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ABSTRACT KEYWORDS

The AKUFVE techniques were developed by Rydberg and co-workers in the Solvent extraction; stability
1960s. The main aim was to be able to perform a series of liquid-liquid constants determination;
extraction data varying one or more parameters and at the same time achieve activity coefficients; AKUFVE;
very pure phases. As such, this technique was later used for short-lived isotope hydolysis

studies in the SISAK system, but also as a standalone unit for a large number of

thermodynamic studies of extraction systems both for fundamental under-

standing as well as more applied investigations. In this paper, the apparatus

with modifications made over the decades is described. In addition, studies

with stability constant determinations for the zirconium-water-acetylacetone

system as well as lanthanide extraction using bromodecanoic acid are exem-

plified to demonstrate the potential use of the technique. The results shown

clearly demonstrate the versatility and ability of the AKUFVE system.

Introduction

Stability constants play a fundamental role in quantitative solution chemistry investigations. Using them
correctly, i.e. selecting the right value and correcting it in an appropriate way for chemical activities that
describe the effects of solution (e.g. ionic strength and temperature etc.), often provides reasonable
predictions for the complexes formed in a given solution. Thus, it is clear that determination of these
fundamental constants is pivotal to be making accurate chemical predictions based on solution speciation.
Measured stability constants are compiled in databases such as the NEA series!"! and more specific reviews
e.g. the one by Brown and Ekberg'” on the hydrolysis of metal ions. Several methods have been used for
determining stability constants and several of these are described and summarised in reference.”! The cited
references also describe methods for making corrections for chemical activities in aqueous solutions.
Among the experimental techniques used with great success for determination of stability constants
(mainly for metal ligand complexes) is solvent extraction. The process of shaking test tubes, i.e. batch
extraction studies, is however, cumbersome, and therefore, the AKUFVE! unit was created in the 1960s."’
The AKUFVE unit, as the Swedish acronym suggests, allows the user to continuously collect samples from
a dynamic system where the two phases are in constant equilibrium. As the two phases are continuously
separated and returned to the mixing stage, the AKUFVE unit could theoretically be fitted with detectors
for direct on-line analysis of each phase. Various parameters affecting the chemistry can be controlled, for
example, pH, ligand concentration, metal concentration etc., thereby providing smooth curves of species
distribution ratios versus some parameter, which can then be evaluated using a systematized but consistent
theoretical framework (see below). During the 1980s, the AKUFVE unit was developed further with
a sample withdrawal AMX-pump (Automatic MiXing pump) fitted, for mixing in a scintillation cocktail
for on-line liquid scintillation counting in flow cells or adding acidic solutions to the collected sample to
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"The AKUFVE is a Swedish acronym for: Apparat for Kontinuerlig Utvardering For Vatske-vétske Extraktion. This roughly translates
to: apparatus for continuous evaluation of liquid-liquid extraction.
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minimise sorption that may otherwise affect detection.'*! The development of the equipment continued
and, for example, an AKUFVE unit able to handle redox equilibria was developed by Ekberg in the 2000s."’

In addition to being used in continuous mode, the AKUFVE centrifuges were also used to study
short lived isotopes'®”! using the SISAK (Short lived Isotope Studies using the AKufve) technique
which was developed for studies of super-heavy element chemistry.®*!

Theory

The principle of extracting an element or substance from one solution to another is well-established.
Buchholz!"®! described experiments where the extraction of uranyl nitrate from a water to an ether
phase was performed. He was also able to strip the uranium compound from the organic phase back
to the water phase. Buchholz concluded that the extraction was dependent on the volume ratio
between the organic and aqueous phase and the concentration of the element in the aqueous phase.
Rydberg outlined the use of solvent extraction for determination of stability constants in the
1950s.''2) When the method was first developed, the expressions derived (see below) were often
analysed graphically, but with the advent of computers, more sophisticated methods of fitting were
applied such as the ground-breaking work by Rydberg and Sullivan.!"*! This paper even introduced
a statistically sound method of estimation of uncertainties of the determined stability constants.!**
Unfortunately, due to the relative complexity of computer systems at that time, and also the
complexity of the code itself, the uncertainty methodology did not gain wide acceptance. It was
not until the middle of the 1990s that stability constants determined by solvent extraction first
received a thorough uncertainty analysis.'"*~'¢!

