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The solubility method is one of the most powerful tools to obtain reliable thermodynamic data for 1)
solubility products of discrete solids and double salts, 2) complexation constants for various ligands, 3)
development of data in a wide range of pH values, 4) evaluation of data for metals that form very insoluble
solids (e.g. tetravalent actinides), 5) determining solubility-controlling solids in different types of wastes
and 6) elevated temperatures for redox sensitive systems. This document is focused on describing various
aspects of obtaining thermodynamic data using the solubility method. This manuscript deals with various
aspects of conducting solubility studies, including selecting the study topic, modeling to define important
variables, selecting the range of variables and experimental parameters, anticipating results, general

equipment requirements, conducting experiments, and interpreting experimental data.
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1  Introduction

There are many different methods for experimentally obtaining thermodynamic data (e.g., solubility,
spectroscopy, ion exchange, potentiometry, isopiestic, calorimetry). Most of these methods have some
inherent limitations. 1) Spectroscopic methods are not suitable to all species and generally require fairly
high concentrations of the reactive species. 2) Solvent extraction is not suitable for all species because
extractants for a wide variety of species are not available; it is generally suitable for extractions either in
very acidic or in a very narrow range of pH values such that it is not possible to investigate reactions in the
entire pH range that may be required (e.g., see [1] for discussion of Th-ISA literature data obtained by
solvent extraction). 3) The solubility method is not well suited to solids that do not exhibit rapid
precipitation/dissolution kinetics (e.g., crystalline tetravalent actinide dioxides at room temperatures), nor
can solids with extremely high solubility be used to develop complexation constants for various ligands.

Therefore to obtain reliable data, it is always best to use combinations of as many methods as needed.

The solubility method, aside from the limitation discussed above, it is one of the most powerful tools
to obtain reliable thermodynamic data for 1) solubility products of discrete solids and double salts, 2)
complexation constants for various ligands, 3) development of data in a wide range of pH values, 4)
evaluation of data for metals that form very insoluble solids (e.g. tetravalent actinides) which make it
difficult to use methods that require relatively high metal concentrations and/or if the ligand makes
extremely strong complexes making it difficult to obtain reliable values for bare metal ion activities
required for determining the complexation constants, 5) determining solubility-controlling solids in
different types of wastes (e.g. radioactive waste glasses, contaminated soils; for successful application of
this method to these types of problems see [2, 3], and 6) elevated temperatures for redox sensitive systems
(e.g., see [4, 5]). This document is focused on describing various aspects of obtaining thermodynamic
data using the solubility method. The examples, supporting citations, and the procedural details discussed
in this document are all from the publications by Rai and coworkers. This does not mean that these are
the only examples; several other authors present similar observations on different aspects of conducting
solubility studies. However, for our convenience we chose to support the statements with examples from
our published work. This manuscript deals with various aspects of conducting solubility studies,
including selecting the study topic, modeling to define important variables, selecting the range of variables
and experimental parameters, anticipating results, general equipment requirements, conducting experiments,

and interpreting experimental data.

2 Selection of study topic

The selection of elements for study should depend on their concentrations or perceived importance in
waste disposal, environmental settings, and/or industrial processes. Once the element is selected, then it is
important to conduct a critical review of the available thermodynamic data. Further studies are warranted
only for those ligands that are expected to be present in significant concentrations or form strong

complexes with the given element and if 1) no data are available for the given ligand, 2) the existing data

,1,
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are limited (for example there may be only one value available which may need confirmation or the
available data may just be estimated), 3) there is a wide variability in the reported values for complexation
constants of a given ligand which cannot be reconciled through critical reviews and remodeling those
experimental studies which are well executed, 4) it can be ascertained that the methodology used for
obtaining the data is fraught with problems and that an improved methodology can be used to obtain
reliable values, and 5) no data are available for applications to high temperatures and/or concentrated salt

solutions (e.g. brines) if these conditions are expected to be important in the system.

3 Preliminary modeling to difine important variables

In several situations preliminary modeling can help define the ranges in values of different variables
or help define the compositions of starting solutions to obtain desired fixed values of different variables
(e.g., pH), especially in relatively concentrated solutions that are otherwise difficult to accurately define.
The existing or estimated thermodynamic data (even though it may not be reliable and may need
verification) can be used to calculate the solubility of a desired solid phase at a range in concentrations of
the desired ligand. Based on these calculations, a range in ligand concentrations in a given range of pH
values where these calculations show significant increase in concentration can be incorporated into the
experimental design. As an example, using the Np(IV)-carbonate data available in1985, Rai et al. [6]
calculated that the Np(IV) concentrations will be > 0.01 mol.kg™ at pH values > 12 in the presence of 0.01
mol.kg'l carbonate. To check the accuracy of these predictions, they investigated the solubility of
NpO,(am) in this alkaline region in the presence of 0.01 mol.kg" carbonate. These results showed that
the actual observed Np(IV) concentrations in all pH values were very low and at or near the detection limit
of Np (~10® mol.kg™), thereby confirming that the available data for Np(IV)-carbonate complexes were
not reliable.  This initial study then formed the bases for extensive studies on determining

An(IV)-carbonate complexes [7-12].

In some cases it may be desired to conduct the solubility studies at a fixed pH value in a wide range
in ligand concentrations where the ligand is also sensitive to changes in pH. In these cases it is a priori
impossible to set the acid and ligand concentration to obtain a fixed pH value without the aid of preliminary
modeling. As an example, Rai et al. [13] wanted to conduct studies at a fixed pH value of 2.5 in
phosphate solutions ranging in concentrations from low (0.0128 mol.kg") to as high as 1.00 mol.kg™.
Because phosphate can have multiple species (H;PO4(aq), H,PO, , HPO4*, and PO,”) that change with
changes in pH and the ionic strength of the solutions, it is difficult to obtain reliable fixed pH values a
priori without thermodynamic modeling. In this case we [13] took advantage of the Pitzer model to
calculate pairs of HCI and NaH,PO, concentrations that would provide a fixed pH value of 2.5 (Table 1).
The pH measurements of equilibrated solutions thus prepared agreed closely with the calculated values

(Table 1), showing the usefulness of this calculation method.
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4  Selection of range of variables and experimental parameters
4.1  Selecting a range in ligand concentrations

Many solids are hydroxides or oxides and many reactions contain H'/OH as a part of the equation.
Therefore, pH or pOH is a master variable for many studies. Although the normal environmental range in
pH values of most waters is rather narrow (4-9, [14]), it is often desirable to conduct studies in very acidic
to highly alkaline conditions so that the general governing reactions can be ascertained with a greater
degree of certainty. In addition, many oxides and hydroxides (e.g. Fe(OH);, Al(OH);, tetravalent actinide
hydrous oxides, trivalent actinide hydroxides) are fairly insoluble (solubilities at or near the detection limit)
in the intermediate environmental range of pH values, so it is absolutely essential for pH values beyond this
region to be incorporated in the study plan to have any degree of success in defining the

solubility-controlling reactions.

Solubility studies must be conducted as a function of the ligand concentration associated with the
solid (e.g., X in the case of solid MX) and/or as a function of another ligand concentration for which the
complexation constant values for the metal (e.g., M in the case of solid MX) are required. In cases where
the metal ion hydrolyzes, the solid is oxide or hydroxide, or the ligand species changes as a function of pH,
studies must also involve solubility as a function of pH in addition to as a function of the ligand
concentration. If the metal or the ligand is redox sensitive then studies as a function of Eh or at fixed Eh
values will be required. Several factors determine the range of variables to be selected, and to illustrate

these factors a few specific examples are given.

