for the ionization constants, previously based on an extrapolation of the data which stop at 

290 °C. 

The third project focused on lithium borate, as a continuation of the first project on 

sodium borate and potassium borate. Prior to this work, lithium borate ion-pair formation 

constants were only known up to 45 °C. Despite challenges due to difficult solution preparation 

and limited lithium borate solubility, lithium borate ion-pair formation constants were measured 

up to 200 °C. Using the models developed in the sodium borate and potassium borate project for 

the high temperature behavior, a model was developed based on the low temperature differences 

between lithium and sodium which can be used to extrapolate lithium borate ion pairing to 

higher temperatures.  

The fourth and final project which is included in this thesis is focused on the formation of 

triborate and diborate in aqueous boric acid solutions. Prior to this work, no polyborate limiting 

conductivities had been reported, and no accurate values for polyborate formation constants were 

reported below 50 °C or above 200 °C. Before this project it was thought that these species could 

not be studied by conductivity due to the high concentrations of boric acid required to form these 

ions, and the inability to create a solution which isolated either species. However, by carefully 

selecting the concentrations of boric acid and either sodium hydroxide or potassium hydroxide in 
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the solutions, it was possible to maximize the concentration of triborate at low temperatures and 

the concentration of diborate at high temperatures. This project yielded triborate limiting 

conductivities and formation constants up to 150 °C, which were then extrapolated to higher 

temperatures to analyze solutions to yield diborate limiting conductivities and formation 

constants from 200 to 300 °C. 

In this thesis, this chapter serves as a general introduction to the physical chemistry of 

high temperature and high pressure aqueous systems, as well as boric acid chemistry under 

hydrothermal conditions and in the context of the use of boric acid in PWRs. Chapter 2 contains 

details on the experimental methods which are a common thread through all four of the projects, 

specifically the details of the unique high temperature AC conductance flow-through cell which 

was used to make the measurements for these studies. The specific experimental details for each 

project are included in Chapters 3 – 6, each of which is focused on one of the major projects of 

this thesis. The first three are papers which are already published, and the fourth is included in 

draft publication format. The final chapter details the general conclusions and impact of the 

research completed for this thesis, as well as suggestions for the future direction in which this 

work could continue.  

1.6.2 Contributions to the Project 

It is important to note that the work reported in this thesis is the result of a highly 

collaborative effort, primarily between my Ph.D. supervisor, Prof. Peter Tremaine, Dr. Hugues 

Arcis, and myself, and the contributions of each person to these projects should be made clear. 

The work presented in this thesis is a part of a larger project in the Tremaine group, and when I 

began my Ph.D. research, the project was already underway. Therefore, for the first two projects 
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on sodium borate and potassium borate, and on boric acid, Dr. Arcis was the lead on the project 

while I learned the skills required for the experimental work and the data analysis. For these two 

papers, Dr. Arcis and I each completed some of the conductivity measurements, with some 

assistance with the measurements and the solution preparation from Prof. Greg Zimmerman. The 

data analysis for these two projects was a collaborative effort between Dr. Arcis and myself, with 

both of us completing the impedance and TBBK analysis and Dr. Arcis taking the lead on the 

analysis to determine the models for limiting conductivity, ion-pair formation constants and 

ionization constants. The boric acid paper also includes Raman spectroscopy, which was 

completed by Dr. Lucas Applegarth. The original manuscripts for these two papers were 

primarily written by Dr. Arcis, with contributions from Prof. Tremaine and myself. For the third 

and fourth projects on lithium borate, and the polyborates, I took on a lead role. For these two 

projects I completed most of the solution preparation and conductivity measurements with some 

assistance from Dr. Arcis and Prof. Zimmerman. I also completed most of the data analysis for 

these two projects, with contributions from Dr. Arcis, and wrote the manuscripts for each of 

these two papers, with contributions from Dr. Arcis and Prof. Tremaine.  
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Figures 

 

Figure 1.1. The temperature dependence of the vapor pressure (psat), dielectric constant (εw), and 

viscosity of water (ηw).  
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Figure 1.2. The temperature dependence of the compressibility of water at 22 MPa (black), 30 

MPa (red), 50 MPa (green), and 100 MPa (blue). 
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Figure 1.3. Schematic of a Pressurized Water Reactor. 
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Figure 1.4. The three types of ion pairing. (a) Solvent solvent separated ion-pair (SSIP); (b) 

Solvent separated ion-pair (SIP); (c) Contact ion-pair (CIP). 
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Figure 1.5. Literature data for sodium borate association constants. , Reardon et al. 
95

; , Corti 

et al. 
96

; , Rowe and Atkinson 
97

; , Pokrovski et al. 
100

; solid line, fit from Pokrovski et al.
100
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2 Experimental Methods and Data Analysis 

2.1 High Temperature AC Conductivity Flow Cell 

2.1.1 Flow Cell Design 

The high-temperature, high-pressure AC conductivity flow cell used to make the 

measurements in this work was originally built at the University of Delaware by Hnedkovsky et 

al.
1
 This design was based on the original designs of Zimmerman et al.

2
 and Sharygin et al.

3
 

modified to allow for the cell to measure more corrosive solutions. A schematic of the cell is 

shown in Figure 2.1. The cell consists of a 47 cm long platinum/20 % rhodium inlet tube which 

leads into a platinized cup (4.6 mm i.d.; 5.6 mm o.d.) that serves as the outer electrode. The inner 

electrode is a platinum/20 % rhodium rod (1.6 mm o.d) which is a direct extension of the 

platinum/20 % rhodium tube through which the solution exits the cell. This electrode was rebuilt 

after the first set of measurements done in this work, as will be described in more detail in the 

next section. The inner and outer electrode were both electrodeposited with platinum black to 

maximize their surface area and minimize polarization effects. More details on the platinization 

of the electrodes can be found in Appendix A. Electrical insulation between the inner and outer 

electrode and between the electrodes and the body of the cell is provided by a sapphire disc and 

ceramic spacers. A diamond shield between the outer electrode and the sapphire disc prevents 

any possible corrosion products from flowing back into the outer electrode and contaminating 

the solution being measured. The pressure seal of the cell is maintained by compressing thin gold 

washers which are placed on both sides of the sapphire disc. Two designs of the gold washers 

used in this work are shown in Figure 2.2. Both designs have a small raised edge on two of the 

washers to ensure the gold washers and electrode assembly remain in the proper place as the cell 
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is sealed within a titanium cell body which is assembled using a system of bolts and Inconel 

Belleville washers. The design used for the majority of this work is the one shown in Figure 2.2a, 

with a wider radius inner washer as it was initially thought that the other design (shown in Figure 

2.2b) led to a leak. However it was later discovered that this leak was in the outlet tubing, so this 

design change should be re-examined when the cell is rebuilt in the future. Both are an 

improvement over previous designs which used flat gold washers. 

2.1.1.1 Rebuilding the Inner Electrode 

After the completion of the first set of measurements for this work, the high-temperature 

AC conductivity flow cell required a new inner electrode. The old inner electrode had a crack at 

the pinhole through which the solution exits the cell, as well as a significant deformation of the 

platinum/20 % rhodium disc. The new electrode was constructed using 570 mm of  

platinum/20 % rhodium tubing (1.0 mm o.d.; 0.5 mm i.d.), a platinum/20 % rhodium disc (1.0 

mm thick; 9.5 mm o.d.) and 35 mm of platinum/20 % rhodium tubing (1.6 mm o.d.; 1.0 mm i.d.) 

in which a small pinhole was made for the solution to exit the cell through the outlet tube. The 

electrode tubing beyond this pinhole inside the cell was gold filled. Figure 2.3 shows photos of 

the pinhole in the inner electrode before and after it was rebuilt. 

2.1.2 Flow Injection System 

A schematic of the flow injection system used with the conductivity cell is shown in Figure 

2.4. This system makes use of two Lab Alliance Series 1500 dual piston HPLC pumps. The first 

pump is used to deliver a continuous flow of deionized and degassed water from a large reservoir 

to the instrument at a flow rate of 0.5 mL·min
-1

 and a pressure set by the back-pressure regulator 

(Circle Seal Controls No. BPR21U22542). When a sample was to be injected, a peristaltic pump 
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was used to load an HPLC injection loop (3.2 mm o.d., passivated stainless steel tubing from 

Restek, with a capacity of 50 mL) with the sample. The second HPLC pump was then used to 

pressurize this sample loop by pumping the water from the reservoir into the loop. A computer 

with Hewlett-Packard VEE Version 6.1 software was used to control two six-port valves which 

determined whether the water pumped from the reservoir by HPLC pump 1 flowed directly 

through the cell, or pushed the solution in the injection loop through the cell after the sample 

loop was pressurized. The pressure was measured with a digital pressure transducer 

(Paroscientific Inc. model 760-6K) to an accuracy of ± 0.01 MPa. A second pressure transducer 

was also recently added to the system just before the back-pressure regulator at the end of the 

line to ensure there was no pressure gradient over the flow injection system. 

2.1.3 Temperature Control and Measurement 

Three independent systems were used together to control the temperature of the conductivity 

cell to ± 0.15 K over a time span of several hours. The first system was a large air oven, 

constructed by Hnedkovsky et al. 
1
 which contained the conductivity cell as well as a portion of 

the inlet and outlet tubes. The oven used a PID controller (Omega CNi3254) connected to a Pt 

1000 Ω sensor and a stainless steel heating element located approximately 5 cm below the 

conductivity cell to maintain a constant temperature environment approximately 5 K below the 

temperature of the conductivity cell. The second system consisted of two heating cartridges 

which are placed in the titanium body of the cell, controlled by a Hart Scientific model 2100 PID 

controller that was connected to a Pt 1000 Ω sensor. A platinum resistance thermometer 

consisting of a Hart Scientific model 5612 probe and a model 5707 6 ½ Digit DMM, accurate to 

± 0.02 K was also carefully placed in the titanium body, as close to the electrode assembly where 
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the impedance measurement was taken as possible, and was used to measure the temperature of 

the cell. The third system was a preheater, used to ensure that the solution entering the cell was 

brought as close as possible to the cell temperature. This preheater consisted of a linear heating 

element, placed in direct contact with almost the entire length of the inlet tube. A thermocouple 

was used to monitor the difference in temperature between the inlet tube and the conductivity 

cell. One of the thermocouple junctions was placed on the inlet tubing just before it entered the 

body of the cell, while the other was placed on the titanium body of the cell. The output was 

connected to an Automation Direct Solo 4824 PID controller which adjusted the heating power 

of the preheater to minimize the temperature difference between the inlet tube and the 

conductivity cell. 

2.2 Experimental Procedure 

Each series of measurements made during this work began with a measurement of a series of 

KCl solutions at 25 °C to determine the cell constant. The cell constant was found following the 

procedure of Zimmerman et al. 
4
 in which conductivity measurements of KCl solutions ranging 

from ~10
-4

 to ~10
-2

 mol·kg
-1

 were compared to accurate values for the conductivity of KCl from 

Barthel 
5
. Minor corrections to the cell constant value were made to account for the dependence 

of the cell constant on temperature according to the method of Zimmerman et al. 
2
 In addition, at 

each temperature the conductivity of a single solution of NaCl was measured and the results 

were compared to the fit of Zimmerman et al. to ensure the accuracy of the measurements being 

made.  
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The experimental design consisted of a sequential determination of solution conductivities at 

a constant temperature, pressure and flow rate, as a function of concentration. Measurements of a 

given system started with pure water, kept under a positive pressure of argon in a sealed bottle, 

for which the mass had been recorded before the addition of water. After the injection of water 

into the conductivity cell, a weighed syringe was used to inject stock solution directly into this 

sealed bottle through a septum to prepare a solution of the desired concentration. After allowing 

a solution to stir for at least an hour, it was loaded into the injection loop to then be injected 

through the conductivity cell. The mass of the pressurized bottle and its contents were 

determined before and after each injection. This process was repeated to prepare all solutions 

required for each system at each temperature. This procedure allowed for the most accurate 

measurement of the conductivity of pure water and since each subsequent solution was more 

concentrated so that contamination due to solute absorption to the cell walls was minimized. 

Between measurements of two different solutions, the conductivity cell was allowed to rinse with 

water for at least an hour, or until the measured value of resistance returned to that of pure water. 

2.3 Impedance Data Analysis 

To obtain an AC impedance spectrum of each solution being flowed through the 

conductivity cell, a four-lead measurement was required. Two of the leads were pure silver wires 

which were gold soldered to the tubing close to the inner and outer electrodes, just outside the 

titanium body of the cell, and the other two leads were the inlet and outlet tubing. The two silver 

wires ran parallel to the tubing from the cell to the area outside of the hot zone, where the 

connections to a programmable automatic RCL meter (Fluke model PM6304C) were made. This 

four-lead measurement contributed zero resistance to the impedance, however the short sections 
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of tubing that form the rest of the circuit need to be included in the leads correction. As 

calculated by Zimmerman et al. 
6
 based on the resistivity of Pt/Rh 20 %, this leads correction 

was taken as (0.020 ± 0.004) Ω.  

For each solution, the complex impedance, Z(ω) was measured at nine frequencies (100, 

200, 500, 1000, 2000, 5000, 10 000, 20 000 and 100 000 Hz) using the RCL meter. These 

measurements yielded both the real, ZRe(ω), and imaginary, ZIm(ω), components of the 

impedance spectrum at each angular frequency, ω, related as follows: 

 Re Im( ) ( ) ( )  Z ω Z ω j Z ω  (2.1) 

In this equation, j
2
 = -1 and ω = 2πf where f is frequency. For each solution, at least eighty 

measurements were taken over a time span of at least 50 minutes. For each of these 

measurements, a computer recorded the real and imaginary impedance at each frequency, the 

temperature, and the pressure and the time. 

 To obtain the pure ohmic solution resistance, Rs, from the impedance spectrum, several 

possible models can be used. Recent work by Zimmerman et al 
7
 examined four such models, all 

based on the equivalent circuit depicted in Figure 2.5. In the Figure, Rs is the pure ohmic solution 

resistance, which is the desired quantity, Rct is a charge transfer resistance, Cd is the double layer 

capacitance, ZCPE(ω) is the impedance of the constant-phase element, consisting of a capacitor 

and resistor in series, and Ccell is the capacitance due to the two electrodes acting as a parallel 

plate capacitor. Zimmerman et al. 
7
, determined that one method consistently gave the lowest 

percent difference when the molar conductivities calculated using the extrapolated values of 
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solution resistance were compared to literature values of molar conductivity. This method uses 

only the real portion of the impedance, and fits the dependence of the real impedance on the 

angular frequency according to the following function:  

 1

Re s CPE s 0( ) ( )


    
bZ ω R R ω R b ω  (2.2) 

In this equation, RCPE(ω) is the resistance of the constant phase element, and Rs b0, and b1 are 

fitting parameters. The solution resistance is the y-intercept, which corresponds to the real 

impedance extrapolated to infinite frequency. Therefore this was the method chosen for this 

work. To apply this method, it was required to choose a subset of the frequencies based on an 

inspection of the plots of ZRe(ω) vs ω
-b1

, because in most cases, especially for the lowest 

concentration measurements (< ~10
-3

 mol·kg
-1

), this plot was only linear at the lowest 

frequencies.  
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Figures 

 

 

Figure 2.1. Schematic of the AC conductivity flow cell. (1) Pt/Rh 20 % inlet tube; (2) outer 

electrode; (3) inner electrode; (4) diamond shield; (5) pinhole; (6) sapphire disc; (7) gold washer; 

(8) ceramic spacer; (9) titanium plunger; (10) steel bolts; (11) Inconel Belleville washers; (12) 

Pt/Rh 20 % outlet tube.  
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Figure 2.2. A schematic of the two possible arrangements of gold washers in the conductivity 

cell. 
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Figure 2.3. (a) The pinhole on the old inner electrode. (b) The pinhole on the new inner 

electrode. 
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Figure 2.4. A schematic of the flow injection system. (1) Water reservoir; (2) solution; (3) waste; 

(4) peristaltic pump; (5) HPLC pump 1; (6) HPLC pump 2; (7) valves; (8) pressure release 

valves; (9) six-port injection valve 1; (10) six-port injection valve 2; (11) sample loop; (12) 

pressure transducer; (13) conductivity cell; (14) acquisition computer; (15) Fluke PM 6304 

programmable RCL meter; (16) back-pressure regulator. 
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Figure 2.5. Equivalent circuit model of an electrolyte in a conductance cell. 

 



 

 

 58 

3 The Limiting Conductivity of the Borate Ion and its Ion-Pair 

Formation Constants with Sodium and Potassium under 

Hydrothermal Conditions 

This paper is published in Physical Chemistry Chemical Physics, 2016, 18, 24081 – 24094.  

DOI: 10.1039/C6CP03084J Reproduced with permission from the PCCP Owner Societies. 

Abstract 

Frequency-dependent molar electrical conductivities for aqueous solutions of potassium 

borate, and sodium borate have been measured from ambient to near-critical temperatures and 

pressures to an accuracy of ±3 %, using a unique high-precision flow-through AC conductance 

instrument. The concentration dependence of these conductivities was analyzed with the Turq-

Blum-Bernard-Kunz ("TBBK") theoretical model to yield (i) limiting conductivities of the borate 

ion, °[B(OH)4
-
], and (ii) ion-pair formation constants, KA, for the species NaB(OH)4

0
 and 

KB(OH)4
0
 from T = 298 K to T = 623 K at a constant pressure p ~ 20 MPa. The ion-pair 

formation constants for both borate salts were found to be consistent with previous literature 

studies at temperatures below 473 K (T ≤ 473 K). No significant difference in KA was observed 

between the species NaB(OH)4
0
 and KB(OH)4

0
. As temperature was increased from 473 up to 

623 K, the degree of association increased significantly, and was found to be considerably higher 

than for any other 1-1 electrolyte previously studied. For instance, at 623 K, the association 

constant log KA[NaB(OH)4
0
] = 2.75 ± 0.21 was an order of magnitude higher than  

log KA[NaCl
0
] = 1.53 ± 0.03, and approximately equal to that of a 2:1 electrolyte,  

log KA[SrCF3SO3
+
] = 2.58 ± 0.06. Deviations in the limiting conductivities from Stokes Law 

show that the borate ion’s unusual “structure making” effect, observed by other workers at sub-

ambient conditions, persists up to temperatures above 500 K. The temperature dependence of the 
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Walden product ratio is very different from that observed for other monovalent anions for which 

experimental data are available over this wide range of temperatures.   
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3.1 Introduction 

Boric acid is used as a neutron absorber in the primary coolant of pressurized water nuclear 

reactors (PWRs), to manage nuclear reactivity over the lifetime of each fuel cycle. Under some 

circumstances, boron salts can precipitate in fuel deposit crevices adversely affecting the neutron 

flux and lowering the power output in specific locations of the core relative to predictions based 

on core design. The precipitation reactions typically take place at temperatures from 573 to  

623 K and pressures near 1.5 MPa. They are known to be reversible but are rather poorly 

understood. Accurate thermodynamic and transport property data are needed to predict the onset 

of these reactions, so the primary coolant chemistry can be optimized to avoid their occurrence. 

Moreover, the aqueous solution chemistry and physical properties of boric acid over such an 

extreme range of temperatures are of considerable interest to basic science. These include 

unusual hydrogen bonding effects near ambient conditions,
1,2

 and the anomalous thermodynamic 

properties of boric acid solutions near the critical point.
3,4

  

The chemistry of boric acid in water is complex because a large number of aqueous species 

(charged and neutral) can be in stable or metastable equilibrium with one another, depending on 

the conditions of pH, temperature and boron concentration. Recently, Wang et al.
5
 compiled a 

comprehensive boron thermodynamic database covering a wide range of temperatures (298 – 

738 K) and pressures (0.1 – 47 MPa), based on the Mixed Solvent Electrolyte (MSE) activity 

coefficient model 
6
 and critically evaluated literature results. Their thermodynamic model 

includes the following ionization reactions of boric acid to form borate, polyborates and 

metaborates: 

  B(OH)3(aq) + 2 H2O ⇌ B(OH)4
-
 + H3O

+
     (3.1) 

  2 B(OH)3(aq) + H2O ⇌ B2O(OH)5
-
 + H3O

+
     (3.2) 
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  3 B(OH)3(aq) ⇌ B3O3(OH)4
-
 + H2O + H3O

+
     (3.3) 

  4 B(OH)3(aq) ⇌ B4O5(OH)4
2-

 + H2O + 2 H3O
+
    (3.4) 

  5 B(OH)3(aq) ⇌ B5O6(OH)6
3-

 + 3 H3O
+
     (3.5) 

  B(OH)3(aq) ⇌ HBO2(aq) + H2O      (3.6) 

  2 B(OH)3(aq) ⇌ B2O3(aq) + 3 H2O      (3.7) 

The database for the ionization constants of boric acid, reactions (3.1) to (3.5) is largely based on 

the accurate potentiometric titration measurements reported by Mesmer and Baes 
7
 and re-

interpreted by Palmer et al.
8
 Mesmer and Baes’ experimental results for the ionization of boric 

acid extend to 563 K, while those for the polyborates are limited to temperatures below 473 K. 

Formation constants for the polyborates at higher temperatures are based on extrapolations. In 

order to fit the solubility data of Kracek et al.,
9
 which extend to 723 K, Wang et al. required 

formation constants for two aqueous monomeric neutral species, HBO2(aq) and B2O3(aq), 

(metaboric acid and boric oxide) expressed as reactions (6) and (7). The structure and stability of 

the polyborate and metaborate species in high temperature water are topics of active 

investigation.
10, 11, 12

 

The model by Wang et al. also includes association constants for the ion-pairs LiB(OH)4
0
 

and NaB(OH)4
0
,  

  M
+
 + B(OH)4

-
 ⇌ MB(OH)4

0
   M

+
≡ Li

+
 or Na

+
.  (3.8) 

Formation constants for these species measured by a number of authors near ambient conditions, 

using potentiometry and conductivity methods.
13,14,15

 Recent studies using dielectric relaxation 

spectroscopy suggest that these are solvent-separated ion-pairs.
1
 The only direct experimental 

data for the association constants of alkali metal borate ion-pairs at temperatures above 323 K 

are the values for KA[NaB(OH)4
0
] from 323 to 473 K measured by Pokrovski et al.

16
 In Wang et 
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al.’s treatment, the high-temperature formation constants, KA[MB(OH)4
0
], were estimated from 

Pokrovski’s expression for the temperature-dependence of KA[NaB(OH)4
0
]. Finally, we note that 

only one class of association equilibrium, the simple 1:1 binary ion-pair represented by Eq. (3.8), 

was sufficient to model all the available literature data in this very comprehensive model. (See 

Table 2 of Ref. [5]). 

A major issue in the literature database compiled by Wang et al.,
5
 is that accurate 

thermochemical data for dilute aqueous boric acid solutions are sparse. Precise determination of 

thermodynamic equilibrium constants, K, for Equations 3.1 to 3.8 requires the investigation of 

dilute solutions using in situ instrumental or spectroscopic techniques so that activity coefficient 

effects can be accurately quantified. One of the methods of choice to measure high temperature 

ion association constants is the flow AC conductivity technique developed by Zimmerman et al. 

17, 18, 19, 20
 The method is attractive because it can operate under (i) very dilute solutions (10

-5
 – 

10
-2

 molal) where deviations from ideal solutions are precisely defined by theory, and (ii) at 

extreme experimental conditions (T = 673 K, p = 28 MPa). Moreover, the pressure- and 

temperature dependence of the limiting conductivities yield insights into the nature of ionic 

hydration for the species in question, the so-called “structure-making” and “structure-breaking” 

effects
 21, 22

. The limiting conductivity of the borate ion, °[B(OH)4
-
] has been measured only at 

ambient temperatures (288 – 323 K),
14, 23

 and no accurate limiting conductivities for the 

polyborates have been reported. 

The objective of this study was to determine accurate values of °[B(OH)4
-
] up to 

conditions approaching the critical point of water, and accurate values for the ion-pair formation 

constants of NaB(OH)4
0
 and KB(OH)4

0
 (Eq. (3.8)) over the same temperature range. The 

experimental design is similar to that developed by Corti et al.,
14

 for use under near-ambient 
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conditions. Concentration-dependent molar conductivities for aqueous solutions of potassium 

and sodium borate were measured from 298 K to 623 K at p ~20 MPa using the state-of-the-art 

flow conductivity techniques described by Zimmerman et al.
24, 25 

and Arcis et al.
 20

 The TBBK 

equation was then fitted to these experimental results to yield λ°[B(OH)4
-
], from which we 

obtained values for the degree of association at each concentration and, hence, values for the 

association constants KA. These are the first experimental values for the limiting conductivity of 

the borate ion, °[B(OH)4
-
] above 323 K, and first experimental ion-pair formation constants for 

NaB(OH)4
0
 and KB(OH)4

0
 at temperatures above 473 K.  

3.2 Experimental 

3.2.1 Chemicals and Solution Preparation 

Aqueous stock solutions of boric acid were prepared from anhydrous boric acid 

(Puratronic®, 99.9995 % metals basis, Lot # 10659, Alfa Aesar) were used without any further 

purification. Quadruplicate titrations of the stock solutions with NaOH in the presence of D-

mannitol,
26

 were used to determine their composition to a precision of 0.02 %. Aqueous sodium 

borate and potassium borate solutions were prepared from anhydrous boric acid and 

corresponding alkali metal hydroxide solution under argon atmosphere to prevent CO2 

contamination. Aqueous hydroxide solutions were prepared by dilution from standard solutions 

of carbonate-free NaOH (50 % w/w aq. soln., CAS 1310-73-2, Lot # 33382, Alfa Aesar), and 

KOH (50 % w/w aq. soln., CAS 1310-58-3, Lot # B01Y001, Alfa Aesar). Hydroxide solutions 

were standardized by titration with potassium hydrogen phthalate in quadruplicate samples. 

Aqueous solutions of NaCl (99.99 % metals basis, Lot # I14U009, Alfa Aesar) and KCl  

(99.995 % metals basis, Lot # E21U0, Alfa Aesar) were prepared from pure salts. Both salts 
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were dried at 573 K to obtain constant mass, with less than 0.01 % difference. All solutions were 

prepared by mass with buoyancy corrections and accuracy better than ±0.2 %, using degassed 

and deionized water from a Millipore Direct-Q 5 water purification system (resistivity  

18.2 MΩ·cm).  

3.2.2 AC Conductivity Flow Cell and Injection System  

Conductivity experiments were performed using the high-temperature, high-pressure 

conductivity flow cell, described in detail elsewhere.
24,25 

Briefly, the cell consists of a long 

platinum inlet tube that leads into a platinized cup which forms the outer electrode. The inner 

electrode is a platinum rod that has been electrodeposited with platinum black and is a direct 

extension of the platinum outlet tube, which carries the exiting solution away from the cell. The 

electrodes are separated from one-another by a system of sapphire and ceramic insulators, 

located downstream of the cell, and contained in a titanium cell body which compresses annealed 

gold discs to provide a pressure seal. A diamond frit positioned at the cell exit prevents the 

backflow of impurities from the sapphire insulators. The temperatures of the cell, its surrounding 

oven, and the inlet tube were controlled using three independent systems, capable of regulating 

to ± 0.15 K over several hours, and were measured to ± 0.02 K with a platinum resistance 

thermometer located in the cell body. High-performance liquid chromatographic (HPLC) pumps 

were used to inject solutions into the flow conductivity cell, at a rate of 0.5 cm
3
·min

-1
. The 

pressure was controlled by a back-pressure regulator located at the end of the flow line, and 

measured to an accuracy of ± 0.01 MPa.  

The experimental design was based on that of our previous studies,
20,24,25

 which consists 

of the sequential determination of solution conductivities as a function of concentration at the 

same temperature, pressure and flow rate. To minimize solvent corrections, solutions of each 
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aqueous solute, NaB(OH)4 and KB(OH)4, were prepared in the same bottle at increasing 

concentrations (~10
-4

 to ~10
-2

 mol·kg
-1

), by injecting increments of stock solution from a 

weighed syringe through a septum into the solution. This procedure allowed us to make the most 

accurate measurement of the conductivity of the pure solvent and, because each subsequent 

solution was more concentrated, minimized contamination due to solute adsorption to the cell 

walls. The solution preparation procedure was repeated at each temperature. 

A programmable automatic RCL meter (Fluke Model PM6304C) was used to measure 

the angular frequency () dependence of each solution’s complex impedance,  

Z() = ZRe() - j·ZIm(), where j
2
 = -1. Impedance spectra were collected at nine frequencies in 

the range 100 Hz to 10kHz, to yield values for both real ZRe() and imaginary ZIm() 

components. Eighty to one hundred measurements were taken with a computer over a time span 

50 minutes or more. Details of the frequency-dependent measurements and the experimental 

uncertainty limits in ZRe(ω) and ZIm(ω) are discussed in References [24, 25, 27]. Our previous 

studies,
24,25,27

 showed that, for our type of cell, an extrapolation of ZRe(ω), according to the 

expression:  

 Re 1( )    n

sZ ω R b ω  (3.9) 

yielded the most accurate results for concentrated electrolyte solutions. Here Rs is the solution 

resistance that we seek to measure. The terms b1 and n are fitting parameters.
19

 

3.2.3 Experimental Conductivities 

A first set of solution conductivities, soln
exp

, were measured from T = 298 to T = 573 K at 

p ~ 20 MPa, for aqueous solutions of KB(OH)4 and NaB(OH)4. A second set of measurements 

on solutions of potassium borate and sodium borate was performed from T = 548 K to T = 623 K 
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at p ~ 20 MPa. Both series of measurements agree with each other to within the experimental 

uncertainty. Numerical values are reported in Table 3.1 and Table 3.2. The procedures used for 

calibrating the instruments and determining the cell constant have already been reported in 

previous studies,
24,25, 27

 and will not be repeated here. The temperature-dependent cell constants 

used in this work are also reported in Table 3.1 and Table 3.2. During the course of these 

measurements, a dilute solution of NaCl was run as an internal standard to check the consistency 

of our experimental data. Good agreement was found with literature results as shown in Figure 

3.1. For the first set of measurements, the values were within 1 % of the literature values for all 

temperatures. For the second set of measurements the values were within 3 % of the literature 

values for T = 548 K to T = 573 K and within 6 % of the literature values for T = 598 K.  

3.2.4 Solvent Correction to the Experimental Conductivities 

The experimental solution conductivities, soln
exp

, must be corrected for the contributions 

of impurities in the solvent, with an appropriate treatment for the self-ionization of water. The 

correction formula depends on the nature of the theoretical conductivity equation used to treat 

the data. To model the concentration dependence of the solution conductivity in this study, we 

followed the same data-treatment strategy we have adopted in our previous work dealing with 

strontium salts.
25, 27

 The approach makes use of the theoretical Turq-Blum-Bernard-Kunz 

(“TBBK”) conductivity model 
28

 combined with a simple mixing rule.
29

 This method considers 

all the ions present in solution, including those from water self-ionization. Therefore all our 

experimental solution conductivities, soln
exp

, were corrected for impurities within the solvent to 

yield the real solution conductivities, , following the formula: 

 
exp exp pure

soln w wκ κ κ κ    (3.10a) 
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where w
exp

 is the experimental conductivity of water and w
pure

 is the conductivity of pure water, 

as calculated by the method of Marsh and Stokes.
30

 We note that in some cases we found our 

experimental values for w
exp

 to be slightly lower than those of w
pure

, and thus considered  

 = soln
exp

. This infers the excellent quality of our experimental data, and is consistent with 

uncertainties in pKw, °(H
+
) and °(OH

-
) used to calculate w

pure
. 

We note that the correction to the experimental solution conductivities, soln
exp

 for the 

well-known Fuoss-Hsia- Fernández -Prini (“FHFP”) equation,
31

 takes the form:  

 exp exp

soln wκ κ κ   (3.10b) 

This is because the FHFP equation was derived to represent only the concentration dependence 

of the conductivity of the aqueous electrolyte, without considering the self-ionization of water. 

For non-neutral solutions, Eq. (3.10a) should be used for both the TBBK and FHFP treatments 

because the presence of an acid or a base controls the concentration of H
+
 and OH

-
 in the 

solution.
[e.g. 32]

 

Experimental molar conductivities, Λ
exp

, at each concentration, c, were calculated from 

the relationship,  

     exp / c        (3.10c) 

The concentrations and the corresponding experimental molar conductivities, 
exp

, at each 

molality of aqueous KB(OH)4 and NaB(OH)4 are tabulated in Table 3.1 and Table 3.2, along 

with the average temperature (IPTS-90) and pressure. The procedure for calculating 

concentrations is discussed in the following section. The uncertainties in Table 3.1 and Table 3.2 

were estimated using procedures identical to those reported in Ref. 24. In Eq. (3.10.c) and other 
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formulas, all conductivities, , are in SI units of S∙m
-1

. These were converted to units of S∙cm
-1

 

for tabulation in Table 3.1 and Table 3.2. 

3.3 Conductivity Data Analysis 

3.3.1 Conductivity Model and Solution Density 

In this work, the Turq-Blum-Bernard-Kunz (“TBBK”) conductivity model,
28

 together 

with a chosen equilibrium reaction model and the mixing rule reported by Sharygin et al.,
29

 was 

used to treat all of the experimental conductivity measurements. This method involves a 

nonlinear least-squares technique (Levenberg – Marquardt algorithm), using procedures reported 

in our previous studies.
20,24,25

 The TBBK conductivity equation has been developed to represent 

the concentration dependence of the molar conductivity of the solution (eq 10.c) at given 

conditions of temperature and pressure, where the concentration or molarity, c, is expressed in 

mol·L
-1

 of solution. To convert our experimental molalities to molarities requires accurate 

solution densities. No experimental densities for aqueous sodium and potassium borate have 

been reported in the literature over the full range of our experimental temperatures (298 K < T < 

623 K). As in our previous studies,
20,24,25

 we addressed this issue by using the Helgeson-

Kirkham-Flowers-Tanger (“HKF”) model to estimate the standard partial molar volumes V° of 

the aqueous ions and ion-pairs in our solutions,
33,34

 together with the NIST formulation for the 

density of water,
35

 to calculate solution densities. This calculation also required knowledge of 

solution speciation, which was determined in an iterative process by fitting the TBBK model to 

our experimental conductivity data (See Figure 4 in Ref. [25]). Values of the HKF parameters 

were taken from Refs [16] and [34]. Because no information was available for KB(OH)4
0
, we 

assumed V°[NaB(OH)4
0
] = V°[KB(OH)4

0
]. Solution densities, s, were calculated from the molar 
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volume of the solution, Vs, using the relationships reported in Ref. [24]. The solution densities 

calculated from the predicted values of V° agreed with the experimental values reported by 

Ganopolsky et al. 
36

 to within ±0.15 % at all temperatures considered in his study (375 K ≤ T ≤ 

473 K).  

The TBBK conductivity equation also requires properties of water (density, w; viscosity, 

ηw; static dielectric constant, εw) which were calculated from equations of state recommended by 

the National Institute of Standards and Technology “NIST”,
36,37,38

 and crystallographic radii (
M

r 

and 
X

r  ) for which we used the values reported by Marcus,
39

 listed in Table 3.3. The radii of the 

ion-pairs were calculated from the cube-root expressions used by Wood and his co-workers:
19, 29

 

   0

1/3
3 3

MX M X
r r r           (3.11) 

Finally our data treatment also required an assumed speciation model, for which equilibrium 

constants, K, and limiting ionic conductivity, °, for each ionic species were fitted. In this study, 

several models were applied in an attempt to find the simplest model that adequately reproduced 

our conductivity data. The model retained for the final data analysis is presented below. 

3.3.2 Chemical Equilibrium Model and Conductivity Data Fitting Procedure 

A chemical equilibrium model based on the results of Wang et al.
5
 was adopted to treat 

the conductivity measurements. Because the solutions were dilute, polyborate species were 

initially neglected and only B(OH)3 and H2O ionization reactions were included, along with the 

ion-pair formation reaction of KB(OH)4
0
 or NaB(OH)4

0
. The formation of KOH

0
 or NaOH

0
 ion-

pairs was also taken into account because the concentration of hydroxide ions from the 

hydrolysis of borate increases with temperature. For consistency, the same formalism as used in 

previous studies
7,8

 was adopted. The reactions in this model are: 
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  B(OH)3(aq) + OH
-
 ⇌ B(OH)4

-
  K

b
11,m    (3.12) 

  K
+
 + B(OH)4

-
 ⇌ KB(OH)4

0
   KA,m[KB(OH)4

0
]  (3.13) 

  Na
+
 + B(OH)4

-
 ⇌ NaB(OH)4

0
   KA,m[NaB(OH)4

0
]  (3.14) 

  K
+
 + OH

-
 ⇌ KOH

0
    KA,m[KOH

0
]   (3.15) 

  Na
+
 + OH

-
 ⇌ NaOH

0
    KA,m[NaOH

0
]   (3.16) 

  H2O ⇌ H
+
 + OH

-
    Kw    (3.17) 

Here KA,m[NaB(OH)4
0
] and KA,m[KB(OH)4

0
] were the equilibrium constants that were fitted; 

values for K
b

11,m, were taken from Palmer et al.;
8
 values for KA,m[KOH

0
] or KA,m[NaOH

0
] were 

taken from Ho et al.,
18

; and values for Kw was taken from Bandura and Lvov.
40

 

To model the concentration-dependent conductivities of our aqueous solutions of KB(OH)4 

and NaB(OH)4, we followed the methodology we have previously developed,
20,24,25

 and adjusted 

simultaneously °[B(OH)4
-
] and KA,m[KB(OH)4

0
] (or KA,m[NaB(OH)4

0
]) during our TBBK curve 

fitting. The temperature-dependent limiting conductivities, °(H
+
) and °(K

+
), were calculated 

from Marshall’s reduced density relationship;
41

 and values of °(OH
-
) and °(Na

+
) were taken 

from Ho et al.
18

 and Zimmerman et al.,
24

 respectively. The fitted values obtained for  

°[B(OH)4
-
], KA,m[KB(OH)4

0
] and KA,m[NaB(OH)4

0
] from the two fits were found to be 

statistically significant at all temperatures up to 573 K, except for the values of °[B(OH)4
-
] at 

548 K and KA,m[KB(OH)4
0
] at 373 K. For the data analyses at higher temperatures, it was 

necessary to fix °[B(OH)4
-
] to extrapolated values calculated from predictive model which is 

presented below in Section 3.4.1. The molar conductivities for the aqueous solutions of KB(OH)4 

and NaB(OH)4 at finite concentrations as calculated with the fitted TBBK conductivity model, 

Λ
TBBK

, are reported in Table 3.1 and Table 3.2. The TBBK parameters are tabulated in Table 3.3. 
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The values for °[B(OH)4
-
], KA,m[KB(OH)4

0
] and KA,m[NaB(OH)4

0
] from the unconstrained and 

constrained fits are reported in Table 3.4. 

