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ABSTRACT

In the context of the long-term safety assessment of a future disposal for high-level nuclear
waste the actinides uranium, neptunium, plutonium and americium are of particular
importance since they all exhibit very long-lived isotopes. As part of spend nuclear fuels, for
example the isotopes 238U (ti,2=4.47-10%a), 23’Np (ti,2=2.14-106a) and 239Pu
(t1/2 =2.41- 104 a) must be named. Because it is planned to safely embed the radioactive
waste up to 1 million years in deep geological formations with argillaceous rocks, crystalline
rocks or salt as host rock it is of great importance to have a deep knowledge of the actinide
behavior in these conditions.

In order to investigate these systems, in the present work the coupling of a capillary
electrophoresis (CE) to an inductively coupled plasma mass spectrometer (ICP-MS) was
employed. Here, the combination of the high separation capability of the CE with the
possibility of multi element detection with very low detection limits of the ICP-MS was
utilized. This analytical method provides very good results, especially in the case of very low
concentration ranges of the actinides in environmentally relevant systems.

First, in the frame of this work, investigations on the redox speciation of actinides in
1 M acetic acid as the background electrolyte (BGE) were conducted. The electrophoretic
mobilities w; of the redox stable actinides Am(III), Th(IV), Np(V) and U(VI) could be
determined and based on that the y; of all Pu species with the oxidation states +III - +VI. The
trend in the w; turned out to be An(II) > An(VI) > An(V) > An(IV) for all actinides.
Additionally, an approach for the estimation of the u; of non-stable oxidation states of
actinides, e.g. Np(IlI) or U(V), was developed. By comparing the so determined w; with
experimentally determined values, the applicability of this proceeding could be validated.
Furthermore, the stability constants of the actinides Am(III), Th(IV), Np(V) and U(VI) with
the ligands acetate, propionate, gluconate and citrate at an ionic strength of / = 0.3 M were
examined. For each system a complete set of stability constants could be obtained, the results
were extrapolated to zero ionic strength by means of the Davies equation.

The basics for the determination of kinetic parameters of redox reactions by CE-ICP-MS were
investigated for the reduction of Np(V) by hydroxylamine hydrochloride. In doing so, the rate
constants of the reaction at different temperatures and based on that the Arrhenius
parameters could be determined. In addition, the rate constants at different temperatures
and the Arrhenius parameters were obtained for the reduction of Pu(VI) by Fe(II).

[t could be shown clearly by the results presented in this work, that the coupling of CE to ICP-
MS is a powerful analytical method for the investigation of actinides in low concentration
ranges. The resulting electrophoretic mobilites can deal as the basis for the interpretation of
CE expriments. The determined stability constants are of great importance in the long-term
safety assessment of a future nuclear waste disposal for high-level nuclear waste. With a
prove-of-principle study the applicability of CE-ICP-MS for the determination of kinetic
parameters of redox reactions could be shown.




ZUSAMMENFASSUNG

Im Zusammenhang mit der Langzeitsicherheitsanalyse eines zukiinftigen Endlagers fiir
hochradioaktive Abfille sind die Aktinide Uran, Neptunium, Plutonium und Americium von
Bedeutung, da diese alle sehr langlebige Isotope besitzen. Als Bestandteile von abgebrannten
Brennelementen sind hierbei zum Beispiel die Isotope 238U (ti,2=4,47-10%2a), 23’Np
(t1/2 = 2,14 - 106 a) und 239Pu (t1,2 = 2,41 - 104 a) zu nennen. Da es geplant ist, die radioaktiven
Abfille in tiefengeologischen Formationen mit Ton, Salz oder Granit als Wirtsgestein fiir bis
zu 1 Million Jahre sicher zu lagern, ist es von groféer Wichtigkeit, das Verhalten der Aktinide
unter den dort vorherrschenden Bedingungen genau zu kennen um damit Aussagen tliber die
Langzeitsicherheit treffen zu kénnen. Als besondere Eigenschaften weisen die Aktinide ein
sehr breites Spektrum an moéglichen Oxidationszustidnden und Speziationen auf und gehen
eine Vielzahl an Komplex- und Redoxreaktionen mit unterschiedlichsten Reaktionspartnern
ein.

Um diese Systeme zu untersuchen, wurde in der vorliegenden Arbeit die Kopplung einer
Kapillarelektrophorese (CE) mit einem induktiv-gekoppeltem Plasma Massenspektrometer
(ICP-MS) verwendet. Hierbei wurde sich die Kombination der hohen Trennfadhigkeit einer CE
mit der Moglichkeit der Multi-Element Detektion mit sehr niedrigen Nachweisgrenzen der
ICP-MS zunutze gemacht. Vor allem fiir die Herausforderung der sehr niedrigen
Konzentrationsbereiche der Aktinide in natiirlichen Systemen lieferte diese analytische
Methode sehr gute Ergebnisse.

Zunichst wurden im Rahmen dieser Arbeit Untersuchungen zur Redoxspeziation von
Aktiniden in 1 M Essigsaure als Background Elektrolyt (BGE) durchgefiihrt. Es konnten die
elektrophoretischen Mobilitdten u; der redoxstabilen Aktinide Am(III), Th(IV), Np(V) und
U(VI) bestimmt werden und davon ausgehend auch die aller Pu-Spezies in den
Oxidationsstufen +III-+VI. Als Reihenfolge der p; ergab sich fiir alle Aktinide
An(III) > An(VI) > An(V) > An(1V). Zusatzlich wird ein Ansatz zur Abschitzung der w; von
nicht stabilen Oxidationsstufen der Aktiniden, z.B. Np(III) oder U(V), erarbeitet. Uber einen
Vergleich der so berechneten p; mit experimentell bestimmen Werten konnte die
Anwendbarkeit dieses Vorgehens bestatigt werden.

Weiterhin wurden in dieser Arbeit die Komplexbildungskonstanten der Aktinide Am(III),
Th(IV), Np(V) und U(VI) mit den Liganden Acetat, Propionat, Gluconat und Citrat bei einer
Ionenstarke von I = 0,3 M untersucht. Es wurde fiir jedes System ein vollstiandiger Satz an
Stabilitdtskonstanten ermittelt, die Ergebnisse wurden mittels Davies-Gleichung auf die
Ionenstarke I = 0 M extrapoliert.

Die Grundlagen der Bestimmung von kinetischen Parametern von Redox Reaktionen mit
Hilfe der CE-ICP-MS wurden an der Reduktion von Np(V) mit Hydroxylamin-Hydrochlorid
untersucht. Es konnten hierbei die Geschwindigkeitskonstanten der Reaktion bei
unterschiedlichen Temperaturen und darauf aufbauend die Arrhenius-Parameter bestimmt
werden. Zusatzlich wurden die Geschwindigkeitskonstanten bei unterschiedlichen
Temperaturen und die Arrhenius-Parameter fiir die Reduktion von Pu(VI) mittels Fe(II)
bestimmt.

Durch die erzielten Ergebnisse kann deutlich gezeigt werden, dass die Kopplung von CE mit
ICP-MS eine sehr gut geeignete analytische Methode zur Untersuchung von Aktiniden in
niedrigen Konzentrationsbereichen ist. Die erhaltenen elektrophoretischen Mobilitaten
koénnen als Basis zur Interpretation von CE Experimenten verwendet werden. Die
Stabilitdtskonstanten sind von grofder Bedeutung bei der Langzeitsicherheitsanalyse eines
zukiinfigen Endlagers fiir hochradiaktive Abfdlle. Auflerdem konnte in einer
Machbarkeitsstudie die Anwendbarkeit von CE-ICP-MS fiir die Bestimmung von kinetischen
Parametern von Redox Reaktionen gezeigt werden.
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1. INTRODUCTION AND MOTIVATION

Nuclear energy has been used in Germany for many decades for the production of electrical
energy. With the Federal Government’s decision to opt out of this energy by the year 2022
[18AtG], this age will come to an end in Germany. Nevertheless, other countries adhere to the
use of nuclear energy for power generation or even expand their nuclear energy production.
Regardless of exit, continuation or expansion, the safe disposal of accruing radioactive waste
is an important issue. Every country that uses nuclear energy has its own strategy and
research program to find the best and most secure place. Most concepts have in common to
store the radioactive material underground. In Germany it is planned to use deep geological
formations with argillaceous rocks, crystalline rocks or salt as host rock for the storage of
radioactive waste. Before the final decision about the definite conditions and the location of
such a disposal in Germany can be made, a lot of research is needed to gain the desired

background knowledge about risks and challenges.

In this context, the safe deposit has to be ensured for up to 1 Mio years [17SAG], only then
the activity of long-lived isotopes has receded to the activity of the natural radiation
[00GOM]. The neighboring population and the environment have to be protected from the
radioactivity under any circumstances. In the case of a possible leakage of radionuclides from
their casks, the geological surrounding has to act as a barrier to prevent the radionuclides
from being transported away from the deposit, e.g. dissolved in ground waters. For the
long- term safety assessment of a future geological disposal for high-level radioactive waste,
it is thus of utmost importance to have a deep understanding and knowledge about the
behavior and the properties of long-lived radioactive isotopes in the respective host rock

systems and the corresponding pore waters.

One group of such long-lived radionuclides are the early actinides. Uranium, neptunium,
plutonium and americium all exhibit long-lived isotopes which are part of the high-level
radioactive waste resulting from spend nuclear fuels. The purpose of this work is thus the
investigation of some aspects of the chemistry of the actinides named and their interaction

with components being present in the geological system of a possible disposal.

As an analytical technique, the coupling of a capillary electrophoresis system (CE) with an
inductively-coupled plasma mass spectrometer (ICP-MS) has been applied. This analysis
method is very powerful for the investigation of actinides for two main reasons. First, it
allows the investigation at low concentrations (down to 1-10°M, [12STO]), which is
important for environmentally relevant systems since the concentration of actinides in the

surrounding biosphere after the leakage from the disposal is expected to be also very small.
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Second, the actinides are known to exhibit a complex redox chemistry with a range of
possible oxidation states and species. To clearly identify all of the occurring species, the

separation capability of CE is of great benefit.

In the course of this work, three different possible applications of CE-ICP-MS were examined:
the determination of electrophoretic mobilities, the determination of stability constants and
the determination of kinetic pasrameters of redox reactions. The results of these
investigations are presented in the following Sections 3 - 5. Important aspects about CE, ICP-
MS and the coupling devise are summarized in the Chapters 2.1 - 2.4. Chapter 2.5 provides a
literature overview of the works conducted in the field of actinide CE-ICP-MS, Section 6 gives

a summary and a conclusion.
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In this work, capillary electrophoresis (CE), an analytical separation technique, was
hyphenated to inductively coupled plasma mass spectrometry (ICP-MS) allowing to combine
the advantages of both methods. CE is characterized by great separation capabilities, e.g. high
efficiency and resolution, good reproducibility, relatively short analysis times and a very low
sample consumption. ICP-MS, used as a multi-element detection method, provides a very
high sensitivity and selectivity. Thus, this system enables to investigate the speciation of

actinides in environmentally-relevant systems in very low concentration ranges.

The present chapter gives an overview of the theoretical aspects of the individual parts,
namely CE, ICP-MS and the coupling device, and creates a link to the application in the

speciation of actinides.

2.1 CAPILLARY ELECTROPHORESIS
The following descriptions of the theory of electrophoretic separation and instrumentation

are mainly based, if not stated otherwise, on [10LAU] and [93ENG]. Some of these parts can
also be found in the ‘Mobility Manuscript’ [19WIL1] but are also given here for the sake of

completeness and for more comprehensive considerations.

2.1.1 BASIC PRINCIPLES
THEORY

The separation of different ions during electrophoretic experiments is based on the different
migration velocity v of the respective ion in the applied electric field E. As can be seen from
Equation (2.1), these two quantities are directly proportional to each other, the proportional

constant is the so called electrophoretic mobility p.
v =uE. (2.1)

This electrophoretic mobility u is a characteristic constant for a given ion in a given medium.
The electric field E is defined as the quotient of the applied voltage U and the capillary
length L. In the case of the experiments in this work, capillaries with alength of I = 76 cm were
used. The voltage applied to the capillary was either U=10KkV during stability constant
determinations (see Section 4) or U=25kV during mobility measurements and kinetic
experiments (Sections 3 and 5). This leads to electric field strengths of E =132 V cm-! and

E =329V cm, respectively.

During their electrophoretic migration, the ions are driven forward by the electric force F.

given in Equation (2.2).
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F, = qE. (2.2)

Here, q is the electric charge of the respective ion, defined as the charge number z multiplied

by the elementary charge e.

This forward movement opposed is the frictional force F; which is dependent on the
viscosity 1 of the surrounding medium and the radius of the ion r. For spherical ions it can be
expressed by Stoke’s Law (see Equation (2.3)). The negative sign indicates the opposite

direction of Fr compared to Fe.

Fr = —6nnrv. (2.3)
After a very short time, the system is in equilibrium and the two forces counterbalance each
other (F. = -Fy), resulting in Equation (2.4).

qE = 6mnrv. (2.4)
By combining Equation (2.1) and Equation (2.4) and rearranging for the electrophoretic
mobility u one finally obtains Equation (2.5).

p=— (2.5)

 emyr

The electrophoretic mobility u of a given ion thus depends both on its charge g and its
radius r. Hence, the smaller an ion and the higher its charge, the faster it migrates in

electrophoretic experiments.

[t must be noted that the radius r is not just the ionic radius but rather the radius of the first
or even second coordination sphere of the ion since this significantly expands the overall
radius and thus influences the migration velocity. This sphere can either be build up by water
molecules leading to the so called hydration sphere [84FOU], [01DAV1], [01DAV2], by other
complexing agents or by a mixture of both. Furthermore, in the case of a charged complexing
partner, it has to be taken into account that the effective charge geir seen by the electric field
is, due to shielding effects, not identical with the nominal charge g of the pure ion. A more

detailed discussion on these topics can be found in the Sections 3 and 4.

Equation (2.5) is only valid in the case of infinite dilution (zero ionic strength / = 0 M). For
considering other ions in the vicinity of the central ion i, the extended Onsager-Fuoss model
[310NS] given in Equation (2.6) can be used. The formula is valid for I < 0.1 M. Further ionic

strength models for the electrophoretic mobility are summarized and compared in [10BAH].
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In Equation (2.6), u? is the electrophoretic mobility extrapolated to zero ionic strength, N is
the Avogadro constant, ¢ is the permittivity of the solution, k is the Boltzmann constant, T the
temperature, c the concentration, s the number of species and I" is the twice ionic strength.
The coefficients C, and the vectors R are defined in more detail in [16AUP]. The A term

describes the relaxation effect caused by the cloud of counter ions around the central ion i,

the B term considers the electrophoretic effect. The factor % is usually set as 1.5 [10BAH],

whereby a is the distance from the middle of the central ion to the beginning of the ionic

vicinity.

It can be seen from Equation (2.6) that the electrophoretic mobility of an ion i is not just
dependent on the ionic strength of a solution but also on further physical parameters such as
the temperature, the viscosity and the permittivity. For reliable experimental results these
parameters must be kept constant during measurements ensuring that changes in the
mobility are solely due to chemical differences in the samples. A closer look on this topic can

be found in Section 2.1.3.

APPARATUS AND EXPERIMENTAL PARAMETERS

For performing capillary electrophoresis experiments, an Agilent 7100 apparatus (Agilent
Technologies, Santa Clara, California, USA) was used. A schematic overview of the main parts

of such a setup is given in Figure 1.

The separation of the ions is carried out in thin capillaries filled with a buffer solution, also
called background electrolyte (BGE). At both ends, the capillary is immerged into two vials
filled with the same BGE. An electrical contact is thus established and a high voltage can be
applied by the platinum electrodes. In this work, fused silica capillaries (TSP0503753,

Polymicro Technologies, Phoenix, Arizona, USA) with an inner diameter of 50 um were used.
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Since the capillary was supplied in 25 m rolls it had to be broken to the required length of
76 cm. This was done by the use of a ceramic plate. Both ends of each capillary were
controlled with a magnifying class to ensure that the cut is preferably plain. Crooked ends
would lead to band broadening due to irregular elution. Prior to the first utilization the
capillaries were preconditioned using the flushing program given in Table 1 to remove
impurities remaining from the manufacturing process. At the beginning of every measuring
day, the rinsing program presented in Table 2 was used. At the end of each series this
program was passed through again, but in the last step air instead of BGE was employed in

order to dry the capillary for the storage until the next measurements.

fused silica capillary

detector

anode cathode

% sample

sample background

carousel electrolyte
cleaning
solutions

high voltage supply

electrolyte vial electrolyte vial

sample side - detector side

Figure 1: Schematic layout of a capillary electrophoresis system.

The rinsing solutions were in all cases inserted into the capillary by applying an external
pressure of 1 bar. Between every measurement, the capillary was additionally flushed for
15 min with the BGE needed for the following sample. This step is very important, because
the degree of deprotonation of the silanol groups on the inside of the capillary has to be
adapted to the pH value of the BGE in use. The choice of the BGE depends on the particular
experiments and can be found in the respective experimental sections. It has to be noted that
the applied high voltage alters the BGE due to electrolysis effects. This is why a fresh portion

was used for every flushing step.

The samples for CE measurements were prepared by dissolving the analyte solution in the
BGE medium in conical micro-inserts of borosilicate glass (Carl Roth AG, Arlesheim,
Switzerland). These micro-inserts were placed in polyethylene vials sealed with

polyethylene olefin snap caps (both Agilent Technologies, Santa Clara, California, USA) and
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thus transferred to the CE system. To prevent a clogging of the capillary, all solutions were
filtered through 0.2 pm syringe filters (Nalgene, Rochester, New York, USA) prior to their
application. For the same reason, a small pressure of 60 mbar was applied during

measurements.

Table 1: Preconditioning program for new Table 2: Flushing program at the

capillaries. beginning of every measurement day.
step solution duration step solution duration
1. acetone 5 min 1. 0.1 M NaOH 5 min
2. H,0 3 min 2. H-0 3 min
0.1 M NaOH 5 min 3. 0.1 M HCl1 5 min
4, H,0 3 min 4, H-0 3 min
5. 0.1 M HC1 5 min 5. BGE 15 min
6. H,0 3 min
7. 0.1 M NaOH 5 min
8. H,0 3 min
9. 0.1 M HC1 5 min
10. H-0 3 min
11. BGE 15 min

In principle, sample injection into the capillary can be carried out by two different methods,
namely hydrodynamic and electrokinetic injection. For the first method, a difference in
pressure between the inlet and the outlet of the capillary is used. This can be achieved by
either applying an external pressure at the injection side, a vacuum at the exit side or by a
syphoning effect created by a difference in height between the sample vial and the exit vial.
The electrokinetic injection on the other hand is characterized by the application of a voltage
at the sample side. This method has the disadvantage that the migration speed of the sample
ions is different for each ion depending on the charge and the size. Consequently, for samples
with different analytes in the same solution, the injected quantity differs for each ion. In the
present work, a hydrodynamic injection with an external pressure was used. In this case, the
injected sample volume Vi, is defined by the pressure difference Ap across the capillary with
the length I and the inner radius r, the injection time ti,; and the viscosity n of the solution

and can be calculated by the Hagen-Poiseuille equation shown in Equation (2.7).
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T[Aprc4tinj

Vinj = 8l

(2.7)

For the parameters used in this work (Ap =100 mbar, tinj=8s, r. =25 pm), an injected
sample volume Viyj of about 15 nL results. This, on the one hand, mirrors one of the
advantages of CE, the low sample consumption. On the other hand, reproducibility becomes
a challenge due to these very small sample volumes. It has to be ensured that the amount of

analyte injected is always consistent for each sample of the same solution.

After the introduction the sample vial is removed from the capillary and replaced by the BGE
vial via a sample carousel. Thereafter, the high voltage is applied and the electrophoretic

migration of the sample ion starts.

At the end of the separation, the analytes have to be detected. For this purpose various
methods are possible, among other things, UV-Vis absorption spectroscopy, fluorescence
detection, electrochemical detectors such as contactless conductivity detection (CCD), atomic
emission detection and mass spectrometry. Since, as already mentioned, in this work an
online coupling to an ICP-MS was used, this detection method is described in more detail in

Section 2.2.

2.1.2 ELECTROOSMOTIC FLOow
A very important effect in CE is the so called electroosmotic flow (EOF). It describes the

migration of the entire solution inside the capillary due to an electric field. An elaborate
examination of different aspects concerning the EOF is given in [92GRO]. The most important

parts for the present work are summarized in the following section.

The reason for the appearance of the EOF is the surface charge of the inner capillary wall. The
silanol groups on the inside of the fused silica capillaries are dissociated to varying extend in
dependence of the pH value, they are thus negatively charged. Because of this excess of
negative charges a layer of positive ions accumulates nearby to compensate the charge
difference. As shown in Figure 2 a), a diffuse electric double layer forms, consisting of a rigid
layer next to the capillary wall and a mobile layer somewhat further to the middle. By
applying an electric field, the positive layer is attracted in direction of the cathode. This leads
to a migration of the whole BGE, because the complete solution is dragged along by this

movement.

The building of an electrical double layer leads to a decrease of the potential ¢ from the wall
potential ¢ in the direction of the middle of the capillary. A general plot of this curve in
dependence of the distancex to the wall is shown in Figure 2b). The mathematical

description is given in Equation (2.8), following the derivation in [97HIE].

8
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Figure 2: a) Cross section of a fused silica capillary with a schematic depiction of the electric
double layer creating a flat EOF profile. b) Potential curve and EOF velocity profile. Figure
based on a combination of [10LAU] and [92GRO].

The constant k-1 is called the double layer thickness. The described potential difference close
to the capillary wall is often called zeta potential . The electrophoretic mobility of the
EOF uror is given in terms of this potential according to Equation (2.9) [65RIC].

€

HEOF = ;g (2.9)
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By combining the information in Equation (2.8) and (2.9), it reveals that the electrophoretic
mobility of the EOF is independent of the diameter of the capillary but dependent on the ionic
strength of the BGE. Furthermore, it also depends on the pH of the BGE since this value
defines the degree of deprotonation of the silanol groups and thus the surface charge on the
capillary wall and the zeta potential, respectively. The point of zero charge for fused silica
capillaries was determined to be approximately at pH 2.0 [81CHU]. Generally, one can say
that a BGE with a high pH and a low ionic strength exhibits a faster EOF compared to a BGE

with lower pH and higher ionic strength.

The mobility of the EOF superimposes the electrophoretic mobility of the analytes but it is
constant for every ion and thus does not affect the separation. Nevertheless, it has to be kept
in mind that the experimentally determined electrophoretic mobility of a given ion, called
apparent mobility papp, is the sum of the EOF mobility and the electrophoretic mobility of the

respective ion (see Equation (2.10)).
Mapp = HEOF T U (2.10)

Under conventional experimental conditions the electrophoretic mobility of the EOF is in the
same order of magnitude as the mobility of the analyte ions (10-4 cm2V-1s-1) and can in some

cases even be the main contributor to the apparent mobility papp.

Due to the fact that the whole electrolyte solution in the capillary is moved forward by the
EOF and not by an applied external pressure, a flat flow profile forms. After only very few
nanometers from the capillary wall, the flow velocity of the EOF becomes constant (see
Figure 2 b)). For a capillary with an inner diameter of 50 pum, as used in the present work, this
means that more than 99.9% of the cross section of the capillary show this flat profile. That,
compared to a parabolic flow profile arising from a pressure-driven, laminar migration, is
beneficial for electrophoretic separation experiments since the separation capability is
preserved and very sharp peaks can be obtained. Another benefit of the EOF is, that anions
can be investigated together with cations in one run, as long as the electrophoretic mobility
of the anion is smaller than that of the EOF. Regardless of their negative charge, in such a case
the anions migrate with an effective velocity, defined by the difference of their electrophoretic

mobility and that of the EOF, in direction of the cathode.

Alongside the positive characteristics mentioned above, the EOF can have negative effects in
electrophoretic experiments that have to be considered. If, for example, the EOF is too fast
during a measurement, the ions cannot be separated satisfactorily because of a too short
residence time inside the capillary. In some cases it can therefore be necessary to manipulate

the magnitude of the EOF. Different methods for that purpose have been investigated,

10
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amongst others the coating of the capillary inner wall enabling to even reverse the EOF

[10HUH]J.

For the determination of the EOF, neutral molecules (called EOF marker) that are transported
just by the electroosmotic flow and not by an applied voltage can be used. The electrophoretic
mobility of an ion can then be experimentally determined by the comparison of the migration
times of the ion under investigation ¢; and of the EOF tgor according to Equation (2.11).

u= %(}—L) (2.11)

tEOF

Here, I, is the capillary length to the detector, I is the complete capillary length and U is the
applied voltage. In the case of a coupling of CE to ICP-MS, as employed in this work, the length
to the detector is identical with the entire capillary length and Equation (2.11) simplifies to
Equation (2.12).

u= g(tl—i) (2.12)

tEOF

As EOF marker, 2-bromopropane was used. It was detected via ICP-MS on the mass of 79Br.

Further insight into the determination of electrophoretic mobilities and a comparative

examination of two different EOF markers can be found in Section 3.1.

2.1.3 FACTORS THAT INFLUENCE THE ELECTROPHORETIC MOBILITY
As already depicted in Equation (2.6) the electrophoretic mobility is dependent on several

physical parameters which all have to be considered for obtaining reliable experimental
results [06]JOU]. The most important aspects of these parameters will be examined below in
a little more detail. For factors that influence the peak width and thus the resolution instead

of the electrophoretic mobility, see Section 4.1.

JOULE HEATING

Due to the high voltages that are applied during electrophoretic measurements, the
temperature inside the capillary may rise significantly under certain circumstances. This
effect is called Joule heating und leads to an inhomogeneous, radial temperature profile along
the capillary. Since the electrophoretic mobility is temperature dependent, the accuracy of
the results may be influenced negatively. As a rule of thumb one can say that the
electrophoretic mobility rises by about 2% with every 1°C [90H]JE]. Additionally to that,
further parameters, such as the density of the BGE, show a temperature dependence and not
controlling the temperature rise could lead to band broadening. At this point, it is not so much

the overall temperature rise that causes problems but rather the development of a

11
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temperature profile [04PET]. For very high temperature increases even the analyte could be

affected due to shifts in the chemical equilibrium or decomposition.

In order to make qualitative assessments about the magnitude of the temperature rise
Equation (2.13) can be used. It is given in terms of the difference between the temperature
of the middle of the capillary Ty and the ambient temperature of the surrounding medium 7.
A cross section of the capillary with the respective radii and the calculated temperature
profile is shown in Figure 3. For a detailed derivation one can consult [92GRO] (another

approach for the calculation can be found in [06EVE]).

Ty —T, =3¢ ( i (2)+m(2)+ i). (2.13)

2 ZkBGE kf Tc kp ') 3 h

Here, S is the rate of power generation within the capillary per unit volume, kgc, krand k; are
the thermal conductivities of the BGE, the fused silica layer and the polymer coating,
respectively. The radii ¢, r» and r3 refer to the inner capillary radius, the radius of the fused
silica layer and the radius of the complete capillary including the polymer coating (see
Figure 3) and h is the heat transfer coefficient between the capillary and the surrounding
medium. Equation (2.13) considers all factors that are relevant for the temperature rise
during electrophoresis experiments, which are the applied electrical field and properties of

the capillary, the BGE and the surrounding medium.

temperature profile/°C

)

U

o}

o
1

25.55 -
r;=181.5 pm

Figure 3: Cross section of the fused silica capillary with polymer coating (not true to scale).
The temperature profile shown in red was evaluated with the conditions used in this work
(U=25KkV, 10 m s-1 forced air cooling at 25 °C). More details on the calculations are given in
APPENDIX A1.

12
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A great advantage of performing electrophoretic separations in very thin capillaries is the
beneficial surface to volume ratio that allows to effectively dissipate the generated heat.
Furthermore, in our experiments the forced air cooling device of the Agilent electrophoresis
apparatus was used to temper the system at 25 °C [09AGI]. An active cooling of the capillary
increases the heat transfer coefficient h and thus further improves the dissipation of heat.
For an even more effective cooling, special capillaries with a sheath that enables the
application of liquid cooling agents can be used. Nevertheless, one has to keep in mind that a
very short part at the inlet side and a short part at the end of the capillary that is inside the
nebulizer cannot be temperature controlled [11EVE], [10MUS1], [10MUS2], [12SLA].
Recently, some improvements to this problem could be achieved by using a customized, 3D
printed cartridge that enables to guide the tempered air stream from the apparatus to the

interface and thus extend the cooled area of the capillary [18FRA].

An application of Equation (2.13) to typical conditions in this work yields a rise of the
temperature of about 0.4 °C at 10 kV and 0.8 °C at 25 kV. The detailed calculation is presented
in the APPENDIX Al. The temperature profile presented in Figure 3 is also based on

parameters used in this work.

VISCOSITY

The viscosity n of the BGE has the second largest influence on the electrophoretic mobility u
of a given ion. As can be seen from Equation (2.6), a rise in the viscosity leads to a decrease
in p. If the same BGE is used throughout different experiments, the viscosity is also constant
and the measured mobilities are comparable. Changes in the viscosity within one series can
occur, if a parameter of the BGE, e.g. the concentration of a ligand, is varied systematically. In
such cases, the influence on the electrophoretic mobility has to be considered. The
discrepancies can reach up to 20% under disadvantageous conditions [17NOW].

Additionally, the temperature dependence of the viscosity has to be taken into account.

On the other hand, intended modification of the viscosity can be used to adjust the mobility
of the EOF if necessary. For example, by increasing the viscosity near the capillary wall with

adsorbing polymers, the electrophoretic mobility of the EOF can be reduced [87HER].

PERMITTIVITY

The permittivity € can be interpreted as a measure of the permeability of a material for an
electrical field. In this connection, the permittivity in vacuum g is a constant and ¢ is a
multiple of this value. The relative permittivity ¢, is the ratio £/¢¢ and specifies the degree of
attenuation of the Coulomb interaction of ions in the respective medium [06ATK]. Hence, a

smaller € implies a stronger impact of the applied electric field on the migrating ions and

13
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consequently a higher electrophoretic mobility. The same consideration regarding the
experimental consequences and the temperature dependency as for the viscosity applies for

the permittivity, but the magnitude of the effect is much smaller.

The permittivity can be used to diminish the double layer thickness «-1 and thereby influence
the EOF profile and velocity. As can be seen from Equation (2.8), a smaller ¢ of the BGE results
in a smaller x-1. In practice, the addition of organic solvents, for example acetonitrile or

methanol, can be used for this purpose [87FU]J].

Co-IoNS AND COUNTER -IONS

As already indicated above, the Coulomb interaction of analyte ions with other ions in their
vicinity can also affect the electrophoretic mobility. This fact is considered by the sum
Ym0 Co R in Equation (2.6). If co-ions exhibit electrophoretic mobilities different from those
of the analyte but not different enough for being completely separated, they migrate in the
same zone and thus they can influence each other; both an acceleration and a retardation of
the ions under investigation is possible [02MUZ]. Furthermore, the ions of the BGE are
omnipresent and therefore may also have an impact. Aupiais et al. [16AUP] investigated this
topic for different tetravalent actinides complexed with DTPA (diethylene triamine
pentaacetic acid). They found out that the effects start at a concentration of co-ions of
c=104M and increase rapidly for c>1mM. However, the overall impact on the

electrophoretic mobility is very small.

IONIC STRENGTH

The last parameter given in Equation (2.6) that is discussed here is the ionic strength I of the
BGE (given there as I, the twice ionic strength). In general terms, it can be said that the
electrophoretic mobility decreases with increasing ionic strength because of the relaxation
effect depending on the relative permittivity and because of the electrophoretic effect
depending on both the viscosity and the relative permittivity [02MUZ]. Additional to that, the
effect of Joule heating is also raised by a higher ionic strength because more ions lead to a

higher electrical current through the capillary.

2.2 ICP-MS

ICP-MS is established as an efficient and widely used detector for ions previously separated
by capillary electrophoresis. The considerably higher effort of the coupling of CE to ICP-MS
compared to the simpler, commonly used UV-Vis detection is willingly being accepted due to
the great benefits of very low detection limits combined with a wide linear range. In fact,
there are two different operation modes applicable: scanning all masses for completely

unknown samples or the scan of just particular masses if the overall sample content has
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already been identified before. The second case is faster and offers a higher sensitivity and is
thus utilized in this work for the detection of the actinides investigated. Another advantage
of the CE-ICP-MS coupling is the capability of clearly distinguishing two different ions from
each other, even though they exhibit similar or even identical electrophoretic mobilities.
After their migration on the capillary, they can be separated by their different masses via ICP-

MS.

2.2.1 MAIN COMPONENTS
Main components of the ICP-MS used in this work (Agilent 7500ce) are shown in Figure 4

described in the following on basis of [01AGI] and [08AGI1].

After elution from the capillary, the sample ions are guided through the nebulizer and the
spray chamber (the coupling device is discussed in more detail in Section 2.3). Thereby, an
aerosol is created inside the nebulizer by means of an argon gas flow, the so called carrier
gas. Droplets that are to big are stopped at the walls of the spray chamber and thus cannot
negatively influence the stability of the plasma. The remaining aerosol is transported
towards the plasma torch (Fassel type, constructed of three concentric quartz tubes) by a
second argon gas flow (make-up gas). The sample is then finally atomized and ionized inside
the plasma because of the very high temperatures of 8000 - 10000 K. Plasma generation
takes place at the end of the torch by a radio frequency (RF) coil with a current oscillating at
27.12 MHz. This provides electrons and after ignition, the collision of Ar atoms in the RF field
maintains the plasma. Ar is used as the plasma gas for several reasons. First, it is inert and
can quite easily be obtained at high purities. Second and more important, Ar has a very high
first ionization potential, higher than that of most other elements and a second ionization
potential that is lower. Consequently, most analytes can efficiently be ionized as single

charged ions.

The analyte ions are thereafter extracted to the first vacuum chamber. This so called interface
is made up from two cones, the sample cone followed by the skimmer cone. As the opening
of the second cone is smaller than that of the first one, a pre-focusing of the ion beam results.
The first vacuum level is produced by an rotary pump which also deals as a backing pump for
the molecular pump. Leaving the interface, the ions are collimated and accelerated by two

conical extraction lenses.

In order to achieve a preferably low background signal, the ion beam is guided to the lens
system following the interface. This region is working under a higher vacuum, generated by
a molecular pump. Its function is both further focusing the beam by Einzel lenses and

eliminating neutral species and photons that would cause a noise signal at the detector by
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the Omega lenses. The Omega lenses deflect the ion beam from its original axis by alternately
attracting and repelling the ions. Photons and neutral particles are not affected by this and
thus can be separated from the beam. Before leaving the lens system the ion beam is re-

focused again by the quadrupole focusing lens.
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capillary lenses -+ ||| """ H,
— He
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= ICP-MS \ .
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gas
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Figure 4: Schematic overview of the general structure of the ICP-MS system with nebulizer
and spray chamber used in this work. The figure is based on a combination of different
illustrations in [08AGI1]. The red dotted line describes the path of the sample through the
system.

The octopole reaction system (ORS) can be found between the ion lens system and the
quadrupole mass filter. It can be filled with a reaction or collision gas and by that,
interferences can be reduced. More details about such interferences arising in ICP-MS
measurements and the use of the ORS are given in the following chapter. If the no-gas-mode

is used, the ion beam just passes through the reaction cell into the quadrupole mass filter.

The last component of an ICP-MS system is the analyzer chamber consisting of the
quadrupole mass filter and the detector. It is the lowest pressure region also evacuated by a
molecular pump. Varying voltages can be applied to the quadrupole magnet and by that, only
one specificion is able to pass through the mass filter due to its defined mass-to-charge ratio.
All other ions with different mass-to-charge ratios exhibit unstable flight paths and thus
collide with the rods of the quadrupole. The applied voltages can be changed very rapidly
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with a dwell time of 100 ms so that the determination of different masses is possible within
the same run. The ions separated in this way are finally detected by an electron multiplier
detector. This detector can either operate in a pulse mode for low sample concentrations or

in an analog mode for high sample concentrations.

Data processing of the detected signals were undertaken with the MassHunter Workstation

software (G7200B, Agilent Technologies, Santa Clara, California, USA).

2.2.2 INTERFERENCES AND OCTOPOLE REACTION SYSTEM
A problem in ICP-MS measurements is the occurrence of interferences that can have a

negative impact on the experimental results. Isobaric nuclides for example cannot be
discriminated due to their identical masses. In that case, the coupling with CE is beneficial
because isobars can already be separated by their differences in the electrophoretic

mobilities and thus reach the ICP-MS detector successively.

A second source of interferences originates from the ionization of the sample in the plasma.
Even though, like mentioned above, Ar as plasma gas has favorable properties in producing
consistently single charged ions, the generation of doubly charged species cannot be
prevented completely. Such ions exhibit different stable flight paths inside the quadrupole
mass filter because of their altered mass-to-charge ratio and consequently they are detected
at the wrong masses. Since in the plasma also other elements from the air or from aqueous
solvents are present, for example hydrogen or oxygen, the formation of Ar oxides and
hydrides are to be considered. The detection of these dimers occurs then at masses that are
16 amu or 1 amu higher than the original ion, respectively. On top of that, the formation of
dimers with other elements and even of trimers is conceivable. To supress these interferences
as good as possible, a tuning was performed at the beginning of every measurement series to
identify the optimal plasma parameters. For that purpose, 14°Ce was used because it has a
high oxide bond strength and hence will reveal a high oxide ion generation rate. Furthermore,
it readily generates doubly charged ions [08AGI2]. The ratio in the masses of 70/140 for the
+2 ions and 156/140 for the oxides is determined and the tuning should result in values of
<5% and < 1%, respectively. An overview of different isotopes and potential interferences

can be found in the literature [94REE].

A major challenge is the measurement of iron via ICP-MS. This is because distinct
interferences with different Ar dimers (and trimers) exist for all naturally occurring Fe
isotopes, for example [40Ar160]+ for 56Fe, [4°Arl4N]+ for 54Fe and [*0Ari601H]* for 57Fe. These
interferences lead to a background signal on these masses that is too high for iron

measurements without further optimizations. Remedy can be provided by the application of
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the already mentioned ORS. The utilization of a collision or reaction cell for the reduction of
interferences is descried in great detail e.g. in [02TAN] and [04KOP]. However, at this point
just the background for the iron case will be discussed in a little more detail because it is a
naturally often occurring element that can also influence the speciation of actinides in the
environment due to the redox activity of the Fe(II)/Fe(III) couple. In this work, examinations
with CE coupled to ICP-MS with the additional use of the ORS were conducted for iron

measurements and the results can be found in Section 5.3.

The basic principle of the ORS is the interaction of the interference dimers with a reaction or
collision gas inside the ORS chamber. In the case of this work, helium as a collision gas and
hydrogen as a reaction gas were applied, but the use of other gases is also possible. In He
mode, the dimers collide with the He atoms and by that, they are destroyed. They are now
detected at the individual masses of the single atoms. Fe+* is not affected by that process
because it is a monomer and thus can be detected on its respective mass with a much lower
background. In H, mode in contrast, a reaction of the hydrogen with the interference particles
takes place. H20 for example is generated by an atom transfer reaction of ArO+ and H». A
drawback of this method is, that side reactions, especially with the analyte ions, cannot be
controlled satisfactorily. This significantly decreases the sensitivity of the ICP-MS
measurement. Furthermore it has to be noted, that in both modes unwanted collisions
between gas molecules and analyte ions reduce the amount of sample reaching the detector
and thus the detection limit is further decreased. Therefore, the use of the ORS is just
reasonable for measurements that otherwise would not be possible because of interferences
that produce a very high background signal. The choice of the respective mode depends on
the analyte under investigation. In the case of iron, the H, mode turned out to be more

efficient.

2.3 COUPLING DEVICE
The application of an ICP-MS apparatus as a detector for CE experiments is only worthwhile

if an effective coupling of both devices can be assured. Only in this case, the high separation
capability of the CE can be preserved and the advantages of the very low detection limits of
the ICP-MS can be used in its entirety. To achieve this, the individual components have to

meet certain requirements which are explicated in the following.

In general, the coupling device is composed of four main parts, which are the nebulizer
containing the end of the capillary, the spray chamber, the make-up electrolyte supply and
the connecting tube between the spray chamber and the plasma torch of the ICP-MS (see

Figure 4).
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The nebulizer is the heart piece of the coupling device. Review articles about the importance
of nebulizers for coupling purposes can be found in the literature, e.g. [98MCL], [04YAN],
[05YAN]. In this work, a MiraMist CE nebulizer (Burgener Research, Mississauga, Canada) is
employed. In a former work by Stobener [13STO], the combination of this nebulizer with a
Scott-type spray chamber (AHS Analysentechnik, Tiibingen, Germany) has proven to be a
suitable setup for the investigation of actinides. The choice of the spray chamber is of great
importance for the aerosol creation and thus for the sensitivity of the whole measurement. A
comparison of different types of spray chambers was conducted by Todoli et al. [00TOD].
Sonke et al. [03SON] investigated the dispersion effects of spray chamber volumes. The
schematic layout of the setup used in this work is shown in Figure 5 a). As one can see, the
nebulizer is a parallel path model, which means that the capillary and the carrier gas are
guided through two separated, individual tubes. The make-up electrolyte is supplied
rectangular to this by a syringe pump (PicoPlus, Harvard Apparatus, Holliston, USA). A
mixture of these three components takes place in just a very small volume at the tip of the
nebulizer. This is the reason why the correct position of the capillary outlet in the nebulizer
tip is such a crucial point for obtaining reliable and reproducible experimental results. The

details of the gas and liquid flows at the tip of the nebulizer are depicted in Figure 5 b).

When assembling the system it has to be ensured that the ends of the capillary, both the inlet
and the outlet side, are positioned at the same height. Otherwise an additional siphoning
effect occurs. Moreover, the connecting tube between the spray chamber outlet and the
plasma torch of the ICP-MS has to be as short as possible because the transport of the
different analyte species should be kept preferably short in order to conserve the separation

of the analyte species.