The extraction system consists of two almost immiscible liquid phases and, in many cases, an
extraction reagent. There exist several kinds of extraction reagents, e.g. chelating reagents, ion
exchange reagents, etc. The extraction model varies for each type of reagent and knowledge of the
mechanisms is essential for some investigations, e.g. determination of stability constants. The theories
outlined below, however, deal mainly with acidic extraction agents since they are very useful in
determining hydrolysis constants. There is similar reasoning for other extraction mechanisms, but
there may be more factors and constants to take into account in these other evaluations.

The actual extraction process is usually done by contacting the desired phases in a test tube, e.g.
shaking. The test tube is then often centrifuged to ensure good phase separation, thereafter samples
are taken from each phase and analysed.

The main principle of extraction theory is that the desired element (usually in ionic form) can be
bound to an organic or inorganic ligand giving an uncharged complex. The complex will be
distributed between the two phases and the distribution is dependent on the hydrophilic/hydro-
phobic properties of the complex, i.e. the more hydrophobic the complex, the greater the concen-
tration in the organic phase. In many studies, it is assumed that the organic and aqueous phases are
completely immiscible, i.e. no mutual solubility exists. This is not generally true, but for the practical
purposes discussed here, it is considered a valid assumption.*!

Figure 1 shows an example of an extraction system for a tetravalent ion (Th(IV)) extracted by an
acidic extractant, acetylacetone (HAa), with competing complexation in the aqueous phase via hydroxide
and phosphate complexes. Clearly, this system comprises many thermodynamic constants that need to
be determined. Determination of the complexation of the deprotonated extraction agent, A”, can initially
be considered, where it is assumed that the distribution of the uncharged extracting agent between the
organic and aqueous phase is known, as described by Equation (1) (see also Figure 1).

[HA]
ky = o8 1
1= TH A, (1)
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Figure 1. A typical example of the chemical extraction system for a tetravalent metal and a monovalent acidic extraction agent.
The reaction stability constant subscripts are in the order (metal, acetylacetonate, hydoxide, phosphate).

where the subscript ‘org’, or ‘o’ denotes a species in the organic phase, while ‘aq’ denotes a species in
the aqueous phase. It can also be assumed that the deprotonation constant K,, as described by
Equation (2) (see Figure 1) and the dissociation constant of water, K,,, are known.

H|[A~

o _[HA] o
[HA]

The distribution of the element of interest between the two immiscible liquids can be expressed in
terms of a distribution ratio, D (or D value). Often radiotracers are used for determining the
distribution ratio and by using the fact that the concentration of a radioactive element, M, is
proportional to the specific radioactivity, Equation (3) is obtained.
[M]tot,org _ h

D =
MM Saq

3)

tot,aq

where S denotes the specific radioactivity of the radiotracer used (Bq/ml). The distribution ratio, Dy,
is not a constant since it is dependent on, among other things, the ligand concentration, [L]. In
extraction studies, the D value is used to determine the stability constants described by:

gMY* + A" = M AT (R1)
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where i is the activity coefficient for species i.
For mono-acidic extraction reagents, it can be assumed that:

(i) only mononuclear species exist; and
(ii) only one species is extractable, i.e. the electroneutral complex MAn.

This assumption is generally not transferable to other extraction mechanisms. Then, the partitioning
of the uncharged complex between the phases is given by:

o ))MAmo [MAn]org

= (5)
)/MAn [MAn]aq
It is now possible to derive an expression for the D-value using stability constants.
MA,|,,
Dy = [ ] 8 o=
M) + [MA®D] 4 + M)
T aia, MAlg oy AR M AT ©

M™] + [MAC-DH] + .+ [MAPH] zk:MiAﬁi[M“*][A_}i

=0 Tma

where g is equal to one by definition. The right-hand side of Equation (6) may be simplified by
division of the activity of the free metal ion:

AnYata, Lﬁn [Af}n

YMano YMaA,
Dy = —”Ak ;f"ﬁ‘ i 7)
Ali —
Sho har]

In a more general system, for example, where hydrolysis may be important, the hydroxide species are
also in the aqueous phase together with other species of interest, as shown below.

To make the evaluation of stability constants a more straightforward process, e.g. to avoid using
activity coefficients, some assumptions need to be made.