3.4 Results 

3.4.1 Limiting Conductivity of Borate Ion 

The fitted values of the borate limiting molar conductivity, °[B(OH)4
-
], and the 

association constants, KA,m[KB(OH)4
0
] and KA,m[NaB(OH)4

0
], obtained from the TBBK 

treatment are reported in Table 3.4. The experimental values of °[B(OH)4
-
] obtained from the 

concentration dependent conductivity measurements on KB(OH)4 and NaB(OH)4 are plotted in 

Figure 3.2, together with selected literature values.
14, 23

 At low temperatures, the results in Table 

3.4 agree with those of Corti et al.
14

 and Zhou et al.
23

 to within the combined experimental 

uncertainties. At temperatures above 323 K, the only literature results with which to compare is 

the pioneering study by Sirota et al.,
42

 who reported molar conductivities for the borate ion at 

steam saturation from 373 K to 623 K. For comparison purposes we have reported their values 

obtained at the most dilute conditions in Figure 3.2. The results agree with the more accurate 

values from our study to within the combined experimental uncertainties.  

Our values of °[B(OH)4
-
] from the potassium and sodium salts agree to within the 

combined experimental uncertainties, up to T = 523 K, where they began to diverge. One of the 

main challenges we met in determining the limiting conductivity of borate as temperature 

increased, was that borate hydrolysis and the formation of ion-pairs became more pronounced. 

As a result, the quantity of free borate in solution decreased significantly while the fraction of 

both hydroxide and borate ion-pairs increased. This resulted in considerable difficulties in 

determining accurate values of °[B(OH)4
-
] for T ≥ 523 K. At T = 548 K and 573 K, the 
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difference in the values of °[B(OH)4
-
] obtained from the potassium and sodium salts exceeded 

the combined 95 percent confidence limits, as shown in Figure 3.2. Because hydroxide ion-pair 

formation is stronger in sodium solutions than in potassium solutions,  

KA(NaOH) ~ 1.5*KA(KOH) and KA[NaB(OH)4
0
] ~2*KA[KB(OH)4

0
], the results obtained from 

the potassium borate runs were considered more reliable than those from the sodium borate runs. 

We therefore chose to use the values obtained from our potassium borate runs in Table 3.4 as the 

most accurate (“best”) data, because the competition from hydroxide on pairing was less than in 

their sodium analogues. Attempts were made to fit several empirical models
25,41,43

 to the limiting 

conductivities in Table 3.4, however none of them was found to represent the temperature 

dependence of °[B(OH)4
-
] accurately. For reasons discussed below in Section 3.5.1, it appears 

that the behaviour of °[B(OH)4
-
] is quite unique. To address this problem, we chose to fit our 

experimental results, together with those of Corti et al.
14

, relative to the limiting conductivity of 

triflate, °(CF3SO3
-
), which is considered to be a reference ion.

25
 The expression for °(CF3SO3

-
) 

was obtained by fitting the equation reported by Plumridge et al., 
44

  

  -

3 3

ln
log CF SO

228

w
w

d ρb c
λ η a

T T T
      
  

 (3.18) 

to experimental values of °(CF3SO3
-
) taken from Zimmerman et al. 

25
 and Okan and 

Champeney.
45

 Here, the viscosity of water, w, is expressed in poise and the density of water, ρw, 

is expressed in g·cm
-3

. The non-linear least squares regression yielded the fitted parameters  

a = 0, b = 25.37 ± 6.01, c = - (226.9 ± 24.6) K and d = 265.8 ± 58.3 with a standard deviation 

s(log °) = 0.009. Various departure functions for Eq. (3.18) were fitted to values of °[B(OH)4
-
] 

taken from our potassium borate runs, listed in Table 3.4, and from Refs 14 and 23. The 

optimum departure function for °[B(OH)4
-
] took the form: 
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    - -

4 3 3

Δ lnΔ Δ
log B(OH) log CF SO Δ

228

w
w w

d ρb c
λ η λ η a

T T T
           
    

 (3.19) 

with fitted parameters, a = 0.3650 ± 0.0381, b = 0, c = –(140.7 ± 14.0) K, d = 0,
 a

 and a 

standard deviation s(log {°[B(OH)4
-
]}) = 0.014. The resulting expression for log °[B(OH)4

-
] is 

plotted in Figure 3.2, and values of °[B(OH)4
-
] from the fit at each temperature are tabulated in 

Table 3.4. 

Eq. (3.19) was also used to calculate the values of °[B(OH)4
-
] in the constrained TBBK 

model fits, used to reanalyze the KB(OH)4 and NaB(OH)4 conductivity data to obtain values for 

the association constants KA,m[KB(OH)4
0
] and KA,m[NaB(OH)4

0
]. Details are discussed below in 

Section 3.4.2.  

3.4.2 Ion-Pair Formation Constants of Potassium and Sodium Borate 

The KB(OH)4 and NaB(OH)4 conductivity data were reanalyzed following the same 

fitting procedure described in Section 3.3.2 but using values of °[B(OH)4
-
] calculated from Eq. 

(3.19) at all temperatures. The resulting ion-pair formation equilibrium constants KA,m for 

potassium and sodium borate are reported in Table 3.5 and plotted in Figure 3.3. These are the 

first experimental values ever reported for KA,m[KB(OH)4
0
] and KA,m[NaB(OH)4

0
] at T > 298 K 

and T > 473 K, respectively.  

These results can be compared with previous literature studies conducted at temperatures 

below 323 K.
13,14,15

 These equilibrium constants are tabulated in Table 3.5, together with our 

results. To the best of our knowledge, the only experimental association constants for KB(OH)4
0
 

                                                 

a
 A typo was found in these parameters in the original paper. This has been corrected for this 

thesis. 
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were reported by Rowe and Atkinson
15

. Their value of KA,m[KB(OH)4
0
] = 0.62 ± 0.18, obtained 

at 298.15 K and 28 MPa, compares well with our value, KA,m[KB(OH)4
0
] = 0.81 ± 0.35, 

measured at 298.15 K and 20 MPa. Three experimental studies have reported values for 

KA,m[NaB(OH)4
0
] near ambient conditions.

13,14,15
 Corti et al.

14
 reported the value log 

KA,m[NaB(OH)4
0
] = -0.155 ± 0.053 from conductivity measurements made at T = 298.15 K. 

Rowe and Atkinson,
15

 used UV-visible spectroscopy to measure the pressure dependence of 

KA,m[NaB(OH)4
0
] at T = 298.15 K and 0.1 ≤ p ≤ 200 MPa; at p = 0.1013 MPa,  

log KA,m[NaB(OH)4
0
] = -0.19 ± 0.04. Reardon

 13
 carried out potentiometric measurements, over 

the range 283 ≤ T ≤ 323 K, and reported the value log KA,m[NaB(OH)4
0
] = +0.28 ± 0.10 at 298.15 

K. There is a discrepancy of ~ 0.4 pK unit between the work of Reardon and the results 

reported by Corti et al. and Rowe and Atkinson. It is important to note that both our value for 

KA,m[KB(OH)4
0
] and Corti et al.’s value for KA,m[LiB(OH)4

0
]

14
 are consistent with the 

measurements of Rowe and Atkinson to within the combined experimental uncertainties. This 

suggests that the results reported by Reardon
13

 are suspect, and they were not included in the 

data analysis described below. 

The only high temperature study of alkali metal borate ion pairing in the literature was 

reported by Pokrovski et al. 
16

, who performed a potentiometric study from T = 323 K to 473 K 

using a sodium-selective glass electrode. As shown in Figure 3.3, both data sets agree with each 

other to within the combined experimental uncertainties at all temperatures. For example at  

T = 448 K, our ion-pair formation constant log KA = 0.62 ± 0.16 measured at p = 20 MPa 

compares well with their experimental value log KA = 0.69 ± 0.10 obtained at saturation 

pressure.  
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In order to represent the temperature dependence of sodium borate ion-pair formation 

constant, we fit our experimental values KA,m[NaB(OH)4
0
] together with those of Corti et al., 

Rowe and Atkinson and Pokrovski et al. with the following form of the “density” model:
46

 

 
0

, 4log NaB(OH) logA m w

b f
K a cT e ρ

T T

 
         

 
 (3.20) 

Here T is temperature in Kelvin, w is the density of water in g·cm
-3

, and the fitted parameters 

are a = 19.16 ± 1.80, b = (-3.450 ± 0.303)·10
3
 K, c = (-26.12 ± 2.64)·10

-3
, e = -39.72 ± 3.71 and  

f = (9.498 ± 1.158)·10
3
 with a standard deviation s(log KA,m) = 0.034. The results are plotted in 

Figure 3.3. As shown in the Figure, Eq. (3.20) is able to reproduce both the temperature and 

pressure dependences of all the experimental results from 298 K to T = 623 K, except for those 

of Reardon.  

Finally to represent the temperature and pressure dependences of KA,m[KB(OH)4
0
] we 

fitted the same density model (Eq. (3.20)) to the data in Table 3.5 from this work and the 

pressure dependent data reported by Rowe and Atkinson.
15

 Because the results for potassium 

borate and sodium borate appeared to be the same within our experimental uncertainty, we 

decided to constrain the parameters a, b, c, d, e, and f to the values obtained for NaB(OH)4 and 

we adjusted a difference term (e = 0.4185 ± 0.2919) to reproduce the slight distinction observed 

at the higher temperatures.  

 0 0

, 4 , 4log KB(OH) log NaB(OH) Δ logA m A m wK K e ρ         (3.21) 
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3.5 Discussion 

3.5.1 The Unusual Temperature Dependence of the Limiting Conductivity of Borate Ion 

Recently, we reported several experimental investigations as part of a definitive 

laboratory study aimed at achieving a better understanding of the diffusion of simple ions in 

water up to near-critical conditions.
20,25,44

 As a framework for discussing the effects of hydration 

on the diffusion of the borate ion, the limiting molar conductivities of borate and triflate, 

°[B(OH)4
-
] and °[CF3SO3

-
], can be compared to with the predictions of Stokes law. Stokes law 

takes the form:  

     
w

i

Stokes

Fez

f r
 


       (3.22a) 

where rStokes is the radius of a sphere with charge ezi moving in an unstructured viscous fluid with 

a slip factor f = 6 for perfect “stick” conditions and f = 4 for perfect “slip” conditions.
21

 The term 

λ°ηw is often called the “Walden Product”. In Figure 3.5a, we have plotted the relative deviation 

of the limiting molar conductivities from Stokes law, as calculated from the crystallographic 

ionic radii of the bare borate and triflate ions in Table 3.3 with the “slip” condition, f = 4.  

 
   

 
exp Stokes exp Stokes

Stokes Stokes Stokes

Δ w w

w

λ η λ ηλ λλ

λ λ λ η

    
 

  
 (3.22b) 

A similar deviation plot of the limiting molar conductivities of chloride,
 24

 acetate,
47

 and sulfate
48

 

anions is presented in Figure 3.5b. The use of Stokes law provides a convenient, conceptually-

simple reference point at each temperature for comparing the effects of hydration on the ionic 

diffusion of similar species, corrected for the effects of viscosity. An alternative approach, 
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described by Kay
21

 is to use the temperature dependence of the Walden product, relative to that 

at a fixed reference temperature, the so-called Walden Product Ratio,
20, 21 ,44

 

  
Ref

Ref

( )

( )

T w T
T

w T

R
 

 





: Tref = 283.15 K or 298.15 K.    (3.23) 

In this paper, we have taken the view that the Walden product deviation from Stokes law, as 

expressed by Eq. (3.22b), is the preferred function for discussing hydration effects over a very 

wide range of temperature and density, because it avoids the complications of defining the 

reference point in a region where the strong short-range hydrogen-bonding hydration effects are 

predominant.  

The application of Stokes law to aqueous electrolytes has been discussed by a number of 

workers.
21,22,49,50

 Briefly, the Stokes radius is an empirical factor that includes all of the hydration 

effects on ionic diffusion in addition to the effect of size, and thus is only indirectly related to the 

bare or hydrated ionic radius. As Marcus
22,49

 and Kay
21

 have noted, the Walden product of some 

large, weakly hydrogen-bonded anions near ambient conditions can be approximated by Stokes 

law with the perfect slip condition and crystallographic radii. The deviation plot for the molar 

conductivity of triflate in Figure 3.5 is consistent with this observation. The decrease in λ°ηw as 

the temperature increases from 298.15 K to ~330 K is consistent with Kay’s 
21

 description of a 

“structure-breaking” anion, (i.e. a local viscosity that is smaller than bulk water due to disrupted 

hydrogen bonding, R298 K
T
 < 1). Throughout most of the temperature range λ°η is about 10 % 

smaller than the Stokes law prediction (f = 4), as might be expected for a non-complexing, 

weakly hydrogen-bonded reference anion such as triflate. The further decrease in λ°η relative to 

Stokes law above 600 K is thought to be caused by electrostriction effects, associated with long-

range ion-solvent polarization arising from the increasingly large values for the compressibility 
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of water as the critical point is approached at 647 K and 22 MPa.
46,51,52,53

 Similar behaviour is 

shown by the Walden products of the anions and oxyanions in Figure 3.5b. The position of the 

Walden product relative to the slip or stick condition, f = 4 or 6, is probably fortuitous because 

the Stokes law model is overly simple.
22,49

 However the temperature/density dependence of the 

Walden product is significant, and does reflect ionic hydration effects.
21,41

 

Near ambient conditions, the values of λ°η for the borate ion are very close to the Stokes 

law prediction with the perfect “stick” condition. In his recent review, Marcus
22

 classified borate 

as a borderline “structure breaker”, based on Jones-Dole viscosity coefficients and 

thermodynamic arguments. Dielectric relaxation spectroscopy,
1
 pH-dependent X-ray absorption 

spectroscopy,
54

 and molecular dynamics simulations with electronic structure calculations
54

 

suggest that borate hydrogen bonding to water is weak, and that the structure of the hydrated 

borate is isotropic with that of bulk water. However, measurements of the deuterium isotope 

effect on the symmetric M-OH stretching frequency by Raman spectroscopy, appear to show that 

borate is more strongly hydrogen bonded to water in its hydration shell than aluminate and the 

tetra-hydroxo complexes of other metals.
2
  

The deviation of the Walden product of borate relative to the non-stick case, Δλ°/ λ°Stokes 

shifts toward less negative values with increasing temperature, as shown in Figure 3.5. This shift 

is consistent with strong “structure making” hydration effects at ambient conditions that break 

down under hydrothermal conditions. The spectroscopic studies cited above suggest that the low 

temperature “structure making” behaviour is a hydrophobic effect associated with weak borate-

water hydrogen bonding and fast proton exchange. The increase in Δλ°/ λ°Stokes takes place over 

a much wider temperature range (300 K to 570 K) than the “structure-making” hydrophobic 

effects described by Kay
21

 and Marcus
22

 for ions such as the tetraalkylammonium cations, which 
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arise from perturbations in the 3-dimensional long-range hydrogen bonding “structure” of water 

and take place over the range 280 K to ~330 K. The coordination number of bulk water 

decreases from ~4 at ambient conditions to ~ 2 at 650 K and 20 MPa.
50

 We speculate that the 

increase in Δλ°/ λ°Stokes between 300 to 570 K may arise from a progressive breakdown in a 3-

dimensional hydrogen-bonded hydrophobic hydration shell in favour of a more typical hydration 

sphere with stronger borate-water hydrogen bonds. The convergence in the Walden products of 

triflate and borate towards a common value at temperatures above 600 K is striking. It is likely 

associated with the large, unstructured hydration spheres that arise from ion-solvent polarization 

effects under near critical conditions.
46,55

 Indeed, pioneering work by Marshall,
41

 suggests that 

the limiting conductivities of all ions approach a common value in low density supercritical 

water. 

3.5.2 Ion Pairing in Aqueous Solutions of NaB(OH)4 and KB(OH)4 up to near Critical 

Conditions  

As was reported in a recent paper,
25

 even non-complexing ions such as CF3SO3
-
 may 

undergo significant ion pairing at elevated temperatures, because of the charge-solvent 

polarization effects associated with the lower static dielectric constant and high compressibility 

of water under conditions approaching the critical point. For example at T = 623 K and  

p = 20 MPa, the association constants of sodium triflate and sodium chloride are  

log KA[SrCF3SO3
+
] = 2.58 ± 0.06 and log KA[NaCl

0
] = 1.53 ± 0.03, although both salts are 

strong electrolytes under ambient conditions. Under the same high-temperature conditions, 

sodium borate displays an ion-pair formation constant of log KA,m[NaB(OH)4
0
] = 2.75 ± 0.21, 

more than ten times larger than that of NaCl
0
.  
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The ion-pair formation constants for sodium and potassium borate from Table 3.5 are 

plotted in Figure 3.6, where they are compared to values of KA for sodium and potassium 

hydroxide from recent conductivity studies by Ho et al.
18,56,57

 and to predictions from Bjerrum’s 

model for ionic association, as calculated using ionic radii and other parameters consistent with 

the TBBK treatment of our data.
58

 Figure 3.6 also includes plots of the first and second step-wise 

association constants of strontium hydroxide, from the recent paper by Arcis et al.
20

 To minimize 

differences in the experimental temperatures and pressures, the results are plotted on a density 

scale. At the highest densities (ambient temperatures) the results for the 1:1 ion-pairs are similar, 

to within ± 0.5 pK units. The values for the 2:1 ion-pairs are greater, as expected from the 

Bjerrum and other classical theories. Indeed, while at ambient temperatures the borate ion-pairs 

are more associated than the Bjerrum prediction by approximately a factor of 0.9 in log KA, this 

discrepancy disappears with increasing temperature so that, from 440 K to 600 K, the 

experimental and predicted values agree to within with 0.2 units in log KA. Ho et al.
18

 have 

postulated that aqueous solutions of hydroxide salts show a stronger degree of ion pairing than 

the chloride salts at high temperatures because of hydrogen-bonding effects. The results in 

Figure 3.6 suggest that the four hydroxide groups on borate ion create an even stronger drive 

towards ion association under hydrothermal conditions. Recent molecular dynamics simulations 

by Plugatyr et al.
59

 have shown that LiOH
0
 is an equilibrium mixture of contact and solvent-

separated ion-pairs, with the proportion of contact ion-pairs increasing dramatically as the 

critical density is approached. It is likely that similar behaviour is shown by NaOH(aq). 

Dielectric relaxation
1
 and NMR

60,61
 spectroscopic studies at ambient temperatures have 

compared the NaB(OH)4
0
 ion-pair with that of NaOH

0
. The lack of an ion-pair relaxation process 

despite notable ion association suggests that rapid proton exchange is important not only for the 
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dynamics of OH
-
 but also for B(OH)4

-
. The X-ray absorption spectroscopy with molecular 

dynamics simulations by Duffin et al. 
54

 show that the NaB(OH)4
0
 species consist largely of 

contact ion-pairs under ambient conditions due to weak borate-water hydrogen bonding. In 

contrast, Raman spectroscopic studies
12

 show no evidence of contact ion-pairs, and suggest that 

the sodium borate association arises entirely from solvent separated ion pairing. X-ray diffraction 

studies appear to show a mixture of contact and solvent separated NaB(OH)4
0
 ion-pairs.

62
 The 

evidence is inconclusive. 

The association constants for the borate salts are similar in magnitude to the second 

association constant of strontium hydroxide, KA,m[MB(OH)4
0
] ≈ KA,m[Sr(OH)2

0
], and smaller 

than the first association constant, KA,m[Sr(OH)
+
], by an order of magnitude, with the difference 

increasing at elevated temperatures. The hydration of monovalent and divalent cations has been 

reviewed by Seward and Dreisner.
63

 Based on neutron diffraction, XAFS studies and molecular 

dynamics simulations, the Sr
2+

 ion has a hydration number of ~ 8 at 298 K, dropping to ~6 at  

573 K. There is evidence
64

 that the SrOH
+
 is a mixture of contact and solvent separated ion-pairs, 

while Sr(OH)2
0
 is comprised of a contact ion-pair and a second hydroxyl group in the secondary 

hydration shell. The comparison of our experimental data for the alkali metal borates with the 

hydroxide complexes in Figure 3.6 is consistent with these studies. The Bjerrum model agrees 

well with the data for species with significant solvent separated ion-pairs, as would be expected 

from the expansion of the Bjerrum distance at elevated temperatures. We also note that the 

TBBK model used in our analysis, is consistent with the Bjerrum definition of an ion-pair. The 

outlying results are those for Sr(OH)2
0
, and the NaB(OH)4

0
 and KB(OH)4

0
 formation constants at 

600 K. These results, and the MD simulations for LiOH
0
 suggest that contact ion-pairs may 

become important for the alkali metal borates at temperatures above 573 K. 
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3.5.3 Comparison with the Thermodynamic Model of Wang et al.
5
 

It is important to compare our experimental results for NaB(OH)4 with the 

comprehensive, critically-evaluated thermodynamic database reported by Wang et al.
5
 Figure 3.7 

presents a comparison of the speciation diagrams for boron species in our solutions of sodium 

borate at 598 K and 623K, as calculated from our fitted TBBK model and those calculated from 

Wang al.’s boric acid database using the software package OLI Analyzer Studio 9.2.1 (OLI 

Systems Inc., Edison, N.Y), under the experimental conditions reported in Table 3.1 and Table 

3.2. One major difference between this model and our TBBK treatment arises from the choice to 

include metaboric acid, HBO2, as a distinct species. If it is present, HBO2 cannot be 

distinguished from B(OH)3 in our conductivity data analysis because the equilibrium between the 

two neutral species (reaction 6) cannot be detected. In order to make comparisons easier in 

Figure 3.7, we reported the fraction of boric acid, B(OH)3*, as the summation of the B(OH)3 and 

HBO2 species from the OLI Analyzer Studio calculations. At T = 598 K, Wang’s model agrees 

with our new experimental data to within ±0.5 % in the fraction of boric acid in solution 

throughout the concentration range. At T = 623 K, the OLI Analyzer Studio predictions compare 

well with the experimental results in the dilute region. However at stoichiometric molalities, 

m
ST

[NaB(OH)4], above ~ 10
-3

mol·kg
-1

, our results showed more ion association than predicted 

by Wang’s database. At m
ST

[NaB(OH)4] = 8·10
-3

 mol·kg
-1

, the OLI Analyzer Studio calculations 

under-predicted the degree of ion association by a factor of two, and over-predicted the fraction 

of boric acid in our solution by more than 10 %. This discrepancy largely arises because the 

treatment by Wang et al. is based on extrapolated values for the ion association constants of 

NaB(OH)4
0
 measured by Reardon

13
 at 298.15 K and by Pokrovski et al.

16
 from 323 K to 473 K at 

steam saturation. As noted above, the experimental values of Pokrovski et al. are in close 
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agreement with our results, but Reardon’s values are in poor agreement with our results and 

those of other workers.
14,15

 The extrapolation method used by Wang et al. yielded results for 

KA[NaB(OH)4
0
] that are much lower than the experimental values in Table 3.5 at temperatures 

above 600 K. We note that a fit of the density model, Eq. (3.20a), to Pokrovski et al.’s data 

yields extrapolated values that are in much better agreement with our results. 

Finally, we note that Weres
65

 reported the formation of two complex ion-pairs, 

NaB3O3(OH)5
-
, and Na2B3O3(OH)6

-
, from vapour-liquid equilibrium measurements carried out at 

550 and 590 K, using sodium/boron mole ratios in the range 0 ≤ Na/B ≤ 1.5 over a much wider 

range of concentrations. These species were identified by curve fitting techniques, using non-

linear regression methods with the Pitzer-Simonson model for osmotic coefficients in very 

concentrated electrolyte solutions, and there is no independent spectroscopic or other evidence in 

the literature for their existence. In their comprehensive model, Wang et al.
5
 have shown that the 

inclusion of only the 1:1 alkali-metal borate ion-pair (eq 8) was sufficient to model all the 

available literature data (see Table 2 of Ref. [5]), including Weres’ experimental results. We 

speculate that replacing the thermodynamic parameters for the 1:1 sodium borate association in 

Wang’s database with values consistent with the data and treatment for KA[NaB(OH)4
0
] reported 

here would lead to an improved model without the addition of additional species. There are no 

experimental values for KA,m[KB(OH)4
0
] or KA,m[LiB(OH)4

0
] at temperatures above 323 K in the 

literature, and the results reported by Wang et al. are estimates, based on their treatment for 

KA[NaB(OH)4
0
]. The experimental results and fitted density model for KA,m[KB(OH)4

0
], Eq. 

(3.20b), are as accurate as those reported for KA,m[NaB(OH)4
0
] and are the first to be reported 

above 373 K.  
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3.6 Conclusions  

This work reports the first accurate conductivity measurements on dilute aqueous solutions 

of KB(OH)4 and NaB(OH)4 at temperatures above 323 K, extending up to and including 

hydrothermal conditions. Under ambient conditions, the borate ion is considered to be a 

moderate “structure breaker”,
22

 and the behaviour of its limiting conductivity is typical of other 

anions. At temperatures from ~ 330 K to ~ 573 K, the Walden product was found to exhibit an 

unusual increase, consistent with a “structure making” effect, significantly different from other 

anions or oxyanions for which data have been reported. This was attributed to hydrogen bonding 

effects. At near-critical conditions (T > 600 K), the temperature dependence of the limiting 

conductivity of borate seems to converge towards a value common to all ions,
41

 likely because of 

ion-solvent polarization effects associated with the high compressibility of water under these 

conditions.
46, 55 

 

With the exception of the study on sodium borate ion-pairs to T < 475 K by Pokrovski et 

al.,
16

 these are the first association constants reported for the borate ion-pair above ambient 

conditions. At T > 573 K, the degree of sodium and potassium borate ion pairing was found to be 

appreciably higher than that of their hydroxide analogues, suggesting that because of weaker 

hydrogen bonding effects, the four hydroxide groups on the borate ion create an even stronger 

driving force towards ion association at elevated temperatures. Finally, it was shown that the 

extrapolated values for KA[NaB(OH)4
0
] used in the comprehensive model of Wang et al.

5
 

underestimates the stability of the NaB(OH)4
0 

ion-pair at
 
temperatures above about 500 K.  

Accurate boric acid thermodynamic and transport properties are essential to model the 

crevice chemistry of fuel deposits in pressurized water reactors under “hideout” conditions that 

lead to crud-induced power shifts (CIPS, an operational issue). Although current chemistry 
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control in “western-style” PWRs (those based on Westinghouse, Combustion Engineering, and 

Babcock and Wilcox designs) is primarily based on the use of LiOH with boric acid as chemical 

additives to control pH and neutron flux, some reactor types use KOH, instead. Indeed, there is 

increasing interest in the possibility of expanding the use of KOH, driven by possible constraints 

in the supply of LiOH. The ion-pair formation constants for potassium borate reported here are 

an important contribution to the thermodynamic database required to model under-deposit boron 

crevice chemistry in such reactors. Moreover, the experimental procedures and insights 

developed in the course of this study provide a framework for a similar study on lithium borate 

chemistry, needed to provide thermodynamic constants suitable for modelling fuel deposit 

chemistry for other PWR reactor types.  
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Tables 

Table 3.1. Molality, Concentration, Conductivity, Experimental and Calculated (TBBK Fit) 

Molar Conductivities from (298 to 623) K at p = 20 MPa for Aqueous Solutions of Potassium 

Borate.  

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 298.148 K, p = 19.777 MPa, ρw = 1005.74 kg·m
-3

 

κw
exp

 = 0.137·10
-6

 / S·cm
-1

, κw
Pure

 = 0.060·10
-6

 / S·cm
-1

 

kcell = (0.06423 ± 0.00021) cm
-1

 

       

0.5371 0.5401 70.88 131.2 ± 0.6 132.0 

1.2241 1.2311 150.45 122.2 ± 0.5 122.8 

2.8174 2.8333 324.69 114.6 ± 0.5 115.6 

4.301 4.3253 483.2 111.7 ± 0.5 112.4 

6.347 6.382 695.8 109.0 ± 0.5 109.7 

12.022 12.086 1267.9 104.9 ± 0.5 105.4 

26.380 26.507 2641.2 99.6 ± 0.6 99.9 

125.445 125.618 10974.6 87.4 ± 0.9 86.7 

431.982 428.075 31761.0 74.2 ± 2.1 73.0 

       

T = 373.336 K, p = 19.677 MPa, ρw = 967.166 kg·m
-3

 

κw
exp

 = 1.338·10
-6

 / S·cm
-1

, κw
Pure

 = 0.841·10
-6

 / S·cm
-1

 

kcell = (0.06418 ± 0.00021) cm
-1

 

       

0.5761 0.5572 272.42 488.9 ± 2.1 489.1 

1.2425 1.2016 530.78 441.0 ± 1.9 445.0 

2.6979 2.6091 1041.91 399.0 ± 1.8 404.0 

5.397 5.2188 1909.6 365.8 ± 1.7 371.5 

8.880 8.586 3047.5 354.9 ± 1.7 350.4 

15.545 15.027 4947.1 329.2 ± 1.7 328.4 

31.355 30.291 9138.3 301.7 ± 1.8 302.2 

125.445 120.797 30248.0 250.4 ± 2.7 250.1 
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Table 3.1. (continued) 

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 448.225 K, p = 19.699 MPa, ρw = 903.884 kg·m
-3

 

κw
exp

 = 3.193·10
-6

 / S·cm
-1

, κw
Pure

 = 2.645·10
-6

 / S·cm
-1

 

kcell = (0.06413 ± 0.00021) cm
-1

 

       

1.0459 0.9454 797.81 843.9 ± 3.7 828.0 

1.7952 1.6226 1303.15 801.5 ± 3.6 793.1 

2.6460 2.3915 1847.16 771.3 ± 3.5 764.5 

3.797 3.4320 2541.1 739.6 ± 3.3 735.9 

6.783 6.129 4209.3 686.3 ± 3.2 687.2 

10.648 9.621 6219.1 646.1 ± 3.1 648.0 

18.655 16.853 10005.4 593.5 ± 3.1 598.3 

20.251 18.293 10789.0 589.6 ± 3.1 590.9 

31.355 28.315 15700.5 554.4 ± 3.3 551.3 

       

T = 523.346 K, p = 19.729 MPa, ρw = 815.547 kg·m
-3

 

κw
exp

 = 4.400·10
-6

 / S·cm
-1

, κw
Pure

 = 3.763·10
-6

 / S·cm
-1

 

kcell = (0.06409 ± 0.00021) cm
-1

 

       

1.5413 1.2570 1372.92 1092.2 ± 4.8 1085.6 

2.7349 2.2304 2344.12 1049.3 ± 4.7 1048.0 

4.7949 3.9104 3914.16 1000.0 ± 4.6 1000.0 

8.358 6.8160 6406.3 939.3 ± 4.5 941.6 

12.906 10.524 9330.2 886.2 ± 4.4 889.2 

18.655 15.212 12747.3 837.7 ± 4.4 840.9 

20.251 16.513 13723.6 830.8 ± 4.5 829.8 

32.903 26.827 20499.6 764.0 ± 4.7 761.5 

 

  



 

 

 91 

Table 3.1. (continued) 

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 547.185 K, p = 20.771 MPa, ρw = 781.217 kg·m
-3

 

κw
exp

 = 3.695·10
-6

 / S·cm
-1

, κw
Pure

 = 3.673·10
-6

 / S·cm
-1

 

kcell = (0.06574 ± 0.00021) cm
-1

 

       

0.5819 0.4546 541.11 1190.2 ± 5.2 1183.9 

1.2874 1.0058 1163.48 1153.1 ± 5.1 1152.6 

2.1490 1.6789 1885.57 1120.9 ± 5.0 1122.2 

3.069 2.3977 2623.2 1092.5 ± 4.9 1095.1 

5.649 4.414 4557.7 1031.8 ± 4.8 1036.0 

10.409 8.132 7791.9 957.7 ± 4.6 960.2 

12.198 9.530 8967.7 940.6 ± 4.7 938.0 

       

T = 548.399 K, p = 19.670 MPa, ρw = 777.885 kg·m
-3

 

κw
exp

 = 4.023·10
-6

 / S·cm
-1

, κw
Pure

 = 3.613·10
-6

 / S·cm
-1

 

kcell = (0.06407 ± 0.00021) cm
-1

 

       

6.5684 5.1100 5441.93 1065.0 ± 5.0 1029.6 

11.910 9.2660 9000.9 971.0 ± 4.8 958.5 

19.551 15.212 13563.5 891.4 ± 4.8 891.1 

28.737 22.360 18581.4 830.8 ± 4.9 835.1 

42.787 33.295 25470.0 764.9 ± 5.1 775.1 

       

T = 571.186 K, p = 19.591 MPa, ρw = 737.787 kg·m
-3

 

κw
exp

 = 3.493·10
-6

 / S·cm
-1

, κw
Pure

 = 3.207·10
-6

 / S·cm
-1

 

kcell = (0.06405 ± 0.00021) cm
-1

 

       

3.4459 2.5427 2893.72 1138.0 ± 5.1 1134.7 

6.5363 4.8238 5149.13 1067.5 ± 5.0 1069.0 

11.5104 8.4962 8457.42 995.4 ± 4.9 996.8 

24.6377 18.1936 16059.97 882.7 ± 5.0 883.4 

32.1191 23.7231 19906.76 839.1 ± 5.1 841.1 

32.903 24.3030 20350.4 837.4 ± 5.1 837.3 

34.855 25.746 21318.9 828.1 ± 5.2 828.0 

42.787 31.611 25214.8 797.7 ± 5.4 794.7 
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Table 3.1. (continued) 

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 572.746 K, p = 20.775 MPa, ρw = 736.824 kg·m
-3

 

κw
exp

 = 2.976·10
-6

 / S·cm
-1

, κw
Pure

 = 3.231·10
-6

 / S·cm
-1

 

kcell = (0.06572 ± 0.00021) cm
-1

 

       

0.3827 0.2820 352.85 1251.4 ± 5.5 1248.1 

1.2662 0.9330 1122.21 1202.8 ± 5.3 1204.7 

2.4234 1.7859 2072.54 1160.5 ± 5.2 1163.0 

5.439 4.0089 4344.4 1083.7 ± 5.0 1085.4 

7.532 5.552 5803.0 1045.3 ± 4.9 1045.2 

12.198 8.992 8790.5 977.6 ± 4.8 976.6 

       

T = 597.931 K, p = 20.661 MPa, ρw = 682.159 kg·m
-3

 

κw
exp

 = 2.121·10
-6

 / S·cm
-1

, κw
Pure

 = 2.503·10
-6

 / S·cm
-1

 

kcell = (0.06571 ± 0.00021) cm
-1

 

       

0.1478 0.1008 131.09 1300.2 ± 5.8 1319.3 

0.5810 0.3963 501.69 1265.8 ± 5.6 1285.7 

1.2430 0.8481 1043.59 1230.5 ± 5.4 1247.8 

1.712 1.1678 1411.8 1209.0 ± 5.4 1224.8 

2.975 2.030 2359.5 1162.1 ± 5.2 1171.1 

5.609 3.829 4185.7 1093.2 ± 5.0 1083.6 

       

T = 623.137 K, p = 20.594 MPa, ρw = 604.166 kg·m
-3

 

κw
exp

 = 1.140·10
-6

 / S·cm
-1

, κw
Pure

 = 1.487·10
-6

 / S·cm
-1

 

kcell = (0.06569 ± 0.00021) cm
-1

 

       

0.2867 0.1732 222.54 1284.6 ± 5.6 1361.4 

0.7191 0.4346 538.20 1238.4 ± 5.4 1318.1 

1.2071 0.7297 875.61 1200.0 ± 5.3 1275.9 

1.738 1.0508 1223.5 1164.3 ± 5.2 1234.2 

4.331 2.621 2756.4 1051.7 ± 4.8 1073.3 

6.417 3.886 3848.5 990.5 ± 4.6 980.3 

8.137 4.929 4686.6 950.8 ± 4.5 919.7 
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Table 3.2. Molality, Concentration, Conductivity, Experimental and Calculated (TBBK Fit) 

Molar Conductivities from (448 to 623) K at p = 20 MPa for Aqueous Solutions of Sodium 

Borate.  