One of the biggest challenges of coupling CE to ICP-MS are the different flow rates. While in
CE just very small sample volumes less than one microliter per minute elute from the
capillary, in ICP-MS a significantly higher flow, large enough to generate a stable aerosol, is
required. This problem is avoided by the introduction of the make-up electrolyte. The
additional flow rate enables for a satisfactory aerosol production. Furthermore, due to the
high carrier gas flow which forms the aerosol, a suction effect is generated inside the
capillary. Because of this, a laminar flow profile arises and the beneficial flat EOF flow profile
(already subject of discussion in Section 2.1.2) is destructed. By adding the make-up
electrolyte one is able to oppress this suction effect. Last but not least, the make-up
electrolyte is used to close the electric circuit at the outlet side of the capillary. This is not
trivial, because the capillary at this end does not etent into a second BGE vial as it usually

does in standard CE mode but rather is guided inside the nebulizer. The make-up electrolyte
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2. CE-ICP-MS

is connected with the CE via an electrode and thus the electric circuit can be closed. Besides
these benefits, one has to keep in mind that the introduction of the make-up electrolyte leads
to a great dilution of the sample and this, in turn, results in a loss of sensitivity for the [CP-MS

measurement.

a) capillary spray chamber

MiraMist CE nebulizer
|
Pt electrode

T

gas s /
b) " nebulizertip /

v /
a
a
cross section

sample flow

make-up electrolyte

7
7

Figure 5:a) Schematic cross-section of the MiraMist CE nebulizer used in this work. b)
Details of the tip of the nebulizer in cross section and top view with the respective gas and
liquid flows. The figures are based on the Burgener Research Operating Instructions Manual
[19BUR].

top view

As make-up electrolyte a solution of 1.25% HNO3z with 10% ethanol was used in this work.
The use of ethanol promotes the formation of smaller droplets for the aerosol by a reduction
of the surface tension. Further, 5 ppb each of 89Y, 103Rh, 140Ce and 209Bi were added as internal
standards. The tuning of the ICP-MS parameters was performed on these masses with special
focus on the optimization of the higher masses for the measurements of actinides. The 89Y
signal was aditionally monitored during all measurements in order to detect systematic
fluctuations. The optimal make-up electrolyte flow rate was determined experimentally to
be 5 pL min-1. A lower flow rate would not completely eliminate the laminar flow profile, a

higher one in contrast would lead to a sample tailback in the capillary.




2.4 Summary of all Parameters of the CE-ICP-MS System

2.4 SUMMARY OF ALL PARAMETERS OF THE CE-ICP-MS SYSTEM
In Table 3 all parameters and devices used in this work for the CE-ICP-MS measurements are

summarized. More detailed information about the individual parts can be found in the

previous sections.

Table 3: Summary of the parameters and devices used in this work.

device parameter value
material fused silica
capillary
(TSP0503753, length 76 cm
Polymicro
Technologies) inner diameter 50 um

micro-inserts of borosilicate glass placed in
sample vials polyethylene vials sealed with polyethylene
olefin snap caps

sample hydrodynamic
introduction 8 s with 100 mbar

EOF-marker 2-bromopropane detected at the mass of 79Br

experiments
measurr:r(:'zl:rflttsy kinetic |  Stability constant
CE (Agilent 7100) studies’ determination
(Sections 3 and 5) (Sections 4)

L several ligands with
BGE 1 M acetic acid the respective acids

pH 2.4 at varying pH values
voltage 25kV 10 kV
current 10-15pA 10-120 pA
temperature forced air cooling at 25 °C
control
nebulizer MiraMist CE (Burgener Research)
coupling device
spray chamber Scott-type (AHF Analysentechnik)
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Table 3: continued.

device parameter value
1.25% HNOs3 and 10% ethanol,
make-up 5 ppb 89Y, 103Rh, 140Ce and 207Bi as internal
electrolyte standards,

flow rate: 5 uL min-!

coupling device
carrier gas

— in-1
(Ar) flow rate 0.9-1.1L min
make-up (Ar) 0.2 - 0.4 L mint
gas flow rate
plasma gas argon
plasma torch Fassel typ
plasma power 1550 W
freral(lielzc 27.12 MHz
ICP-MS auency
(Agilent 7500ce) dwell time 100 ms
detection time resolved analysis
mode
data MassHunter Workstation software
processing (G7200B, Agilent Technologies)

2.5 LITERATURE REVIEW OF APPLICATIONS OF CE-ICP-MS WITH FOCUS ON THE

INVESTIGATION OF ACTINIDES
As mentioned before, the coupling of CE to ICP-MS was employed in this work to examine

different aspects of actinide speciation analysis. For that purpose this section will give a short
literature overview of CE and CE-ICP-MS applications with the focus on actinide

investigations. At the beginning, some general aspects are reviewed.

The capability of capillary electrophoresis for elemental speciation is well described in the
literature and several overview articles on this topic can be found, for example by Timerbaev
etal. [00TIM], [01TIM], [10TIM] (and also the five previous articles cited therein), [13TIM1],
[14KUB] or others [93ENG], [97MAC], [03LIU], [03PAU], [05ALI], [09]OH]. The coupling of
CE to ICP-MS was first described by Olesik et al. [950LE] in 1995. Since then, a wide variety
of different works concerning the development of the method and its application to metal

speciation has been conducted. Again, several review articles are available for an extended
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overview, e.g. [97SUT], [98BAR], [02KAN], [05ALV], [05MIC] (and previous reviews by
Michalke et al. cited therein), [17TYC] (as the last of a frequently every two years appearing
series, for earlier versions see the citations within this article). A comparison with the
hitherto commonly used UV detection shows the considerably improved detection limits
while retaining constant separation quality [98SUT]. The coupling of CE to a high resolution
sector field ICP-MS (HR-SF-ICP-MS) enables to extend the limits of detection to even lower
concentrations [07SON]. More specialized applications are also described, for example the
investigation of metalloproteomics [05PRA], the interactions between metals and
biomolecules [08YIN], biospeciation analysis [09TIM] and element ligand interactions
[16CHE]. For the sake of completeness it should be mentioned that there exist, besides CE,
also other separation techniques that can be hyphenated to ICP-MS [12PRO]. More recently,
the separation and detection of nanoparticles by CE-ICP-MS [16MEB], [17ALE] and the
coupling of CE to single particle ICP-MS (CE-SP-ICP-MS) [18MEE], in particular for Ag
[17MOZ1], [17MOZ2], [18MIC] and Au [17FRA] nanoparticles, have gained a growing

interest.

Instead of an ICP-MS detection, sometimes an ICP-AES (inductively coupled plasma atomic
emission spectroscopy), or also referred to as ICP-OES (inductively coupled plasma optical
emission spectroscopy) detector coupled to a CE is used. A comparison of the two shows, that
the limits of detections are lower in ICP-MS, but for lighter metals (e.g. Ca or Mg), higher salt
contents and more complex matrices the use of an ICP-AES detector may have benefits if the
analyte concentrations are not too low [13TIM1]. Recently, a new transient method has been
developed to enable the use of ICP-MS detection also with high salinities [17HEI]. A more
gentle ionization method for MS detection often used instead of the inductively coupled
plasma is the so called electrospray ionization (ESI-MS). While in ICP-MS all analytes are
completely destroyed due to the high plasma energies, in ESI-MS it is possible to study
chemical compounds [13KLE]. The electrochemical detection with C4D (capacitively coupled
contactless conductivity detector) detectors is sometimes used as an alternative to the MS

detection [98ZEM], [18KUB].

Lanthanides (Ln) are often studied as chemical analogues for trivalent actinides and many
works concerning their investigation by CE(-ICP-MS) can be found in the literature. One of
the major challenges is the separation of the individual Ln(III) ions due their very similar
electrophoretic mobilities resulting from their chemical likeness. One approach to increase
the differences in the electrophoretic mobilities is the complexation with suitable complex
forming agents [03JAN], for example cupferron (N-nitroso-N-phenylhydroxylamine) with
hydroxyisobutyric acid (HIBA) as buffer [000ZT], aromatic polyaminocarboxylate together
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with nitrilotriacetic acid [06SAI] or arsenazo IlI for the separation of both Ln(III) and U(VI)
[98MAC], [01COL]. The separation of Ln(III}), Th(IV) and U(VI) via CE by complexation with
different ligands is described by Liu et al. [98LIU1], [98LIU2] and Shiri-Yekta et al. [14SHI],
the separation of U(VI) and different transition metals by 4-(2-thiazolylazo)resorcinol in
[01EVA]. CE was further used for the investigation of oxalate and tartrate complexes of
Ln(IlI) [87R0OS] and for carbonate complexes [08PHI] (CE-ICP-MS in the last case).
Furthermore, Ln are one of the main proportions in fission products and CE was employed
for the determination of the isotopic composition of such samples [08PIT]. Day et al. [00DAY]
determined the nuclide abundance of Ln produced in a spallation reaction in an irradiated

tantalum target by CE-double focusing SF-ICP-MS.

Kautenburger et al. investigated the influence of humic acid (HA) on the migration behavior
of lanthanides in the environment due to complexation or colloid formation by CE-ICP-MS
[06KAU], [07KAU], [09KAU], [14KAU]. HA is part of naturally occurring large organic
macromolecules, summarized under the term natural organic matter (NOM) and is thus
interesting in the context of the migration behavior of radionuclides in the environment. The
interaction of lanthanides with humic substances was further examined by Sonke and Salters
et al. by an EDTA-ligand competition method via CE-ICP-MS [06SON], [07STE]. The actinides
Th(IV) and U(VI) have also been investigated with respect to their interaction with NOM.
Benes [09BEN] applied a free ligand electrophoresis for the study of Th(IV) complexation
with HA. In [14STE] the same question was addressed by ligand competition experiments.
U(VI) was examined by [01PAC] and again by the group of Kautenburger et al. [12MOS],
[17HAH], [17KAU].

In the field of actinide speciation, CE has been used as an analytical tool in a number of
investigations. A comprehensive overview up until the year 2013, especially in combination
with ICP-MS, is given by Timerbaev et al. [13TIM2]. The application in the speciation of

geological and environmental samples is summarized by Hein et al. [14HEI].

Ion mobilities of Am(II) and Ln(Ill) have been determined by Rdésch et al. [B9R0S1],
[90ROS1] (in this paper also Cf(III) is investigated), [03MAU] by a custom-made free
electrolyte continuous electromigration technique. In 2003, Kuczewski et al. were the first to
coupled CE and ICP-MS for the investigation of actinides [03KUC]. They were able to separate
the four different Pu oxidation states +II1 to +VI and Np(V)/Np(IV) with 1 M acetic acid as the
BGE. Further examinations on the redox speciation of Pu followed this work [05AMB],
[07BUR]. Graser et al. investigated the kinetics of the reduction of Pu(VI) by Fe(II) and also
determined the electrophoretic mobilities of different Np species [I5GRA]. The absolute

mobility and the equivalent ionic conductivity of Np(V) was measured by Aupiais et al.
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[03AUP]. Stobener et al. studied the redox speciation of Np in samples contacted with natural
Opalinus clay [12STO]. The redox speciation of Pa(V) and different hydrolyzed species as well
as the complexation of U(VI) by anionic forms of some long-lived fission products MO,
(M =1, Se) were investigated in [05FOU]. A detailed scheme of the electrophoretic mobilities
of several actinides in different oxidation states is one of the results of this work (for more
detailed information see Section 3 and [19WIL1]). Furthermore in this work, the redox
kinetics of the reduction of Np(V) by hydroxylamine hydrochloride (HAHCI) are investigated

and the results can be found in Section 5 and in [18WIL].

A very important and extensively used field of the application of CE-(ICP-MS) is the
investigation of metal ligand interactions and the determination of stability constants of
actinides [16SLA]. An overview of the works conducted concerning An(V) ions is reviewed in
[16TOP]. The capability of this method as an appropriate analytical tool for the study of
complex binding interactions at low concentrations is also emphasized in [01RUN], [08CHE],
[13DVO]. In Table 4, the different actinide-ligand systems examined by CE are summarized
and the respective literature source is given. In this work, CE-ICP-MS was also used to
determine the stability constants of the actinides Am(III), Th(IV), Np(V) and U(VI) with
acetate [19WILZ2], propionate, gluconate and citrate. The results and more details about the
experimental conditions and the data treatment is given in Section 4.

Table 4: Summary of the publications on the determination of stability constants of actinides

with different ligands. For more details concerning the experimental conditions such as BGE,
ionic strength, temperature etc. and the results see the respective reference.

. actinide
igan
8 Th Pa 8] Np Pu Am
chloride Np(V) Pu(V)
[09TOPZ] [09TOPZ]
Np(V)
Ifat [B9R0S2] Pu(V) Am(III)
sulfate
[90R0OS4] [09TOPZ] [90ROS2]
[09TOP2Z]
nitrate Np(V) Pu(v)
[10TOP] [10TOP]
U(VI
periodate (V1)
[04KAR]
carbonate Np(V) Pu(V)
[09TOP1] [09TOP1]
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Table 4: continued.

actinde
ligand
Th Pa 8] Np Pu Am
u(vI) Np(V)
Acetate Th(IV) [13SLA] [90ROS3] Am(III)
[19WIL2] [14SLA] [90ROS4] [19WIL2]
[19WIL2] [19WIL2]
Th(IV U(vl Np(V Am(III
propionate ) (V) _( ) _p( ) -m( )
[this work] [this work] | [this work] [this work]
U(vl Np(V
(VD) p(V) Am(llI)
Pa(V) [09PET] [B9R0S2] Pu(V)
oxalate [90ROS2]
[1IOMEN] [10PET] [90ROS4] [15BRU] [15BRU]
[15BRU] [15BRU]
Th(IV U(vl Np(V Am(III
duconate | V) (Vi) Np(V) m (i)
[this work] [this work] | [this work] [this work]
U
succinate (V1) Pu(Vl)
[18SLA] [18SLA]
Np(V)
tartrate [B9R0S2]
[90ROS4]
Np(V
UV p(Vv)
_ Th(IV) [90ROS3] Am(III)
citrate ¥ rthis work] LISZHAL 1 g0R0s4] [this work]
is wor is wor
[this work] .
[this work]
Th(IV U(vl
adipate (V) (V1)
[81SIN] [81SIN]
nitrilotri- Pa(V)
acetic acid [18LUC]
Am(III)
Th(IV Pu(IV 12LEG
(v Pa(V) uvn Np(IV) u(tv) [ ]
DTPA [16AUP] [16AUP] (also
[13MEN] [16AUP] [16AUP]
[16BON] [16BON] | Cm(III) and
Cf(11D))
3,4,3-
LI(1,2-
Th(IV Pu(IV
HOPO) and (v u(tv)
[17AUP] [17AUP]
5-LIO(Me-
3,2-HOPO)

Besides this application in the complexation chemistry of actinides, the study of the

interactions of actinides with biologically relevant molecules by CE is of growing interest

[07USE], [10]JIA], [15GAL], [15STE]. For example, a uranium-protein interaction in human
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blood was investigated by Huynh et al. by CE-ICP-MS [15HUY], [16HUY]. The interaction of U
with transferrin is described in [97SCA], [98SCA]. The stability constants of Pu(IV) with this
protein can be found in [17SAU], that of Th(IV) in [18BRU]. In the last paper, for the first time
the coupling of capillary isoelectric focusing with ICP-MS is described. The binding of beta-
cyclodextrine was investigated in [16LI] by affinity capillary electrophoresis (ACE).

For the investigation of dissolved and colloidal uranium species in carbonated soil after a
leaching process, CE-ICP-MS was used in order to determine the uranium-colloid interactions
[11CLA]. Martelat et al. recently published the use of CE-multi collector (MC)-ICP-MS for the

precise U/Pu isotope ratio measurement in nuclear samples [18MAR].
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EXPERIMENTAL SECTION

Preliminary remark: A list of all chemicals used in this work together with the respective
supplier can be found in the appendix (‘LIST OF CHEMICALS on Page 194 f). The indicated error
limits are calculated, if not stated otherwise, on basis of a Gaussian error propagation. The
respective equations and the estimated errors for the calculations are presented in APPENDIX

A2.

3. DETERMINATION OF ELECTROPHORETIC MOBILITIES WITH CE-
ICP-MS

For the interpretation of electropherograms, which are a result of CE-ICP-MS experiments,
the electrophoretic mobilities u of all species under investigation must be known. Only then
it is possible to assign the observed peaks unambiguously to a particular species. Since the
electrophoretic mobilities are dependent on the experimental conditions such as BGE, pH
value and ionic strength, it has to be kept in mind that a given u is only valid for the exact

conditions it has been determined for.

The following chapter provides an overview of the experiments conducted in this work for
the investigation of the electrophoretic mobilities of different actinides in varying oxidation
states as well as a comparison of two different EOF markers. For the start, some important

theoretical considerations concerning this topic are summarized.

3.1 THEORETICAL CONSIDERATIONS
For the calculation of electrophoretic mobilities from experimental results, the migration

times of the respective species have to be determined experimentally. Then Equation (2.12)
can be employed (see Section 2.1.1 for further information). Because of the importance of
this formula and for reasons of simplicity it is repeated in Equation (3.1).
12(1 1
u= E(E_E)' (3.1)

The migration times ¢; and tzor are defined by the maximum of the particular peaks in the
electropherogram. Since these peaks always exhibit a certain expansion due to the non-
ideality of the experimental system, they can overlap if the differences in the migration times
of the respective species are too small for full separation. In such a case the two peaks are not

completely resolved.

A measure for the capability of the separation of two species under given conditions is the
resolution Rs. It is defined as the distance between two peak maxima (so the migration

times t) divided by the average of their baseline widths w (Equation (3.2)).
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ta—ty

Rs =

(3.2)

T :
E(Wl +wy)

In general, a resolution of Rs = 1.5 is considered as resolved to baseline [92GRO].

Factors that affect the electrophoretic mobility are discussed in Section 2.1.3. The peak
width w in contrast is a result of diffusion and other dispersive phenomena, which are briefly
elucidated in the following based on [92GRO], [10LAU]. For more details and mathematical

derivations is referred to these references.

Diffusion: Axial diffusion of the analyte has an equal extant in both directions along the
capillary. Consequently this effect leads to a symmetrical peak broadening. Radial diffusion

can be neglected due to the flat EOF profile.

Parabolic temperature profile: In this case the considerations already discussed in

Section 2.1.3 apply.

Injection volume: It is not possible to inject the sample as an infinitely thin zone into the
capillary. Since in hydrodynamic injection mode, as used in this work, the pressure is applied
for a certain period of time, an expanded sample zone occurs resulting in broader peaks. For
minimizing this effect, it is commonly said that the length of the injected sample plug should
not exceed 1 - 2% of the total capillary length [.. In the present case, the injected sample
volume of ca. 15 nL as calculated with the conditions given in Equation (2.7) results in a
sample plug length of 7.6 mm for an inner diameter of 50 um (calculated with the volume
equation of a cylinder). This precisely corresponds to 1% of I. = 76 cm and thus the effect of

the finite injection volume is negligibly small.

Analyte and capillary wall interaction: As mentioned before in the theory section, the
inner capillary wall is composed of silanol groups which are partly negatively charged in
dependence of the pH value due to deprotonation. The analyte cations can now interact with
these negative charges and by that their migration velocity is slowed down or they can even
be completely adsorbed to the surface. The deceleration of a part of the analyte ions will lead
to a back-tailing of the respective peak. Because of the large surface-to-volume ratio in thin
capillaries, this effect can become significant in CE experiments. In the case of this work, most
experiments were conducted with 1 M acetic acid as BGE with a pH value of 2.4. Even though
the acidity constant of the silanol surface groups are difficult to determine, the degree of
deprotonation at such a low pH value should be quite small and thus the effect will not

excessively influence the migration of the ions.
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Siphon effect: This effect is already mentioned in Section 2.3. By positioning the ends of the
capillary, both the inlet and the outlet side, at the same height, the siphon effect can be

avoided.

Electrodispersion: Due to the presence of the analyte ions in the BGE, a different
conductivity in the sample zone compared to the rest of the BGE occurs. This in turn leads to
local differences in the applied electric field. Since the electrophoretic mobility of a given ion
depends on the applied electric field, it varies relative to the analyte concentration. This effect
can result in both front-tailing and back-tailing, depending on whether the conductivity in
the respective zone decreases or increases leading to a faster or slower electrophoretic
mobility. The low concentrations of actinide sample ions used in this work are beneficial for
minimizing this effect because it is all the more pronounced the higher the analyte

concentration is.

Detection volume: As the injection volume always has a certain spatial expansion the same
is true for the analyte volume detected at the end of the separation. It takes a certain time for
the sample zone to elute and the ICP-MS is just able to detect the incoming analyte ions as a
function of time. This results in a peak broadening defined by the analyte distribution in the
sample zone. Again, the low sample concentrations are advantageous because of smaller

sample zones.

All the dispersive processes listed above can be considered as independent from each other
and the overall effect is the sum of all single contributions. Generally speaking, as already
implied above, CE is a method exhibiting a small amount of dispersion effects and thus a good
resolution. Nevertheless it is important to adjust the experimental parameters as suitable as
possible to minimize the individual effects in order to obtain reliable results for the

determination of electrophoretic mobilities.

3.2 COMPARISON OF TwWo EOF-MARKERS
Besides the migration time t; of the analyte species under investigation, also the migration

time of the EOF tzor must be known for the calculation of the electrophoretic mobility u
(compare Equation (3.1)). For this reason, a so called EOF marker is added to every sample
before CE-ICP-MS measurements. Neutral molecules are used for this purpose since they are
not accelerated by the applied electric field but rather dragged along by the EOF.
Consequently, they eluate simultaneously with the EOF and their detection thus allows the

determination of its migration time.

In the literature, the application of different EOF markers is described. The group of Aupiais

and Topin et al. used DMF (N,N-dimethylformamide) which is detected by UV-Vis
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spectroscopy (see e.g. [10TOP] or other citations given in Section 2.5). Graser et al. employed
2-bromoethanol detected on the mass of 79Br via SF-ICP-MS [15GRA]. In order to ensure that
the EOF marker used in this work, namely 2-bromopropane, can also be applied, comparison
experiments were conducted with 2-bromoethanol since in that case the detection methods

are identical.

The measurements were executed with 237Np(V) as analyte ion. This species was chosen due
to the fact that it is chemically stable under the given conditions and its electrophoretic

mobility is known from former experiments and the literature [15GRA], [12STO].

A 0.2 M 2-bromoethanol solution was produced by diluting 97% 2-bromoethanol with 0.1 M
nitric acid, exact as described in the literature. 2-Bromopropane was used without further

dilution.

The CE-ICP-MS samples were prepared by dissolving 2 uL of a 237Np(V) stock solution in
198 uL. 1 M acetic acid yielding a neptunium concentration of ¢(23’Np(V)) =5-10-7 M. The
1 M acetic acid was also employed as the BGE. To these samples, the appropriate volume of
the respective EOF marker was given. Measurements were undertaken with both 25 kV and
10 kV to show that the results are independent of the applied high voltage. For both high
voltages, three measurements were performed, each with 1 pL. 2-bromopropane, 5 pL. 0.2 M
2-bromoethanol and a mixture of both. The mixture was investigated in order to see if still
one peak on the mass 79 is obtained. This must be true if both compounds migrate together
with the EOF. If one substance exhibits an electrophoretic mobility different from zero, a

separation of the peak would arise.

The resulting electropherograms are shown in Figure 6. As one can see, in each

electropherogram only one peak is obvious for the mass 79.

In Table 5 the measured migration times and the electrophoretic mobility of Np(V) calculated
from these by Equation (3.1) are depicted. It can be clearly observed that the results agree
with each other within the limits of error. Both for the different EOF markers and for the
varying voltage, the same electrophoretic mobility for Np(V) was obtained. Furthermore, the
results are in good agreement with the literature. A more detailed discussion of this topic will

be given in the following chapter.
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Figure 6: Resulting electropherograms for the comparison of two different EOF markers,
2-bromopropane and 2-bromoethanol, at U =25 kV and U =10 kV.
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Table 5: Results of the comparison of two different EOF markers, 2-bromopropane and 0.2 M
2-bromoethanol, at U=25kVand U =10 kV.

. L electrophoretic mobility/
migration time/s
voltage/ 104 cmzV-1gt
EOF marker
kv
#7Np(V) 79Br Np(V)

2-bromopropane 438.3 720.8 2.07 £0.07
0.2 M 2-bromoethanol 25 436.5 715.3 2.06 £ 0.07
both 436.5 718.1 2.08 £0.07
2-bromopropane 723.5 978.7 2.08 £ 0.07
0.2 M 2-bromoethanol 10 719.9 982.3 2.14 £ 0.07
both 719.9 975.0 2.10£0.07

As a result it can be concluded that 2-bromopropane provides findings comparable to EOF

markers described in the literature. The utilization of this compound thus is reasonable.

REMARKS:

The investigation presented above was undertaken within the framework of the diploma
thesis of Saskia Leidich [17LEI1] under the guidance of Christian Willberger and Tobias
Reich. Samples preparation and CE-ICP-MS measurements were conducted by Saskia Leidich
and Christian Willberger. The evaluation was conducted individually by both Saskia Leidich

and Christian Willberger.

33



3. Determination of Electrophoretic Mobilities with CE-ICP-MS

3.3 PUBLICATION: INVESTIGATION OF THE ELECTROPHORETIC MOBILITY OF THE
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The graphic shows the combined electropherograms of different neptunium and plutonium
species separated by CE. Furthermore the migration and separation process of the different

species and of the EOF inside the capillary is indicated.
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Investigation of the Electrophoretic Mobility of the
Actinides Th and U-Am in Different Oxidation States

Christian Willberger*, Samer Amayri, Verena Hauf3ler, Raphael Scholze, Tobias Reich*

Institute of Nuclear Chemistry, Johannes Gutenberg University Mainz, 55099 Mainz, Germany

ABSTRACT: The electrophoretic mobilities (ue) of the actinides Th and U-Am in different
oxidation states (prepared in 1 M HCI and 1 M HCIO4) have been determined by CE-ICP-MS
using 1 M acetic acid as the background electrolyte, which has proven to provide an excellent
setup for trace analysis at environmentally relevant concentrations (1 - 10-9 M). The values
are independent of the respective acid solution. The p. of the Pu oxidation states +III to +VI
have been measured. They agree with both the available literature data and with the redox-
stable analogues (Eu(IlIl), Th(IV), Np(V), U(VI)) that have also been investigated. The trend in
the u. for the actinides U-Pu was found to be An(IIl) > An(VI) > An(V) > An(IV). The p. of

2 2
Am(II)  (ue(Am(11)) =3.86 - 10+ =), U(IV)  (ke(U(IV)) =034 -10-+=-) and U(VI)
2
(ue(U(VD))=1.51-10* %) have been measured for the first time under these experimental

conditions. Furthermore, a systematic approach for calculating values for the . of actinides
in instable oxidation states that are not feasible for CE-ICP-MS experiments is introduced.

This schema is confirmed by measurements of already estimated values, measured after their

2
estimation. The estimated value for U(IV), for example, is y.(U(IV)) = 0.28 - 10-4 % This is in

agreement with the experimental data given above.

1. INTRODUCTION

Nuclear power has been used as a source of energy for many years and is still in use in many
countries. During the operation of a nuclear power plant, a large amount of high-level
radioactive waste is generated, for which safe entombment has to be ensured for periods up
to one million years. Most notably, the spreading of radionuclides into the environment has
to be prevented at all times. Nuclear waste will in future be stored in a deep geological
repository with argillaceous and crystalline rocks or salt as potential host rocks.1-2 It is very
important to gain a deep understanding of the chemical behavior of the relevant

radionuclides in the respective geological formation.

Long-lived actinides such as 238U (t1/2: 4.47-10° a), 23’Np (t1/2:2.14-106 a), 239Pu

(t1/2: 2.41-10* a) and 2¢41Am (t1/2: 432.2 a) are part of the high-level radioactive waste in
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spent nuclear fuels. After a long period of enclosure these nuclides account for a significant

percentage of the total radiotoxicity of the nuclear waste.3

Under environmental conditions actinides exhibit a wide distribution of possible oxidation
states, with different speciations in aquifers. Plutonium, for example, displays a wide range
of oxidation states from Pu(IIl) up to Pu(VI) in aqueous solution, whereby the lower ones
exist as the free cations Pu3+ and Pu#+ and the higher ones as the plutonyl cations PuO,* and
Pu0;%+, not to mention the versatile possibilities of different complexation partners and
coordination numbers. For this reason it is essential for the safety assessment of a possible
repository to have an extensive knowledge of the exact speciation of the considered actinides

under the expected conditions.

The determination of the exact speciation of the actinides at environmentally relevant
concentrations in the worst case of a possible leakage from the repository requires a reliable
and effective analytical method. For analyzing the different oxidation states, the separation
capability of capillary electrophoresis (CE) was coupled with the high sensitivity of
inductively coupled plasma mass spectrometry (ICP-MS). With this setup we achieved the

separation and quantification of different actinide oxidation states within less than 20

minutes and limits of detection of approximately 1 - 10 M, which s expected for actinides in

the far field of a repository.5-6

In the present work we measured the electrophoretic mobilities of different oxidation states
of the actinides Th and U-Am diluted in 1 M acetic acid medium. The migration of actinides
in a capillary is strongly affected by their speciation in solution, which is dependent on several
parameters such as pH, redox potential and ligand complexation. Hence the results of such
measurements under model conditions are very helpful for the realization and interpretation
of investigations of authentic environmental samples in complex media concerning the long-

term safety analysis of possible nuclear repositories.

CE-ICP-MS measurements of actinides have been carried out before, our studies focus on the
actinides Pu and Np. The results for these elements will be discussed in comparison with the
values of redox-stable homologues and will be compared with the available data in the
literature.6-8 Furthermore, for the first time we measured values for the U oxidation states +VI
and +IV and for Th(IV) under the experimental conditions used here. Concluding, a
systematic approach for estimating unknown electrophoretic mobilities from experimental

data is introduced.
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2. EXPERIMENTAL

As already mentioned, the coupling between the CE and the ICP-MS system provides a
powerful method to determine the exact speciation of actinides at near environmentally
relevant concentrations. The method was first described by Olesik et al. in 1995.9 Since then,
much work in the field of elemental speciation analysis has been done and many review

articles can be found in the literature.10-12
2.1 CAPILLARY ELECTROPHORESIS

The importance of CE with regard to element speciation was described by Timberbaev et al.,!3
especially to the speciation of actinides.* Basic considerations for CE can be found

elsewhere.15

The principle of separation in electrophoresis techniques is the varying velocity of migration
of different ions in solution in an applied electric field. The electrophoretic mobility p,, which
is measured during capillary electrophoresis experiments, is a characteristic quantity of each
ion in a particular medium. For performing capillary electrophoresis, ca. 50 pm thin fused
silica capillaries are used, which are filled with a background electrolyte (in our case 1 M
acetic acid). The sample is dissolved in the same medium and transferred to the capillary via
hydrodynamic injection. A high voltage is applied between two platinum electrodes and the

electric circuit is closed by the background electrolyte solution.

One can calculate the electrophoretic mobility of an ion y, by knowing the retention times of

the electroosmotic flow (EOF) tgor and of the examined species t; at a given capillary length
I, and applied voltage U.

“i:% (li) (1)

ti tgoF

The EOF describes the movement of the whole electrolyte solution inside the electric field.
Neutral species eluate together with the EOF, which can be used for measuring the retention

time of the EOF.

In the present case 2-bromopropane was used as the neutral EOF marker. We tested the
capability of this chemical to really act as a neutral marker by comparing its behavior during
CE experiments with the behavior of 2-bromoethanol, another EOF marker used in the
literature8. Both 79Br signals had exact the same retention time whereof we concluded that

the 2-bromopropane is a suitable EOF marker, too.
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2.2 ICP-MS SYSTEM

Mass spectrometry with inductively coupled plasma is an appropriate detection method for
analyzing eluates previously separated by capillary electrophoresis. The system combines the
advantages of mass spectrometry, which is a very sensitive and specific method for
simultaneous multi-element detection at very low concentrations, with the benefits of
inductively coupled plasma, namely a high efficiency of atomization and ionization of the
sample. A detailed summary of possible applications of ICP-MS as a detection method for CE

can be found in the literature.16

At the beginning of every measurement, a tuning was performed to find the optimal plasma
parameters for the system and thus to prevent the formation of higher-charged ions,

hydroxides, and oxides, which can cause interferences.
2.3 COUPLING DEVICE

For an effective coupling of the CE (Agilent 7100, Agilent Technologies, Santa Clara, California,
USA) with the ICP-MS (Agilent 7500 ce, Agilent Technologies, Santa Clara, California, USA), a
functional connection between both systems is of utmost importance. Figure 1 shows a
picture of the coupling system that was used in this work. The centerpiece of the device is a
MiraMist CE nebulizer (Burgener Research, Mississauga, Canada) leading to a Scott-type
spray chamber (AHS Analysentechnik, Tibingen, Germany). The nebulizer used in our
experiments is a parallel path model. In this layout, the carrier gas flow and the capillary are
separated in two parallel tubes and the make-up electrolyte is applied rectangularly to those.
Accordingly, the mixture of the three components takes place just at the very tip of the
nebulizer in a very small volume. Reviews of the importance of nebulizers for performing CE-

ICP-MS measurements can be found in the literature.17-19

The make-up electrolyte is introduced via a syringe pump (PicoPlus, Harvard Apparatus,
Holliston, Massachusetts, USA). Its flow rate has to be adjusted experimentally to avoid a
laminar flow profile from too small flow rates and a tailback of the sample in the capillary
from too high flow rates. In the present experimentsa 1.25% HNO3 solution with 10% ethanol
was used. Additionally, the make-up solution contained 5 ppb 8%, 107Rh, 140Ce, and 209Bi as

internal standards.
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Figure 1. Coupling system between CE and ICP-MS as used for the actinide mobility

measurements.
2.4 REAGENTS

Nitric acid, 2-bromopropane, hydroxylamine hydrochloride (NH3OH+Cl-), 238U wires, and Rh
ICP standard solution were supplied by Merck (Darmstadt, Germany). Acetic acid and
perchloric acid were received from Riedel-de Haén (Seelze, Germany), and hydrochloric acid
from Fisher Scientific (Loughborough, UK). The ICP-MS elemental standards were supplied
by High-Purity Standards (Charleston, South Carolina, USA) (Bi, Ce and Y), Peak Performance
(CPI International, Santa Rosa, California, USA) (Eu and U) and Accu Trace™ (Accu Standard,
New Haven, Connecticut, USA) (Th). All reagents were of pro-analysis quality or better. Milli-
Q water (18.2 M{), Synergy™ Millipore water system, Millipore GmbH, Schwalbach, Germany)
was used for dilutions. All solutions were filtered through 0.2 pm syringe filters (Nalgene,

Rochester, New York, USA) prior to their application in CE to prevent clogging.

All actinide stock solutions were prepared both in 1 M HCl and in 1 M HClO4 to see if there is
an effect on the electrophoretic mobility of the ions after diluting in 1 M acetic acid depending

on the medium of the stock solution.

239Pu(VI) and 23’Np(VI) stock solutions were prepared by repeated evaporation with 1 M

HClO4 or 1 M HCI respectively under the addition of very small amounts of NaF to prevent
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colloid formation. Starting from this hexavalent state, the tri-, tetra- and pentavalent

oxidation states were obtained by electrolytic reduction and oxidation reactions.

Besides this, a 237Np(V) stock solution was prepared as described in the literature.20
Proceeding from this, 237Np(IV) was yielded by chemical reduction with hydroxyl ammonium

hydrochloride.

238(VI) was obtained by dilution of the ICP-MS standard solution to the required

concentration. Dissolving 238U wires in 1 M HCl produced 238U(1V) solutions.

As Am(1II) is stable in the trivalent oxidation state, there was only the need to adjust the
medium of the stock solution by evaporation until near dryness and dissolving the residue in

1 mL of the respective 1 M acid.

The Th(IV) and Eu(III) solutions were diluted from the ICP-MS standard solutions with 1 M
HCl or 1 M HCIOQ4, respectively.

The purity of the different oxidation states of the investigated actinides was controlled by UV-
Vis measurements (Tidas 100, ] & M Analytik AG, Essingen, Germany). The concentrations of
the respective solutions were measured via liquid-scintillation counting for Pu or y-ray

spectrometry measurements for U, Np, and Am.

Some oxidation states turned out to be much more instable than we expected under the used
conditions, which required certain additions. These were chosen to ensure a reducing
(NH30H+CI-) or oxidizing (NaClO) environment to stabilize the very reactive oxidation states
without further complexation properties.2! Therefore, NaClO was added to the Np(VI)

samples and hydroxyl ammonium hydrochloride to the Pu(III) samples.

If the concentration of the stock solutions exceeded 5 - 10™ M, the respective solutions were

diluted to this specific concentration. Solutions with concentrations less than 5 - 10° M were

used without further dilution.
2.5 SAMPLE PREPARATION AND PARAMETERS FOR CE-ICP-MS

Unless stated otherwise, samples for CE-ICP-MS measurements were prepared by diluting 2
uL of the analyte solution with 198 pL. 1 M acetic acid in conical micro-inserts of borosilicate
glass (Carl Roth AG, Arlesheim, Switzerland). To each sample, 1 pL. 2-bromopropane was
added as the EOF marker. The final concentration of the analyte was (5.00 + 0.45) - 107 M.
The micro-inserts were transferred into the CE system by placing them in polyethylene vials
sealed with polyethylene olefin snap caps (both Agilent Technologies, Santa Clara, California,
USA).
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The fused silica capillaries (Polymicro Technologies, Phoenix, Arizona, USA) were
preconditioned before every use by flashing several times with MilliQ-Water, 0.1 M sodium
hydroxide solution, 0.1 M hydrochloric acid and 1 M acetic acid. In between the
measurements the capillary was flushed with 1 M freshly prepared acetic acid to remove the
remaining analytes and to prevent effects caused by altered acetic acid due to the applied

high voltage.

Temperature stability is a crucial point in performing CE experiments since a variation of 1
°C can lead to a change in the electrophoretic mobility of about 2%. We controlled the
temperature at 25 °C by the air cooling device of the Agilent apparatus. Only a short part of
the capillary leading out of the CE apparatus inside the nebulizer could not be temperature
controlled. The temperature rise inside the capillary due to Joule heating was calculated
following a procedure given in the literature?2 to be on average about 0.5 °C and to not exceed

1 °C under the used experimental conditions.

All evaluations were undertaken with the MassHunter Workstation software (G7200B,
Agilent Technologies, Santa Clara, California, USA). All parameters during the measurements

are summarized in Table 1.

Table 1. Parameters for the CE-ICP-MS system during measurements.

Capillary electrophoresis

Agilent 7100 ce (Agilent Technologies, Santa

system Clara, California, USA)
voltage 25kV
current 10-20 pA
fused-silica capillaries,
capillary inner diameter: 50 pm,

length: 76 cm

sample introduction

hydrodynamic,
8 s with 100 mbar

background electrolyte

1 M acetic acid,

pH 2.4

temperature control

25°C

Coupling device

nebulizer

Mira Mist CE (Burgener Research, Mississauga,

Canada)

spray chamber

Scott-type

41



3. Determination of Electrophoretic Mobilities with CE-ICP-MS

Table 1. continued.

1.25% HNOs3 and 10% ethanol,

5ppb Y, Rh, Ce and Bi as

make-up electrolyte .
p y internal standard,

flow rate: 5 “—L
min
carrier gas Ar, flow rate: 0.86-1.15 ﬁ
make-up gas Ar, flow rate: 0.28-0.77 ﬁ
ICP-MS
Agilent 7500 ce (Agilent Technologies, Santa
system
Clara, California, USA)
plasma power 1550 W
detection mode time-resolved analysis
dwell time 100 ms

3. RESULTS AND DISCUSSION

The electrophoretic mobilities of the Pu oxidation states +III to +VI in the given medium were
determined. To assign the observed peaks in the measured electropherograms to the correct
oxidation states, a set of redox-stable analogues was investigated and the obtained retention

times were compared with those of the Pu measurements.

In Sections 3.1 and 3.2, first the electropherograms of the redox-stable analogues and then
the results for the Pu mobility measurements are presented and discussed. In Section 3.3, a

more systematic approach for the calculation of electrophoretic mobilities is introduced.
3.1 ELECTROPHORETIC MOBILITIES OF REDOX-STABLE OXIDATION STATES

As already mentioned, a set of redox-stable elements as homologues for the different Pu
oxidation states was investigated first. These analogues for the +III to the +VI oxidation states
were 153Eu(III), 232Th(IV), 237Np(V), and 238U(VI). All elements were mixed in one and the
same solution with a concentration of ¢;=5" 107 M each. The measurements were
undertaken with both 1 M HCl and 1 M HClO4 as sample background to test whether there
exists an influence of the acidic medium on the electrophoretic mobility measured in the 1 M
acetic acid medium. If this was the case, a difference between a non-complexing agent (HC104)
and a weakly complexing agent (HCI) with respect to the obtained electrophoretic mobilities

would occur. A typical electropherogram is shown in Figure 2. The electrophoretic mobilities
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calculated using Equation (1) for the different elements in both 1 M HCl and 1 M HClO.4
solutions are given in Table 2. As one can see from these values, the choice of the medium in
which the oxidation states were prepared has no significant effect on the electrophoretic
migration of the ions. The two values for the electrophoretic mobility of each element are
nearly identical within the limits of error. The 100-fold dilution during sample preparation
for CE-ICP-MS measurements and the high excess of acetic acid on the capillary create a

medium in which the acid of the initial solution, i.e., HCl or HC104, becomes negligible.

Table 2. Results for the electrophoretic mobilities of the redox analogues (stock solutions:

1 M HCland 1 M HCIO4).

1 2
medium mobilities/ 107 %
stock
solution Eu(IID) Am(III) Th(IV) Np(V) u(vi

1MHCIOs [ 4.19(£0.11) | 3.86 (+0.10) | 2.18 (+ 0.04) | 2.09 (+0.14) | 1.51 (+ 0.09)

1MHC [ 4.10(£0.09) | 3.92(£0.03) | 2.24 (+ 0.11) | 2.03 (£ 0.08) | 1.48 (+ 0.04)
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Figure 2. Electropherogram of the redox-stable analogues (stock solution: 1 M HCI).

As can be seen in the figure above, both for the masses of the investigated species and the
mass of the EOF marker a sharp signal was obtained. The apparent differences in the peak
areas result from discrepancies in the ionization efficiencies of the elements in the plasma of
the ICP-MS system and, in case of Eu, from the fact that only mass 153 was detected, which

has a natural abundance of just 52.2% (mass 151 with 47.8% was not detected).
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The detected retention times increase from !53Eu via 232Th and 23’Np to 238U, which
corresponds to the reverse of the trend for the electrophoretic mobilities. Eu(Ill) migrates
fastest, which results in the highest electrophoretic mobility, followed by Th(IV) and Np(V).
The slowest ion on the capillary is U(VI), so this species has the lowest electrophoretic
mobility. Following this order of elution for the different oxidation states of the analogues, we

can summarize the order of the electrophoretic mobilities from high to low as follows:
Eu(IIl) > Th(IV) = Np(V) > U(VI) (2)

At first sight this sequence seems to be the wrong way round, since generally speaking an ion
is the faster the smaller its radius and the higher its electric charge. To explain the order
shown in Equation (2) one has to examine the exact speciation of the ion instead of just

looking at the formal oxidation number.

The investigated ions of uranium(VI) and neptunium(V) exist as uranyl and neptunyl cations.
U(VI) occurs as UO,2+ and Np(V) as NpO2+. The effective charge of the ion on which the electric
field acts is thus just +2 and +1, respectively. Eu(Ill) and Th(IV) appear as the free ions Eu3+
and Th#+. This explains why Np(V) and U(VI) have smaller electrophoretic mobilities than
Eu(III) and Th(IV).