In studies conducted as a function of pH, the range in pH values and/or the number of pH data points
to be selected in a certain pH region can be based on two different criteria: 1) thermodynamic modeling, if
such data are available, or 2) an exploratory set with a few points but a large range in pH values and then
setting up sets with a large number of data points in the important pH regions where the metal
concentrations show different dependencies as a function of pH. For example, in the SnO5(c) solubility
study [15], it was known that SnO,(c) is extremely insoluble and that to obtain meaningful data a large
number of data points would be required in the very acidic region, although the precise location of this
region was not known. We set a large number of data points in the pH region of 0 through 3.5 and a
relatively few points in the pH region of about 3.5 to 14.3 (Fig 1). It turned out that we very well covered
the low pH region (0 -1.5) where the solubility of SnO,(c) decreases with the increase in pH and reaches
the detection limit at pH values of about 1.5. A barely adequate number of data points were available in
the pH region >~8 where the solubility either increases with the increase in pH due to the dominance of
SnOs> species or is constant as a result of formation of a double salt (Na,Sn(OH)e). The information
about the possible solubility-controlling reactions in this pH region (>~8) could then be used to start

additional solubility studies to fully explore these dominant reactions.

The following examples illustrate a procedure for the selection of variables when the metal ion (e. g.,

,3,
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Fe(Ill) and Pu(IV)) and the ligand (e.g., ethylenediaminetetraacetic acid, EDTA)) are both affected by
changes in pH. EDTA can bind with up to six protons [16], thereby producing seven species (HeEDTA®",
HsEDTA", H,EDTA(aq), H;EDTA", H,EDTA*, HEDTA”, EDTA") with different EDTA species dominant
in different pH regions. It is a priori (without any knowledge of this system) difficult to decipher
complexation constants of these different EDTA species with Fe(Ill) or Pu(IV). An experimental
approach to deciphering these effects should involve conducting a preliminary set of solubility experiments
with Fe(IIl) or Pu(IV) solids with at least two fixed EDTA concentrations as a function of a large range in
pH values. Such an experiment with Fe(OH);(2-line ferrihydrite) (Fig. 2) and its interpretation [17]
showed that only two Fe(II)-EDTA complexes (FEEDTA™ and Fe(OH)EDTA™ are important in the pH
region >~2; only EDTA* was found to be responsible for complexation with Fe’*,and none of the other
EDTA species (such as H;EDTA", H,EDTA>, HEDTA®) showed any significant complexation. Based on
these data one should then set up additional solubility experiments at fixed pH values [selected pH values
should represent regions of dominance for the Fe(III)-EDTA complexes; in this example the pH region of
dominance for FeEDTA™ is approximately 2 to 6 and it is approximately 6 to 12 for the Fe(OH)EDTAz'
species] as a function of EDTA to provide definitive values for complexation constants for these various
species. In a similar way the studies conducted with PuO,(am) at a fixed EDTA concentration (0.0001
mol.kg") and as a large range in pH values [17] showed that the dominant Pu(IV)-EDTA species in
different pH regions are: Pu(OH)EDTA  (pH <~5.5), Pu(OH)zEDTAz' (pH ~5.5 — 9.5), and
Pu(OH)3EDTA3' (pH >~9.5) (Fig. 3). As was the case with Fe(IlT)-EDTA complexes, only the EDTA*
forms complexes with Pu(IV) and the complexes of other EDTA species (such as HsEDTA", H,EDTA?,
HEDTA®), if they form, are unimportant. Based on these data one should then set up additional solubility
experiments at fixed pH values [selected pH values should represent regions of dominance for the
Pu(IV)-EDTA complexes] as a function of EDTA to provide definitive values for complexation constants

for these various species.

4.2 Selecting and characterizing solid phase

Several different criteria are used in selecting an appropriate solid phase for study. 1) The solid
phase whose solubility product is unknown or uncertain and needs confirmation. 2) The solid phase
whose solubility product is known and has reasonably low solubility and which is desirable to use for
determining complexation constants of the metal ion of the solid phase with an another ligand. 3) The solid
phase whose solubility can be approached from both the oversaturation and undersaturation directions
(solid phases may be crystalline or amorphous and pure phases or solid solutions). If the solubility can
not be approached from both the over- and under-saturation directions at normal atmospheric conditions
then experimental protocol must be changed (e.g., conducting experiments at higher temperatures) to

. . 1
accommodate this requirement .

! It should be mentioned that those crystalline (e.g. CaCOs(c), CaSO4(c), BaSO4(c), Th(SO4),.9H,0(c)) and
amorphous pure or solid solutions that can readily precipitate from the aqueous phase at room temperature are

,4,
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Many different techniques either alone or in combination (e.g., x-ray diffraction, SEM, TEM,
spectrophotometric and chemical analyses) can be used to characterize the solid phase. No attempt will be
made here to describe these techniques except to emphasize that the solid phases must be thoroughly
characterized using the best methods available at the start and end of the solubility studies to make sure that
the nature of equilibrating solid phase is known. The characterization must cover different ranges in

which the observed solubility changes as a function of a given variable.

Care must be taken in selecting the amount of the solid phase to be used in studies. It should be
large enough that 1) it will exceed the maximum amount that may dissolve under a given set of conditions,
2) after the amount dissolved, there should be sufficient left for solid phase characterization, and 3) in some
cases the solid phase may act as an adsorbent for the ligand being studied (e.g., Fe(OH);(am) for EDTA); in
those cases it is necessary to scale the solid phase to a smaller amount to minimize the impact on the ligand
concentration and to make certain that the concentration of the ligand will not be significantly impacted due

to adsorption by the solid phase.

4.3  Selection of redox agents for controlling oxidation states

Several actinides (U, Np, and Pu) and other elements important in nuclear waste disposal (e.g., Tc
and Se) exhibit multiple oxidation states in the environmental range of pH and Eh values. Therefore
experimental evaluations involving these different oxidation states require that these specific oxidation
states are stable throughout the duration of experiments. One of the best ways to assure this is through the
use of appropriate redox agents along with the capability to control oxygen partial pressures during the
experiments. This subsection is devoted to a brief discussion of various redox agents and their required

attributes as well as methods to control oxygen partial pressures.

Oxygen partial pressures have traditionally been controlled by using glove-boxes/atmospheric
control chambers. The use of prepurified inert gasses (e.g. Na(g), Ar(g)) assures that the oxygen can be
controlled at about 10 ppm, which translates to about 107 atmospheres of O»(g). Although this is a great

improvement over what is present in air (~10'0'68 atmospheres), is not low enough to maintain many of the

ideally suited for the solubility method because their solubility can be approached from both the over- and
under-saturation directions. Some of the solid phases (e.g. crystalline tetravalent actinides dioxides) do not
readily form at room temperature and because the actinides are radioactive and due to radiolysis they may
become amorphous at room temperatures ([18]). Relatively high temperature (e.g., 90°C) overcomes these
effects and the tetravalent hydrous oxides do convert to crystalline oxides ([5] and [4]). Therefore if the
solubility product of a given crystalline tetravalent dioxide needs to be investigated by the solubility method,
then it would be necessary to conduct these experiments at relatively higher temperatures so that solubility can

be approached from both the over-saturation and under-saturation directions.

,5,
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reduced oxidation states of different actinides (e.g., it would require ~ 10°° atm. for maintaining U(IV) and

~ 10 atm. for Np(IV)).