(1) The activity coefficient for the uncharged complex in the organic phase is constant during
the experiment. This condition may be obtained using tracer concentrations of the metal
and reasonably high concentrations of the ligand.!"”! When this condition is met, the activity
coefficient may be combined with A, which can then be assigned as a system dependent
constant.

(2) The activity coefficients for the aqueous species are also assumed to be constant during the
experiment, owing to utilisation of a high concentration of a background electrolyte, thus
simplifying the evaluation.

It is clear that the stability constants obtained by the above reasoning will be system dependent, since
what is actually determined is the quotient shown in Equation (8).

yiLﬂi
YMma;

,i=1.n (8)
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The only way to avoid this is to either calculate the activity coefficients or justify assumptions, as
those listed above, that the activity coefficients are all equal to 1. With such assumptions, Equation
(7) may be expressed as:

DM — Anﬁn [Ai]n (9)

gﬁmf

If the system is well represented by an equation such as (9), stability constants for the different species may
be determined by fitting the equation to experimental data (see below). The challenge, however, is to
determine the free ligand concentration, A™. This can be done using a measured value for the H"
concentration together with the K, and kg constants described above. It should be noted that stability
constants found in this manner are conditional given the assumption used and range of experimental
conditions employed.

The AKUFVE

The main features of the AKUFVE system are shown in Figure 2. Originally, the metallic parts of the
AKUFVE system were made of Pd-passivated titanium, since this metal is reasonably inert and
resistant against both acids and bases, with the exception of strong hydrochloric or sulfuric acids and
hydrofluoric acid stronger than about 10> mol/L. Modifications, and alternative designs, of the
AKUFVE have included fabricating the centrifuge, such that all parts in contact with the liquids are
made of polyether ether ketone (PEEK). This minimises sorption (on chemical species on the walls

Reduction
Hydrogen Pt-100
Flowthrough 4 7
Electrode a Heat @ Heat
i Exchanger Exchanger 9
7 7%
7

AMX |7

org

Centrifuge

Figure 2. A modified AKUFVE unit. In the original configuration, there was no reduction cell or temperature sensor at the
centrifuge. (from™),
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of the apparatus) and increases chemical resistance (against chemicals such as corrosive acids).
Similar centrifuges have previously been constructed and successfully applied in the SISAK system.
Temperature and pH probes are also fitted in the flow circuit of the aqueous phase. The pH can be
measured by a flow-through electrode on the aqueous phase side (generally the heavy phase). The
two immiscible liquids are emulsified by a high-speed rotor and allowed to flow down to the
centrifuge for separation (see Figure 2). The centrifuge works as a separator as well as a pump.
The separated phases are subsequently pumped back to the mixing chamber and samples may be
taken from the two flow loops in the AMX pumps (see Figure 2).

The temperature is controlled by the flow of circulating liquid, which exchanges heat with the experi-
mental solutions in heat exchangers before the solution enters the mixing chamber. The temperature in the
mixing chamber is monitored by a sensor as shown in Figure 2 (in this example a PT-100 sensor). In early
experiments, only one sensor was used, however, the temperature at the separation point may not be the
same as in the mixing chamber due to energy input from the centrifuge. Additionally, at higher tempera-
tures, there may be loss of heat. Therefore, a second Pt-100 sensor can be placed at the outlet of the aqueous
phase from the centrifuge (see Figure 2). For the water flow rates and centrifuge speeds used in a typical
experiment at 25 C, the difference in temperature between the two sensors was less than 0.9 C. Even this
relatively small difference is an undesirable feature when measuring reliable thermodynamic data. However,
if the temperature is controlled in a way that the desired temperature is the average of the temperature in the
mixer and the centrifuge, the uncertainties induced by this small deviation in temperature can be neglected
compared to other uncertainties in, for example, evaluation of the extraction curves. Typical volumes of the
liquids in this set-up of the AKUFVE system are 100 mL. However, this is not a general limitation since any
size of mixing chamber may be used as well as different sizes of the centrifuge.

The ability to maintain reducing conditions within the AKUFVE unit is achieved by equipping
the apparatus with a reduction cell and an additional H, gas inlet. Furthermore, it is possible to
ensure that the liquid is completely sealed from contact with air by plugging all ventilation holes and
letting gas be removed only through a water filled flask.