To understand the inverted elution of both Np(V) and U(VI) and also Eu(IIl) and Th(IV) one
has to take into account the different complexation behavior of the individual ions with the
surrounding ligands. In the present case, the main ligand is the acetate ion. The complexation
with acetic acid leads to a shielding effect, so the applied electric field acts upon only a smaller
effective charge. Furthermore in performing CE experiments one has to take into account not
only the crystallographic or ionic radius, respectively, of the investigated ion but rather the
radius of the first or even the second hydration sphere. This coordination radius significantly
affects the overall size of the migrating ions. Investigations and theoretical considerations on
this topic, especially on the trivalent lanthanide and actinide series, can be found in the
literature by several groups (Lundqvist et al.23, David, Fourest et al.24-30 and Rosch et al.31-33).
The order of elution for ions with similar speciation is consequently a measure of the degree
of complexation as well as a measure of the values for the radii of the particular hydration

spheres.

As a comparable measure of the hydration radius the mean metal-oxygen distance in the
hydrated ion can be considered. In EXAFS studies the following bond distances were
determined: 2.42 A3+ for U(VI), 2.49 A3s for Np(V), 2.45 A36 for Th(IV) and 2.424 A37 for
Eu(III). Since the electrophoretic mobility is proportional to the quotient of charge g and

radius r one has to compare these values to understand the order of elution in electrophoretic
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measurements. By calculating this ratio with the ionic charge of the respective ions the
following order results (q/r values in brackets): Np(V) (0.40) < U(VI) (0.83) < Eu(IlI) (1.24)
< Th(IV) (1.63). Since the difference in the metal oxygen bond distances given above is
< 0.07 A, the order of the q/r values is governed by the ionic charge of the aquo ions. As one
can see from Table 2, this calculated order of y; is not consistent with the experimental order.
Because of the shielding effect of the acetate complexation the effective charge is lower than
the ionic charge of the ion. For taking this influence into account we conducted a speciation
calculation with the experimental conditions used in this work. From the speciation of each
ion a mean effective charge q.r was calculated (for details see the supplementary section).
They resulted as 0.68 for U(VI), 0.85 for Np(V), 0.97 for Th(IV), and 2.15 for Eu(III).
Neglecting size differences between different species, the predicted order of electrophoretic
mobilites based on gesris: Eu(Il) > Th(IV) = Np(V) > U(VI). This agrees with the experimental
results (Figure 2, Table 2). Additionally, it is known for tetravalent actinides to have a strong
tendency toward sorption on surfaces, so that it cannot completely be ruled out that the

migration of the +IV actinides is slowed down by interactions with the inner capillary wall.38

One can conclude that all the factors mentioned above have to be taken into account for the
interpretation of a given order of electrophoretic mobilities. On the other hand it is possible

to rationalize the measured mobilities of the ions based on their speciation during CE.

Besides the already discussed elements, a sample of Am(III) was investigated to compare the
electrophoretic mobility of a trivalent actinide with the value of the lanthanide Eu(III). The
results show that Am(III) has a similar mobility as Eu(III) whereby the migration of Am(III)
is slightly slower. Nevertheless, it is also the fastest of all oxidation states. The metal-oxygen
distance for Am(III) is 2.48 A39. This is also slightly higher than the value for Eu(III) aquo ion.
The complex binding constants £ for acetate given by the NIST database#? are in a comparable
range (for Am(III): log(S;) = 2.8, log(B,) = 4.62,log(B3) = 5.51; for Eu(lll): log(B,) = 2.77,
log(B,) = 4.71, log(B3) = 5.52). However, data provided by the Andra database#! indicate
that Am(III) forms slightly more stable complexes ((for Am(III): log(B,) = 2.94, log(B,) =
5.07, log(f3) = 6.54; for Eu(lll): log(B;) = 2.9, log(B,) = 4.8, log(f3) = 5.6)). Besides this,
actinides are known to have a greater degree of hydration than lanthanides?3 26, which leads
to a better shielding and thus to a lower effective charge.2? 30 Regarding these aspects it is
conceivable that Am(III) migrates slower than Eu(IIl) under our experimental conditions. It
should be noted, that some literature data show the opposite trend. Lundqvist et al.23
obtained a faster relative migration velocity for Am(III) compared to Eu(Ill) in a (H,Na)ClO4
medium (varying pH and ionic strength I) at 25 °C, but the values seem to be very similar to

each other. The same was found by Fourest et al.24 in a (H,Li)Cl medium (pH =4 and varying

45



3. Determination of Electrophoretic Mobilities with CE-ICP-MS

I) at 25 °C, while in a later work?2é they state, that the actinides are less mobile than the

2
respective lanthanides. Marin et al42 published ,ue(Am(llI)):4.25-10'4% and

2
. (Eu(Ill)) = 3.75 - 10 % in (H,K)Cl medium determined by paper electrophoresis (15 °C,

pH<2.5 and I =5+ 1073 M). Furthermore in their work it is shown that the order of the

electrophoretic mobilities is turned around for pH>3.5 for the hydroxides

2 2
(4, (Am(OH)?*)=0.90- 10" T~ and p (Eu(0OH)**)=238-10"<-). Résch et al2

determined ion mobilities by means of a glass capillary apparatus. Their values for the

2
electrophoretic mobilities are U (Am(III)) = 5.48(15) - 10 % and

U (Eu(lln)) = 5.12(29) - 10 % for pH > 2.5 (25 °C, 1 =0.1 M) in a (Na,H)ClO4 medium. In a
work using CE-ICP-MS by Topin% the electrophoretic mobilities are given as
i (Am(IID) = 4.62(15) - 10* = and about u,(Bu(lID)) = 44(2)- 10* % in a (HNa)Cl
medium (25 °C, pH = 2.0 and I = 0.1 M). This given overview shows that the absolute values
for the electrophoretic mobilities of Eu(Ill) and Am(III) are difficult to compare among each
other since they have been measured under different experimental conditions (temperature,
pH, ionic strength, and medium) that affect the migration velocity of a given ion. As to our
knowledge the mobilities of Am(III) and Eu(IIl) have never been investigated before under
the experimental conditions used in this work. The same is true for the electrophoretic

mobilities of Th(IV) and U(VI), where no data are given in the literature for measurements in

1 M acetic acid.

The redox speciation of neptunium under comparable experimental conditions was
investigated by Stobener et al.5 However, in that work, no EOF marker was used, so no values

for the electrophoretic mobility were available. In his later work,*4 the electrophoretic

2
mobility is given as u,(Np(V)) = 2.0 - 10 %, which is in good agreement with the present

2
study. Graser et al8 published a value of u_ (Np(V))=2.4 (+0.03)-10* == This value is
y p HAND Vs

significantly higher than ours and Stébener’s, and cannot be reconciled with them without
further analysis. A thorough discussion of this deviation, by interpreting additional Np

oxidation states, can be found in Section 3.3. Other studies on the electrophoretic mobility of
Np(V) were done by Aupiais et al.#They determined a value of u,(Np(V)) = 2.94(7) - 10 %
for zero ionic strength (25 °C, HCI04 medium with creatinine buffer, pH = 5.00). Résch et al.4¢
published a value of u (Np(V)) = 2.25(20) - 10 % in 1 M (Na,H)CIOs solution (25 °C, 1 <

pH < 2). Furthermore it is shown in their work that the electrophoretic mobility of Np(V) in
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acetic acid medium decreases of about 50% with the acetate concentration increasing from
c(acetate) = 1073 M to c(acetate) = 10~ M. Once again, direct comparison of these data with
our results is not possible because of the differences in the experimental conditions, but our

values seem to fit well in the overall picture.
3.2 SEPARATION AND IDENTIFICATION OF PU OXIDATION STATES

For the investigation of the Pu oxidation states, the samples were prepared electrochemically
starting from Pu(VI) as described above. With this method we were able to produce all four
Pu oxidation states in the range from +III to +VI in 1 M HClO4. During the CE-ICP-MS
measurements it emerged that only Pu(IV) and Pu(VI) were stable under the given
experimental conditions. Pu(lll) was oxidized and Pu(V) disproportionated during dilution
in 1 M acetic acid, so that only electropherograms of Pu(IV) and Pu(VI) were obtained. We
were able to stabilize the +III oxidation state by adding an excess amount of hydroxyl
ammonium hydrochloride. It was not possible to stabilize the +V oxidation state for the
duration of one experiment. Due to this, a Pu(VI) aliquot was added to synthetic Opalinus
Clay pore water (OPA PW) at pH 7.6 (the composition is described elsewhere)??, yielding
Pu(V) after several days.

The results are presented in Figure 3. Here the ICP-MS signal for mass 239 is plotted as a

function of the electrophoretic mobility as calculated via Equation (1).

1E+4 - Pu(V) in - 8E+5
Pu(lll) Opalinus Clay pore
8 - 7E+5
O 1E+4 water
~
= - 6E+5
2 »
S 8E+3 A 2
a - 5645 O
S S
S 6E+3 - 4E+5 S
o
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= L 3E+5 &
= 4E+3 A Pu(IV) )
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OE+0 - i . e - OE+0
5.0 4.0 3.0 2.0 1.0 0.0

electrophoretic mobility/10* cm?2V-1s!

Figure 3. Electrophoretic mobilities of the different Pu species.

For the oxidation states +III, +IV, and +VI one peak was obtained. These samples contained

no other oxidation states at concentrations higher than the detection limit of the used
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method. In the OPA PW sample, beside the dominant peak with the mobility assigned to
Pu(V), a second, smaller peak with the mobility of Pu(IV) can be seen. Evidently, the medium
here was also unable to completely preserve the +V oxidation state. In the UV-Vis spectrum
only Pu(V) could be seen, so in this case a partial reduction from Pu(V) to Pu(IV) took place

during the dilution step with 1 M acetic acid.

Table 3. Results for the electrophoretic mobilities of the Pu oxidation states (stock solution:

1 M HCIO4) and comparison with literature.

mobility/ 10 em’
this work Vs
Pu(III) Pu(1V) Pu(V) Pu(VI)
1 M HCIO4 3.92 (£ 0.06) 0.96 (+ 0.04) 2.20 (£ 0.03)
OPA PW 1.65 (+ 0.05)
literature Pu(III) Pu(1V) Pu(V) Pu(VI)
Kuczewski6 * 3.85 0.82 1.69 2.10
Grasers 4.0 (£ 0.07) 1.2 (£ 0.08) 1.6 (£ 0.06) 2.4 (+£0.08)
Topin43 4.61 (= 0.15)
Topin49 1.93 (£ 0.12)
Topin50-51 * 2.360-2.405

* calculated from the electropherograms shown in the publication

* different pH values and ionic strengths

The detected retention times increase from Pu(lll) via Pu(VI) and Pu(V) to Pu(IV).
Accordingly the order of the electrophoretic mobilities of the different Pu oxidation states can

be summarized as follows:
Pu(III) > Pu(VI) > Pu(V) > Pu(IV) (3)

The comparison of this order with the order of the redox-stable analogues in (2) shows that
the +III and the +V oxidation states exhibit the same trend for Pu and the redox analogues. In
both cases the +III ion is the one with the highest mobility. Eu(IlI) is here faster than Pu(III)
(and also Am(III)), which can be explained by the considerations summarized in section 3.1.
The hydrated radius of Pu(IIl) is with 4.65 A26 identical with the one of Am(III). This leads to
electrophoretic mobilities that are also identical within the limits of error. Topin also

determined identical values for p (Am(III)) and p,(Eu(lll)).#3 The absolute values must not

be compared due to different experimental conditions.
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In contrast, the order of elution for the tetravalent and the hexavalent oxidation state is
interchanged. Th(IV) is the tetravalent ion with the highest electrophoretic mobility. In the
order of the redox analogues it is the second fastest ion, whereas Pu(IV) is the slowest ion
among the Pu oxidation states. Th(IV) has a lower effective charge Zer than Pu(IV)29
(Zeff(Th(IV)) = 3.82 and Zeff(Pu(IV)) = 3.97)30 which leads to a higher coordination
number of water molecules in the first hydration sphere N (N(Th(lV)) =10.8 and
N(Pu(IV)) = 9.8)29 and thus to a lower number of water molecules in the second hydration
sphere H (H(Th(IV)) = 13.41 and H(Pu(IV)) = 16.28)%. The overall number of hydrating
water molecules and with that the size of the hydrated ion is accordingly lower for Th(IV)
which leads to a higher overall electrophoretic mobility. The explanation for the order
measured under our experimental conditions may be found in the values for the
complexation constant with acetate. They are smaller for Th(IV) (log(f;) = 5.24, log(8,) =
9.44)41 than for Pu(IV) (log(B;) = 5.39, log(f,) = 10.09)48 This means that thorium has a
lower degree of complexation, so that its charge is less shielded and due to this the mobility

is higher.

The order given in (3) is identical for all the other probed actinides. The values of their

electrophoretic mobilities and a detailed discussion are given in Section 3.3.

In Table 3 a summary of the Pu electrophoretic mobilities is given. Literature values are

shown for comparison.

The comparison of our results with the literature shows that the values for the Pu oxidation
states are in very good agreement. They are nearly identical within the limits of error in the

studies that were performed under the same conditions as in our experiment.6.8

The first investigation on the different Pu oxidation states was carried out by Kuczewski et
al.6 In that work no electrophoretic mobilities were given due to the fact that no EOF marker
was measured. We tried to recalculate the values from the electropherograms shown in that
publication by calculating a theoretical retention time of the EOF marker from the
electrophoretic mobility of the Np(V) species (which was also measured as a +V analogue)
and our value for its electrophoretic mobility. All plutonium mobilities could then be
determined using Equation (1) as explained above. As one can see, this leads to results that
are in good agreement with our values; deviations can be explained by the difficulty of the
exact reading of the particular retention times. The elution order of the Pu oxidation states

are the same, which is also confirmed in other works.?. 52
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Recently Graser et al8 published values for the electrophoretic mobilities of different
plutonium species. They were measured under the same conditions as used in the present
work and, as shown in Table 3, they also agree with our results. In the case of Pu the order of

elution is identical.

The comparison of our results with the results for Pu(Ill) and Pu(V) given in the works of
Topin et al.49-51 shows the necessity of comparing electrophoretic mobilities under the same

experimental conditions, such as pH, ionic strength and temperature. The present work was
. : - 1 .
carried out with a pH value of 2.4 and ionic strengths of I=1.0 %, whereas Topin et al.

measured at lower ionic strengths and variable pH values. The deviations of the
electrophoretic mobilities can thus be seen as a consequence of the varying experimental

conditions.

3.3 TRENDS IN MOBILITY VALUES AND ESTIMATION OF MOBILITIES OF NON-
MEASURABLE SPECIES

As already mentioned, it is difficult to measure very instable oxidation states with CE-ICP-MS
because they are rapidly oxidized or reduced to more stable species. In the case of some
instable ions such as Pu(Ill) we were able to stabilize them by adding a reducing agent
without influencing their migration time. Unfortunately, some species, for example Np(III),
are so instable that it was not possible to stabilize them for the duration of one experiment.
Np(III) is oxidized to Np(IV) very rapidly and only a peak with an electrophoretic mobility
attributable to the tetravalent species was obtained. The same problem occurred for U(III)

and U(V).

Nevertheless, it is very interesting to know the electrophoretic mobilities for these species,
so we tried a systematic approach to estimate them. In Table 4 a proposed schema of all
investigated actinides with their possible oxidation states is shown. Besides the already

discussed Np(V) electrophoretic mobility, we also measured the value for Np(IV), which was

2
found to be u,(Np(IV)) = 1.42 - 107 % This is in good agreement with the literature data.5 8

The values written in black are the ones we were able to measure with CE-ICP-MS. By
arranging them in a systematic order as shown above, it is noticeable that the intervals
between two corresponding pairs of values for the electrophoretic mobilities are always the
same. This is true for both following a row of oxidation states for the same element or a

column of elements with the same oxidation states.
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Table 4. Schema of all investigated actinides and their possible oxidation states.

2
electrophoretic mobilities of the oxidation states/ 10 %
111 1\ Y VI
2.18

Th

325 200 034¢ %2 096 3| 151
U

1113 11.08 1113 11.09

438 2% 142 %7 209 %[ 260%
Np

1-0.46 1-0.46 1-0.44 1-0.40

392 2% | o096 %% 165 23| 220
Pu

1-0.06
Am | 386

* sample was diluted in 1 M HCl instead of 1 M acetic acid
** sample was diluted in 1 M HClO4 instead of 1 M acetic acid

For example, the difference between Np(IV) and Np(V) is Ap,(Np(IV) - Np(V)) = 0.67 -

2 2
107 %, while the difference for the Pu analogues is Ap, (Pu(IV) - Pu(V)) = 0.69 - 107 %

Going down the particular oxidation state columns one can notice that the difference for the

2
Np(IV)/Pu(IV) couple is, at Ape(Pu(IV) - Np(IV)) = 0.46 - 107 %, identical within the

2
errors with the value for the Np(V)/Pu(V) couple Ape(Pu(V) - Np(V)) = 0.44 - 107 %

Knowing this one can now assume that the differences in the electrophoretic mobilities are
also the same for other pairs of elements or oxidation states. Although Np(III) cannot be
measured, we can predict its mobility by comparing the Np(IlI)/Np(IV) couple with the
Pu(Ill)/Pu(IV) couple. By assuming the difference to be Ape(Np(lll) - Np(IV)) =-2.96 -

107+ == Wthh is the same as for Ape(Pu(lll)ﬁPu(IV)) we obtained an electrophoretic

mobility of Np(III) of p (Np(III)) = 4.38 - 10™* % Since there are no known literature data,

this is currently the only possible way to estimate this mobility using experimental results
from CE-ICP-MS measurements. With the same procedure we calculated the electrophoretic

mobilities of the other elements written in red, U(II) and U(V). For them we estimated

n(UCID) =3.25 - 104 and e (U(V)) =0.96 - 104— These values have also not been

previously published in the literature.
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To prove that this systematic approach is reasonable, we paid attention to the values written
in green. In these cases we first calculated the electrophoretic mobilities by using the method

explained above. It appeared therefore that the mobilities should be

m cm

2 2
H(U(IV)) =0.29 - 10 CV—S and p (Np(VD)) = 2.64 - 107 ~ Inlater experiments we were then

2
able to measure the experimental values as ue(U(IV)):0.34-10’4% and

2
n,(Np(VI)) = 2.60 - 10 % The comparison indicates clearly that the predicted mobilities

are in very good agreement with the measured ones. Consequently, the presented approach
seems to provide reliable results and the electrophoretic mobilities in red can be seen as

reasonable values.

With the set of electrophoretic mobilities shown in Table 4 for the actinides uranium,
neptunium and plutonium, a distinct trend is clearly visible. The sequence of the oxidation

states for all elements is in the same order as given in Formula (4).
ke (Ac(ID) > p, (Ac(VD) > p (Ac(V)) > p (Ac(IV)) (4)
This order is also confirmed for plutonium by previous works..8

For neptunium there are discrepancies: the electrophoretic mobilities of Np(V) and Np(VI)

2
are given by Graser et al8 as He(Np(V)) = 2.4 (% 0.06) - 10 % and

2
ue(Np(Vl)) =2.2(x0.05)- 107 %, so here the order of the An(V) and An(VI) is contrary to

the trend in the plutonium row and to our results. Since neptunium and plutonium are
chemically very similar, no explanation for the reversed order in the electrophoretic
mobilities of Np(V) and Np(VI) can be given there. Therefore, due to the overall trend for the
actinides (Formula 4) and the systematic treatment shown in Table 4, we consider our

sequence for the Np(V) and Np(VI) species to be valid.
4. SUMMARY AND CONCLUSION

CE-ICP-MS has proven to provide an appropriate experimental setup for trace analysis of
actinides in different oxidation states and speciations in aqueous solutions. With the
described setup it was also possible to carry out multi-element measurements in one

solution.

We were able to measure all Pu oxidation states that are relevant under environmental
conditions (III-VI) and to compare them with redox-stable analogues (Eu(IIl), Am(III),
Th(IV), Np(V), U(VI)). The trend in the electrophoretic mobilities for the actinides U to Pu
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using 1 M acetic acid as the background electrolyte was found to be An(III) > An(VI) > An(V)
> An(IV).

With a systematic approach we were able to predict values for the electrophoretic mobilities
of actinides in instable oxidation states, which due to their instability cannot be measured by

CE-ICP-MS.

In future works the results from this broad overview of the separation of different actinide
speciations in model samples can be used for the investigation of unknown samples, for
example from experiments being carried out in connection with the long-term safety analysis
for a possible nuclear repository. By comparison of the electrophoretic mobilities measured
for the species in an unknown sample with the ones known from the present work, one can

infer the qualitative and (by calibration) quantitative composition of the sample.

Furthermore, with CE-ICP-MS measurements it is possible to gain insight into the
complexation processes of actinides with several ligands in different oxidation states. This
offers the possibility of a better understanding of the exact speciation of an actinide ion in a

given solution.
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4. DETERMINATION OF STABILITY CONSTANTS WITH CE-ICP-MS

Besides the measurement of electrophoretic mobilities of metal ions as described in the

previous chapter, CE-ICP-MS can also be used for the determination of stability constants.

In this work, this method was employed for the investigation of complexes of actinides,
namely Am(III), Th(IV), Np(V) and U(VI), with several ligands (acetate, propionate,
gluconate, citrate). In this context, it can again be taken advantage of the low detection limits
of the CE-ICP-MS coupling compared to otherwise applied methods such as UV-Vis
spectroscopy. This enables for the investigation of environmentally-relevant systems as

pictured in the introduction section.

In the following chapter, the experiments are described for each respective ligand and the
results are compared among each other. Furthermore, the theoretical and mathematical

background of the evaluation of the measured results is explained.

4.1 THEORETICAL CONSIDERATIONS
CE, also in combination with ICP-MS, has often been employed for the determination of

stability constants of metal complexes with various ligands. In Section 2.5 (and in the
Introduction Section in the acetate publication following hereafter), a literature overview of
this topic is provided with special attention being paid to the complexation of actinides (see
Table 4). At this pointitis therefore just referred to the references cited therein. In the acetate
publication, also a short theoretical consideration of the mathematical background in
determining stability constants by CE is given. Since this is only done for the special case of
acetate as a ligand, in the following a more general description is given being valid for all the
ligands investigated in this work. Furthermore, some additional aspects are depicted here for
more detailed insight. The basis of these information again is the literature mentioned above

if not stated otherwise.

In the complexation reaction of an actinide An»+ with the charge n+ with a Ligand L™ with the
charge m-, in principle several complexes can be formed differing in their number of ligands i
and thus in the overall charge (n + i - m). The general formula of such a complex is An-L;(n +i-m),
For i = 0 only the non-complexed actinide is described. Even so the formation of complexes
with more than one central metal ion is also possible this is skipped in this introductory

explanation.

Each of these complexes exhibit an individual, well-defined electrophoretic mobility u;, but
two different cases have to be considered. In the first case, the complexes are stable on the
time scale of a CE experiment. This means, that two or more species can be separated on basis

of their differences in the electrophoretic mobilities and thus can be detected as several
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4. Determination of Stability Constants with CE-ICP-MS

separated peaks. This also applies if a mixture of different oxidation states of one and the
same actinide is present in the sample solution. Such a case is discussed and experimentally

examined in Section 5.

The complexes investigated in the present chapter in contrast are all so called labile
complexes. They are not stable on the time scale of an electrophoretic separation because a
fast exchange of the ligands between the metal ions takes place. More details about
disequilibrium effects in CE and the concept of stabile and labile complexes is given in

[04SON].

The ligands have a shielding effect on the positive charge of the central ion. As a consequence,
the applied electric field acts on an average charge of the respective actinide defined by the
average number of ligands present in its vicinity. Consequently, the measured
electrophoretic mobility is an effective electrophoretic mobility uer composed of the sum of
the y; of the individual free species weighted by their mole fractions x; (Equation (4.1)). N

represents the maximum number of ligands in the respective complex system.

Hest = Xito HiXi. (4.1)
In the electropherograms therefore only one peak with the corresponding effective

electrophoretic mobility is obtained.

If two or more metal ions are hard to separate by CE because of very small differences in their
electrophoretic mobilities p;, this effect can also be exploited to improve the separability.
Differences in the stability constants of the respective metal ions with a given ligand lead to

greater differences in the effective electrophoretic mobilities per [99]JAN].

As already mentioned, the aim of the experiments described in this chapter was to determine
the successive stability constants f; of actinides with several ligands. The f; are defined as

given in Equation (4.2). The square brackets indicate molar concentrations.

[An_Li(nﬂ'-m)]

= 4.2
181 [Ann+][Lm_]i ) ( )

For the free actinide (i = 0) of course no stability constant can be calculated and S = 1.
The mole fraction x; are defined as depicted in Equation (4.3).

[An_Li(nﬂ'-m)]

*i = N Tanor, o]

(4.3)

By combining Equations (4.2) and (4.3) and inserting the result in Equations (4.1) one
obtains Equations (4.4).
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4.1 Theoretical Considerations

U _ Mot Bl
eff = 14y gLy

(4.4)

Hereby, uo describes the electrophoretic mobility of the non-complexed actinide. As one can
see, the stability constants f; can be obtained from the relationship of the free ligand

concentration [L™] and the corresponding effective electrophoretic mobility pesr.

[Lm] was adjusted by varying the pH value of the sample solution. The concentration of free
ligands [Lm] is then defined by the acidity constant pK, of the corresponding protonated acid
with the initial concentration co by Equation (4.5) for monoprotonic acids.

L] = —Glo P
" 10-PKa+10-PH’

(4.5)

By plotting the free ligand concentration [L™] against the effective electrophoretic mobility
Uesr and fitting these experimental data with the function given in Equation (4.4), values for
the electrophoretic mobility of the individual free species y; and the complex binding
constants f; can be obtained. The maximum number of ligands N for a given actinide ligand
system is usually not known from the start. Because of this, different fits for varying numbers
of N were conducted. The results presented in the following sections are always relating to
the best achievable fits. The fits were performed with Origin 7 software (OriginLab
Corporation, Northampton, Massachusetts, USA) by a least-squares curve fitting method
using the Levenberg-Marquardt algorithm. In order to obtain reliable values, constraints can

be formulated. The choice of these constraints is based on physical and chemical

requirements. In general, four requirements were presumed, as follows:
1. The electrophoretic mobility of a neutral complex is zero.

2. Complexes with a positive charge have an electrophoretic mobility greater than

zero; for negative complexes the electrophoretic mobility is less than zero.

3. The values for the electrophoretic mobilities decrease with increasing number of

associated ligands.

4. The values for the complex binding constants f3; are greater than zero and increase
with increasing ligand number. (This constraint is based on the available literature

data.)

Additionally to that, in some cases individual constraints based on the experimental results

were formulated. These are described in the following in the respective Sections.

[t is important to note that stability constants thus determined are just apparent constants.

They are only valid for the applied experimental conditions, e.g. the ionic strength.
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4. Determination of Stability Constants with CE-ICP-MS

Thermodynamic stability constants 9 for I=0M can be derived from these values by

Equation (4.6).

VAn_Li(nﬂ'-m)

B} = B (4.6)

Yann+Vim-
For the calculation of the activity coefficients y; different models can be used in dependence
of the ionic strength I. For I = 0.3 M, as employed in this work, the Davies equation, based on
the Debye-Hiickel theory, is a suitable approximation (Equation (4.7)) [12POI]. z is the

charge of the compound i.

log(y;) = —0.509 z,2 (%’ﬁ ~031). (4.7)

4.2 DETERMINATION OF THE FREE MOBILITIES OF THE ACTINIDES WITHOUT

LIGANDS
Bevor starting with the determination of the stability constants it seemed reasonable to first

examine the electrophoretic mobilities of the actinides under investigation without any
complexing ligand. This is because according to Equation (4.4), the electrophoretic
mobility y; of the free, uncomplexed actinide An»+ is one of the required fitting parameters.
Knowing that value allows to define narrow limits for this parameter during the fitting
procedure since it should be identical (or at least very similar) in all the investigated systems.
The percentage of uncomplexed actinides increases with decreasing pH value of the sample
solution because the free ligand concentration also decreases (see Equation (4.5)).
Consequently, the measurements of p; for the free actinides An* were also carried out in a

low pH region in order to achieve a preferably good comparability.

4.2.1 EXPERIMENTAL PROCEDURE
Four samples with pH values of 0.56, 1.07, 1.48 and 1.82 were prepared in a perchloric acid

medium because ClO4 is known to be a non-complexing ligand [06CHO]. The ionic strength
was set to I = 0.3 M in accordance with the stability constant experiments by the addition of
appropriate amounts of sodium perchlorate monohydrate. These solutions were used as the
BGE for the initial flushing of the capillary. To the rest of the solutions, few pL of the
respective actinides were added to yield concentrations of c(Am3+) = ¢(NpO2*) =5-108 M
and ¢(Th#) =¢(U0,2+) =2-10-7 M. The total sample volume was 20 mL each to make the
addition of the actinide stock solutions negligible. Nevertheless, the pH values were
controlled after sample preparation. 200 pL. of the sample solution together with 1 pL
2-bromopropane as the EOF marker were then measured by CE-ICP-MS at U = 10 kV. For the
pH = 0.56 sample, just 9 kV could be applied due to a high electric current.
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4.2 Determination of the Free Mobilities of the Actinides Without Ligands

4.2.2 RESULTS AND DISCUSSION
The resulting electropherograms of the four CE-ICP-MS measurements are shown in

Figure 8.
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Figure 8: Electropherograms of the CE-ICP-MS measurements of the actinides Am(III),
Th(IV), Np(V) and U(VI) in a non-complexing medium in dependence of the pH value at
I=0.3Mand U=10KkV (U =9KkV for the sample at pH = 0.56).

As one can see, for every actinide just one peak was obtained in all experiments. The

corresponding values for the electrophoretic mobilities are depicted in Table 6. It has to be

noted that the electropherogram obtained from the sample with the lowest pH value (and in

parts of the second lowest, too) is difficult to evaluate because of a rather unsteady

background signal. This results from a high electrical current at low pH values, which is a
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4. Determination of Stability Constants with CE-ICP-MS

known problem in this pH region. To take this into account, the errors for the migration times
of the respective species were set at At; = Atgor = 8 s in these samples which is considerably

higher compared to the commonly applied values (see APPENDIX A2).

In Figure 9 a diagram with the obtained electrophoretic mobilities for the actinides as a

function of the respective pH value of the sample solution is shown.
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Figure 9: Trend of the electrophoretic mobilities of the actinides Am(III), Th(IV), Np(V) and
U(VI) in a non-complexing medium in dependence of the pH value measured by CE-ICP-MS
at U=10kV (U =9 kV for the sample at pH = 0.56).

Table 6: Values of the electrophoretic mobilities of the actinides Am(III), Th(IV), Np(V) and
U(VI) in a non-complexing medium at different pH values.

electrophoretic mobility/10-4 cm2V-1s-1
i Am(III) Th(1V) Np(V) U(vI)
0.56 6.18 + 0.28 5.62+0.26 2.68+0.17 5.16 +0.24
1.07 536 +0.22 473 £0.20 2.14+0.12 3.71+0.16
1.49 496 +0.13 3.61+0.10 2.24+£0.07 3.38+0.09
1.83 471+0.11 3.35+0.08 2.14 £ 0.06 3.28+0.08

All four actinides exhibit decreasing electrophoretic mobilities with increasing pH. The
differences in the electrophoretic mobilities from low to higher pH for a given ion shows a
oxidation state. It follows the order

Th(IV) > U(VI) > Am(III) > Np(V), whereby for Np(V) nearly no effect is noticeable. This

strong  dependency on the

order exactly corresponds with the strength of hydrolysis of actinides in different oxidation
states [06CHOY]. Since it is known that hydrolysis of actinides occurs even at low pH values

and no other complexing partners are present in the sample solution, it can therefore be
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4.2 Determination of the Free Mobilities of the Actinides Without Ligands

concluded that the differences in the electrophoretic mobilities result from different degrees

of hydrolysis.

To verify this suspicion, a species calculation with the program Visual MINTEQ [14GUS] was
conducted with the exact conditions applied in this experiments. The results show, that at
the low pH values investigated only the 1:1 actinide:OH- species has to be considered. Th(IV)
has a share of 0.16% of Th(OH)3+ at pH 0.56 which rises up to 4.63% of Th(OH)3+ at pH 1.83.
For U(VI) and Am(III) the values are 0.001% to 0.03% and 0.00003% to 0.001%,
respectively. No Np(V)-OH- species was found at all pH values. The percentage of the
hydrolyzed species thus follows, as expected, the same order mentioned above. The decrease
in the electrophoretic mobilities can consequently be attributed to a higher degree of
complexation with OH- ions at higher pH which shields parts of the positive charge of the

actinide ions.

As aresult of these investigations it can be noted that it is difficult to establish one fixed value
for the electrophoretic mobilities of the free actinides at the given experimental conditions,
because even without complexing agents present in the samples and at low pH values
hydrolysis has to be considered. For determining the electrophoretic mobilities without any
influence of hydrolyzed species it would be necessary to measure samples at even lower pH
than conducted in this work. This is hardly possible because of the electrical current being
too high while electrophoresis. This would lead to electropherograms that cannot be
evaluated properly anymore. Nevertheless, it is beneficial to have a first estimation of an
upper limit of the y; that can be used to refine the constraints and the starting values for this
parameter during the fitting procedure for the determination of the stability constants.
Consequently, in the following evaluations it was taken advantage of the findings presented

here.

63



4. Determination of Stability Constants with CE-ICP-MS

4.3 PUBLICATION: DETERMINATION OF THE STABILITY CONSTANTS OF THE ACETATE
COMPLEXES OF THE ACTINIDES AM(III), TH(IV), Np(V), AND U(VI) UsING CE-ICP-
MS

TABLE OF CONTENT GRAPHIC FOR PUBLICATION:

The graphic shows the mobility shift of the actinide peaks in selected electropherograms in
dependence of the pH value. The red curve indicates a fitting result obtained by data

evaluation as described in the manuscript.
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Figure 10: Table of Content Graphic for publication of the acetate manuscript.
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same is true for the citations.

One additional constrain in all fitting procedures was the restriction of the fitting parameter
of the electrophoretic mobility of the free actinides to a certain range defined by the lowest
measured electrophoretic mobility as the lower limit and the highest electrophoretic

mobility as evaluated in Section 4.2 for the system without any ligands as the upper limit.
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ABSTRACT: Capillary electrophoresis-inductively coupled plasma
mass spectrometry (CE-ICP-MS) was used to determine the
stability constants of the actinides Am(III), Th(IV), Np(V), and
U(VI) at an ionic strength of I = 0.3 M. The obtained stability
constants were extrapolated to zero ionic strength by means of the
Davies equation. For both U(VI) and Am(IIIl), three consecutive
acetate complexes with log(,°) = 3.01 + 0.12, log(5,’) = 5.27 +
0.07, log(3,°) = 6.82 + 0.09, and log(,°) = 3.70 + 0.09, log(3,°) =
535 + 0.08, log(") = 6.45 + 0.09, respectively, could be
identified. For Np(V), there was just one acetate complex, with
log(3,°) = 1.56 + 0.03. In the case of Th(IV), five different complex
species could be determined: log(5,°) = 4.73 + 0.16, log(5,") =
8.92 + 0.09, log(,") = 12.16 + 0.11, log(B,°) = 12.96 + 0.87, and
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log(fs°) = 14.39 + 0.16. The actinides were selected with regard to their most stable oxidation state in aqueous solution so that
four different oxidation states from +III to +VI could be investigated. A great benefit of CE-ICP-MS is the opportunity to
measure at significantly lower concentrations compared to the available literature, allowing the study of actinide complexation in
environmentally relevant concentration ranges. Furthermore, it is possible to analyze all four actinides simultaneously in one

and the same sample.

1. INTRODUCTION

Geological clay formations are considered as host rocks for
future high-level nuclear waste repositories. In deep geological
repositories, the most toxic and long-lived radionuclides
contained in spent nuclear fuels must be isolated as effectively
as possible from human beings and the environment for up to
one million years." In case of a possible leakage of
radionuclides from the repository, their chemical and geo-
chemical behavior and their interaction with the surrounding
biosphere must be evaluated.” Some actinides, namely,
uranium (**U;, t, n = 447 X 10° a), neptunium (237Np, t1)
= 2.14 x 10° a), plutonium (*’Pu, t, = 241 X 10* a), and
americium (**'Am, t,/, = 432.2 a) are the main contributors to
the long-term radiotoxicity of spent nuclear fuels in a
radioactive waste repository.” Therefore, a detailed knowledge
of the aqueous speciation and thermodynamic data of these
actinides is of great importance for the safety assessment of a
possible nuclear waste repository since they provide the basis
for modeling sorption and transportation of radionuclides.
Besides a deep understanding of the redox-chemistry and
hydrolysis of actinides in environmental systems, their
complexation behavior with natural organic and inorganic
ligands plays a key role in predicting their long-term migration
in the near- and far-field of the repository.*”

Many studies have shown that in pore waters of different
clay formations, such as Opalinus clay (OPA) and Callovo-

-4 ACS Publications  © 2019 American Chemical Society

Oxfordian clay (COX), the content of low molecular weight
organic compounds plays an important role making up large
fractions of the total dissolved organic matter (DOM) (i.e.,
36% in OPA, 88% in COX). The greatest proportion of the
DOM is acetate, with the highest concentrations of 203 yM
(OPA)® and 1865 uM (COX).” The acetate can act as a ligand
for the actinides and thus affects their speciation, solubility,
mobility, and toxicity in the aquatic environment. Besides this,
acetate, being a small carboxylic acid, can be used as a model
for more complex DOM:s such as humic or fulvic acids. These
substances are bigger organic molecules holding several
carboxylic groups, which can also influence the geochemical
behavior of radionuclides in the environment.” Consequently,
obtaining reliable thermodynamic data about the stability of
these complexes at environmentally relevant concentrations
(<107 M) supports the safety assessment of a possible nuclear
waste repository.

In the available literature the interactions of actinides with
acetate ligands have been investigated using different methods
such as extraction techniques, potentiometric and calorimetric
approaches, X-ray absorption spectroscopy (XAS), and
infrared absorption (IR), Raman scattering, and ultraviolet—
visible (UV—vis) absorption spectroscopy.
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The U(VI)—acetate system is the one most intensively
studied. The first works were carried out by Ahrland et al.”"
who determined stability constants of three U(VI)—acetate
complexes in sodium perchlorate solution using a potentio-
metric method. Subsequent studies by different groups on both
stability constants and structural aspects are summarized in the
literature.'' ~'* Most recently the stability constant for the 1:1
acetate/U(VI) complex was determined by Meinrath et al."”
by means of UV—vis spectroscopy. The majority of the works
mentioned identified three successive complexes (1:1, 1:2, and
1:3) with a bidentate binding of the acetate ligand.

Less data are given in the literature for the NpO,"—acetate
system. Many works mention stability constants for just one or
two different neptunyl complexes with acetate (see references
given by Takao et al.'® and the publication of Rao et al.'”).
Takao et al.'® however showed the three-step complexation of
Np(V) by acetate in aqueous solution by means of UV—vis-
near-IR (NIR) and X-ray absorption fine structure (XAFS)
spectroscopy and determined three successive values for
log(p).

Since Th*" is the ion with the highest charge investigated, it
should be expected to be able to bind the highest number of
acetate ligands. However, most of the available literature only
gives data for thorium/acetate ratios up to 1:1,'%"" 1:2,***" or
1:3.>% Only Portanova et al.”> and Rao et al.”* identified five
successive complexes.

The Am*'—acetate system was investigated in the 1960s and
early 1970s by Choppin et al.”> (1:1 complex only) and by
Grenthe et al.”® and Moskvin et al.”’™>* (three successive
complexes). The results are rather inconclusive since the values
differ in part by about one logarithmic unit. Later works**~**
just mention the 1:1 complex. More recently, the Am
complexation with acetate was investigated by means of
extended X-ray absorption fine structure (EXAFS) spectros-
copy, identifying bidentate acetate binding for all the three
possible complexes.”’

Because of the difficulty of comparing different values for the
stability constants determined under different experimental
conditions (e.g., ionic strength, temperature, ligand concen-
tration, or pH), we will just refer to the values given in the
ANDRA Thermodynamic Database®* and the NIST Standard
Reference Database.”” In both databases, the thermodynamic
stability constants log(/°) for zero ionic strength are given.
The particular values are listed and compared to the values
determined in our work in Section 3.6.

What all these mentioned publications (and analytical
techniques, respectively) have in common is a detection limit
considerably higher than the concentration range required for
environmental investigations.

In this work, a coupling between capillary electrophoresis
(CE) and inductively coupled plasma mass spectrometry (ICP-
MS) was used for the determination of the complex binding
constants of Am*, Th*, NpO,*, and UO,** with acetate
ligands, representing a set of possible oxidation states for the
actinides. Since these are the most stable oxidation states for
each respective element, any impact of redox processes on our
results can be ruled out. The benefit of the coupling between
CE and ICP-MS is the possibility to investigate the
complexation reactions at environmentally relevant concen-
trations due to the combination of the high separation
capability of CE with the high sensitivity and the opportunity
for multielement analysis of ICP-MS.>*™*" Furthermore, the
affinity CE method has proved to be an appropriate analytical
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tool for the determination of complex binding interactions at
low concentrations.**~** Besides a wide utilization in the field
of biochemistry,”* its application to metal complexation*”**
and more especially to actinide systems*”® is also described
extensively in the literature. Moreover, the coupling of CE to
ICP-MS for this purpose has been reviewed.’">*

Complex binding constants have been determined for
actinides with CE-ICP-MS for various ligands by Aupiais et
al.® such as sulfate and chloride,”* carbonate,®® nitrate,®
oxalate,””~®" and diethylenetriaminepentaacetic acid.®"** Fur-
thermore, affinity CE has been used for the investigation of the
interaction of Np(V)® and U(VI)"® with acetate, but no
coupling with ICP-MS was performed. Therefore, for the
actinide—acetate system there are no studies described using a
coupling between CE and ICP-MS, and, as mentioned above,
all the available literature for this system provides data for
actinide concentrations orders of magnitude higher than those
used in this work.

2. EXPERIMENTAL SECTION

2.1. Determination of Complex Binding Constants by
Capillary Electrophoresis. The capability to separate different
species in CE is based on the fact that the different ions vary in their
radius r and their charge g and by that in their electrophoretic
mobilities ;. The electrophoretic mobility is determined exper-
imentally by relating the retention time of the analyte t; to the
retention time of the electroosmotic flow (EOF) fzop at a given
capillary length ! and applied high voltage U (eq 1):

_ ﬁ(1 _ ;]
U\t o (1)

In determining the complex binding constant of a given central ion
with a certain type of ligand, the electrophoretic mobility of the
central ion decreases with an increase in the number of ligands. This is
because the ligand has a shielding effect on the positive charge of the
metal ion, which is thus less influenced by the applied voltage. In the
case of acetate there are labile complexes formed, meaning that the
exchange of ligands and the adjustment of the chemical equilibrium is
fast on the time scale of an electrophoretic experiment (more details
can be found in the literature™*“°*). Hence, only one peak is present
in every electropherogram. The so-called effective electrophoretic
mobility p. of this peak is dependent on the relative ratios of the
different complex species in the sample solution. It can be expressed
as the sum of the electrophoretic mobility of each individual species y;
weighted by its mole fraction x; (eq 2):

#

N

W = Z ity

i=0

)

The investigated complex equilibria are given in general in eq 3 for
the neptunyl (n = 1) and uranyl (n = 2) acetate complexes and in eq 4
for the americium (n = 3) and thorium (n = 4) complexes.