We have been able to maintain very low oxygen partial pressures, close to what is required for
maintaining U(IV), by passing the glove box air through distilled water and Fe-powder suspensions and
passing this over dri-rite to remove moisture that can be problematic for operation of the chamber. It
should be mentioned that simply controlling the oxygen partial pressures is not sufficient to maintain the
required oxidation state; it must be accompanied by appropriate redox agents. In addition, the sample
tubes must always be kept sealed and open to glove box atmosphere as short a time as possible to make

certain that traces of oxygen are not inadvertently introduced in the sample tubes.

Many different aspects of redox agents need to be understood. These include 1) mode of operation
and desirable attributes, 2) available data for redox agents, 3) selection criteria, and 4) experimentally
evaluated redox agents for redox sensitive radioactive elements. The modes of operation of redox agents
include 1) interacting with oxygen so that inadvertent addition of oxygen in samples does not cause
oxidation of the element of interest, 2) acting as an oxidant or reductant for the element of interest, and/or

3) acting as a redox buffer which can maintain specific Eh value for controlling a given oxidation state.

Desirable redox agents are those that 1) are kinetically active, 2) do not form strong complexes with
elements of interest or if they do thermodynamic data for these interactions are available, 3) do not change
pH values of the systems, 4) are effective in the range of pH values of interest, 5) are effective at room
temperatures, and 6) are soluble for enhanced reactivity. Information regarding available redox agents is
reported in several publications (e.g. Handbook of physics and chemistry [19], and those suitable for

actinides in Newton [20]).

To check whether a given redox agent has the required potential, we first need to tabulate the
reduction potentials [Eq. 1, reactions with the oxidized species (Ox) on the left side of the equation and
reduced species (Red) on the right side of equation and where ne represents the number of electrons
involved in the reaction] or the equilibrium constants (K0 ) of the reactions involving redox agents and of

the species to be controlled.
Ox +ne =Red (1)

If only the values of the equilibrium constants are available, these can be converted to reduction
potentials in volts (£°) using Eq. 3 for 25°C derived from Eq.2, where F is the Faraday constant (96485.309
Jules volt™ equivalent”, R is the gas constant (8.31451 Jules Kelvin™ mol™), and 7 is the temperature in
degrees Kelvin (298.15 at 250C) [21]. The reduction potential value of the reaction involving species of

interest can then be compared with the reduction potentials of the redox agents to determine whether a

,6,
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given redox agent is potentially suitable to control the given oxidation state.

-nFE"=-RT (In K*) (2)
E° =(log K")/(16.9 n) 3)

For example 1) the reduction potential of reactions involving dithionite (S,0,%); metallic Fe, Zn, and
Pb; and Fe*" are all lower than the reduction of Pu*" to Pu® (Table 2), therefore all of these reducing agents
can potentially produce Pu(Ill) from Pu(IV), and 2) the reduction potential of the Fe(IIl)/Fe(Il) couple is
higher than the U(VI)/U(IV) couple (Table 2), therefore the Fe(Ill)/Fe(Il) couple would potentially oxidize
U(IV) to U(VI) rather than reduce U(VI) to U(IV). It needs to be stated that a given redox couple/reaction
can act as a reducing or oxidizing agent; it depends on the relative redox potentials of the two couples in
question. If the reduction potential of the couple is lower than an another couple it then acts as a reducing
agent [as Fe(Ill)/Fe(Il) in the above example for Pu(IV)/PU(III)], but if on the other hand the reduction
potential of the couple is higher than the other couple then it acts as an oxidizing agent [as Fe(IlT)/Fe(Il)
in the above example for U(VI)/U(IV)].

The effectiveness of the redox/oxidizing agent depends not only on its relative potential but also on
the kinetics of reaction. In other words, just because a redox agent has a desirable potential, it does not
mean that it is effective under all conditions.  For example, H,(g), Pb-metal, and Zn-metal all have low
enough potentials to reduce U(VI) to U(IV) (Table 2), but Hy(g) requires higher temperatures and is
effective at room temperature only under very acidic conditions [22] and Zn-metal was not as effective as

some of the other agents tested (e.g. Fe-metal, S,05>, and EuCl, see [4, 22, 23]).

Actinides are important components of nuclear wastes. Therefore, many studies have been
conducted on redox-sensitive actinides to obtain thermodynamic data for different oxidation states that
require controlling or maintaining the given oxidation state. In general, if the oxidation state we are
interested in is either the most reduced (e.g., Pu(Ill) for Pu) or most oxidized (e.g.Pu(VI) for Pu) then it is
relatively easy to control these states by using a large number of reducing agents or oxidizing agents. It is
generally much more difficult to precisely control the intermediate states (e.g., Pu(IV) or Pu(V)). To help
in selecting the redox agents, a few general observations regarding oxidation states of redox sensitive
actinides are discussed below. In the case of U, U(VI) is stable in oxygenated environments, U(V) is
difficult to control, and U(IV) can be controlled by using strong reducing agents. In the case of Np,
Np(V) is the stable oxidation state under oxygenated environments, Np(VI) will require strong oxidizing
agents and Np(IV) will require strong reducing agents. Care must be taken in selecting reducing agents to
make certain that selected agent does not reduce Np all the way to Np(Ill). In the case of Pu, Pu(VI)
requires strong oxidizing agents and Pu(IIl) requires reducing agents, and it is generally difficult to control

Pu(V) and Pu(IV) through the use of redox agents.
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As mentioned earlier, several factors determine the suitability of a redox agent to control a certain
oxidation state. Because of the possible kinetic sluggishness of the redox agents under different
conditions, the effectiveness of a redox agent to control a given oxidation state must be verified
experimentally. Redox agents that we used in our experiments and have been verified for use with

specific elements, and their oxidation states are summarized in Table 3.

4.4 Quantification of hydrogen ion

Many geologically important minerals and solids of radioactive elements are either oxides or
hydroxides. In addition many salts (salts of organic acids such as ethylenediaminetetraacetic acid and
isosaccharinic acid, and most notably salts of inorganic weak acids such as phosphate and carbonate) react
with hydrogen, and potentiometric methods are extensively used to determine equilibrium constants in
aqueous solutions. As Rand et al. [21] point out, the measurement of H' activities/concentrations is fraught
with many problems that have not been taken into account by many investigators. Therefore, to develop
reliable thermodynamic data for many systems, studies require accurate quantification of H/OH
concentrations/activities. Ultimately, values of H" activities are required to obtain thermodynamic data at
zero ionic strength for application to systems other than the one used to obtain concentration constants.
Therefore, methods to directly measure H' activities or methods to measure H' concentrations along with
thermodynamic models (such as Pitzer and SIT) that can be used to convert H™ concentrations to activities
are required. These methods are briefly described in this chapter. A large amount of the discussion in this

section is based on Rai et al. [24].

Hydrogen ion activities are generally quantified by pH (negative logarithm of hydrogen ion activity
=—log;o au+, Where a refers to activity of the subscripted species) using a combination glass electrode with
a pH meter. Glass electrodes work as ion-selective electrodes for hydrogen ions when the concentration
of interfering alkali ions is low; in this case the dependence of measured electrochemical potential on pH
shows a linear behavior. Most glass electrodes can be used reliably to measure pH values of relatively
dilute solutions (<~0.1 mol.L™" ionic strength) in a pH value range of about 1 — 12. If the experiments
involve very acidic or very basic conditions, then it is best to use a standard acid or base to adjust H' or

OH’ concentrations, and a geochemical code can then be used to calculate the pH values.