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 448.225 K, p = 19.684 MPa, ρw = 903.876 kg·m
-3

 

κw
exp

 = 3.078·10
-6

 / S·cm
-1

, κw
Pure

 = 2.644·10
-6

 / S·cm
-1

 

kcell = (0.06413 ± 0.00021) cm
-1

 

       

4.792 4.331 2883.8 665.9 ± 3.0 658.8 

23.68 21.39 11110 519.3 ± 2.8 520.6 

50.47 45.57 20679 453.8 ± 3.1 454.4 

79.83 72.04 29891 414.9 ± 3.6 414.4 

       

T = 523.362 K, p = 19.692 MPa, ρw = 815.488 kg·m
-3

 

κw
exp

 = 4.277·10
-6

 / S·cm
-1

, κw
Pure

 = 3.762·10
-6

 / S·cm
-1

 

kcell = (0.06409 ± 0.00021) cm
-1

 

       

2.139 1.744 1754.5 1005.8 ± 4.5 993.7 

8.218 6.702 5909.0 881.7 ± 4.2 871.9 

20.02 16.33 12552 768.8 ± 4.1 765.3 

33.77 27.54 19190 696.8 ± 4.3 698.0 

79.83 65.10 37863 581.6 ± 5.1 586.2 

       

T = 548.093 K, p = 20.811 MPa, ρw = 779.818 kg·m
-3

 

κw
exp

 = 3.979·10
-6

 / S·cm
-1

, κw
Pure

 = 3.664·10
-6

 / S·cm
-1

 

kcell = (0.06574 ± 0.00021) cm
-1

 

       

0.1981 0.1545 180.03 1165.2 ± 5.3 1143.9 

0.3428 0.2673 308.60 1154.4 ± 5.1 1133.8 

0.6338 0.4943 561.72 1136.5 ± 5.0 1117.2 

1.220 0.9517 1050.1 1103.4 ± 4.9 1090.4 

2.261 1.763 1879.5 1065.9 ± 4.8 1053.4 

5.280 4.118 4064.6 987.1 ± 4.5 980.6 

8.983 7.006 6465.9 922.8 ± 4.4 922.5 

12.78 9.967 8725.3 875.4 ± 4.3 879.8 
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Table 3.2. (continued) 

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 571.230 K, p = 19.616 MPa, ρw = 737.745 kg·m
-3

 

κw
exp

 = 3.446·10
-6

 / S·cm
-1

, κw
Pure

 = 3.207·10
-6

 / S·cm
-1

 

kcell = (0.06405 ± 0.00021) cm
-1

 

       

1.269 0.936 1082.4 1156.3 ± 5.1 1142.4 

3.020 2.228 2433.5 1092.1 ± 4.9 1080.6 

9.420 6.953 6682.8 961.1 ± 4.6 952.1 

15.93 11.76 10387 883.4 ± 4.5 877.0 

21.70 16.03 13364 833.9 ± 4.5 829.8 

28.15 20.80 16341 785.7 ± 4.6 789.2 

33.77 24.95 18759 751.9 ± 4.6 760.6 

       

T = 572.824 K, p = 20.754 MPa, ρw = 736.640 kg·m
-3

 

κw
exp

 = 3.147·10
-6

 / S·cm
-1

, κw
Pure

 = 3.228·10
-6

 / S·cm
-1

 

kcell = (0.06572 ± 0.00021) cm
-1

 

       

0.1075 0.0792 97.001 1225.1 ± 5.7 1212.9 

0.3136 0.2310 278.21 1204.4 ± 5.3 1195.1 

0.7629 0.5620 661.11 1176.4 ± 5.2 1168.2 

1.283 0.9452 1102.3 1166.3 ± 5.1 1143.6 

3.783 2.788 2982.0 1069.7 ± 4.8 1060.9 

6.818 5.025 5014.5 998.0 ± 4.7 995.1 

9.578 7.059 6716.3 951.4 ± 4.6 950.8 

14.89 10.980 9701.2 883.6 ± 4.5 887.8 

       

T = 597.995 K, p = 20.650 MPa, ρw = 681.974 kg·m
-3

 

κw
exp

 = 2.169·10
-6

 / S·cm
-1

, κw
Pure

 = 2.500·10
-6

 / S·cm
-1

 

kcell = (0.06571 ± 0.00021) cm
-1

 

       

0.4727 0.3224 397.71 1233.7 ± 5.4 1243.5 

0.6203 0.4231 517.46 1223.1 ± 5.4 1233.0 

1.1692 0.7975 948.99 1189.9 ± 5.2 1199.8 

2.698 1.8405 2063.7 1121.3 ± 5.0 1129.1 

4.309 2.940 3138.6 1067.4 ± 4.9 1072.2 

5.825 3.976 4085.0 1027.5 ± 4.7 1028.6 

8.245 5.629 5502.8 977.6 ± 4.6 971.8 
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Table 3.2. (continued) 

10
3
·m 10

3
·c κ·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       

T = 623.151 K, p = 20.611 MPa, ρw = 604.206 kg·m
-3

 

κw
exp

 = 1.075·10
-6

 / S·cm
-1

, κw
Pure

 = 1.488·10
-6

 / S·cm
-1

 

kcell = (0.06569 ± 0.00021) cm
-1

 

       

0.2879 0.1740 215.58 1238.9 ± 5.4 1327.1 

0.5184 0.3133 379.22 1210.3 ± 5.3 1298.2 

1.2155 0.7349 843.57 1147.9 ± 5.1 1220.5 

1.564 0.9455 1061.4 1122.6 ± 5.0 1185.3 

3.161 1.912 1967.8 1029.0 ± 4.6 1049.4 

5.836 3.533 3113.9 881.3 ± 4.1 893.1 

8.680 5.259 4360.4 829.2 ± 3.9 783.8 
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Table 3.3a. TBBK Parameters used for Analysis and Experimental Results for Association Constants and Limiting Conductivities of 

Borate from the KB(OH)4 Solutions.* 

 

T   p  ρw  10
3
·ηw  λ°(K

+
) λ°(H

+
) λ°(OH

-
)  

KA[KOH
0
] pKw  log K11 

K  MPa  kg·m
-3

  Poise  S·cm
2
·mol

-1
   

               

298.15  19.78  1005.744  8.880  72.71 349.19 197.73  0.128 13.926 4.792 

373.34  19.68  967.166  2.863  193.72 633.87 436.29  0.540 12.181 3.333 

448.22  19.70  903.884  1.595  314.04 791.99 607.70  1.636 11.360 2.483 

523.35  19.73  815.547  1.105  431.37 871.46 739.92  4.734 11.086 2.000 

547.18  20.77  781.217  1.005  459.93 883.79 769.55  6.794 11.092 1.909 

548.40  19.67  777.885  0.997  462.07 884.36 771.12  6.957 11.104 1.902 

571.19  19.59  737.787  0.907  489.46 892.77 794.33  10.224 11.178 1.837 

572.75  20.78  736.824  0.905  490.31 893.21 795.50  10.431 11.171 1.837 

597.93  20.66  682.159  0.809  526.15 905.93 817.71  17.142 11.344 1.793 

623.14  20.59  604.166  0.697  572.92 912.31 838.45  33.544 11.704 1.771 

 

*Ionic radii used for TBBK analysis: 
+ +

4K H OH B(OH)
1.33 Å,  1.4 Å,   1.4 Å,  2.30 År r r r      
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Table 3.3b. TBBK Parameters used for Analysis and Experimental Results for Association Constants and Limiting Conductivities of 

Borate from the NaB(OH)4 Solutions.* 

 

T   p  ρw  10
3
·ηw  λ°(Na

+
) λ°(H

+
) λ°(OH

-
) 

KA[NaOH
0
] pKw  log K11 

K  MPa  kg·m
-3

  Poise   S·cm
2
·mol

-1
  

              

448.23  19.68  903.876  1.595  255.36 791.99 607.70 3.743 11.360 2.483 

523.36  19.69  815.488  1.105  374.37 871.48 739.95 8.317 11.086 2.000 

548.09  20.81  779.818  1.001  396.36 884.18 770.56 11.341 11.093 1.906 

571.23  19.62  737.745  0.907  442.42 892.78 794.36 15.912 11.178 1.837 

572.82  20.75  736.640  0.905  434.12 893.23 795.57 16.222 11.172 1.836 

597.99  20.65  681.974  0.808  479.52 905.95 817.77 25.287 11.345 1.793 

623.15  20.61  604.206  0.698  543.87 912.31 838.45 46.880 11.704 1.771 

 

*Ionic radii used for TBBK analysis: 
+ +

4Na H OH B(OH)
0.97 Å,  1.4 Å,   1.4 Å,  2.30 År r r r      
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Table 3.4a. Experimental Results for Limiting Conductivities and Association Constants of Borate from the KB(OH)4 Solutions. 

 

    Unconstrained fit   Constrained fit 

T   p  λ°[B(OH)4
-
] 

KA 
  λ°[B(OH)4

-
] 

 KA 
K  MPa  S·cm

2
·mol

-1
  S·cm

2
·mol

-1
 

               

298.148  19.777  34.68 ± 0.17 0.6 ± 0.1  35.5 0.8 ± 0.4 

373.336  19.677  116 ± 6 1.1 ± 1.3  118.7 1.5 ± 0.9 

448.225  19.699  268 ± 27 7.5 ± 4.7  249.7 4.6 ± 1.8 

523.346  19.729  402 ± 29 10.5 ± 3.8  399.6 10.2 ± 1.0 

547.185  20.771  450 ± 63 18.0 ± 12.4  447.4 17.5 ± 3.0 

548.399  19.670  642 ± 177* 32.7 ± 22.6  450.4 10.7 ± 6.8 

571.186  19.591  493 ± 24 14.2 ± 2.6  496.8 14.6 ± 0.5 

572.746  20.775  478 ± 52 17.8 ± 10.6  499.3 22.0 ± 2.4 

597.931  20.661   -   -   550.9 76.0 ± 61.4 

623.137  20.594   -   -    603.7 302.0 ± 219.2 

*This value was not in included in the fitted expression for °[B(OH)4
-
] (Eq. 3.19). 
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Table 3.4b. Experimental Results for Limiting Conductivities and Association Constants of Borate from the NaB(OH)4 Solutions. 

 

    Unconstrained fit  Constrained fit  Density model 

T   p  λ°[B(OH)4
-
] 

KA 
  λ°[B(OH)4

-
] 

KA 
  

 KA 
K  MPa  S·cm

2
·mol

-1
  S·cm

2
·mol

-1
  

                 

448.225  19.684  261 ± 40 5.4 ± 4.7  249.7 4.2 ± 1.3  3.7 

523.362  19.692  451 ± 49 12.2 ± 5.4  399.6 7.1 ± 2.6  6.4 

548.093  20.811  649 ± 204 48.8 ± 47.1  449.2 7.1 ± 12.1  9.3 

571.230  19.616  632 ± 54 35.1 ± 8.3  496.9 15.8 ± 3.8  17.8 

572.824  20.754  681 ± 170 53.8 ± 38.1  499.4 16.0 ± 9.4  17.7 

597.995  20.650  -  - -  -  551.1 57.0 ± 16.5  54.2 

623.151  20.611  -   - -   -   603.7 561.0 ± 355.9   505.0 
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Table 3.5. Experimental Association Constant, KA, for the Reactions M
+
 + B(OH)4

- ⇌ MB(OH)4
0
 

(M = Na, K) from T = 283.15 K to T = 623 K. 

T p 
Log KA,m Reference 

K MPa 

      

Na
+
+ B(OH)4

- ⇌ NaB(OH)4
0
 

      

298.15 psat -0.155 ± 0.053 14 

      

283.15 psat 0.28 ± 0.10 13 

283.15 psat 0.27 ± 0.10 13 

298.15 psat 0.25 ± 0.10 13 

298.15 psat 0.23 ± 0.10 13 

298.15 psat 0.24 ± 0.10 13 

298.15 psat 0.23 ± 0.10 13 

313.15 psat 0.20 ± 0.10 13 

313.15 psat 0.21 ± 0.10 13 

323.15 psat 0.22 ± 0.10 13 

323.15 psat 0.24 ± 0.10 13 

      

298.15 0.1013 -0.19 ± 0.04 15 

298.15 13.79 -0.21 ± 0.04 15 

298.15 27.58 -0.24 ± 0.04 15 

298.15 41.37 -0.25 ± 0.04 15 

298.15 55.15 -0.27 ± 0.05 15 

298.15 55.16 -0.28 ± 0.05 15 

298.15 68.95 -0.30 ± 0.05 15 

298.15 82.74 -0.32 ± 0.05 15 

298.15 96.53 -0.34 ± 0.05 15 

298.15 110.3 -0.36 ± 0.06 15 

298.15 124.1 -0.38 ± 0.06 15 

298.15 137.9 -0.39 ± 0.06 15 

298.15 165.5 -0.40 ± 0.06 15 

298.15 179.3 -0.41 ± 0.06 15 

298.15 193.1 -0.42 ± 0.06 15 

298.15 206.8 -0.44 ± 0.07 15 
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Table 3.5. (continued) 

T p 
Log KA,m Reference 

K MPa 

      

Na
+
+ B(OH)4

- ⇌ NaB(OH)4
0
 

      

348.15 psat 0.33 ± 0.11 16 

363.15 psat 0.36 ± 0.09 16 

373.15 psat 0.41 ± 0.10 16 

398.15 psat 0.51 ± 0.09 16 

423.15 psat 0.57 ± 0.10 16 

448.15 psat 0.69 ± 0.10 16 

473.15 psat 0.81 ± 0.12 16 

      

448.225 19.68 0.620 ± 0.11 this work 

523.362 19.69 0.852 ± 0.13 this work 

548.093 20.81 0.848 ± 0.43 this work 

571.230 19.62 1.200 ± 0.09 this work 

572.824 20.75 1.205 ± 0.20 this work 

597.995 20.65 1.756 ± 0.11 this work 

623.151 20.61 2.749 ± 0.21 this work 

      

K
+
+ B(OH)4

-
 ⇌ KB(OH)4

0
 

      

298.15 0.1013 -0.18 ± 0.10 15 

298.15 13.79 -0.19 ± 0.11 15 

298.15 27.58 -0.21 ± 0.11 15 

298.15 41.37 -0.23 ± 0.12 15 

298.15 55.15 -0.24 ± 0.12 15 

298.15 55.16 -0.26 ± 0.12 15 

298.15 68.95 -0.27 ± 0.12 15 

298.15 82.74 -0.28 ± 0.13 15 

298.15 96.53 -0.30 ± 0.13 15 

298.15 110.3 -0.32 ± 0.14 15 

298.15 124.1 -0.33 ± 0.14 15 

298.15 137.9 -0.35 ± 0.15 15 

298.15 165.5 -0.36 ± 0.15 15 

298.15 179.3 -0.38 ± 0.15 15 

298.15 193.1 -0.39 ± 0.16 15 

298.15 206.8 -0.40 ± 0.16 15 
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Table 3.5. (continued) 

T p 
Log KA,m Reference 

K MPa 

      

298.15 19.78 -0.091 ± 0.16 this work 

373.34 19.68 0.178 ± 0.20 this work 

448.22 19.70 0.665 ± 0.15 this work 

547.18 20.77 1.243 ± 0.07 this work 

548.40 19.67 1.031 ± 0.21 this work 

571.19 19.59 1.164 ± 0.02 this work 

572.75 20.78 1.342 ± 0.05 this work 

597.93 20.66 1.881 ± 0.26 this work 

623.14 20.59 2.480 ± 0.24 this work 
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Figures 

 

 

Figure 3.1. Limiting conductivity of NaCl from T = 298 K to T = 600 K at p = 20 MPa: , this 

work (first run); , this work (second run); solid line, best fit from Zimmerman et al.
24
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Figure 3.2. Limiting conductivity of borate ion from 288 K up to 623 K: , this work (potassium 

borate); , this work (sodium borate); , Corti et al. (lithium borate);
14

 , Corti et al. (sodium 

borate);
14

 , Zhou et al.;
23

 , Sirota et al. (*[B(OH)4
-
] at c ~ 10

-5
 mol·L

-1
);

42
 solid line, Eq. 

(3.19) (p = 20 MPa).  

 

  



 

 

 105 

 

Figure 3.3. Sodium borate ion-pair formation equilibrium constant from 298 K up to 623 K: , 

this work; , Reardon;
13

 , Corti et al.;
14

 , Rowe and Atkinson;
15

 , Pokrovski et al.;
16

 solid 

line, Eq. (3.20) (p = 20 MPa); dashed line, Eq. (3.20) (p = psat). 
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Figure 3.4. Potassium borate ion-pair formation equilibrium constant from 298 K up to 623 K: 

, this work; , Rowe and Atkinson (T = 298.15 K, p = 28 MPa);
15

 solid line, Eq. (3.21)  

(p = 20 MPa); dashed line, Eq. (3.21) (p = psat). 
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Figure 3.5. Relative deviation of the experimental conductivities of borate and triflate ion with 

respect to Stokes Law (using slip boundary conditions) from 283 K up to 623 K: , CF3SO3
-

;
25,45 
, B(OH)4

-
 (this work, 14, 23, 42); , Cl

-
;
24

 , CH3COO
-
;
47 
, HSO4

-
;
48 
, SO4

2-
;
48 

solid 

line, fits.  
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Figure 3.6. Comparison between experimental ion-pair formation equilibrium constants for 

sodium borate, potassium borate, sodium hydroxide, potassium hydroxide and strontium 

hydroxide (1
st
 and 2

nd
 association) and predictions from the Bjerrum model: , KA[NaB(OH)4

0
] 

(this work, Corti et al.,
14

 Rowe and Atkinson,
15

 Pokrovski et al. 
16

); , KA[KB(OH)4
0
] (this 

work); , KA[NaOH
0
]; 

18,56 
, KA[KOH

0
];

18,57 
, KA1[Sr(OH)

+
];

20
, KA2[Sr(OH)2

0
];

20
 solid 

lines (p = psat), Bjerrum model predictions.
58
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Figure 3.7. Fraction of boron species in solutions at T = 598 K and T = 623 K: , B(OH)3* 

(B(OH)3 + HBO2); , B(OH)4
-
; , NaB(OH)4

0
. Plain line, OLI Analyzer Studio 9.2.1 

calculations. 
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4 Ionization of Boric Acid in Water from 298 K to 623 K by AC 

Conductivity and Raman Spectroscopy 

This paper is published in The Journal of Chemical Thermodynamics, 2017, 106, 187 – 198.  

DOI: 10.1016/j.jct.2016.11.007 

Abstract 

Boric acid is used in the primary coolant of pressurized water nuclear reactors (PWRs) as a 

neutron absorber to control the reactor efficiency. Accurate thermodynamic and transport 

properties are needed to model the boron precipitation reactions in fuel deposit crevices, which 

adversely affect the neutron flux. Here, we report (i) new values for the boric acid ionization 

constant that have been measured from T = 298 K to T = 623 K at a constant pressure  

p ~ 20 MPa using a unique high-precision flow-through AC electrical conductance instrument 

and (ii) quantitative reduced isotropic Raman spectra for a ~1 molal boric acid aqueous solution 

from T = 298 K to T = 623 K at a constant pressure p = 25 MPa. Frequency-dependent electrical 

conductivities of aqueous solutions of boric acid have been determined over ionic strengths from 

10
-4

 to 10
-1

 mol·kg
-1

. The concentration-dependent experimental molar conductivities, Λ, were 

analyzed with the Turq-Blum-Bernard-Kunz ("TBBK") ionic conductivity model to yield values 

for the ionization constant of boric acid, K11, to an accuracy of ±10 % at T = 623 K and ±5 % at 

T ≤ 600 K. These compare well with extrapolated values from accurate potentiometric 

measurements at temperatures up to 563 K and steam saturation pressures. These results also 

confirm the validity of the new 2006 IAPWS (International Association for the Properties of 

Water and Steam) formulation for the ionization constant of water, pKw. The Raman results did 

not show any evidence of metaboric acid formation under hydrothermal conditions. 
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4.1 Introduction 

Thermodynamic data for boric acid in high temperature water are required for a variety of 

applications in geochemistry and industrial chemistry. One of the most important uses of boric 

acid is as a chemical additive in the primary coolant of pressurized water nuclear reactors 

(PWRs), to maintain a constant neutron flux over the course of each fuel cycle. The primary 

coolant circuit of PWRs is operated at temperatures from ~550 K to 600 K at pressure of  

15.5 MPa, and coolant pH is monitored with a precision as narrow as ± 0.02 pH units. Under 

high temperature conditions, the pressurized coolant slowly corrodes the surfaces of the circuit 

and corrosion products (“crud”) accumulate in regions of the fuel where sub-nucleate boiling 

occurs [1]. In these regions, solid boron containing species can precipitate and reduce neutron 

flux thereby affecting the fuel performance. This process, called crud-induced power shifts 

(CIPS, previously called axial offset anomaly, AOA), can generate operational issues and 

potentially power derating.  

Accurate measurements of the ionization constants of boric acid are limited to temperatures 

below 563 K, and the results used by the international nuclear power industry at higher 

temperatures are extrapolations [2]. Recently, Wang et al. [3] compiled a comprehensive boron 

thermodynamic database based on critically evaluated literature results and the Mixed Solvent 

Electrolyte (MSE) activity coefficient model [4]. Their model includes metaboric acid, 

HBO2(aq), and calculates it to be one of the dominant species in solution under hydrothermal 

conditions. The predictions for the equilibrium pH in dilute boric acid solutions above 570 K 

from Wang’s model and the nuclear industry’s MULTEQ model differ, despite the fact the 

extrapolations are based on many of the same experimental data [2,3]. Accurate values for the 
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ionization constants of boric acid and quantitative in situ speciation data in the range 563 K to 

623 K are need to resolve this issue. 

Only four experimental data sets are available under PWR coolant conditions. The most 

accurate measurements were carried out by potentiometric titration from T = 323 K to 563 K at 

saturation pressure by Mesmer et al. [5] who reported boric acid ionization constant to within 

0.004 to 0.01 pK units. In their pioneering study, Sirota et al. [6] measured the ionization 

constant of boric acid by conductivity from 373 K to 623 K at steam saturation. Their 

equilibrium constants were found to be less accurate than those reported by Mesmer et al., as 

they were derived from single data point conductivity measurements. The most recent 

equilibrium constants under these conditions were obtained by UV-visible spectroscopy. 

Bulemela and Tremaine [7] performed their measurements from T = 500 K to 573 K at p = 9 

MPa in both H2O and D2O to an uncertainty of ± 0.02 pK units, and Wofford et al. [8] reported 

less accurate results from T = 573 K to 573 K and p = 24 to 41 MPa, with an order of magnitude 

larger uncertainty by (± 0.2 pK). Extending the temperature range to T > 563 K is extremely 

challenging because B(OH)3 is a very weak acid, whose acidity decreases substantially with 

temperature [5,9]. Potentiometric titration methods developed at Oak Ridge National 

Laboratories [10] and the flow AC conductivity methods pioneered by Zimmerman et al. [11] are 

the only methods with the required accuracy to make these measurements under such extreme 

conditions. However, the potential difference techniques now in use are limited to temperatures 

below 563 K. As a result, flow conductivity [11-15]
 
is the method of choice for measuring 

accurate ionization and ion-pair formation equilibrium constants, under extreme conditions.  

In order to measure the ionization constant of boric acid, this technique requires accurate 

values for the limiting conductivity of the borate ion over the entire temperature range. 
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Experimental conditions must be chosen so that complications from polyborate species would 

not be present. Recently, we reported accurate limiting conductivity data for the borate ion, 

°[B(OH)4
-
], up to 623 K [16]. In this paper we report frequency-dependent electrical 

conductivities measurements on very dilute aqueous solutions of boric acid (10
-4

 to  

10
-1

 mol·kg
-1

) from 298 K to 623 K at p = 20MPa. The resulting concentration-dependent 

experimental molar conductivities, Λ[B(OH)3], were analyzed with the Turq-Blum-Bernard-

Kunz ("TBBK") ionic conductivity model to yield accurate values for the ionization constant of 

boric acid, K11, under coolant conditions. These are the first very accurate high-temperature boric 

acid ionization constants under near-critical conditions (T > 573 K). Finally, we measured 

quantitative reduced isotropic Raman spectra for an aqueous solution of boric acid (~ 1 m) from 

T = 298 K to T = 623 K at a constant applied pressure p = 25 MPa in order to determine whether 

metaboric acid is present in significant concentrations.  

4.2 Experimental  

4.2.1 Chemicals and Solution Preparation 

Aqueous stock solutions of boric acid were prepared from anhydrous boric acid (Puratronic®, 

99.9995 % metals basis, Lot # 10659, Alfa Aesar) used without any further purification. 

Quadruplicate titrations of the stock solution with NaOH in the presence of D-mannitol [17] 

yielded compositions to a precision of 0.02 %. Aqueous solutions of NaCl (99.99 % metals basis, 

Lot # I14U009, Alfa Aesar) and KCl (99.995 % metals basis, Lot # E21U0, Alfa Aesar) were 

prepared from pure salts. Both salts were dried at 573 K to obtain constant mass, to within  

± 0.01 %. Aqueous stock solutions of perchloric acid were prepared from a 20 % w/w aqueous 

solution (puriss p.a. grade, Sigma-Aldrich), and were standardized by titration in triplicate using 
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tris(hydroxymethyl)aminomethane “THAM” (ultrapure grad >99.9 %, Sigma-Aldrich). All 

solutions were prepared by mass with buoyancy corrections and accuracy better than ± 0.2 %, 

using degassed and deionized water from a Millipore Direct-Q 5 water purification system 

(resistivity 18.2 MΩ·cm).  

4.2.2 AC Conductivity Measurements 

4.2.2.1 Impedance Measurements and Experimental Design  

Experiments were performed for several solutions of boric acid (~10
-4

 to ~10
-2

 mol·kg
-1

) from 

298 K to T = 623 K at a constant pressure p ~ 20 MPa with our high-temperature, high-pressure 

conductivity flow instrument. A full description of the experimental equipment can be found 

elsewhere [18,19]. The temperature of our experimental flow cell was controlled to within  

± 0.15 K over several days and measured to ± 0.02 K. High-performance liquid chromatographic 

(HPLC) pumps were used to inject solutions into the flow conductivity cell, at a rate of  

0.5 cm
3
·min

-1
. The pressure was controlled by a back-pressure regulator located at the end of the 

flow line, and measured to an accuracy of ± 0.01 MPa. For each temperature, complex 

impedances of the boric acid solutions were measured as a function of the concentration and the 

angular frequency (). Impedance spectra were collected at nine frequencies in the range 100 Hz 

to 10 kHz, to yield values for both real and imaginary components, Z() = ZRe() - j·ZIm(). 

Eighty to one hundred measurements were taken with a computer over a time span of ~ 60 

minutes. In each case, the real resistance of the solution was determined using Eq. (4.1): 

 Re 1( )    n

sZ ω R b ω   (4.1)  
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where Rs is the solution resistance that we seek to measure, and the terms b1 and n are fitting 

parameters [13]. Details on the extrapolation method and the experimental uncertainty limits in 

ZRe(ω) and ZIm(ω) are discussed in Ref. [20].  

Our experimental design was based on that of our previous studies [14,18], which consists in 

the sequential determination of solution conductivities as a function of concentration at the same 

temperature, pressure and flow rate. To minimize solvent corrections, solutions of B(OH)3 were 

prepared in the same bottle at increasing concentrations (~10
-4

 to ~10
-2

 mol·kg
-1

), by injecting 

increments of stock solution from a weighed syringe through a septum into the solution. This 

allowed us to make the most accurate measurement of the conductivity of the pure solvent and, 

because each subsequent solution was more concentrated, the procedure minimized 

contamination due to solute adsorption on the cell walls. At each temperature, a NaCl solution 

was also injected as an internal standard. The solution preparation procedure was repeated at 

each temperature.  

4.2.2.2 Experimental Conductivities and Solvent Correction 

Experimental solution conductivities (soln
exp

 = kcell / Rs) were determined from the resistances 

of the B(OH)3 solution, Rs, as discussed above. The procedures used for calibrating the 

instrument and determining the cell constant (kcell) have already been reported in previous studies 

[18-20], and will not be repeated here. Because the cell had to be rebuilt and recalibrated during 

our B(OH)3 experiments, two sets of solution conductivities were measured at constant pressure 

of 20 MPa, the first from 548 K to 623 K and the second from 298 K to 573 K. Numerical values 

for the experimental conductivities and the cell constants at each temperature are reported in 

Table 4.1. To ensure good consistency between these two sets of experiments, measurements at 
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548 K and 573 K were included in both. The results at each temperature agreed to within the 

combined experimental uncertainties. As noted above, measurements on a NaCl solution were 

included as an internal standard at each temperature to check the accuracy of our calibration. 

Limiting conductivities, Λ°(NaCl), were derived from the measurements using the Fuoss-Hsia-

Fernandez-Prini (“FHFP”) equation as described by Plumridge et al. [19]. The results are plotted 

in Figure 4.1. For the first set of measurements the values for the NaCl standard solution were 

within ± 3 % of the correlation based on critically evaluated literature values reported in 

Reference [18] over the range 548 K ≤ T ≤ 573 K, and within ± 6 % for T = 598 K. For the 

second set of measurements, the values were within ± 1 % of the correlation for all temperatures.  

The methodology for analyzing the concentration dependence of the solution conductivity 

makes use of the theoretical Turq-Blum-Bernard-Kunz (“TBBK”) conductivity model [14, 21], 

as described in the following section. This method considers all the ions present in solution, 

including those from the self-ionization of water. Therefore all our experimental solution 

conductivities, soln
exp

, were corrected for impurities within the solvent to yield the real solution 

conductivities, , following the expression: 

 exp exp pure

soln w w  κ κ κ κ  (4.2) 

where w
exp

 is the experimental conductivity of water and w
pure

 is the conductivity of pure water 

calculated following the method of Marsh and Stokes [22]. In some cases the experimental 

values for w
exp

 were found to be slightly lower than those of w
pure

, and thus we considered  

 = 
exp

solnκ . This infers the excellent quality of the experimental data, and is consistent with 

uncertainties in pKw, °(H
+
) and °(OH

-
) used to calculate w

pure
. Conductivities , soln

exp
, w

exp
 

and w
pure

 are in SI units of S∙m
-1

. In this study, these were converted to units of S∙cm
-1

. The 
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concentrations and the corresponding experimental molar conductivities, 
exp

 =  / c , at each 

molality of aqueous B(OH)3 are tabulated in Table 4.1, along with the average temperature 

(IPTS-90) and pressure. The uncertainties reported in Table 4.1 are statistical uncertainties and 

do not include uncertainties due to systematic errors. We estimate the total systematic plus 

statistical errors to be no more than ± 3 % up to 573 K, rising to ± 6 % at 623 K. The 

uncertainties were estimated using procedures identical to those reported in Ref. [18].  

4.2.2.3 Conductivity Data Analysis  

To model the concentration dependence of the solution conductivity we followed the same 

data treatment strategy that was adopted in our previous work dealing with strontium salts [14]. 

The Turq-Blum-Bernard-Kunz (“TBBK”) conductivity model [21], and the mixing rule reported 

by Sharygin et al. [23] were used to treat all of the experimental conductivity measurements. 

This method involves a nonlinear least- squares technique (Levenberg – Marquardt algorithm), 

using procedures reported in our previous studies [14,18]. The weighting factors in the least-

squares fit were estimated from statistical uncertainties of the experimental impedance 

measurements, and the precision of our fitted model lies within these statistical uncertainties. 

The residuals from the regressions calculated using the fit parameters Λ° and KA,m were usually 

random. 

The data treatment must also assume a model for chemical speciation in the experimental 

solutions, based on literature values for the equilibrium constants, K, for each postulated 

chemical reaction, and the limiting ionic conductivity, °, for each ionic species. Because the 

solutions were very dilute, polyborate species were neglected in the initial fits, and only the 
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B(OH)3 and H2O ionization reactions were included. For consistency, the same formalism used 

in previous studies [5,9] was adopted. The reactions in this model are: 

  B(OH)3(aq) + OH
-
 ⇌ B(OH)4

-
  K

b
11,m    (4.3) 

  H2O ⇌ H
+
 + OH

-
    Kw    (4.4) 

where K
b

11,m, is the equilibrium constant that was targeted. Values of Kw were taken from 

Bandura and Lvov [24]. The limiting conductivities °(H
+
), °(OH

-
) and °[B(OH)3

-
] were taken 

from Marshall [25], Ho et al. [12], and Arcis et al. [16]. 

The TBBK conductivity equation also requires properties of water (density, w; viscosity, ηw; 

static dielectric constant, εw), which were calculated from equations of state recommended by the 

National Institute of Standards and Technology “NIST” [26-28]. Crystallographic radii were 

taken from the values reported by Marcus [29].  

The TBBK conductivity equation has been developed to represent the concentration 

dependence of the molar conductivity of the solution, (Λ
exp

 =  / c) at given conditions of 

temperature and pressure, where the concentration or molarity, c, is expressed in mol·L
-1

 of 

solution. As in our previous studies [14,18], to convert our experimental molalities to molarities, 

we chose to use the Helgeson-Kirkham-Flowers-Tanger (“HKF”) model to estimate the standard 

partial molar volumes V° of the aqueous ions and ion-pairs in our solutions [30-32], together 

with the NIST formulation for the density of water [26], to calculate solution densities. This 

calculation also required knowledge of solution speciation, which was determined by fitting the 

TBBK model to our experimental conductivity data. Values of the HKF parameters were taken 

from Refs [32] and [33]. Solution densities, s, were calculated from the molar volume of the 

solution, Vs, using the relationships reported in Ref. [18].  
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The boric acid conductivity data analysis yielded statistically significant values of K
b
11,m at all 

temperatures, based on fits to reactions (4.3) and (4.4). At temperatures of 597 K and 623 K, 

including diborate formation in the chemical equilibrium model, according to the reaction: 

  2 B(OH)3(aq) + OH
-
 ⇌ B2(OH)7

-
  K

b
21,m ,   (4.5) 

was found to give significant improvement of the statistical significance of the TBBK fits to the 

boric acid data. The equilibrium constants for Eq. (4.5) were set to the values recommended by 

Palmer et al. [9] and it was assumed °[B2(OH)7
-
] = 0.5·°[B(OH)4

-
]. The parameters used in the 

TBBK fits are reported in Table 4.2, and the corresponding molar conductivities from the TBBK 

equation, Λ
TBBK

, are reported in Table 4.1 where they can be compared to the experimental 

values Λ
exp

 for each solution of B(OH)3.  

4.2.3 Raman Measurements 

Measurements were carried out from 298 K to T = 623 K in a fused silica high pressure optical 

capillary cell at a constant pressure p = 25 MPa using the Raman technique developed by 

Applegarth et al. [34]. Two solutions of boric acid, mB(OH)3 ~ 0.9 mol·kg
-1

 and  

mB(OH)3 = 0.8312 mol·kg
-1

, were investigated. In the second solution, sodium perchlorate,  

mNaClO4 = 0.1052 mol·kg
-1

, was added as an internal standard. The experimental arrangement has 

already been described in detail [34]. Briefly the high pressure optical cell consisted of a fused 

silica – quartz – capillary tube (Molex – Polymicro Technologies™, LLC, I.D = 200 m,  

O.D. = 360 m) sealed at one end, and linked to a syringe pump at the other end to allow to 

maintain a constant applied pressure. The cell was thermo-regulated to within ± 1 K inside a 

LINKAM CAP500 cell holder equipped with a T95 temperature controller. Raman spectra were 

obtained from polarized back-scattering measurements at constant temperature using a custom-
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made Horiba Jobin Yvon HR800 LabRAM system constructed with a fiber-optic coupled 

OLYMPUS
©

 confocal microprobe [34]. The measurements reported here were carried out in the 

microprobe, using a 532 nm laser exciting line and a super-long-working-distance plan 

achromatic 20x objective lens (SLMPLN, OLYMPUS). Spectra were collected with polarizers 

set parallel and perpendicular to the polarization of exciting beam so that a baseline-corrected 

reduced isotropic spectra could be obtained, following the experimental protocol from 

Applegarth et al. [34].  

4.3 Results and Discussion 

4.3.1 Boric Acid Ionization Constants  

The experimental values of K
b

11 from the fitted TBBK equation are reported in Table 4.3 and 

compared to literature results in Figure 4.2. Our experimental values of K11 compare well with 

the available literature data up to 573 K. For instance, at this temperature our values,  

log K11(571 K, 19 MPa) = 1.84 ± 0.08 and log K11(573 K, 21 MPa) = 1.82 ± 0.07, agree to within 

the combined experimental uncertainties with the values reported by Bulemela and Tremaine [7], 

log K11(573 K, 9 MPa) = 1.81 ± 0.02, Wofford et al.,
8
 log K11(573 K, 24 MPa) = 1.72 ± 0.2, and 

Mesmer et al. [5], log K11(563 K, psat) = 1.82 ± 0.01. At temperatures above T = 573 K, the only 

set of experimental measurements we can compare our results with are those reported by 

Wofford et al. [8] and Sirota et al. [6] To make the comparison easier log K11 is plotted versus 

water density in Figure 4.3 as it shows better the long range polarization effect on the 

equilibrium constant at high temperature [37]. For w ≥ 600 kg·m
3
, all results seem to agree 

within the combined uncertainties. However, over this density range, the temperature influence 

observed on K11 is different between the three studies. Our results and those from Sirota et al. 
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indicate a decrease of boric acid ionization as temperature increases, consistent with all the other 

lower temperature literature studies. Wofford et al.’s data showed an unexpected increase of the 

ionization of boric acid as the solutions approached the critical point of water. Our work did not 

confirm their results.  