AnO!* + iAcO™ = AnO,(AcO)")* 3)

(4)

An stands for the respective actinide and AcO~ represents the
acetate ligand. On the basis of this, the successive complex binding
constants f3; are defined in eqs 5 and 6. The square brackets indicate
molar concentrations.

An" + iAcO” = An(AcO)")*

_ [AnO,(AcO)" ]

A [AnO;T][AcO T (s)
[An(AcO)"9*]

p= T ———

" [An"][AcO T (6)
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The change of the effective electrophoretic mobility pg of the
actinide ions with respect to their degree of complexation was
investigated as a function of the concentration of free acetate in the
sample solution. The free acetate concentration [AcO~] can be
calculated and adjusted through the pH value of the solution by
means of the initial concentration ¢, and the acidity constant of the
acetic acid as given in eqs 7 and 8. The ionic strength was kept
constant at I = 0.3 M unless stated otherwise.

_ [H][AOT] _ [H'][AOT]

2 [AcOH] o — [AcO] (7)
_ 'K, 1077 Ka
[AcO'] = e “pH
K,+ [H'] 107% + 107 (8)

For the determination of the free acetate concentration [AcO~],
the pK, value of acetic acid (pK, = 4.756 + 0.003° at zero ionic
strength) was corrected to an ionic strength of I = 0.3 M with activity
coefficients calculated with the Davies equation (see eq 13). In the
following evaluations the corrected value of pK, = 4.50 was thus used.
This values satisfyingly fits with experimental results for I = 0.3 M
presented in the literature, e.g,, pK, = 4.59 & 0.01 by Tedesco et al.®®
and pK, = 4.42 by Hynes et al.”’” with an average of pK, = 4.505.

Now, the mole fractions x; in eq 2 can be expressed as a function of
the complex binding constant f3; and the free acetate concentration
[AcO7] as shown in eq 9:

1 _ pacoT
1+ XL AAOT ()

In this equation i = 1, 2, ..., N represents the complexed species
with the respective number of ligands. Finally, combining eq 2 with eq
9 results in eq 10, which allows the determination of the complex
binding constants f; from the measured electrophoretic mobility ¢
as a function of the free acetate concentration [AcO~]. u, is the
electrophoretic mobility of the noncomplexed actinide.

=t B mlAcOT
1+ YN placoT (10)

At this point, a further benefit of the CE-ICP-MS method for the
determination of stability constants becomes obvious. Because of the
capability of analyzing very low actinide concentrations, a large ligand
to metal ratio arises which drastically simplifies the data evaluation
since the consumption of acetate ligand for the formation of the
complex species can be neglected.

In order to extrapolate the stability constants to zero ionic strength,
the results were corrected by the correspondent activity coefficients y;
(see eq 11 for uranyl and neptunyl and eq 12 for thorium and
americium).

= ——5 - andx
1+ XY AlAOTT

Yan0, (AcO)"*

ﬁio =4 i

Y an0i* Yaco (11)
/}io _ ﬁl }/AI‘(ACO)‘(;!—Y)'F

Y an™+ Vaco (12)

For calculating the activity coefficients at 25 °C and at a given ionic
strength I, the Davies equation was used, as given in eq 13.

VI
+ VI 0'31] (13)

In the ionic strength range employed in this work, this theory is
described to be a suitable approximation. A comparison of some
log(?) values of higher charged actinide-acetate species derived from
the Davies equation with results obtained from the specific ion
interaction (SIT) theory further proved the suitability of this
extrapolation since the values were identical within the limits of
error (see Table S10 in SI).

log(y) = —0.509zf[1
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2.2. CE-ICP-MS System. For performing the electrophoresis
experiments, an Agilent 7100 CE system was hyphenated to an
Agilent 7500 ce ICP-MS (both Agilent Technologies, Santa Clara,
California, USA). An effective coupling was realized using a MiraMist
CE nebulizer (Burgener Research, Mississauga, Canada) in con-
nection with a Scott-type spray chamber (AHS Analysentechnik,
Tiibingen, Germany). As a makeup electrolyte, a 1.25% HNO;
solution with 10% ethanol and $ ppb *Y, !®Rh, *°Ce, and **Bi
(internal standards) was inserted via a syringe pump (PicoPlus,
Harvard Apparatus, Holliston, Massachusetts, USA). The flow rate
was adjusted experimentally to 5 L min~" as the optimal value.

The electrophoretic runs were performed in fused silica capillaries
(Polymicro Technologies, Phoenix, Arizona, USA) with an inner
diameter of 50 ym and a length of 76 cm. The high voltage was set to
10 kV. The capillary was filled with the background electrolyte of the
respective experiment. The samples were prepared in conical
microinserts of borosilicate glass (Carl Roth AG, Arlesheim,
Switzerland), which were placed in polyethylene vials sealed with
polyethylene olefin snap caps (both Agilent Technologies, Santa
Clara, California, USA). The introduction into the capillary was by
hydrodynamic injection (100 mbar for 8 s). Before every use the
capillary was preconditioned by flushing with Milli-Q_ water, 0.1 M
NaOH solution, 0.1 M HC], and the background electrolyte. In order
to change the complete background electrolyte between all measure-
ments, the capillary was flushed for 15 min with the respective
solution needed for the next experiment. Temperature was controlled
at 25 °C by the air cooling device of the Agilent apparatus.
Temperature rise in this system due to Joule heating was calculated to
be on average 0.5 °C and to not exceed 1 °C.*

Detection was carried out with the ICP-MS using a time-resolved
analysis detection mode with a dwell time of 100 ms and a plasma
power of 1550 W. To find the optimal parameters for the lens system
and the argon flow rates before each day of measurement, tuning to
the masses of the internal standards was executed. Carrier gas and
makeup gas flow rates were adjusted to 0.86—1.15 L min~" and 0.28—
0.77 L min™', respectively. Data processing was conducted with
MassHunter Workstation software (G7200B, Agilent Technologies,
Santa Clara, California, USA).

2.3. Reagents. All chemicals employed were of pro-analysis
quality or better. The dilutions were performed with Milli-Q water
(182 MQ, Synergy Millipore water system, Millipore GmbH,
Schwalbach, Germany), and all solutions were filtered through 0.2
um syringe filters (Nalgene, Rochester, New York, USA) to prevent a
clogging of the capillary.

Sodium hydroxide, 2-bromopropane, and rhodium ICP-MS
standard solution were from Merck (Darmstadt, Germany). Acetic
acid and perchloric acid were supplied by Riedel-de Haén (Seelze,
Germany), hydrochloric acid by Fisher Scientific (Loughborough,
UK), and sodium perchlorate by Sigma-Aldrich (St. Louis, Missouri,
USA). The ICP-MS elemental standard solution for bismuth, cerium,
and yttrium were ordered from High-Purity Standards (Charleston,
South Carolina, USA). As plasma gas, 4.6 Ar was used (Westfalen AG,
Miinster, Germany).

In-house stock solutions of known concentrations of »*’Np(V) and
U(VI) (dep.) in 1 M perchloric acid were used. A stock solution of
2 Am(111) was prepared by evaporating an in-house Am(III) solution
in nitric acid five times until near dryness and dissolving the residue in
1 M perchloric acid. The concentrations of Np(V) and Am(III) were
checked by y-ray spectrometry using the y-lines at 86.5 keV for **’Np
and 59.5 keV for **' Am with a high-purity Ge-detector (GMX-13280-
S, EG & G ORTEC, USA) and the Canberra InSpector 2000 DSP
Portable Spectroscopic Workstation (model IN2K, Canberra
Industries Inc, USA), and Genie 2000 Gamma software (V. 3.0,
Canberra Industries Inc., USA). The y-ray spectrometer was
calibrated with a multiple y-ray emitting solution (serial number:
1850—27, Eckert & Ziegler Isotope Products, Braunschweig,
Germany). The **Th(IV) stock solution was obtained by diluting
the ICP-MS standard solution (Accu Trace, Accu Standard, New
Haven, Connecticut, USA) of known concentration in 1 M perchloric
acid.
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2.4. Sample Preparation. Each sample was prepared starting
from a 0.3 M acetic acid solution. By adding certain amounts of 11.6
M perchloric acid or 10 M sodium hydroxide solution, the different
desired pH values were set. Experiments were conducted in a pH
range starting from pH 1, where the actinides should be completely
uncomplexed, to a maximum pH value at which hydroxide formation
did not significantly influence the actinide—acetate system (pH 4.8 for
Th(IV), pH 5.8 for U(VI), pH 6.0 for Np(V), and pH 5.7 for
Am(IIT)). All samples were brought to an equal ionic strength of I =
0.3 M by adding appropriate amounts of sodium perchlorate. The
detailed sample compositions are summarized in the Supporting
Information, Tables S1—S9. Volumes of 200 uL of each of these
solutions were added to a CE glass vial as the background electrolyte
of the respective sample and were used for flushing the capillary
before every experiment.

For every measuring series, solutions containing only one particular
actinide were prepared. To 10 mL of the background electrolyte
solutions, a few L of the respective actinide stock solution was added
to obtain the following actinide sample concentrations: ¢(Th) = (1.00
+0.09) X 107 M, ¢(U) = (1.42 + 0.13) X 107" M, ¢(Np) = (5.00 +
0.45) X 107 M, and ¢(Am) = (5.27 = 0.47) X 10~ M. The volume
of added actinide solution was kept as small as possible so as to not
significantly alter the ionic strength of the solution. Again, 200 xL of
the actinide sample solution was transferred to a CE glass vial,
together with 1 uL of 2-bromopropane as the EOF marker (detected
via ICP-MS on the bromine mass 79). As can be seen from the data
given above, the ligand concentration by far exceeds the concentration
of the actinide ion, which is known to be a crucial point in accurately
determinin(% stability constants by measuring effective electrophoretic
mobilities.”

The pH value of the solution was controlled before and after the
addition of the actinide stock solution, and no significant difference
was observed. For the pH measurements, an inoLab/Cond pH 720
pH meter (WTW GmbH, Weilheim, Germany) equipped with a blue
line 16 pH electrode (SI Analytics, Mainz, Germany) and temperature
sensor (TFK 150, WITW GmbH, Weilheim, Germany) was used.
Calibration was realized with certified commercial buffers (pH 4.01
and 6.87, SI Analytics, Mainz, Germany).

2.5. Data Treatment. By plotting the free acetate concentration
[AcO7] against the effective electrophoretic mobility i and fitting
these experimental data with the function given in eq 10, values for
the electrophoretic mobility of the individual species y; and the
complex binding constants ; were obtained. The individual equations
for the different actinide—acetate systems employed are given in the
Supporting Information (eqs S1—S4). The fit was performed with
Origin 7 software (OriginLab Corporation, Northampton, Massachu-
setts, USA) by a least-squares curve fitting method using the
Levenberg—Marquardt algorithm. In order to obtain reliable values,
constraints were formulated. The choice of these constraints was
based on physical and chemical requirements. In general, four
requirements were presumed, as follows:

(1) The electrophoretic mobility of a neutral complex is zero.
(2) Complexes with a positive charge have an electrophoretic

mobility greater than zero; for negative complexes the
electrophoretic mobility is less than zero.

(3) The values for the electrophoretic mobilities decrease with
increasing number of associated ligands.

(4) The values for the complex binding constants f3; are greater
than zero and increase with increasing ligand number. (This
constraint is based on the available literature data.)

3. RESULTS AND DISCUSSION

All electropherograms are shown in the Supporting Informa-
tion, Figures S1 and S2 (Am(III) series), $3 and S4 (Th(IV)
series), S5—S7 (Np(V) series) and S8 and S9 (U(VI) series).

3.1. U(VI)—acetate System. In the case of the U(VI)—
acetate system, three successive acetate complexes were
determined. The respective function used for the fit is thus
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given in eq 10 for i = 0, 1, 2, 3. The experimental data and the
related results for the fit are shown in Figure 1.
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Figure 1. Measured effective electrophoretic mobilities g of the
U(VI)—acetate series as a function of the free acetate concentration
[AcO7] at I = 0.3 M with the related fit curve.

Since both positively and negatively charged complexes are
formed depending on the free acetate concentration, it is
reasonable that the values for the effective electrophoretic
mobilities also change from positive at the beginning to
negative for higher free acetate concentrations. As one can
further see, the experimental data could be fitted satisfactorily
with a coefficient of determination R* of 99.2%. The
determined values for the complex binding constants at I =
0.3 M are given in Table 1. All electrophoretic mobilities of the

Table 1. Complex Binding Constants f; for the Three
Successive U(VI)—Acetate Complexes (I = 0.3 M)“

i ﬂi/M_i A (ﬂt) /M 10g(ﬂ;) A(IOg(ﬂi))
1 2.99 x 10* 8.49 x 10! 248 0.12
2 2.94 x 10* 4.97 x 10° 4.47 0.07
3 1.03 x 10° 2.05 X 10° 6.01 0.09

“The standard errors A(f3;) result from the fitting procedure.

individual species y; are summarized in Table 2 and discussed
in Section 3.5. The results for extrapolation the complex
binding constants to zero ionic strength and the comparison
with literature data can be found in Section 3.6 (the same is
true for the following actinide—acetate systems).

3.2. Np(V)—acetate System. For the Np(V)-—acetate
system, only the 1:1 complex could be identified, and the
respective complex binding constant was determined (Table
3). Since in some parts of the literature'®** the formation of
three successive Np—acetate complexes has been described, we
also tried to fit our experimental data with a function
representing three binding constants. But with the constraints
mentioned in Section 2.5, no solution could be obtained. The
same result occurred, when considering the formation of 1:1
and 1:2 Np(V)-acetate complexes.

The experimental data and the respective fit can be seen in
Figure 2. In contrast to the U(VI) data, no negative values for
the electrophoretic mobilities were measured, even for high
concentrations of free acetate. This is also an indication for just
a 1:1 complex being formed because if the negatively charged
1:2 and 1:3 Np—acetate species were present to a significant
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Table 2. Electrophoretic Mobility of the Individual Species

Hi

/107 cm® V! 57!

U(VI) U0, 34
[UO,(AcO)]* 19
[U0,(Ac0),],q 0.0"
[UO,(AcO),] -1.8
Np(V) NpO,* 2.4
[NpO,(AcO)],q 0.0"
Th(IV) Th* 5.0
[Th(AcO)]** 34
[Th(AcO),]** 1.9
[Th(AcO),]* 0.3
[Th(AcO),], 0.0°
[Th(AcO),]” -0.5
Am(III) Am?* 5.1
[Am(AcO)]* 3.8
[Am(AcO),]* 1.7
[Am(AcO); 1, 0.0"

“The uncertainties are estimated to be Ay, = 0.1 X 107" cm?> V™! 57!

in all cases. “Held constant during the fits.

Table 3. Complex Binding Constant f§, for the Np(V)—
Acetate Complex (I = 0.3 M)“

p/M™
194

A(g)/M
14

A(log(B1))
0.03
“The standard error A(f;) results from the fitting procedure.
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Figure 2. Measured effective electrophoretic mobilities pg of the
Np(V)—acetate series as a function of the free acetate concentration
[AcO7] at I = 0.3 M with the related fit curve.

extent the overall electrophoretic mobility would become
negative. The results for y; and f; are given in Tables 2, 3, and
6.

3.3. Th(lV)—Acetate System. The complexation of
Th(IV) with acetate leads to the most elaborate system.
Because of the high charge of +4 of the thorium ion, it is able
to bind the highest number of ligands of all the actinides
investigated in this work. The experimental data and the
related results for the fit for five successive complexes are
shown in Figure 3.

In contrast to the other systems, in this case the results of
the two data series are quite inconsistent. Consequently, the
first data series was not used for the data evaluation, and the
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Figure 3. Measured effective electrophoretic mobilities g of the
Th(IV)—acetate series as a function of the free acetate concentration
[AcO7] at I = 0.3 M with the related fit curve.

second measurement series was considered to be more reliable.
As in the U(VI) example, both positive and negative effective
electrophoretic mobilities were measured, substantiating the
formation of a 1:5 thorium—acetate complex that is negatively
charged. Since in this case the fit function (eq 10) contained
11 parameters, it was the most difficult system to process with
the Origin software, and the errors are somewhat higher than
in the other systems (for log(f,) even higher than the absolute
value itself). The results presented in Table 4 are the best

Table 4. Complex binding constants f§; for the five
successive Th(IV)—acetate complexes (I = 0.3 M)“

i ﬂ[/M_i A(ﬁi)/M_i log(ﬂz) A(IOg(ﬂi))
1 4.53 x 103 1.63 x 10° 3.66 0.16
2 1.09 x 107 6.30 x 107 7.04 0.09
3 5.58 x 10° 7.62 % 10Y° 9.75 0.11
4 1.89 x 10%° 7.92 x 10! 10.28 0.87
S 5.09 x 10" 1.51 x 108 11.71 0.16

“The standard errors A(f3;) result from the fitting procedure.

values that could be calculated using all constraints mentioned
above. In spite of these difficulties, the values for the complex
binding constants are in good agreement with the literature, as
discussed in Section 3.6.

3.4. Am(lll)—Acetate System. As can be seen in Figure 4,
for the Am(III)—acetate system no negative effective electro-
phoretic mobilities could be measured over the whole pH
range. This indicates, as in the case of Np(V), that no
negatively charged americium—acetate complexes are formed
under these conditions. Consequently, three was set as the
highest ligand number for the fit shown in Figure 4, which led
to satisfactory results. The complex binding constants f3; at I =
0.3 M are given in Table 5.

3.5. Electrophoretic Mobilities of the Individual
Species p;. In addition to the complex binding constants,
the electrophoretic mobilities of the individual species y; have
also been determined by means of the fit function given in eq
10. For the fitting procedure, the constraints given in Section
2.5 were used. As one can see from the results given in Table 2,
a set of individual electrophoretic mobilities complying with
these conditions could be obtained.

The order in the individual electrophoretic mobilities of the
noncomplexed species corresponds to the charge of the
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Figure 4. Measured effective electrophoretic mobilities pg of the
Am(IIT)—acetate series as a function of the free acetate concentration
[AcO7] at I = 0.3 M with the related fit curve.

Table S. Complex Binding Constants f; for the Three
Successive Am(III)—Acetate Complexes (I = 0.3 M)“

i ﬁi/Mii A(ﬁi)/Mii log(ﬁi) A(log(ﬂi))
1 7.80 X 10* 1.57 X 10* 2.89 0.09
2 1.01 x 10* 1.90 x 10° 4.00 0.08
3 6.82 x 10* 1.36 x 10* 4.83 0.09

“The standard errors A(f;) result from the fitting procedure.

respective actinide ion. Thorium and americium, with the
highest charges of +4 and +3, respectively, have the highest
mobility; the least charged neptunyl ion is the slowest. Species
with the same charge have comparable electrophoretic
mobilities.

3.6. Extrapolation to Zero lonic Strength. The complex
binding constants f; determined by CE-ICP-MS were
extrapolated to thermodynamic stability constants 3 at zero
ionic strength by eqs 11 and 12, respectively, by means of the
Davies equation given in eq 13.

The results are summarized in Table 6. For comparison with
the literature, data available from the ANDRA database® as
well as from the NIST database™ are also given.

The binding constants of the different actinide—acetate
systems obtained in this work are, in general, in good
agreement with the literature data mentioned above; they all
follow the same trends. Small deviations of our values from the
literature data may be explained by the orders of magnitude
differences in the concentrations of the actinides. As
mentioned earlier, we investigated systems at environmentally
relevant concentrations (~107 M), while the literature data
are given for mostly millimolar concentrations. According to
our experimental results, Np(V) forms just one complex under
the given experimental conditions; this is in accordance with
the findings of Pokrovsky and Choppin”® and Rao et al.'” but
disagrees with the results of Takao et al,'® who quote values
for three successive complexes. Since the CE-ICP-MS method
enables reliable statements about the charge of a complex
species, and no negative effective electrophoretic mobilities
referring to a negatively charged Np(V)—acetate species were
detected, it is reasonable that only the 1:1 complex is formed.

For the oxidation states III, IV, and VI of the investigated
actinides, the successive acetate complexes exhibit increasing
log(B") values, indicating an increase in the stability of the
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Table 6. Thermodynamic Stability Constants ;" for the
Different Actinide—Acetate Systems and Comparison with
the Literature

log(ﬁio)
this work ANDRA database™ NIST database®
u(vI) 3.01 + 0.12 3.02 + 02 3.11
5.27 + 0.07 520 +£ 0.3 5.04
6.82 + 0.09 7.03 + 0.4 7.06
Np(V) 1.56 + 0.03 132 + 1.0 1.35
342 + 0.01
3.57 + 0.01
Th(1V) 473 + 0.16 524 + 015 4.69
8.92 + 0.09 9.44 + 0.15 8.18
12.16 + 0.11 12.56 + 0.50 10.85
12.96 + 0.87 14.38 + 0.50 12.44
14.39 + 0.16 15.37 + 1.00 13.04
Am(III) 3.70 £ 0.09 294 + 0.5 2.8
5.35 + 0.08 5.07 £ 0.5 4.62
6.45 + 0.09 6.54 + 0.5 5.51

complexes. By comparing the different actinide series, one can
directly read off the tendency of the strength of the acetate
complexes. Th(IV) forms by far the strongest complexes, while
Np(V) tends to build the weakest complexes. The binding
constants of U(VI) and Am(III) are rather similar and lie in
between the two others. This sequence follows the usual order
of increasing strength of actinide complexes AnO," < An*" ~
AnO,*" < An*, which mirrors the effective charge of the
actinide.”’

4. SUMMARY AND CONCLUSIONS

The application of CE coupled to ICP-MS has proven to be a
very suitable and appropriate analytical tool for the
determination of the binding constants of complexes of
different actinides with acetate. In particular, operation at
very low concentrations is a benefit that allowed the
investigation of systems in the environmentally relevant
range. The results determined by this method for U(VI),
Np(V), Th(IV), and Am(III) are given in Table 6. They are in
good agreement with the available literature given for higher
concentrations of the respective actinide. We were able to
determine three successive complexes and the respective
complex binding constants for U(VI) and Am(III), five for
Th(IV), and only one for Np(V). Concerning the last, there is
disagreement in the literature about the number of complexes.
With this work we were able to show that no negative Np(V)
acetate complex is formed, and thus just a 1:1 complex is to be
expected. Our values may be used as a database for the long-
term safety analysis of a future nuclear waste repository since
they provide more accurate information about the actual
conditions in such a system.

In order to improve further the databases for these concerns,
the CE-ICP-MS system may be used in future works for the
investigation of other actinides with acetate (e.g., plutonium),
for the determination of binding constants with different
ligands (such as citrate) and for different temperature ranges.
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4.4 Propionate Ligand

4.4 PROPIONATE LIGAND
As a further ligand, propionate, the anion of the propionic acid, was investigated. Propionic

acid is the next member of the homologues series of carboxylic acids after the acetic acid. It
is thus interesting to see the effect of the additional methylene group in the propionate ligand
on the stability of the complexes formed with different actinides in comparison to the acetate
ligand. The results of this investigation can also be used in the utilization of short-chain
carboxylates as model substances for naturally occurring more complex molecules such as
humic or fulvic acid and their interactions with actinides (for more details see the

Introduction of the acetate manuscript, Section 4.3).

In these experiments all four actinides, namely Am(III), Th(IV), Np(V) and U(VI) were
investigated in one and the same sample solution via CE-ICP-MS. This allows to significantly
reduce the total amount of samples compared to the acetate series, where all actinides were
measured individually. Furthermore, it again emphasizes the benefit of using ICP-MS as a
multi-element detector. The feasibility of this approach should result from the low actinide
concentrations and thus the very high excess of ligand. As a consequence, an impact of a

competition of the different actinides for the free ligand can be ruled out.

4.4.1 INTRODUCTION
The actinide-propionate systems are less extensively studied compared with the respective

acetate systems but nevertheless some examinations can be found in the literature. Again, all
values given there are determined for actinide concentrations much higher than employed

in the experiments of this work by CE-ICP-MS.

Cassol et al. [69CAS] investigated the relative stability of An0,2* with monocarboxylate
anions for An = U, Np and Pu by potentiometry (T = 20 °C,I = 1 M NaClO4). They report on the
order of stability of the complexes as U0,2+ > NpO2+ > Pu0;2+ for the actinides and on an
increasing stability of the complexes with an increase in the basicity of the ligand but no
stability constants are given. Hala et al. [62HAL] determined the ratio of the stability
constants of U(V) and U(VI) with propionate by a polarographic method (/ =1 M NaNOs3) but
also give no absolute values. Miyake et al. [67MIY] evaluated the U(VI)-propionate system by
spectroscopy for both uranyl and propionate concentrations in the millimolar range. They
found four consecutive complexes with the respective stability constants
log(p1) =2.53 £ 0.01, log(S2) = 4.68 % 0.04, log(fs) = 6.49 + 0.05 and log(ps) =8.25 £ 0.06 at
T=20°C and I=1M NaClOs. Further stability constants for the 1:1 and the 1:1 and 1:2
complexes can be found to be log($1) = 3.03 [6BRAM] (pH-titration method in the region
pH=15-35 T=31°C and [=01M NaClO4) and log($1)=2.50+0.01 and
log(52) = 4.79 + 0.04 [07KIR] (microcalorimetry, c(UO22+) =3.75mM, T=25°Cand I=1.0 M
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NaClO4), respectively. A capillary electrophoresis experiment with UV-Vis detection for the
separation and simultaneous determination of U(VI) and several carboxylic acids (amongst
others acetic and propionic acid) in the context of sorption experiments on silica and rutile

is described by Sladkov et al. [11SLA].

For the NpO,*-propionate system just the 1:1 complex is described in the literature. Vasiliev
et al. [15VAS] investigated the complexation reaction in 0.5-4 M NaCl solutions in a
temperature range of T=20-85°C via spectroscopic techniques. For T=25°C they
determined the stability constant at zero ionic strength extrapolated by SIT (specific ion
interaction theory) from their experimental results to be log(/5°1) = 1.26 + 0.03. Furthermore,
they found a mainly bidentate binding of both the acetate and the propionate ligand for the

1:1 complex.

Sergeev [71SER] determined stability constants for the 1:1 and 1:2 complexes of Th(IV) with
propionate for different Th#+:propionate ratios of 1:8, 1:10 and 1:15. The values are
log($1) =3.61£0.04, log(B:) =6.93+0.05 log(B1)=3.7+0.1, log(Bz)=6.96+0.04 and
log($1) =3.6+£0. 1, log(Bz) =6.8+0.1, respectively. Four consecutive complexes are
described by Portanova et al. [72POR]. They obtained log(fi)=3.94+0.03,
log(52) =7.25+0.07, log(fz) =9.44+0.10 and log(fs) =11.20+0.14 by potentiometric
investigations at T=20 °C and I =1 M NaClO.. Significant lower values for the 1:1 complex
were published by Tedesco et al. [72TED] by spectrometry (log(fi)=1.31) and
potentiometry (log(f1) =1.42) for T=25°Cand /=1M.

For the Am3+-propionate system no experimental results can be found in the literature. A
stability constant for the 1:1 complex was estimated by Mishustin [10MIS] by integration of
the ligand density distribution function which resulted in log(3%:) = 2.91 but the results are
systematically overestimated as annotated by the author. In the knowledge that actinides
tend to build stronger complexes with a given ligand compared to the homologue lanthanides
(see e.g. [B3NAI]) one can employ the stability constants of Eu3+ with propionate for a rough
comparison. The values for the first two complexes can be found in the literature as
log(51) = 2.23, log(f2) = 3.74 (potentiometry, T =20 °C and /= 0.1 M NaClO4) [64POW] and
log(1) = 1.98, log(Bz) = 3.28 (pH titration, T = 25 °C and I = 2.0 M NaClO4) [65CHO].

4.4.2 EXPERIMENTAL PROCEDURE
Initially, a 0.3 M propionic acid solution was produced. For the preparation of the different

samples, in each case 20 mL aliquots of this solution were adjusted to the desired pH value
by the addition of appropriate amounts of 11.6 M perchloric acid solution or 10 M NaOH

solution. This way, 24 samples in the pH region from 0.73 - 5.46 were prepared. It was
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ensured by speciation calculations with the program Visual MINTEQ [14GUS], that under the
experimental conditions in this pH range the formation of hydroxides can be neglected for all
four actinides. All samples were brought to an equal ionic strength of I = 0.3 M by adding
respective amounts of NaClO4 - H20. The detailed composition of the samples can be found in
Appendix A5.2 (Table A1). After filtration through 0.2 pm syringe filters 200 pL of these

solutions were used as the BGE for the flushing of the capillary.

For the samples for CE-ICP-MS measurements, stock solutions of the actinides Am(III),
Th(IV) and Np(V) in 1 M HCIO4 and U(VI) in 0.1 M HCIO4 were used. The preparation of these
solutions and the control of the concentrations were conducted as described in Section 4.3.
As the only difference, U(VI) was, like Th(IV), prepared from the dilution of a ICP-MS standard

solution of known concentration.

To 5 mL of the respective propionic acid solution described above, 5 pL of the Am(III) and
the Np(V) stock solution and 10 pL of the Th(IV) and the U(VI) stock solution were added to
yield actinide sample concentrations of c(Am(IIl))=c(Np(V))=5-108M and
¢(Th(IV)) = c(U(VI)) =2 - 107 M. The change in the ionic strength of the solution due to the
addition of the actinides could be neglected because the sample volume is very small
compared to the overall volume of the solution. The pH values of the sample solutions were
measured again after the actinide addition and these results were used for the data

evaluation.

200 pL of these sample solutions together with 1 uL. 2-bromopropane as the EOF marker
were then measured by CE-ICP-MS at U = 10 kV and a capillary length of I = 76 cm.

4.4.3 RESULTS AND DISCUSSION
In Figure 11 the measured effective electrophoretic mobilities p. of the actinide-propionate

series as a function of the free propionate concentration [Pro] at /=0.3 M are shown
together with the associated fit curves. The corresponding electropherograms and the
migration times t; and tgor as well as the electrophoretic mobilities can be found in the
Appendix A5.2 (Figure A1 - Figure A3 and Table A2). The fitting procedure was conducted
as described in Section 4.1 with application of the constraints given there. Again, as in the
acetate case, the highest measured electrophoretic mobility was set as the lower limit and
the highest electrophoretic mobility as evaluated in Section 4.2 for the system without any

ligands was set as the upper limit for the y; parameter of the free actinide.
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Figure 11: Measured effective electrophoretic mobilities per of the actinide-propionate
series as a function of the free propionate concentration [Pro-] at I = 0.3 M with the related
fit curve. A: Am(1II), B: Th(IV), C: Np(V), D: U(VI).

The stability constants f5; (and log(S;)) for the actinides complexed by the propionate ligand
determined at /= 0.3 M are presented in Table 7. The thermodynamic stability constants
extrapolated to zero ionic strength by means of Equation (4.6) can also be found there. The
respective electrophoretic mobilities of the individual species p; are summarized in Table 8.
The uncertainties given for the f; are resulting from the fitting procedure performed by the
Origin 7 software. The ones for the electrophoretic mobilities were not derived from the
fitting procedure since the p; were kept constant at the last iteration. They are estimated to

be Ap;i=0.1-10-4cm2V-1s-1in all cases.
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Table 7: Stability constants f; for the different actinide-propionate complexes at /= 0.3 M
and the corresponding values extrapolated to zero ionic strength. The limits of error A(f;)
are resulting from the fitting procedure.

actinide [ i Bi/M-i ABi/M-i log(Bi) Alog () log(5:9) Alog(B:9)
1 1867 124 3.27 0.03 4.08 0.03
Am(II) |2 40074 7947 |  4.60 0.09 5.95 0.09
3 167682 23706 | 5.22 0.06 6.84 0.06
1 1.93-105| 3.32-105| 5.29 0.75 6.36 0.75
2 892-108 | 126-10°] 895 0.61 10.83 0.61
Th(IV) |3 ] 954-101| 1.70-1012] 11.98 0.78 14.40 0.78
41 207-1083| 436-1013] 13.32 0.91 16.00 0.91
5| 748-1013| 1.41-1014] 1387 0.82 16.56 0.82
Np(V) |1 26 12 1.42 0.20 1.69 0.20
1 1489 359 3.7 0.10 3.71 0.10
uvp | 2 931626 235900 5.97 0.11 6.78 0.11
31 186917090 | 49129863 | 827 0.11 9.08 0.11

For Am(III) three successive stability constants for the 1:1, 1:2 and 1:3 complex could be
identified. Since no negative values for the electrophoretic mobilities were obtained, the
existence of the negatively charged 1:4 Am(III)-propionate was not considered for the data
evaluation. The data set was also evaluated for the formation of just two successive
complexes but the coefficient of determination R2 in that case was slightly smaller than the
one presented here. The value determined in this work for the 1:1 complex is in good
agreement with the one estimated in [10MIS] to be log(f) = 2.91 even though it is somewhat
higher. The results for the 1:2 complex can just be compared to the homologue Eu(III)
complex, which have considerably lower stability constants. This meets the expectations as

already mentioned in the literature section above.

The investigation of the Th(IV)-propionate system results in both positive and negative
values for the effective electrophoretic mobilities in dependence of the pH. This leads to the
conclusion that five successive Th(IV)-propionate complexes have to be considered for the
data evaluation because the 1:5 complex is the first negative one. As can be seen in

Figure 11 B, the fitting procedure yields a satisfying curve with R2 = 0.950. Nevertheless, the
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uncertainties of the resulting stability constants are very large (even larger than S; itself).
Again, like already noticed in the Th(IV)-acetate system, the high number of ligands leads to
a high amount of fit parameters and thus to a system difficult to evaluate. Consequently, it
seems reasonable to increase the number of samples for the determination of Th(IV) systems
in order to gain more data and by that reduce the uncertainty values. In the available
literature described above, the values for the 1:1 complex are quite scattered and the results
from this work are, like in the Am(IIl) case, the highest ones. Only in [72POR] four
consecutive Th(IV)-propionate complexes are investigated and the values given there are
also significantly lower than the ones from this work. A negatively charged 1:5 complex is
not described in the literature so no comparison of the log(fs) value is possible. Nevertheless,
due to the benefit from the possibility to discriminate between positive and negative complex
species by the CE-ICP-MS method based on the sign of the effective electrophoretic

mobilities, the assumption of the 1:5 species is reasonable.

Even though the neptunyl ion NpO,* with the effective charge +1 is the actinide with the
lowest charge, no negative electrophoretic mobilities could be measured in the pH region
investigated. This suggests the formation of just the 1:1 compound. The respective fit curve
of this evaluation can be seen in Figure 11 C. Due to the somewhat smaller coefficient of
determination Rz compared to the other systems it was also tried to fit the data for higher
complexes of Np(V) with propionate but no result could be obtained. This finding is in
accordance with the literature where also just the 1:1 species is described for Np(V). Again,
the value for the stability constant determined in this work is higher than the one given in

the reference [15VAS].

For U(VI) the formation of three and four consecutive propionate complexes was
investigated because of the negative effective electrophoretic mobilities obtained during
measurements. The better fitting curve could be obtained for the 1:3 system and the result is
shown in Figure 11 D. In contrast to that, in [67MIY] four species are described. The stability

constants given in the literature are lower than evaluated here.

In conclusion, the order of the stability constants f; for the different actinide-propionate
systems determined in this work follows the usual order of increasing strength of actinide
complexes AnO* < An3+ = An0,2+ < An%+, which mirrors the effective charge of the actinide
[06CHO]. On the other hand, the values evaluated here are notably higher for all actinides
compared to the available literature. Similar results were found for the actinide-acetate
systems. Due to this conformities and similarities it stands to reason that the increase in the

stability constants compared to the literate data described above is a consequence of the
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much lower actinide concentrations employed in this work leading to a much higher excess
of actinide over the ligand.
Table 8: Electrophoretic mobilities of the individual species p; for the different actinide-

propionate complexes. The uncertainties are estimated to be Ay; = 0.1 - 10-4 cm2V-1s-1 in all
cases.

actinide species ui/10-4 cm2V-1s-1
Am3+ 5.4
[Am(Pro)]2+ 3.0
Am(III)
[Am(Pro)]* 1.5
[Am(Pro)s]aq 0.0*
Tht+ 6.0
[Th(Pro)]3+ 4.0
[Th(Pro):]2* 1.5
Th(IV)
[Th(Pro)s]* 0.5
[Th(Pro)4]aq 0.0*
[Th(Pro)s]- -1.8
NpO* 24
Np(V)
[NpO2(Pro)]aq 0.0*
U0,2+ 33
UO2z(Pro)]* 1.9
UV [UO2(Pro)]
[UOz(PI‘O)g]' -1.3

* held constant during the fitting procedure

Besides the stability constants a complete set of individual electrophoretic mobilities y; of the
free species were obtained from the fitting procedure which is shown in Table 8. The order
of the electrophoretic mobilities of the uncomplexed actinides mirrors the order of their
charge ui(NpO2*) < ui(U022+) < ui(Am3+) < u;(Th#+). The same is true for species with an
identical number of ligands, y; increases with increasing charge in the same sequence.
Furthermore, for complexes with the same charge, the electrophoretic mobility decreases

with an increasing number of ligands. This is reasonable because species with more ligands
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are larger and thus are more decelerated by the frictional force F; that is the electrophoretic

migration opposed (see Equation (2.3)).

4.5 COMPARISON OF ACETATE AND PROPIONATE
Acetic acid and propionic acid are, as already mentioned, both consecutive members of the

homologues series of carboxylic acids. It therefore appears advisable to insert a more
comprehensive consideration of the stability constants of the respective anions acetate and
propionate determined by CE-ICP-MS experiments before presenting the results of the other

ligands.

Generally speaking, due to the similarity between the two ligands, the complexation behavior
of the actinides with these compounds is expected to be also very comparable. Thus, for all
four actinides, the same number of maximum ligands was found, just one for Np(V), three for
Am(III) and U(VI) and five for Th(IV). In order to compare the absolute values for the stability

constants f3; one has to take a closer look at the respective acidity constants.

The acidity constant pK, (see Equation (4.8)) increases in the row of the carboxylic acids.
Thus, the pK. of acetic acid is smaller than the one of propionic acid

(pKa,acetic acid(o M) =476 < pKa,propionic acid(o M) = 487, [04MARD

o -is (545

In this case, L- represents the acetate or the propionate anion, HL stands for the respective

(4.8)

acid. By rearranging this formula for [L-] and inserting it into the definition for the stability
constant §; given in Equation (4.2) one obtains Equation (4.9).

[an-1,(=0)]
m)i' (4.9)

[H*]

Bi =

[Ann+(:

With Equation (4.9) a correlation between the acidity constant pK, of a ligand with the
respective stability constant f5; for the complexation of this ligand with a certain actinide is
given. In general, one can derive from this formula that the complex is the weaker the lower
the pK, value is. The same findings were described by Bunting et al. [70BUN] who
investigated the stability constants of several divalent metal ions complexed with different

carboxylate anions.

Applied to the present case this leads to the conclusion that the log(f:) values of the acetate
complexes should be smaller than those of the propionate complexes. By comparing the
respective values given in Table 6 (acetate paper) for acetate and Table 7 for propionate one

can see that this is true for all the complexes investigated. Consequently, in the experiments

80



4.6 Gluconate Ligand

described in the previous two sections, a set of reasonable and conclusive stability constants
were determined for actinides in low concentration ranges and the CE-ICP-MS method has

proven to be a suitable analytical tool for such investigations.

On basis of Equation (4.9) one can additionally predict the trend of the log(f;) for other
members of the homologues row of the carboxylic acids. The complexes with formate as the
first member in this series should have significantly lower log(f;) values because of its
smaller pK; value, which is true for Th(IV) and U(VI) formates (on basis of the data given in
the NIST database [04MAR]). The carboxylates following directly after propionate in contrast
can be expected to have further increased values for the stability constants. At some point
the differences in the acidity constants of the higher homologues of the carboxylic acids
become very small so that the trend described above should also become less pronounced.
Furthermore, it has to be noted that these considerations neither do take into account steric
effects which become more important for larger carboxylates and may lead to weaker
complexes nor consider the chelate effect in case of more binding possibilities in one ligand.
This has to be kept in mind when using acetate or propionate as model ligands for the humic

and fulvic acids as described above.

4.6 GLUCONATE LIGAND

4.6.1 INTRODUCTION

Gluconate, the anion of the gluconic acid, is known to build stabile complexes with a large
number of different metal cations in different oxidation states [64SAW]. In the context of the
long-term safety assessment of a nuclear waste disposal, gluconate is currently investigated
for different reasons. Firstly, it is employed in many studies as an analogue for isosaccharinic
acid (ISA) [17DUD]. ISA was identified as one of the main degradation products of cellulose,
which may be present in radioactive waste in form of contaminated papers, filters or cotton.
By the complexation with ISA the radionuclides may be solubilized and thus mobilized
[08KEI]. Consequently, a thorough understanding of the complexation mechanism based on
these ligands and a trustworthy data set of the respective stability constants are of great
interest. The available literature for the metal-ISA complexes is summarized in [08KEI]. In
case of actinides, the works of Wieland, Tits et al. concerning Eu(IIl}, Am(III) and Th(IV) with
calcite [O5TIT] and Th(IV) with hardened cement paste [02WIE] as well as of Rai et al.
[03RAI] and Gaona et al. [08GAOQ] for tetravalent actinides are particularly emphasized.
Furthermore, the use of cement and concrete in future nuclear waste disposals is discussed
or it is already in use because of its good immobilization capability for radioactive metal ions
(for more information see e.g. [96GOU], [09CHE]). In this context, gluconate is used as an

additive in cement (for controlling the setting time and increasing the strength and water
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resistance) and concrete (to increase frost and crack resistance) [06RAM] and can moreover
deal as arepresentative substance for different organic materials such as plasticizers that are

added to cementious mixtures [O5TIT].

Regarding its chemical properties, some difficulties in the determination of the stability
constants of actinides with gluconate have to be considered in the CE-ICP-MS measurements.
The experiments are conducted in a low pH region for reasons already explained above. For
acidic conditions, gluconate has just a weak or moderate ability to bind metal ions [07ZHA],
which changes at higher pH values [06RAM]. This fact has to be kept in mind for the
interpretation of stability constants determined in this work in comparison with the
conditions in alkaline systems such as concrete and cement. Furthermore, in this pH range
gluconate has a strong tendency to form lactone rings. For pH > 2.5 solely the &-lactone
(glucono-1,5-lactone) is formed, for pH<2 both the 6&-lactone and the y-lactone
(glucono-1,4-lactone) can occur [07ZHA]. The rate constants of the lactonization reaction at
room temperature given in the literature in an acidic pH range ([88COM], [07ZHA]) can be
converted to half-lives in the magnitude of several hours. By preparing all samples as directly
as possible before the measurements, advantage was taken of this rather slow kinetic and

the lactone formation could be neglected.