For studies involving pH it is very often necessary to have data points that not only have a broad
range in pH values but also are evenly spaced along the pH scale. To obtain such a range in pH values it
is necessary to adjust the pH of the solid-liquid suspensions multiple times on successive days before there
will be a minimum drift in the final experimental pH values. After this period of pH adjustments, further
adjustments in pH values must not be made, and the equilibration period is counted from the last pH
manipulation. A similar approach, in addition to the methodology discussed below, should also be taken

to adjust H™ concentrations for suspensions involving concentrated electrolytes.
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In cases where the studies to obtain thermodynamic data are conducted at high fixed ionic strengths
such as 1, 2, 3, or >3 mol.L” to keep the activity coefficients constant or in salt brines, the measured
potentials with glass electrode are no longer linear and thus electrodes cannot be used to quantify pH. In
these cases alternative methods are required to quantify hydrogen ion concentrations/activities. There are
two reliable methods that can be used to quantify H' concentrations in concentrated salt solutions using ion
selective electrodes (ISE). These methods are described below and involve the use of ISEs with or

without liquid junctions.

4.4.1 Determining H" concentration using ISEs without liquid junctions

Knauss et al. [25] discussed in detail the use of cells without liquid junctions (also see [26, 27]).
They used these cells in combination with a variety of ion selective electrodes to directly measure
thermodynamic quantities like ayc; or activity rations such as ay./an,+ which, in conjunction with analytical
concentrations of the ions to which the ion-selective electrode responds and the use of SIT or Pitzer models,
can be used to calculate the value of the molality of H'. For example, for high ionic strength chloride
solutions the ayc; (Eq. 4, [21]) can be measured with a cell consisting of H" and Cl ion selective electrodes
without liquid junctions.  All the quantities in Eq.4, with the exception of log;, my, are either measured or

calculated with SIT or Pitzer models, and thus log;o my.+ can be evaluated

logio anci = 2 (logio mu+ + logio mei. + logio yu= + logio yci.) “4)

from Eq.4. Thermodynamic models can then be used to convert logig my+ to log;o ay+. The disadvantages
of this method are that it requires an ion selective electrode for the counter ion of interest, thermodynamic
models to calculate activity coefficients of the various species, and the assurance that there are no

interferences in the measurements made by the ion selective electrodes.

4.4.2 Determining H concentration using ISEs with liquid junctions

Rai et al. [24] proposed and successfully used a relatively simple procedure for estimating hydrogen
ion concentrations (pCp+ = — logyy of H concentration) in the Na+—Cl'—SO42'—H20 system using
commercially available combination glass electrodes with liquid junctions. The method was tested over a
wide range of electrolyte concentrations (0.15 to 6 mol.kg™") and pCs values (2 to 12) using pure and
mixed NaCl and Na,SO, solutions. A step-by-step procedure is described for Gran-type titrations of
brines with HCI and/or NaOH to determine hydrogen ion concentrations from the measured/observed pH
meter readings. The method can also be adapted to and has been used for other electrolytes (discussed
later) including complex brines not specifically investigated by Rai et al. [24]. We recommend using this

method because it is easy to use, versatile, and fairly reliable (with uncertainty of + 0.05 pCyy).

Discussed below are the fundamental equations, a brief description, a detailed example for

determining the hydrogen ion concentration in a 5.5 mol.kg"' NaCl solution, and general comments on the

,9,
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use of this method for electrolytes other than NaCl. For details the reader is referred to the study by Rai et
al. [24].

The EMF of a glass electrode with liquid junctions is represented as in Eq. 5, (where E o ) is the
measured potential, Ej(x °rS) s the liquid junction potential, E" is a constant representing the sum of all other
electrostatic potential differences such as between Pt wires, R is a gas constant, T is the temperature, F is
Faraday’s constant, and ap:(x or 5) 1S the H" activity) for a given solution (x) and standards (s). The
operational definition of pH is given in Eq. 6. It can be shown from Eqs. 5 and 6 that the pCy of a given
concentrated electrolyte is related to the observed pH (pH,,) measured with a glass electrode calibrated
against standard buffers by equation Eq. 7 [24], where yy: is the convention dependent molality-scale
activity coefficient of H', AE; the difference in liquid junction potentials between standards and a given

electrolyte solution.

Eworsy = E — (RT/F) In apseors) + B (5)
PH=pH(sT(E—E ) (F/2.303RT) (6)
pCh+ = pHop + logio v+ + (AE;)(F/2.303RT) @)

Neither logjo yu+ nor (AE;)(F/2.303RT) is individually measurable, but their combination “A” [A =
logio vu+ + (AE;)(F/2.303RT)] can be measured through Gran-type titrations because A remains constant in
a given electrolyte solution as the H' concentration changes. Substituting A for (logyy yu: +
(AE;)(F/2.303RT)) in Eq. 7 (Eq. 8), rewriting Eq. 8 in terms of logarithms (Eq. 9), and taking the antilog of
both sides and rearranging yields Eq. 10. The constant A is then obtained by a modified Gran titration
procedure, as described in Appendix A, in which the moles of added free acid per liter are plotted against
Hoy' (i.e., 10P7).  The logarithm of the slope of this curve provides the correction factor “A” needed to

convert the pH,, reading to pCy- using the Eq. 8.

pCu=pHoptA ®)
~logioCr=logoHop +A )
Hop =10"Cyyt (10)

The experimental procedure [24] to obtain the values of factor “A” is described in Appendix A and
was used as an example to determine the correction factor A for determining the H™ concentrations from
measured pH values of 5.5 mol.kg" NaCl solutions using the combination glass electrode. For this
purpose 25 mL of 5.5 mol.kg'1 NaCl solution was titrated with 0.1040 mol.L™' HCI solution at 20°C. The
raw experimental data are listed in Table 4 and are plotted in Fig. 4. The slope of the plotted line ([H  fee,
add] 10° (mol.L'l) Vs. [H+0b]103 (mol.L'l)) was 8.357; using this slope the value of correction factor A (A =
logyo (8.357) = 0.922) was calculated. This value was then used in Eq. 8 to calculate the H" concentration

of unknown 5.5 molkg' NaCl solutions from the measured pH values of these solutions using the
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electrode that was used in titration data listed in Table 4.

The data presented in Rai et al. [24]) shows that the values of the correction factors can also be
determined using a base such as NaOH instead of the acid (HCI), and the values thus obtained are similar to
the values obtained using HCl. If NaOH is used as the titrant, it is necessary to use thermodynamic
models to calculate the K,, of water for the given electrolyte, and the value of H+free, add needed for
evaluating the correction factor A can then be calculated from the relationship [H+free, add = Ky/(NaOH
added in mol.L™")].  In the past some authors have used the same concentrated electrolyte in the salt bridge
as the electrolyte used in the experiments to minimize or eliminate the liquid junction potentials.
However, this does not eliminate the need to determine the value of the correction factor A to accurately
determine the H' concentrations. This is because the correction factor depends not only on the liquid
junction potentials but also on the activity coefficients of H', and the latter can be significantly different
than in the buffer solutions. For example, when titrations were performed for 6 mol.kg” NaCl with an
electrode that contained 6 mol.kg'l NaCl in the salt bridge, the value of the correction factor was found to
be 1.27 [24].  For electrolytes (such as NaCl, CaCl,, NaClO,4, MgCl,) that do not chemically react with H'
the procedure described in Appendix A, where acid is used for titrations, can be used with one
modification: the salt bridge should be filled with NaClO, for titrations of electrolytes involving
perchlorate to avoid precipitation of KCIO4 when using standard electrodes that normally contain KCl as
the salt bridge. Extra precautions are required to determine correction factors for electrolytes that react
with H™ (e.g., sulfates which would react with H' to produce HSO,) or with OH™ (e.g., electrolytes
containing Mg that would react with OH™ to produce Mg(OH),(s)). The calculation of correction factors
in these cases requires that the amount of H™ or OH consumed by these side reactions be accurately
determined. For example in the case of titrations of sulfate electrolytes with H', the total amount of
hydrogen added (H",44) can be converted to H+ﬁ~ee, add (Eq. 11) from the apparent equilibrium constant (Kggp,
calculated using thermodynamic equilibrium models for the given electrolyte) for the HSO, formation
reaction (H+ + SO42' = HSO,) and the knowledge that total H' 44 is the sum of H+free, ada and the amount of