In 2000, Palmer et al. [9] developed a density model to represent the temperature dependence 

of log K11 under nuclear coolant conditions based on the available literature data. Their model 

takes the form:  

  2
11, 1 3 4 5log log logb

m w

p
K p p T p p T ρ

T
      (4.6) 

where p1-p5 are the adjusted parameters, T is temperature in Kelvin and, w is water density in 

g·cm
-3

. Palmer et al. [9] regressed the parameters of their model to fit potential difference data 

from Mesmer et al. [5] from 323 K to 563 K and potentiometric titration results from Owen and 

King [35] from 278 to 328 K. They also included thermodynamic derivative properties by 

considering the standard partial molar volume data from Ward and Millero [38], (T = 273 –  

323 K, p = 10 – 100 MPa) and from Hovey et al. [39] (T = 278 – 328 K, psat). Palmer et al. 

decided to exclude the ionization constant data reported by Wofford et al. [8] as it showed large 

systematic deviation from their density fit. They did not mention the work of Sirota et al. [6] in 

their paper. Therefore, the accuracy of the extrapolation to higher temperatures depends on 

Mesmer et al.’s data, which stops at T = 563 K, as the other data considered in Palmer et al.’s fit 

were obtained at T ≤ 328 K. The new values of K
b
11 from this study and from Bulemela and 

Tremaine compare well with the extrapolation of Palmer et al.’s density model [9] with less than 

10 % difference between the values of K
b

11 from the extrapolation and from the new 

experimental results up to T = 623 K.  
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The fit to the new experimental boric acid ionization constants (K
b

11) is based on the same 

form of the density model as that used by Palmer et al. [9], Eq. (4.6). The experimental data 

included in the fit are the low temperature data (273 – 333 K) of Owen and King [35], and of 

Manov et al. [36], reported at zero ionic strength only. The fit also included the equilibrium 

constants from Bulemela and Tremaine [7], measured by UV-visible spectroscopy (498 K ≤ T ≤ 

573 K), and all equilibrium quotients reported in the potentiometric study (323 K ≤ T ≤ 563 K) 

carried out from by Mesmer et al. [5]. Equilibrium quotients were corrected to zero ionic 

strength using Mesmer et al.’s equation, rather than the one reported by Palmer et al. which 

yielded a larger standard deviation. Consistent with Palmer et al., we chose not to include the 

data from Wofford et al. because of their relatively poor accuracy. We also did not include Sirota 

et al.’s data [6] in our fit. Removing our experimental ionization constants obtained at 298, 373 

and 523 K was found to give significant improvement in the statistical significance of our 

density model fit so these data were not included in our final data regression. The larger 

deviations at these temperatures are thought to be due to small systematic errors associated with 

the AC impedance instrument. Finally, it should be noted that unlike the work of Palmer et al., 

thermodynamic derivative properties such as standard partial molar volume and heat capacity 

data were not included in our fit. The new values for parameters p1-p5 are tabulated in Table 4.4 

along with those reported by Palmer et al. The two fitted equations for log K
b

11 are plotted in 

Figures. 4.2 and 4.3. Deviation plots, log K
b

11,exp - log K
b

11,fit , are presented in Figure 4.4. As 

shown in the deviation plots in Figure 4.4, the differences between the experimental values of 

log K
b

11 and those calculated with Eq. (4.6) with the new set of parameters are less than 2 % up 

to T = 498 K and less than 4 % from T = 523 to T = 623 K. No systematic trends could be 

noticed.  
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4.3.2 Solvent Corrections and the Impact of the Formulation for pKw 

Because boric acid is a very weak acid, whose acidity decreases with temperature, 

contributions from the self-ionization of water to the solution conductivity were found to be very 

significant. As shown in Table 4.1, these contributions ranged from 40 % to 0.4 % at T = 298 K, 

and from 99 % to 50 % at T ≥ 523 K. The International Association for the Properties of Water 

and Steam (IAPWS) recommends the recent formulation of pKw by Bandura and Lvov [24], 

which replaces their earlier recommended formulation by Marshall and Franck [40]. The values 

reported in Table 4.1 were calculated from the pKw formulation of Bandura and Lvov [24], 

consistent with the IAPWS recommendation. However, we note that thermodynamic data for 

hydrothermal solutions based on both formulations are widely used in the literature. Thus, a 

second analysis using Marshall and Franck’s pKw values [40] was carried out to investigate the 

impact of the formulation chosen to represent pKw at T and p on the calculations of K
b
11. The 

results are tabulated in Appendix B, Table B.1. The values that differ between the two analyses 

are , w
pure

, Λ
exp

 and Λ
TBBK

. The experimental solution conductivity data, soln
exp

, which are not 

tabulated in those tables but can be easily retrieved by using Eq. (4.2), are identical. As shown in 

Figure 4.5, at T < 570 K, the results were found to be the same within the statistical error 

obtained for K
b

11, and consistent with data from previous literature studies [5,9]. Differences in 

K
b
11 were always less than 5 % except for our second run at 573 K where we obtained a relative 

difference of about 12 %. However, at T ≥ 570 K the results obtained using pKw values from 

Bandura and Lvov [24] agree with Mesmer et al.’s results to within ±4 %, and to within ±1 % at 

623 K. When using the pKw formulation given by Marshall and Franck [40], the agreement is 

within ±8 % and ±4 %, respectively. This is the first independent confirmation of the new Kw 

values reported by Bandura and Lvov [24] which are recommended by the International 
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Association for the Properties of Water and Steam (IAPWS) as more accurate than the 

formulation reported by Marshall and Franck [40]. As a result, the values we recommend are 

those tabulated in Table 4.1. Molar conductivities at finite concentrations, Λ
TBBK

, and boric acid 

ionization constants, K
b

11, obtained using Marshall and Franck’s pKw are reported in Appendix 

B.  

4.3.3 Raman Spectra  

The Raman spectra from the two samples are shown in Figures 4.6 and 4.7. Two characteristic 

bands, ~870 cm
-1

 and ~930 cm
-1

, were observed at all temperatures. These correspond to the (B-

O)3 and (Cl-O)4 symmetric stretching modes of B(OH)3(aq) and ClO4
-
(aq), respectively. At T ≥ 

473 K, three other bands appeared in the spectra at ~500, 690 and 780 cm
-1

, whose intensity 

increased with increasing temperature. These bands were more pronounced in the spectra 

obtained from the solution without the internal standard, shown in Figure 4.6, which were 

obtained with long exposure times, ~ 40 to 60 min per temperature steps. They were less intense, 

but still present, in the second sample which was run with shorter, 20 min steps, Figure 4.7. The 

symmetric B-O stretch for metaboric acid, HBO2(aq), and the (Si-O)4 symmetric stretching 

vibration for silicic acid occur at very similar frequencies, ~785 cm
-1

 and ~787 cm
-1

, respectively 

[41,42], so that it is not possible to distinguish which is present. However, the three extra bands 

remained in our spectra after the solution was cooled down to room temperature, while as an 

equilibrium species the metaborate band should have disappeared when the sample was returned 

to ambient conditions. Thus, we conclude that these extra peaks correspond to silicate impurities 

in solution from the partial dissolution of our capillary cell, as temperature increased and not 

metaboric acid formation. To test this conclusion, we used the scattering coefficients calculated 

from our spectra at 298 K to confirm that the concentration of boric acid in solution remained 
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constant to within our experimental uncertainty (±5 %) at all temperatures studied. The results 

are presented below. 

The integrated area of the B(OH)3 band in the reduced isotropic spectra relative to that of 

NaClO4, AB(OH)3 / ANaClO4, was used to calculate the molality of boric acid relative to that of 

sodium perchlorate: 

 3 4

3 4

4 3

B(OH) NaClO

B(OH) NaClO

NaClO B(OH)

A S
m m

A S

  
   
  
  

 (4.7) 

where the reduced scattering coefficient relative to the internal standard, SB(OH)3/SClO4- = 0.207, 

was calculated from the spectrum at 298.15 K. The results are tabulated in Table 4.5.  

In Table 4.5, our experimental results are compared with those obtained from Wang et al.’s 

comprehensive database [3] using the software package OLI Analyzer Studio 9.2.1 (OLI 

Systems Inc., Edison, N.Y). At all temperatures, our Raman spectra indicate that boric acid is the 

major boron species present in solution with a boron fraction relative to the total stoichiometric 

molality (XB(OH)3 = m
eq

B(OH)3 / m
ST

B(OH)3) equal to 100 ± 5 %, consistent with our experimental 

uncertainty [34]. This contrasts with the speciation calculated from Wang et al.’s model, which 

predicts that the relative concentration of metaboric acid is 10 % at T = 523 K, increasing to  

25 % at T = 623 K. Wang et al. derived values for the equilibrium constants for the condensation 

reactions to form HBO2(aq) and B2O3(aq) by regression of solubility data for boron oxides and 

salts in high temperature water. Although Schmidt et al. [41] have observed metaboric acid 

formation in very concentrated aqueous boric acid solutions (40 wt %) in a high pressure 

diamond anvil cell at these temperatures by Raman spectroscopy, our results show that 

HBO2(aq) is not present as a significant boron species at temperatures up to T ≤ 623 K. 
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4.4 Conclusions 

This work reports the very first accurate conductivity measurements on dilute aqueous 

solutions of boric acid at temperatures above ambient conditions. Experiments were performed 

up to near-critical conditions, at extremely low ionic strengths, using a state-of-the-art AC 

conductivity technique. The ionization constant of boric acid from 298 K up to 623 K at  

p ~20 MPa was determined from these experimental conductivities, and results were found in 

good agreement with the very few other accurate experimental studies carried out up to near 

critical conditions [5,7]. These are the first accurate B(OH)3 ionization constants ever reported at  

T ≥ 573 K, and correspond to a precision in the experimental ionic strength of ±10
-7

 mol·kg
-1

 or 

better. These new data confirm the ability of Palmer’s density model [9] to extrapolate K11 to  

T ≤ 623 K. It was shown that the pKw values from Bandura and Lvov [24], as recommended by 

the International Association for the Properties of Water and Steam, yield better values for K11 

than those taken from Marshall and Franck [40]. Finally, our Raman results indicate that, 

contrary to what Wang et al.’s model predicts, metaboric acid is not a major boron species in 

solution under hydrothermal conditions. 

Accurate boric acid thermodynamic and transport properties are essential to model the crevice 

chemistry of fuel deposits in pressurized water reactors under “hideout” conditions that lead to 

crud-induced power shifts (“CIPS”, an operational issue). The ionization reaction constants for 

boric acid reported here are an important contribution to the development of a new 

thermodynamic database to model under-deposit boron crevice chemistry in PWR nuclear 

reactor primary coolant systems.  
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Tables 

Table 4.1. Molality (m), Concentration (c), Conductivity (κ), Experimental (Λ
exp

) and Calculated 

(Λ
TBBK

) Molar Conductivities from (298 to 623) K at p ~ 20 MPa for Aqueous Solutions of 

Boric Acid using the Ionization Constant of Water (pKw) from Bandura and Lvov [24].
a,b,c,d

 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 298.149 K, p = 19.767 MPa, ρw = 1005.740 kg·m
-3

 

κw
exp

 = 0.139·10
-6

 S·cm
-1

, κw
pure

 = 0.0596·10
-6

 S·cm
-1

 

kcell = (0.06423 ± 0.0002) cm
-1

 

       0.4610 0.4637 0.290 0.6257 ± 0.0023 0.577 

1.0344 1.0403 0.434 0.4176 ± 0.0015 0.380 

2.2144 2.2269 0.729 0.3275 ± 0.0012 0.259 

3.5583 3.5782 0.846 0.2364 ± 0.0009 0.204 

6.8014 6.8386 1.044 0.1527 ± 0.0006 0.147 

14.4789 14.5535 1.407 0.0966 ± 0.0004 0.101 

32.2705 32.4138 2.032 0.0627 ± 0.0003 0.067 

56.2648 56.4607 2.612 0.0463 ± 0.0003 0.051 

131.3178 131.3810 5.133 0.0391 ± 0.0004 0.033 

       T = 373.334 K, p = 19.683 MPa, ρw = 967.169 kg·m
-3

 

κw
exp

 = 3.051·10
-6

 S·cm
-1

, κw
pure

 = 0.841·10
-6

 S·cm
-1

 

kcell = (0.06418 ± 0.0002) cm
-1

 

       2.2155 2.1425 1.549 0.7228 ± 0.0027 0.573 

14.4911 14.0071 1.746 0.1247 ± 0.0005 0.177 

23.8066 23.0027 2.620 0.1139 ± 0.0005 0.135 

43.3428 41.8458 4.095 0.0979 ± 0.0006 0.099 

74.2084 71.5555 5.970 0.0834 ± 0.0006 0.075 
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Table 4.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 448.228 K, p = 19.666 MPa, ρw = 903.861 kg·m
-3

 

κw
exp

 = 2.901·10
-6

 S·cm
-1

, κw
pure

 = 2.644·10
-6

 S·cm
-1

 

kcell = (0.06413 ± 0.0002) cm
-1

 

       0.4623 0.4178 3.015 7.2150 ± 0.0262 6.559 

2.9397 2.6567 3.470 1.3061 ± 0.0049 1.209 

8.7299 7.8880 4.212 0.5339 ± 0.0021 0.525 

12.8711 11.6279 4.728 0.4066 ± 0.0017 0.404 

24.3034 21.9463 5.896 0.2687 ± 0.0013 0.272 

37.9116 34.2167 7.065 0.2065 ± 0.0011 0.210 

70.1257 63.2127 9.394 0.1486 ± 0.0011 0.150 

101.4745 91.3608 11.408 0.1249 ± 0.0011 0.123 

       T = 523.321 K, p = 19.674 MPa, ρw = 815.527 kg·m
-3

 

κw
exp

 = 4.756·10
-6

 S·cm
-1

, κw
pure

 = 3.762·10
-6

 S·cm
-1

 

kcell = (0.06409 ± 0.0002) cm
-1

 

       0.5523 0.4504 3.819 8.4798 ± 0.0308 8.472 

1.7569 1.4327 3.930 2.7431 ± 0.0101 2.732 

4.5344 3.6973 4.080 1.1034 ± 0.0042 1.118 

9.5168 7.7586 4.455 0.5742 ± 0.0023 0.581 

21.6789 17.6665 5.147 0.2913 ± 0.0014 0.301 

42.3672 34.5011 6.322 0.1833 ± 0.0011 0.188 

72.1563 58.6992 7.796 0.1328 ± 0.0010 0.134 

101.7491 82.6887 9.215 0.1114 ± 0.0010 0.109 
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Table 4.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 548.354 K, p = 19.600 MPa, ρw = 777.868 kg·m
-3

 

κw
exp

 = 3.705·10
-6

 S·cm
-1

, κw
pure

 = 3.610·10
-6

 S·cm
-1

 

kcell = (0.06407 ± 0.0002) cm
-1

 

       0.8359 0.6502 3.744 5.7583 ± 0.0210 5.674 

2.3682 1.8420 3.849 2.0895 ± 0.0078 2.071 

5.5368 4.3061 4.060 0.9429 ± 0.0036 0.944 

12.0772 9.3908 4.467 0.4757 ± 0.0020 0.484 

20.6300 16.0367 4.952 0.3088 ± 0.0014 0.319 

28.8029 22.3839 5.380 0.2403 ± 0.0012 0.250 

46.2516 35.9236 6.170 0.1717 ± 0.0010 0.181 

101.4745 78.6745 9.213 0.1171 ± 0.0010 0.112 

       T = 547.198 K, p = 20.900 MPa, ρw = 781.355 kg·m
-3

 

κw
exp

 = 3.690·10
-6

 S·cm
-1

, κw
pure

 = 3.678·10
-6

 S·cm
-1

 

kcell = (0.06574 ± 0.0002) cm
-1

 

       0.9361 0.7314 3.820 5.2232 ± 0.0191 5.148 

2.3709 1.8524 3.946 2.1300 ± 0.0079 2.096 

3.7443 2.9253 4.047 1.3836 ± 0.0052 1.364 

5.8604 4.5782 4.193 0.9158 ± 0.0036 0.908 

8.8455 6.9095 4.390 0.6353 ± 0.0026 0.634 

11.6260 9.0806 4.588 0.5053 ± 0.0021 0.504 

15.1475 11.8297 4.810 0.4066 ± 0.0018 0.407 

24.2897 18.9638 5.351 0.2822 ± 0.0014 0.284 
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Table 4.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 571.070 K, p = 19.463 MPa, ρw = 737.793 kg·m
-3

 

κw
exp

 = 3.199·10
-6

 S·cm
-1

, κw
pure

 = 3.203·10
-6

 S·cm
-1

 

kcell = (0.06405 ± 0.0002) cm
-1

 

       0.4290 0.3165 3.234 10.2178 ± 0.0370 10.244 

1.1392 0.8405 3.310 3.9382 ± 0.0144 3.918 

4.2027 3.1003 3.499 1.1284 ± 0.0043 1.130 

       T = 572.819 K, p = 20.769 MPa, ρw = 736.674 kg·m
-3

 

κw
exp

 = 3.076·10
-6

 S·cm
-1

, κw
pure

 = 3.229·10
-6

 S·cm
-1

 

kcell = (0.06572 ± 0.0002) cm
-1

 

       0.2704 0.1992 3.391 17.0253 ± 0.0616 16.350 

0.5746 0.4233 3.490 8.2442 ± 0.0299 7.742 

1.4827 1.0922 3.585 3.2824 ± 0.0121 3.057 

2.8699 2.1140 3.686 1.7434 ± 0.0065 1.623 

6.3367 4.6672 3.887 0.8328 ± 0.0033 0.783 

10.3194 7.5997 4.145 0.5454 ± 0.0022 0.513 

17.1924 12.6587 4.455 0.3519 ± 0.0016 0.338 

36.0977 26.5636 5.160 0.1942 ± 0.0010 0.196 

52.7566 38.8033 5.690 0.1466 ± 0.0009 0.152 

 

  



 

 

 135 

Table 4.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 597.900 K, p = 20.618 MPa, ρw = 682.122 kg·m
-3

 

κw
exp

 = 2.114·10
-6

 S·cm
-1

, κw
pure

 = 2.501·10
-6

 S·cm
-1

 

kcell = (0.06571 ± 0.0002) cm
-1

 

       0.4999 0.3410 2.167 6.3543 ± 0.0231 7.437 

0.8991 0.6133 2.226 3.6298 ± 0.0132 4.171 

1.7557 1.1975 2.274 1.8989 ± 0.0070 2.174 

3.1559 2.1526 2.328 1.0815 ± 0.0041 1.244 

5.9303 4.0445 2.422 0.5987 ± 0.0023 0.697 

10.3166 7.0353 2.573 0.3657 ± 0.0015 0.282 

25.6109 17.4588 3.028 0.1735 ± 0.0008 0.008 

       T = 621.126 K, p = 20.620 MPa, ρw = 612.171 kg·m
-3

 

κw
exp

 = 1.099·10
-6

 S·cm
-1

, κw
pure

 = 1.581·10
-6

 S·cm
-1

 

kcell = (0.06569 ± 0.0002) cm
-1

 

       0.3582 0.2193 1.169 5.3317 ± 0.0193 7.287 

0.9385 0.5745 1.171 2.0390 ± 0.0074 2.815 

2.8507 1.7450 1.202 0.6887 ± 0.0026 0.963 

4.9805 3.0486 1.252 0.4108 ± 0.0016 0.443 

11.0664 6.7733 1.384 0.2043 ± 0.0008 0.133 

19.0799 11.6765 1.608 0.1377 ± 0.0006 0.050 
a
 The electrical conductivities reported here were extrapolated to zero frequency following the 

methodology described in Ref [20]. 
b
 The standard uncertainties are u(T) = 0.02 K and u(p) = 0.01 MPa. The relative standard 

uncertainties for molality and concentration are ur(m) = ur(c) = 0.002. The relative standard 

uncertainties for conductivity depend on concentration [18], and range from ur(κ) = 0.003 for the 

lowest concentration measured (~10
-4

 m) to ur(κ) = 0.01 for the highest concentration measured 

(~0.1 m). These relative standard uncertainties were calculated following the methodologies 

described in Reference [18]. These calculations and the concentration dependence of ur(κ), which 

is approximately linear, are explained in greater detail in Reference [18] and in Appendix B.3. 
c 

The uncertainties reported in this table are statistical uncertainties and do not account for 

systematic errors. 
d 

T is the temperature, p the pressure, ρw the density of water, κw
exp

 the experimental conductivity 

of the solvent, κw
pure

 the calculated conductivity of the solvent, and kcell the cell constant. 
e
  values were corrected using Eq. (4.2). 

f
 Values for the density of water, w; were calculated from equations of state recommended by 

the National Institute of Standards and Technology “NIST” [26]. 
g
  was set equal to 𝜅𝑠𝑜𝑙𝑛

𝑒𝑥𝑝
 at 572.819 K, 597.900 K and 621.126 K because κw

exp
 < κw

pure
. 
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Table 4.2. Temperature (T), Pressure (p), Water Density (ρw) and Single Ion Limiting Conductivities (λ°) used in the TBBK Analysis 

of the B(OH)3 Conductivity Data from (298 to 623) K at p ~ 20 MPa.
 a.b

 

T  p ρw λ°(H
+
) λ°(OH

-
) λ°[B(OH)4

-
] λ°[B2(OH)7

-
] 

/ K / MPa / kg·m
-3

 / S·cm
2
·mol

-1
 

       298.149 19.767 1005.740 349.2 195.1 35.5 - 

373.334 19.683 967.169 633.9 436.3 118.7 - 

448.228 19.666 903.861 792.0 607.7 249.7 - 

523.321 19.674 815.527 739.9 739.9 399.6 - 

548.354 19.600 777.868 884.3 771.1 450.3 - 

547.198 20.900 781.355 883.8 769.5 447.4 - 

571.070 19.463 737.793 892.7 794.2 496.6 - 

572.819 20.769 736.674 893.2 795.6 499.4 - 

597.900 20.618 682.122 905.9 817.7 550.9 275.4 

621.126 20.620 612.171 911.9 836.7 599.4 299.7 
a
 The standard uncertainties are u(T) = 0.02 K and u(p) = 0.01 MPa  

b 
T is the temperature, p the pressure, ρw the density of water, and λ°(H

+
) , λ°(OH

-
), λ°[B(OH)4

-
] and λ°[B2(OH)7

-
] are the limiting 

molar conductivities of H
+
 , OH

-
, B(OH)4

-
 and B2(OH)7

-
. 

c
 Values for the density of water, w; were calculated from equations of state recommended by the National Institute of Standards and 

Technology “NIST” [26]. 
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Table 4.3. Temperature (T), Pressure (p), Water Density (ρw), Ionization Constant of Water (pKw) and Experimental Ionization 

Constants for Boric Acid, K
b
11, derived from TBBK Regressions to Conductivity Data from (298 to 623) K at p ~ 20 MPa.

 a,b,c
 

T  p ρw pKw [24] Log K
b

11 
d
  pKw [40] Log K

b
11 

e
 

/ K / MPa / kg·m
-3

            
  

   

     

    298.149 19.767 1005.740 13.926 4.921 ± 0.02  13.922 4.918 ± 0.02 

373.334 19.683 967.169 12.181 3.038 ± 0.02  12.194 3.049 ± 0.02 

448.228 19.666 903.861 11.360 2.491 ± 0.02  11.344 2.478 ± 0.02 

523.321 19.674 815.527 11.087 1.882 ± 0.02  11.060 1.864 ± 0.02 

548.354 19.600 777.868 11.105 1.883 ± 0.02  11.096 1.877 ± 0.02 

547.198 20.900 781.355 11.091 1.872 ± 0.02  11.080 1.847 ± 0.02 

571.070 19.463 737.793 11.179 1.840 ± 0.02  11.207 1.855 ± 0.02 

572.819 20.769 736.674 11.172 1.819 ± 0.02  11.200 1.869 ± 0.02 

597.900 20.618 682.122 11.344 1.804 ± 0.02  11.452 1.819 ± 0.02 

621.126 20.620 612.171 11.661 1.770 ± 0.02  11.924 1.756 ± 0.02 
a
 The standard uncertainties are u(T) = 0.02 K and u(p) = 0.01 MPa.  

b
The uncertainties reported in this table are statistical uncertainties and do not account for systematic errors. 

c 
T is the temperature, p the pressure, ρw the density of water, pKw the ionization constant of water. 

d
 Boric acid ionization constants calculated using the pKw formulation from Bandura and Lvov [24].  

e
 Boric acid ionization constants calculated using the pKw formulation from Marshall and Franck [40].  
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Table 4.4. Parameters p1-p5 for Eq. (4.6).  

Parameters p1 p2 / K
-1

 p3 p4 p5 / K s(log K
b

11) 
a
 

   
    

Palmer et al. -36.2605 3645.18 11.6402 16.4914 -0.023917 NA 

       

This work -29.2076 3359.88 9.17470 10.2855 -0.0160357 7.18·10
-3

 
a
 s(log K

b
11) is the standard deviation of the fit in log K

b
11 

 



 

 

 139 

Table 4.5. Experimental Reduced Isotropic Raman Vibrational Frequencies (νs), Total Peak Area (A), B(OH)3 Equilibrium Molality in 

Solution (m
eq

B(OH)3) and Fraction in Solution (XB(OH)3), and Predicted B(OH)3 (XB(OH)3) and HBO2 (XHBO2) Fraction in Solution from  

T = 298.15 K to 623.15 K and p = 25 MPa.
a,b,c

 

T / K 
Boric Acid Perchlorate Ion 

m
eq

B(OH)3 / mol·kg
-1

 
This Work Predicted 

νs / cm
-1

 A / cm
2
 νs / cm

-1
 A / cm

2
 XB(OH)3

d
 XB(OH)3

e
 XHBO2

e
 

298.15 877.3 4163.1 934.99 2548.1 0.8312 1.00 0.99 0.01 

373.15 875.4 3645.5 934.63 2119.5 0.8751 1.05 0.98 0.02 

423.15 874.1 3547.5 934.4 2189.4 0.8244 0.99 0.96 0.02 

473.15 872.8 3359.1 933.99 2057.9 0.8305 1.00 0.94 0.06 

523.15 871.3 2845.6 933.27 1773.7 0.8162 0.98 0.90 0.10 

573.15 870.1 2484.9 932.48 1477.7 0.8555 1.03 0.83 0.16 

623.15 868.3 1605.1 931.4 1005.86 0.8119 0.98 0.75 0.25 
a
 m

ST
B(OH)3 = 0.8312 mol·kg

-1
, m

ST
NaClO4 = 0.1051 mol·kg

-1
, SB(OH)3 / SClO4- = 0.2066. 

b
 u(νs) = 1 cm

-1
, ur(A) = 0.05 

c
T is the temperature, p the pressure, ρw the density of water, κw

exp
 the experimental conductivity of the solvent, κw

pure
 the calculated 

conductivity of the solvent, and kcell the cell constant. 
d
 calculated from Eq. (4.7) 

e
 predictions from Wang al.’ model [3] (software package OLI Analyzer Studio 9.2.1) 
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Figures 

 

  

Figure 4.1. Comparison of experimental NaCl limiting conductivities, Λ°(NaCl, exp), with those 

calculated from Zimmerman et al.’s correlation [18], Λ°(NaCl, lit), from T = 298 K to T = 600 K 

at p = 20 MPa: , this work (first run); , this work (second run). 
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Figure 4.2. Boric acid ionization constant, K
b

11,m, as a function of temperature: , this work; , 

Owen and King [35]; , Manov et al. [36]; , Mesmer et al. [5]; , Bulemela and Tremaine 

[7]; , Wofford et al. [8]; solid line, Eq. (4.6), this work, p = 20 MPa); large dashed line, Eq. 

(4.6), this work, p = psat; medium dashed line, Eq. (4.6), Palmer et al. [9], p = 20 MPa; tiny 

dashed line, Eq. (4.6), Palmer et al. [9], p = psat. (a) from T = 273 K from T = 623 K; (b) from  

T = 548 K from T = 623 K. 

  

300 350 400 450 500 550 600 650

2

3

4

5

T K

L
o

g
K

1
1
,m

r Owen and King 

s Manov et al. 

�   Mesmer et al. 

¯ Tremaine and Bulemela 

£ Wofford et al. 

�  This work 
____  Eq 6 (p = 20 MPa) 

B(OH)3
 + OH- D B(OH)4

- 

(a) 

L
o
g

 K
b

1
1

,m
 



 

 

 142 

 

Figure 4.3. Boric acid ionization constant, K
b

11,m, as a function of water density: , this work; 

, Sirota et al. [6]; , Mesmer et al. [5]; , Bulemela and Tremaine [7]; , Wofford et al. [8]; 

solid line, Eq. (4.6), this work, p = 20 MPa; tiny dashed line, Eq. (4.6), Palmer et al. [9],  

p = 20 MPa; large dashed line; Eq. (4.6), this work, p = 41.3 MPa. 
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Figure 4.4. Deviation of the experimental values of Log K
b

11,m from those calculated with Eq. 

(4.6): , this work; , Owen and King [35]; , Manov et al. [36]; , Mesmer et al. [5]; , 

Bulemela and Tremaine [7]; (a) using Eq. (4.13) and parameters derived from this work; (b) 

were obtained using Eq. (4.13) and parameters derived by Palmer et al. 
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Figure 4.5. (a) Boric acid ionization constant, K
b

11,m, as a function of temperature from T = 548 

K from T = 623 K: , this work using pKw from Bandura and Lvov [24]; , this work using 

pKw from Marshall and Franck [40]; Eq. (4.6), this work, p = 20 MPa; dashed line, Eq. (4.6), 

Palmer et al. [9], p = 20 MPa; (b) relative deviation between the two sets of data. 
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Figure 4.6. Reduced isotropic Raman spectra of a 0.9 mol·kg
-1

 boric acid solution at 

temperatures from T = 298.15 K to 623.15 K and pressures at p = 25 MPa, showing the 

temperature dependence of the ~870 cm
-1

 band of B(OH)3. 

 

  

Wavenumber (cm-1)

200 400 600 800 1000 1200

In
te

n
s
it
y
 (

a
.u

.)

0

100

200

300

400

500

25oC

100oC 

150oC 

200oC 

250oC 

300oC 

350oC 

298 K 
373 K 

423 K 

473 K 

523 K 

573 K 
623 K 

B(OH)3 

Si(OH)4 



 

 

 146 

 

Figure 4.7. Baseline corrected reduced isotropic Raman spectra of a 0.8312 mol·kg
-1

 boric acid 

and 0.1051 mol·kg
-1

 sodium perchlorate solution at temperatures from T = 298.15 K to 623.15 K 

and pressures at p = 25 MPa. 
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5 Ion-Pair Formation Constants of Lithium Borate and Lithium 

Hydroxide under Pressurized Water Nuclear Reactor Coolant 

Conditions 

This paper is published in Industrial & Engineering Chemistry Research, 2017, 56, 8121 – 8132. 

DOI: 10.1021/acs.iecr.7b01015 Reproduced with permission from ACS Publications. Copyright 

2017 American Chemical Society 

Abstract 

A custom-made high-precision flow AC conductance instrument was used to measure the 

frequency-dependent molar electrical conductivities of aqueous solutions of lithium borate from 

T = 298 K to T = 548 K at a constant pressure, p = 20 MPa. Ion-pair formation constants of 

lithium borate, KA,m[LiB(OH)4
0
], were derived from these measurements using the Turq-Blum-

Bernard-Kunz (TBBK) conductivity model. Our results are consistent with previous low-

temperature studies, and are the first to be reported at temperatures above 318 K. Under ambient 

conditions, the degree of association of LiB(OH)4
0
 is half an order of magnitude higher than that 

of NaB(OH)4
0 

and KB(OH)4
0
, but at T ≥ 448 K, the association constants of all three ion-pairs 

are equal within the combined experimental uncertainties. The results have been used to derive 

new equations to represent the temperature dependence of the limiting conductivity of lithium, 

and the ion-pair formation constant of lithium borate under PWR operating conditions. A new 

model for the ion-pair formation constant of lithium hydroxide, KA,m[LiOH
0
], derived from 

critically-evaluated literature data is also reported. These results provide self-consistent 

thermodynamic constants suitable for modelling primary coolant chemistry for most current 

PWR reactor types.   
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5.1 Introduction 

 Boric acid is used as a neutron absorber in the primary coolant of pressurized water 

nuclear reactors (PWRs), to maintain a uniform nuclear reactivity over the lifetime of each 

refueling cycle. Lithium hydroxide is also used as an additive to regulate the pH in the primary 

coolant circuit of PWRs. Under primary circuit operating conditions (550 < T < 600 K, and  

p = 15.5 MPa), corrosion products (“crud”) accumulate on the upper regions of the fuel rods. 

Sub-nucleate boiling within and under these deposits can cause boron-containing species to 

precipitate, thus impacting fuel performance by supressing the neutron flux
1
. This effect, called 

“crud-induced power shift” (CIPS) or “boron offset anomaly” (BOA), can generate operational 

issues and has led to plant power de-rating. The precipitation reactions typically take place in 

highly crudded locations in the core where the fuel cladding surface temperatures can be 618 K 

or more. They are known to be reversible but are poorly understood.  

 The chemical equilibrium model MULTEQ (MULTiple EQuilibrium) developed by 

the Electric Power Research Institute (EPRI) is widely used to predict high-temperature water 

chemistry for thermal power generating systems. The software package makes use of a 

thermodynamic model of multiphase chemical equilibria, in which the non-ideality of the 

aqueous phase is determined by a non-flexible activity coefficient model parametrized on sodium 

chloride.
2-4

 Recently, Wang et al.
5
 reported a new comprehensive boron thermodynamic database 

covering a wide range of temperatures (298 – 738 K) and pressures (0.1 – 47 MPa). Their 

treatment is based on the Mixed Solvent Electrolyte (MSE) activity coefficient model
6
 and 

critically evaluated literature results. The predictions for the equilibrium pH in dilute boric acid 

solutions above 570 K from Wang’s model and the nuclear industry’s MULTEQ model differ, 

despite the fact the extrapolations are based on many of the same experimental data. One of the 
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major differences between the two treatments is that Wang et al. included the formation of the 

lithium borate ion-pair, LiB(OH)4
0
, in their database:  

    
0

4 4
Li  B OH LiB OH

   (5.1) 

There are two issues with the lithium borate association constants, KA,m[LiB(OH)4
0
], used in 

Wang’s model. First, they are based on Yang et al.’s data,
7-8

 which do not agree with the only 

two other studies
9-10

 reporting lithium borate association constants. Second, because the data stop 

at 318 K, there is a large uncertainty on the extrapolated values of KA,m[LiB(OH)4
0
] to PWR 

conditions.  

Accurate values for the ion-pair formation constants of lithium borate are needed to 

resolve this issue. Our previous studies,
11-12

 using the state-of-the-art flow conductivity 

techniques described by Zimmerman et al.
13-14 

and Arcis et al.,
15

 have determined the limiting 

conductivity of borate and ion-pair formation constants of sodium borate and potassium borate 

and boric acid ionization constants up to 623 K. This paper reports additional measurements, to 

determine the ion-pair formation constants of lithium borate. Concentration-dependent molar 

conductivities for aqueous solutions of lithium borate were measured from 298 K to 425 K at  

5 MPa and from 298 K to 548 K at 20 MPa. These measurements yielded values for the degree 

of association of lithium borate at each concentration and hence, values for the association 

constants, KA,m[LiB(OH)4
0
]. These are the first experimental values for the ion-pair formation 

constants of LiB(OH)4
0
 at temperatures above 318 K.  
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5.2 Experimental 

5.2.1 Chemicals and Solution Preparation 

 Lithium borate stock solutions were prepared by neutralizing aqueous solutions of 

lithium hydroxide with boric acid under argon atmosphere to prevent contamination from 

atmospheric CO2. Solutions of boric acid were prepared from anhydrous boric acid (Alfa Aesar, 

Puratronic®, 99.9995 % metals basis, Lot # 10659) and used without further purification. The 

boric acid solutions were titrated with NaOH in the presence of D-mannitol
16

 in quadruplicate to 

determine their composition to a precision of ± 0.02 %. Lithium hydroxide solutions were 

prepared under argon atmosphere from anhydrous lithium hydroxide (Alfa Aesar, 99.995 %, 

metals basis, Lot # T01A016) and standardized in quadruplicate samples to a precision of 0.01 % 

by titrating potassium hydrogen phthalate, dried at 383 K for one to two hours. Attempts to 

prepare the lithium hydroxide stock solution by treatment with solid CaO to precipitate 

carbonates out of the solution
17

 and to prepare the lithium borate stock solution directly from 

solid lithium metaborate were unsuccessful due to the limited solubility of lithium borate and its 

affinity for contamination from atmospheric CO2. Aqueous solutions of NaCl (Alfa Aesar,  

99.99 % metals basis, Lot # I14U009) and KCl (Alfa Aesar, 99.995 % metals basis,  

Lot # E21U0) were prepared from pure salts. Both salts were dried at 573 K to obtain constant 

mass, with less than 0.01 % difference. All solutions were prepared by mass with buoyancy 

corrections and accuracy better than ± 0.2 %, using degassed and deionized water from a 

Millipore Direct-Q 5 water purification system (resistivity 18.2 MΩ·cm). 