4.6.2 EXPERIMENTAL PROCEDURE
In the case of the gluconate investigations, a 0.3 M sodium gluconate stock solution was

produced. From this solution, in the same way as for the acetate (see Section 4.3) and
propionate (see Section 4.4) measurements 22 samples in the pH region from 0.87 - 4.78
were prepared. It was ensured by speciation calculations with the program Visual MINTEQ
[14GUS], that under the experimental conditions in this pH range the formation of hydroxides
can be neglected for all four actinides. All samples were brought to an equal ionic strength of
I=0.3 M by adding respective amounts of NaClO4 - H;0. For the first samples it could not be
prevented that the ionic strength is slightly higher than 0.3 M due to the required larger
amounts of perchloric acid compared to the preparations starting from the respective acids
instead of the sodium salt. As already depicted above, all samples were prepared directly
prior to the measurements to minimize the lactate formation. The detailed composition of

the samples can be found in Appendix A5.3 (Table A3).

Apart from the carboxylic acid group there are different hydroxyl groups in the gluconic acid
molecule. These groups can also be partly deprotonated in dependence on the pH. This would
thus lead to a different ligand Glu.u?- (further details regarding different ligands in
dependence on the degree of deprotonation can be found in the citrate series in the next

section). In this case, the second deprotonation step only becomes significant in alkaline pH
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regions (pK.2(0.1 M) = 13.0 [07ZHA]) and could consequently be neglected in the presented

experiments.

The preparation of the CE-ICP-MS samples and the actinide stock solutions as well as the
experimental procedure for the measurements are identical to the procedure described for
the acetate and propionate series. The actinide concentrations were c(Am(1II)) =2.5- 107 M,

¢(Th(IV)) =1 - 106 M, ¢(Np(V)) =5 - 10# M and c(U(VI)) = 1.4 - 107 M.

4.6.3 RESULTS AND DISCUSSION
In Figure 12 the measured effective electrophoretic mobilities pesr of the actinide-gluconate

series as a function of the free gluconate concentration [Glu-] at I = 0.3 M are shown together
with the associated fit curves. The corresponding electropherograms and the migration
times ¢t; and tzor as well as the electrophoretic mobilities can be found in the Appendix A5.3
(Table A4, Figure A4 - Figure A6). The fitting procedure was conducted as described in
Section 4.1 with application of the constraints given there. Again, as in the acetate and in the
propionate case, the highest measured electrophoretic mobility was set as the lower limit
and the highest electrophoretic mobility as evaluated in Section 4.2 for the system without

any ligands was set as the upper limit for the y; parameter of the free actinide.

The collected stability constants f; (and log(5;)) for the actinides complexed by the gluconate
ligand determined at I=0.3 M are presented in Table 9. The thermodynamic stability
constants extrapolated to zero ionic strength by means of Equation (4.6) are also given there.
The uncertainties given for the f; are again resulting from the fitting procedure given by the

Origin 7 software.

As can be seen in Figure 12 A, the resulting effective electrophoretic mobilities for the Am(III)
gluconate measurements become negative in the higher pH region starting from pH = 3.87.
This is why the occurrence of the Am(Glu)s+ species and thus of four consecutive Am(III)
gluconate complexes was assumed for the fitting procedure. The corresponding fitting curve
exhibits a satisfactory coefficient of determination of Rz =0.986 but the fitting procedure
turned out to be strongly dependent on the starting parameters and small changes led to a
breakdown of the fitting process. The presented results are the best values that could be
obtained under the given circumstances. Since log(f3) and log(f.) are very similar, a fitting
of the values under the assumption of just three complexes was also attempted, regardless
the negative electrophoretic mobilities for the last samples. The respective R2 value is then
slightly smaller and the log(f;) are in a comparable range. For a more conclusive final
statement about the presence of the 1:4 Am(III) gluconate complex more samples in the pH

region from pH = 3.87 upwards have to be measured. Tits et al. [05TIT] investigated the
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interaction of gluconic acid and Am(III) by batch type-sorption experiments at high pH. They

determined the stability constant for the 1:1 complexation with the Gluau* to be

log(5%) = 16.6 £ 1. In the literature, no further studies could be found concerning the stability

constants of the Glu- ligand as investigated in this work so the values presented here are the

first for the given experimental conditions.
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Figure 12: Measured effective electrophoretic mobilities p. of the actinide-gluconate series
as a function of the free gluconate concentration [Glu-] at I = 0.3 M with the related fit curve.

A: Am(III), B: Th(IV), C: Np(V), D: U(VI).
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Table 9: Stability constants f; for the different actinide-gluconate complexes at / = 0.3 M and
the corresponding values extrapolated to zero ionic strength. The limits of error A(f;) are
resulting from the fitting procedure.

actinide [ i Bi/M-i ABi/M-i log(Bi) Alog () log(5:9) Alog(B:9)
1 512 183 271 0.16 3.51 0.16
2 398108 54130 | 5.60 0.06 6.94 0.06
Am(I1I)
31 10079094 | 2641523 ] 7.00 0.11 8.62 0.11
41 14618856 | 5333668 7.16 0.16 8.78 0.16
1 560-104 | 273-10¢] 4.75 0.21 5.82 0.21
2 2.89-106 | 3.56-106] 6.46 0.53 8.34 0.53
Th(lV) |3 1.17-10°| 893-108] 9.07 0.33 11.49 0.33
41 329-101| 330-101] 10.52 0.44 13.20 0.44
5| 142-101| 1.20-101] 11.15 0.37 13.84 0.37
1 45 5] 165 0.05 1.92 0.05
Np(V)
2 115 72| 206 0.27 2.33 0.27
1 825 79| 292 0.04 3.45 0.04
uvp | 2 43933 8616 4.64 0.09 5.45 0.09
3 518654 104672 | 5.71 0.09 6.52 0.09

As in the case of Am(III), also in the Th(IV) measurements the appearance of negative
effective electrophoretic mobilities implies the formation of a negatively charged Th(IV)
gluconate species. Consequently, the fitting procedure was conducted with the assumption
of five complexes. It has already been described in the acetate and propionate series that the
great number of fitting parameters complicates the fitting operation. The same turned out to
be true for the gluconate case. It was not possible to vary all parameters for the stability
constants or the electrophoretic mobilities at the same time without aborting the fitting
process. Therefore, in every iteration some parameters were held constant. Despite these
difficulties, the results presented in Figure 12 C and Table 9 for the log(f) are quite
satisfactory. As can be seen later in Table 10, the resulting electrophoretic mobilities are
smaller than expected on basis of the previous series, but other starting parameters resulted

in the same values. Again, literature provides only works in significantly higher pH ranges

85



4. Determination of Stability Constants with CE-ICP-MS

and the stability constants for multiple deprotonated ligands and mixed hydroxide
complexes can be found ([05TIT], [08GAO], [11COL], [13COL1]), a comparison with the

results from this work is therefore hardly possible.

For Np(V) two consecutive gluconate complexes were determined. In contrast to the acetate
and the propionate series, also negative effective electrophoretic mobilities were measured
suggesting the formation of the NpO(Glu),- species. The resulting stability constants for
I=0.3M are log(f1) =1.65%0.05 and log(f-) =2.06 £ 0.27, which are in good agreement
with the values determined by Zhang et al. [06ZHA] evaluated at / = 1.0 M NaClO4 at pH=6
(log(51) =1.48 £ 0.03 and log(B2) = 2.14 £ 0.09).

The U(VI) gluconate system also exhibits negative values for the effective electrophoretic
mobilities. Therefore, two different fitting procedures were conducted for the hypothesis of
the formation of either three or four consecutive species. The resulting fitting curve obtained
for the 1:3 scenario shown in Figure 12 D exhibits the better R2, therefore the UO2(Glu)s-
complex was set as the complex with the highest ligand number. In the available literature,
just stability constants for the 1:1 species could be found. Zhang et al. [09ZHA] report on
log(51) = 2.2 £ 0.3 on basis of calorimetric and potentiometric measurements at /=0.1 M
NaClO4 for pH 2.5 - 4.2. This is in good agreement with the results presented here. Much
higher values of log(f1) = 6.3 + 0.4 at pH = 7 and log(f1) = 19.9 + 2 at pH = 13.3 (ion exchange
method) are described by Warwick et al. [06WAR]. These differences prove noticeably the
strong dependence of the complex forming capability of gluconate as a ligand on the pH value
that has already been subjected. As for Th(IV), for U(VI) also further investigations in higher
pH ranges and with mixed ligand systems are discussed in the literature [62SAW], [13COL2].

The associated electrophoretic mobilities of the individual species u; are summarized in
Table 10. The uncertainties for the electrophoretic mobilities were not given from the fitting
procedure since the y; were kept constant at the last iteration. They are estimated to be
Api=0.1-104cm2V-1s1 in all cases. For Np(V), U(VI) and Am(IIl), the order of the
electrophoretic mobilities of the uncomplexed actinides mirrors the order of their charge
wi(NpO2+) < ui(UO22+) < ui(Ams3+). Contrary to this trend, for Th(IV) with the highest charge of
+4 all electrophoretic mobilities are very small, but the presented results are the only values
that could be obtained during the fitting procedure. For all approaches of fitting the data set
with higher starting parameters for the y; either the same small values were obtained after
few iterations or the fitting procedure was aborted. Besides the Th(IV) results, the same
trends as in the propionate and acetate measurements were found, namely an increasing

electrophoretic mobility with increasing charge for complexes with an identical number of
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ligands and a decrease in y; with an increasing number of ligands for complexes with the
same charge.
Table 10: Electrophoretic mobilities of the individual species p; for the different actinide-

gluconate complexes. The uncertainties are estimated to be Ay; =0.1-10-4 cm2V-1s-t in all
cases.

actinide species wi/10-4 cm2V-1s-1
Am3+ 4.0
[Am(Glu)]2+ 2.0
Am(III) [Am(Glu)2]* 1.0
[Am(Glu)sz]aq 0.0*
[Am(Glu)4] -1.0
Th#+ 1.1
[Th(Glu)]3+ 0.5
Th(IV) [Th(Glu)z]2* 0.1
[Th(Glu)3]* 0.02
[Th(GIu)4]aq 0.0*
[Th(Glu)s]- -1.5
NpO2* 2.1
Np(V) [NpO2(Glu)]aq 0.0*
[NpO2 (Glu)2] -0.2
U0,2+ 33
VD [UO2(Glu)]* 0.9
[UO2(Glu)z2]aq 0.0*
[UO2(Glu)s]- -0.8

* held constant during the fitting procedure
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4.7 CITRATE LIGAND

4.7.1 INTRODUCTION

Citric acid (HsCit) is a naturally occurring organic acid with three carboxylate groups and one
hydroxyl group. The three deprotonation steps of the carboxylate groups are all relevant in
the pH region investigated in this work due to their respective acidity constants,
pKa1(0 M) =3.13+0.01, pK.2(0M)=4.7610.01, pK.3(0M)=6.40+0.02 [05HUM]. The
hydroxyl group, in contrast, just deprotonates at basic pH values. Consequently, for the
investigation of the actinide-citric acid system, three different ligands, Hs.,Cit» withn =1, 2, 3
have to be considered, the fully deprotonated species Cit.u* can be neglected. Since it could
be shown for different ligand systems with just one relevant deprotonation step, namely
acetate, propionate and gluconate (as described in the previous sections), that CE-ICP-MS is
a suitable and appropriate analytical technique for the determination of stability constants
of actinides with such compounds in low concentration ranges, it should be tested in a further
measurement series whether the method is also applicable to a more complicated ligand

system.

Besides these more basic reasons for studying the actinide citrate interactions there are also
practical interests in gaining a deeper knowledge of this compound. As in the case of acetate
and propionate, the natural occurrence of citric acid and its deprotonated forms can influence
the solubility of actinides and by that their migration behavior in the environment. Hence,
many studies can be found in connection with the long-term safety assessment of a nuclear
waste disposal, e.g. [05KAN], [12BER] for U(VI), [97POK] for Np(V), [87RAY], [96CHO],
[06FEL] for Th(IV) and [02WAL], [12THA] for Am(III). Furthermore, it can be used as a small
molecule model substance for natural organic matter (NOM) [OOLEN]. In the processing of
nuclear waste, for example in the liquid-liquid extraction of lanthanides and Am(III), citrate
is found to have a beneficial impact when added as a buffer [14BRO]. It is further present in
some radioactive waste storage tanks [07MAT]. Since citrate is the dominant binding agent
of actinides in human urine [12HEL] and it is present in human blood serum, the interaction
is also relevant for decorporation by chelating processes in biological systems in case of
accidental intake [07BON], [0BBON]. Moreover, studies on the effect of citrate on the
interaction of microorganisms with actinides are described in the literature [97YON],

[130HN].

As indicated by the wide field of research topics summarized above, there can be found
numerous studies concerning the determination of stability constants of actinides with
citrate species in the literature. The results are rather scattered because of the experimental

difficulties arising from the possibility of three different ligand species [710HY]. A very

88



4.7 Citrate Ligand

thorough discussion of the available literature in combination with a selection of reliable
stability constants for Am(III), Np(V) and U(VI) is given by Hummel et al. [05HUM] and for
the comparison of the results obtained by the CE-ICP-MS measurements of this work it is
referred to that overview. Also included in the discussion section following later are the
results of more recent works: The U(VI)-citrate complexation was investigated by
potentiometric and spectrometric measurements by Berto et al. [12BER] (/= 0.1 M, NaCl
solution), Np(V) was examined also by spectrophotometry at I=1.0 M by Bonin et al.
[07BON]. More recent results for Am(III), given by three different groups, were obtained
from solvent extraction at I=6.6m NaClOs [07MAT], from potentiometric titration
experiments and extraction techniques (/=0.1-6.6m NaClO4) [12THA] and from
spectrophotometric titration at I =1.0 M NaClO4 [14BRO]. The first works concerning the
Th(IV)-citrate interactions were conducted by Nebel et al. by potentiometric investigations
[66NEB], [75NEB]. They determined the first two Th(IV)-Cit3- complexes. Somewhat later,
also by potentiometric measurements at /=0.1 M in a chloride medium, Raymond et al.
[87RAY] described three consecutive Cit3- complexes and the 1:1 and 1:3 HCit2- species.
Solvent extraction with both NaClO4 and NaCl as background electrolyte up to a high ionic
strength of I = 14 m was used by Choppin et al. [96CHO] as the analytical method of choice.
Bonin et al. [0BBON] published stability constants for the 1:1 and 1:2 complexes of Th(IV)
with all three possible citrate species investigated by spectrophotometry at/ = 0.3 M in HNO3
medium. Particular attention should be paid to the fact that actinide-citrate interaction
investigations by electrophoresis methods are described in the literature. Rosch et al.
[90ROS3] performed electromigration measurements of Np(V) in near neutral perchlorate
solutions with an ionic strength of I=0.3 M. With their experimental conditions, no
continuous course of the measured effective electrophoretic mobility with increasing ligand
concentration could be identified which was explained with a reduction of Np(V). CE was
used for the speciation study of U(VI) in 0.02 M citrate buffer solution in the pH range from
2.5to 5.5 by Boughammoura et al. [09BOU]. They described different monomeric and dimeric
as well as mixed hydroxyl-citrate uranyl species. In good agreement with the results obtained
in this work presented in the following, they measured no negative species up to pH = 3. In
contrast, though, they determined up to four different peaks in one electropherogram, which
is also contrary to the theory of a rapid equilibrium between the different species as depicted
in Section 4.1. What both works have in common is that no stability constants are given.
Zhang et al. [15ZHA] applied a multi-injection affinity capillary electrophoresis method and
thus determined the stability constant for the 1:1 UO:Cit- species at pH =1.98 £ 0.02,

I=0.050M (HClO4/NaClO4) and varying citric acid concentrations. Besides these
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electrophoresis studies, no coupling of CE to ICP-MS for the investigation of actinide-citrate

systems can be found in the literature.

It becomes obvious from all these data that not all stability constants for all theoretically
possible ligand species are available and thus further investigations with new methods as

conducted in this work are necessary to fill these gaps.

4.7.2 CITRATE SPECIATION
For the determination of stability constants of actinides with different citrate ligands by

CE-ICP-MS it is important to know the exact species distribution of the respective citrate
species. As already mentioned above, all three deprotonation steps of the carboxylate groups
are relevant in the pH region investigated in this work. The acidity constants given in
[05HUM] for zero ionic strength were extrapolated to / = 0.3 M by means of Equation (4.6)
resulting in pK,1(0.3 M) = 2.86, pK,2(0.3 M) = 4.22, pK,3(0.3 M) = 5.59. With these values, the
percentage of the respective citrate species Hs.,Cit* in dependence of the pH values adjusted

in the samples were calculated by Equation (4.10)- (4.13).

(107PH)

it) = . 4.10
C(HSCIt) Ctot (10-PH)34(10-PH)2.107PKa,14109-PH.19PKa1.197PKa2 4109 PKa1.197PKaz2.19"PKa3" ( )
2 _
(H Ci _) _ (107PH)".10 PKa,1 (4 11)
LI ) = Cror (10-PH)34(10-PH)2.107PKa1419-PH.10"PKa1.197PKa2419"PKa1.197PKaz2.19~PKa3" ’
-pH.10~PKa,1.19—PKa,2
c(HCit2™) = cyor - 1077 -107F 21-107P 2 (4.12)
tot  (19-PH)34+(10-PH)2.10PKa1419-PH.19~PKa1.19"PKaz2419 PKa1.19~PKa2.19-PKa3"
~PKaz1.19-PKaz2.19~PKa3
c(Cit37) = cror - 10210 a%10” A (4.13)
tot  (19-PH)34+(10-PH)2.19"PKa14109-PH.19"PKa1.19"PKa24 19 PKa1.19~PKaz2.19-PKa3"

The resulting speciation diagram for a total citrate concentration of ¢y = 0.3 M is shown in
Figure 13 based on the pH values of 16 samples that were prepared for the CE-ICP-MS

investigation (the exact values are given in Appendix A5.4 (Table A5).

As can be seen from that diagram, all possible citrate species occur side by side in one and
the same sample solution for nearly all pH values. This has to be taken into account for the

data evaluation as described in more detail in the following.
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Figure 13: Citrate speciation diagram with the distribution of the different deprotonated
species based on the pH values of 16 samples for the CE-ICP-MS measurement series.

4.7.3 EXPERIMENTAL PROCEDURE

A 0.3 M citric acid solution was produced from citric acid monohydrate. From this solution,
in the same way as described before (see Sections 4.3 - 4.6), 16 samples in the pH region
from 0.79 - 4.99 were prepared. Under the experimental conditions in this pH range the
formation of hydroxides could be neglected for all four actinides because of the strong
complex binding capability of the citrate species being present in great excess. In contrast to
the measurement series described above, in the citrate series the ionic strengths I of the
solutions were determined from measured values of the electrical conductivity ¥ by
Equation (4.14) [96MAR] because of the more intricate sample composition with the

different citrate species equilibria.
log(I) = 1.159 + 1.009 - log (k). (4.14)

The ionic strength of I = 0.3 M was reached by adding respective amounts of NaClO.4 - H,O.
Due to the required amounts of perchloric acid or sodium hydroxide for pH adjustment it
could not be prevented that I is slightly higher than 0.3 M in the first sample and in the last
two samples. In these cases no NaClO4 - H,0 was added. The detailed sample compositions

and the measured electrical conductivities k are summarized in Appendix A5.4, Table A5.

The preparation of the CE-ICP-MS samples and the actinide stock solutions as well as the
experimental procedure for the measurements are identical to the way described for the
previous series. The actinide concentrations were c(Am(IIl))=>5.27-108M,

¢(Th(IV)) =1 - 106 M, ¢(Np(V)) =5 - 10# M and c(U(VI)) = 1.4 - 107 M.
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4.7.4 DATA EVALUATION
In order to determine the stability constants of the investigated actinides with the different

citrate species the data evaluation cannot be carried out completely identical to the previous
studies. Three different ligand species have to be considered, but just one value for the
effective electrophoretic mobility can be measured. This value for per comprises all
contributions of all actinide-citrate species. Therefore, Equation (4.4) can be written as
depicted in Equation (4.15).

Ho By WiBICI TV L B HCIC I+ 52, wieBi[HaCit]* (4.15)
143V ﬁi[c1t3—]i+zj.":21 BiIHCit2" V433, B [H,Cit~]k

Ueft =

The values N1, N, and N3 are independent of each other and stand for the maximum number

of ligands in the respective complex.

As a consequence, the free ligand concentration of just one citrate species cannot be
employed as the x-value for the fitting procedure as conducted in the previous series with
just one possible ligand species. In order to proceed still similar to those evaluation
strategies, rather the pH value of the sample has to be set as the x-value instead of the free
ligand concentration since the pH is the joint parameter for expressing all ligand
concentrations. Hence, in Equation (4.15) the values for [Cit3-], [HCit2-] and [H2Cit] have to

be replaced by the expressions given in Equations (4.11) - (4.13).

Based on these considerations it can quickly be recognized that the fitting equation becomes
complicated to evaluate. Even for a small number of complexes formed, a great number of
fitting parameters has to be applied. Under the little realistic assumption of just 1:1
complexes being formed, 7 fitting parameters are needed. A more realistic approach with 1:1
and 1:2 complexes already leads to 13 parameters and so on. Furthermore, there is also the
possibility of mixed values for the maximum ligand numbers N1, N, and Ns;. With a data set of

just 16 samples, it is unpromising to achieve conclusive results with this strategy.

In the framework of this study, therefore the application of an alternative approach was
tested. As can be seen in Figure 13, the pH region investigated can be divided into parts with
the predominance of one of the citrate species. These sections were evaluated individually
by the application of Equation (4.4) as if just one ligand is present in the solution. Hereby, the
classification was as follows: 0.79 < pH < 2.22 for HCit, 2.93 <pH < 3.89 for HCitz and
4.05 < pH < 4.99 for Cit3-. In the last section, the Cit3- is still not dominant, but it is described
in the literature [05HUM] that the deprotonation can occur at much lower pH compared to

the calculated values based on the pK, because of a strong interaction of the metal ion and
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the ligand forming a more stable chelate complex. This effect can be expected in this case as

well and the Cit3- complexation can be determined.

For all fitting procedures, the same constraints as described in the previous sections were

applied.

This approach of course is just an approximation since the contribution of the other species
is neglected, but as shown later, the results are in parts quite satisfactory. For more
significant values of the stability constants a greater number of samples has to be
investigated to improve the available data set. Nevertheless, by the measurement series
presented here it is possible to proove that CE-ICP-MS is in general also an appropriate

analytical method for the investigation of such more complex ligand systems.

4.7.5 RESULTS AND DISCUSSION
All electropherograms and the migration times ¢; of the respective actinides and tzor as well

as the electrophoretic mobilities can be found in Appendix A5.4 (Table A6, Figure A7 -
Figure A8).

AMERIcIUM(1I])
3.5E-04 ¢ Am(III) data
—fit curves
2.5E-04 -
H,Cit (1:1, 1:2,1:3)
1.5E-04
P
(\'? R?=0.994
£ 5.0E-05 A
O
= - -
2 0.00E+00 4.00E-02 8.00E-02
-5.0E-05
Nitz'(lll,LZJ R2=0.885
-1.5E-04 ¢ *
Cit*(1:1, 1:2,1:3)
R2=0.989
-2.5E-04

c(Cit3-/HCit* /H,Cit)/M

Figure 14: Measured effective electrophoretic mobilities peir of the americium(III)-citrate
series as a function of the respective free citrate species concentration [Cit3-, HCit?-, H,Cit-] at
I=0.3 M with the related fit curves. The classification is based on the predominance of the
respective species at a given sample pH.

In Figure 14, the results of the measurements of the americium(IlI)-citrate series at / = 0.3 M

are shown in terms of three different sections with the respective citrate species described
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above. Because of the presence of twice and thrice negatively charged ligand species in
addition to the species with a charge of just -1 it is not suprising that the measured
electrophoretic mobilities also become negative at quite low pH values compared to the
previous measurement series. As can be seen, the fitting procedure led to a fit curve with
satisfactory coefficients of determination R2 for all of the sections. The best achievable results
were obtained under the assumption of two consecutive complexes for the Am(III)-HCitz
system and three for both the Am(III)-H,Cit and the Am(III)-Cit3- system. The obtained
stability constants f; (and log(f;)) at I = 0.3 M and the associated electrophoretic mobilities

of the individual species y; are presented in Table 11.

Table 11: Stability constants f; and electrophoretic mobilities of the individual species y; for
the different Am(III)-citrate complexes at [ = 0.3 M. The limits of error A(f;) are resulting
from the fitting procedure. The uncertainties Ay; are estimated to be 0.1 - 10-4 cm2V-1s-1 in all
cases.

species Bi/M-i ABi/M-i log(6) Alog(B:) § wi/10-4cm2V-1s-1
Am3+ 3.4
[Am(Cit)]aq 9775 453 3.99 0.02 0.0*
[Am(Cit)2]3- 20383173 833056 7.31 0.02 -2.0
[Am(Cit)3]¢- 58809707 3490254 7.77 0.03 -4.0
Am3+ 3.4
[Am(HCit)]* 147618 19973 5.17 0.06 1.3
[Am(HCit)2]? 31637968 4285983 7.50 0.06 -1.6
Am3+ 6.3
[Am(HCit)]2+ 766 125 2.88 0.07 1.9
[Am(HCit)]* 9096 12771 3.96 0.61 1.0
[Am(H2Cit)3]aq 1248555 267871 6.10 0.09 0.0*

* held constant during the fitting procedure

Because of the performance of three fitting procedures also three values for the
electrophoretic mobility p; of the free Am(III) ion are obtained. They are in good agreement
for the Cit3-and the HCitZ system but differ from the H,Cit system. Such differences can result
from the fitting procedure. The average of all three values of y(Am(III)) = 4.4 - 10-4 cm2V-1s-1
is in good agreement with the results obtained from the other ligand systems. The other

electrophoretic mobilities exhibit an overall trend of decreasing electrophoretic mobility
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with decreasing charge. The two single positively charged species have similar y; whereby
the u([Am(H:Cit)2]*) is slightly lower than the corresponding y([Am(HCit)]*) with just one
ligand.

When comparing the stability constants of the different species for complexes with the same
number of ligands it should be expected that the complex is the more stable the higher the
charge of the ligand, because the higher charged ligands can bind two- or threedentate to the
actinide ion leading to a stabilization of the complex due to chelation. [07HOL] This is true
for the HCit2-/H,Cit- case, for the H»Cit- ligand the smallest stability constants were obtained.
For the Cit3- complexes on the other hand smaller log(f;) were determined compared to the
corresponding HCitZ species. It seems thus necessary to assume that the Cit3- results are too
low. This is also substantiated by the available literature data. In the critical evaluation of
[05HUM] considerably higher stability constants for two consecutive Cit3- complexes are
given for zero ionic strength (log(f°)=8.55+0.2 and log(f%)=13.9+1.0). Also two
complexes were determined in more recent works: log(fi)=6.14+0.05 and
log(fz:) =10.55+0.09 in [07MAT] (6.6 m NaClO4), log(f:1)=7.05%£0.08 and
log(fz) =11.67+0.08 in [12THA] (0.3 M NaClO4), log(f1)=6.93£0.01 and
log(52) =10.3 £ 0.5 in [14BRO] (1.0 M NaClO4). Because of these findings it was also tested
whether the results can be fitted under the assumption of just two consecutive complexes
but no fit could be obtained. Furthermore, the data evaluation was conducted with higher
starting parameters for the log(f:) values but either no fitting iteration was possible or the
same smaller values presented here were obtained. Stability constants for the Am(III)-HCit2
are just described in [05HUM] (log(°1) = 6.5 £ 1.0 and log(°;) = 10.8 £ 1.0) and in [14BRO]
(log(B1) =9.56 £ 0.04). These values are inconsistent, the results from the review [05HUM)]
are in better agreement with the results obtained in the present work. For the Am(III)-H,Cit

species no log(f;) could be found in the literature.

In order to test the data evaluation procedure and the results thus obtained for the Am(1II)-
citrate system, the effective electrophoretic mobility u.r was calculated for every sample by
means of Equation (4.15) with the values given in Table 11. For po of the free Am(III) ion the
average value of po=4.4-104cm2V-1s1 was inserted. The calculated electrophoretic
mobilities were then compared to the measured pes. The results are presented in Figure 15.
As one can see, both values are in quite good agreement over a wide range of pH values. Only
for the last samples in the higher pH region there is a clear difference between the measured
and the calculated values of the electrophoretic mobilities. In this region the Cit3- species has
the greatest impact on pesr. Consequently, by this comparison it again becomes obvious that

the log(5) for the Cit3- complexes are too small. The stability constants of the other two ligand
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systems describe the experimental results satisfactorily, thus the data evaluation procedure
itself is valid. More reliable results can be obtained by measuring more samples at more pH

values to increase the number of data points for the fitting procedure in every pH region.
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Figure 15: Comparison of the measured and the calculated effective electrophoretic mobility
Uett of the Am(III)-citrate series at I = 0.3 M.

THORIUM(IV)

The data evaluation as described above did not succeed for the Th(IV)-citrate series. As
shown in Figure 16 already for the third sample, at a low pH =1.69, the measured
electrophoretic mobility becomes negative. This in combination with the high charge of +4 of
the Th(IV) ion demands the assumption of at least five consecutive Th(IV)-H.Cit- complexes
and three Th(IV)-HCit?- to yield negative complex species. The fitting operation with the
resulting high number of fitting parameters was not possible because of the low number of

available data points.

Nevertheless, also because of the low pH value of the first negative electrophoretic mobility
measured it was assumed that the Cit3- species are dominant over the whole pH range. The
other two ligand species were thus neglected completely. The effect of the deprotonation of
protonated citrate ligands at lower pH, as described before because of a strong interaction of
the metal ion and the ligand forming a more stable chelate complex, can be expected in this
case to be very pronounced because of the high charge of Th(IV). This assumption of course
increases the error in the resulting stability constants for the resulting Cit3- species but at
least allows for a rough evaluation of the measured data. Consequently, all electrophoretic
mobilities were plotted against the [Cit3] concentration and the fitting procedure as
described before was conducted for just one ligand species. The results are depicted in

Table 14.
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Figure 16: Measured effective electrophoretic mobilities p.sr of the Th(IV)-citrate series as a
function of the free citrate concentration [Cit3-] at / = 0.3 M with the related fit curve.

The obtained stability constants f; (and log(f)) at [=0.3M and the associated
electrophoretic mobilities of the individual species p; are presented in Table 12.
Table 12: Stability constants f; and electrophoretic mobilities of the individual species y; for

the Th(IV)-Cit3- complexes at I = 0.3 M. The limits of error A(f;) are resulting from the fitting
procedure. The uncertainties Ay; are estimated to be 0.1 - 10-4 cm2V-1s-1 in all cases.

species i/ M- ABi/M-i log(6) Alog(B:) | wi/10-4cm2V-1s-1
Th#+ 8.1
[Th(Cit)]+ 6.82-1011 | 9.84-1010 11.83 0.06 0.1
[Th(Cit):]* 1.59-101 | 4.61-1018 19.20 0.13 -1.2
[Th(Cit)s]5 1.16-1022 | 3.84-1021 22.07 0.14 -2.4

The best fit results were attained for three consecutive Th(IV)-Cit3- complexes with a good
coefficients of determination of R2 = 0.991. The evaluation for just the first two complexes
was also possible but the corresponding R2 was much worse (Rz = 0.811). In comparison with
the findings from Section 4.2 the resulting electrophoretic mobility of the free Th4+ ion is
higher than the value determined there. Following, the constraint of an upper limit of the

electrophoretic mobility could not be applied in this case.

First values for the stability constants of Th(IV) citrate complexes are given by Nebel et al. In
two works they published log(f;) values for the first two Cit3- species: log(f1) =13 and
log(52) = 20.98 in [66NEB] and log(f1) = 11.82 and log(f:) = 20.38 in [75NEB]. Also the first
two values are given by Bonin et al. [08BON] (log(f1) = 12.5 £ 1 and log($.) =229+ 1,03 M
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HNO3). Choppin et al. [96CHO] just report on the 1:1 Th(IV)-Cit3- species with
log(5°1) = 13.7 £ 0.01 for zero ionic strength. Three consecutive species, as in the present
case, are described by Raymond et al [87RAY]: log(fi)=11.611+0.039,
log(52) =21.139 £ 0.057 and log(f33) =26.113 £ 0.075 (0.1 M chloride medium). Other citrate
ligand species than Cit3- are just mentioned in [87RAY] (1:1 and 1:3 HCitZz-) and [08BON] (1:1
and 1:2 for both HCit2 and HCit-) but these species were not considered in the present work
as explained above. As can be seen from the listing above, the literature data are quite
scattered. Nevertheless, the values determined in this work fit quite well in this overall
picture since they are all in the same order of magnitude. Consequently, the assumption of
the predominance of the Cit3- species with neglecting the other two seems (at least in parts)
justified. Moreover, it can directly be concluded from the appearance of negative
electrophoretic mobilities, that at least two consecutive Th(IV)-Cit3- complexes are formed
since the 1:1 species alone is not negative. For more reliable results and for a more

satisfactory consideration of all three citrate species again more data points are needed.

NEPTUNIUM(V)

For the Np(V)-citrate system, the determination of stability constants of all three ligand
species was possible. The experimental results together with the corresponding fit curves

can be found in Figure 17.

The best fits with good R? values were obtained under the assumption of two consecutive
complex species for both the Cit3- and the HCit?- ligand. In case of the H,Cit ligand just the 1:1
complex was considered because of the all positive electrophoretic mobilities in the first pH
region. The coefficient of determination R2 is somewhat worse (but still the best result in
comparison to the assumption of a 1:2 or even higher species) leading to a high error Alog(;)
for the corresponding log(S;). The resulting stability constants f; (and log(5;)) at I = 0.3 M and
the associated electrophoretic mobilities of the individual species u; are summarized in

Table 13.

98



2.0-04 1 H,Cit (1:1)

1.5E-04 -

1.0E-04 -

5.0E-05 -

HCit? (1:1, 1:2)

R2=0.769

4.7 Citrate Ligand

¢ Np(V) data
—fit curves

0.0E+00
0.00E+00

-5.0E-05 -

e/ cm?V s

-1.0E-04 -

Cit3-(1:1, 1:2)
-1.5E-04 H

-2.0E-04 -
c(Cit3-/HCit* /H,Cit)/M

R?=0.980

8.00E-02

R%2=0.980

Figure 17: Measured effective electrophoretic mobilities perr of the neptunium(V)-citrate
series as a function of the respective free citrate species concentration [Cit3-, HCit?-, H,Cit-] at
I=0.3 M with the related fit curves. The classification is based on the predominance of the

respective species at a given sample pH.

Table 13: Stability constants f; and electrophoretic mobilities of the individual species y; for
the different Np(V)-citrate complexes at I = 0.3 M. The limits of error A(f3;) are resulting from
the fitting procedure. The uncertainties Ay; are estimated to be 0.1-10-4 cm2V-1s-1 in all

cases.

species Bi/M-i ABi/M-i log(6) Alog(B:) | wi/10-4cm2V-1s-1
NpO* 2.4
[NpO(Cit)]* 3680 719 3.57 0.08 -11
[NpO:(Cit)2]> 58453 10385 7.31 0.02 -2.7
NpO* 2.2
[NpO2(HCit)] 129 12 2.11 0.04 -0.5
[NpO2(HCit)2]3 404 80 2.61 0.09 -2.0
NpO* 2.2
[NpO2(HzCit) ]aq 11 29 1.02 1.20 0.0*

* held constant during the fitting procedure

The set of electrophoretic mobilities show a consistent trend for the correlation of the charge

of the species and the respective value of ;. The three results for the free NpO»* ion are in

good agreement.
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4. Determination of Stability Constants with CE-ICP-MS

It is further apparent from Table 13, that the stability constants increase with increasing
charge of the ligand species (see discussion in the Am(III) section). The data evaluation of
[05HUM] just reports on the stability constant of the 1:1 complex of Np(V) with the Cit3-
ligand. The value of log(°1) = 3.68 £ 0.05 for zero ionic strength fits well with the result
presented above for I = 0.3 M. Bonin et al. [07BON] examined two consecutive complexes for
each of the ligand species at I=1.0 M: log(f1) =1.6 £ 0.2 and log(f2) =2.4+ 0.5 for Cit3,
log($1)=2.0£0.2 and log(B.)=3.2+0.3 for HCitz and log(f1)=13+0.3 and
log(52) = 1.9 £ 0.5 for H,Cit. These results agree quite well with the values determined in the
present work for the HCit2- and the H»Cit species, except for the fact that in [07BON] a second
H,Cit complex is described. However, as explained above, in the given case better results
were obtained for just one complex. A greater disagreement appears for the Cit3- ligand. The
values by Bonin et al. are much smaller than those from this work. Since they are also smaller
than the corresponding stability constants of the HCit2- species, higher log(S;) should be more

probable, especially in combination with the good agreement with [05HUM].
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Figure 18: Comparison of the measured and the calculated effective electrophoretic mobility
Uest of the Np(V)-citrate series at [ = 0.3 M.

To verify these results, again the effective electrophoretic mobility uer was calculated for
every sample by means of Equation (4.15) with the values given in Table 13. As o for the free
NpO:* ion the average value of o = 2.3 - 10-4 cm2V-1s-1 was used. The comparison of these
values with the experimentally measured pesris depicted in Figure 18. It can be seen from that
figure that the results are in good agreement, which further approves the method of data

evaluation applied here.

100



4.7 Citrate Ligand

URANIUM(VI)

As for the Am(III)- and the Np(V)-citrate systems, the determination of stability constants of
all three ligand species was possible for the U(VI) system. The experimental results together

with the corresponding fit curves can be found in Figure 19.
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—fit curves
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Figure 19: Measured effective electrophoretic mobilities perr of the uranium(VI)-citrate
series as a function of the respective free citrate species concentration [Cit3-], [HCit2-], [H2Cit"]
at I = 0.3 M with the related fit curves. The classification is based on the predominance of the
respective species at a given sample pH.

As can be seen from the figure above, the best fitting results could be obtained by assuming
three consecutive species for H,Cit- and two for both Cit3- and HCit2- with good coefficient of
determination R2 for all fits. In the case of HCit2 executing the fitting procedure for three
complexes instead of two was also possible leading to an even slightly better R2, but the
individual errors of the resulting log(S;) were very high. Moreover, the log(f;) values for the
second and third species became nearly identical. Because of these observations, the results
presented here were considered more appropriate. The thus determined stability
constants f; (and log(f:)) at I = 0.3 M and the corresponding electrophoretic mobilities of the

individual species y; are summarized in Table 14.
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4. Determination of Stability Constants with CE-ICP-MS

Table 14: Stability constants f; and electrophoretic mobilities of the individual species y; for
the different U(VI)-citrate complexes at I = 0.3 M. The limits of error A(f;) are resulting from
the fitting procedure. The uncertainties Ay; are estimated to be 0.1-10-4 cm2V-1s-1 in all
cases.

species Bi/M-i ABi/M-i log(6) Alog(B:) § wi/10-4cm2V-1s-1
U0,2+ 5.2
[UO:(Cit)]> 9242 1314 3.97 0.06 -2.2
[UO2(Cit)2]* 751642 61954 5.88 0.04 -2.7
U0,2+ 2.5
[UO2(HCit)]aq 1866 132 3.27 0.03 0.0*
[UO2(HCit)2]* 111815 7225 5.05 0.03 -2.4
U0,2+ 3.7
[UO2(H:Cit)]+ 257 21 241 0.03 0.7
[UO2(H2Cit)2]aq 2531 780 3.40 0.13 0.0*
[UO2(H:Cit)s] 17951 3487 4.25 0.08 -2.4

* held constant during the fitting procedure

The three results for the free UO,2+ ion are quite widely scattered but the average of these
values of y(U(VI)) =3.8- 10-4cm2V-1s-lisin areasonable range compared to the results given
in Section 4.2, Table 6. The other electrophoretic mobilities show a consistent trend for the

correlation of the species charge and the respective value of y;.

Once more, as valid for Np(V), the stability constants increase with increasing charge of the
ligand species (see discussion in the Am(III) section). Hereby, the differences between the
log(5;) of the Cit3- species and the corresponding values for the HCit2 species are very small,
the complexes of the threefold deprotonated species are just slightly more stable than the
ones complexed by HCit2. This may be an indication that too low Cit3- stability constants are
determined in this case. The values, which can be found in the literature substantiate this
suspicion. In the data evaluation given in [05HUM], for [UO2(Cit)]?-alog(°1) =8.96 £ 0.17 for
zero ionic strength is presented. This is much higher than the result determined here. The
same is true for two more recent works by Berto et al. [12BER] (log(f1) =7.51 £ 0.05,
I=0.1 M NaCl) and by Zhang et al. [15ZHA] (log(51) =9.73,1=0.05 M (Na, H)ClO4, pH = 1.98).
Due to this it was tried to start the fitting procedure with much higher starting values for the

respective parameters but either no fit could be obtained or the same results as presented
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4.7 Citrate Ligand

here emerged. In the mentioned literature, also stability constants for the binuclear
[(UO2)2(Cit)2]> species are given: log(f%, binuclear) =21.3+0.5 in [OSHUM] and log(f-,
binuclear) = 19.5 £ 0.01 in [12BER]. Such species are neglected in the present evaluation which
may be a reason for the discrepancies of the results. For the HCit2- ligand only the stability
constant of the 1:1 complex with U(VI) is mentioned in [05HUM] with a value of
log(5°1) = 5.00 £ 1.0 for zero ionic strength. This result is in much better agreement with the
data in Table 14. In [05HUM], no log(f) for U(VI)-H.Cit are considered reliable enough to
appear in the review, but two values can be found in the literature. In [750HY], a value of
log(51) = 2.79 was determined by a cation exchange method (/ = 0.1 M, Na(H,Cit) medium,
pH=2.2-2.9), log($1) =1.53 by spectroscopy (/=1.0M, ((H, Na)(UO2)os)Cit medium) is
published in [BOVAN]. A comparison with the results presented here seems difficult because
of the great difference of the literature values, but at least it can be shown that they are

roughly in the same order of magnitude.
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Figure 20: Comparison of the measured and the calculated effective electrophoretic mobility
Uest of the U(VI)-citrate series at [ = 0.3 M.

Comparable to the Am(III) and Np(V) investigations, the effective electrophoretic
mobility per was calculated for every sample by means of Equation (4.15) with the values
given in Table 14. For the free UO,2+ ion the average value of po =3.8- 104 cm2V-1s-1 was
used. The comparison of these values with the experimentally measured et is depicted in
Figure 20. The good agreement of the experimental data points with those calculated is a
satisfactory confirmation of the presented results, especially in view of the comparison with

the literature data. As one can see, in the higher pH region, the calculated values are higher
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4. Determination of Stability Constants with CE-ICP-MS

than the measured ones. This again is a clear sign that the determined stability constants for

the Cit3- species are too small since they are assumed to be the dominant species there.