HSO, produced in titration.
H fecaaa= (H'aaa) / [1 + Kapp (304)] (11

The procedure described in Appendix A has been successfully used for a large number of relatively
dilute to concentrated (as high as 9 mol.kg") simple electrolytes, mixtures of electrolytes, and synthetic
brines. For examples, the procedure has been used for NaCl [24, 28-30], NaClO4 ([30]), CaCl, [31, 32],
MgCl, [29], mixtures of NaCl and Na,SO,4 [24], and synthetic brines containing Na, K, Ca, Mg, Cl, SOy,
and Br [33, 34].

4.43 Use of Thermodynamic Models to Set up Experiments for Relatively Concentrated Electrolytes

Containing Known H" Activities

,11,



JAEA-Technology 2013-002

Thermodynamic models (e.g., Pitzer and SIT) can be used to determine molality of a particular acid
required for a given electrolyte or mixture of electrolytes to obtain a certain pH value. These
combinations of acids and electrolytes can then be used to set experiments to obtain thermodynamic data.
This method can be used for all electrolytes or mixtures of electrolytes whether or not they react with H' or
OH'. This method is most accurate when used for relatively acidic or basic conditions. Rai et al. [1, 13,
35] used this method to calculate the HCI molalities at different NaH,PO4 molalities ranging up to 1.0
mol.kg” required to obtain a constant pH value of 2.5 for studies involving solubilities of PuPO, and
NdPO4 or 1.4 for studies involving BiPO4. An example of the use of this method for fixing pH 2.5 for
studies involving PuPOy, is discussed below. For these calculations Rai et al. [13] used the Pitzer model
(GMIN code, [36]) that included appropriate ion-interaction parameters and the required thermodynamic
data (Tables 5 and 6). Based on these calculations the HCI molalities required for different NaH,PO,
molalities to control pH value at 2.5 were determined (Table 1). Rai et al.’s [13] data involving these
solutions showed that the measured pH values (although measured pH values in the relatively high
NaH,PO, concentrations are not expected to be reliable) were very similar to the calculated pH (2.5) for

these solutions, thereby showing that this method is reliable.

4.5  Experiments involving carbonate as a ligand

Carbonate makes stable solid phases and strong complexes with many elements. Therefore, it is
equally important to be aware of the need to keep carbonate out of the experimental systems as it is to
control its concentrations. Carbonate impurities in experiments can result from two different sources, 1)
experiments conducted in air in relatively acidic to alkaline conditions, which can be avoided by
conducting experiments in atmospheric control chambers with inert gaseous atmospheres, and 2)
experiments using relatively large quantities of bases that normally contain significant soluble carbonate
impurities, which can be avoided by using carbonate-free bases either purchased or through in-house

s 2
preparations”.

Carbonate concentrations can be controlled in two different ways, by1) controlling partial pressure of
COy(g) primarily in studies involving relatively acidic conditions, and 2) the addition of standard carbonate
solutions. It should be mentioned that when studies are conducted as functions of COy(g), it is important
that soluble total carbonate concentrations in the experimental solutions are analytically determined and are

compared to calculated values based on thermodynamic data, pH, and CO,(g) partial pressures to make

2 Based on analytical carbonate concentration in the base, it can be reacted with BaCl, solution containing 10%

more BaCl, than the carbonate equivalent and by removing the precipitated BaCOj; and storing the base in a
COy(g)-free gaseous atmosphere (e.g., see [37]). However, it should be made certain that the excess
carbonate-precipitating agent, Ba in this case, will not significantly interfere with the reactions investigated. If
the carbonate-precipitating agent is expected to interfere, then one can choose to add only the equivalent amount
of this reagent to the carbonate equivalent amount in the base.
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certain the solutions are in equilibrium with the given CO,(g) partial pressures; sometimes due to kinetic
effects and/or experimental constraints the solutions may not truly be in equilibrium with the given CO,(g)
pressures (e.g., see [38]). Additionally, the solid-water suspensions can be spiked with known quantities
of standard carbonate solutions, calculated as stated above, to make certain that the suspensions are indeed
in equilibrium with the given CO,(g) pressures. A couple of things must be mentioned in regard to
controlling carbonate concentrations through the addition of standard carbonate solutions. ~Firstly, COs> is
the dominant species at pH values >~10.3, and secondly, at pH values of <10.3 there will be a mixture of
different carbonate species (H,CO;(aq), HCOj, CO32') and the dominant species will depend on the pH.
These experiments should be conducted in sealed containers (preferably glass) to avoid either in-gassing or
out-gassing of CO,(g). Since carbonate species depend on the pH, especially at pH values <10.3, it is
important that the pH values either are precisely known or are calculated from the geochemical codes.
Experiments with carbonate solutions at pH >~10.3 are relatively easy, and precise pH values can be

calculated from the molalities of the base and the carbonate solutions used in experiments.

5 Expected results

It is important to anticipate different possible results of the experiments that are to be conducted. In
this regard, one can do a preliminary modeling based on the available thermodynamic data. The reason it
is important to know about the expected results is so that one can before hand anticipate problems that may
be encountered during the experimentation and take steps to address these problems. Here are several
examples, along with ways to handle the problems. 1) To maintain a certain range in oxidizing/reducing
conditions, it is important to test/acquire beforehand redox agents or equipment that will help maintain
these stringent conditions. 2) With solid phases that are expected to show very low solubility, it is
important to make certain that sensitive analytical methods will be available. 3) Certain ligands (e.g. Si)
are highly soluble only in high pH but not in low pH. Because the equilibrated solutions are routinely
acidified during analyses using analytical techniques such as ICP-MS, it is necessary to plan for this type of
problem beforehand; otherwise the analytical results will be unreliable. 4) In conditions where the
original solid phase may convert to a different solid phase (e.g., as a function of pH, or as a result of
increase in ligand concentration which may result in double salt), anticipating such changes will help
develop/use appropriate analytical and modeling methods or plan for selecting appropriate ranges in
variables. Having discussed the usefulness of anticipated results for practical planning and analyses use, I
want to emphasize a fact that every researcher must be constantly careful about. We are very likely to see
the results we expect because we have that mindset. It is extremely important to look at the results with a

completely open mind.

6 General equipment requirements
Depending on the metal-ligand systems under investigation, there is a large list of equipment that
may be required for these studies. For examples, 1) analytical equipment for measuring total metal

concentrations (generally ICP-MS for elements and radio-counting equipment for radioactive elements),
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ligand concentrations, and pH, 2) equipment for measuring oxidation states and species (such as solvent
extractions, various kinds of spectrophotometers, EXAFS), 3) equipment for characterization of solid
phases (X-ray diffraction, EXAFS, SEM equipped with EDAX, wet chemistry laboratory facility for total
chemical analyses), 4) atmospheric control chambers for redox-sensitive experiments and where partial
pressure of different gases needs to be controlled, and 5) filtration and sample preservation methodology
and equipment. It is assumed that either the appropriate equipment is available or the researchers have

access to such equipment for analyses of samples.