The reduction cell consists of a number of compartments and tube sections according to Figure 3.
Each of the cells contain a coil of platinum wire (Aldrich, d = 0.076 mm, length 5 m) which has been
coated by platinum black. This is performed by electrolysing the wire as a cathode in 0.1 mol/L platinum
chloride and 2.3 mmol/L lead acetate in dilute HCI for a couple of minutes and then electrolysing it, again
as the cathode, in 1 mol/L H2SO4. The anode is in both cases a thin plate of platinum.

Case studies of metal-ligand stability constant determination

Zirconium extraction by acetylacetone

The experiments presented here were a part of a larger study[ls] on the hydrolysis of zirconium,

utilising solvent extraction and potentiometry as well as solubility experiments. However, in this

Hydrogen

Figure 3. Cut through sketch of one reduction cell. (from®™).
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paper, we will only discuss the solvent extraction part. For further details of the experiments, refer to
the original paper.'®!

Experimental procedure

Two separate sets of experiments were carried out at different total Zr concentrations, such that
both polynuclear formation and mononuclear hydrolysis could be studied. One experiment
utilized an AKUFVE made out of titanium and the second experiment used a PEEK centrifuge.
To avoid carbonate in the system, all experiments were started at low pH (below pH 1) and were
performed under a high purity nitrogen atmosphere achieved by introducing nitrogen into the
mixing chamber as well as into the centrifuge ventilation tube. High purity NaOH was added to
the AKUFVE by automatic burettes to obtain the desired pH. Acetylacetone decomposition was
found to be negligible in the pH range of the experiments conducted in the study.!"® The typical
starting composition was for the organic phase about 130 mL of a 0.1 M solution of acetylacetone
in toluene and the aqueous phase was 1.0 M in-house purified NaClO,. This meant that the data
obtained will strictly be valid for 1 M NaClO, electrolytes only, even if it is common to assume
that they will be valid for most (1,1) electrolytes. For further discussion on this topic, refer to
Brown and Ekberg.”!

In the titanium centrifuge experiments, a relatively high Zr concentration was used (about
0.1 mM). For these experiments, the concentration of zirconium was measured using an ICP-MS
technique described previously.'”’ For the experiments in the PEEK centrifuge, the zirconium
concentration was held at about 10~ M. In this case, the radioactive tracer *>Zr was used together
with a carrier of inactive zirconium. The analysis was made using a HPGE gamma detector. The
resolution of this detector made it possible to clearly separate the activity of *°Zr from that of its
daughter *°Nb. As such, no waiting period was necessary to allow for the solutions to reach
radioactive equilibrium.

Results

A typical extraction curve for the low zirconium concentration experiment is given in Figure 4(a).
Such a curve may be divided somewhere on the plateau (e.g. pH 5-9). The stability constants were
obtained by fitting the distribution function, Equation (9), to the obtained data. To the left of the
division line, zirconium hydrolysis is negligible, and thus, the distribution function is simplified,
allowing the stability constants of ZrAa>*, Zr(Aa),”*, Zr(Aa);* and Zr(Aa), to be determined. After
determining the stability constants of the Zr-Aa species, all the data were then used to determine the
stability constants of Zr(OH),**, Zr(OH);* and Zr(OH),. The calculated stability constants, together
with their concomitant uncertainties, of these hydrolysis species are given in Table 1. Figure 4(b)
shows the extraction curve obtained using a higher concentration of zirconium.

It was evident from experiments performed at differing Zr concentrations (see Figure 4), that
when low Zr concentrations (e.g. 10> M) were used the extraction curves were not dependent on the
Zr concentration. This indicates that neither polymeric species nor precipitation reactions occurred
in the experimental solutions. However, the opposite was observed at high Zr concentrations i.e. the
extraction curves were dependent on the Zr concentration. This is clearly one great advantage of the
solvent extraction technique, particularly when using precise equipment like the AKUFVE that
evidence for polynuclear formation is clear and unambiguous. No fitting is required to determine
that polynuclear species form. However, a rather large series of experiments with various metal
concentration may be needed to actually determine and fit the exact composition of the various
species formed and their associated stability constants.