4.7.6 CONCLUSION
The measurement series presented above shows that CE-ICP-MS in general is a suitable

analytical tool for the stability constant investigation of the complex formation of actinides
with compounds exhibiting more than one possible ligand species. Because of the more
challenging data evaluation in comparison to simpler ligands, the measurement of more
samples is required in order to obtain a wider amount of data points. Consequently, the
experiments presented in this section are to be understood as a feasibility study

demonstrating the general practicability of such investigations.

REMARK:

The citrate investigation described above was undertaken within the framework of the
diploma thesis of Daniel Leichtfuf [17LEI2] under the guidance of Christian Willberger and
Tobias Reich. Samples preparation and CE-ICP-MS measurements were conducted by Daniel
Leichtfufs and Christian Willberger. The evaluation as presented here was conducted by

Christian Willberger.
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5. DETERMINATION OF REDOX KINETICS WITH CE-ICP-MS

5.1 INTRODUCTION
The measurement of kinetic parameters of reduction or oxidation processes of metal ions

with a wide variety of reducing or oxidizing agents is another interesting application of the
coupling of CE to ICP-MS. In this case, additionally to the already discussed capability of
following actinide systems at low concentrations, the use of an ICP-MS as the detector allows
for the investigation of a large number of different metals besides actinides, e.g. transition
metals. Furthermore, if both redox partners are metals, it is possible to monitor the
development of the concentrations of both the reductant and the oxidant at the same time

thanks to ICP-MS being a multi element detection technique.

The theoretical background for the investigation of redox kinetics of actinides (or also other
metals) is delineated in the ‘Materials and Methods’ section in ‘2.1 Capillary electrophoresis
for determination of kinetics of redox reactions’ of the kinetic publication [18WIL] presented

in Section 5.2 of this work.

The method was employed for the determination of the kinetical parameters of the reduction
of Np(V) to Np(IV) by different concentrations of HAHCI at different temperatures. The
results are presented in the already mentioned kinetic publication [18WIL] depicted in
Section 5.2. In addition to the findings presented in the publication the influence of iron on

this reaction was investigated and the results are described subsequent to the manuscript.

A second redox system examined was the Pu(VI)/Fe(ll) couple. The results of these
experiments are summarized in Section 5.3. Since the measuring of iron ions by ICP-MS is
impeded compared to other ions because of interferences occurring on the Fe masses, special
attention was paid to the integration of the use of a octopole reaction system (ORS) to the
kinetic determination experiments in order to overcome the interferences difficulties
allowing the follow the development of both Pu(IV) and Fe(II) during the redox reaction

within one and the same measurement.
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5. Determination of Redox Kinetics with CE-ICP-MS

5.2 DETERMINATION OF KINETIC PARAMETERS OF THE REDOX REACTION OF NP(V)
wiITH HAHCL BY CE-ICP-MS

5.2.1 PUBLICATION: DETERMINATION OF KINETIC PARAMETERS OF REDOX REACTIONS USING
CE-ICP-MS: A CASE STUDY FOR THE REDUCTION OF NP(V) BY HYDROXYLAMINE
HYDROCHLORIDE

AUTHOR CONTRIBUTIONS:

The sample preparations and the CE-ICP-MS measurements were performed by Christian
Willberger. Preceding experiments regarding this CE-ICP-MS application were conducted
during the diploma thesis of Christian Willberger under the guidance of Nils Stébener, Samer
Amayri and Tobias Reich. Data evaluation was conducted by Christian Willberger. The
conceptual planning of this investigation and the layout of the manuscript were done by
Christian Willberger and Tobias Reich. The manuscript was written by Christian Willberger.

The cover picture was designed by Christian Willberger.

Further Remarks:
The additional figures S-1 to S-3 mentioned in the manuscript are presented in the

Supporting Information that can be found in the APPENDIX A6.

The numbering of the pages, tables, figures and equations within the manuscript and in the
Supporting Information has remained unchanged and thus is not in accordance with the

numbering of the rest of this work. The same is true for the citations.
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1 Introduction

3013
Research Article

Determination of kinetic parameters of
redox reactions using CE-ICP-MS: A case
study for the reduction of Np(V) by
hydroxylamine hydrochloride

The rate constants k of the reduction of 5 x 10 M Np(V) to Np(IV) by hydroxylamine
hydrochloride (HAHCI) in 1 M HCI have been determined by CE-ICP-MS in the temper-
ature range of = 30-70°C and with varying concentrations of HAHCI from 1 to 7.2 M.
The reaction was found to have (pseudo)first order kinetics with respect to HAHCI. The
experimental results for k ranged from 0.0029(1) min~! (3 = 40°C, c(HAHCI) = 3 M) to
0.039(7) min~! (3 = 60°C, ¢(HAHCI) = 7.2 M). The activation energy of the reaction was
determined as E, = (72 &+ 10) kJ/mol. These results and a comparison with literature
data show that the coupling of CE to ICP-MS provides a powerful analytical tool for the
investigation of the kinetic aspects of redox reactions of actinides at low concentrations.
On the basis of this proof-of-principle study, the method presented here can be extended
to the investigation of the kinetic parameters of other redox systems containing different
actinides (or transition metals) and oxidants/reductants.

Keywords:

CE-ICP-MS / hydroxylamine hydrochloride / neptunium / rate constant / redox
reaction
DOI 10.1002/elps.201800318

D Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

repository. A deep understanding of such speciations leads to

A detailed knowledge about the kinetics of redox reactions of
actinides is of great importance for many aspects concerning
separation processes in nuclear fuel reprocessing. Data on
the rate of change of oxidation states by means of reducing
or oxidizing agents are of great interest since they provide
information about the effectiveness of a particular separation
process and allow more accurate calculations in computer
simulations of such processes [1]. In addition, redox reactions
affect strongly the speciation of actinides in environmen-
tal systems. This, for example, is important for statements
about the long-term safety of a potential future nuclear waste
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Institut fir Kernchemie, Fritz-Strassmann-Weg 2, Johannes
Gutenberg-Universitat Mainz, 55112 Mainz, Germany
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Abbreviations: aq, dissolved in aqueous solution; HAHCI, hy-
droxylamine hydrochloride; HDEHP, bis(2-ethylhexyl) phos-
phate; KCE, kinetic capillary electrophoresis; LLE/LSC, liquid-
liquid extraction with liquid scintillation counting; PUREX,
plutonium-uranium recovery by extraction
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a better understanding of the geochemical behavior and sorp-
tion or transport processes of radionuclides in the biosphere,
since they are strongly correlated to the oxidation state (be-
sides other factors) [2]. Therefore, here, too, the knowledge of
kinetic parameters is of great benefit.

The reaction of hydroxylamine with actinides such as
plutonium and neptunium is of great interest since it is com-
monly used, among others, as a reducing agent in industrial
separation processes such as the PUREX process [3,4]. In the
case of neptunium, the oxidation state is not fully controlled.
Thus, to prevent a distribution to different fractions during
the process, many efforts towards an advanced PUREX pro-
cess have been made [5]. Concomitant with that is the need for
detailed information on kinetic data for neptunium reactions
with different reducing agents.

There have been a large number of works published by
the group of Koltunov et al. on the kinetics of the reduction of
neptunium and plutonium by hydroxylamine [6] and hydrox-
ylamine derivatives [7] in different media. The reduction of
Np(V) was investigated in nitric acid solution in the temper-
ature range of 61-92°C and an ionic strength of I =4 M by a
spectrophotometric method [8]. El-Naggar et al. [9] used a sol-
vent extraction method and spectrophotometry to also study
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the reaction of Np(V) with hydroxylamine (and hydrazine)
in nitric acid solution with and without small amounts of
Fe’* ions as catalyst. The experiments were carried out in a
temperature range of 50-70°C. An examination with hydrox-
ylamine hydrochloride (HAHCI) in perchloric acid solution
at 70°C via absorption spectroscopy was performed by Inoue
et al. [10]. They found that the reaction is much faster in a
chloride medium compared to a nitrate medium. All works
report unanimously on the need for elevated temperatures
since the reaction is extremely slow at room temperature and
on an order of reaction of one with respect to Np(V).

Capillary electrophoresis (CE), particularly in combina-
tion with ICP-MS (inductively coupled plasma mass spec-
trometry) as a highly sensitive detection method, has proven
to be a very powerful tool for the determination of element
speciations [11, 12] and stability constants of complexes [13],
especially in the field of actinides [14,15]. A variety of different
CE methods for the study of the rate of affinity interactions
of biomolecules summarized under the superordinate term
kinetic capillary electrophoresis (KCE) is described in the lit-
erature [16-19]. Besides these biochemical applications, ki-
netic investigations with CE are rather scarce. Some studies
have been published into the determination of hydrolysis
constants of different chemical compounds [20-23] and into
the reactivity of metal complexes and metal-based drugs in
biological inorganic chemistry [24]. To our knowledge, al-
most no studies concerning the redox kinetics of metal ions,
especially of actinides, have been described in the literature.
Graser etal. [25] investigated the reduction of Pu(VI) by Fe(II)
via CE-ICP-sector field-MS, but no rate constants were given
in their paper. Nevertheless, they mentioned the capability
to apply CE-ICP-MS to the determination of actinide redox
kinetics.

In the present work, the kinetics of the reduction of Np(V)
by HAHCI in a hydrochloric acid medium is investigated by
CE-ICP-MS. A great benefit of the CE-ICP-MS system is the
possibility to follow the reaction in very low concentration
ranges with limits of detections of about 1 x 10 M [26].
This is orders of magnitude lower compared to the analytical
methods used in former works [6-10] and allows for more
accurate results in the investigation of actinides in environ-
mental systems.

The experimental conditions were chosen for several rea-
sons. Due to the fact that this work should demonstrate the
applicability of the CE-ICP-MS system in the determination
of rate constants of redox reactions with actinides, a preferably
distinct reaction was selected. Therefore, a nitrate medium
was avoided, because the oxidation of both hydroxylamine
and Np(V) by HNOs, the latter even being catalyzed by gen-
erated HNO,, would influence and therefore complicate the
kinetics of the Np(V) reduction. For similar reasons, the reac-
tion was investigated in an all-chloride medium, allowing the
assumption of a constant chloride concentration throughout
all experiments, since this concentration also influences the
rate of reduction [10]. Neptunium was the actinide of choice
because just two species, Np(V) and Np(IV), are involved in
the reaction [5]. Unlike plutonium [6b,6e], Np(IIl) is very

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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unstable under the experimental conditions and is very
rapidly reoxidized to Np(IV) by oxygen from the air [8]. Fi-
nally, a comparison with the existing literature data allows an
evaluation of our results and can prove that CE-ICP-MS is an
appropriate analytical tool for the determination of rate con-
stants of redox reactions with actinides in low concentration
ranges.

2 Materials and methods

2.1 Capillary electrophoresis for determination of
kinetics of redox reactions

Basics and theoretical considerations about CE are described
extensively in the literature (e.g. see [27]); thus, here just the
aspects applying to this work are summarized.

An electropherogram obtained from a CE-ICP-MS mea-
surement basically provides two important pieces of infor-
mation for the determination of kinetic parameters of redox
processes:

(i) Conclusions about the speciation of an ion i can be drawn
from the electrophoretic mobility w;, which is calculated
from the retention times t; and tpor of the ion and the
electro-osmotic flow (EOF), respectively. For a given cap-
illary length I and high voltage U the electrophoretic mo-
bility can be calculated from Equation (1):

,_E <l_i> (1)
M=7 L tgor

The electrophoretic mobility depends on the charge and
on the size of the examined ion. Consequently, by deter-
mining p; one can make statements about the oxidation
state of the ion and about possible complexations, since
both influence size and charge and hence differences in
the electrophoretic mobility.

(ii) From the peak areas, the concentrations of the respective
species can be evaluated. By calculating the shares of the
peak areas of different species in an electropherogram at
a specific time of reaction, one can determine the reac-
tion progress at that time. Therefore, recording multiple
electropherograms during the course of a redox reaction
allows tracking the kinetics of this very reaction. From
these data rate constants can finally be determined.

The mathematical analysis of the peak areas determined
in the CE experiments then depends on the order of reaction
of the investigated reaction. Because of the literature data
[8-10], in this case a first-order reaction (effectively pseudo-
first-order because of the great excess of HAHCI) with respect
to Np(V) was assumed. Therefore, the rate law for Np(V) is
given according to Equation (2) [28]:
d[Np (V)]

dt

The square brackets indicate concentrations, ¢ is the re-
action time and k the rate constant. From the integrated form

= —k[Np(V)] )
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[Equation (3)] the rate constant can then be derived graphi-
cally. The index 0 describes the initial concentration.

n <[Np(v)]) = —kt (3)

[Np(V)],

For the determination of k, thus just the ratio
[Np(V)]/[Np(V)]o at different reaction times has to be known.
For a first-order kinetics, the half-life of a reaction t;/, can be
calculated from the rate constant according to Equation (4):

- In (2) 4
= ()
In this work, k has been examined at different temper-
atures T. From these values one can calculate the activation
energy E4 by an Arrhenius approach; the equation used is
given in (5). A is the pre-exponential factor and R the ideal
gas constant.
Ea
A 5
RT ©)
In addition to the general requirements for the samples
and the CE-ICP-MS system [12,29, 30], the investigated redox
system itself has to meet several demands for the determina-
tion of kinetic parameters:

In (k) = In (A)

® Atleastoneredox pair has to have (atleast) two species with
different electrophoretic mobilities. These species have to
be stable on the time scale of a CE experiment, meaning
that the kinetics of the redox reaction must be slow com-
pared to the duration of measurement (see also [31]).

® The species separated by CE must be unambiguously de-
tectable by ICP-MS. This applies equally to other detection
methods.

® The CE separation process (by applying a high voltage) and
sample preparation (by dilution in the background elec-
trolyte and adding the EOF marker) must not influence the
equilibrium of the redox species. Hence, the redox process
must not continue or return during sample preparation or
in the capillary after sampling.

As shown later, all these points are fulfilled for the Np(V)-
HAHCI redox system.

A great advantage of the coupling of CE to ICP-MS for
the examination of the kinetics of redox reactions comes into
effect if both of the redox partners are metal ions. In this
case, there is the opportunity to follow the proportions of both
redox pairs simultaneously throughout the reaction, allowing
the determination of the rate constants for all participating
reagents in parallel.

2.2 CE-ICP-MS system
The electrophoresis experiments were conducted with an Ag-

ilent 7100 CE system hyphenated to an Agilent 7500 ce (both
Agilent Technologies, Santa Clara, CA, USA). A MiraMist
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CE nebulizer (Burgener Research, Mississauga, Canada) was
connected to a Scott-type spray chamber (AHS Analysentech-
nik, Ttubingen, Germany) to achieve a preferably efficient
coupling. Through a syringe pump (PicoPlus, Harvard Appa-
ratus, Holliston, MA, USA) a make-up electrolyte consisting
of 1.25% HNO; solution with 10% ethanol and 5 ppb #Y,
103Rh, 10Ce, and 2®Bi (internal standards) was inserted. The
flow rate was adjusted experimentally to 5 wL min~! as the
optimal value.

Fused silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA) with an inner diameter of 50 pm and
a length of 76 cm were used, while a high voltage of 25 kV
was applied, leading to a current between 9 and 14 pA during
measurements. A background electrolyte of 1 M acetic acid
was used. The samples were prepared in conical micro-inserts
of borosilicate glass (Carl Roth AG, Arlesheim, Switzerland),
which were placed in polyethylene vials sealed with polyethy-
lene olefin snap caps (both Agilent Technologies, Santa Clara,
CA, USA). Sample introduction was by hydrodynamic injec-
tion (100 mbar for 8 s). The average time to record one elec-
tropherogram was about 15 min. Before every use the cap-
illaries were preconditioned by flushing with MilliQ water,
0.1 M NaOH solution, 0.1 M HCI and the background elec-
trolyte. Between the different runs the capillary was flushed
with 1 M acetic acid for 15 min for cleaning purposes. Tem-
perature was controlled at 25°C by the air-cooling device of
the Agilent apparatus. Temperature rise in this system due
to Joule heating was calculated to be on average 0.5°C and to
not exceed 1°C [27].

The ICP-MS was used as a detector in the time-resolved
analysis detection mode with a dwell time of 100 ms and a
plasma power of 1550 W. The lens system and the argon
flow rates were regulated by a tuning process carried out be-
fore every measurement. Carrier gas and make-up gas flow
rates were adjusted to 0.86-1.15 and 0.28-0.77 L min~!, re-
spectively. Data processing was conducted with MassHunter
Workstation software (G7200B, Agilent Technologies, Santa
Clara, CA, USA).

2.3 Reagents

All chemicals used were of pro-analysis quality or better.
To prevent clogging of the capillary, all solutions were fil-
tered through 0.2 wm syringe filters (Nalgene, Rochester,
NY, USA). The dilutions were performed with MilliQ wa-
ter (18.2 M(), Synergy™ Millipore water system, Milli-
pore GmbH, Schwalbach, Germany). Sodium hydroxide,
2-bromopropane, hydroxylamine hydrochloride (HAHCI),
bis(2-ethylhexyl) phosphate (HDEHP), toluene, nitric acid
(superpure) and rhodium ICP-MS standard solution were
from Merck (Darmstadt, Germany). Acetic acid was sup-
plied by Riedel-de Haén (Seelze, Germany), ethanol by Ap-
pliChem GmbH (Darmstadt, Germany) and hydrochloric
acid by Fisher Scientific (Loughborough, UK). The ICP-MS
elemental standard solutions for bismuth, cerium and yt-
trium were ordered from High-Purity Standards (Charleston,
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SC, USA). As plasma gas, 4.6 Ar was used (Westfalen AG,
Miinster, Germany).

An in-house stock solution of a known concentration of
27Np(V) in 1 M perchloric acid was used. No change from per-
chloric to hydrochloric medium was undertaken, since with
a dilution by nearly three orders of magnitude during sam-
ple preparation (see Section 2.4) the stock solution medium
becomes negligible. The concentration of the Np(V) stock so-
lution was checked gamma-spectrometrically before the ex-
periments with the +y-lines at 29.4 keV and 86.5 keV with
a high-purity Ge-detector (GMX-13280-S, EG & G ORTEC,
USA) with a Canberra InSpector 2000 DSP Portable Spectro-
scopic Workstation (model IN2K, Canberra Industries Inc.,
USA) and Genie 2000 Gamma software (V. 3.0, Canberra In-
dustries Inc., USA). The gamma spectrometer was calibrated
with a multiple gamma-ray emitting solution (serial number:
1850-27, Eckert & Ziegler Isotope Products, Braunschweig,
Germany). The oxidation state of Np in the stock solution
was verified by UV-Vis spectroscopy (Tidas 100, J&M Ana-
lytic AG, Essingen, Germany) with the absorption band at
981 nm.

2.4 Sample preparation
241CE

The HAHCI was dissolved in 1 mL 1 M HCI to obtain
the required concentration. This solution was tempered to
the respective temperature in a water bath with a thermo-
stat (Haake C10, Thermo Electron Corporation, Waltham,
MA, USA). When the temperature was stable, 4.5 pL Np(V)
stock solution was added to yield a Np(V) concentration of
5 x 10° M and a stopwatch was started. After different re-
action times 3 wL samples were taken. The first sample was
collected directly after the addition of Np to ensure that ev-
ery time at the beginning of the reaction 100% Np(V) was
present.

For CE-ICP-MS measurements the samples were trans-
ferred to the CE glass vials containing 197 pL of 1M acetic
acid and 1 wL of 2-bromopropane as the EOF marker (the
EOF was detected on bromine mass 79 by ICP-MS). The Np
concentration during measurements was 7.5 x 107 M.

2.4.2 LLE/LSC

As a further method besides CE-ICP-MS for the investiga-
tion of the distribution of the Np species liquid-liquid extrac-
tion (LLE) with liquid scintillation counting (LSC) was used
(see Section 3.1). For this, a method introduced by Nitsche
et al. [32] developed for the separation of Pu oxidation states
was adapted and modified. From a reaction solution prepared
identically to that described above, aliquots of 0.5 mL were
taken at given times. The sample was then transferred into
a vial containing 1.5 mL 1 M hydrochloric acid and 3 mL
of a solution of 3 M HDEHP in toluene. The resulting two-
phase mixture was shaken vigorously for 1 min on a vortex
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mixer (SA8, Stuart, Staffordshire, UK). Phase separation re-
sulted from centrifugation (3K30, Sigma, Osterode am Harz,
Germany) for 5 min at 5000 rpm. For the analyses of the
concentration of Np(IV) in the organic phase and Np(V) in
the inorganic phase, 500 wL was taken from each phase and
added to 10 mL Ultima Gold XR LSC cocktail (PerkinElmer,
Waltham, MA, USA) each. This solution was finally quanti-
fied via LSC (300SL, Hidex, Turku, Finland). The proportions
of the two Np species were calculated from the sum of the
measured activities in the two phases.

2.5 Data treatment

The peak areas in the electropherograms were evaluated with
MassHunter Workstation software. In doing so, attention was
always paid to define similar peak markers in order to mini-
mize possible errors resulting from different peak treatment.
The area of the Np(V) peak was set in relation to the sum
of the Np(IV) peak areas (for explanations see Section 3.2).
The [Np(V)]/[Np(V)]o ratio was derived from the percentages
of the peak areas calculated in one electropherogram, not
from the concentrations directly. This also minimized error-
containing factors in the results, since in CE-ICP-MS many
aspects, such as the coupling device or the sample introduc-
tion, have an influence on the efficiency of the system. Fur-
thermore, no calibration of the instrument was necessary. By
calculating the shares of Np(V) and Np(IV) individually in
each electropherogram, their ratio becomes independent of
the actual measured concentrations.

Plotting the logarithm of the ratio of the neptunium
species In([Np(V)]/[Np(V)]o) against the reaction time ¢t al-
lows determination of the rate constant k of the reaction at a
given temperature T from Equation (3) by fitting the experi-
mental curve with a linear fit function. The same applies for
the examination of the activation energy Ex from a linear fit
of the plot of In(k) against 1/(RT) according to Equation (5).

3 Results and discussion

3.1 Conservation of Np(V)/Np(lV) ratio between
sampling and measurement

When using the CE-ICP-MS method as a reliable tool for
the determination of kinetic parameters of redox reactions,
it is of great importance that the Np(V)/Np(IV) ratio in a
sample at a given reaction time is preserved. Because of this,
two important aspects concerning the reproducibility and the
accuracy of the results obtained have to be considered. First,
the percentages of the respective Np species must not be
altered due to dilution effects and changes in the dissolving
medium. Second, since there is a short period of time between
sampling and the start of the measurement, the reaction has
to be stopped completely once the sample is taken. For both
cases, preliminary investigations were performed to exclude
a distortion of the results.

www.electrophoresis-journal.com



Electrophoresis 2018, 39, 3013-3021

3.1.1 Stability of samples with regard to dilution and
changes in the solvent

During sample preparation, the reaction solution is diluted by
almost two orders of magnitude. This also leads to a change
in solvent from 1 M hydrochloric acid to mainly 1 M acetic
acid. To guarantee that both of these factors do not alter
the speciation in the solution, we compared the CE-ICP-MS
results for one series with the findings obtained by a different
method, namely LLE/LSC. The experiments were carried out
as described in Section 2.4. The experimental conditions were
a temperature of 50°C and a HAHCI concentration of 7.2 M.

In Fig. 1A the development of the percentages of Np(V)
and Np(IV) at different times of the reaction are com-
pared. Furthermore, in Fig. 1B the graphical determination
of the rate constant measured by LLE/LSC is shown. As
one can see from Fig. 1A both methods provide consistent
results.

An overview of the rate constants k and the respective
half-lives t;, of the reaction obtained in five different series
measured with CE-ICP-MS compared to the results shown
here for the LLE/LSC series is given in Table 1. All values
exhibit very good conformity, the rate constants determined
by both methods are identical within the experimental uncer-
tainties. In conclusion: under the experimental conditions
used in this work there is no alteration in the Np(V)/Np(IV)
ratio due to dilution or medium effects.

3.1.2 Stability of samples over time

It is known from the literature that the reduction of Np(V) by
HAHCI at room temperature does not take place [8], or atleast
is extremely slow [10]. It is thus possible to stop the reaction
and preserve the respective Np(V)/Np(IV) ratio by cooling an
aliquot of the sample down to room temperature. This can be
achieved Dy the dilution step since a very small volume of the
heated sample is given to great excess of acetic acid at room
temperature. Under this assumption, the transportation time,
which is about 1-2 min from sample preparation to measure-
ment, should not influence the Np(V)/Np(IV) ratio. Anyway,
because the Np concentration in our work was orders of mag-
nitude lower than that mentioned in the literature, we carried
out additional investigations to prove this correct for our case.
For this purpose, some samples were allowed to stand for sev-
eral hours atroom temperature. After this time, a further 1 pL
2-bromopropane (it had to be added again due to its volatility)
as EOF marker was added and the samples were measured
again without further treatment. In five randomly selected
samples from different series, reaction times, temperatures
and HAHCI concentrations that had stood for 177-281 min,
we observed Np(V) and Np(IV) percentages that did not vary
by more than £3.5%. This is comparable to the limits of error
for the integration of the peak areas. Consequently, within the
transportation time, which was considerably shorter than the
times investigated, no alteration of the sample occurs.
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3.2 Interpretation of electropherograms of Np(V)
and Np(IV)

To follow the redox kinetics of the reduction of Np(V) by
HAHCI via CE-ICP-MS, all the peaks found have to be as-
signed unambiguously to either a Np(V) or a Np(IV) species.
Only by this can determination of the Np(V) and Np(IV) pro-
portions be carried out. In Fig. 2, examples of the develop-
ments of the electropherograms of two different series of
measurements are shown. All the other series exhibited sim-
ilar trends.

As one can see, between one and three peaks appear
in the electropherograms. In all measurement series there
is just one peak in the first electropherogram at the reac-
tion time ¢ = 0 min. Since the experiments were started
from a pure Np(V) stock solution, this peak is assigned to a
Np(V) species. This is also because the electrophoretic mo-
bilities are in accordance with those given in the available
literature for Np(V) in 1 M acetic acid (n;(Np(V)) = (2.0-
2.4) x 10* cm?V~1s71) [25, 33]. In electropherograms of
later points in the reaction progress there are two or three
recognizable peaks. Therefore, the first peak with the highest
electrophoretic mobility is always the Np(V) species, for the
reasons already mentioned. For the later peaks there is one
with a positive electrophoretic mobility and one appearing
after the EOF marker. Generally speaking, all the detected
species have a constant electrophoretic mobility (see Table
2). According to the literature [25, 33] the electrophoretic mo-
bility of Np(IV) in 1 M acetic acid is p;(Np(IV)) = (1.2-1.4) x
10* cm?V-1s7!. This again fits perfectly well with our val-
ues for the Np(IV) peak 1. The peak with the negative elec-
trophoretic mobility is assigned also to a Np(IV) species. To
verify this assignment, once again the comparison with the
LLE/LSC experiments (see Section 3.1) can be considered.
The results of the CE measurements can be reconciled with
those of the LLE/LSC measurements if the areas of both the
later peaks are added together.

Nevertheless, conclusions about the exact speciation of
these Np species are difficult to draw just from CE-ICP-MS
measurements. Since the first two peaks show good agree-
ment with the available literature data measured in 1 M acetic
acid alone, they should represent the respective acetate com-
plexes of Np(V) and Np(IV) under these experimental con-
ditions. The Np(IV) peak with the negative electrophoretic
mobility, on the other hand, is not described in the litera-
ture. Because of this, it is thought to result from the HAHCI;
more precisely, from the chloride ions. Both a negative Np(IV)
chloride complex and the formation of a Np(IV) colloid are
conceivable. It is known that colloid formation of tetravalent
actinides is very likely, even in low pH ranges [34]. The latter
could explain the very slow migration speed, due to its huge
size and furthermore by the saturation of the positive charge
on the surface by negative chloride ions. In any case, there is
no identifiable systematic behavior in the appearance of the
peaks. As can be seen in Fig. 2, both a dominant peak 1 [series
in (a)] and a dominant peak 2 [series in (b)] is possible and
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Figure 1. (A) Development of the percentages of Np(V) and Np(lV) at different reaction times determined by CE-ICP-MS compared to
those from LLE/LSC. (B) Graphical determination of the rate constant measured by LLE/LSC at 50°C and [HAHCI] = 7.2 M.

Table 1. Comparison of rate constants determined by CE-ICP-MS and LLE/LSC at 50°C and [HAHCI] =7.2 M

CE-ICP-MS LLE/LSC
#1 #2 #3 #4 #5
k(min~) 0.020(1) 0.019(2) 0.023(2) 0.020(4) 0.024(1) 0.0207(3)
tij (min) 34(1) 36(3) 30(3) 36(5) 29(1) 33.5(0.5)
Average k(min=1) tj2 (min) 0.021(2) 33(3) 0.0207(3) 33.5(0.5)

Uncertainties are given in parenthesis applying to the last significant digit
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Np(V) pask:l Np(IV) o
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100 min /\_
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o

Figure 2. Development of the
electropherograms during the

omn J\_____ ., omn |, o resion of NoiV) i
30 0 1.4 0.0 -1.0 a0 20 1.0 0.0 <10 9 = GOOC, b) [HAHC'] =3 M,
electrophoretic mobility {10~ em?V151) electrophoretic mobility (10 em?V-151) 9 = 60°C.
the ratio of peak 1 and peak 2 can chance within one series techniques should be done. At this point we waived this be-
[again in (b)]. cause, for the evaluation of the kinetic parameters, just a
Thus, for more detailed information about the exact distinct assignment of all peaks to one of the two Np oxida-
speciations, further experiments with different analytical tion states is necessary, and this was ensured, as described
above.
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Table 2. Electrophoretic mobilities of the measurement series shown in Fig. 2A and B as above

A)

Reaction time (min) Electrophoretic mobilities

(104 ecm2v-1s1)

B)

Electrophoretic mobilities
(10*cecm?Vv-1s71)

Reaction time (min)

Np(V) Np(IV) Np(V) Np(IV)
peak 1 peak 2 peak 1 peak 2
0 2.14 0 2.24
65 2.14 1.30 -0.72 65 2.15 -0.71
100 2.12 1.21 -0.73 100 2.16 —0.74
170 213 1.30 -0.73 170 2.10 -0.74
205 217 1.30 -0.75 215 2.20 1.25 -0.71
290 213 1.27 -0.74 250 2.14 -0.72

3.3 Dependence of the reduction kinetics on the
HAHCI concentration and on the temperature

The reaction of HAHCI with Np(V) in 1 M hydrochloric acid
was investigated at several temperatures 9 between 30 and
70°C and at different initial concentrations ¢, of HAHCI
in the range from 1 M to 7.2 M. The results obtained
are shown in Supporting Information Fig. 1. All plots of
In([Np(V)]/[Np(V)]o) against the reaction time t could be fitted
very well with a linear function, confirming a first-order (or
pseudo-first-order, respectively) kinetics with regard to Np(V).
This is in accordance with the available literature [8-10]. As
can be seen in Supporting Information Fig. 1, the rate of the
reaction increases both with increasing temperature and with
increasing concentration of HAHCI, which also accords with
the results in the literature.

The rate constants k received from the fit functions of
the plots in Supporting Information Fig. 1 are presented in
Table 3. The respective half-lives were calculated from
Equation (4). By inspection one can easily recognize that the
rate of the reaction is in a reasonable range to be followed in
the time scales of a CE experiment.

A direct comparison of the rate constants obtained in
this work with the literature data is hardly possible be-
cause of the use of different reaction media. A variable

chloride ion concentration and the presence of nitric acid
both influence the rate of the reaction. In any case, a qual-
itative discussion is possible. Inoue et al. [10] published
a rate constant of k = 0.067 £ 0.003 mol—>7 L3> min~! at
70°C and [HAHCI] = 0.8-1.2 M, [H'] = 1.01-1.52 M and
[Np(V)] = 2 x 107* — 4 x 107* M. This is in the same
order of magnitude as the value determined in this work,
k =0.011(1) min~!, for comparable experimental conditions
((HAHCl]=1M, 9§ = 70°C). The higher value in the literature
can be explained by the higher H* ion concentration since a
lower pH value accelerates the reaction. Koltunov et al. [8] de-
termined a rate constant of k = 0.03 £ 0.001 mol~'min™"
at 92°C in 1 M nitric acid. This also fits very well with
our results extrapolated from those at 70°C, even though
for comparison the influence of the nitric acid has to be
taken into account. An additional difference in the resulting
rate constants arises from the initial concentration of Np(V),
which is several orders of magnitude lower than those in the
literature.

3.4 Order of reaction with respect to HAHCI

To determine the order of reaction with regard to HAHCI,
log(k) was plotted against the logarithm of the initial

Table 3. Rate constants k and half-lifes t;,; of the reaction for different temperature and HAHCI concentrations

Temperature (°C) [HAHCI]

7.2 M@ 3M ™

k(min—1) tia (min) k(min—1) ti2 (min) k(min—1) tiyp (min)
30 0.0064(3) 108(5) - - -
40 0.012(1) 60(4) 0.0029(1) 235(8) - -
50 0.021(2) 33(3) 0.0084(5) 82(5) 0.0021(1) 330(16)
60 0.039(7) 18(4) 0.019(1) 37(2) 0.0054(5) 129(12)
70 - - - - 0.011(1) 66(6)

a) average of repeated measurement series.

Uncertainties are given in parenthesis applying to the last significant digit.
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Table 4. Orders of reaction with regard to HAHCI for different
temperatures

Temperature (°C) Order of reaction for HAHCI

60 1.07(4)
50 1.23(2)
40 1.62(5)

Uncertainties are given in parenthesis applying to the last
significant digit.

Table 5. Activation energy and pre-exponential factor
determined via Arrhenius approach

[HAHCI] (M) Ex (kd/mol) In(A)
1.2 60.6 18.7

80.1 25.0
1 74.2 215
Average 72(10) 22(3)

Uncertainties are given in parenthesis applying to the last
significant digit.

concentrations of HAHCI for different temperatures. From
that, a straight line with the slope accounting for the order of
reaction for HAHCI was obtained (see Supporting Informa-
tion Fig. 2). The results are summarized in Table 4.

In the literature, different results for the reaction order
of hydroxylamine are given. Koltunov et al. [8] published
a value of 1.0 for hydroxylamine nitrate. This differs from
the data obtained by Inoue et al. [10], who determined an
order of reaction of 1.6 for HAHCIL. They also reported a
combined influence of the hydroxylamine and of the chlo-
ride ions. The differences could hence be explained by the
different counter ions, nitrate and chloride. For 40°C we
also identified an order of reaction of 1.625 with regard to
HAHCI, but by increasing the temperature to 50°C and 60°C
these values reduced to 1.23(2) and 1.07(4), respectively. Ac-
cordingly, the mechanism of the reaction seems to be influ-
enced by both the temperature and the initial concentration of
HAHCL

3.5 Determination of Arrhenius parameters

The activation energy E4 was determined via an Arrhe-
nius approach with Equation (5) as described in Section
2.1. The respective plot is shown in Supporting Informa-
tion Fig. 3. The results are shown in Table 5; in addition,
the pre-exponential factor A from the Arrhenius equation is
given.

As can be seen, an activation energy of Ex =72(10) k] /mol
resulted as an average value from the different measurement
series at different concentrations of HAHCL. This value is
significantly lower than that determined by Koltunov et al. [8]
in nitric acid solution (Ex = 105.4 kJ/mol) again indicating a
different influence of the nitric acid and the nitrate counter
ions on the redox reaction.
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4 Concluding remarks

Capillary electrophoresis has proved to be a powerful ana-
Iytical technique for the investigation of the kinetic aspects
of redox reactions of actinides. In particular, the coupling
of CE to ICP-MS allows very sensitive measurements in
low concentration ranges and is thus suitable for environ-
mentally relevant systems. We performed measurements at
[Np(ag)]=7.5 x 10~7 M, but it could be shown that concentra-
tions of Np in solution down to 10~ M [26], with a sector field
ICP-MS even down to 107! M [25], are feasible. Therefore,
the concentration range of the redox reaction that is possible
to examine can be extended from [Np(aq)] = 5 x 107> M in
this case to Np concentrations of about 102 M.

We were able to determine a set of rate constants for
the reaction of Np(V) with different initial concentrations of
HAHClin 1 M hydrochloric acid at various temperatures. The
results obtained in this study are in good agreement with the
available literature, as far as a comparison is possible due to
differences in the medium and in the initial concentrations.

Furthermore, it could be shown that Np(V) and Np(IV)
exhibit a difference in their electrophoretic mobilities large
enough to clearly separate them by CE. Since these two Np
species are the ones that are relevant under environmental
conditions, CE-ICP-MS is also an appropriate tool for the in-
vestigation of geochemical redox processes of Np in aqueous
solution.

In view of the satisfactory results shown in this work,
the investigation of other redox systems is also very promis-
ing. Conceivable scenarios include both other actinides in
different oxidation states and the reaction with diverse reduc-
tants or oxidants. Furthermore, the effective separation in CE
combined with the capability of ICP-MS for multi-element
detection enables the simultaneous detection of both redox
partners; e.g., if both are metals.

This work was financially supported by the Federal Ministry
for Economic Affairs and Energy under contract No. 02E10981.
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5.2 Determination of Kinetic Parameters of the Redox Reaction of Np(V) with HAHCL
by CE-ICP-MS

5.2.2 SUPPLEMENTARY INVESTIGATIONS: INFLUENCE OF IRON ON THE REDOX KINETICS OF

THE REDUCTION OF NP(V) TO NP(IV) BY HYDROXYLAMINE HYDROCHLORIDE
In preceding experiments, conducted before the investigations presented in the publication

above, it transpired that the rate constants of the reduction of Np(V) to Np(IV) by
hydroxylamine hydrochloride (HAHCI) strongly varies with the choice of the batch of HAHCL
Older batches seemed to reduce the Np(V) ions much faster to Np(IV) than newer ones. Since
these findings were not to be expected and no obvious explanation could be found at first
glance, some analytical investigations such as XPS (X-ray photoelectron spectroscopy)
measurements were undertaken to uncover differences in the respective HAHCl batches. The
corresponding kinetic experiments and the analytical examinations are described in the
diploma thesis of Christian Willberger [14WIL] and for more details it is referred to this work.
In the experiments conducted in the time frame of the diploma thesis no differences in the
individual HAHCI batches could be detected but at this point the assumption was established
that the older batches contain iron to some extent either because of contaminations during
the storage or because of impurities from the production process. The acceleration of the
reduction reaction could then be explained by catalytic effects of the iron. For all experiments
described in the manuscript above the same (newest) HAHCI batch was used to obtain
reproducible and reliable results. Nevertheless, further examinations were undertaken to
prove the assumption of iron impurities in older batches right and by that further support

the results of the recent studies.

Firstly, two older HAHCI batches as well as the newest one used in the present work were
tested for the presence of both Fe(II) and Fe(llI) ions by the use of 5-sulfosalicylic acid (SSA)
[02KAR]. If Fe(lll) is present in solution, SSA forms a red complex together with this ions.
After the addition of aqueous ammonia solution, the whole solution turns yellow in the
alkaline region if Fe(Il) is present indicating the complexation of both Fe(Il) and Fe(III). For
each batch, 1 g HAHCI was dissolved in 2 mL of 1 M HCl and 2 mL of 10 wt% SSA solution. A
slight red coloring became visible for the two older batches and no coloring could be
observed for the new batch. After the addition of 2 mL 28 wt% aqueous ammonia solution
the first to batches turned yellow, the newest one again showed no change in color.
Consequently, by that simple test it could be shown that, as expected, iron ions are present
in the older HAHCI batches. The newest one contains no iron with a concentration higher
than the limit of detection of this test. The red coloring after the SSA addition and the
subsequent yellow coloring in the alkaline pH region suggest the presence of both Fe(II) and

Fe(III) ions.
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5. Determination of Redox Kinetics with CE-ICP-MS

Based on these findings it was then tested whether or not the iron ions in the older HAHCI
batches are really the reason for the much higher reaction kinetics compared to the new
batch. In order to do so three reduction reactions of Np(V) to Np(IV) were compared at 40 °C.
The experimental approach of the reduction was exactly identical to the procedure described
in the manuscript in Section 5.2.1. 2 g of the respective HAHCl was dissolved in 4 mL 1 M HCl
(c(HAHCI) =7.2 M) and 66 puL. Np(V) solution was added to yield a Np concentration of
¢(Np) = 6 - 10-4 M. In the first reaction, the oldest HAHCI batch was used. For the second data
series, the newest batch without iron, the result for c((HAHCI) = 7.2 M at 40 °C presented in
the manuscript above, was employed. For the third reaction, one spade point of FeCl; - 6 H,0
was added to the newest HAHCI batch to achieve an artificial iron contamination. Samples
were taken at given reaction times and the Np(V)/Np(IV) ratio in the samples was
determined by liquid-liquid extraction (LLE) and LSC measurements (or CE-ICP-MS as in the
second case). The experimental procedure and conditions for the LLE/LSC measurements
were again kept completely identical to the ones conducted for the kinetic publication. The
reaction times and the experimental results are summarized in Table 15 - Table 17.

Table 15: Results of the measurement series of the reduction of Np(V) to Np(IV) at 40 °C and
c¢(HAHCI) = 7.2 M: reaction 1, old batch.

activity/Bq
reaction (determined by LLE/LSC, percentages
time/min uncertainty * 5%)
Np(V) | Np(IV) | Np(total) | Np(V) Np(1V)
1 3.75 0.13 3.88 96.6 3.4
20 1.38 1.30 2.68 51.5 48.5
40 0.74 2.00 2.74 26.9 73.1
60 0.50 2.62 3.12 16.1 83.9
80 0.27 2.74 3.01 8.8 91.2
100 0.22 292 3.14 6.9 93.1
130 0.23 3.05 3.28 6.9 93.1
160 0.18 2.90 3.08 5.7 94.3
190 0.16 2.78 2.94 5.5 94.5
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Table 16: Results of the measurement series of the reduction of Np(V) to Np(IV) at 40 °C and
c(HAHCI) = 7.2 M: reaction 2, new batch. These results are taken from the kinetic manuscript
obtained by CE-ICP-MS measurements.

reaction percentages
time/min Np(V) Np(IV)
0 95.5 45
30 78.2 21.8
65 62.4 37.6
100 34.0 66.0
130 23.6 76.4
165 13.3 86.7
195 9.3 90.7
230 6.8 93.2
270 4.5 95.5

Table 17: Results of the measurement series of the reduction of Np(V) to Np(IV) at 40 °C and
c(HAHCI) = 7.2 M: reaction 3, new batch + one spade point of FeClz - 6 H,0.

activity/Bq
reaction (determined by LLE/LSC, percentages
time/min uncertainty * 5%)
Np(V) | Np(IV) | Np(total) | Np(V) Np(IV)
1 3.77 0.43 4.20 89.8 10.2
10 0.81 2.13 2.94 27.6 72.4
20 0.26 2.50 2.76 9.4 90.6
30 0.21 2.77 2.98 7.0 93.0
40 0.22 2.68 2.90 7.5 92.5
50 0.17 2.61 2.78 6.2 93.8
60 0.21 2.57 2.78 7.7 92.3
70 0.18 2.69 2.87 6.3 93.7
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5. Determination of Redox Kinetics with CE-ICP-MS

The graphical determination of the rate constants of the three reactions is shown in
Figure 21. As can be seen, for reaction 1 (old HAHCl batch) and reaction 2 (new HAHCI batch
+ FeCls - 6 H20) the [Np(V)¢]/[Np(V)o] ratio becomes constant for higher reaction times. This
is an indication for the reaction being near or even already in equilibrium. Since kinetical
parameters has to be determined away from the equilibrium the respective fits were just

performed in the non-constant region.

reaction time/min

0.0

100 150 200
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Figure 21: Graphical determination of the rate constants of the three reductions of Np(V) to
Np(IV) at 40 °C and c(HAHCI) = 7.2 M with three different HAHCI batches.