7  Conducting experiments

Examples of methodology that can be used to conduct experiments in several different types of
systems are: for H/OH™ [15, 37, 39]; for carbonate [8, 9, 12, 38, 40, 41]; for sulfate [40, 42]; for phosphate
and EDTA [13, 17, 35, 43, 44]; and for brines [33]. These are just examples and this is by no means an
exhaustive list. Nor does it mean that all studies in these systems should follow the procedures outlined,
but rather that the procedures used in these studies can be adapted to other similar studies. It is generally
best to review the literature to determine what methodology others have used under similar conditions and
to determine for yourself whether the methodology previously used is sound or needs improvements. For

these reasons only a very general and brief description is provided here for conducting experiments.

For the selected solid-ligand system, a finite quantity’ of the solid phase is added to a vessel,
usually a 50-mL centrifuge tube (because it is convenient to be able to centrifuge the sample for aid in
separating the solid phase from the aqueous phase) containing a stir bar and about 40 mL of the standard
ligand/ionic-medium solution®. Several different samples in a given set and different sets with standard
ligand solutions at fixed or variable pH values may be required for developing a reasonable quantity of
experimental data to obtain reliable values for thermodynamic constants. For systems sensitive to H"
concentration, it may be necessary before initiating the equilibration period to periodically adjust the pH
values of the samples to either obtain a broad range in pH values evenly spaced along the pH scale or to
obtain a fixed pH value. In these cases, it is necessary to accurately record the amount of the acid (usually
HCIO,) or base (usually NaOH) used to accurately calculate the total aqueous concentrations of Na and the

anionic component of the acid in aqueous solutions. The samples should be equilibrated in atmospheric

3 For radioactive solid phases it is desirable to use the smallest amount of the solid phase necessary in order to
avoid unwanted side effects due to radiolysis. An ideal amount of the solid is approximately 5 to 10 mg in
excess of the maximum amount of the solid that can dissolve under the given experimental conditions. If,
however, the solid phase will need to be characterized, the amount of solid phase will have to be increased.

* A 40-mL amount is usually sufficient to analyze the samples 3-4 times to check for an approach to equilibrium.
The experiments may involve low ionic strength ligand solutions or ligands in a high constant ionic strength
non-complexing ionic media such as NaClO,4 or NaCl as may be needed to represent geological environmental

conditions.
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control chambers, but can be equilibrated on bench top if it is determined that the CO,(g) and or O,(g)

partial pressures in the air will not interfere with the experimental variables.

The samples thus prepared are continuously shaken under controlled temperature conditions until
analyzed. Periodically the samples are analyzed (generally at intervals of one week, two weeks, and
four weeks which is sufficient for samples to reach equilibrium, but a given system may require either
considerably shorter or longer equilibration period to reach equilibrium) until at least two successive
analyses show similar metal concentrations as a function of pH/ligand concentrations. At each
equilibration period the pH and/or Eh values (as appropriate for the given system) of the suspensions are
measured using electrodes standardized against buffers covering the range in values expected in the
samples’. At each equilibration period, the samples are centrifuged and a finite amount of the sample is
filtered through as fine a membrane filter as possible. It is always desirable but in some cases it is
absolutely necessary’ to adjust the pH values of the filters by equilibrating them with water adjusted to the
pH values of given samples and to filter a small portion of sample and discard the filtrate before collecting
the filtrate for analyses as described in [42, 45]. It is always also a good idea to conduct a few simple
experiments with filters to check how effectively they separate the solids from solutions, as for example
discussed in Rai et al. [46]. The filtrates are analyzed for total chemical composition, oxidation states, and
speciation. At least at the end of the experiment but preferably at other equilibration periods as well, the

solid phase should be characterized.

7.1 Quality control
If the experiments are worth doing then it is worthwhile to be sure that 1) the experimental systems
and samples used are well described, 2) that the experimental procedures used are the best that are available,

and 3) that they are well documented. A few of the necessary quality control issues are discussed below.

It may seem trivial, but it is very important that the sample designations used are unique for each
sample in any set and convey something about the experiment without having to look up the sample
numbers in a laboratory book. I learned early in my career that poor sample designations can have very

bad consequences. For example, while collecting fairly dry soil samples we had written sample numbers

> The solid/liquid suspensions should be continuously and slowly stirred during these measurements. There is

generally a continuous slow drift in these measured values. Rather than assuming that these values have
stabilized at an undefined time, we have consistently taken these readings at 2-minutes and 5-minutes and have
found them to be similar in most cases. The 2-minute and 5-minute readings can be used as guides to ascertain
whether the values have stabilized. We have noticed that rarely more than 5-minutes are needed before the
values stabilize.

6 It is necessary to take these steps. We found by experience that the filters were changing the pH values of the
samples which in turn changed the aqueous metal concentrations.
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in ink on pieces of paper which we inserted into the plastic sacks along with the soil. When we opened
the plastic bags a few days later in the laboratory all our sample numbers were illegible. We would have
had to go on another sampling trip if we had not also put tags on the outside of each sampling bag. On
other occasions we designated samples with 1-20 and a few months later we started another similar set with
1-20 sample numbers. We had not planned to carry these experiments over several years, but we ended up
doing so. The end result was that we had a very difficult time connecting the analyses to a particular set
and even determining the year we started them. Of course this was before the computer age and when
only written notes were made. Since then we have developed a very comprehensive system of designating
the samples which has helped us keep the sample numbers and associated analyses straight. I will briefly
describe the system we used. I do not mean to suggest that this is the only system, but rather that some
elements of this system should be incorporated in sample designation. Any scheme of sample designation
can be used so long as it would help the researcher himself (and also someone else who might look at the

results) to know which set/sets of experiments correspond with the given analyses.

The sample designation scheme we have successfully used is as follows: dd/mm/yy - Element/site -
Chemical system under investigation - Sample number - Equilibration period. For example, we start two
different sets with 15 samples each. The first set begins on November 10, 2012 on PuO,(am) solubility as
a function of EDTA at a fixed pH value of 12, and the second set begins on the same day but as a function
of pH at fixed EDTA concentration of ImM. We analyze both sets after seven days. Our sample
designations for the first sample of these sets will be: 101112-Pu-vEDTA pH12-1 for set I and
101112-Pu-vpH-1mMEDTA-100 for set II. For the seven day analyses of these samples the designations
will be 101112-Pu-vEDTA-pH12-1-7 and 101112-Pu-vpH-1mMEDTA-100-7 respectively (where v stands
for variable). Note that not only the designations differ but also that the starting sample number in each
set is drastically different from each other (1 and 100 in the above example) so there is no possibility that
the analyses for first set could ever be confused with analyses for the second set. The two most important
aspects of sample labeling are 1) the number will include identifying information (such as

Pu-vEDTA-pH12 in above sample) and 2) no two samples will ever have the same sample number.