The experiments with low zirconium concentration were performed in triplicate at each of three
selected temperatures (15, 25 and 35°C) with associated data evaluation. This, in turn, allowed for
estimation of enthalpies and entropies of reaction for the studied reactions, i.e. acetylacetone
complexation as well as hydrolysis (see Table 2).
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Figure 4. (a) Typical extraction curve for the case of low zirconium concentration (about 107> M). (b) Typical extraction curve for
the case of high zirconium concentration (Two concentrations 1073 and 4 x 1073 M).

It is worth noting here that, as was the case for the thorium experiments described in a previous
studym], the solvent extraction experiments did not allow for accurate determination of the first
acetylacetonato complex. Thus, for the zirconium experiments, as was done for the thorium experiments,
this constant was obtained using potentiometric titrations to allow for accurate determination of the
subsequent stability constants. In the case of hydrolysis, only the later hydrolysis constants could be
obtained using solvent extraction. However, their values are independent of the previous ones since their
values will not affect the fitted values for the later constants (see Table 1).
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Table 1. Stability constants obtained from fitting of the solvent extraction data from!'®!

listed below shown in Figure 4.

, with some of the experimental conditions

Temperature (C) Ligand Species log Brmnr Uncertainty
15 OH- (1,04) -7.8 0.2
25 OH- (1,0,3) -4.0 0.3
25 OH- (1,0,4) -6.7 03
35 OH- (1,0,4) —4.9 0.2
15 Aa- (1,1,0) 11.7 15
15 Aa- (1,2,0) 19.4 1.0
15 Aa- (1,3,0 294 0.2
15 Aa- (1,4,0) 36.4 0.2
25 Aa- (1,1,0) 1.5 0.9
25 Aa- (1,2,0) 21.6 0.9
25 Aa- (1,3,0 30.6 03
25 Aa- (1,4,0) 37.3 0.1
35 Aa- (1,1,0) 11.2 15
35 Aa- (1,2,0) 222 0.9
35 Aa- (1,3,0) 309 0.2
35 Aa- (1,4,0) 38.1 0.2

Table 2. Enthalpies and entropies of reaction for the zirconium acetylacetone and hydroxide complexation.

AH AS
Species (k) mol™) () mol™" deg™)
Zr(OH), 250 + 20 700 + 80
Zr(Aa)** —40 + 10 80 + 40
Zr(Aa),>" 230 + 70 (12 £ 3) x 10%
Zr(Aa);* 130 + 40 (10 £ 1) x 102
Zr(Aa), 140 + 3 1200 + 10

Lanthanide extraction by 2-bromodecanoic acid

The experiments presented here were carried out in an attempt to describe an extraction system
studied at the Nuclear Chemistry Department of Chalmers University of Technology in the mid to
late 1990s and early 2000s.1*"??) The synergic system of 2-bromodecanic acid and terpyridine was
used to extract and separate trivalent actinides from lanthanides. The experiments outlined below
were undertaken to find individual stability constants of the lanthanides, promethium and euro-
pium, with 2-bromodecanic acid. The experiments illustrate an important limitation of the AKUFVE
technique where a system is prone to saponification.

Experimental procedure

Two separate experimental sets were undertaken. The first utilized a standard, stainless steel
AKUFVE unit where a solution containing 0.5 M 2-bromodecanoic acid in tert-butyl benzene was
contacted with a 1 M H/Na(ClO,) solution with containing trace amount of "“Pm. The initial pH of
the aqueous phase was 1 and the pH was increased by additions of a mixture of NaOH and NaClO,
into the system. Samples were collected from both phases and the '*’Pm was detected using liquid
scintillation counting. The pH of the aqueous phase was monitored using a flow-through electrode
as described above.

The second experiment was carried out using batch contacts with manual shaking of the two
phases. A solution of 1 M 2-bromodecanoic acid in tert-butyl benzene was contacted with an
aqueous phase containing 1 M NaClO, with tracer amounts of '*’Eu. A number of extraction
experiments were carried out with alternating pH in the aqueous phase. Equal volumes of the two
phases were placed in glass vials and contacted for 5 minutes of vigorous shaking followed by
centrifugation for 15 minutes at ~2000 g to ensure phase separation. Samples were taken from each
phase and measured on a Nal(TI) detector for gross gamma counting.
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Results