5.2.2 AC Impedance Measurements  

 The experimental design for this work was based on that of our previous studies.
11-12

 

Impedance measurements were made for several solutions of lithium borate (~10
-4

 to  
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~10
-2

 mol·kg
-1

) from T = 298 K to 548 K at pressures of 5 MPa and 20 MPa using our high-

temperature, high-pressure conductivity flow instrument. A full description of this instrument 

can be found elsewhere.
13-14

 The temperature of the flow conductivity cell was controlled to  

± 0.15 K over several days and measured to ± 0.02 K. Solutions were injected into the cell at a 

flow rate of 0.5 cm
3
·min

-1
 using high-performance liquid chromatographic (HPLC) pumps. The 

pressure was controlled by a back-pressure regulator located at the end of the flow line, and 

measured to an accuracy of ± 0.01 MPa. A programmable automatic RCL meter (Fluke Model 

PM6304C) was used to measure the angular frequency () dependence of the complex 

impedance for each solution, Z() = ZRe() - j·ZIm(), where j
2
 = -1. Impedance spectra were 

collected at nine frequencies ranging from 100 Hz to 10 kHz to yield values for both the real and 

imaginary components of impedance, ZRe(ω) and ZIm(ω). For each injection of solution, eighty to 

one hundred measurements were taken with a computer over a time span of at least 50 minutes. 

From these measurements, the real solution resistance, Rs, was determined using the equation: 

  Re 1
    n

sZ R b  (5.2) 

 

where Rs, b1 and n were treated as fitting parameters.
18

 This follows Zimmerman and Arcis
19

 

who compared five different extrapolation methods of measurements made with this cell 

geometry alongside accurate room temperature results in the literature. Equation (5.2) was found 

to be the most accurate method. 

Solution conductivities were measured sequentially at a constant temperature, pressure, 

and flow rate. To minimize solvent corrections, increasing concentrations of lithium borate 

solutions were prepared sequentially in the same bottle for each temperature by starting with a 

measurement of water, and then injecting stock solution from a weighed syringe through a 
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septum directly into the solution after each measurement to prepare the next concentration to be 

measured. This allowed for the most accurate measurement of the conductivity of the pure 

solvent and also minimized contamination due to solute adsorption to the cell walls. At each 

temperature, a NaCl solution of approximately 10
-3

 mol·kg
-1 

was also measured as an internal 

standard. This solution preparation procedure was repeated for the measurements at each 

temperature.  

5.2.3 Experimental Conductivities and Solvent Correction 

 Experimental solution conductivities (soln
exp

 = kcell / Rs) were calculated from frequency 

dependent AC impedance measurements from which we determined the electrical resistance (Rs) 

of each solution of lithium borate. The experimental uncertainties on soln
exp

 were estimated to 

range from 0.3 % for a 10
-4 

mol·kg
-1

 lithium borate solution to 0.4 % for a 0.1 mol·kg
-1

 lithium 

borate solution. The procedures used for calibrating the instrument, determining the cell constant 

(kcell) and calculating the standard uncertainties have been reported in previous studies.
13-14, 19

 

Due to instrumental challenges during the lithium borate measurements, five separate runs were 

required to obtain the data reported here, and each run began with a measurement of the cell 

constant at 298.15 K. Numerical values for the experimental conductivities and the cell constants 

from the runs at each temperature are reported in Table 5.1. As noted above, the electrical 

conductivity of a solution of 10
-3

 mol·kg
-1

 NaCl was measured at each temperature as an internal 

standard to confirm the accuracy of our calibration. The results, which are plotted in Figure 5.1, 

agree with literature data
13

 to within ± 3 % for the measurements at 20 MPa and to within ± 8 % 

for measurements at 5 MPa. 
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 The conductivity data treatment 
14-15, 20

 considered all ions in solution, including those 

due to the self-ionization of water. Experimental solution conductivities, soln
exp

, were corrected 

for solvent impurities to yield real solution conductivities, , according to the following 

equation: 

 exp exp pure

soln w w       (5.3) 

 

where w
exp

 is the experimental conductivity of water and w
pure

 is the conductivity of pure water 

calculated following the method of Marsh and Stokes.
21

 The same approach as in our previous 

study of sodium and potassium borate ion-paring was used to convert experimental molalities 

(m) to concentrations (c),
11-12

 and calculate the experimental molar conductivity (Λ
exp

 =  / c), as 

discussed below in Section 5.3.1. Conductivities soln
exp

, w
exp

 and w
pure

, concentrations, and the 

corresponding experimental molar conductivities, 
exp

, at each molality of aqueous LiB(OH)4 are 

reported in Table 5.1, along with the average temperature (IPTS-90) and pressure. The standard 

uncertainties were estimated using procedures identical to those reported in Reference 13. 

Conductivity measurements were completed up to 598 K. At temperatures of 573 K and above, 

the formation of a precipitate was observed in the cell, indicating that the measurement of 

lithium borate association constants by this method was not feasible at these temperatures. 

Although a precipitate was not visible at 548 K, the anomalous concentration dependence of the 

molar conductivities indicated that these results were likely also compromised by the presence of 

a precipitate. As such, the data reported in Table 5.1 for T = 548 K were not included in our final 

data analysis. 
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5.3 Conductivity Data Analysis 

5.3.1 TBBK Conductivity Model 

The concentration dependence of the solution conductivity was modelled with the same 

data treatment strategy used in previous work on ion association in aqueous sodium and 

potassium borate solutions
12

. Briefly, the Turq-Blum-Bernard-Kunz (“TBBK”) conductivity 

model
20

 was used to treat all of the experimental conductivity measurements using the 

Levenberg – Marquardt nonlinear least-squares minimization technique reported in our previous 

studies,
13-15

 together with the mixing rule reported by Sharygin et al.
22

 The treatment included 

the following chemical equilibria: 

  Li
+
 + B(OH)4

-
 ⇌ LiB(OH)4

0
   KA,m[LiB(OH)4

0
]  (5.4) 

  Li
+
 + OH

-
 ⇌ LiOH

0
    KA,m[LiOH

0
]   (5.5) 

  B(OH)3(aq) + OH
-
 ⇌ B(OH)4

-
  K

b
11,m    (5.6) 

  H2O ⇌ H
+
 + OH

-
    Kw    (5.7) 

in which KA,m[LiB(OH)4
0
] is the equilibrium constant that is the target of this study. This 

chemical equilibrium model is based on the results of Wang et al.
5
 and neglects the polyborates 

because the solutions measured in this study were dilute enough to avoid the formation of these 

species. The TBBK activity coefficients were calculated using the MSA theory, with the 

electrostatic contribution defined to be consistent with the Bjerrum definition of closest distance 

approach
22,23

. This method was successful for modeling the equivalent conductivity of SrCl2 

solutions up to 623 K and 0.3 mol·kg
-1

 
15

. The limiting conductivities 
0
(H

+
), 

0
(OH

-
) and 


0
[B(OH)4

-
] were taken from Marshall,

24
 Ho et al.,

25
 and Arcis et al.,

12
 respectively. Values for 


0
(Li

+
) and KA,m[LiOH

0
] were derived from critically evaluated flow conductivity results, as 

described in Sections 5.3.2 and 5.3.3. Values for Kw were taken from Bandura and Lvov.
26

 To 
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remain consistent with our recent data analysis dealing with sodium and potassium borate,
12

 

values for K
b

11,m, were taken from Palmer et al.
27

 The results from our study on boric acid 
11

 are 

within 10 % of those from Palmer et al. and the differences in this work as a result of using the 

more recent values for K
b
11,m would lie within the experimental uncertainty of this work. The 

experimental association constants for LiB(OH)4
0
 are given in Table 5.2 with their uncertainties, 

which correspond to the 95 % confidence level estimate in the least-squares TBBK fit of the 

solution conductivities, weighted by their standard uncertainties. 

The TBBK conductivity model has been developed to represent the concentration 

dependence of the molar conductivity of the solution at a given temperature and pressure. 

Concentrations (c), expressed in mol·L
-1

 of solution, were converted from molalities (m), 

expressed in mol·kg
-1

 of solvent, by estimating the solution density.
11-12

 Briefly, the Helgeson-

Kirkham-Flowers-Tanger (“HKF”) model was used to estimate the standard partial molar 

volumes, V
0
, of the aqueous ions and ion-pairs in our solutions,

28-30
 then combined with values 

for the density of water from the NIST formulation
31

 to calculate solution densities. Values of the 

HKF parameters were taken from References 5 and 28. Solution densities, s, were calculated 

from the molar volume of the solution, Vs, using the relationships reported in Reference 14. The 

TBBK conductivity equation also requires properties of water (density, ρw, viscosity, ηw, and 

static dielectric constant, εw), which were calculated from equations of state recommended by the 

National Institute of Standards and Technology (NIST)
31-33

 and crystallographic radii which 

were taken from the values reported by Marcus.
34

 Table 5.2 lists all of the TBBK parameters 

used in this analysis. The radii of the ion-pairs were calculated from the cube-root expressions 

used by Wood and his co-workers
18, 22

: 
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  0

1/3
3 3

MX M X
r r r    (5.8) 

5.3.2 Limiting Conductivity of the Lithium Ion 

As discussed in the previous section, use of the TBBK conductivity model requires 

accurate values of 
0
(Li

+
) over the temperature range being studied. Prior to this work, the 

recommended values for 
0
(Li

+
) over a wide range of temperatures and pressures were taken 

from the predictive model developed by Marshall in 1987.
24

 His model takes the form:
 

 
0 00 1 w

h


 



 
  

 
 (5.9) 

where λ
00

 and ρh are hypothetical values of limiting ionic conductivity, λ
0
, and solvent density, 

ρw, at a given temperature at which the corresponding values of ρw and λ
0
 respectively are equal 

to zero. The Marshall model
24

 shows that for most salt ions, these hypothetical values are 

independent of the identity of the salt and independent of temperature. For the lithium ion, 

Marshall’s density parameter ρh did show temperature dependence, which indicates that there is 

significant uncertainty in the extrapolation of 
0
(Li

+
) using this model. It was therefore necessary 

to develop a new equation to represent 
0
(Li

+
) over our experimental conditions for which 

experimental data were available with a better accuracy. 

Robinson and Stokes
35

 listed values for 
0
(Li

+
) from 273 K to 328 K, but above this 

temperature there are no data in the literature. Single-ion limiting conductivities of lithium were 

derived from values of 
0
(LiCl) from 323 K to 632 K from two experimental studies of excellent 

quality
36-37

 using Kohlrausch's law, 
0
(LiCl) = 

0
(Li

+
) + 

0
(Cl

-
), in which the limiting 

conductivity of chloride was calculated from the equation reported by Zimmerman et al.
13

: 
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0 - 34.4

log[λ (Cl )] 0.0558 0.925 log w

w




 
    

 
 (5.10) 

In this equation ρw is the water density in kg·m
-3

 and ηw is the water viscosity in Poise. To 

accurately represent the temperature and density dependence of 
0
(Li

+
), the values of 

0
(Li

+
) 

35-37
 

were fitted with an equation developed recently by Plumridge et al.
38

 by a nonlinear regression 

using unweighted values of 
0
(Li

+
), with a standard deviation s(log

0
ηw) = 0.016. This fitted 

equation takes the form: 

 0 + 240.2ln11.53 189.9
log[λ (Li ) ] w

w
T T T


   



 
(5.11)

 

where T is the temperature in K, ρw is the water density in g·cm
-3

, ηw is the water viscosity in 

Poise, and Θ = 228 K. 

Fitted and literature values of 
0
(Li

+
) are listed in Table S1. Figures 5.2a and 5.2b plot the 

experimental data points and Eq. (5.11), as well as the deviations of the experimental data from 

Eq. (5.11) and from the Marshall model. It is evident that our new equation is a significant 

improvement over the Marshall model, especially in the high temperature region which is 

particularly important for this work. 

5.3.3 Lithium Hydroxide Association Constants 

The analysis of our lithium borate conductivity data with the TBBK equation also 

requires accurate values for the fixed thermodynamic constants in the chemical equilibrium 

model. As discussed by Arcis et al.
12

, the competition of hydroxide ion pairing can have a 

significant impact on the reliability of the results for the borate ion-pairs. Because lithium 

hydroxide ion pairing is stronger than those of potassium hydroxide and sodium hydroxide, this 

has an even greater impact for lithium borate, and it is crucial to have accurate values for 



 

 

 158 

KA,m[LiOH
0
] to determine accurate values for KA.m[LiB(OH)4

0
] from our conductivity 

measurements. The model currently used in the nuclear industry’s MULTEQ EPRI code to 

represent the temperature dependence of lithium hydroxide association constants is based on 

autoclave conductivity measurements by Wright et al.
39

 in 1961. In the early 2000’s, Ho et al.
25,37 

reported more accurate results based on high precision flow-through conductivity measurements 

at temperatures up to 683 K and p ≤ 33 MPa. Their results differ from those of Wright et al. with 

a systematic deviation of ~ -0.3 pK units, as shown in Figure 5.3. 

For the data analysis in this work, a modified version of the density model of Mesmer et 

al.
40

 was fitted to the high temperature data of Ho et al.
 25, 37

 and to very accurate room 

temperature data.
41

 A term with (T – 228) in the denominator was included to replicate the strong 

temperature dependence at low temperatures which is not well represented in the other models, 

to yield a discontinuity at T = 228 K, the temperature associated with the critical point in super-

cooled water.
30, 42

 

 0

,log (LiOH ) logA m w

b c f
K a dT e

T T T

 
            

  (5.12) 

In this equation, T is the temperature in K, ρw is the water density in g·cm
-3

, Θ = 228 K and a, b, 

c, d, e, and f are adjustable parameters.  

The nonlinear regression of Eq. (5.12) to the unweighted experimental values for 

KA,m[LiOH
0
] yielded the parameters listed in Table 5.3 with a standard deviation of s(logKA,m) = 

0.105. Figure 5.3 shows the experimental data points and the fitted Eq. (5.12). The plot also 

shows the data from Wright et al.
39

, which were not included in this fit, and the MULTEQ model 

which is based on the data from Wright et al.
39

 It can be seen in this figure that our model is a 

better fit to the more recent experimental data,
 25, 37, 41

 especially at T < 373 K and T > 523 K. 
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5.4 Results and Discussion 

5.4.1 Lithium Borate Ion-Pair Formation Constants 

As discussed above, the measurement of LiB(OH)4
0
 association constants to high 

temperatures by conductivity is more challenging than those for NaB(OH)4
0
 and KB(OH)4

0
 due 

to the limited solubility of lithium borate in high temperature aqueous solutions.
43-44

 At the 

highest concentrations of lithium borate that could be measured without the formation of a 

precipitate in the conductance cell, less than 10 % of the lithium in solution was present as the 

lithium borate ion-pair. In addition, at temperatures above 448 K, the concentration of lithium 

hydroxide in the solutions that were measured is greater than the concentration of lithium borate, 

making it very challenging to extract statistically significant lithium borate ion-pair formation 

constants from these data. From the nine sets of data measured from 298 K to 548 K, five yielded 

statistically significant ion-pair formation constants. These five values of KA,m[LiB(OH)4
0
] are 

reported in Table 5.2 and plotted in Figure 5.4. 

The results from this work can be compared with previous literature studies conducted at 

temperatures below 318 K,
9-10

 which are tabulated in Table 5.4. Our results agree with the 

literature values from Rowe and Atkinson
9
 and Corti et al.

10
 to within the combined experimental 

uncertainties. For example, this work yielded the value KA,m[LiB(OH)4
0
] = 0.364 ± 0.131 at  

T = 298 K and p = 20 MPa, while Corti et al.
10

 reported KA,m[LiB(OH)4
0
] = 0.332 ± 0.053 at  

T = 298 K and p = 0.1 MPa. Two studies by Yang et al.
7-8

 reported values for KA,m[LiB(OH)4
0
] 

from 278 K to 318 K from potential difference measurements that are an order of magnitude 

larger than these results. They have therefore not been included in the subsequent data analysis. 

To represent the temperature and pressure dependences of KA,m[LiB(OH)4
0
], the density 

model used in our previous work on NaB(OH)4
0
 and KB(OH)4

0 12
 was fitted to the experimental 
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values for KA,m[LiB(OH)4
0
] in Table 5.3, together with the low-temperature results reported by 

Rowe and Atkinson
9
 and Corti et al.

10
 The density model for NaB(OH)4

0
 takes the form: 

 0

, 4log NaB(OH) logA m w

b c f
K a dT e

T T T

 
            

  (5.13) 

where T is temperature in K, w is the density of water in g·cm
-3

, Θ = 228 K, and a, b, c, d, e, and 

f are adjustable parameters. The fitted parameters for KA,m[NaB(OH)4
0
] from our previous 

study
12

 are listed in Table 5.3.  

The degree of LiB(OH)4
0
 ion pairing is higher than that of NaB(OH)4

0
 at low 

temperatures, but at 448 K, and above, the ion-pair formation constants for the two systems are 

equal to within the combined experimental uncertainties. As a result, the density-related 

parameters e, and f, which dominate at high temperatures, were constrained to be equal to the 

values obtained for NaB(OH)4
0

. The regression was done by expressing the differences between 

the sodium and lithium formation constants, as a departure function:  

 
0 0

, 4 , 4log LiB(OH) log NaB(OH)A m A m

b
K K a dT

T


             (5.14) 

The standard uncertainties reported in Table 5.4 for each of the values of KA,m[LiB(OH)4
0
] were 

used as weighting factors in the fit of Eq. (5.14) to the experimental equilibrium constants. The 

fit yielded the parameters a = -5.340 ± 3.421, b = 10
3
·(1.249 ± 0.620) K and  

d = 10
-3

·(5.548 ± 4.542) K
-1

,
 
with a standard deviation s(log KA,m) = 0.035. The corresponding 

values for parameters a, b, c, d, e, and f for KA,m[LiB(OH)4
0
] are listed in Table 5.3. The fitted 

expressions for LiB(OH)4
0
 and NaB(OH)4

0
, corresponding to Eq. (5.13) are plotted in Figure 5.4.  
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5.4.2 Alkali Metal Ion Pairing with Borate 

In our previous work,
12

 the association constants for sodium and potassium borate were 

found to be the same to within the combined experimental uncertainties over the entire 

experimental temperature range (298 K < T < 623 K; p = 20 MPa). At low temperatures our 

results for lithium borate are half an order of magnitude lower than those for sodium borate and 

potassium borate, consistent with previous low temperature studies
9,10

. These differences are 

very likely a consequence of the strongly-bound inner hydration sphere of the Li
+
, which allows 

it to form much more stable solvent-shared ion-pairs with oxyanions, than is the case for Na
+
 or 

K
+
.
44 

This “water-mediated ion pairing” is caused by hydrogen bonding of protons in the primary 

hydration sphere with anions that are strong proton acceptors. It was first postulated by Robinson 

and Harned, based on the difference in charge density between lithium, and sodium and 

potassium.
46

 The results in Figure 5.4 show that, with increasing temperatures, the differences 

disappear, and the ion-pair formation constants become equal to within the combined 

experimental uncertainties at T ≥ 448 K. This is consistent with the suggestion by Wood and his 

co-workers
36,47,49

 that, at elevated temperatures, the strong localized hydrogen-bonding effects 

associated with Li
+
 hydration become negligible compared to less specific cation-anion 

interactions associated with the increased compressibility of liquid water, thus yielding a similar 

degree of ion pairing in solutions containing any small alkali metal cation. This argument is also 

consistent with computer simulation studies of the effect of water structure on the hydration and 

ion association of monovalent and divalent cations under hydrothermal conditions by Seward 

and Dreisner,
48

 and by other conductivity and potential difference studies.
14,15,40,49

 

 The experimental values of KA,m[LiB(OH)4
0
], KA,m[NaB(OH)4

0
], KA,m[LiOH

0
] and 

KA,m[NaOH
0
] can also be compared to the predictions of Bjerrum’s primitive solvent-continuum 
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model for ionic association, calculated using ionic radii consistent with the TBBK model 

described above for our data analysis. The results are shown in Figure 5.5. The experimental 

association constants for the hydroxide ion-pairs agree with the Bjerrum model predictions to 

within 0.01 – 1 pK unit, while those for the borate ion-pairs are systemically greater than the 

predicted values by an order of magnitude. The differences between the sodium borate and 

lithium borate predicted by the Bjerrum model are qualitatively consistent with the results from 

the present study, as the model also predicts KA,m[LiB(OH)4
0
] to be larger than KA,m[NaB(OH)4

0
] 

at low temperatures, and that these differences decrease as the temperature increases.  

5.4.3 Comparison with the Thermodynamic Model of Wang et al.
5
 

Figures 5.6 and 5.7 present a comparison of the species distribution in lithium borate 

solutions from our experimental results at 448 K and 523 K, with those calculated from the 

recent boron database compiled by Wang et al.,
5
 using the software package OLI Analyzer 

Studio 9.2.1 (OLI Systems Inc., Edison, N.Y). Figure 5.6 plots the concentration of each boron 

species as a fraction of the total boron concentration, while Figure 5.7 shows the concentration of 

each lithium species as a fraction of the total lithium concentration. We note that, in their model, 

Wang et al. postulated the formation of the aqueous species metaboric acid, HBO2
0
, and boron 

trioxide, B2O3
0
, to represent the loss of water molecules from boric acid when fitting high 

temperature solubilities.
51

 However, our recent Raman results
11

 confirmed that metaboric acid is 

not a major boron species in solution under hydrothermal conditions. Therefore, for the sake of 

comparison, the fraction of boric acid, B(OH)3*, shown in Figures 5.6 and 5.7 is the summation 

of the B(OH)3
0
 and HBO2

0
 species from the OLI Analyzer Studio calculations. As can be seen in 

Figure 5.6, Wang’s model is able predict the equilibrium concentrations of borate and boric acid 

in solution to within 10 %. However, as the stoichiometric molality of lithium borate increases, 
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our new results show much lower concentrations of lithium borate ion-pairs at both temperatures, 

compared to those calculated from Wang’s database. These differences are even more evident in 

Figure 5.7, which compares the contributions to the degree of ion pairing from LiOH
0
 and 

LiB(OH)4
0
 in the same solutions. The OLI software predicts less ion pairing for LiOH

0
 and more 

ion pairing for LiB(OH)4
0
 than was observed in our solutions. We attribute these differences to 

the parameters used for KA,m[LiB(OH)4
0
] in the model from Wang et al.

5
 These were determined 

by regression to the low temperature values of KA,m[LiB(OH)4
0
] from Yang et al.

7-8
 and the 

extrapolated temperature dependence of KA,m[NaB(OH)4
0
] reported by Pokrovski et al.

52 
As 

discussed in Section 5.4.1, the values by Yang et al.
7-8

 differ by more of an order of magnitude 

from our results and the association constants reported by Rowe and Atkinson
9
 and Corti et al.

10
 

The expression for KA,m[NaB(OH)4
0
] vs T reported by Pokrovski et al.

52
 is not valid above  

500 K. 

The pH of bulk water in the primary coolant of PWRs is tightly regulated. Figure 5.8 

compares the equilibrium pH (defined as - +H
log m ) at 523 K and 20 MPa for lithium borate 

molalities up to m = 0.012 mol·kg
-1

, using results from this work and our earlier studies on 

borate species;
 11,12

 the EPRI software ChemWorks with the MULTEQ database Ver. 7.0; and 

OLI Analyzer Studio 9.2.1 which incorporates the boron database reported by Wang et al.
5
 At 

523 K, the three series of calculations agreed with each other to within 0.03 pH units, or better. 

The difference between our model and the OLI model, which both include borate ion association, 

was no greater than 0.02 pH units. Under these experimental conditions, the concentration of 

LiB(OH)4
0
 in solution was less than 5 % of the total lithium concentration, and the difference 

between our experimental results and the OLI MSE model predictions is less than a few percent.  
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Figure 5.9 shows a similar comparison to Figure 5.8 between the three models at higher 

temperatures, 573 K and 623 K. Including the formation constants for lithium borate ion-pairs in 

the MULTEQ database changed the values of the bulk coolant pH, by no more than 0.02 pK 

units. However, when comparing the new results with the MSE model predictions, significant 

differences in the bulk pH were observed, with discrepancies of 0.1 and 0.6 pH units for a  

10
-2

 mol·kg
-1

 lithium borate solution at 573 and 623 K respectively. The major reason for these 

discrepancies is not the new values for KA,m[LiB(OH)4
0
], but rather the equation of state (EOS) 

used for the ionization constant of water, pKw. To represent the temperature dependence of pKw, 

the OLI MSE model uses the HKF parameters from Tanger and Helgeson,
30

 which are 

incorporated into SUPCRT 92,
53

 while the MULTEQ database is based on the Marshall and 

Franck equation of state.
54

 As discussed by Majer et al.,
55

 differences between SUPCRT 92 and 

Marshall and Franck EOS become significant at T ≥ 548 K. For example at saturation pressure, 

the output pKw values from the OLI software are 11.20, 11.36 and 11.74 at 523, 573 and 623 K, 

respectively, versus 11.19, 11.40 and 12.32 for ChemWorks. These deviations are consistent 

with the pH differences reported in Figure 5.9.  

5.5 Conclusions 

 This work reports the first accurate conductivity measurements of dilute aqueous 

solutions of LiB(OH)4
0
 above 318 K and up to 548 K. Experimental constants for the formation 

of lithium borate ion-pair were derived from these measurements. The results are in excellent 

agreement with previous low temperature studies.
9,10

 At high temperature (T ≥ 523 K), the results 

show that the ion-pair formation constants for LiB(OH)4
0
, KB(OH)4

0
, and NaB(OH)4

0
 are equal 

to within the combined experimental uncertainties. Two improved density models, based on very 
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accurate flow conductivity data,
 25,35-37,41

 were derived to represent the temperature dependence 

of 
0
(Li

+
) and KA,m[LiOH

0
] under PWR primary coolant conditions. The results from this study 

together with our recently reported boric acid ionization constants
12

 constitute a self-consistent 

set of accurate thermodynamic constants to model the transport properties and bulk pH for most 

current pressurized water reactor types. Accurate boric acid thermodynamic and transport 

properties are essential to model the crevice chemistry of fuel deposits in PWRs under “hideout” 

conditions that lead to crud-induced power shift (CIPS). The experimental data and ion 

association model presented in this work provide the first accurate representation of lithium 

borate ion pairing under PWR coolant conditions, and will contribute to the development of 

improved models for crevice pH calculations under hideout conditions. 
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Tables  

Table 5.1. Molality, Concentration, Conductivity, Experimental and Calculated (TBBK Fit) 

Molar Conductivities from (298 to 548) K at p = 20 MPa for Aqueous Solutions of Lithium 

Borate.  

m·10
3
 c·10

3
 κsoln

exp 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
 

T = 298.104 K, p = 5.757 MPa, ρw = 999.596 kg·m
-3

 

κw
exp

 = 0.187·10
-6

 S·cm
-1

, κw
pure

 = 0.056·10
-6

 S·cm
-1

 

kcell = (0.06510 ± 0.00022) cm
-1

 

       

0.2730 0.2729 28.736 105.3 ± 0.4 107.3 

3.356 3.354 263.75 78.6 ± 0.3 79.3 

4.242 4.239 326.88 77.1 ± 0.3 77.5 

5.763 5.760 431.69 75.0 ± 0.3 75.3 

8.327 8.322 604.68 72.7 ± 0.3 72.7 

11.08 11.07 782.25 70.6 ± 0.3 70.7 

14.35 14.34 990.81 69.1 ± 0.3 68.8 

18.60 18.59 1248.5 67.2 ± 0.3 66.9 

       

T = 298.209 K, p = 19.521 MPa, ρw = 1005.616 kg·m
-3

 

κw
exp

 = 0.554·10
-6

 S·cm
-1

, κw
pure

 = 0.060·10
-6

 S·cm
-1

 

kcell = (0.06583 ± 0.00045) cm
-1

 

       

0.8808 0.8857 80.115 90.5 ± 0.3 92.0 

2.721 2.736 221.40 80.9 ± 0.3 81.7 

6.804 6.841 512.96 75.0 ± 0.3 74.9 

10.83 10.89 783.09 71.9 ± 0.3 71.7 

17.28 17.37 1193.6 68.7 ± 0.3 68.3 

23.14 23.26 1550.2 66.6 ± 0.3 66.1 

31.99 32.14 2019.6 62.8 ± 0.3 63.5 

41.11 41.30 2530.6 61.3 ± 0.4 61.4 

       

T = 348.090 K, p = 20.431 MPa, ρw = 983.697 kg·m
-3

 

κw
exp

 = 0.723·10
-6

 S·cm
-1

, κw
pure

 = 0.442·10
-6

 S·cm
-1

 

kcell = (0.06176 ± 0.00011) cm
-1

 

       

0.3696 0.3636 113.73 312.8 ± 1.2 310.5 

1.256 1.235 316.78 256.4 ± 1.0 255.6 

2.452 2.412 559.63 232.0 ± 0.9 231.1 

3.405 3.349 742.60 221.7 ± 0.9 220.5 

4.779 4.700 992.27 211.1 ± 0.8 210.4 

7.036 6.920 1384.7 200.1 ± 0.8 199.9 

10.46 10.29 1950.0 189.5 ± 0.8 190.0 

13.15 12.93 2379.1 183.9 ± 0.8 184.5 
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Table 5.1. (continued) 

m·10
3
 c·10

3
 κsoln

exp 
·10

6
 Λ

exp
 Λ

TBBK
 

mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

T = 374.102 K, p = 5.759 MPa, ρw = 960.305 kg·m
-3

 

κw
exp

 = 0.999·10
-6

 S·cm
-1

, κw
pure

 = 0.804·10
-6

 S·cm
-1

 

kcell = (0.06505 ± 0.00022) cm
-1

 

       

0.2538 0.2438 119.87 491.8 ± 1.8 472.2 

1.207 1.159 453.02 390.8 ± 1.5 382.7 

3.082 2.959 998.00 337.2 ± 1.3 332.1 

7.121 6.837 2026.9 296.5 ± 1.2 293.4 

13.02 12.50 3378.8 270.4 ± 1.2 269.1 

17.40 16.70 4326.0 259.1 ± 1.2 258.4 

23.98 23.02 5674.9 246.6 ± 1.2 247.0 

33.08 31.74 7422.8 233.9 ± 1.3 236.2 

       

T = 425.604 K, p = 5.755 MPa, ρw = 917.690 kg·m
-3

 

κw
exp

 = 2.318·10
-6

 S·cm
-1

, κw
pure

 = 1.923·10
-6

 S·cm
-1

 

kcell = (0.06501 ± 0.00022) cm
-1

 

       

14.25 13.08 5967.0 456.3 ± 2.0 450.4 

18.60 17.07 7422.8 434.9 ± 2.0 431.0 

24.42 22.39 9201.9 410.9 ± 2.0 411.9 

33.08 30.33 11714 386.2 ± 2.1 391.2 

       

T = 448.539 K, p = 20.422 MPa, ρw = 904.001 kg·m
-3

 

κw
exp

 = 2.991·10
-6

 S·cm
-1

, κw
pure

 = 2.663·10
-6

 S·cm
-1

 

kcell = (0.06170 ± 0.00011) cm
-1

 

       

0.3861 0.3490 283.06 811.0 ± 3.0 793.4 

1.171 1.058 797.47 753.5 ± 2.9 736.3 

2.502 2.261 1570.2 694.4 ± 2.7 680.6 

3.867 3.496 2288.6 654.7 ± 2.6 644.8 

5.386 4.868 3034.4 623.3 ± 2.5 616.7 

7.776 7.028 4128.1 587.3 ± 2.4 585.6 

10.46 9.455 5277.3 558.1 ± 2.4 560.9 

13.15 11.89 6376.9 536.5 ± 2.4 542.3 
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Table 5.1. (continued) 

m·10
3
 c·10

3
 κsoln

exp 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

T = 448.122 K, p = 20.133 MPa, ρw = 904.232 kg·m
-3

 

κw
exp

 = 2.865·10
-6

 S·cm
-1

, κw
pure

 = 2.648·10
-6

 S·cm
-1

 

kcell = (0.06166 ± 0.00007) cm
-1

 

       

4.632 4.188 2663.2 635.8 ± 2.5 623.1 

9.232 8.347 4752.2 569.3 ± 2.4 560.0 

15.05 13.60 7105.1 522.3 ± 2.3 515.2 

25.85 23.36 10983 470.1 ± 2.4 466.7 

36.59 33.06 14462 437.4 ± 2.5 436.5 

61.16 55.25 21541 389.9 ± 2.7 393.5 

93.85 84.74 29778 351.4 ± 3.1 359.3 

       

T = 523.159 K, p = 20.307 MPa, ρw = 816.379 kg·m
-3

 

κw
exp

 = 4.076·10
-6

 S·cm
-1

, κw
Lit

 = 3.783·10
-6

 S·cm
-1

 

kcell = (0.06177 ± 0.00006) cm
-1

 

       

0.4632 0.3782 392.64 1038.3 ± 3.9 1039.3 

1.014 0.8278 834.34 1007.9 ± 3.8 1005.6 

2.059 1.681 1616.9 961.8 ± 3.7 958.0 

3.598 2.938 2679.7 912.2 ± 3.6 907.3 

5.412 4.419 3849.3 871.2 ± 3.5 863.6 

8.109 6.621 5423.5 819.2 ± 3.4 815.9 

10.46 8.541 6682.5 782.4 ± 3.3 784.4 

13.15 10.74 8065.5 751.1 ± 3.3 755.4 

       

T = 548.281 K, p = 20.309 MPa, ρw = 778.886 kg·m
-3

 

κw
exp

 = 4.795·10
-6

 S·cm
-1

, κw
pure

 = 3.641·10
-6

 S·cm
-1

 

kcell = (0.06176 ± 0.00006) cm
-1

 

       

0.3875 0.3019 332.29 1100.8 ± 4.1 1108.4 

0.9878 0.7694 819.34 1064.9 ± 4.0 1068.6 

1.672 1.303 1341.0 1029.5 ± 3.9 1033.2 

2.778 2.164 2135.1 986.6 ± 3.8 987.9 

4.697 3.659 3403.2 930.0 ± 3.7 929.2 

7.103 5.533 4853.8 877.2 ± 3.6 875.2 

10.46 8.151 6680.6 819.6 ± 3.5 820.0 

13.15 10.25 8049.5 785.5 ± 3.5 785.9 
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Table 5.2. Experimental Results for Lithium Borate Association Constants and TBBK Parameters used for the Analysis.
a
 

 

T  p  ρw  ηw·10
3
  λ

0
(Li

+
) λ

0
(H

+
) λ

0
(OH

-
) λ

0
[B(OH)4

-
] 

pKw 
log K 

K  MPa  kg·m
-3

  Poise  S·cm
2
·mol

-1
 eq 5.6

b 
eq 5.5

c 
eq 5.4

d 

                  

298.10  5.76  999.60  8.9021  37.8 349.4 197.9 35.0 13.976 4.768 -0.1278 0.34 ± 0.20 

298.21  19.52  1005.6  8.8678  38.4 349.5 198.0 35.6 13.925 4.790 -0.08219 0.36 ± 0.13 

448.12  20.11  904.23  1.5969  235.2 791.8 607.5 249.5 11.358 2.484 1.228 0.57 ± 0.17 

523.16  20.31  816.38  1.1073  345.7 871.3 739.6 399.1 11.082 2.002 1.403 0.70 ± 0.23 

548.28   20.31   778.89   0.99896   380.7 884.3 770.9 449.9 11.098 1.904 1.495 1.23 ± 0.08 

a
Ionic radii used for TBBK analysis: + +

4Li H OH B(OH)
0.71 Å,  1.4 Å,   1.4 Å,  2.30 Å    r r r r  

b
 

c
 

d
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Table 5.3. Fitted parameters for the temperature and density dependence of association constants, 

KA,m according to Eq. (5.12) for LiOH
0
 and Eq. (5.13) for NaB(OH)4

0
 and LiB(OH)4

0
. 

 LiOH
0
  NaB(OH)4

0
  LiB(OH)4

0
 

a 3.771 ± 0.776  19.16 ± 1.80  13.82 ± 3.87 

b·10
-3

  0   -3.450 ± 0.303  -2.201 ± 0.690 

c·10
-3

 -0.2041 ± 0.0358   0    0  

d·10
3
 -3.303 ± 1.049  -26.12 ± 2.64  -20.572 ± 5.254 

e -22.53 ± 4.25  -39.72 ± 3.71  -39.72 ± 3.71 

f·10
-3

 11.48 ± 2.84   9.498 ± 1.158   9.498 ± 1.158 
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Table 5.4. Experimental Association Constants, KA,m, for the Reaction Li
+
 + B(OH)4

-
 ⇌ 

LiB(OH)4
0
 from T = 288 K to T = 548 K. 