The resulting rate constants k and the corresponding half times t1,, of the reactions can be
found in Table 18.
Table 18: Rate constants k and half times ¢1/, of the measurement series of the reduction of

Np(V) to Np(IV) at 40 °C with three different HAHCI batches: reaction 3, new batch + one
spade point of FeCls - 6 H>0.

rate constant k/ half time of the reaction t1/2/
reaction
min-! min
1, old batch 0.0301 (= 0.002) 23.0(x1.5)
2, new batch 0.0121 (= 0.001) 57.3 (£4.7)
3, new batch +
FeCls - 6 H,0 0.1186 (= 0.01) 5.8 (¥ 0.5)

As can be seen from these results, the rate constants k vary significantly with the choice of
the HAHCI batch. The reduction of Np(V) to Np(IV) with the HAHCI from the old batch 1 is

about twice as fast as the corresponding one with the HAHCI from the new batch 2. For
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experiment 3, the artificial iron contamination, a half time of the reaction ti,, being 1 order
of magnitude faster was obtained. Since in the latter case the iron concentration is expected

to be much higher than in the first case, this order of the reduction kinetics is reasonable.

The results from these investigations show that the iron content in a HAHCI batch has a
decisive influence on the rate constant of the reduction of Np(V) to Np(IV). From the fact that
in experiment 3 a much higher reaction kinetic was obtained compared to experiment 1 it
can be concluded that a very small iron content, significantly less than the one spade point
added in experiment 3, is enough to have a notable effect on the rate constant. This leads to
the conclusion that it has to be ensured in the experiments that the HAHCI is completely free

from any iron impurities in order to yield repeatable and comparable rate constants k.

5.3 DETERMINATION OF KINETIC PARAMETERS OF THE REDOX REACTION OF PU(VI)
wiTH FE(II) By CE-ICP-MS

5.3.1 INTRODUCTION
Besides radioactive elements as for example the actinides or fission products also non-

radioactive elements have to be examined for the long-term safety assessment of a future
nuclear waste disposal. Iron is one of those elements most frequently occurring in deep
geological repositories. It is naturally present both dissolved in groundwater and as part of
minerals such as the oxides magnetite (Fe(II/I1I).04) or hematite (Fe(IIl)203), the hydroxides
goethite (FeOOH) or iron(II)-hydroxide (Fe(OH)2), the carbonate siderite (FeCO3), asiron(II)-
and iron(Ill) sulfates and as the sulfide pyrite (FeSz). [12SEH] Furthermore, an
anthropogenic input of iron through steel containers and the like as packing material and the
waste itself containing iron materials has to be considered. The corrosion of such materials
and the dissolving of the minerals lead to the presence of both Fe(II) and Fe(III) ions in high
concentrations in the direct surrounding of the radioactive waste. The oxidizing or reducing
capability of Fe(IlI) and Fe(1I), respectively, can have a great impact on the oxidation state of
redox sensitive actinides and by that on their mobilization or immobilization in the

environment of the repository. [I9MA]

Based on these circumstances, in the present section the redox reaction of Pu(VI) with Fe(II)
was examined by CE-ICP-MS. As already demonstrated in the previous section, the coupling
of CE to ICP-MS allows for the retracing of the redox kinetics of actinides with reducing or
oxidizing agents. Since, in contrast to the Np(V)/HAHCI couple, in the current case both
reaction partners are metals the benefit of being able to separate and detect both the Pu

species and the Fe species at the same time should be investigated.
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The kinetics of the reduction of Pu(VI) by Fe(ll) were already investigated with a
spectrophotometric method in HClO4 medium in the temperature range between 0 °C and
25 °C and a ionic strength of I = 0.05 - 2.0 M by Newton and Baker [63NEW]. They state that
the reaction is fast at room temperature and of first order in view of both reactants. In
principle, the redox potentials are sufficient to completely reduce Pu(VI) to Pu(IIl) but at
concentrations in the range of ¢ = 10-4 M for both reactants, just the first reduction step of
Pu(VI) to Pu(V) was found to be of interest. For the reaction mechanism a Pu(V)-Fe(III)
intermediate dimer was postulated. It has to be noted that both the presence of complexing
ions such as chloride and the hydrogen concentration have an influence on the rate of the
reaction which is described to be quite complicated. In the case of a higher percentage of
Fe(III) ions in the reaction solution the back reaction, Pu(V) is then reoxidized to Pu(VI), has
to be considered. In a previous work Newton et al. [60NEW] additionally examined the Pu(IV)
reduction by Fe(II). A more recent study of the reduction of Pu(VI) by Fe(II) was conducted
by Graser et al. [I5GRA]. Comparable to the present work, they also used CE-ICP-(SF)-MS as
the analytical technique to follow both the changes in the percentages of the different Pu
oxidation stated and in the Fe(II)/Fe(IIl) couple. The reaction was investigated in a 0.1 M
HClO4 solution at pH =1 and a great excess of Fe(Il) was applied (c(Fe(Il) =2.0-10¢M,
¢(Pu(VI) =5.0 - 10-1© M). In their work, no rate constants are given, but they report a complete

reduction of Pu(VI) to Pu(IIl) within 100 min.

For the separation and subsequent detection of Fe(II) and Fe(III) two challenges have to be
taken into consideration. In the aqueous phase, the presence of Fe(Il) and Fe(IlI) is possible.
These two ions exhibit very similar charge-to-radius ratios and because of that they are hard
to separate in the applied electric field of a CE experiment. An approach to increase the
separability and by that overcome this difficulty is the selective complexation of Fe(III) with
ethylenediaminetetraacetate (EDTA) and Fe(ll) with 1,10-phenanthroline (phen). This
method and its applicability in CE experiments was introduced by Schiffer et al. [96SCH]
(further investigations can be found in [97P0Z]) and is also applied in the work of Graser et
al. [15GRA] mentioned above. The separation effect is based on a great difference in the
respective stability constants. The Fe(IlI)(EDTA)- complex has a high stability constant of
log(k) =25.2 whereas the comparable Fe(II)(EDTA)2- complex is much weaker with
log(k) = 14.3. The opposite trend accounts for the Fe(Il)(phen)s2+/Fe(1ll)(phen)s3+ couple,
here the Fe(ll) complex is the more stable one (log(k(Fe(ll)(phen)s2+) =21.2,
log(k(Fe(III)(phen)s3+) = 14.4). The data are taken from [96SCH] and the references cited
therein. In the present work, this approach was also utilized and the experimental results are

presented in the following.
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The second challenge is the detection of the iron ions by ICP-MS. In this MS method, the
analytes are ionized in an argon plasma. This leads to a high concentration of dimers and
trimers such as 40Ar14N+ (mass 54), 490Ar160+ (mass 56) and #0Ar1601H+ (mass 57) composed
from the Ar atoms and atoms from the surrounding air creating a great background signal on
the corresponding masses [04WIL]. Unfortunately, since the natural distribution of the four
stable iron isotopes is 5.845% 54Fe, 91.754% 56Fe, 2.119% 57Fe and 0.282% 58Fe [04LID],
these masses conform exactly to the masses of Fe ions that should be detected. As one can
see, on all Fe masses with a significant natural isotopic abundance, a superimposition with
Arinterferences is to be expected. In order to circumvent this difficulty, the application of the
so called octopole reaction system (ORS) was introduced. The ORS is an additional
component located between the ion lens chamber and the analyzer chamber inside the ICP-
MS system (see Figure 4). Three different modes of operation are possible, H,-mode (reaction
mode), He-mode (collision mode) and no-gas mode. Via a gas supply, H2 or He can be
introduced in the ORS in dependence of the mode to be used. In the reaction mode, hydrogen
gas is utilized to remove the Ar interferences by reactions of the dimers or trimers with the
H> molecules. In the case of Fe, the interferences can be reduced by either a proton transfer

reaction (Equation (5.1)) or an atom transfer reaction (Equation (5.2)).

proton transfer: ArO* + H, - ArOH* + H. (5.1)

atom transfer: ArO* + H, - H,0" + Ar. (5.2)
In both cases the dimer with the mass 56 is converted to a molecule or atom with a different
mass and the background signal is thus decreased. The Fe atoms do not react with the H; gas,

consequently there should be no significant loss of signal. [04WIL]

In the second mode, the He collision mode, no reaction takes place. The dimers are rather
destroyed by impacts with the He gas if the collision energy is great enough to break the bond
in the dimer or trimer. Even if the collision energy is lower than the required energy for the
bond breaking the polyatomic ions are reduced compared to the monoatomic analyte
because of a higher collision cross section. The larger polyatomic ions collide more often with
the He atoms, thus loose energy on their path through the ORS and by that they are efficiently
removed from the ion beam. Nevertheless, in this mode collisions of Fe ions with the He
atoms cannot be completely avoided which leads to a lowering of the limit of detection. The
same applies, to a smaller extent, for the H, mode because of collisions of the Fe ions with the
H, molecules. Still, these reductions in the limits of detection are accepted because the great

minimization of the background signal prevails. [04WIL]
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5.3.2 PRECEDING STUDY 1: MEASUREMENT OF IRON WITH THE ORS
In view of the investigation of the reaction of Pu(VI) with Fe(II) by CE-ICP-MS, the application

of the ORS system described above was implemented and some preceding studies were
realized to compare the different modes amongst each other. First of all ICP-MS
measurements were conducted to find the optimal ORS gas and experimental conditions for

the following CE-ICP-MS measurements. The results are presented in the following section.

For the experimental realization, a 10 ppb Fe ICP-MS standard containing the natural iron
isotope distribution was prepared in 4% HNOs3 (supra pure) solution. The iron background
signal was measured both in a 4% HNOs (supra pure) solution and in a MilliQ water sample.
To all samples, Ir ICP-MS standard was added to yield 100 ppt as the internal standard. The
optimal gas flow rates for the ORS were identified by the combination of an auto-tuning
procedure and a subsequent systematic variation of the respective gas flow until the best
signal was obtained. The rates were thus set to 3.5 ml min-! for the collision mode (He gas)
and 4.0 mL min-! for the reaction mode (H2 gas). The iron isotopes investigated were 5¢Fe and
56Fe, the other two isotopes 57Fe and 58Fe were not examined because those are irrelevant for

further experiments due to their small natural abundance.

The results are summarized in Table 19. Each value is a mean of six consecutive
measurements on the respective masses, the uncertainties given are the relative standard
deviations (RSD). All results were corrected to the 193Ir internal standard signal. The Fe signal
in the Fe sample was background corrected by the subtraction of the Fe signal in the

4% HNO3 sample.

In all modes and for both Fe isotopes, the Fe signal is significantly higher in the 4% HNO3
sample compared to the MilliQ water sample. Since the HNO3 solution was prepared from a
supra pure acid a contamination with iron is unlikely. The raise in Fe signal can rather be
explained by the additional introduction of both O and N atoms directly into the plasma from
the HNO3 solution. By that the dimer production for both 40Art4N+ (mass 54) and 40Ar160+

(mass 56) is increased and more isobaric interferences are detected on the iron masses.

In general, the Fe signals are reduced when the ORS is applied even though the iron content
in the sample is identical. Consequently, it is possible to reduce the background signal due to
isobaric interferences on the masses 54 and 56 using the reaction or collision mechanism
described above. For comparing the H, and the He mode, the share of the Fe signal resulting
from the sample Fe was related to the respective Fe signal created from the sum of the
background signal and the sample signal (see last column in Table 19). Thus it is possible to

see which percentage of the signal can be assigned to the sample and which is just resulting
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from background signal. It can be concluded, that in He mode the Fe signal is reduced but no
improvement of the signal-to-background ratio can be obtained. In the H, mode in contrast,
this ratio could be improved significantly for both Fe isotopes. Consequently, the reaction
mode of the ORS with the optimized parameters determined in this preceding examination
(H2 flow rate: 4.0 mL min-1) was set as most suitable for the measurement of Fe isotopes.

Table 19: Results of the ICP-MS measurements of 54¢Fe and 56Fe with the ORS system in no
gas mode, H, mode and He mode.

[CP-MS signal (193Ir corrected)/cps (x RSD) Fe signal/ sample Fe
cps share/
MilliQ 4% HNO3 Fe sample . .
isotope | mode (corrected) %
no 13489 129451 163799 34349
21.0
gas (£3.4%) (£3.3%) (£2.9%) (£2.9%)
11988 114730 26844 12114
54Fe H; 45.1
(£3.3%) (£2.2%) (20.9%) (£0.9%)
21531 78145 94037 15893
He 16.9
(£1.3%) (£1.0%) (£0.6%) (£0.6%)
no 997765 1441590 12022582 580992
28.7
gas (21.7%) (£2.0%) (21.9%) (21.9%)
18334 41334 265034 1223700
56Fe H; 84.4
(£2.5%) (£2.5%) (£0.5%) (£0.5%)
350740 523515 754235 230720
He 30.6
(£1.0%) (£1.0%) (20.9%) (£0.9%)

* corrected to 193Ir and to the Fe background signal in the 4% HNO3; sample

** share of sample Fe in total Fe signal including background

Based on these findings it should be tested whether the ORS system is also beneficial for the
measurement of iron in the combination of ICP-MS with CE as investigated in this work. For
that purpose, two CE-ICP-MS runs were performed with samples consisting just of 1 M AcOH
which is used as the BGE in most of the CE-ICP-MS experiments. In these first measurements
no iron was added to the samples, so that just the reduction of the background signal in the
resulting electropherogram could be investigated. The experiments were undertaken with
the H, mode as described above and with a high voltage of 25 kV, the detected mass was 56
because of its highest natural abundance. The resulting electropherograms can be found in

Figure 22.
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Figure 22: Effect of the ORS in H, mode on the electropherograms of the CE-ICP-MS
background solution (1 M AcOH).

As can be seen clearly, in the electropherogram of 1 M AcOH with the ORS the background on
the mass 56 is decreased dramatically in comparison to the corresponding electropherogram
without the ORS. While in the latter, a background signal of about 106 cps is detected, with
the use of the ORS this value diminishes to a value of about 4 - 104 cps. This order of
magnitude can simultaneously be interpreted as a reference for the limit of detection of CE-
ICP-MS iron measurements under the experimental conditions described above.
Furthermore, the trend of the electropherogram is very constant without any spikes or
irruptions. Thus, by the experiments presented above the capability of the application of an
ORS in H; mode for the investigation of iron containing systems in CE-ICP-MS experiments

could be proved.

5.3.3 PRECEDING STUDY 2: CE-ICP-MS MEASUREMENT OF FE(II)-PHEN AND FE(III)-EDTA
COMPLEXES
As described in the introduction section, the separation of Fe2+ and Fe3+ ions by CE can be

improved by the selective complexation of Fe(Il) with phen and Fe(IlI) with EDTA. These
complexes should exhibit considerably greater differences in their electrophoretic mobilities
compared to the free iron ions. Bevor the investigation of the Fe(II)/Pu(VI) redox reaction,
experiments should be executed to investigate the complexation behavior and the
electrophoretic mobilities of the compounds of interest under the experimental conditions

applied in the following kinetic experiments.

To do so, different solutions were prepared containing both Fe(II) and Fe(III). In each sample,
Fe(ClO4); and Fe(Cl04)3 were dissolved in 0.1 M HClO4, 1 M AcOH or in various mixtures of

both to yield a Fe total concentration of c(Fewt) =5 - 104 M. All samples were prepared
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under Ar atmosphere to prevent an oxidation of Fe(Il) by oxygen from the air. The iron
perchlorate salts and the perchloric acid background were chosen over other systems, e.g.
chloride, because this anion has proven to be non-complexing and thus no competitive Fe
complexes have to be considered. Details about these investigations via UV-Vis spectroscopy
can be found in [17LEI1]. To each sample 1 mg phen and 5 mg EDTA were added. The
detailed sample compositions are given in Table 20.

Table 20: Detailed sample compositions for the CE-ICP-MS investigations of the Fe(Il)-phen
and the Fe(III)-EDTA complexes. The total sample volume was V= 200 pL in each sample.

sample | backgroundin | volume Fe(II/IIl) | CE dilution medium 1M AcOH/
Fe sample sample/pL 0.1 M HCIO4 ratio
1 1M AcOH 5 195 uL 1 M AcOH 100/0
2 0.1 M HCIO4 150 50 uL. 1 M AcOH 75/25
3 0.1 M HClO4 100 100 uL 1 M AcOH 50/50
4 0.1 M HCIO4 50 150 uL 1 M AcOH 25/75
5 0.1 M HClO4 5 195 puL 0.1 M HCIO4 0/100

The resulting electropherograms of these five samples are shown in Figure 23. The applied
voltage during CE separation was U = 25 kV and the masses 54 and 56 for the iron detection

were investigated. During all measurements, the ORS in reaction mode was applied.

From the electropherograms presented in the following two points concerning the CE-ICP-
MS detection of Fe(II/IlI) complexes with phen and EDTA can be recognized. Firstly, the
quality of the electropherograms decreases with an increase of the percentage of the

perchloric acid.

Only in a mostly AcOH medium satisfactory electropherograms without interruptions and
with clearly distinguishable peaks can be obtained. Secondly, two individual peaks can be
identified. This leads to the conclusion that the complexation of Fe(II) with phen and Fe(III)
with EDTA really allows the separation of these two iron species. The resulting

electrophoretic mobilities are summarized in Table 21.
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Figure 23: Electropherograms of the CE-ICP-MS measurements of Fe(II)-phen and
Fe(IlI)-EDTA in 1 M AcOH and 0,1 M HC104 background medium.

Since the Fe(phen)s2+ complex is positively charged and the Fe(EDTA)- species exhibit a
negative charge the first peak in the electropherograms was assigned to Fe(II) and the second
one to Fe(III). The fact that the negatively charged Fe(III)-EDTA complex exhibits a positive
electrophoretic mobility may be explained by the size of the ion. Due to the great EDTA ligand

the whole molecule has a significant friction with the surrounding BGE and is thus dragged
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along with the EOF. As a consequence, its forward movement is greater than the velocity in

opposite direction and the overall electrophoretic mobility is positive.

Table 21: Electrophoretic mobilities of the Fe(phen)?* and the Fe(EDTA)- species
investigated by CE-ICP-MS in different 1 M AcOH/0.1 M HCIO4 background media.

Sample 1 M AcOH/ _ electrophoretic mobility p./10-4 cm2V-1s-1
0.1 M HClO4 ratio

Fe(_phen)2+ Fe(EDTA)-
1 100/0 451+0.12 2.810.07
2 75/25 4.02+0.10 2.41+0.06
3 50/50 413+0.11 2.24+0.06
4 25/75 2.97 £0.07 1.36+0.03
5 0/100 1.75+0.06 0.27+0.03

Taking a closure look on the development of the electrophoretic mobilities of the two Fe
species with changing background medium one can notice, that the mobility decreases with
increasing percentage of perchloric acid. As already described in Section 2.1.3 the ionic
strength I of the BGE is one of the parameters having an influence on p.. Since the increase in
the share of HClO4 leads to an increase in [ at this point it can be seen from experimental
results what has already been depicted in general terms in Section 2.1.3: The electrophoretic
mobility decreases with an increasing ionic strength. Besides the ionic strength of course all
other parameters described in the theory section have an influence on the measured p.

because of the changes in the BGE.

5.3.4 KINETICS OF THE REDOX REACTION OF Pu(VI) wiTH FE(II)
The kinetic parameters of the reduction of Pu(VI) by Fe(Il) were investigated by LLE/LSC

and by CE-ICP-MS measurements. LLE/LSC experiments were conducted because this
method has proven in previous kinetic studies (see Section 5.2.1) to be an appropriate
complementary technique to verify and compare the results obtained from CE-ICP-MS
investigations. Details about the experimental procedure for the separation of Pu oxidation

states by LLE/LSC using HDEHP and PMBP can be found in the APPENDIX A3.
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SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

For the experiments, a 8-10-7 M 239Pu(VI) solution was prepared in 0.1 M HClO4. The
239Pu(VI) stock solution was produced by evaporating an in-house 239Pu solution until near
dryness and subsequent dissolving in 1 M HClO4. During the evaporation process, a few
grains of NaF were added to destroy Pu colloids and 3 drops of concentrated HNO3z were
added to prevent the solution from exploding because of organic molecules. The Pu solution
was then purified by ion exchange chromatography. The eluate was again evaporated two
times until near dryness and dissolved in 1 M HC1O.. The Pu(VI) oxidation state was checked

by UV-Vis spectroscopy, the concentration of the solution was determined via LSC.

The redox reaction was investigated for two different Pu/Fe ratios, namely 1:3 in the
LLE/LSC measurements and 1:4000 in the CE-ICP-MS experiments. In the first case, a
2.4 -10-¢ M Fe(II) solution was prepared from Fe(ClO4)2 in 0.1 M HClOg, in the second case a
3.2 - 10-3 M Fe(II) solution was employed. The 1:3 ratio was chosen because of stoichiometric
aspects since a threefold access of Fe(lIl) is needed in theory to reduce Pu(VI) completely to
Pu(III). The 1:4000 ratio on the other hand was chosen to allow a comparison with the results

from [15GRA] where this relation was employed.

The Pu(VI) and the Fe(II) solutions were tempered to the aspired temperature in an ice bath
for the 10 °C measurements and in a thermostat (Haake C10, Thermo Electron Corporation,
Waltham, MA, USA) for the measurements at room temperature and at elevated temperature.
The reaction was started by combining 3 mL of each solution. After certain time intervals the
reaction progress was examined by LLE/LSC or CE-ICP-MS. The 239Pu concentration during
the redox reaction was thus 4 - 10-7 M. The Pu(VI) content at the beginning of the reaction

was set as 100% in all data evaluations.

LLE/LSC MEASUREMENTS

At first, the reduction of Pu(VI) by Fe(Il) was investigated for the Pu/Fe ratio of 1:3 at 10 °C,
23 °C and 30 °C by LLE/LSC. The results of the measurements are summarized in Table 22
- Table 24 and the development of the shares of the different Pu oxidation states is depicted
in Figure 24 - Figure 26. The LLE/LSC results are presented in terms of Pu(VI) and Pu(rest).
In this case, Pu(rest) describes all other Pu oxidation states including colloidal Pu besides
Pu(VI). This procedure was chosen since only the decrease of Pu(VI) is of interest for the

determination of the kinetic parameters of the redox reaction.
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Table 22: Results of the determination of the reduction kinetics of Pu(VI) with Fe(ll), ratio
1:3, by LLE/LSC at 10 °C.

activity/Bq percentages/%
time/min
Pu(VI) Pu(rest) Pu(VI) Pu(rest)
0 4912+0.246 | 0.772+0.039 100.0 0.0
15 3.342+0.167 | 2.212+0.111 60.2 39.8
30 2.563+0.128 | 2.987+0.149 46.2 53.8
45 1.932+0.097 | 3.567+0.178 35.1 64.9
60 1.606 +0.080 | 3.987+0.199 28.7 71.3
75 1.258+0.063 | 4.461+0.223 22.0 78.0
90 0.924 £0.046 | 4.658+0.233 16.6 83.4
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Figure 24: Development of the Pu(VI) and Pu(rest) percentages for the determination of the

reduction kinetics of Pu(VI) with Fe(Il), ratio 1:3, by LLE/LSC at 10 °C.
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Table 23: Results of the determination of the reduction kinetics of Pu(VI) with Fe(ll), ratio

1:3, by LLE/LSC at 23 °C.

activity/Bq percentages/%
time/min
Pu(VI) Pu(rest) Pu(VI) Pu(rest)
0 5.762+0.288 | 0.525+0.026 100.0 0.0
12 3.490+0.175 | 2.510+0.126 58.2 41.8
24 2.428+0.121 | 3.665+0.183 39.8 60.2
36 1.690+0.085 | 4.713+0.236 26.4 73.6
48 1.135+0.057 | 4.922+0.246 18.7 81.3
60 0.831+0.041 | 5415+0.271 13.3 86.7
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Figure 25: Development of the Pu(VI) and Pu(rest) percentages for the determination of the
reduction kinetics of Pu(VI) with Fe(Il), ratio 1:3, by LLE/LSC at 23 °C.

132



5.3 Determination of Kinetic Parameters of the Redox Reaction of Pu(VI) with Fe(II)

by CE-ICP-MS

Table 24: Results of the determination of the reduction kinetics of Pu(VI) with Fe(ll), ratio
1:3, by LLE/LSC at 30 °C.

activity/Bq percentages/%
time/min
Pu(VI) Pu(rest) Pu(VI) Pu(rest)
0 4806+ 0.240 | 0.798+0.039 100.0 0.0
9 3.121+0.156 | 2.272+0.110 57.9 42.1
18 2406+ 0.120 | 3.414+0.170 41.3 58.7
27 1.783+£0.089 | 3.973+0.199 31.0 69.0
36 1.261+£0.063 | 4.430%0.222 22.2 77.8
45%* 1.056 £ 0.053 | 4.612+0.230 18.6 81.4
54* 0.829+0.041 | 4.947 £0.247 14.4 85.6

* not used for data evaluation because the reaction is already in equilibrium
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Figure 26: Development of the Pu(VI) and Pu(rest) percentages for the determination of the

reduction kinetics of Pu(VI) with Fe(II), ratio 1:3, by LLE/LSC at 30 °C.

As one can see, for all three temperatures the reaction takes place and Pu(VI) is reduced by

Fe(II). For the data evaluation the same approach as already described in Section 5.2.1 was

employed. In this case also a first order reaction kinetic was assumed. The graphical

determination of the rate constants k and the corresponding half lifes ti,> is shown in

Figure 27, the resulting values are summarized in Table 25. The reduction at 30 °C was

already near equilibrium after 36 min, thus the last two values are not used for the fitting
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procedure. These two data points are marked in grey in Figure 27. The fits were performed

with Origin 7 software (OriginLab Corporation, Northampton, Massachusetts, USA).
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Figure 27: Graphical determination of the kinetical parameters of the reduction kinetics of
Pu(VI) with Fe(II), ratio 1:3, by LLE/LSC. The data points in grey are not used for the fits since
the reaction was already in equilibrium at this times.

Table 25: Resulting rate constants k and corresponding half lifes 1,2 of the reduction of
Pu(VI) by Fe(II), ratio 1:3, by LLE/LSC.

temperature/°C k/min-1 t1/2/min
10 0.0188 + 0.0011 36922
23 0.0331+0.0014 20909
30 0.0404 + 0.0031 17.2+1.3

The results indicate that the assumption of a first order reaction kinetic with respect to
Pu(VI) is reasonable. The rate constants increase with increasing temperature, the
corresponding half lifes consequently decrease. 30 °C is set as an upper limit for the
investigations of the given reaction because at higher temperatures the reaction should be

too fast to investigate with the method employed in this work.

From the three rate constants determined at different temperatures an Arrhenius evaluation
was performed as described in Section 5.2.1 in order to determine the activation energy of
the Pu(VI) reduction by Fe(Il). The resulting value for the activation energy is
Ex=1(27.7 £ 2.2) k] /mol.
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CE-ICP-MS MEASUREMENTS

The CE-ICP-MS measurements were conducted with a Pu(VI)/Fe(II) ratio of 1:4000. Besides
the already mentioned fact that this is the same ratio as in [15GRA], a second aspect had been
taken into consideration. Preceding experiments with a 1:3 ratio revealed, that the produced
Pu(III) is not stable under the acidic conditions needed for the CE-ICP-MS measurements, it
is rapidly reoxidized to Pu(IV). The rate constants of the reduction consequently are
influenced by this redox process and the results are not trustworthy. The 1:4000 ratio in
contrast turned out to be capable of stabilizing Pu(IIl), very likely because of the great excess
of Fe(II). The reaction was investigated at 10 °C and 23 °C. The redox reaction was performed
as described for the LLE/LSC measurements. For the CE-ICP-MS measurements, 200 pL
samples were taken without further dilution, just 1 pL 2-bromopropane were added as the
EOF-marker. The applied voltage during CE was U = 25 kV. The determination of the peak
areas and the data evaluation was conducted as described in detail in Section 2.5 in the

kinetic manuscript (see Section 5.2.1).

The resulting electropherograms for both temperature measurement series are summarized
in Figure 28, the corresponding results for the peak areas and the electrophoretic mobilities

are given in Table 26 for 10 °C and in Table 27 for 23 °C.

1000 - ! 450 -
° : 23 °C
900 - 10°C ' 400 A
2,800 - | 2350 -
2 700 2
~ 1 NG
600 N 3907
~ | N 250 -
I 500 bl
I + X200 -
5400 | ! E 150 - A
;50300 1 “lh‘ n | gb )NW
/ A\ H 4 n
‘%200 v . | 7 100 )
100 i \. . 50 A / ¥
0 — T == T —= i 0 e T — T —
3 4

1 2 .3 - 4 5 i 1 2 5
electrophoretic mobility/ 5 electrophoretic mobility/
10 cm?V-is! ; 104 cm2V-1st
—O0min —6min ——32min —0min 6 min
——62 min 87 min 115 min ——30 min 55 min

144 min 171 min 82 min 113 min

Figure 28: Electropherograms of the CE-ICP-MS measurement of the reduction of Pu(VI) by
Fe(Il) at 10 °C and 23 °C, U = 25 kV. The first peak in both electropherograms is assigned to
Pu(VI), the second one to Pu(III).
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Table 26: Results of the determination of the reduction kinetics of Pu(VI) with Fe(ll), ratio
1:4000, by CE-ICP-MS at 10 °C.

electrophoretic mobility/

time/ peak area/cps percentages/% 104 cm2V-1g-1
min Pu(VI) Pu(lll) Pu(vl) | Puiiy | Pu(vI) Pu(lll)

0 | 32034+3203 0 100,0 00 | 214+0.06 -

6 |12345+1235| 2771277 | 817 183 | 2.10£0.06 | 3.80+0.11
32 | 5453545 | 72908+730 | 428 | 57,2 | 202:006 |390%0.11
62 | 2937+294 |10527+1053] 21,8 | 782 | 203:006 |382:0.11
87 | 1529+153 |10359+1036 | 129 | 871 | 208006 |387+0.11

115* | 1048105 | 12130x1213] 80 92,0 | 2.00£0.06 |389+0.12
144* | 64865 | 12015+1202| 51 94,9 | 2.02+007 |397+0.12
171* 0 7051 + 705 0,0 100,0 ; 3.85+0.12

* not used for data evaluation because the reaction is already in equilibrium

Table 27: Results of the determination of the reduction kinetics of Pu(VI) with Fe(ll), ratio
1:4000, by CE-ICP-MS at 23 °C.

time/ peak area/cps percentages/% electr()l%l_l4ogrerzfzi\c/_r11;ibility/
min Pu(VI) Pu(ll) pu(v) | Puciy | Pu(vi) Pu(ll)

o |16789+1679 0 1000 | 00 | 210006 :

6 6924+692 | 1183+118 | 854 | 146 | 210+006 |3.72+0.11
30 | 2557:256 | 4219:422 | 377 | 623 | 2.03:0.06 |390:0.12
55 | 1194x119 | 5538554 | 177 | 823 | 2.04+0.07 |387:0.12
82 384 + 38 4698 + 470 7,6 92,4 | 2.08%0.07 |3.85%0.12
113 0 4626 + 463 00 | 1000 : 376 +0.11

The peak with the faster electrophoretic mobility was assigned to Pu(Ill), the other peak was
assigned to Pu(VI). As can be seen in Table 26 and Table 27, the corresponding
electrophoretic mobilities are in good agreement with the findings from previous

experiments (see [19WIL1]). No other Pu species were detected in the electropherograms.
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The rate constants k and the corresponding half lifes t1,, were determined as described

before. The resulting fits are shown in Figure 29, the values are depicted in Table 28.
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Figure 29: Graphical determination of the kinetical parameters of the reduction kinetics of
Pu(VI) with Fe(II), ratio 1:4000, by CE-ICP-MS. The data points in grey are not used for the
fits since the reaction was already in equilibrium at this times.

Table 28: Resulting rate constants k and corresponding half lifes t1,, of the reduction of
Pu(VI) by Fe(1I), ratio 1:4000, by CE-ICP-MS.

temperature/°C k/min-1 t1/2/min
10 0.0234 + 0.0006 29.6+0.8
23 0.0316 + 0.0003 219%0.2

Again, the experimentally determined results could be evaluated under the assumption of a
reaction with a first order kinetic with respect to Pu(VI). The Arrhenius evaluation yielded

an activation energy of Ex = 16.1 k] /mol.

5.3.5 DISCUSSION
The comparison of the results obtained from CE-ICP-MS measurements with the results from

the LLE/LSC experiments shows a good agreement between the rate constants determined
at the two temperatures 10 °C and 23 °C. The values are nearly identical within the limits of
error for the 23 °C series. The deviation for the 10 °C series is somewhat higher which may
be explained by the cooling procedure, which was just conducted by ice in a cooling bath, the
temperature constancy was checked and adjusted by hand. Consequently, the activation
energy resulting from the Arrhenius evaluation is also in quite good agreement, the

differences may again be explained by the differences in the 10 °C rate constants. For more
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significant results, more measuring series must be conducted at different temperatures in

order to get a higher statistical mass.

In the literature [15GRA], the presence of a Pu(IV) species in the course of the reduction
reaction is described. As can be seen in the electropherograms presented in Figure 28, no
such species could be detected in the present experiments. This difference may be explained
by the use of a different ionic background. In the literature, a chloride medium was employed
whereas in the present work chloride ions were avoided. Instead of these, perchlorate ions
were used as the background because they are known to have non-complexing properties
and the reaction as well as the CE-ICP-MS measurements should thus be less influenced. Both
works agree in the fact, that the reduction is nearly complete after about 110 - 130 min. A
direct comparison of the rate constants is not possible since no values for them are given in

[15GRA].

The results from this section indicate that CE-ICP-MS is capable for the determination of
kinetic parameters of redox reactions if both reaction partners are metals. In the case of
redox reactions with iron it could be shown by preceding experiments that the use of an ORS

system allows to overcome the difficulties arising from interferences with argon dimers.

REMARKS:

The kinetical investigations described above were undertaken within the framework of the
diploma thesis of Saskia Leidich [17LEI1] under the guidance of Christian Willberger and
Tobias Reich. Samples preparation and CE-ICP-MS measurements were conducted by Saskia
Leidich and Christian Willberger. The evaluation as presented here was conducted by

Christian Willberger.
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In the present work, CE-ICP-MS was employed for the investigation of different aspects of
actinide chemistry in environmentally relevant concentrations in the context of the
long-term safety assessment of a future disposal for high-level radioactive waste. The
actinides examined in the experiments are thorium, uranium, neptunium, plutonium and

americium.

First of all, the electrophoretic mobilities of the mentioned actinides with oxidation states
reaching from +III to +VI were determined in a 1 M acetic acid BGE (Section 3.3). By
comparing the results for redox stable actinide species (Am(III), Th(IV), Np(V) and U(VI))
with the electropherograms obtained for Pu it was possible to interpret all measured peaks
and equivocally ascertain the electrophoretic mobilities of the respective Pu species Pu(III)-
Pu(VI). The trend in the electrophoretic mobilities was found to be
An(III) > An(VI) > An(V) > An(1V) for all actinides. This sequence can be explained by the
effective charges of the respective actinides determined by speciation calculations. The
electrophoretic mobilities of Am(III), U(VI) and U(IV) were measured for the first time under
the given experimental conditions.

All samples were prepared in both 1M HCl as a complexing medium and 1M HCIO4
representing a non-complexing medium in order to investigate whether or not there is an
influence of the medium of the stock solution on the results obtained in an 1 M acetic acid
BGE. It could be shown that the electrophoretic mobility is independent of the chosen acid,
the great access of acetic acid during the electrophoretic migration makes the prior medium
negligible.

Furthermore, as a result of these broad actinide mobility studies, a new systematic approach
for the estimation of electrophoretic mobilities of actinides in oxidation states that are not
stable during CE experiments could be introduced. Calculated values for Np(IlI), U(III) or
U(V) could be thus presented. The validity of this new method could be proven by the
comparison of calculated values with experimentally determined ones, e.g. for Np(VI) and
U(Iv).

On basis of the results obtained in this work it is now conceivable to use CE-ICP-MS also for
the investigation of real samples, e.g. from long-term safety analysis experiments, with more
complex background matrices. The knowledge of the electrophoretic mobilities of the given
actinides and the trend throughout the oxidation states allows the interpretation of
electropherograms with unknown sample compositions. A statement about the species
distribution in environmental samples is thus possible. For a quantitative analysis of such

samples some components, especially the coupling device, have to be developed further to
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provide a more constant sample flow throughout all measurements and a calibration

procedure has to be introduced.

In order to gain a deeper understanding of actinide behavior in the environment, more
complex systems, as indicated above, representing naturally occurring BGEs were
considered. Consequently, a further main aspect of this work was the investigation of
interactions of actinides in the oxidation states I1I-VI with several organic ligands, namely
acetate, propionate, gluconate and citrate (Section 4). The ligands were chosen with respect
to their possible occurrence in a future geological nuclear waste repository and thus their
importance in the corresponding long-term safety analysis.

In the present work, the stability constants of Am(III), Th(IV), Np(V) and U(VI) with acetate,
propionate and gluconate were determined at an ionic strength of I = 0.3 M. By means of the
Davies equation, these values were extrapolated to zero ionic strength. The results obtained
here for low concentrations are in general in good agreement with literature data determined
for higher concentration ranges with different analytical techniques.

The actinide-citrate system was challenging due to the three possible deprotonation steps of
the citric acid (HsCit) in the pH range investigated in this work. Nevertheless, it could be
demonstrated that CE-ICP-MS is also feasible for the examination of such a system of higher
complexity. A simplified mathematical approach is presented to overcome the difficulties
arising from the very complex fitting formulas resulting from this system. The stability
constants thus obtained are comparable to values given in the literature, but for more
significant results further measurement series are necessary to gain more data points.
Because of the positive results presented here, it is reasonable to expand the investigations
to further ligand systems, not just in the context of nuclear waste disposal but also for a
magnitude of other topics. In this case, it can be taken advantage of the possibility offered by
CE-ICP-MS to measure several actinides within one and the same sample solution. In
combination with the results from the mobility investigations, it is also very promising to
examine the complexation of both the ligands presented here as well as further ligands for
other actinides such as plutonium in different oxidation states. Here, because of the more
complex redox chemistry of Pu, it has to be ensured that the oxidation state is fixed at any

time without any doubt to avoid errors arising from mixed Pu species.

As a third application, in this work CE-ICP-MS was used for the investigation of kinetic
parameters of actinide redox reactions (Section5). The resulting rate constants were
compared to rate constants obtained from another analytical technique, LLE/LSC, and by that

it could be proved that the results from CE-ICP-MS are reliable.
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6. SUMMARY AND CONCLUSION

First the reduction of Np(V) by hydroxylamine hydrochloride (HAHCI) was examined in 1 M
HCI at different temperatures and concentrations of HAHCI (Section 5.2). A set of rate
constants and the Arrhenius parameters could be obtained. The reaction turned out to be of
(pseudo)first order with respect to both Np(V) and HAHCI.

The second reaction investigated was the reduction of Pu(VI) by Fe(Il) (Section 5.3). The
coupling of CE to ICP-MS offers the advantage of measuring multiple elements in varying
oxidation states at the same time, which should be utilized in the experiments. Because of the
difficulties resulting from isobaric interferences in the [CP-MS detection of Fe, the ORS was
employed and the separation of Fe(II) and Fe(III) in this CE-ORS-ICP-MS was investigated. It
was possible to clearly separate the two iron species by the selective complexation of Fe(II)
by 1,10-phenanthroline (phen) and Fe(III) by EDTA and thus determine their electrophoretic
mobilities.

The reaction turned out to be quite fast already at room temperature. Because of this the rate
constants were investigated at 10 °C and at 23 °C in 1 M HCIO4. The reaction was found to be
of first order kinetics with respect to Pu(VI) and again, the Arrhenius parameters were
obtained.

Since it could be demonstrated that CE-ICP-MS is very useful in the determination of reaction
kinetics, in future experiments it is very promising to investigate a variety of different
actinide redox reactions with varying actinides in differing oxidation states and different
redox partners. Especially metal redox partners are of potential interest since they can be

examined in parallel.

In conclusion, in this work CE-ICP-MS has proven in three different application fields, namely
mobility examination, stability constant determination and the investigation of redox
reaction kinetics, to be a powerful and suitable analytical tool. In particular in the field of
actinide chemistry with their wide redox species distribution and in the long-term safety
assessment of nuclear waste disposals, were very low concentrations are of concern, the
coupling of the separation capabilities of CE with the low detection limits of ICP-MS is very
beneficial. The results obtained in this work for the stability constants and the kinetic
parameters of the Pu(VI)/Fe(II) redox reaction can be used for the long-term safety
assessment of radioactive waste. By a prove-of-principle study, the applicability of CE-ICP-
MS for the determination of kinetic parameters of redox reactions could be demonstrated.

These experiments can deal as a basis for future actinide CE-ICP-MS investigations.
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APPENDIX A1 - CALCULATION OF TEMPERATURE RISE DUE TO JOULE
HEATING

In Section 2.1.3 the temperature rise due to Joule heating is discussed and a temperature profile
inside the capillary is shown in Figure 3. The values and graphs given there were calculated as
follows (the derivation follows [92GRO]).

The capillaries used in this work have an inner radius r. = 25 pm. The radius of the fused silica
layer is r, = 171.5 pm, that of the exterior polymer coating is r; = 181.5 pm. The capillary length is
[=76 cm.