The experimental procedures, standard solutions and buffers used in experiments should be well
documented. The standards should be current and not expired. It is also the responsibility of the
scientists that the records of calibrations of different instruments are maintained. The detection limits for
analytical analyses by different instruments must be verified for systems under investigation. Appropriate
standard protocols for good practices should be followed. For example, when the analyses are done by
ICP or ICP-MS, several different dilutions of the given sample must be made and analyzed to be sure that
the results are reliable and that the results are replicated. When the concentrations are near the detection

limits it may be necessary to use the known additions method to verify that the results are reliable.
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8 Interpreting experimental data

The experimental data are plotted with metal concentration as the Y-axis and the independent
variable such as ligand concentration as the X-axis. In most cases, the metal concentrations are dependant
on more than one variable in the experiment (e.g., pH and some other ligand). In a case where the
experimental information is available for the system as a function of pH at fixed different concentrations
of the ligand, several different plots of pH vs. metal ion concentrations are made corresponding to each
different concentration of the ligand. If the available data is as a function of the ligand at different fixed
values of pH, several different plots of ligand vs. metal ion concentrations are made corresponding to each
different pH value (e.g. see [1]). For convenience in interpreting the data, metal ion and ligand
concentrations are plotted in logy of the concentration in mol.kg”. If the system is very simple (i.e., low
ionic strength and different regions in the graph are represented by only one dominant reaction), then it is
relatively easy to interpret data by using simple electrolyte models to calculate ionic activities (e.g., Debye
Huckel or Davies equation) and linear regressions. However, only occasionally are the experimental
systems simple enough that this approach can be used. Most often the experimental systems are very
complicated in that the ionic strengths may vary and be high with multiple reactions that are involved in
any given region, so it is necessary to use complicated electrolyte models (e.g., SIT and Pitzer) with many
different terms and many different species that may vary as a function of pH and/or ligand concentration. In
cases such as these, simple calculations cannot be used to interpret the data but require computerized fitting
codes that use SIT and Pitzer formulism (e.g., NONLIN-SIT, [21]; INSIGHT, [47]). These fitting codes
can be used to predict concentrations with a given chemical model or to fit not only the chemical potentials
of the chemical species of interest but also the ion-interaction parameters from multiple samples and data
sets simultaneously and allow the calculation of activities of different ions/species to obtain values of

thermodynamic constants.

It must be emphasized that it is absolutely necessary not only to accurately interpret the experimental
data but also to develop a consistent and comprehensive thermodynamic model based on these data and the
literature data that are reliable. Very often, the authors just report values of equilibrium constants reported
in the literature for the reactions they evaluated. This is not sufficient. If the values reported in the
literature are reliable then they must be used in the model to interpret the current experimental data or to
verify the literature values. If, on the other hand, the experimental data reported in the literature are of
good quality but the original authors misinterpreted the data’ or did not interpret it at all, then it is the
responsibility of the authors to reinterpret these data and develop a comprehensive thermodynamic model
consistent with all of the data (for examples of these aspects and where the reinterpretations provided
reliable values see [1, 21, 48]. It is also clear from the above discussion that interpretational tools (such as

NONLIN-SIT and INSIGHT) are necessary for these interpretations because of the additional

7 Due to the inclusion of species they should not have, use of an electrolyte model of uncertain quality, or a
model that is drastically different from the one being used to interpret the experimental data and which explain

literature data.
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complications involved in these studies conducted using different techniques (such as solvent extraction

and potentiometric titrations) and ionic media.
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Table 1. Calculated HCl molkg" required to fix a pH value of 2.5 for various NaH,PO, mol.kg"

solutions along with the observed pH meter readings for these solutions [13]

log;o [HCI] (molL.kg™) log; [NaH,PO,] (mol.kg™) PH observed)
-2.479 -4.000 2.480
-2.479 -3.699 2.493
-2.456 -3.398 2.494
-2.444 -3.097 2.502
-2.420 -2.796 2.480
-2.367 -2.495 2.517
-2.268 -2.194 2.485
-2.143 -1.893 2.484
-1.971 -1.592 2.484
-1.770 -1.291 2.481
-1.538 -1.000 2.485
-1.284 -0.699 2.484
-1.018 -0.398 2.491
-0.842 -0.222 2.491
-0.717 -0.097 2.510
-0.620 0.000 2.502

* pH values reported by Rai et al. [13]for the solubility of PuPOy(cr, hyd.) in the HCI and NaH,PO,

solutions equilibrated for 6 days.
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Table 2. Redox potentials of selected reactions involving redox agents and actinides
Reaction | logio K’ | E° (V)
Selected Redox Agents [19]
28037 +2H,)0 +2¢ = 8,0,% +40H | 3786 112
Fe2+ +2e = Fe -13.82 -0.409
Zn2+ +2e =7n -25.79 -0.763
Pb2+ +2¢ =Ph -4.25 -0.126
Fe3+ +e= F62+ 13.01 0.770
Selected Actinide Reactions [49]
U022+ At 2o = U4+ +2H,0 9.038 0.267
Np02+ LA+ o= Np4+ +2H,0 10.212 0.604
Pu4+ te = Pu3+ 17.694 1.047
Pu02+ +agT + e = Pu4+ +2H,0 17.453 1.033
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Table 3. Redox agents used in controlling different actinide oxidation states
Redox Agent Effective in | Reference Comments
controlling
Fe powder U(Vv) [10, 12,22, 50] Suitable only for alkaline
Np(IV) [6, 50] pH, effective in dilute
Pu(III) [34, 50] solutions, very sluggish in
brines
Fe(ID) Pu(1lD) [51]
Na,S,04 U((Iv) [7, 10, 23] Very effective in a wide
range of pH
Np(IV) [6,7,8,52] Very effective in a wide
range of pH
Tc(IV) [28] Alkaline conditions
Zn - metal U(Iv) [23] Not very effective
Np(V) [6]
Pb - metal Np(IV) [6] Not suitable
Ni - metal Np(I1V) [6] Not suitable
Cu(I)/Cu(I) Np(IV) [53] Effective in low pH, dilute
solutions
EuCl, U((Iv) [4, 22, 29] More suitable in acidic
conditions
Tc(1V) [28] Acidic conditions
NH,OH.HCI Np(IV) [8, 54] Unsatisfactory in alkaline,
okay in acidic
NH,.NH, Np(IV) [8] Unsatisfactory in alkaline
conditions
Te(IV) [28] Satisfactory in  acidic
conditions
Hydroquinone Pu(IID) [51] Effective in acidic
conditions
NaOCl Pu(VI) [55] Very effective in a wide

range of pH but higher the
pH more stable is NaOCl
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Table 4. Titration of 25 mL of 5.5 mol.kg™' NaCl with 0.0104 mol.L"" HCI at 20°C (after [24])

pHoy" HCl added (mL) HCI added (mol.L™")°
8.210 0 0.000E+00
7.840 0.025 1.039E-05
7.110 0.05 2.076E-05
6.801 0.053 2.200E-05
6.598 0.055 2.283E-05
6.432 0.057 2.366E-05
6.138 0.06 2.490E-05
5.924 0.062 2.573E-05
5.756 0.064 2.656E-05
5.606 0.066 2.738E-05
5.450 0.069 2.862E-05
5.309 0.071 2.945E-05
5.159 0.074 3.069E-05
4.998 0.077 3.193E-05
4.884 0.08 3.317E-05
4.761 0.083 3.441E-05
4.639 0.086 3.565E-05
4.548 0.09 3.731E-05
4.423 0.094 3.896E-05
4.323 0.098 4.061E-05
4.222 0.103 4.267E-05
4.138 0.108 4.473E-05
4.040 0.114 4.721E-05
3.963 0.12 4.968E-05
3.884 0.127 5.256E-05
3.804 0.135 5.586E-05
3.727 0.144 5.956E-05
3.656 0.154 6.367E-05
3.577 0.165 6.819E-05
3.515 0.177 7.311E-05
3.439 0.193 7.967E-05
3.383 0.209 8.622E-05
3.300 0.231 9.522E-05
3.246 0.249 1.026E-04
3.179 0.274 1.127E-04
3.118 0.301 1.237E-04
3.055 0.334 1.371E-04
2.998 0.37 1.517E-04
2.929 0.414 1.694E-04
2.874 0.458 1.871E-04
2.874 0.458 1.871E-04
2.816 0.511 2.083E-04
2.764 0.57 2.318E-04
2.702 0.642 2.604E-04
2.649 0.713 2.884E-04
2.599 0.795 3.205E-04
2.551 0.888 3.567E-04
2.499 0.995 3.981E-04
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Table 4 Titration of 25 mL of 5.5 mol.kg ™' NaCl with 0.0104 mol.L""HCI at 20°C (after
[24])(Continued)