T   p   Log KA,m  

K   MPa   This work  Corti et al.
10

   Rowe and Atkinson
9
 

               

288.15  0.1   -   0.179 ± 0.051   -  

298.10  5.76  0.338 ± 0.197   -    -  

298.15  0.1   -   0.332 ± 0.053   -  

298.15  0.1   -    -   0.326 ± 0.048 

298.15  13.79   -    -   0.303 ± 0.051 

298.15  27.58   -    -   0.286 ± 0.053 

298.21  19.52  0.364 ± 0.131   -    -  

318.15  0.1   -   0.326 ± 0.056   -  

448.12  20.11  0.57 ± 0.17   -    -  

523.16  20.31  0.70 ± 0.23   -    -  

548.28  20.31  1.23 ± 0.08   -    -  
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Figures 

 

 

 

Figure 5.1. Limiting conductivity of NaCl from T = 298 K to T = 600 K at p = 20 MPa plotted 

along with the fit
13

 to critically compiled literature data. , this work; ▬▬, fit from 

Zimmerman et al.
13  
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Figure 5.2. (a) Limiting conductivities of lithium. , Robinson and Stokes
35

; , Ho et al.
37

; , 

Zimmerman et al.
36

; ▬▬, Eq. (5.11) (p = 20 MPa). (b) The deviation of experimental values for 

limiting conductivity of lithium from our new model (filled symbols) and from the Marshall 

model
24

 (open symbols). , , Robinson and Stokes
35

; , , Ho et al.
37

; , , Zimmerman et 

al.
36  
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Figure 5.3. Association constants of lithium hydroxide. , Corti et al.
41

; , Ho et al.
25

; , 

Wright et al.
39

; ▬▬, Eq. (5.12) (p = 30 MPa); ▬ ▬, MULTEQ model (p = psat).  
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Figure 5.4. Association constants for sodium borate (▬ ▬, Eq. (5.13), 20 MPa) and lithium 

borate (▬▬, Eq. (5.14), 20 MPa) from 288 to 548 K. , Corti et al.
10

; , Rowe and Atkinson
9
; 

, this work, included in density model fit; , this work, not included in density model fit.  
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Figure 5.5. (a) Comparison between experimental ion-pair formation equilibrium constants for 

lithium borate, lithium hydroxide, sodium borate and sodium hydroxide, and predictions from 

the Bjerrum model as shown by the solid and dashed lines (p = psat) (b) Differences between log 

KA,m from the Bjerrum model predictions and the fitted values from equations (5.12)-(5.14) and 

from Ref. [25]. ▬▬, KA,m[NaB(OH)4
0
]; ▬▬, KA,m[LiB(OH)4

0
]; ▬ ▬, KA,m[NaOH

0
]; ▬ ▬, 

KA,m[LiOH
0
]., KA,m[NaB(OH)4

0
] (Arcis et al.

12
, Corti et al.,

10
 Rowe and Atkinson

9
); , 

KA,m[LiB(OH)4
0
] (this work, Corti et al.,

10
 Rowe and Atkinson

9
); , KA,m[NaOH

0
] (Corti et al.,

41
 

Ho et al.,
25

 Bianchi et al.
50

); , KA,m[LiOH
0
] (Corti et al.,

41
 Ho et al.,

37
) .  



 

 

 182 

 

  

Figure 5.6. Fraction of boron species in solutions at T = 448 K and T = 523 K: , B(OH)3* 

(B(OH)3
0
 + HBO2

0
); , B(OH)4

-
; , LiB(OH)4

0
; ▬▬, OLI Analyzer Studio 9.2.1 calculations.  
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Figure 5.7. Fraction of lithium species in solutions at T = 448 K and T = 523 K: , LiOH
0
; , 

LiB(OH)4
0
; ▬▬, LiOH

0
 and LiB(OH)4

0
 from OLI Analyzer Studio 9.2.1 calculations.  
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Figure 5.8. The pH of aqueous lithium borate solutions at T = 523 K and different pressures: , 

this work; ▬▬, this work; ▬ ▬, OLI Analyzer Studio 9.2.1 calculations; ▬ ▪ ▪ ▬, MULTEQ 

database (Ver 7.0) calculations. (a) T = 523 K, p = 20 MPa; (b) T = 523 K, p = psat.  
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Figure 5.9. The pH of aqueous lithium borate solutions at T = 573 and 623 K and saturation 

pressure: ▬▬, this work; ▬ ▬, OLI Analyzer Studio 9.2.1 calculations; ▬ ▪ ▪ ▬, MULTEQ 

database (Ver 7.0) calculations. (a) T = 573 K, p = psat; (b) T = 623 K, p = psat. 
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6 Limiting Conductivities and Equilibrium Constants of Aqueous 

Triborate and Diborate under Pressurized Water Reactor 

Primary Coolant Conditions 

 

Abstract 

The electrical conductivities of aqueous mixtures of boric acid with either potassium 

hydroxide or sodium hydroxide were measured from T = 298 K to T = 573 K at p = 12 MPa 

using a unique high precision flow through conductance instrument. Complementary 

measurements from T = 283 K to T = 323 K at p = 0.1 MPa were completed using a commercial 

conductivity probe to extend the data at lower temperatures. Up to 423 K measurements were 

performed under conditions where triborate (B3O3(OH)4
-
) was predicted to be the major anionic 

species in solution. At temperatures above 473 K, the conditions favored diborate (B2(OH)7
-
) as 

the major anionic species in solution. The Turq-Blum-Bernard-Kunz (TBBK) conductivity 

model was used to derive limiting conductivities and formation constants from these 

measurements. This analysis yielded limiting conductivities and formation constants for triborate 

from 283 K to 423 K, and for diborate from 473 K to 573 K. These are the first accurate values 

for polyborate limiting conductivities to be reported at any temperature. Furthermore, this is only 

the second high temperature study to report formation constants for diborate or triborate and the 

first study to report formation constants of any polyborate above 473 K. These results provide 

accurate thermodynamic constants to model the primary coolant chemistry in current generations 

of Pressurized Water Nuclear Reactors (PWRs).  
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6.1 Introduction 

Boric acid is used as a neutron absorber in the primary coolant of pressurized water 

nuclear reactors (PWRs) to maintain a uniform nuclear reactivity over the lifetime of each 

refueling cycle, where lithium hydroxide is also used as an additive to regulate the operating pH. 

Under the high temperature conditions of the primary coolant, out-of-core surfaces of the circuit 

can slowly become corroded, which can lead to an accumulation of the corrosion products, 

colloquially known as “crud” on the surfaces of the fuel rods.
1
 Solid boron-containing species 

can precipitate within the crud, which can then suppress the neutron flux and affect the 

performance of the fuel. This challenge, called crud-induced power shift (CIPS) causes core 

reactivity management issues and can, in extreme cases, require the unit to derate the power or 

require a redesign of the core for the next cycle. Concerns about the formation of deposits on 

PWR fuel rods at temperatures up to and above 618 K, and the resulting high local 

concentrations of boric acid or borate salts, have led the Electric Power Research Institute 

(EPRI), through the EPRI Fuel Reliability Program, Water Chemistry Program, and MULTEQ 

Database Committee to re-examine the sources of data on boric acid used in the current version 

of their chemical equilibrium modeling software, MULTEQ, and other modelling codes at these 

extreme conditions. Accurate high temperature transport and equilibrium properties for 

polyborate species are required to accurately model the chemical speciation and the equilibrium 

pH under the high temperature operating conditions of the primary coolant.  

Boric acid undergoes ionization reactions in aqueous solution to form borate and 

polyborates, primarily diborate and triborate, according to the following equilibria:  

  B(OH)3(aq) + OH
-
 ⇌ B(OH)4

-
   K

b
11,m   (6.1) 

  2 B(OH)3(aq) + OH
-
 ⇌ B2(OH)7

-
   K

b
21,m   (6.2) 
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  3 B(OH)3(aq) + OH
-
 ⇌ B3O3(OH)4

-
 + 3 H2O  K

b
31,m   (6.3) 

Under low-temperature conditions, the major anionic boron species is predicted to be triborate, 

while higher temperatures (T > 473 K) are predicted to yield diborate as the major anionic boron 

species. Current practices used for the chemistry control of PWRs rely on conductivity 

measurements of quenched samples of primary coolant, where the pH at 298 K is calculated 

from models based on the limiting conductivity of polyborates, lithium, and hydroxide, and the 

polyborate formation constants. Therefore, in addition to the high temperature data, accurate 

transport and equilibrium properties for polyborate species, especially triborate, are needed under 

low temperature conditions to accurately model the chemical speciation and the equilibrium pH 

in the quenched samples of primary coolant.  

The thermodynamic database for boric acid species equilibrium constants has been 

critically evaluated by Bassett
2
, Palmer et al.

3
, and Wang et al.

4
 In the review by Bassett,

2
 it was 

noted that only a few studies were carried out under the carefully controlled conditions required 

to yield accurate equilibrium constant data. He concluded that the best set of formation constants 

for borate and polyborates were given by the potentiometric study of Mesmer et al.
5
 There are 

also studies by Ingri et al.
6-7

 which used potentiometric acid-base titrations of borate solutions 

under high ionic strength conditions to determine borate and polyborate formation constants at 

298 K. It is noteworthy that the polyborate scheme proposed by Mesmer et al. could fit the data 

from Ingri et al.
6-7

 but the polyborate scheme proposed by Ingri does not fit the data from 

Mesmer et al. In 2000, Palmer 
3
 re-evaluated the available data for borate and polyborates and 

developed expressions for the formation constants as functions of solvent density, temperature, 

and ionic strength. Since 2000, the only accurate equilibrium constants that have been reported 

for borate and polyborates are those from our recent work for the ionization of boric acid 
8
 and 
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the ion-pair formation of alkali metal borates 
9-10

. Our work on alkali metal borates 
10

 also 

reported values and a temperature-dependent model for the limiting conductivity of borate, 

however no limiting conductivities for the polyborates have been reported to date.  

This paper reports electrical conductivity measurements on aqueous mixtures of boric 

acid with either potassium hydroxide or sodium hydroxide, containing triborate as the major 

anionic species in solution from 283 K to 423 K, and containing diborate as the major anionic 

species in solution from 473 K to 573 K. The experimental conductivities were measured with 

two instruments, a low temperature conductivity cell and a very high precision flow-through 

custom-made apparatus
8-11

. Concentration-dependent molar conductivities for aqueous mixtures 

of boric acid with either sodium hydroxide or potassium hydroxide were measured from 283 K 

to 313 K at p = 0.1 MPa using the low temperature conductivity cell and from 298 K to 573 K at 

p = 12 MPa using the high temperature flow conductivity cell. These measurements yielded 

values for the degree of ionization of boric acid to form triborate or diborate at each 

concentration and hence, values for the formation constants, K
b
31,m and K

b
21,m. These are (i) the 

first limiting conductivities reported for diborate and triborate, (ii) only the second formation 

constants of B3O3(OH)4
-
 from 323 K to 473 K, and (iii) the first experimental values for 

formation constants of B2(OH)7
-
 above 473 K. 

6.2 Experimental 

6.2.1 Chemicals and Solution Preparation 

Aqueous stock solutions of boric acid were prepared from anhydrous boric acid 

(Puratronic®, 99.9995 % metals basis, Lot # 10659, Alfa Aesar) used without any further 

purification. Quadruplicate titrations of the stock solutions with NaOH in the presence of D-

mannitol 
12

 were used to determine their composition to a precision of 0.02 %. Aqueous sodium 
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hydroxide and potassium hydroxide solutions were prepared by dilution from standard solutions 

of carbonate-free NaOH (50 % w/w aq. soln., Lot # 33382, Alfa Aesar), or KOH (50 % w/v aq. 

soln., Lot # T20D010, Alfa Aesar) and standardized by titration in quadruplicate samples with 

potassium hydrogen phthalate, dried at 383 K for one to two hours. Aqueous solutions of NaCl 

(99.99 % metals basis, Lot # I14U009, Alfa Aesar) and KCl (99.995 % metals basis, Lot # 

E21U0, Alfa Aesar) were prepared from pure salts. Both salts were dried at 573 K to obtain 

constant mass, with less than 0.01 % difference. All solutions were prepared by mass with 

buoyancy corrections and accuracy better than ±0.2 %, using degassed and deionized water from 

a Millipore Direct-Q 5 water purification system (resistivity 18.2 MΩ·cm).  

6.2.2 Low Temperature Conductivity Measurements and Method Validation 

A low temperature conductivity cell was used for the measurements from 283 K to 313 K 

in this work. A schematic of this cell is shown in Figure 6.1. Briefly, the conductivity cell 

consists of a 150 mL double wall cell (Metrohm, SN 6.1418.250), sealed with a Teflon cap 

(Metrohm, SN 6.1414.060). The Teflon cap has five holes which house a conductivity probe 

(WTW, TetraCon 325), a RTD temperature probe calibrated by the NIST (Extech Instruments, 

SN 407907), and three (PTFE)-Silicon septa. The conductivity probe, which can make 

measurements from 1 to 2×10
6
 µS·cm

-1
, to an accuracy of ±1 on the last digit, was connected to 

a commercial conductivity meter (WTW, Cond 3310). One of the septa was used to inject the 

solution to be studied into the cell, while the two other septa allowed the cell to be purged with 

argon to prevent O2 or CO2 contamination. During the course of these measurements, the cell 

was purged with argon prior to injecting fully degassed solution through one of the septa. 

Solution conductivities were measured sequentially at constant temperature for several solutions 

of different concentrations, where each new solution was prepared from the previous one by 
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adding an accurate weighted amount of stock solutions or water with a syringe. Each new 

solution was mixed continuously with a magnetic stirring bar for ~15 minutes prior to measuring 

the solution conductivity, which was monitored to be constant for ~10 min before making the 

next measurement. A circulating water bath (PolyScience, SN 1160A) was used to control the 

temperature of the conductivity cell to ± 0.05 K over several hours.  

The conductivity probe was calibrated with a 0.01 molar KCl solution provided by the 

manufacturer (Metrohm, Lot 01.17-1). During our series of experiments, the cell constant was 

found to be equal to 0.472 cm
-1

, which lies within the range specified by the manufacturer (0.450 

to 0.500 cm
-1

). To confirm our calibration and the accuracy of our experimental method, the 

molar conductivity of aqueous solutions of KCl and NaCl (10
-3

 mol·kg
-1

 ≤ m ≤ 10
-2

 mol·kg
-1

) 

were measured at 283, 298 and 313 K. Molalities were converted into molarities using Equation 

6.4: 

 
1000

1000

i s
i

i i

m ρ
c

m M

 


 
 (6.4) 

where c is the molarity in mol·L
-1

, m is the molality in mol·kg
-1

, s is the solution density in 

g·cm
-3

, and the subscript i corresponds to the solute of interest. The molar conductivity data were 

calculated from the experimental solution conductivities and the solvent conductivity: 

 
exp exp

exp soln wΛ
κ κκ

c c


    (6.5) 

Here 
exp

 is the experimental molar conductivity expressed in S·cm
2
·mol

-1
, and , soln

exp
, and 

w
exp

 are the electrolyte, solution and solvent conductivities respectively, expressed in S·cm
-1

. 

The results for Λ(KCl) were found to be consistent with those reported by Bester-Rognac 

et al.
13

 to within the combined experimental uncertainties. The FHFP equation
14

 was fitted to the 
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experimental data for KCl and NaCl to yield limiting conductivities, which were compared with 

values from Zimmerman et al.
15

 for NaCl, and to a simple fit of the data for KCl reported from 

Robinson and Stokes.
16

 As shown in Figure 6.2, the differences between the experimental results 

for NaCl and KCl and the literature fits for NaCl and KCl are less than ±2 %.  

Using this low temperature conductivity cell, measurements were also made for several 

aqueous mixtures of boric acid (0.5959 mol·kg
-1

) and sodium hydroxide (~10
-4

 to  

~10
-3

 mol·kg
-1

). The concentrations of these solutions were chosen to yield triborate as the 

predicted major anionic species in solution by the EPRI equilibrium model MULTEQ v. 8.0.
17

 

For each temperature, measurements were made on triplicate samples.  

6.2.3 High Temperature Conductivity Measurements  

A full description of the high temperature AC conductivity flow cell used in this work can 

be found elsewhere 
11, 18

. After the work reported in Ref. 9 a new inner electrode was built for 

this cell, following the dimensions given by Zimmerman et al.
15

 The temperature of the 

experimental flow cell was controlled to within ± 0.15 K over several days and measured to  

± 0.02 K. High-performance liquid chromatographic (HPLC) pumps were used to inject 

solutions into the flow conductivity cell, at a rate of 0.5 cm
3
·min

-1
. The pressure was controlled 

by a back-pressure regulator located at the end of the flow line, and measured to an accuracy of ± 

0.01 MPa.  

For each temperature and concentration, complex impedances of the boric acid solutions 

were measured as a function of the angular frequency (). Impedance spectra were collected at 

nine frequencies in the range 100 Hz to 10 kHz, to yield values for both real and imaginary 

components, Z() = ZRe() - j·ZIm(). Data from eighty to one hundred measurements for each 
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solution were collected with a computer over a time span of ~ 60 minutes. The real resistance of 

the solution was then determined using Equation 6.6: 

 
Re 1( ) n

sZ ω R b ω     (6.6) 

where Rs is the solution resistance that is the target of the measurements, and the terms b1 and n 

are fitting parameters.
19

 Details on the extrapolation method and the experimental uncertainty 

limits in ZRe(ω) and ZIm(ω) are discussed in Ref 20. 

The experimental design was based on that of previous studies,
11, 18 

which consists of the 

sequential determination of solution conductivities as a function of concentration at the same 

temperature, pressure and flow rate. To minimize solvent corrections, solutions were prepared in 

the same bottle at increasing concentrations, by injecting increments of stock solution from a 

weighed syringe through a septum into the solution. This allowed for the most accurate 

measurement of the conductivity of the pure solvent and, because each subsequent solution was 

more concentrated, this procedure minimized contamination due to solute adsorption on the cell 

walls. At each temperature, a NaCl solution was also injected as a standard to check the accuracy 

of the calibration. The solution preparation procedure was repeated at each temperature. 

Experimental solution conductivities (
exp

solnκ  = kcell / Rs) were determined from the solution 

resistances, Rs, as discussed above. The procedures used for calibrating the instrument and 

determining the cell constant (kcell) will not be repeated here as they have already been 

reported.
18, 20

 

The methodology for analyzing the concentration dependence of the high temperature 

solution conductivity data makes use of the theoretical Turq-Blum-Bernard-Kunz (TBBK) 

conductivity model 
11, 18, 21

 as described in the following Section. This method considers all the 

ions present in solution, including those from the self-ionization of water. Therefore, following 
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the same methodology as in our previous studies, all experimental solution conductivities, exp

solnκ , 

were corrected for impurities within the solvent to yield the real solution conductivities,  

 
8-11,18,21

. The Helgeson-Kirkham-Flowers-Tanger (HKF) model was used to estimate the 

standard partial molar volumes (V°) of the aqueous ions and ion-pairs in solution 
22-24

 together 

with the NIST formulation for the density of water 
25

 in order to calculate solution densities (s). 

Molalities were converted into molarities using Equation 6.4. This density calculation required 

knowledge of solution speciation, which was determined by fitting the TBBK model to the 

experimental conductivity data (See Figure 4 in Ref. 
18

). Values of the HKF parameters were 

taken from Refs. 4, 24, 26. Following the method used in our previous studies,
10

 solution 

densities, s, were calculated from the molar volume of the solution, Vs, using the relationships 

reported in Ref. 18. Since no HKF parameters are available for KB(OH)4
0
, it was assumed that 

V
0
[KB(OH)4

0
] = V

0
[NaB(OH)4

0
].  

At each temperature, a standard NaCl solution was also measured using the high 

temperature flow AC conductivity cell. The Fuoss-Hsia-Fernández-Prini (FHFP) equation 
14

 was 

fitted to the experimental data to yield limiting conductivities. Figure 6.3 shows the differences 

between the experimental results for the limiting molar conductivity of NaCl and the expression 

from Zimmerman et al.
15

 which is based on critically evaluated literature data. This shows no 

more than 3 % difference between the fit and the experimental results. 

From 298 to 473 K, the conductivity of solutions of boric acid and sodium hydroxide was 

measured, with the concentrations chosen to maximize the triborate in solution to yield triborate 

limiting conductivities and formation constants. Additional measurements were made from 473 

to 573 K using solutions of boric acid with either potassium hydroxide or sodium hydroxide and 

solutions with a lower concentration of boric acid (~0.3 m instead of ~0.8 m). These 
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concentrations were chosen based on the results of speciation calculations completed using the 

EPRI chemical equilibrium modeling software, MULTEQ v. 8.0 to yield optimized ratios of 

borate, diborate and triborate in solution to determine diborate limiting conductivities and 

formation constants. 

6.3 TBBK Conductivity Data Analysis 

The TBBK conductivity data treatment considered all ions in solution, including those 

due to the self-ionization of water. Contrary to the FHFP data analysis, the TBBK model requires 

the experimental solution conductivities, exp

solnκ , which were corrected for solvent impurities 

according to the following equation:  

 exp exp pure

soln soln w wκ κ κ κ      (6.7) 

 

Here pure

wκ  is the conductivity of pure water calculated following the method of Marsh and 

Stokes 
27

. 

The concentration dependence of the solution conductivity was modelled with the same 

data treatment strategy used in previous work on ion association in metal borate solutions,
9-10

 in 

which the TBBK model 
21

 was used together with the mixing rule reported by Sharygin et al. 
28

 

to yield the limiting conductivity of triborate, 
0
[B3O3(OH)4

-
] and the equilibrium formation 

constant of triborate, K
b

31,m for T ≤ 423 K or the limiting conductivity of diborate, 
0
[B2(OH)7

-
], 

and the equilibrium formation constant of diborate, K
b

21,m for T ≥ 473 K. In addition to reactions 

(6.1) – (6.3) for the ionization of boric acid ionization and the formation of diborate and 

triborate, this treatment included the following chemical equilibria:  

  M
+
 + B(OH)4

-
 ⇌ MB(OH)4

0
   KA,m[MB(OH)4

0
]  (6.8) 
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  M
+
 + OH

-
 ⇌ MOH

0
    KA,m[MOH

0
]   (6.9) 

  H2O ⇌ H
+
 + OH

-
    Kw    (6.10) 

where M = Na or K. Values for K
b

11,m and Kw were taken from Arcis et al. 
8
 and Bandura and 

Lvov 
29

 respectively. For T ≤ 313 K and the concentrations of sodium used in this work  

(< 0.05 mol·kg
-1

), the sodium borate and sodium hydroxide ion pairing from reactions (6.8) and 

(6.9) were found to be negligible, so these equilibria were not included in the chemical 

equilibrium model. At temperatures T > 313 K, sodium borate and sodium hydroxide ion pairing 

was included. Values for KA,m[NaB(OH)4
0
] and KA,m[KB(OH)4

0
] were taken from Arcis et al. 

10
, 

and values for KA,m[NaOH
0
] and KA,m[KOH

0
] were taken from Ho et al.

30
  

The TBBK curve fitting model also requires the knowledge of the crystallographic 

radius, i, and the limiting conductivity, °i, of each of the species in solution. The 

crystallographic radii for borate ( = 0.244 nm) and triborate ( = 0.4 nm) were taken from Corti 

and co-workers 
31-32

. Ganopolsky et al.
32

 approximated the geometry of diborate as an ellipsoid 

with principal axis lengths of 0.244 nm and 0.392 nm therefore the radius for diborate in this 

work was set equal to 0.286 nm, which corresponds to the radius of a sphere of equal volume to 

that of ellipsoidal diborate. Varying the radii of the diborate and triborate ions by ± 25 % was 

found to change the fitted values of limiting conductivities and formation constants by < 1 % and 

< 10 % respectively. The radius for boric acid ( = 0.230 nm) was estimated from the 

dimensions given by Zachariasen for the triclinic unit cell of boric acid which contains four boric 

acid molecules 
33

, (a1 = 0.7039 nm, a2 = 0.7053 nm, a3 = 0.6578 nm, 1 = 92.58°, 2 = 101.17°, 

3 = 119.83°), assuming face centered cubic sphere packing (packing factor 0.74). The radii for 

OH
-
 ( = 0.14 nm), H

+
 ( = 0.14 nm), Na

+
 ( = 0.097 nm), K

+
 ( = 0.133 nm), were taken from 
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Marcus 
34

. The temperature-dependent limiting conductivities, °(H
+
) and °(K

+
), were 

calculated from Marshall’s reduced density relationship 
35

, and values of °[B(OH)4
-
], °(OH

-
), 

°(Na
+
) were taken from Arcis et al. 

10
, Ho et al. 

30
 and Zimmerman et al. 

15
, respectively. 

Below 473 K, values for 
0
[B2(OH)7

-
] were estimated from a simple model which is 

described in the Appendix and values for K
b

21,m were taken from Palmer et al.,
3
 while 


0
[B3O3(OH)4

-
] and K

b
31,m were adjusted simultaneously in the TBBK curve fitting. At 

temperatures T ≥ 473 K, where diborate was the major polyborate species, extrapolations of the 

results for 
0
[B3O3(OH)4

-
] and K

b
31,m were used as fixed parameters and 

0
[B2(OH)7

-
] and K

b
21,m 

were adjusted simultaneously in the TBBK curve fitting.  

6.4 Results 

6.4.1 Molar Conductivities 

Experimental conductivities exp

solnκ , exp

wκ , and pure

wκ , and the corresponding experimental 

and fitted molar conductivities, Λ
exp

 and Λ
TBBK

, for each aqueous solution of B(OH)3 and NaOH 

or B(OH)3 and KOH, are reported in Tables 6.1 and 6.2, along with the average temperature 

(IPTS-90) and pressure. Molar conductivities are given relative to the concentration of boron in 

solution (ΛB) and the concentration of sodium in solution (ΛNa). Results for the limiting 

conductivities and formation constants for diborate and triborate and the TBBK parameters are 

presented in Tables 6.3 – 6.6. The standard uncertainties were estimated using procedures 

identical to those reported in Ref. 15.  

6.4.2 Triborate Limiting Conductivities and Equilibrium Formation Constants 

At temperatures up to 423 K, fitting the conductivity data for the mixtures of boric acid 

and sodium hydroxide with the TBBK model yielded values for the limiting conductivity of 
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triborate, 
0
[B3O3(OH)4

-
], and the triborate equilibrium formation constants, K

b
31,m. Numerical 

values are listed in Table 6.3. In all solutions which yielded triborate formation constants and 

limiting conductivities, the concentration of diborate was less than 15 % of the total 

concentration of anionic species in solution, therefore it was deemed reasonable to use the 

assumption described in the Appendix for diborate limiting conductivity. Attempts to derive 

triborate formation constants and limiting conductivities at temperatures of 473 K and above 

were not successful, and either resulted in regressions which did not converge or yielded values 

which were not statistically significant.  

An equation based on the form of the equation from Zimmerman et al. 
15

 was fitted to the 

results for 
0
[B3O3(OH)4

-
] from 283 to 423 K. The density term was omitted because it only 

becomes relevant at temperatures above 573 K.
15

 The equation used was the following:  

 -

3 3 4log B O (OH) log wλ a b η       (6.11) 

where a and b are adjustable parameters, and ηw is the viscosity of water in units of Poise. Fitting 

this equation to the data for triborate limiting conductivity from 283 K to 423 K yielded the 

parameters a = (-0.7973 ± 0.1596) and b = (-1.047 ± 0.079). The experimental data and this fit 

are shown in Figure 6.4.  

Temperature-dependent values for the equilibrium constant for Equation 6.3, K
b
31,m, 

derived from the conductivity measurements are presented in Table 6.4 and plotted in Figure 6.5, 

together with the 298 K results from Ingri et al.
36

 corrected to zero ionic strength by Basset 
37

 

and results from 323 K to 473 K from Mesmer et al.
5
 Our experimental results obtained at 298 K 

(log K
b

31,m = 6.64 ± 0.04) compare well with Ingri’s data (log K
b

31,m = 6.69 ± 0.02), to within the 

experimental uncertainties. The low temperature results confirm the validity of the extrapolation 

of Palmer’s fit 
3
 below 323 K to within 0.1 pK unit or better at each temperature. The present 
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results are consistent with the potentiometric results from Mesmer et al. 
5
 between 373 K and 

473 K. These are the first accurate temperature-dependent thermodynamic triborate formation 

constants measured below 323 K and only the second study to determine triborate formation 

constants above 373 K.  

As a part of the experimental program on high temperature aqueous boric acid chemistry 

carried out in our laboratory, Sasidharanpillai et al.
38

 have measured equilibrium constants for 

the formation of triborate up to 573 K using state-of-the-art Raman spectroscopy methods. Their 

results are shown in Figure 6.5 together with our experimental triborate equilibrium constants 

from molar conductivities. The results from the two studies are in good agreement up to 423 K, 

and together these data were fitted with a density model which has the following form: 

 
31 2

log log w

b d
K a c ρ

T T

 
    

 
 (6.12) 

where a, b, c, and d are fitting parameters, T is the temperature in K, and ρw is the density of 

water in g·cm
-3

. Fitting this equation to the data from the Raman study, this current work and 

Mesmer’s data 
5
 yielded the parameters a = (1.421 ± 0.345), b = (470900 ± 28900), c = (-29.79 ± 

12.12), and d = (18430 ± 7590). Equation 6.12 is plotted in Figure 6.5 with the experimental 

results. One set of solutions for which the conductivity was measured at 473 K did not yield 

statistically significant values when both 
0
[B3O3(OH)4

-
] and K

b
31,m were fitted simultaneously. 

The data from these solutions were reanalyzed using Equation 6.11 for 
0
[B3O3(OH)4

-
] and 

fitting only K
b

31,m. This value is included in Figure 6.4 but it was not included in the fit of 

Equation 6.12 to the experimental data for triborate formation constants. 
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6.4.3 Diborate Limiting Conductivities and Equilibrium Formation Constants 

Experimental conductivities at temperatures T ≥ 473 K were analyzed by fixing 


0
[B3O3(OH)4

-
] to values extrapolated from Equation 6.11 and K

b
31,m to Equation 6.12 

respectively and setting 
0
[B2(OH)7

-
] and K

b
21,m as the parameters to be fitted in the TBBK 

regression analysis. The results of the TBBK analysis indicate that the concentration of diborate 

in these solutions was greater than what was expected based on the scoping studies. This is 

consistent with the results from Sasidharanpillai et al.
38

 which suggest that diborate is the major 

polyborate ion in high temperature aqueous solutions. The simultaneous regression to determine 

both 
0
[B2(OH)7

-
] and K

b
21,m yielded reliable values for the limiting conductivity of diborate 

however the corresponding values for the diborate formation constant have relatively large 

uncertainties. Table 6.6 lists the values of 
0
[B2(OH)7

-
] and K

b
21,m from this analysis and values 

of 
0
[B2(OH)7

-
] are plotted in Figure 6.6.  

 In this work, the solutions which were measured can be separated into two categories. In 

all solutions measured at temperatures of 473 K and above, diborate was the major anionic 

species and the concentration of borate was approximately 10 – 15 % of the total concentration 

of anions. In solutions of Type A, there was very little triborate in solution (< 5 % of the total 

concentration of anionic species) while in solutions of Type B, the concentration of triborate was 

approximately 20 – 30 % of the total concentration of anionic species in solution. Figure 6.7 

shows the speciation of solutions of Type A and B. We consider solutions of Type A to yield the 

better values for diborate formation constants and limiting conductivities because the equation 

used for borate limiting conductivities is based on very accurate high temperature experimental 
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data measured up to 573 K 
10

 while the analysis of solutions of Type B relies on triborate 

limiting conductivities extrapolated from the results of this study which stop at 423 K. 

 An equation was fitted to the data for 
0
[B2(OH)7

-
], which were weighted according to 

their standard error to minimize the effect of the less accurate data from solutions of Type B. A 

single point was calculated at 298 K using the model described in Appendix D, and this 

calculated point was included in the fit to improve the low temperature behaviour and anchor the 

fit, since no low temperature data is available. The equation is given as follows: 

 -

2 7log B (OH) log wλ a b η      (6.13) 

In this equation, a and b are adjustable parameters and ηw is the viscosity of water in units of 

Poise. Fitting this equation to the data for diborate limiting conductivity from 473 K to 573 K 

yielded the parameters a = (-0.6545 ± 0.2302) and b = (-1.038 ± 0.0852). The experimental data 

and Equation 6.13 are shown in Figure 6.6. 

To improve the accuracy of the values of K
b

21,m, the TBBK analysis of the conductivity 

data from 473 to 573 K was repeated, with K
b
21,m as the only fitting parameter and using 

Equation 6.13 for values of 
0
[B2(OH)7

-
]. The results are reported in Table 6.6. Despite the very 

high concentrations of diborate which resulted in a regression which did not converge or yielded 

values which were not statistically significant this analysis yielded values of K
b

21,m from 473 K 

to 573 K. These results were fitted with a density model which has the following form: 

 
21

log
log wb ρa

K
T T

   (6.12) 

where a and b are fitting parameters, T is the temperature in K, and ρw is the density of water in 

g·cm
-3

. One data point at 298 K, calculated from the extrapolation from Palmer et al.
3
 was also 

included to anchor the fit at low temperatures. As outlined above, we consider the diborate 
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results from solutions of Type A to be the most accurate values, therefore values from solutions 

of Type B were not included in the fit. Fitting this equation to the results from solutions of Type 

A, and the 298 K data point calculated from Palmer et al.
3
 yielded the parameters a = (1303 ± 1), 

b = (-4401 ± 976). Equation 6.12 is plotted in Figure 6.8 with the experimental results. 

6.5 Conclusions 

Accurate formation equilibrium constants for triborate were reported for the first time at 

temperatures below 323 K. These results confirm the validity of Palmer’s extrapolation for the 

formation constants to low temperature
3
 and up to 473 K. At higher temperatures, Palmer’s 

extrapolation underestimates the triborate formation constants by almost one order of magnitude. 

Triborate limiting conductivities were reported for the first time and a simple model was 

presented to estimate polyborate limiting conductivities at low temperatures, which was shown 

to be accurate for triborate from 283 K to 423 K. Diborate limiting conductivities were reported 

for the first time from 473 K to 573 K and these results were then used to obtain values for 

diborate formation constants from 473 K to 573 K. These results indicate that the extrapolation 

from Palmer 
3
 is approximately two orders of magnitude too low.  

The results of this study are very significant to the industry as they provide the first 

accurate data to extend the aqueous boron database to low temperature in order to improve the 

thermodynamic and mass transport models used to calculate the primary coolant pH from 

quenched sample measurements at 298 K. This work also represents the first values for diborate 

and triborate limiting conductivities and provides improved models for triborate formation 

equilibrium constants at high temperatures. Together with our past work 
8-10

 this provides a self-

consistent chemical equilibrium model for boric acid species which is needed to develop a 
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comprehensive model for the crevice chemistry of fuel crud deposits in PWR reactors under 

boron “hideout” conditions.  

  



 

 

 206 

Acknowledgements 

The authors thank Dr. J.S. Cox and Dr. O. Fandiño for their assistance in setting up the low 

temperature conductivity instrument. The authors also thank Mr. G. Graves, University of 

Guelph (B. Sc. Chemistry, 2016) for his assistance in performing the low temperature 

experimental measurements. The authors express deep appreciation to OLI Systems Inc. (Edison, 

N.Y) for donating their software package OLI Analyzer Studio 9.2.1 to the Hydrothermal 

Chemistry Laboratory at the University of Guelph. The authors express deep gratitude to Dr. 

Daniel Wells, EPRI, for providing technical advice, many fruitful discussions, and steadfast 

support on this project. This research was supported by the Electric Power Research Institute 

(Project 10006135).  

  



 

 

 207 

References 

(1) Deshon, J.; Hussey, D.; Kendrick, B.; McGurk, J.; Secker, J.; Short, M., Pressurized 

water reactor fuel crud and corrosion modeling. JoM 2011, 63 (8), 64-72. 

(2) Bassett, R., A critical evaluation of the thermodynamic data for boron ions, ion-pairs, 

complexes, and polyanions in aqueous solution at 298.15 K and 1 bar. Geochimica et 

Cosmochimica Acta 1980, 44 (8), 1151-1160. 

(3) Palmer, D.; Bénézeth, P.; Wesolowski, D., Boric acid hydrolysis: A new look at the 

available data. 2000. 

(4) Wang, P.; Kosinski, J. J.; Lencka, M. M.; Anderko, A.; Springer, R. D., 

Thermodynamic modeling of boric acid and selected metal borate systems. Pure and 

Applied Chemistry 2013, 85 (11), 2117-2144. 

(5) Mesmer, R.; Baes Jr, C.; Sweeton, F., Acidity measurements at elevated temperatures. 

VI. Boric acid equilibriums. Inorganic Chemistry 1972, 11 (3), 537-543. 

(6) Ingri, N., Equilibrium Studies of Polyanions 8. On the First Equilibrium Steps in the 

Hydrolysis of Boric Acid, a Comparison between Equilibria. Acta Chemica 

Scandinavica 1962, 16 (2), 439-448. 

(7) Ingri, N.; Lagerstrom, G.; Frydman, M.; Sillen, L. G., Equilibrium studies of 

polyanions. Acta Chem. Scand 1957, 11 (6). 