The extraction curve for promethium is shown in Figure 5. It can be seen that the plateau, as shown
in Figure 4(a), was never reached in this experiment. The reason for this was that the bromodecanoic
acid started to deprotonate and distribute between the two phases. While this would be acceptable, as
is the case for acetylacetonate described in the previous example, the bromodecanoic acid is a larger
molecule and is less water soluble and therefore creates a large emulsion in a third phase that lies
between the organic and aqueous phases. Essentially, this is a water in oil microemulsion and the
volume of this emulsion increases with pH causing the volume of the organic phase to decrease by
an equal amount. The volume of the aqueous phase remains relatively constant with some losses into
the microemulsion. This saponification creates a problem for the AKUFVE system, in that a third
phase may distribute between the heavy and light phases, and phase equilibria cannot be evaluated
with this method. Hence, the experiment was aborted as the third phase was observed and only the
rising slope of the extraction curve was collected.

Due to this problem, a second experiment with batch contacts using a europium tracer was
carried out instead. Clean samples from each phase could be collected although a third phase was
observed and a mass balance showed that the total amount of europium was accounted for.

The results from the batch contact experiment is shown in Figure 6. It can be seen that the
plateau of europium extraction was reached, although the distribution ratios are somewhat
smaller compared to what was observed in the AKUFVE system. The downward trend in the
distribution ratios, due to hydrolysis, was not achieved as the third phase formation was too
extensive at the elevated pH required to observe this effect. Using the pK,, kq and dimerization
constant for bromodecanoic acid, determined in a previous study by Nilsson et al.?’!, the
bromodecanoate concentration in the aqueous phase [bdA™] can be calculated and the distribu-
tion ratios can be determined using equation 9. The value for lambda was not fitted, but
determined from the distribution ratio at the plateau assuming only the 1:3 Ew:bdA complex
was present. The fitted values are shown in Table 3. It was noticed that the model was not
sensitive to the value of the first stability constant for the 1:1 Eu:bdA complex. The value of this
stability constant could be varied between any low value up to a log B value of 2.68 before the
sum of chi-square error doubled. Thus, a value of 1.34 + 1.34 was assigned to this constant.
However, on the basis of the other two constants shown in Table 3, the magnitude of B, is
unlikely as the stepwise constant K; is usually greater than K.

2 -
*
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*

0 i
£ *
& 1
o *
o
o, *
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*
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Figure 5. Promethium extraction trend using 0.5 M 2-bromodecanoic acid in tert-butyl benzene.
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Figure 6. Distribution ratios of europium using 1 M 2-bromodecanoic acid in tert-butyl benzene as a function of pH. The line is
calculated distribution ratios using Equation (9) and the constants in Table 3.

Table 3. Stability constants obtained for Eu-bromodecanoate by fitting the solvent extraction data from Figure 6.

Ligand Complex log B Uncertainty
bdA- (1,1,0 134 134
bdA- (1,2,0) 6.87 0.03
bdA- (1,3,0) 9.46 0.02
bdA- Organic Eu(bdA)3 A3 =035 N.A.
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Figure 7. Distribution ratios of promethium and bromodecanoic acid as a function of pH. Also shown is the calculated distribution
ratios of Pm using B-values from Table 3 and a As-value of 70.

From a separate experiment where the distribution ratio of bromodecanoic acid was measured as
a function of pH using the AKUFVE system>”), D-values of bromine, Dg,, can be superimposed on the
distribution ratios of promethium from the AKUFVE. The two trends are shown in Figure 7. Also shown
in this figure is the calculated distribution ratios of Pm using the log p values from Table 3, but a A;-value
of 70. The calculated effect follows the experimental values to a reasonable extent and it would be
expected that the stability constants for the Pm-bdA complexes are slightly different to those determined
for europium. However, the large discrepancy in the lambda value would not be expected and may be due
to the extensive third phase formation in the europium experiments or sampling difficulties.
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Conclusion

It has been shown that the AKUFVE apparatus works very well for determining parameters
describing a liquid-liquid extraction system. It should be noted that in the more complex determina-
tion of the hydrolytic behaviour of the zirconium system more techniques were used such as
potentiometric titrations and solubility experiments to give a complete picture of the speciation.
Clearly, the liquid-liquid extraction technique for determining stability constants is best at determin-
ing the higher complexes due to the fact that they are determined in the stripping part of the
extraction curve. In the case of stability constant determination of extraction agents, the early
complexes are typically better determined. Thus, a combination of techniques are usually needed
but the importance of extraction techniques should not be underestimated.
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