pHyp' HCI added (mL) HCI added (mol.L™")"
2.457 1.105 4.402E-04
2.410 1.236 4.900E-04
2.368 1.37 5.403E-04
2.325 1.518 5.953E-04
2.287 1.673 6.523E-04
2.254 1.843 7.140E-04
2.217 2.034 7.825E-04

“The 1077 is plotted as [H'45]10° (mol.L ™), the Y—axis in Fig. 4

®The HCI (mol.L") added [(25 x 0.0104) / (25 + mL of HCI added)] is plotted as

[H free. aaa] 10° (mol.L™"), the X-axis in Fig. 4.
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Table 5. lon-interaction parameters for the Pitzer model used to calculate HCl mol.kg™ required to fix

a pH value of 2.5 for various NaH,PO, mol.kg" solutions

Binary parameters

Species B g p? c® Reference
Na'-H,PO, -0.0533  0.0396 0.00 0.00795  [56]
Na'-HPO,* -0.0583  1.4655 0.00 0.02938  [56]
Na*-PO,* 0.17813  3.8513 0.00 -0.05154  [56]
Na'-OH 0.0864 0.253 0.00 0.0044 [57]
Na'-C1° 0.0765  0.2664 0.00 0.00127  [57]
H-Cl° 0.1775  0.2945 0.00 0.0008 [57]

Ternary parameters"
H;PO,-H;PO, 0.0503 [58]
H;PO,-H,PO, -0.4 [58]
H;PO4-H" 0.29 [58]
H'-Na" 0.036 [57]
H-Na'-Cl’ -0.004 [57]
Cl' -OH -0.05 [57]
CI' -H,POy4 0.1 [58]
Cl' -OH -Na" -0.006 [57]
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Table 6. Dimensionless Gibbs free energies of formation(A;Gy/RT) used to calculate HCI mol.kg™

required to fix a pH value of 2.5 for various NaH,PO, mol.kg'1 solutions (all values from [49])

Species AmeO/RT
H3PO4(aq) -463.647
H,PO, -458.719
HPO,* -442.113
PO, -413.676
cr -52.932
Na" -105.670
H,0 (1) -95.661
OH -63.421
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Fig. 1. Total Sn concentrations (solid line) and Sn-OH species in equilibrium with cassiterite (SnO,) at pH
values of < ~ 11.7 and with Na,Sn(OH)e(s) at pH values > ~11.7 for different periods as a function of
pH[15]
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Fig. 2. Solubility of Fe(OH);(am) in 0.0001 mol.kg™' EDTA as a function of pH and equilibrated for 27 days.
Solid line represents total Fe concentration and other lines represent concentrations of different species

as marked in the figure (after [17])
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Fig. 3. Solubility of PuOy(am) in 0.0001 mol.kg! EDTA as a function of pH. Solid line represents
predicted total Pu concentration and the other lines represent concentrations of different species as

marked in the figure (after [17])
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Fig. 4. Titration of 5.5 mol.kg" NaCl with 0.0104 mol.L"" HCI at 20°C using the Orion-Ross combination
glass electrode (raw data are listed in Table 4) (after [24]).
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APPENDIX A.

Determining H concentrations in concentrated electrolytes using combination glass electrode:

Procedure

The equipment required for this procedure includes 1) pH meter equipped to read out in pH
units to a precision of at least 0.01 units, 2) combination glass pH electrode (e.g., Orion-Ross), 3) pH
buffer solutions (2, 4, 7, 10), 4) a buret capable of delivering titrant accurate to 0.001 mL, 5)
standardized acid solution (0.01 to 0.1 N, also see next section for selecting exact normality of acid),
6) transfer pipette, 25.0 = 0.1 mL, 7) titration vessel with cover, and 8) purified N, gas for sparging.
The steps (i- v) involved in this procedure along with the method of calculating the correction factor A

(described in text Eq. 8) from the data generated using these steps are described below.

Steps in the procedure
i.  Calibrate pH electrode and meter using pH buffer solution at 4 and 7, referring to the pH
meter manual as a guide. Measure and record the electrode response in pH 2 and 10 buffers

to note the reliability of measured values but do not adjust the meter.

ii.  Deliver 25.0 £ 0.1 mL of the electrolyte for which calibration is required into the titration
vessel and sparge this solution with purified N, gas for 5 minutes before beginning the

titration. Continuously sparge and stir the solution throughout the titration procedure.
iii. ~ Measure and record the temperature of the solution to a precision of + 1°C.

iv.  Add the standardized acid to the titration vessel containing the sparged electrolyte solution
until an appropriate pH change is observed. Select the normality of the acid so that 1) the
volume of the acid can be accurately measured to observe pH changes of about 0.2 to 0.4 for
pH units above 4.5 and of 0.1 pH units for pH <4.5, and 2) the total volume of acid used by
the end of titration is less than 10% of the original volume of electrolyte used for titration.
Record the normality of the standard acid (N), measured pH (pH,), and the corresponding

volume in mL of added standardized acid (V).

v.  Repeat step iv until a final pH value of about 2 is observed. Different electrolytes will
depress the measured pH values by different amounts, thereby requiring some adjustment to

the measured pH range over which the data is taken.

Calculations

1. Calculation of acid added and measured

a. Equivalents of H'/L measured, Y; = 10™"

,34,
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b. Equivalents of H+free’ .a¢/L added to titration vessel, X;.  X; = (ViN)/(Z + V)):
Normality (N) of standard acid per liter is added to the titration vessel containing Z
mL of electrolyte solution for electrolytes such as NaCl that do not chemically react
with added H'; in these cases the added H" equals H' free added (H fce, saa). The Z in
most situations is selected to be about 25 mL (as stated in procedure step ii), and the
normality of the acid is selected in such a way that the total volume of acid added by
the end of titration does not exceed about 10% of the volume (Z) of electrolyte used in
titration. Note that the value of X; will involve a different equation for electrolytes

such as Na,SO, that chemically react with added H" (see [24] for details)
1. Data set selection for calculation of correction factor A

Plot Y; as the Y—axis and X as the X—axis. For further calculations select those (X;, Y;) data
pairs that yield a linear relationship by visual inspection.

iii.  For the selected (X, Y;) data pairs, use a linear correlation to calculate the slope of the line
(slope = (X;Y; — (X;Yi/m))/(Xi* — Xi*/n)).

iv.  Calculate pCy+ from the following relationship:

pCu=pHqptlogio(slope) (8)

where logj, (slope) = A, the correction factor described in Eq. 5.

,35,
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