(8) Arcis, H.; Ferguson, J. P.; Applegarth, L. M. S. G. A.; Zimmerman, G. H.; Tremaine, 

P. R., Ionization of Boric Acid in Water from 298 K to 623 K by AC Conductivity and 

Raman Spectroscopy. Journal of Chemical Thermodynamics 2017, 187-198. 

(9) Ferguson, J. P.; Arcis, H.; Zimmerman, G. H.; Tremaine, P. R., Ion-Pair Formation 

Constants of Lithium Borate and Lithium Hydroxide under Pressurized Water Nuclear 

Reactor Coolant Conditions. Industrial & Engineering Chemistry Research 2017, 56 

(28), 8121-8132. 

(10) Arcis, H.; Ferguson, J.; Zimmerman, G.; Tremaine, P., The limiting conductivity of 

the borate ion and its ion-pair formation constants with sodium and potassium under 

hydrothermal conditions. Physical Chemistry Chemical Physics 2016, 18 (34), 24081-

24094. 

(11) Arcis, H.; Zimmerman, G. H.; Tremaine, P., Ion-pair formation in aqueous strontium 

chloride and strontium hydroxide solutions under hydrothermal conditions by AC 

conductivity measurements. Physical Chemistry Chemical Physics 2014, 16 (33), 

17688-17704. 

(12) Mendham, J., Vogels textbook of quantitative chemical analysis. Pearson Education 

India: 2006. 

(13) Bešter-Rogač, M.; Neueder, R.; Barthel, J., Conductivity of sodium chloride in water+ 

1, 4-dioxane mixtures at temperatures from 5 to 35 C I. Dilute solutions. Journal of 

Solution Chemistry 1999, 28 (9), 1071-1086. 

(14) Fernandez-Prini, R., Conductance of electrolyte solutions. A modified expression for 

its concentration dependence. Transactions of the Faraday Society 1969, 65, 3311-

3313. 

(15) Zimmerman, G.; Arcis, H.; Tremaine, P., Limiting conductivities and ion association 

constants of aqueous NaCl under hydrothermal conditions: experimental data and 

correlations. Journal of Chemical & Engineering Data 2012, 57 (9), 2415-2429. 



 

 

 208 

(16) Robinson, R. A.; Stokes, R. H., Electrolyte solutions. Courier Corporation: 2002. 

(17) EPRI, MULTEQ: Equilibrium of an Electrolytic Solution with Vapor-Liquid 

Partitioning and Precipitation: The Database Version 7.0. EPRI, Palo Alto, CA. 2012-

2, 1025010. 

(18) Zimmerman, G.; Arcis, H.; Tremaine, P., Limiting Conductivities and Ion Association 

in Aqueous NaCF3SO3 and Sr (CF3SO3) 2 from (298 to 623) K at 20 MPa. Is Triflate 

a Non-Complexing Anion in High-Temperature Water? Journal of Chemical & 

Engineering Data 2012, 57 (11), 3180-3197. 

(19) Hnedkovsky, L.; Wood, R. H.; Balashov, V. N., Electrical conductances of aqueous 

Na2SO4, H2SO4, and their mixtures: limiting equivalent ion conductances, 

dissociation constants, and speciation to 673 K and 28 MPa. The Journal of Physical 

Chemistry B 2005, 109 (18), 9034-9046. 

(20) Zimmerman, G.; Arcis, H., Extrapolation methods for AC impedance measurements 

made with a concentric cylinder cell on solutions of high ionic strength. Journal of 

Solution Chemistry 2015, 44 (5), 912-933. 

(21) Turq, P.; Blum, L.; Bernard, O.; Kunz, W., Conductance in associated electrolytes 

using the mean spherical approximation. The Journal of physical chemistry 1995, 99 

(2), 822-827. 

(22) Helgeson, H. C.; Kirkham, D. H.; Flowers, G. C., Theoretical prediction of the 

thermodynamic behavior of aqueous electrolytes by high pressures and temperatures; 

IV, Calculation of activity coefficients, osmotic coefficients, and apparent molal and 

standard and relative partial molal properties to 600 degrees C and 5kb. American 

journal of science 1981, 281 (10), 1249-1516. 

(23) Tanger, J. C.; Helgeson, H. C., Calculation of the thermodynamic and transport 

properties of aqueous species at high pressures and temperatures; revised equations of 

state for the standard partial molal properties of ions and electrolytes. American 

Journal of Science 1988, 288 (1), 19-98. 

(24) Shock, E. L.; Helgeson, H. C., Calculation of the thermodynamic and transport 

properties of aqueous species at high pressures and temperatures: Correlation 

algorithms for ionic species and equation of state predictions to 5 kb and 1000 C. 

Geochimica et Cosmochimica Acta 1988, 52 (8), 2009-2036. 

(25) Wagner, W.; Pruß, A., The IAPWS formulation 1995 for the thermodynamic 

properties of ordinary water substance for general and scientific use. Journal of 

Physical and Chemical Reference Data 2002, 31 (2), 387-535. 

(26) Pokrovski, G. S.; Schott, J.; Sergeyev, A. S., Experimental determination of the 

stability constants of NaSO 4− and NaB (OH) 4 0 in hydrothermal solutions using a 

new high-temperature sodium-selective glass electrode—Implications for boron 

isotopic fractionation. Chemical Geology 1995, 124 (3), 253-265. 

(27) Marsh, K.; Stokes, R., The conductance of dilute aqueous sodium hydroxide solutions 

from 15 to 75. Australian Journal of Chemistry 1964, 17 (7), 740-749. 

(28) Sharygin, A. V.; Mokbel, I.; Xiao, C.; Wood, R. H., Tests of equations for the 

electrical conductance of electrolyte mixtures: measurements of association of NaCl 

(aq) and Na2SO4 (aq) at high temperatures. The Journal of Physical Chemistry B 

2001, 105 (1), 229-237. 



 

 

 209 

(29) Bandura, A. V.; Lvov, S. N., The ionization constant of water over wide ranges of 

temperature and density. Journal of physical and chemical reference data 2006, 35 

(1), 15-30. 

(30) Ho, P. C.; Palmer, D. A.; Wood, R. H., Conductivity measurements of dilute aqueous 

LiOH, NaOH, and KOH solutions to high temperatures and pressures using a flow-

through cell. The Journal of Physical Chemistry B 2000, 104 (50), 12084-12089. 

(31) Corti, H.; Crovetto, R.; Fernández-Prini, R., Mobilities and Ion pairing in LiB(OH)4 

and NaB(OH)4 Aqueous Solutions. A Conductivity Study. Journal of Solution 

Chemistry 1980, 9 (8), 617-625. 

(32) Ganopolsky, J. G.; Bianchi, H. L.; Corti, H. R., Volumetric Properties of Aqueous 

Electrolytes at High Temperature. III. B(OH)3−NaBx (OH)3x+1− NaOH Mixtures up to 

523 K. Journal of Solution Chemistry 1996, 25 (4), 391-399. 

(33) Zachariasen, W., The precise structure of orthoboric acid. Acta Crystallographica 

1954, 7 (4), 305-310. 

(34) Marcus, Y., A simple empirical model describing the thermodynamics of hydration of 

ions of widely varying charges, sizes, and shapes. Biophysical chemistry 1994, 51 (2-

3), 111-127. 

(35) Marshall, W. L., Reduced state relationship for limiting electrical conductances of 

aqueous ions over wide ranges of temperature and pressure. The Journal of chemical 

physics 1987, 87 (6), 3639-3643. 

(36) Ingri, N., Equilibrium Studies of Polyanions 8. On The First Equilibrium Steps in The 

Hydrolysis of Boric Acid. A Comparison Between Equilibria in 0.1 M and 3.0 M 

NaClO4. Acta Chemica Scandinavica 1962, 16 (2), 439-&. 

(37) Bassett, R. L., A critical evaluation of the thermodynamic data for boron ions, ion-

pairs, complexes, and polyanions in aqueous solution at 298.15 K and 1 bar. 

Geochimica et Cosmochimica Acta 1980, 44 (8), 1151-1160. 

(38) Sasidharanpillai, S.; Tremaine, P. R., In Prep. 

(39) Fernández, D. P.; Goodwin, A.; Lemmon, E. W.; Sengers, J. L.; Williams, R., A 

formulation for the static permittivity of water and steam at temperatures from 238 K 

to 873 K at pressures up to 1200 MPa, including derivatives and Debye–Hückel 

coefficients. Journal of Physical and Chemical Reference Data 1997, 26 (4), 1125-

1166. 

  



 

 

 210 

Tables 

Table 6.1. Molality, conductivity, experimental and calculated (TBBK fit) molar conductivities 

from 283 to 313 K for aqueous mixtures of boric acid and sodium hydroxide.  

mB(OH)3·103 mNaOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a ΛNa

exp a ΛNa
TBBK a 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           T = 283.09 K, ρw = 999.708 kg·m-3 

κw
exp = 0.17·10-6 / S·cm-1, κw

Lit = 0.022·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           573.3125 0.7084 38.5 0.0683 ± 0.0002 0.0683 53.41 ± 0.18 53.35 

543.9743 1.6286 78.1 0.1463 ± 0.0003 0.1469 47.26 ± 0.11 47.46 

520.4750 2.3657 111.3 0.2178 ± 0.0005 0.2185 46.42 ± 0.10 46.57 

502.4754 2.9302 137.0 0.2775 ± 0.0021 0.2779 46.17 ± 0.35 46.23 

485.7995 3.4532 160.9 0.3370 ± 0.0007 0.3369 46.03 ± 0.10 46.02 

472.1217 3.8822 180.7 0.3893 ± 0.0008 0.3883 46.00 ± 0.10 45.89 

451.1348 4.5405 211.0 0.4754 ± 0.0024 0.4730 45.96 ± 0.24 45.73 

           T = 283.08 K, ρw = 999.709 kg·m-3 

κw
exp = 0.17·10-6 / S·cm-1, κw

Lit = 0.022·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           565.7734 0.9449 48.5 0.0873 ± 0.0003 0.0871 50.50 ± 0.15 50.38 

538.1619 1.8109 86.8 0.1643 ± 0.0004 0.1650 47.26 ± 0.11 47.46 

519.2200 2.4050 113.7 0.2230 ± 0.0005 0.2241 46.65 ± 0.10 46.88 

497.0980 3.0989 145.5 0.2979 ± 0.0006 0.2988 46.37 ± 0.10 46.51 

478.7715 3.6737 171.9 0.3652 ± 0.0008 0.3658 46.24 ± 0.10 46.31 

460.6350 4.2425 198.2 0.4375 ± 0.0009 0.4372 46.19 ± 0.10 46.16 

442.4103 4.8141 225.0 0.5167 ± 0.0025 0.5146 46.23 ± 0.23 46.04 

426.0857 5.3261 248.0 0.5910 ± 0.0027 0.5896 46.08 ± 0.21 45.96 

415.2354 5.6664 264.0 0.6454 ± 0.0028 0.6426 46.12 ± 0.20 45.92 

           T = 283.15 K, ρw = 999.702 kg·m-3 

κw
exp = 0.17·10-6 / S·cm-1, κw

Lit = 0.022·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           567.0954 0.9034 46.9 0.0842 ± 0.0002 0.0841 51.06 ± 0.15 50.98 

543.3470 1.6483 79.8 0.1496 ± 0.0004 0.1501 47.72 ± 0.11 47.88 

525.3129 2.2139 105.6 0.2047 ± 0.0005 0.2053 47.06 ± 0.10 47.18 

504.4504 2.8683 135.6 0.2737 ± 0.0006 0.2741 46.68 ± 0.10 46.75 

481.0120 3.6034 169.5 0.3585 ± 0.0007 0.3584 46.48 ± 0.10 46.46 

467.2794 4.0341 189.4 0.4122 ± 0.0009 0.4116 46.41 ± 0.10 46.34 

456.3767 4.3761 205.0 0.4566 ± 0.0024 0.4560 46.32 ± 0.24 46.26 

432.9514 5.1108 239.0 0.5607 ± 0.0026 0.5590 46.27 ± 0.21 46.13 
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Table 6.1. (continued) 

mB(OH)3·103 mNaOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a ΛNa

exp a ΛNa
TBBK a 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

    
 

   
 

  T = 298.37 K, ρw = 996.991 kg·m-3 

κw
exp = 0.17·10-6 / S·cm-1, κw

Lit = 0.022·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           578.3497 0.5505 44.6 0.0787 ± 0.0002 0.0785 79.79 ± 0.24 79.65 

561.4834 1.0795 77.0 0.1401 ± 0.0018 0.1406 70.44 ± 0.93 70.67 

542.7328 1.6676 115.2 0.2169 ± 0.0005 0.2178 68.32 ± 0.15 68.58 

528.6550 2.1091 144.3 0.2789 ± 0.0006 0.2797 67.71 ± 0.14 67.90 

513.7803 2.5756 175.1 0.3482 ± 0.0007 0.3489 67.32 ± 0.14 67.46 

498.0501 3.0690 208.0 0.4265 ± 0.0022 0.4265 67.15 ± 0.35 67.15 

486.4150 3.4339 232.0 0.4869 ± 0.0023 0.4869 66.97 ± 0.32 66.97 

476.6360 3.7406 253.0 0.5417 ± 0.0024 0.5400 67.06 ± 0.30 66.85 

469.2285 3.9730 268.0 0.5827 ± 0.0025 0.5816 66.90 ± 0.28 66.77 

460.5090 4.2464 287.0 0.6357 ± 0.0026 0.6323 67.04 ± 0.27 66.68 

           T = 298.36 K, ρw = 996.994 kg·m-3 

κw
exp = 0.26·10-6 / S·cm-1, κw

Lit = 0.056·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           579.5248 0.5136 42.6 0.0750 ± 0.0002 0.0748 81.65 ± 0.25 81.49 

562.3047 1.0537 75.5 0.1372 ± 0.0003 0.1379 70.75 ± 0.17 71.10 

545.4319 1.5829 110.1 0.2063 ± 0.0005 0.2071 68.78 ± 0.15 69.04 

529.6785 2.0770 142.7 0.2753 ± 0.0006 0.2763 67.99 ± 0.14 68.23 

500.9733 2.9773 203.0 0.4138 ± 0.0022 0.4135 67.55 ± 0.36 67.49 

489.0462 3.3514 228.0 0.4760 ± 0.0023 0.4751 67.43 ± 0.33 67.30 

476.4492 3.7465 254.0 0.5441 ± 0.0024 0.5434 67.22 ± 0.30 67.14 

466.5366 4.0574 275.0 0.6014 ± 0.0025 0.5997 67.22 ± 0.28 67.04 

457.0565 4.3547 295.0 0.6583 ± 0.0026 0.6558 67.20 ± 0.26 66.95 

           T = 298.37 K, ρw = 996.991 kg·m-3 

κw
exp = 0.26·10-6 / S·cm-1, κw

Lit = 0.056·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           575.0025 0.6554 50.7 0.0900 ± 0.0003 0.0898 76.23 ± 0.22 76.08 

559.1514 1.1526 81.8 0.1495 ± 0.0004 0.1500 70.10 ± 0.16 70.32 

542.4378 1.6768 116.0 0.2186 ± 0.0019 0.2194 68.42 ± 0.61 68.66 

524.8250 2.2292 152.4 0.2967 ± 0.0006 0.2977 67.67 ± 0.14 67.89 

508.9710 2.7265 185.5 0.3723 ± 0.0008 0.3728 67.39 ± 0.14 67.48 

500.3128 2.9980 204.0 0.4164 ± 0.0022 0.4158 67.42 ± 0.36 67.32 

487.0305 3.4146 231.0 0.4842 ± 0.0023 0.4846 67.05 ± 0.32 67.11 

475.0392 3.7907 256.0 0.5499 ± 0.0024 0.5500 66.96 ± 0.29 66.96 

464.4252 4.1236 279.0 0.6128 ± 0.0025 0.6106 67.11 ± 0.28 66.86 

454.0290 4.4497 301.0 0.6761 ± 0.0026 0.6726 67.11 ± 0.26 66.76 
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Table 6.1. (continued) 

mB(OH)3·103 mNaOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a ΛNa

exp a ΛNa
TBBK a 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           T = 313.71 K, ρw = 992.001 kg·m-3 

κw
exp = 0.37·10-6 / S·cm-1, κw

Lit = 0.12·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           569.6652 0.8228 82.8 0.1492 ± 0.0003 0.1491 99.79 ± 0.23 99.71 

524.3178 2.2451 211.0 0.4134 ± 0.0021 0.4153 93.53 ± 0.48 93.95 

507.0092 2.7880 261.0 0.5287 ± 0.0023 0.5298 93.23 ± 0.40 93.43 

491.1916 3.2841 307.0 0.6416 ± 0.0025 0.6413 93.14 ± 0.36 93.10 

474.5998 3.8045 355.0 0.7674 ± 0.0027 0.7660 93.02 ± 0.32 92.84 

459.8448 4.2673 398.0 0.8875 ± 0.0029 0.8842 93.01 ± 0.30 92.66 

           T = 313.78 K, ρw = 991.974 kg·m-3 

κw
exp = 0.37·10-6 / S·cm-1, κw

Lit = 0.12·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           567.8981 0.8783 89.3 0.1615 ± 0.0004 0.1611 100.87 ± 0.23 100.63 

543.1848 1.6534 160.9 0.3044 ± 0.0006 0.3058 96.76 ± 0.20 97.20 

520.6776 2.3593 227.0 0.4479 ± 0.0022 0.4500 95.77 ± 0.46 96.22 

500.8093 2.9825 286.0 0.5864 ± 0.0024 0.5877 95.52 ± 0.39 95.72 

478.6650 3.6770 352.0 0.7546 ± 0.0026 0.7541 95.42 ± 0.33 95.36 

464.6769 4.1157 394.0 0.8696 ± 0.0028 0.8671 95.46 ± 0.31 95.18 

450.4856 4.5608 437.0 0.9944 ± 0.0030 0.9889 95.58 ± 0.29 95.04 

           T = 313.74 K, ρw = 991.989 kg·m-3 

κw
exp = 0.37·10-6 / S·cm-1, κw

Lit = 0.12·10-6 / S·cm-1 

kcell = (0.472 ± 0.007) cm-1 

           567.7775 0.8820 88.3 0.1597 ± 0.0004 0.1593 99.30 ± 0.23 99.06 

545.3696 1.5849 152.1 0.2866 ± 0.0006 0.2880 95.41 ± 0.20 95.87 

526.4667 2.1777 207.0 0.4040 ± 0.0021 0.4055 94.59 ± 0.50 94.95 

507.4425 2.7744 263.0 0.5323 ± 0.0023 0.5324 94.40 ± 0.41 94.43 

468.8113 3.9860 376.0 0.8227 ± 0.0027 0.8207 94.05 ± 0.31 93.82 

456.6976 4.3660 412.0 0.9250 ± 0.0029 0.9209 94.11 ± 0.30 93.70 

a
 The values for Λ are calculated as κ/c where c is the concentration of boron for ΛB or the concentration of sodium 

for ΛNa.  
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Table 6.2. Molality, conductivity, experimental and calculated (TBBK Fit) molar conductivities 

from 298 to 573 K at p = 12 MPa for aqueous mixtures of boric acid and sodium or potassium 

hydroxide.  

mB(OH)3·103 mMOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a,b ΛM

exp a ΛM
TBBK a,b 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           NaOH + B(OH)3 

T = 298.09 K, p = 12.35 MPa, ρw = 1002.52 kg·m-3 

κw
exp = 0.25·10-6 / S·cm-1, κw

Lit = 0.058·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           297.9347 0.1969 17.8 0.0593 ± 0.0012 0.0598 88.08 ± 1.77 88.79 

297.2994 0.4813 37.0 0.1246 ± 0.0025 0.1216 75.60 ± 1.52 73.76 

296.4939 0.8473 62.5 0.2120 ± 0.0043 0.2073 72.86 ± 1.46 71.24 

295.3840 1.3559 97.9 0.3335 ± 0.0067 0.3279 71.36 ± 1.43 70.17 

294.2239 1.8983 134.8 0.4614 ± 0.0093 0.4570 70.24 ± 1.41 69.58 

292.9707 2.4941 172.3 0.5926 ± 0.0119 0.5991 68.38 ± 1.37 69.12 

291.7617 3.0839 212.9 0.7352 ± 0.0148 0.7399 68.33 ± 1.37 68.77 

289.3471 4.2167 288.1 1.0034 ± 0.0202 1.0119 67.66 ± 1.36 68.23 

285.9851 5.7902 391.9 1.3809 ± 0.0278 1.3934 67.03 ± 1.35 67.64 

282.6673 7.3775 494.1 1.7612 ± 0.0354 1.7832 66.34 ± 1.33 67.17 

278.0081 9.5846 635.3 2.3021 ± 0.0463 2.3360 65.67 ± 1.32 66.64 

           NaOH + B(OH)3 

T = 372.90 K, p = 12.30 MPa, ρw = 964.159 kg·m-3 

κw
exp = 1.60·10-6 / S·cm-1, κw

Lit = 0.81·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           744.6297 0.0215 63.7 0.0891 ± 0.0018 0.0893 2944.00 ± 59.18 2952.10 

741.8518 0.0518 61.8 0.0867 ± 0.0017 0.0866 1186.86 ± 23.86 1185.82 

745.1949 0.3190 87.0 0.1225 ± 0.0025 0.1217 273.57 ± 5.50 271.80 

746.8021 0.7365 161.6 0.2290 ± 0.0046 0.2306 221.97 ± 4.46 223.52 

744.2439 1.3126 277.3 0.3958 ± 0.0080 0.3944 214.56 ± 4.31 213.82 

740.8712 2.0720 426.7 0.6130 ± 0.0123 0.6139 209.61 ± 4.21 209.90 

           NaOH + B(OH)3 

T = 422.24 K, p = 12.30 MPa, ρw = 924.403 kg·m-3 

κw
exp = 2.39·10-6 / S·cm-1, κw

Lit = 1.91·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           744.6297 0.0215 57.5 0.0825 ± 0.0017 0.0833 2725.53 ± 54.78 2754.72 

741.8518 0.0518 58.8 0.0847 ± 0.0017 0.0839 1159.53 ± 23.31 1149.11 

745.1949 0.3190 113.7 0.1663 ± 0.0033 0.1648 371.41 ± 7.47 367.97 

746.8021 0.7365 232.9 0.3438 ± 0.0069 0.3432 333.21 ± 6.70 332.65 

744.2439 1.3126 406.6 0.6047 ± 0.0122 0.5993 327.83 ± 6.59 324.90 

740.8712 2.0720 628.5 0.9408 ± 0.0189 0.9387 321.67 ± 6.47 320.97 

731.5470 4.2851 1245.5 1.8905 ± 0.0380 1.9289 308.83 ± 6.21 315.11 
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Table 6.2. (continued) 

 
mB(OH)3·103 mMOH·103 κsoln

 ·106 ΛB
exp a ΛB

TBBK a,b ΛM
exp a ΛM

TBBK a,b 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           NaOH + B(OH)3 

T = 472.69 K, p = 12.29 MPa, ρw = 873.112 kg·m-3 

κw
exp = 3.37·10-6 / S·cm-1, κw

Lit = 3.03·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           367.5053 0.1583 71.6 0.2157 ± 0.0043 0.2194 489.62 ± 9.84 498.04 

366.8849 0.4478 192.7 0.5991 ± 0.0120 0.5987 479.95 ± 9.65 479.63 

365.3866 1.1489 488.2 1.5404 ± 0.0310 1.5258 479.08 ± 9.63 474.56 

363.4684 2.0632 862.7 2.7442 ± 0.0552 2.7294 472.85 ± 9.50 470.29 

360.2551 3.5981 1472.8 4.7330 ± 0.0951 4.7471 463.63 ± 9.32 465.02 

           KOH + B(OH)3 

T = 473.42 K, p = 12.04 MPa, ρw = 872.094 kg·m-3 

κw
exp = 4.31·10-6 / S·cm-1, κw

Lit = 3.04·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           231.4510 0.1907 99.5 0.4759 ± 0.0096 0.4784 569.38 ± 11.44 572.39 

231.0630 0.6291 315.0 1.5551 ± 0.0313 1.5279 563.19 ± 11.32 553.34 

230.2532 1.5504 760.3 3.7965 ± 0.0763 3.7346 555.97 ± 11.17 546.91 

229.4858 2.4509 1180.7 5.9272 ± 0.1191 5.8757 547.30 ± 11.00 542.54 

228.1402 4.0214 1902.3 9.6170 ± 0.1933 9.5916 538.12 ± 10.82 536.69 

227.0509 5.3501 2489.9 12.6523 ± 0.2543 12.7267 529.67 ± 10.65 532.79 

225.7365 6.9660 3191.5 16.3144 ± 0.3279 16.5409 521.61 ± 10.48 528.84 

222.7033 10.5379 4744.0 24.5804 ± 0.4941 25.0326 512.72 ± 10.31 522.15 

           KOH + B(OH)3 

T = 498.18 K, p = 12.12 MPa, ρw = 842.237 kg·m-3 

κw
exp = 3.82·10-6 / S·cm-1, κw

Lit = 3.40·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           765.8022 0.2450 131.7 0.2037 ± 0.0041 0.2049 607.99 ± 12.22 611.51 

763.6601 0.9822 471.5 0.7470 ± 0.0150 0.7136 554.63 ± 11.15 529.86 

760.5318 2.0975 967.9 1.5459 ± 0.0311 1.4989 535.43 ± 10.76 519.15 

756.3689 3.6296 1618.9 2.6032 ± 0.0523 2.5695 518.34 ± 10.42 511.64 

750.4212 5.8549 2531.1 4.1040 ± 0.0825 4.1141 502.85 ± 10.11 504.09 

746.2815 7.6042 3174.8 5.1760 ± 0.1040 5.3216 485.77 ± 9.76 499.44 

738.6547 10.6248 4317.9 7.1102 ± 0.1429 7.4107 473.00 ± 9.51 492.99 
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Table 6.2. (continued) 

 

mB(OH)3·103 mMOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a,b ΛM

exp a ΛM
TBBK a,b 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

    
 

   
 

  NaOH + B(OH)3 

T = 498.17 K, p = 12.11 MPa, ρw = 842.228 kg·m-3 

κw
exp = 3.82·10-6 / S·cm-1, κw

Lit = 3.40·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           765.2380 0.3903 181.9 0.2838 ± 0.0057 0.2870 531.36 ± 10.68 537.29 

763.7847 0.8519 371.3 0.5869 ± 0.0118 0.5701 502.49 ± 10.10 488.15 

759.4671 2.2053 924.1 1.4777 ± 0.0297 1.4265 486.13 ± 9.77 469.28 

752.8313 4.3345 1752.1 2.8307 ± 0.0569 2.7657 469.86 ± 9.44 459.07 

746.1870 6.5824 2566.0 4.1834 ± 0.0841 4.1696 453.44 ± 9.11 451.94 

734.8106 10.3753 3916.0 6.4813 ± 0.1303 6.5384 439.26 ± 8.83 443.13 

723.9452 14.2075 5184.4 8.7045 ± 0.1750 8.9415 424.77 ± 8.54 436.34 

702.2813 21.4593 7615.6 13.1635 ± 0.2646 13.5927 413.22 ± 8.31 426.69 

           KOH + B(OH)3 

T = 523.17 K, p = 12.10 MPa, ρw = 807.937 kg·m-3 

κw
exp = 3.61·10-6 / S·cm-1, κw

Lit = 3.50·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           833.1665 0.2768 150.7 0.2248 ± 0.0045 0.2265 643.56 ± 12.94 648.36 

829.8008 1.3377 667.8 1.0187 ± 0.0205 0.9637 601.13 ± 12.08 568.70 

824.0698 3.2010 1528.5 2.3542 ± 0.0473 2.2660 576.77 ± 11.59 555.18 

817.7843 5.3568 2457.1 3.8150 ± 0.0767 3.7569 554.54 ± 11.15 546.10 

807.9369 8.7497 3868.0 6.0775 ± 0.1222 6.0922 534.75 ± 10.75 536.04 

800.3356 11.6584 4960.7 7.8654 ± 0.1581 8.0887 514.83 ± 10.35 529.44 

781.1275 18.3073 7573.9 12.2892 ± 0.2470 12.7195 500.71 ± 10.06 518.24 

709.6824 41.3005 16624.8 29.5456 ± 0.5939 30.1151 487.48 ± 9.80 496.88 

           KOH + B(OH)3 

T = 523.28 K, p = 12.01 MPa, ρw = 807.689 kg·m-3 

κw
exp = 4.17·10-6 / S·cm-1, κw

Lit = 3.50·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           229.0365 0.2643 156.0 0.8272 ± 0.0166 0.8316 706.92 ± 14.21 710.69 

228.6614 0.6946 399.8 2.1590 ± 0.0434 2.1172 700.86 ± 14.09 687.29 

228.0021 1.4574 821.8 4.4738 ± 0.0899 4.3977 690.22 ± 13.87 678.48 

227.1618 2.4459 1352.5 7.4040 ± 0.1488 7.3289 678.22 ± 13.63 671.34 

225.9342 3.8984 2113.2 11.6414 ± 0.2340 11.6061 665.53 ± 13.38 663.52 

224.9187 5.1524 2744.8 15.1928 ± 0.3054 15.2813 654.30 ± 13.15 658.12 

223.9686 6.3672 3338.8 18.5606 ± 0.3731 18.8333 644.19 ± 12.95 653.66 

222.2743 8.4515 4359.7 24.4201 ± 0.4908 24.9354 633.84 ± 12.74 647.21 
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Table 6.2. (continued) 

 

mB(OH)3·103 mMOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a,b ΛM

exp a ΛM
TBBK a,b 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           NaOH + B(OH)3 

T = 523.27 K, p = 12.01 MPa, ρw = 807.700 kg·m-3 

κw
exp = 4.17·10-6 / S·cm-1, κw

Lit = 3.50·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           253.4311 0.0200 23.6 0.0958 ± 0.0019 0.0961 1194.79 ± 24.02 1197.65 

251.4769 0.1077 61.1 0.2829 ± 0.0057 0.2826 650.75 ± 13.08 650.00 

246.6729 0.3240 174.6 0.8624 ± 0.0173 0.8464 646.70 ± 13.00 634.76 

239.4835 0.6501 343.9 1.7708 ± 0.0356 1.7479 642.80 ± 12.92 634.49 

231.6734 1.0085 526.4 2.8127 ± 0.0565 2.8000 637.07 ± 12.81 634.19 

222.9748 1.4108 728.3 4.0510 ± 0.0814 4.0671 631.57 ± 12.69 634.08 

213.4459 1.8545 948.5 5.5163 ± 0.1109 5.5839 626.69 ± 12.60 634.36 

200.6927 2.4452 1241.6 7.6845 ± 0.1545 7.8375 623.05 ± 12.52 635.46 

           KOH + B(OH)3 

T = 548.40 K, p = 12.01 MPa, ρw = 767.587 kg·m-3 

κw
exp = 3.39·10-6 / S·cm-1, κw

Lit = 3.29·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           194.8854 0.3159 195.4 1.2916 ± 0.0260 1.2962 787.32 ± 15.82 790.10 

194.1583 1.2871 774.5 5.2054 ± 0.1046 5.0572 775.98 ± 15.60 753.90 

193.2382 2.5393 1483.7 10.0378 ± 0.2018 9.8703 754.95 ± 15.17 742.36 

191.5890 4.7891 2713.0 18.5257 ± 0.3724 18.4320 732.64 ± 14.73 728.93 

190.2490 6.6874 3707.0 25.4920 ± 0.5124 25.6173 717.05 ± 14.41 720.58 

188.5806 9.0671 4920.5 34.1309 ± 0.6860 34.6230 702.04 ± 14.11 712.16 

186.2404 12.3917 6574.3 46.1586 ± 0.9278 47.2646 686.32 ± 13.79 702.76 

    
 

   
 

  KOH + B(OH)3 

T = 573.67 K, p = 12.01 MPa, ρw = 718.436 kg·m-3 

κw
exp = 2.38·10-6 / S·cm-1, κw

Lit = 2.75·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           230.7940 0.5385 334.1 2.0138 ± 0.0405 2.0287 851.03 ± 17.11 857.31 

230.1055 1.3231 792.6 4.8103 ± 0.0967 4.6609 824.91 ± 16.58 799.29 

228.7621 2.8616 1654.6 10.1140 ± 0.2033 9.8532 797.39 ± 16.03 776.83 

227.6935 4.1367 2332.4 14.3263 ± 0.2880 14.1232 777.78 ± 15.63 766.76 

226.6679 5.3993 2976.8 18.3665 ± 0.3692 18.3286 760.61 ± 15.29 759.05 

225.0664 7.3388 3952.9 24.5581 ± 0.4936 24.7692 743.12 ± 14.94 749.51 

223.0763 9.7635 5133.9 32.1693 ± 0.6466 32.8126 725.40 ± 14.58 739.91 

220.1470 13.2968 6811.4 43.2231 ± 0.8688 44.5789 706.53 ± 14.20 728.70 
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Table 6.2. (continued) 

 

mB(OH)3·103 mMOH·103 κsoln
 ·106 ΛB

exp a ΛB
TBBK a,b ΛM

exp a ΛM
TBBK a,b 

/ mol·kg-1 / mol·kg-1 / S·cm-1 / S·cm2·mol-1 / S·cm2·mol-1 

           NaOH + B(OH)3 

T = 573.53 K, p = 12.00 MPa, ρw = 718.702 kg·m-3 

κw
exp = 2.38·10-6 / S·cm-1, κw

Lit = 2.75·10-6 / S·cm-1 

kcell = (0.0668 ± 0.0001) cm-1 

           228.0758 0.0195 26.4 0.1478 ± 0.0030 0.1503 1707.09 ± 34.32 1735.52 

226.1476 0.1155 79.1 0.4752 ± 0.0096 0.4337 917.67 ± 18.45 837.40 

223.0864 0.2691 165.7 1.0252 ± 0.0206 0.9837 838.25 ± 16.85 804.28 

214.0990 0.7190 417.2 2.7122 ± 0.0545 2.7026 797.11 ± 16.02 794.30 

206.6098 1.1001 624.9 4.2163 ± 0.0847 4.2610 781.89 ± 15.72 790.17 

198.7085 1.5058 841.1 5.9051 ± 0.1187 6.0349 769.82 ± 15.47 786.74 

188.7024 2.0194 1112.4 8.2260 ± 0.1653 8.4802 759.88 ± 15.27 783.36 

178.9967 2.5221 1372.6 10.7012 ± 0.2151 11.1226 751.26 ± 15.10 780.84 
a
 The values for Λ are calculated as κ/c where c is the concentration of boron for ΛB or the concentration of either 

sodium or potassium for ΛM. 
b
 The TBBK molar conductivities are from the fit with both λ°[B3O3(OH)4

-
] and K31 as fitting parameters for T ≤ 423 

K and from the fit with both λ°[B2(OH)7
-
] and K21 as fitting parameters for T > 423 K.  
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Table 6.3. TBBK Parameters used for the data analysis to obtain limiting conductivities and formation constants for triborate from 283 

to 423 K. 

T p λ°(Na
+
)

a
 λ°(H

+
)

 b
 λ°(OH

-
)

 c
 λ°[B(OH)4

-
]

 d
 λ°[B2(OH)7

-
]

 e
 

log KA[NaOH
0
]

 c,f
 log KA[NaB(OH)4

0
]

 d,f
 log K11

 g
 log K21

 g
 

/ K / MPa / S·cm
2
·mol

-1
 

283.09 0.10 34.75 271.47 140.63 25.71 21.94 - - 5.16 4.69 

283.08 0.10 34.74 271.42 140.59 25.71 21.93 - - 5.16 4.69 

283.15 0.10 34.81 271.78 140.84 25.74 21.96 - - 5.15 4.69 

298.37 0.10 50.43 351.02 199.15 34.97 29.83 - - 4.75 4.39 

298.36 0.10 50.42 350.97 199.11 34.96 29.83 - - 4.75 4.39 

298.37 0.10 50.43 351.02 199.15 34.97 29.83 - - 4.75 4.39 

298.09 12.35 50.22 349.15 197.71 35.23 30.05 - - 4.77 4.39 

313.71 0.10 68.14 429.45 258.67 47.03 40.12 - - 4.39 4.12 

313.78 0.10 68.23 429.78 258.93 47.09 40.17 - - 4.39 4.12 

313.74 0.10 68.18 429.59 258.78 47.05 40.14 - - 4.39 4.12 

372.90 12.30 148.27 632.93 435.60 118.20 100.84 0.25 0.39 3.33 3.29 

422.24 12.30 221.71 747.66 555.37 201.49 171.90 0.46 0.55 2.72 2.78 
a
 From Reference 

15
 

b
 From Reference 

35
 

c
 From Reference 

30
  

d
 From Reference 

10
 

e
 Calculated from Equation D.4 

f
 Not included in chemical equilibrium model for T ≤ 313 K 

g
 From Reference 

3
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Table 6.4. Experimental results for triborate limiting conductivities and formation constants from 283 to 423 K. 

T p λ°[B3O3(OH)4
-
] log K31 

/ K / MPa / S·cm
2
·mol

-1
       

283.09 0.10 14.87 ± 0.07 7.323 ± 0.014 

283.08 0.10 15.25 ± 0.07 7.289 ± 0.027 

283.15 0.10 15.34 ± 0.05 7.300 ± 0.016 

298.37 0.10 21.70 ± 0.08 6.665 ± 0.011 

298.36 0.10 22.03 ± 0.09 6.658 ± 0.011 

298.37 0.10 21.83 ± 0.08 6.651 ± 0.015 

298.09 12.35 22.09 ± 0.39 6.768 ± 0.039 

313.71 0.10 31.87 ± 0.14 6.108 ± 0.031 

313.78 0.10 34.36 ± 0.19 6.004 ± 0.055 

313.74 0.10 32.73 ± 0.20 5.998 ± 0.055 

372.90 12.30 74.53 ± 0.77 4.502 ± 0.004 

422.24 12.30 104.04 ± 2.72 3.566 ± 0.012 
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Table 6.5. TBBK Parameters used for the data analysis to obtain limiting conductivities and formation constants for diborate from 423 

to 523 K. 

 

T p λ°(M
+
)

a
 λ°(H

+
)

b
 λ°(OH

-
)

c
 λ°[B(OH)4

-
]

d
 λ°[B3O3(OH)4

-
]

e
 λ°[B2(OH)7

-
]

f
 log KA[MOH

0
]

c
 log KA[MB(OH)4

0
]

d
 log K11

g
 log K31

h
 

/ K / MPa / S·cm
2
·mol

-1
 

    
                        

NaOH + B(OH)3 

472.69 12.29 295.52 823.07 649.96 299.35 158.34 206.89 0.68 0.67 2.28 2.99 

498.17 12.11 332.08 852.62 701.29 351.00 180.55 235.64 0.80 0.76 2.11 2.78 

523.27 12.01 368.33 871.72 741.09 402.42 203.11 264.81 0.92 0.90 1.98 2.64 

548.41 12.02 406.30 884.70 772.67 454.25 227.42 296.21 1.07 1.12 1.88 2.55 

573.53 12.00 449.20 894.10 798.53 506.61 255.73 332.73 1.24 1.49 1.80 2.52 

            
KOH + B(OH)3 

473.42 12.04 361.44 823.96 651.30 300.88 159.05 207.81 0.37 0.65 2.27 2.98 

498.18 12.12 400.15 852.62 701.29 351.01 180.55 235.64 0.52 0.73 2.11 2.78 

523.17 12.10 434.95 871.66 740.94 402.18 202.98 264.64 0.68 0.86 1.98 2.64 

523.28 12.01 435.14 871.72 741.10 402.43 203.12 264.82 0.68 0.86 1.98 2.64 

548.40 12.01 467.31 884.70 772.65 454.22 227.41 296.20 0.86 1.07 1.88 2.55 

573.67 12.01 500.23 894.21 798.66 506.88 255.88 332.93 1.05 1.43 1.80 2.52 
a
 Na

+
 From Reference 

14
, K

+
 from Reference 35 

b
 From Reference 35 

c
 From Reference 30  

d
 From Reference 9 

e
 Calculated from Equation 6.11 

f
 Values calculated from Equation 6.13, used for fit 2, where only K21 was a fitting parameter  

g
 From Reference 6 

h
 Calculated from Equation 6.12 
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Table 6.6. Experimental results for diborate limiting conductivities and formation constants from 

283 to 423 K. 

  Unconstrained TBBK Fita  Constrained TBBK Fitb 

T p λ°[B2(OH)7
-] 

log K21 

 λ°[B2(OH)7
-] Eq. 6.13 

log K21 

/ K / MPa / S·cm2·mol-1  / S·cm2·mol-1 

                  

   498.17 12.11 (176.06 ± 6.51) (2.667 ± 0.374)  235.64 - 

523.27 12.01 219.52 ± 7.96 (2.646 ± 0.031)  264.81 (2.690 ± 0.150) 

573.53 12.00 372.25 ± 16.43 3.285 ± 0.057  332.73 3.310 ± 0.150 

        

  

   473.42 12.04 191.14 ± 11.69 3.356 ± 0.163  207.81 3.590 ± 0.230 

498.18 12.12 (136.25 ± 17.09) (2.719 ± 0.241)  235.64 - 

523.17 12.10 (156.15 ± 16.75) (2.911 ± 0.167)  264.64 - 

523.28 12.01 273.86 ± 5.56 2.827 ± 0.592  264.82 3.380 ± 0.200 

548.40 12.01 325.20 ± 5.97 3.996 ± 0.191  296.20 3.170 ± 0.210 

573.67 12.01 341.22 ± 7.27 4.697 ± 0.142  332.93 3.550 ± 0.460 
a
 Values from the TBBK fit which had both λ°[B2(OH)7

-
] and K21 as fitting parameters 

b
 Values from the TBBK fit which had only K21 as a fitting parameter 

c
 Values in parentheses are from solutions of Type B 
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Figures 

 

 

 

Figure 6.1. Schematic of the low temperature conductivity cell: Ar, argon; C, conductivity probe; 

L, five hole lid; MS, magnetic stirrer; R, double wall reactor with circulating water coolant; 

RTD, temperature probe; S, stock solution. 
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Figure 6.2. (a) Relative differences between the experimental and calculated values of limiting 

conductivity of KCl, given by  0 0 0

lit exp litΛ Λ / Λ  at T = 283, 298 and 313 K and p = 0.1 MPa. (b) 

Relative differences between the experimental and calculated values of limiting conductivity of 

NaCl, given by  0 0 0

lit exp litΛ Λ / Λ  at T = 283, 298 and 313 K and p = 0.1 MPa. , first run; , 

second run; , third run. 
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Figure 6.3. Relative differences between the experimental and calculated 
17

 values of limiting 

conductivity of NaCl, given by  0 0 0

lit exp litΛ Λ / Λ .  
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Figure 6.4. Limiting conductivities of triborate from 283 to 473 K. , experimental results; ▬▬, 

Equation 6.11. 
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Figure 6.5. Triborate equilibrium formation constants. , this work; , this work, not included 

in fit; , Ingri et al.
6
; , results from the Raman study 

38
; ▬▬, Equation 6.12; ▬  ▬, Palmer’s 

density model
3
; ▪ ▪ ▪, extrapolation of Palmer’s density model

3
. 
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Figure 6.6. Limiting conductivities of diborate from 473 to 573 K. , experimental results from 

Type A solutions of B(OH)3 + KOH; , experimental results from Type B solutions of B(OH)3 

+ KOH; , experimental results from Type A solutions of B(OH)3 + NaOH; , experimental 

results from Type B solutions of B(OH)3 + NaOH; ▬▬, Equation 6.13. 
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Figure 6.7. An example of the speciation of solutions of Type A (~0.3 mol·kg
-1

 B(OH)3 +  

~10
-4

 mol·kg
-1

 NaOH) and Type B (~0.8 mol·kg
-1

 B(OH)3 + ~10
-4

 mol·kg
-1

 NaOH) from the 

solutions of KOH + B(OH)3 measured at 523 K, shown as a percentage of the total concentration 

of anions. 
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Figure 6.8. Diborate equilibrium formation constants. , experimental results from Type A 

solutions of B(OH)3 + KOH; , experimental results from Type A solutions of B(OH)3 + 

NaOH; , experimental results from Type B solutions of B(OH)3 + NaOH;, Bassett 
37

; 

▬▬,Equation 6.14; ▬▬, Palmer’s density model 
3
; ▪ ▪ ▪, extrapolation of Palmer’s density 

model 
3
. 
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7 Conclusions and Future Work 

7.1 Conclusions and Impact of Thesis 

The objective of this thesis was to expand the knowledge base for boric acid, borate, 

polyborates, and metal borate species in aqueous solutions from ambient up to near critical 

conditions. This was done to provide a self-consistent database for aqueous boron species in the 

primary coolant of PWRs and to increase our knowledge of aqueous systems under near critical 

conditions. In the four projects presented in this thesis, a unique high-precision flow-through AC 

conductance instrument was used to make very accurate measurements under challenging 

conditions for solutions of boric acid and metal borates which were analyzed using the Turq-

Blum-Bernard-Kunz ("TBBK") theoretical model to yield equilibrium constants and limiting 

conductivities.  

The first project in this thesis reported sodium borate and potassium borate ion-pair 

formation constants from 25 to 350 °C. These are the first ion-pair formation constants for 

sodium borate above 200 °C and the first ion-pair formation constants for potassium borate 

above 25 °C. This project also reported borate limiting conductivities from 25 to 300 °C, which 

are the first values reported for borate limiting conductivity above 50 °C, and which revealed the 

unique behavior of the temperature-dependent transport properties of the borate ion. The second 

project in this thesis reported boric acid ionization constants from 25 to 350 °C. These are the 

first reported boric acid ionization constants above 290 °C, and these results were used to 

improve the temperature-dependent model for boric acid ionization. The third project of this 

thesis reported lithium borate ion-pair formation constants from 25 to 200 °C. These are the first 

lithium borate ion-pair formation constants reported above 45 °C, and the results show evidence 
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of water mediated ion pairing in the low temperature region which was not observed for the 

potassium borate or sodium borate ion-pairs. Together with the results of the first project, these 

results were used to develop a temperature-dependent model for lithium borate ion pairing which 

can be used to extrapolate the data to higher temperatures. The fourth and final project in this 

thesis reported triborate limiting conductivities and formation constants from 10 to 150 °C, and 

diborate limiting conductivities and formation constants from 200 to 300 °C. These results are 

the first reported polyborate limiting conductivities, only the second study to report high 

temperature polyborate formation constants, and the first reported polyborate formation 

constants below 50 °C.  

The results of these four projects have significantly extended the temperature range for 

which data is available for boric acid species and expanded our knowledge of systems under 

hydrothermal conditions. In addition, this work provides the accurate thermodynamic and 

transport properties for aqueous boron species which are essential for modeling the crevice 

chemistry of fuel deposits in PWRs under the “hideout” conditions that can lead to crud-induced 

power shifts. The results of this thesis yield a self-consistent database for aqueous boric acid 

species which can be implemented into chemical equilibrium modeling software such as 

PHREEQC 
1
, OLI 

2
, or EPRI’s MULTEQ 

3
. This work has helped to develop our basic 

theoretical understanding of aqueous systems and is an important contribution to the 

thermodynamic database required for modeling aqueous boric acid chemistry under PWR 

primary coolant conditions.  
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7.2 Future Work 

Some potential next steps for this work could be to extend this study to transition metal 

ions and their anions and their complexation with borate and polyborates. Transition metals are 

present in PWR coolant, and they are known to concentrate in the boiling pores of crud deposits 

on the fuel rods. If transition metal borate complexes are stable, they could be an important 

constituent of crud chemistry, and it would be important to include any relevant complexes in the 

databases used to predict PWR coolant chemistry. There have been three critical reviews of the 

available metal borate data under ambient conditions 
4-6

. Much of the data in these reviews is 

based on a series of studies from Shchigol and coworkers 
7-12

 and these papers are known to 

contain errors which could affect their results, as discussed in more detail by Bassett 
4
. There is 

also a more recent study by Graff et al. 
13

 which reports formation constants for aqueous nickel 

borate complexes up to 70 °C. This work suggests that metal borate complexes may be important 

to PWR coolant chemistry, however beyond this, literature data are sparse and there have been 

no quantitative studies reported for transition metal borates above 70 °C. Future work could 

include UV-visible and 
11

B NMR studies to determine transition metal borate formation 

constants to higher temperatures. These measurements would be challenging and would therefore 

first require scoping studies to determine the viability of using these methods. 

 There are also solid transition metal borate species, such as bonaccordite (Ni2FeBO5) 

which are known to be present in the primary coolant of PWRs 
14-15

. Recent research on 

bonaccordite includes hydrothermal synthesis of bonaccordite under PWR coolant conditions 
16-

17
 and kinetic studies 

18
 to understand and predict the thermochemical conditions required for the 

formation of bonaccordite. These studies confirm that it is reasonable to see bonaccordite 
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forming in the crud deposits on PWR fuel rods, but there is a lack of experimental 

thermodynamic data which are required for modeling and thus controlling the formation of 

bonaccordite under PWR coolant conditions. Future work could include calorimetric heat 

capacity studies and heat of solution measurements to yield the standard molar Gibbs energies of 

formation and pressure vessel experiments to measure equilibrium constants for the formation of 

bonaccordite. 
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Appendix A  

Platinizing the Electrodes 

Before assembling the conductivity cell, the inner and outer electrodes were both 

electrodeposited with platinum black. This is done to maximize the surface area of the electrodes 

and to minimize errors in the conductivity measurements due to polarization of the electrodes.
1-3

 

The platinization of the electrodes in this work was done following the procedure of Hills and 

Ives.
4
 This procedure requires first cleaning each of the electrodes with a sulfuric acid solution to 

remove any oxidized platinum and organic contaminants from the surface of the electrode, and to 

provide a smooth and clean surface for the deposition of platinum black. If it had been necessary 

to remove metals on the electrode surface, an additional cleaning step would have been added 

using aqua regia and nitric acid; however this step was not required in this work. Following the 

cleaning, each of the electrodes was then plated with a thin layer of platinum black using a 

solution of chloroplatinic acid. For the cleaning and platinization of the inner electrode, a 

platinum coil was used as the counter electrode. For the outer electrode, the inner electrode was 

used as the counter electrode. For this work, as the inner electrode being used for the cleaning 

and platinization of the outer electrode was the same inner electrode ultimately being used in the 

conductance cell, the outer electrode was cleaned and platinized using this inner electrode first, 

and then the inner electrode was cleaned and platinized. A schematic of the set up used for the 

cleaning and platinization is shown in Figure A.1. 

 For the cleaning step, a solution of approximately 2 mol·L
-1

 H2SO4 was prepared from 

99.999 % H2SO4. Following the set up for the outer electrode depicted in Figure A.1a, the outer 

electrode was secured using a ring stand and clamps, and using a separate clamp, the inner 
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electrode was placed inside the outer electrode, being careful to ensure there was no contact 

between the two electrodes. The outer electrode was then filled from the bottom with the sulfuric 

acid solution using a syringe with a special attachment to allow for it to attach to the bottom of 

the electrode. A separate syringe was also used to add a small amount of the sulfuric acid 

solution to the top of the electrode, to ensure that the entire electrode was being cleaned. The two 

electrodes were then attached to a potentiostat with the outer electrode as the cathode and the 

inner electrode as the anode. To clean the electrode, a current of 6 mA was applied for 

approximately 6 minutes. The evolution of small hydrogen bubbles from the entire surface 

indicated that the electrode was sufficiently clean. To platinize the outer electrode, both the outer 

and inner electrodes were thoroughly rinsed with deionized water, and then the above procedure 

was repeated, using a solution of 2 wt % H2PtCl6 in 2 mol·L
-1

 HCl, made from 8 wt % H2PtCl6 

and 37 wt % HCl, being sure not to submerge the pinhole of the inner electrode in the solution. 

When the platinization was complete and the electrodes have been rinsed with deionized water, a 

grey film which slightly reduces the sheen of the electrode should be visible. For the cleaning 

and platinization of the inner electrode, the same procedure as the outer electrode was repeated, 

using the set up depicted in Figure A.1b, and using the inner electrode as the cathode and a coil 

made of platinum wire as the anode. As the surface area of this electrode was significantly less 

than that of the outer electrode, the current was only applied at 2 mA for 2 minutes. 
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Figures 

 

Figure A.1 Schematic of the procedure to clean and platinize (a) the outer electrode and (b) the 

inner electrode. 
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Appendix B  

Ionization of Boric Acid in Water from 298 K to 623 K by AC 

Conductivity and Raman Spectroscopy 

Supporting Information 

Table B.1. Molality (m), Concentration (c), Conductivity (κ), Experimental (Λ
exp

) and Calculated 

(Λ
TBBK

) Molar Conductivities from (298 to 623) K at p ~ 20 MPa for Aqueous Solutions of 

Boric Acid using the Ionization Constant of Water (pKw) from Marshall and Franck.
1
 
a,b,c,d 

 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 298.149 K, p = 19.767 MPa, ρw = 1005.740 kg·m
-3

 

κw
exp

 = 0.139·10
-6

 S·cm
-1

, κw
pure

 = 0.0599·10
-6

 S·cm
-1

 

       0.4610 0.4637 0.290 0.6263 ± 0.0023 0.577 

1.0344 1.0403 0.435 0.4179 ± 0.0015 0.380 

2.2144 2.2269 0.730 0.3277 ± 0.0012 0.259 

3.5583 3.5782 0.846 0.2365 ± 0.0009 0.204 

6.8014 6.8386 1.045 0.1528 ± 0.0006 0.147 

14.4789 14.5535 1.407 0.0967 ± 0.0004 0.101 

32.2705 32.4138 2.032 0.0627 ± 0.0003 0.067 

56.2648 56.4607 2.612 0.0463 ± 0.0003 0.051 

131.3178 131.3810 5.134 0.0391 ± 0.0004 0.033 

       T = 373.334 K, p = 19.683 MPa, ρw = 967.169 kg·m
-3

 

κw
exp

 = 3.051·10
-6

 S·cm
-1

, κw
pure

 = 0.828·10
-6

 S·cm
-1

 

       2.2155 2.1425 1.536 0.7168 ± 0.0027 0.569 

14.4911 14.0071 1.733 0.1237 ± 0.0005 0.177 

23.8066 23.0027 2.607 0.1133 ± 0.0005 0.135 

43.3428 41.8458 4.082 0.0975 ± 0.0006 0.099 

74.2084 71.5555 5.958 0.0833 ± 0.0006 0.075 
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Table B.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 448.228 K, p = 19.666 MPa, ρw = 903.861 kg·m
-3

 

κw
exp

 = 2.901·10
-6

 S·cm
-1

, κw
pure

 = 2.694·10
-6

 S·cm
-1

 

       0.4623 0.4178 3.064 7.3334 ± 0.0266 6.676 

2.9397 2.6567 3.519 1.3247 ± 0.0050 1.226 

8.7299 7.8880 4.261 0.5402 ± 0.0022 0.530 

12.8711 11.6279 4.777 0.4109 ± 0.0017 0.408 

24.3034 21.9463 5.946 0.2709 ± 0.0013 0.274 

37.9116 34.2167 7.114 0.2079 ± 0.0011 0.212 

70.1257 63.2127 9.444 0.1494 ± 0.0011 0.151 

101.4745 91.3608 11.458 0.1254 ± 0.0011 0.124 

       T = 523.321 K, p = 19.674 MPa, ρw = 815.527 kg·m
-3

 

κw
exp

 = 4.756·10
-6

 S·cm
-1

, κw
pure

 = 3.878·10
-6

 S·cm
-1

 

       0.5523 0.4504 3.936 8.7394 ± 0.0317 8.731 

1.7569 1.4327 4.047 2.8247 ± 0.0104 2.813 

4.5344 3.6973 4.197 1.1351 ± 0.0043 1.149 

9.5168 7.7586 4.572 0.5893 ± 0.0024 0.595 

21.6789 17.6665 5.264 0.2979 ± 0.0014 0.307 

42.3672 34.5011 6.439 0.1866 ± 0.0011 0.191 

72.1563 58.6992 7.912 0.1348 ± 0.0010 0.136 

101.7491 82.6887 9.332 0.1129 ± 0.0010 0.110 
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Table B.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 548.354 K, p = 19.600 MPa, ρw = 777.868 kg·m
-3

 

κw
exp

 = 3.705·10
-6

 S·cm
-1

, κw
pure

 = 3.645·10
-6

 S·cm
-1

 

       0.8359 0.6502 3.779 5.8123 ± 0.0212 5.728 

2.3682 1.8420 3.884 2.1087 ± 0.0078 2.090 

5.5368 4.3061 4.095 0.9510 ± 0.0037 0.952 

12.0772 9.3908 4.502 0.4794 ± 0.0020 0.488 

20.6300 16.0367 4.988 0.3110 ± 0.0014 0.321 

28.8029 22.3839 5.415 0.2419 ± 0.0012 0.252 

46.2516 35.9236 6.205 0.1727 ± 0.0010 0.182 

101.4745 78.6745 9.249 0.1176 ± 0.0010 0.112 

       T = 547.198 K, p = 20.900 MPa, ρw = 781.355 kg·m
-3

 

κw
exp

 = 3.690·10
-6

 S·cm
-1

, κw
pure

 = 3.727·10
-6

 S·cm
-1

 

       0.9361 0.7314 3.832 5.2394 ± 0.0191 5.211 

2.3709 1.8524 3.957 2.1364 ± 0.0079 2.118 

3.7443 2.9253 4.059 1.3876 ± 0.0052 1.377 

5.8604 4.5782 4.205 0.9184 ± 0.0036 0.914 

8.8455 6.9095 4.402 0.6371 ± 0.0026 0.637 

11.6260 9.0806 4.600 0.5066 ± 0.0021 0.506 

15.1475 11.8297 4.822 0.4076 ± 0.0018 0.408 

24.2897 18.9638 5.363 0.2828 ± 0.0014 0.284 
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Table B.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 571.070 K, p = 19.463 MPa, ρw = 737.793 kg·m
-3

 

κw
exp

 = 3.199·10
-6

 S·cm
-1

, κw
pure

 = 3.101·10
-6

 S·cm
-1

 

       0.4290 0.3165 3.133 9.8972 ± 0.0359 9.922 

1.1392 0.8405 3.208 3.8174 ± 0.0140 3.797 

4.2027 3.1003 3.397 1.0957 ± 0.0042 1.097 

       T = 572.819 K, p = 20.769 MPa, ρw = 736.674 kg·m
-3

 

κw
exp

 = 3.076·10
-6

 S·cm
-1

, κw
pure

 = 3.125·10
-6

 S·cm
-1

 

       0.2704 0.1992 3.391 17.0253 ± 0.0616 15.834 

0.5746 0.4233 3.490 8.2442 ± 0.0299 7.504 

1.4827 1.0922 3.585 3.2824 ± 0.0121 2.969 

2.8699 2.1140 3.686 1.7434 ± 0.0065 1.581 

6.3367 4.6672 3.887 0.8328 ± 0.0033 0.768 

10.3194 7.5997 4.145 0.5454 ± 0.0022 0.505 

17.1924 12.6587 4.455 0.3519 ± 0.0016 0.336 

36.0977 26.5636 5.160 0.1942 ± 0.0010 0.197 

52.7566 38.8033 5.690 0.1466 ± 0.0009 0.153 
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Table B.1. (continued) 

m·10
3
 c·10

3
 κ

 
·10

6
 Λ

exp
 Λ

TBBK
 

/ mol·kg
-1

 / mol·L
-1

 / S·cm
-1

 / S·cm
2
·mol

-1
   

       T = 597.900 K, p = 20.618 MPa, ρw = 682.122 kg·m
-3

 

κw
exp

 = 2.114·10
-6

 S·cm
-1

, κw
pure

 = 2.208·10
-6

 S·cm
-1

 

       0.4999 0.3410 2.167 6.3543 ± 0.0231 6.567 

0.8991 0.6133 2.226 3.6298 ± 0.0132 3.684 

1.7557 1.1975 2.274 1.8989 ± 0.0070 1.922 

3.1559 2.1526 2.328 1.0815 ± 0.0041 1.100 

5.9303 4.0445 2.422 0.5987 ± 0.0023 0.584 

10.3166 7.0353 2.573 0.3657 ± 0.0015 0.203 

25.6109 17.4583 3.028 0.1735 ± 0.0008 0.188 

       T = 621.126 K, p = 20.620 MPa, ρw = 612.171 kg·m
-3

 

κw
exp

 = 1.099·10
-6

 S·cm
-1

, κw
pure

 = 1.169·10
-6

 S·cm
-1

 

       0.3582 0.2193 1.169 5.3317 ± 0.0193 5.383 

0.9385 0.5745 1.171 2.0390 ± 0.0074 2.079 

2.8507 1.7450 1.202 0.6887 ± 0.0026 0.710 

4.9805 3.0486 1.252 0.4108 ± 0.0016 0.328 

11.0664 6.7733 1.384 0.2043 ± 0.0008 0.080 

19.0799 11.6766 1.608 0.1377 ± 0.0006 0.023 
a
 The electrical conductivities reported here were extrapolated to zero frequency following the 

methodology described in Ref [2]. 
b
 The standard uncertainties are u(T) = 0.02 K and u(p) = 0.01 MPa. The relative standard 

uncertainties for molality and concentration are ur(m) = ur(c) = 0.002. The relative standard 

uncertainties for conductivity depend on concentration [18], and range from ur(κ) = 0.003 for the 

lowest concentration measured (~10
-4

 m) to ur(κ) = 0.01 for the highest concentration measured 

(~0.1 m). These relative standard uncertainties were calculated following the methodologies 

described in Reference [3]. These calculations and the concentration dependence of ur(κ), which 

is approximately linear, are explained in greater detail in Reference [3] and in Appendix B.3. 
c 

The uncertainties reported in this table are statistical uncertainties and do not account for 

systematic errors. 
d 

T is the temperature, p the pressure, ρw the density of water, κw
exp

 the experimental conductivity 

of the solvent, κw
pure

 the calculated conductivity of the solvent, and kcell the cell constant. 
e
  values were corrected using Eq. (4.2). 

f
 Values for the density of water, w; were calculated from equations of state recommended by 

the National Institute of Standards and Technology “NIST” 
4
 

g
  was set equal to 𝜅𝑠𝑜𝑙𝑛

𝑒𝑥𝑝
 at 572.819 K, 597.900 K and 621.126 K because κw

exp
 < κw

pure
. 
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Table B.2. Experimental sodium chloride limiting molar conductivities, Λ°(NaCl) 
a
 

T  p ρw 10
3
·m Λ°(NaCl) 

/ K / MPa / kg·m
-3

 / mol·kg
-1

 / S·cm
2
·mol

-1
 

     298.150 19.839 1005.770 0.7513 126.120 

373.332 19.698 967.177 0.9050 354.625 

448.197 19.677 903.899 0.9050 608.676 

523.319 19.699 815.554 0.9050 835.825 

548.262 19.575 777.985 1.1210 903.174 

548.100 20.930 779.957 1.1246 859.324 

571.072 19.495 737.842 1.1210 970.728 

572.800 20.770 736.712 0.9432 926.601 

597.930 20.740 682.372 0.7541 997.002 
a
 The standard uncertainties are u(T) = 0.02 K and u(p) = 0.01 MPa. Following the 

methodologies described in References [2] and [3], the relative standard uncertainties are 

approximately ur(m) = ur(c) = 0.002 and ur(Λ°) = 0.004. 
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B.3. Uncertainty Analysis. 

There were several sources of uncertainty that were considered in estimating the total uncertainty 

of the conductivity measurements. This has been discussed in detail by Zimmerman et al.
3
. 

Briefly, the uncertainties in the leads correction were deemed to be negligible, as were the 

uncertainties from the dilutions done by mass. The only significant contribution to uncertainties 

in the molalities of the measured solutions was the uncertainty of the standardization of the stock 

solution, and this propagated into the uncertainties of Λ. The uncertainty in the extrapolation to 

determine Rs had the largest contribution to the uncertainties of Λ and κ. A linear dependence on 

the molality, based on the work by Zimmerman et al.
3
 was used to estimate this uncertainty. 

These contributions yielded an uncertainty of ± 0.3 % at the lowest concentrations (~10
-4

 mol·kg
-

1
), and ± 1 % at the highest concentrations measured (~0.1 mol·kg

-1
). As noted in Section 4.3.2, 

the contribution from the self-ionization of water to the solution conductivity was found to range 

from 40 % to 0.4 % at T = 298 K, and from 99 % to 50 % at T ≥ 523 K, but the effect of the 

uncertainty from the solvent corrections was not included in the overall uncertainty of the 

conductivity data 
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Appendix C 

Ion-Pair Formation Constants of Lithium Borate and Lithium 

Hydroxide under Pressurized Water Nuclear Reactor Coolant 

Conditions 

Supporting Information 

 

Table C.1. Temperature (T), pressure (p), water density (ρw), experimental and fitted values of 

the limiting conductivity of lithium (λ
0
(Li

+
)).  

T 

 

p 

 

ρw 
 λ

0
(Li

+
) λ

0
(Li

+
) 

K   MPa    kg·m
-3

   exp.  Eq. 11  

Robinson and Stokes
1,a

 

273.15 

 

0.1 

 

999.84 

 

19.4 20.26 

278.15 

 

0.1 

 

999.97 

 

22.76 23.21 

288.15 

 

0.1 

 

999.10 

 

30.20 29.91 

291.15 

 

0.1 

 

998.60 

 

32.8 32.12 

298.15 

 

0.1 

 

997.05 

 

38.6 37.63 

308.15 

 

0.1 

 

994.03 

 

48.00 46.35 

318.15 

 

0.1 

 

990.21 

 

58.04 56.03 

328.15 

 

0.1 

 

985.69 

 

68.74 66.63 

Ho et al.
2,a

 

323.15 

 

1.12 

 

988.48 

 

61.76 61.24 

373.15 

 

1.12 

 

958.83 

 

116.25 123.98 

473.15 

 

5.22 

 

867.42 

 

252.45 276.32 

573.15 

 

27.19 

 

746.44 

 

415.99 410.90 

573.15 

 

24.02 

 

741.45 

 

411.36 412.68 

623.15 

 

23.79 

 

620.21 

 

498.4 481.89 

Zimmerman et al.
3,a

 

604.58 

 

22.50 

 

670.38 

 

445.8 456.68 

601.69 

 

28.01 

 

691.41 

 

443.9 448.33 

631.66 

 

28.00 

 

610.46 

 

503.3 489.24 

Gruszkiewicz et al.
4,b

 

603.32  15.17  649.85  487.6 469.5 
a
 densities of water calculated from the equations of state recommended by NIST

5 

b
 this data point was not included in the reported fit 
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Table C.2. Temperature (T), pressure (p), water density (ρw), experimental and fitted values of 

the ion-pair formation constant of lithium hydroxide (KA[LiOH
0
]). 

T 

 

p 

 

ρw 
 

log10 KA[LiOH
0
] log10 KA[LiOH

0
] 

K   MPa    kg·m
-3

   exp.  Eq. 12  

Corti et al.
6,a

 

288.15 

 

psat 

 

999.10 

 

-0.677 -0.5803 

298.15 

 

psat 

 

997.05
 
 

 

-0.0012 -0.1434 

318.15 

 

psat 

 

990.21 

 

0.301 0.3985 

Ho et al.
7,b

 

323.15 

 

4.4 

 

989.9 

 

0.53 0.50 

373.15 

 

4.88 

 

960.6 

 

1.03 0.99 

423.15 

 

9.4 

 

922.0 

 

1.29 1.17 

473.15 

 

9.91 

 

870.9 

 

1.28 1.27 

523.15 

 

11.02 

 

806.9 

 

1.41 1.41 

573.15 

 

9.52 

 

714.4 

 

1.36 1.65 

573.15 

 

10.39 

 

716.4 

 

1.56 1.65 

573.15 

 

12.87 

 

721.6 

 

1.60 1.64 

623.15 

 

23.86 

 

620.6 

 

2.00 2.05 

623.15 

 

27.44 

 

635.2 

 

1.81 2.00 

643.15 

 

28.79 

 

571.5 

 

2.49 2.29 

653.15 

 

29.85 

 

532.3 

 

2.67 2.49 

663.15 

 

28.88 

 

443.3 

 

3.18 2.95 

673.15 

 

32.49 

 

432.8 

 

3.10 3.08 

673.15 

 

30.57 

 

379.4 

 

3.48 3.39 

683.15 

 

32.2 

 

327.3 

 

3.75 3.84 

Ho and Palmer
2,b

 

673.15 

 

N/A 

 

800 

 

1.63 1.62 

673.15 

 

N/A 

 

750 

 

1.82 1.77 

673.15 

 

N/A 

 

700 

 

1.83 1.94 

673.15 

 

N/A 

 

650 

 

2.13 2.11 

673.15 

 

N/A 

 

600 

 

2.32 2.30 

673.15 

 

N/A 

 

550 

 

2.51 2.51 

673.15 

 

N/A 

 

500 

 

2.81 2.74 

673.15 

 

N/A 

 

450 

 

2.95 2.99 

673.15 

 

N/A 

 

400 

 

3.14 3.27 

773.15 

 

N/A 

 

800 

 

1.65 1.59 

773.15 

 

N/A 

 

750 

 

1.89 1.80 

773.15 

 

N/A 

 

700 

 

2.07 2.03 

773.15 

 

N/A 

 

650 

 

2.25 2.28 

773.15 

 

N/A 

 

600 

 

2.43 2.55 

773.15 

 

N/A 

 

550 

 

2.81 2.84 

773.15 

 

N/A 

 

500 

 

3.15 3.15 

873.15 

 

N/A 

 

700 

 

2.13 2.02 

873.15 

 

N/A 

 

650 

 

2.31 2.33 

873.15 

 

N/A 

 

600 

 

2.60 2.65 

873.15 

 

N/A 

 

550 

 

2.94 3.01 
a 
densities of water calculated from the equations of state recommended by NIST

5
 

b
 densities of water reported in the original paper



 

 

 250 

Table C.3. Lithium Hydroxide, Lithium Borate, Sodium Hydroxide, and Sodium Borate Association Constants from 298 to 623 K at 

saturation pressure. 

 

T 
 

p 
 

ρw 
 

log K 

K 
 

MPa 
 

kg·m
-3

 
 

LiOH
0,a

 LiOH
0,b

 Li[B(OH)4]
0,c

 Li[B(OH)4]
0,b

 NaOH
0,d

 NaOH
0,b

 Na[B(OH)4]
0,e

 Na[B(OH)4]
0,b

 

              
298.15 

 
0.1 

 
997.05 

 
-0.1434 0.0950 0.3129 -0.3751 -0.1436 -0.0323 -0.1889 -0.7406 

323.15 
 

0.1 
 

988.04 
 

0.4909 0.1645 0.4137 -0.2599 0.0060 0.0439 0.0972 -0.5373 

348.15 
 

0.1 
 

974.84 
 

0.8069 0.2460 0.4723 -0.1370 0.1328 0.1317 0.2944 -0.3531 

373.15 
 

0.1 
 

958.35 
 

0.9803 0.3375 0.5076 -0.0102 0.2471 0.2288 0.4313 -0.1831 

398.15 
 

0.2323 
 

939.02 
 

1.084 0.4377 0.5336 0.1187 0.3552 0.3334 0.5287 -0.0233 

423.15 

 

0.4762 

 

917.01 

 

1.154 0.5461 0.5625 0.2498 0.4615 0.4451 0.6042 0.1303 

448.15 

 

0.8927 

 

892.28 

 

1.211 0.6636 0.6054 0.3839 0.5691 0.5642 0.6730 0.2812 

473.15 

 

1.555 

 

864.66 

 

1.266 0.7918 0.6744 0.5231 0.6810 0.6923 0.7505 0.4329 

498.15 

 

2.550 

 

833.75 

 

1.329 0.9341 0.7838 0.6704 0.8000 0.8324 0.8536 0.5896 

523.15 

 

3.977 

 

798.89 

 

1.408 1.097 0.9525 0.8306 0.9297 0.9896 1.003 0.7566 

548.15 

 

5.947 

 

759.01 

 

1.513 1.290 1.209 1.012 1.075 1.173 1.230 0.9418 

573.15 

 

8.589 

 

712.14 

 

1.655 1.536 1.601 1.227 1.244 1.400 1.583 1.159 

598.15 

 

12.05 

 

654.33 

 

1.858 1.887 2.226 1.508 1.450 1.710 2.160 1.435 

623.15 

 

16.53 

 

574.72 

 

2.183 2.519 3.356 1.952 1.736 2.243 3.235 1.860 
a
 calculated from Eq. (5.12)  

b
 calculated from Bjerrum model

1
 

c
 calculated from Eq. (5.14)  

d
 from Reference [7] 

e
 calculated from Eq. (5.13)  
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Appendix D 

Estimation of Diborate Limiting Conductivities and Validation 

with Triborate Limiting Conductivities 

Prior this work, no experimental values of °[B2(OH)7
-
] or °[B3O3(OH)4

-
] have been 

reported in the literature. Since the limiting conductivity of both triborate and diborate were 

unknown prior to this work, it was necessary to find a method to estimate the limiting 

conductivity of the minor polyborate species in solution. Here a simple model is proposed to 

estimate polyborate limiting conductivities at low temperatures. The model is based on Stokes 

law (with stick boundary conditions, f = 6): 

 0

Stokes

i
w

F e z
λ η

f π r

 
 

 
 (D.1) 

 

and the fit reported by Arcis et al. 
1
 to represent the limiting conductivity of borate to 623 K: 
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  (D.2) 

 

This model assumes that the experimental differences observed from Stokes law are the same for 

borate and polyborates, and a correction factor CF is defined as: 
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The estimated limiting conductivities of the polyborates are calculated as: 
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eqn. 12 4
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In these calculations, the viscosity of water was calculated using the correlation recommended 

for industrial application by Fernández et al. 
2
, and the crystallographic radii of diborate and 

triborate from our TBBK conductivity curve fitting were used. This prediction was used to 

estimate the limiting conductivity of diborate for the data analysis of the solutions from 283 to 

423 K to find limiting conductivities and formation constants for triborate. A comparison of the 

experimental values of triborate limiting conductivities and those calculated for triborate using 

this model shows that this method is valid at low temperatures, as the experimental and 

calculated values agree to within 10 % at temperatures below 423 K. 
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