Firstly, the thermal conductivities kg, ki kp and kair of the different materials (BGE, fused-silica,
polyimide and air) have to be determined. Under the assumption, that kgcr is independent of the
ions present in the solution, is can be approximated by the thermal conductivity of water. This
value is temperature dependent and was calculated for 9 = 25 °C with a second order polynomial
fit given in Equation (A1.1).

kgge(¥) = 0.5605 4+ 1.998 - 1073T — 7.765 - 107°T2. (A1.1)

By applying this equation, a thermal conductivity of kgce = 0.606 W m-! K- resulted which is in
good agreement with a value of kgge = 0.6 W m-1 K1 that can be found in the literature [88KNO].
Consequently, the result given above was used throughout the complete calculation instead of
using an iterative procedure to always include the temperature dependence of ksce. The other
thermal conductivities are considered as temperature independent in the temperature region
considered. The values are as follows: kf=1.5 Wm-1 K-1, k, =1.55 Wm- K1 (both [92GRO]) and
Kair = 0.025 W m-1 K-1 [88KNO].

After that, the electrical conductivity of the buffer k. has to be determined. It is also a strong
function of the temperature as well as of the composition of the buffer. It can be determined
experimentally by measuring the electrical current I during an electrophoretic measurement that
is generated at a given applied voltage U. With these values Equation (A1.2) can be used.
ke =L (A1.2)

The electrical current during typical experiments is I =10 - 13 pA for U = 25 kV. The following
calculations are undertaken with the upper limit of the electrical current in order to yield a
maximum value for the temperature rise. With the capillary length / = 76 cm and a capillary cross

section area A = mre2 = 1963.5 pm?2 the electrical conductivity emerges as ke = 0.201 S m-1L.

A very important parameter for the calculation of the temperature rise due to Joule heating is the
so called heat transfer coefficient h which defines the possibility to dissipate the heat from the
capillary to the surrounding medium. In the case of this work, a stream of forced air was used to

cool the area around the capillary. In such a case, h can be calculated by Equation (A1.3), which is
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APPENDIX A1 — CALCULATION OF TEMPERATURE RISE DUE TO JOULE HEATING

an empirical estimation for a capillary surrounded by forced air given in [74CHA] relating the

Nusselt number Nu and the Reynolds number Re.

Nu = 0.615Re?466, (A1.3)

The two variable Nu and Re are defined as depicted in Equations (A1.4) and (A1.5).

Ny = s, (A1.4)
kair

Re = d3Vairpair. (A15)
Nair

By combining Equations (A1.3) - (A1.5) one obtains a term for the heat transfer coefficient h given

in Equations (A1.6).

‘131’3irpair)0'466

0.615 (7 kaj

( Nair ar (A16)
ds ’

h =

Hereby, vair is the velocity of the forced air (vVair = 10 m s-1), pair and nair are the density and the
viscosity of air, respectively (pair = 1.184 kg m-3, nair = 1.85 - 10-5 Pa s [83KEE]). All values are given
for 25 °C. The thus calculated result for the heat transfer coefficient is h = 536.4 W m-2 K-1. This is
a typical value for a forced air cooling devise, even though the values given in the literature are

quite scattered. For aliquid cooling devise, h can be higher up to two orders of magnitude [04PET].

Last, the rate of power generation within the capillary volume per unit volume S has to be
calculated as given in Equation (A1.7).
s=L (AL7)
Ke

The current density J is the electrical current I per capillary cross section area A (Equation (A1.8)).
J= 1 (A1.8)

With the values mentioned above, a current density of ] = 6.62 - 103 A m2 arises which leads to a

rate of power generation within the capillary volume per unit volume S =2.18 - 108 W m-3.

Now all the variables in Equation (2.13) are known and the temperature rise due to Joule heating
can be calculated. The results for typical experimental current regions are given in Section 2.1.3.
According to this, the temperature rise is smaller than 1°C and thus does not significantly
influence the measurements. Nevertheless, it has to be noted that the current in some experiments
concerning the determination of stability constants (see Section 4) is considerably higher due to
low pH values in the samples. In such cases the temperature rise is higher than in standard

experiments and the results have to be checked thoroughly.
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APPENDIX A2 — CALCULATION OF UNCERTAINTIES

For the determination of the temperature profile shown in Figure 3, the temperature rise in all
three different zones of the capillary was calculated separately. The formulas used are given in
Equation (A1.9) (for the BGE region inside the capillary), Equation (A1.10) (for the fused silica
layer) and Equation (A1.11) (for the BGE region inside the capillary). The variable r is always the

radius measured from the center of the capillary.

=St (1 () A19
I -1= 4kBGE (1 (Tc) ) ( )
T(r)-T, = S;,gj In (2). (A1.10)
S 2
T(r)—T, = erch, (A1.11)

APPENDIX A2 — CALCULATION OF UNCERTAINTIES
The estimation of the uncertainties was conducted, unless not stated otherwise, on basis of a
Gaussian error propagation.

The uncertainty of the electrophoretic mobility Au is given by Equation (A2.1). The errors of the
capillary length /, of the migration times t; and tgor and of the high voltage U were setas 41 = 0.3 cm,
Ati=Atgor =5 sand AU = 0.1 kV.

2 2 2
b j(g_f;m) P(Za0) (2 + (2 st
2
(G- o) + (5 w0 +

12 2 12 2
QN NATES

U-tgor

2

(A2.1)

=+

For the stability constants 8; the errors resulting from the fitting operation given by the Origin 7
software were adopted. The errors of the log(8;) were from that calculated using Equation (A2.2).

N » A2.2
Alog(B) = 0T -

The uncertainties of the activity values resulting from LSC measurements were + 2% deduced
from the 10 000 counts or 15 min measuring time criterion. Since the previously conducted liquid-
liquid extraction is also a source of error which was expected to have a greater impact on the

overall error, £ 5% was set as the total uncertainty range.

The error range of the rate constants k that were determined in the kinetic manuscript [18WIL]
(see Section 5.2.1) is based on a standard deviation of different measurement series. In the
investigations presented in Section 5.3 after the manuscript just one measurement series for each

rate constant k was performed. Consequently, no standard deviation error could be calculated and
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the error was thus set as the average value obtained from the kinetic investigations to be 4k = 8%.
The errors of the corresponding half-lifes ti;, were calculated based on these values by

Equation (A2.3).

Aty = i\/(a;;k/mk)z - i\/(—“;%-zlk)z. (A2.3)

In ICP-MS measurements, counts per second cps are obtained. The uncertainty is given by the
evaluation software in terms of the relative standard deviation RSD, which is defined by the
quotient of the standard deviation of a data set SD and the absolute value of the mean of the data
set | x| as given in Equation (A2.4).

RSC = % 100. (A2.4)

The peak areas Apeak in the electropherograms resulting from CE-ICP-MS measurements are
evaluated with the MassHunter Workstation software. The peak boundaries are set manually and
it was tried to define similar peak markers in order to minimize the errors. Nevertheless this leads

to a quite high uncertainty which was set as 44peak = + 10%.
The uncertainties which are set as fixed values are listed in the following.
pH: +0.1
mass m: t1mg
capillary lengthI: @+ 0.3 cm
migration timet: +5s

high voltage U: +0.1kV
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APPENDIX A3 - DETAILS ABOUT EXPERIMENTAL PROCEDURES

GAMMA SPECTROMETRY

The y-spectra were measured with a high-purity Ge-detector (GMX-13280-S, EG & G ORTEC, USA)
with a Canberra InSpector 2000 DSP Portable Spectroscopic Workstation (model IN2K, Canberra
Industries Inc., USA) and Genie 2000 Gamma software (V. 3.0, Canberra Industries Inc., USA). The
gamma-ray spectrometer was calibrated with a multiple gamma-ray emitting solution (serial

number: 1850-27, Eckert & Ziegler Isotope Products, Braunschweig, Germany).
PH MEASUREMENTS

pH values were determined using a pH electrode (BlueLine 16 pH, Schott, Mainz, Germany) with
a pH/En meter (inoLab/Cond 720, WTW GmbH, Weilheim, Germany). Before every measurement,
the electrode was calibrated by a three-point calibration with pH buffer solutions at pH 4.01,
pH 6.86 and pH 9.81 (all HANNA Instruments, Woonsocket, Rhode Island, USA). The errors of the

measured pH values were in general assumed to be * 0.1.
ELECTRICAL CONDUCTIVITY MEASUREMENTS

The electrical conductivity was measured using a standard conductivity cell (TetraCon 325, WTW,
Weilheim, Germany) with a pH/E, meter (inoLab/Cond 720, WTW GmbH, Weilheim, Germany).

The errors of the measured electrical conductivity were in general assumed to be + 1.0 mS cm-1.
LLE/LSC MEASUREMENTS

In some experiments liquid-liquid extraction (LLE) was used for the separation of different
oxidation states of actinides. The basic principle of this technique are differences in the solubility
and in the complexation behavior of the respective oxidation states of the actinides in two
different, non-mixable phases. In the present work, for the separation of Np(V) and Np(IV) ions,
3 M HDEHP (2-bisethylhexylphosphate) in toluene was used as the organic phase and 1 M HCl
solution as the aqueous phase. The plutonium oxidation states Pu(Ill), Pu(IV), Pu(V) and Pu(VI)
as well as colloidal Pu were investigated by a combined LLE procedure using both a 0.5 M HDEHP
in Toluol/1M HCI system and a system containing 0.025M PMBP (4-benzoyl-3-methyl-1-
phenylpyrazole-5-one). The methodology is based on the description of Nitsche et al. [B8NIT].
After the addition of the actinide solution to be separated the two-phase mixture was shaken
vigorously on a vortex mixer (SA8, Stuart, Staffordshire, UK). Following, the two phases were
reseparated by centrifugation (3K30, Sigma, Osterode am Harz, Germany) for 5 min at 5000 rpm.
From each phase, 500 pL. were taken and given to 10 mL Ultima Gold XR LSC cocktail

(PerkinElmer, Waltham, Massachusetts, USA). For quantification, liquid scintillation counting
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(LSC) was applied (300SL, Hidex, Turku, Finland). The measurements were programed to stop
either when 10 000 counts were detected or after 15 min, in dependence on witch criterion was
reached first. This correlates to an uncertainty of 2%. A background measurement was conducted
before every series and the background counts were substrate automatically by the data

processing software.

164



APPENDIX A4 - SUPPORTING INFORMATION FOR THE MOBILITY PAPER
(SEcTION 3.3)

Supporting Information

Investigation of the Electrophoretic Mobility of the Actinides
Th and U-Am in Different Oxidation States

Christian Willberger*, Samer Amayri, Verena HauRler, Raphael Scholze, Tobias Reich*

Institute of Nuclear Chemistry, Johannes Gutenberg University Mainz, 55099 Mainz, Germany

*Corresponding Authors

E-Mail: willberg@uni-mainz.de, treich@uni-mainz.de

Contents:

S-1: Detailed calculations for the acetate speciation of the metal ions and the resulting mean effective
charge qer.

Table S-1: Species distribution of 5 - 107 M metal ion in 1 M acetic acid at pH 2.38 calculated with
Visual MINTEQ®.

References

165



APPENDIX A4 - SUPPORTING INFORMATION FOR THE MOBILITY PAPER (SECTION 3.3)

S-1: Detailed calculations for the acetate speciation of the metal ions and the resulting mean effective
charge qer.

The calculations were conducted with the program Visual MINTEQ, (version 3.1)%. The pH value and the
concentrations of the different components were set as follows based on the experimental conditions
used in this work.

c(acetate)=1.0M
c(Eu(IN), Am(Il1), Th(IV), Np(V), U(V1)) =5 - 107 M
pH =2.38

Based on the stability constants given in the literature, a species distribution of the different metal-
acetate complexes was calculated. The detailed results are given in this supplementary section. The
stability constants are taken from the ANDRA database? for the actinides U(VI), Np(V) and Th(IV) and
from the NIST Database? for trivalent metal ions Eu(lll) and Am(lll).

Eu(lll): log(By) = 2.77, log(B,) = 4.71, log(Bs) = 5.52
Am(Ill): log(By) = 2.8, log(B,) = 4.62, log(Bs) = 5.51

Th(IV): log(B1) = 5.24, log(B,) = 9.44, log(Bs) = 12.56, log(Bs) = 14.38, log(Bs) = 15.37
Np(V): log(B:) = 1.32, log(B,) = 3.42, log(Bs) = 3.57

U(VI): log(By) = 3.02, log(B,) = 5.20, log(Bs) = 7.03

Knowing the distribution of the different species an effective charge g of the respective ion was
calculated as the weighted average charge taking into account all species according to the following
formula.

_ Ziqia;

Qeff = — 150 (Eq.S-1)
where g; is the charge of the species and a; is the corresponding fraction in percent.

The results of these calculations are summarized in Table S-1. The acetate ligand is abbreviated as Ac.
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Table S-1: Species distribution of 5 - 107 M metal ion in 1 M acetic acid at pH 2.38 calculated with
Visual MINTEQ®.

Metal ion Species Charge qi Percentage/% Effective
charge qest

Eu®" 3 30.9
EuAc* 2 53.1

Eu(lll) 5 15
EuAcy* 1 15.6
EuAc; (aq) 0 0.4
Am** 3 30.7
AmAc? 2 56.4

Am(Ill) 517
AmAc,* 1 12.5
AmAc; (aq) 0 0.4
Th* 4 0.0
ThAC* 3 0.3
ThAc,%* 2 15.0

Th(IV) 0.97
Tl"lACg,+ 1 66.7
ThAcs (aq) 0 171
ThAcs -1 0.8
NpOz+ 1 88.7
NpO,Ac (a 0 7.2

Np(v) — 0.85
NpOzAcz -1 4.1
NpOZACZZ_ -2 0.03
uo,™ 2 13.8
UO,Act 1 48.7

u(vi) 0.68
UO2Ac; (aq) 0 28.7
UO,ACy -1 8.7

References:

(1) Gustafsson, J. P.: Geochemical equilibrium speciation model. Visual MINTEQ Ver. 3.1. KTH,
Department of Land and Water, Resources Engineering, Stockholm, Sweden, 2014.
http://vminteq.lwr.kth.se/download/

(2) Smith, R. M. NIST 46.6, 2003.

(3) Richard, L.; Grivé, M.; Druo, L. Andra-TDB7 Task 3 — Organics Amphos 21, 2011.
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(series2)atU=10kV and | =0.3 M.
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Figure S7: Electropherograms of the stability constant determination with the acetate ligand for Np(V)
(series3)atU=10kVand | =0.3 M.
Figure S8: Electropherograms of the stability constant determination with the acetate ligand for U(VI)
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Appendix A5 - Detailed Sample Preparations, Results and Electropherograms from

Stability Constant Determination
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Figure S1: Electropherograms of the stability constant determination with the acetate ligand for Am(lIl)

(series1)at U=10kV and /=0.3 M.
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Figure S2: Electropherograms of the stability constant determination with the acetate ligand for Am(lIl)

(series2)atU=10kV and I =0.3 M.
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Figure S3: Electropherograms of the stability constant determination with the acetate ligand for Th(IV)

(series1)at U=10kV and /=0.3 M.
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Figure S4: Electropherograms of the stability constant determination with the acetate ligand for Th(IV)

(series2)at U=10kV and /=0.3 M.
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Figure S7: Electropherograms of the stability constant determination with the acetate ligand for Np(V)

(series3)at U=10kV and /=0.3 M.
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Figure S8: Electropherograms of the stability constant determination with the acetate ligand for U(VI)

(series1)at U=10kV and /=0.3 M.
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Figure S9: Electropherograms of the stability constant determination with the acetate ligand for U(VI)
(series 2) at U=10kV and / =0.3 M. The sample with pH = 1.01 was measured twice with consistent
results.
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A5.1 ACETATE

Table S1: Detailed sample composition and experimental results of the Am(lll) acetate series 1.

addition of

(total sample volume V=20 mL)

retention time/s

electrophoretic

d
3mmm_“8 free [AcO)/M mobility/
P 10* cm?vis?
HCIO4 (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/
tan/s teor/s
uL uL mg
1.00 9.48 - 107 172 0 565 498 851 4.82
2.60 0.00373 0 0 837 574 946 3.95
2.98 0.00879 0 10 815 598 976 3.74
3.22 0.0150 0 20 820 617 975 3.44
3.61 0.0342 0 50 785 646 946 2.83
3.89 0.0591 0 89 717 667 935 2.48
4.15 0.0926 0 155 627 699 922 2.00
4.48 0.147 0 245 499 725 885 1.44
4.82 0.203 0 380 308 727 847 1.13
5.46 0.270 0 590 14 760 849 0.80
5.67 0.281 0 605 0 779 851 0.63
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endix A5 - Detailed Sample Preparations, Results and Electropherograms from

Stabili

A

Constant Determination

Table S2: Detailed sample composition and experimental results of the Am(lll) acetate series 2.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

EmMm_m_\_Ba free [AcO]/M mobility/
10* cm?Vvis?t
HClO, (11.6 M)/ NaOH (10 M)/ NaClO,-H,0/ t/s ror/s
uL uL mg
1.02 9.93-10° 174 0 561 489 867 5.10
1.92 0.000787 20 0 806 546 969 4.58
2.63 0.00399 0 0 839 578 990 4.13
3.11 0.0117 0 13 825 598 989 3.79
3.34 0.0194 0 25 806 620 977 3.38
3.80 0.0499 0 73 738 656 936 2.61
3.99 0.0708 0 110 690 683 943 2.32
411 0.0868 0 140 648 682 917 2.16
4.25 0.108 0 180 587 704 910 1.85
4.45 0.141 0 260 477 699 870 1.61
4.68 0.181 0 340 366 725 872 1.33
4.90 0.215 0 420 254 732 863 1.18
5.15 0.245 0 490 153 765 885 1.01
5.61 0.278 0 600 0 917 1073 0.91
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A5.1 ACETATE

Table S3: Detailed sample composition and experimental results of the Th(IV) acetate series 1. This series was not used for data evaluation due to
inconsistent results.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

Bmﬂm_“ﬂma free [AcO]/M mobility/
HClO, (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/ 107 em?V7s®
ul il me tan/s teor/s
1.01 9.70- 10° 172 0 564 518 859 4.44
1.52 0.000314 52 0 760 599 934 3.46
1.97 0.000883 17 0 817 627 936 3.00
2.21 0.00153 9 0 828 652 937 2.66
2.63 0.00399 0 0 844 680 919 2.19
3.05 0.0103 0 8 831 764 1008 1.81
3.15 0.0128 0 15 823 740 914 1.47
3.28 0.0170 0 20 814 744 908 1.39
3.43 0.0235 0 31 800 848 959 0.78
3.64 0.0364 0 48 773 857 936 0.56
3.81 0.0509 0 73 741 940 980 0.25
4.00 0.0721 0 108 689 936 926 -0.07
4.18 0.0971 0 155 624 990 903 -0.56
4.39 0.131 0 215 539 1048 903 -0.88
4.57 0.162 0 280 450 1175 913 -1.41
4.76 0.194 0 350 350 1251 923 -1.64
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endix A5 - Detailed Sample Preparations, Results and Electropherograms from

Stabili

A

Constant Determination

Table S4: Detailed sample composition and experimental results of the Th(IV) acetate series 2.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

measured free [AcO]/M mobility/
pH HCIO, (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/ 10 cm2V-is
ul i me tan/s teor/s
1.01 9.70 - 10° 172 0 560 552 859 3.79
1.50 0.000300 52 0 757 625.08 943 3.16
1.88 0.000718 19 0 809 703 980 2.36
2.20 0.00150 9 0 823 765 974 1.64
2.60* 0.00373 0 0 839 923 975 0.34
2.83 0.00628 0 4 834 867 973 0.73
3.04 0.0101 0 10 830 909 974 0.43 2
3.19* 0.0140 0 15 820 845 966 0.87 -
3.29 0.0174 0 21 815 915 968 0.35
3.39%** 0.0216 0 32 808 832 969 0.99
3.60 0.0335 0 50 787 964 1004 0.24
3.78 0.0480 0 75 763 956 990 0.21
3.97 0.0684 0 110 726 950 978 0.18
4.16 0.0941 0 155 673 974 978 0.02
431 0.118 0 215 623 993 995 0.01
451 0.152 0 285 541 1052 981 -0.40
4.67 0.179 0 350 464 1070 1017 -0.28

* outliners, not used for data evaluation

** two peaks were detected in this electropherogram, the second one was assigned to the acetate species



A5.1 ACETATE

Table S5: Detailed sample composition and experimental results of the Np(V) acetate series 1.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

d
measure free [AcO]/M mobility/
PH 10* cm?vist
HCIO4 (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/
tan/s teor/s
uL uL mg
1.06 0.000109 205 0 508 602 808 2.39
2.12 0.00125 15 0 819 705 956 2.09
2.94 0.00804 12 19 796 708 951 2.03
4.04 0.0772 60 190 478 757 909 1.24
5.08 0.238 60 440 127 786 826 0.35
6.01 0.291 13 480 147 772 783 0.10

181



endix A5 - Detailed Sample Preparations, Results and Electropherograms from

Stabili

A

Constant Determination

Table S6: Detailed sample composition and experimental results of the Np(V) acetate series 2.

addition of

(total sample volume V=20 mL)

retention time/s

electrophoretic

measured free [ACO']/M mobility/
PH 10* cm?vis?t
HClO, (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/ /s bron/s
uL uL mg
1.12 0.000125 170 0 568 621 849 2.43
1.97 0.000883 17 0 813 705 965 2.15
2.56 0.00341 0 0 837 708 978 2.19
2.95 0.00822 0 10 829 720 966 1.99
3.08 0.0110 0 20 816 721 958 1.93
3.40 0.0221 0 39 789 724 945 1.81
3.62 0.0349 0 73 740 732 923 1.59
422 0.103 0 130 662 752 851 0.87
4.40 0.133 0 215 542 764 858 0.80
4.63 0.172 0 315 400 769 830 0.54
5.06 0.235 0 410 267 904 958 0.35
5.45 0.270 0 490 154 911 936 0.17
5.70 0.282 0 515 103 927 953 0.20
5.99 0.291 0 540 85 941 956 0.10
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A5.1 ACETATE

Table S7: Detailed sample composition and experimental results of the Np(V) acetate series 3.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

measured free [ACO']/M mobility/
PH 10* cm?vis?t
HClO, (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/ b/ bron/s
uL uL mg
1.96 0.000863 17 0 814 691 937 2.13
2.54 0.00325 0 0 843 711 959 2.05
2.87 0.00687 0 10 829 698 935 2.04
3.07 0.0108 0 20 812 705 932 1.94
3.30 0.0178 0 39 788 712 920 1.79
3.65 0.0371 0 73 742 724 911 1.59
3.96 0.0672 0 130 661 743 876 1.14
441 0.135 0 215 542 779 883 0.85
4.68 0.181 0 315 400 794 861 0.56
5.15 0.245 0 400 265 807 845 0.32
5.42 0.268 0 490 135 788 814 0.23
5.70 0.282 0 530 60 799 822 0.16
5.92 0.289 0 570 0 796 819 0.20
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Stabili

A

Constant Determination

Table S8: Detailed sample composition and experimental results of the U(VI) acetate series 1.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

3mm_um_u8a free [AcO]/M mobility/
HCIO, (11.6 M)/ NaOH (10 M)/ NaClO,-H,0/ 10% emV7s™
ul il me tan/s teor/s
191 0.000769 17 0 813 657 984 2.92
2.50 0.00297 0 0 839 718 995 2.24
2.92 0.00769 0 10 828 814 988 1.25
3.12 0.0120 0 20 816 911 969 0.38
3.17 0.0134 0 39 789 904 960 0.37
3.36 0.0203 0 73 741 1068 1006 -0.33
3.70 0.0410 0 130 661 1108 946 -0.89
4.06 0.0799 0 215 541 1132 908 -1.26
4.35 0.124 0 315 401 1123 885 -1.38
4.80 0.200 0 415 260 1077 851 -1.43
5.14 0.244 0 490 154 1054 828 -1.49
5.44 0.269 0 538 87 1045 810 -1.60
5.76 0.284 0 560 56 1029 796 -1.65
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A5.1 ACETATE

Table S9: Detailed sample composition and experimental results of the U(VI) acetate series 2.

addition of

(total sample volume V =20 mL)

retention time/s

electrophoretic

3mm_um_“8Q free [AcO]/M mobility/
HClO, (11.6 M)/ NaOH (10 M)/ NaClO4-H,0/ 10% emV7s™
ul ul me tan/s teor/s
1.01 9.70 - 10° 172 0 566 559 835 3.42
1.92 0.000787 17 0 813 641 950 2.93
2.62 0.00390 0 0 838 716 986 2.21
3.02 0.00962 0 10 831 916 1167 1.36
3.24 0.0156 0 20 816 1183 1346 0.59
3.53 0.0290 0 39 787 1079 1011 -0.36
3.75 0.0453 0 73 743 1566 1275 -0.84
3.99 0.0708 0 130 660 1028 851 -1.17
4.35 0.124 0 215 541 1008 818 -1.33
4.63 0.172 0 315 461 2580 1607 -1.35
5.01 0.229 0 415 261 1008 799 -1.50
5.11 0.241 0 490 156 1000 793 -1.51
5.23 0.253 0 538 87 984 781 -1.53
5.52 0.274 0 590 16 1008 781 -1.67
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Appendix A5 - Detailed Sample Preparations, Results and Electropherograms from
Stability Constant Determination

Table $10: Comparison of the log A° values for Th(IV) acetate complexes(/ = 0).

log /&°
i | Davies (see Tab. 6) SIT ANDRA! NIST?
1 4.73+£0.16 4.83+0.37 | 5.24+0.15 | 4.69
2 8.92+0.09 9.04+0.31 | 9.44+0.15 | 8.18
3 12.16 £0.11 12.28 +0.34 | 12.56 £ 0.50 | 10.85
4 12.96 £ 0.87 13.03+1.11 ] 14.38+0.50 | 12.44
5 14.39+£0.16 14.43+0.46 | 15.37+£1.00 | 13.04

Table S11: SIT parameters &i,j) used for the extrapolation to /= 0 in Table S10.

i J &i, j) kg/mol reference
Th* Cloy 0.70 £ 0.10 3
[Th(AcO)]** Clos 0.6+0.1 4"
[Th(AcO),]* Clos 0.4%0.1 4"
[Th(AcO)s]* Clos 0.2+0.01 4"
[Th(AcO)a4](aq) (ol[o)y 0+0.1 4
[Th(AcO)s Na* -0.05+0.1 4
AcO Na* 0.08+0.01 3

* estimated value
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A5.1 ACETATE

Detailed equations employed for the fitting procedure for each actinide-acetate system.

U(vI):i=0,1,2,3

_ #0(U0,*")+u([U0,(AcO)I*)-B([UO, (AcO)] ") [AcOT]+4([UO, (AcO)z]aq)-B([UO2(ACO)z]ag) [AOT]?+1([UO, (AcO)3]7)-B([UO, (AcO)5]7)-[AcO]? (s1)
Heft 1+B([U0,(ACO)] ) [AcO~|+B([U0, (ACO) 5 ]aq ) [ACO~12+B([UO, (ACO)3]7)-[ACO—]3
Np(V):i=0,1
_ #0(NpO,*)+u(INpO, (AcO)]aq)-B([NPO, (AcO)]ag)-[AcO"] (52)
Heff 1+B(INpO,(AcO)|5q)[AcO]
Th(IV):i=0,1,2,3,4,5
Hesr =

#o(Th**)+u([Th(Ac0)]3+)-B([Th(Ac0)13*)-[AcO™]+u([Th(Ac0)2]2%)-B([Th(Ac0),]%*)-[AcO™ ]2+ u([Th(Ac0)3]%)-B([Th(Ac0)3] *)-[AcO™]3 +u([Th(AcO) 4]aq)-B(ITh(AcO) 4]aq)-[AcO~1*+u([Th(Ac0) 5]7)-B([Th(Ac0) 5] 7)[AcO™]5
1+B8([Th(Ac0)13+)-[AcO~]+B([Th(Ac0)2]2+)-[AcO~]2+ B ([Th(Ac0)3]*)-[AcO~]3+B([Th(AcO) 4]aq)-[AcO™]*+B([Th(AcO)5])-[AcO~]5

(S3)

Am(Ill):i=0,1,2,3

_ po(Am**)+u([Am(Ac0)]?*)-B([Am(Ac0)]?*)[AcO™]+u([Am(Ac0),])-B([Am(Ac0),]*)-[AcO™ ]2 +u([Am(Ac0)3]aq)-B([Am(AcO);3]aq) [ACO]® (54)
Heff = 1+B([Am(Ac0)]2+)-[AcO~]+B([Am(AcO),]*)-[AcO~]2+B([Am(ACO) 3]2q) [ACO™]3
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A5.2 PROPIONATE

A5.2 PROPIONATE

Table A1: Detailed sample composition of the measurement series for the determination of

the stability constants of actinides with propionate.

addition of

(total sample volume V =20 mL) c(Pro)/M

pH* HClO, with
(11.6 M)/ NaOH (10 M)/ | NaClO4-H20/ pKA(0.3 M) = 4.60**
uL uL mg

0.73 260 0 412 4.05-105
0.81 180 0 532 486105
1.06 110 0 652 8.65-105
1.13 80 0 704 1.02-10+
1.31 48 0 759 1.54-10+
1.49 30 0 790 2.33-10+
1.60 20 0 807 3.00-10+
1.73 10 0 823 4.04-10+
1.87 5 0 831 5.58-10+
1.19 2 0 834 6.11-10+
2.00 0 0 831 7.52-104
2.10 0 3 830 9.46 - 104
2.24 0 8 789 1.30-103
245 0 16 810 2.11-103
2.74 0 24 799 4.08-103
3.18 0 55 800 1.10-102
3.42 0 86 781 1.86-102
3.81 0 114 715 419-102
4.22 0 177 602 8.83-102
4.50 0 250 468 1.33-101
4.69 0 310 359 1.65-101
4.89 0 370 295 1.98-101
5.15 0 450 181 2.34-101
5.46 0 520 109 2.64-101

* measured after actinide addition
** calculated by Equation (4.7) (based on pK.(0 M) =4.87 [04MAR])
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Stability Constant Determination

Table A2: Experimental results of the actinide-propionate measurements. For the missing

values no evaluable signal was obtained.

electrophoretic mobility/

oH migration time ¢;/s tEZF/ 104 cm2V-1g-1
Am(IIT) | Th(IV) | Np(V) | U(VD) Am(III) Th(IV) Np(V) u(vi

0.73 467 520 616 563 831 §541+0.16 ] 416+0.13 §242+0.09 ] 3.30+0.11
0.81 487 578 591 860 §5.14+0.14 ] 3.27+0.10 3.06+0.10
1.06 525 611 692 647 949 §1491+0.13 ] 3.37+£0.09 §2.25+0.07 ] 2.84+0.08
1.13 538 632 712 671 971 §4.79+£0.12 ] 3.18+0.09 §2.16+0.07 |} 2.66+0.08
1.31 518 623 671 643 889 §4.65+0.13 ) 2.77+0.09 §211+0.08 ] 2.48+0.08
1.49 549 643 718 696 974 §459+0.12 ] 3.05+0.09 §212+0.07 |} 2.37+0.07
1.60 529 745 678 672 898 §449+0.12 ] 1.32+0.07 §2.09+0.08 ] 2.16+0.08
1.73 556 678 723 714 974 §446+0.11 ] 2.59+0.08 § 2.06+0.07 |} 2.16+0.07
1.87 558 722 714 720 963 §435+0.11 ] 2.01+0.07 §2.09+0.07 } 2.03+0.07
1.91 578 936 731 754 985 §413+0.11 ] 0.31+0.04 §2.04+0.07 ] 1.79+0.06
2.00 612 918 780 776 | 1078 | 4.07+0.10 | 0.93+0.04 § 2.05+0.06 ] 2.08+0.06
2.10 627 854 780 842 | 1063 3.78+0.09 ] 1.33+0.05 §1.98+0.06 ] 1.43+0.05
2.24 631 860 776 927 1049 3.65+0.09 ] 1.21+0.05 | 1.94+£0.06 ] 0.72+0.04
2.45 594 827 705 889 929 §1350+£0.10 ] 0.77+0.05 §1.97+0.07 |} 0.28%0.05
2.74 654 891 772 1058 § 1020 § 3.16+0.08 | 0.82+0.05 § 1.81+0.06 | -0.20 £ 0.04
3.18 651 889 747 1081 | 963 | 2.88+0.08 ] 0.50+0.05 § 1.74+0.06 | -0.66 + 0.04
3.42 692 936 785 1185 § 1007 § 2.60+0.07 | 0.43+0.04 § 1.62+0.06 | -0.86 +0.04
3.81 769 1025 849 1318 § 1041 §1.97+0.06 | 0.09+0.04 §1.26+0.05] -1.16+0.03
4.22 794 1054 876 1321 § 1029 § 1.66+0.06 | -0.14 £ 0.04 § 0.98+0.05 | -1.24 £ 0.04
4.50 885 1201 980 1505 § 1132 § 1.42+0.05 | -0.29+0.03 § 0.79+0.04 | -1.26+£0.03
4.69 938 1280 | 1043 | 1607 | 1165 ] 1.20+0.04 § -0.44 +0.03 | 0.58+0.03 § -1.36+0.03
4.89 889 1183 978 1409 | 1061 § 1.06+0.05 | -0.56+0.03 § 0.47 +£0.04 | -1.34+0.03
5.15 905 1260 | 1001 | 1407 | 1061 § 0.94+0.05 § -0.86+0.03 | 0.33+0.04 § -1.34+0.03
5.46 914 1011 § 1399 | 1061 } 0.88 £ 0.04 0.27 £0.04 | -1.31+£0.03
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Figure A1: Electropherograms of the stability constant determination with the propionate

ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [I=0.3 M,

pH=0.73-1.73.
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Figure A2: Electropherograms of the stability constant determination with the propionate
ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [I=0.3 M,
pH=1.87-3.18.
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Figure A3: Electropherograms of the stability constant determination with the propionate
ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [=0.3 M,
pH =3.42 - 5.46.
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A5.3 GLUCONATE

Table A3: Detailed sample composition of the measurement series for the determination of

the stability constants of actinides with propionate.

addition of

(total sample volume V=20 mL) ¢(Glu)/M

pH* (12121(13;)/ NaOH;EEO M)/ NaCl?;éHZO/ pKa,l(o_swl\;lt)h: _—
uL

0.87 625 0 0 5.71-10+
1.17 600 0 0 1.14-103
1.17 565 0 0 1.14-103
1.39 552 40 0 1.88-103
1.40 550 20 0 1.92-103
1.40 550 20 0 1.92-103
1.57 500 0 0 2.84-103
1.67 490 0 0 3.56-103
1.83 485 0 0 5.12-103
2.10 460 0 0 9.40-103
2.27 460 0 35 1.37-102
2.36 450 0 0 1.67-102
2.63 400 0 68 296102
2.75 400 0 0 3.79-102
2.83 300 0 286 4.44-102
3.00 350 20 0 6.13-102
3.37 220 0 145 1.13-101
3.57 250 100 0 1.47-101
3.87 170 70 0 1.97-101
4.10 150 120 0 2.29-101
4.47 50 20 0 2.65-101
4.78 20 10 0 2.82-101

* measured after actinide addition
** calculated by Equation (4.7) (based on pK,1(0 M) = 3.86 [64SIL])
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A5.3 GLUCONATE

Table A4: Experimental results of the actinide-gluconate measurements. Outliner values

that were not considered in the fitting procedure are written in italics, for the missing values

no evaluable signal was obtained.

electrophoretic mobility/

oH migration time ¢;/s tEZF/ 104 cm2V-1g-1
Am(IIT) | Th(IV) | Np(V) | U(VD) Am(III) Th(IV) Np(V) u(vi

0.87 683 1043 798 743 1109 3.24+0.08 | 0.33+0.04 § 2.03+£0.06 | 2.56+0.07
1.17 729 1043 752 771 | 1185] 3.05+0.07 | 0.66%0.03 2.80 +0.07 2.62 +0.06
1.17 780 1145 856 832 | 1185] 2.53+0.06 | 0.17+0.03 1.87+0.05 | 2.06+0.05
1.39 858 1180 869 905 1176 1.82+0.05 | -0.02+0.03 | 1.74+0.05 1.47 £ 0.05
1.40 992 980 | 1445 1.82+0.04 | 1.90+0.04
1.40 881 941 936 | 1334] 2.22+0.05 1.81+0.04 | 1.84+0.04
1.57 969 1229 978 1016 | 1367 § 1.74+0.04 | 0.48+0.03 1.68+0.04 | 1.46+0.04
1.67 1009 991 1058 § 1376 § 1.53+0.04 1.63+0.04 | 1.26+0.03
1.83 965 1156 929 1007 §1225§ 1.27+0.04 | 0.28+0.03 1.50+£0.04 | 1.02+0.04
2.10 1103 1338 1031 § 1178 § 1370} 1.02+0.03 | 0.10+0.02 1.39+0.04 | 0.69+0.03
2.27 1398 1768 1278 | 1508 | 1807 | 0.94+0.02 | 0.07 +£0.01 1.32+£0.03 | 0.63+0.02
2.36 1487 1887 1350 | 1623 | 1901 ] 0.85+0.03 J| 0.02+0.01 1.24+0.02 | 0.52+0.02
2.63 1114 1243 1034 | 1200 J 1229 0.48+0.03 § -0.05+0.03 | 0.88+0.03 | 0.11+0.03
2.75 1897 2444 1694 | 2175 | 2285 0.52+0.01 § -0.17+0.01 | 0.88+0.02 | 0.13+£0.01
2.83 1689 1347 1698 0.02 +0.02 0.89 £0.02

3.00 1292 1452 1218 | 1421 J 1379} 0.28+0.02 § -0.21+0.02 | 0.56+0.03 | -0.12+0.02
3.37 1183 1294 1140 | 1285 | 1205} 0.09+0.03 § -0.33+0.03 | 0.28+0.03 J -0.30+0.03
3.57 1270 1427 1234 | 1389 | 1281} 0.04+0.03 § -046+0.02 | 0.17+0.03 J -0.35+0.02
3.87 1239 1385 1220 | 1365 | 1232} -0.03+0.03 § -0.52+0.03 | 0.05+0.03 | -0.46+0.03
410 1554 1698 1310 | 1496 | 1303 ] -0.71+0.02 | -1.03+0.02 | -0.02+0.02 § -0.57 +0.02
4.47 1369 1618 1361 | 1578 | 1329} -0.13+0.02 § -0.78+0.02 | -0.10+0.02 § -0.69 +0.02
4.78 1401 1708 1387 | 1656 | 1343 ] -0.18+0.02 § -0.92+0.02 | -0.14 +£0.02 § -0.81 +0.02
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Figure A4: Electropherograms of the stability constant determination with the gluconate
ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [I=0.3 M,
pH=0.87 - 1.67.

196



A5.3 GLUCONATE

2.0E+05!300 1.0E+04
1
1
1250
1.5€+05] 8.0E+03
1200
! 6.0E+03
1.0E+05!150
: 4.0E+03
1100
5.0E+04i 50 2.0E+03
! Fanaws aasnn st il ban o}
0.0E+00! 0 . ™. 0.0E+00
| 500 800 1100 1400
___________________________________________ d e e e e e e e e e e e e e e e e, e, ——————— — — —
2.5E+04'300 - ~ 6.0E+04
! pH 2.36
2.0E404!250 L 5.0E+04
1
1200 - L 4.0E+04
1.5€+04!
@ '150 - L 3.0E+04
o 1.0E+04,
> 1100 L 2.0£+04
< 1
N 508403, 5 1.0E+08 &
[o0) ' 2
Q 0.0E+00; 0 0.0E4+00
N 500 800 1100 1400 1700 ' 500 800 1100 1400 1700 2000 e
___________________________________________ d e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
:. 2000 1 - 3.0E+05!500 1 5004
o pH 2.63 2 SEacs. pH 2.75 £
~ | 2.5E+05! | i —
Il 1500 - 1400 406408 S
N L 2.0E+05 2
= 1300 3.0E+04
= 1000 - I 1.5E+05,;
= | 2.0E+04
2 L 1.0E405!
500 1 A | 5.0E+04/100 1.0E+04
1 * |
1
0 ; . 0.0E+00! 0 0.0E+00
800 1100 1400 | 800 1100 1400 1700 2000 2300 2600
___________________________________________ e
500 - ~ 7.0E+04!500 7.0E+04
1
6.0E+04! 6.0E+04
400 1400
5.0E+04, 5.0E+04
1
300 4.0e+041300 4.0E+04
1
200 3.0E+041 500 | 3.0E+04
1
2.0E404! 2.0E+04
100 |
1.0e+04: 100 1.0E+04
1
0 0.0E+00, 0 0.0E+00
1500 1800 2100 | 500 800 1100 1400
1
migration time/s ——Th232 ——Np237
& / —Br79

U238 ——Am241

Figure A5: Electropherograms of the stability constant determination with the gluconate
ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [=0.3 M,
pH =1.83 - 3.00.

* The measurement of the pH = 2.83 sample had to be restarted at 1500 s due to setting

problems. This is why just the results starting from 1500 s are shown.
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Figure A6: Electropherograms of the stability constant determination with the gluconate
ligand for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and [=0.3 M,
pH=3.37-4.78.
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A5.4 CITRATE

A5.4 CITRATE

Table A5: Detailed sample composition of the measurement series for the determination of

the stability constants of actinides with citrate.

c(HznCitr)/M
addition of with pK,1(0.3 M) = 2.86,
(total sample volume V =20 mL) pKa2(0.3 M) =4.22 and
pH* x/mS cm-1 pK.3(0.3 M) = 5.59**
(121.%%)/ (1NSl (13/8/ NaCl?;éHZO/ Cit3- HCit2 H.Cit
uL uL

0.79 172 0 0 38.30 1.49-1011 § 9.41-107 | 2.53-103
1.24 52 0 374 14.19 3.29-1010 f 736-10¢ § 7.03-103
1.69 0 0 737 5.52 7.06-10° | 5.61-105 | 1.90-102
1.88 0 41 788 4.27 2.53-108 | 1.30-10+ | 2.84-102
2.22 0 115 774 4.63 2.38-107 | 5.58-10+ | 5.58-102
293 0 360 577 9.28 1.77-105 | 8.09-103 | 1.58-101
3.16 0 450 495 11.24 6.11-105 | 1.64-102 § 1.89-101
3.33 0 515 431 12.76 1.45-104 | 2.63-102 | 2.04-10!
3.50 0 600 368 14.26 3.27-10+ | 4.02-102 § 2.11-101
3.78 0 710 257 16.92 1.13-103 § 7.32-102 | 2.01-101!
3.89 0 780 205 18.14 1.78-103 | 894-102 | 1.91-101
4.05 0 850 139 19.71 3.32-103 | 1.15-10t § 1.70-101
414 0 960 0 21.00 4.63-103 | 1.30-101 | 1.57-101
4.25 0 1000 0 23.00 6.80-103 | 1.49-10! § 1.39-101
4.45 0 1070 0 24.00 1.30-102 § 1.79-101 } 1.05-101
4.99 0 3070 0 29.00 530-102 | 2.11-10t § 3.58-102

* measured after actinide addition
** calculated by Equation (4.12) - (4.15) (based on pK,i(0M)=3.13, pKa.2(0 M) =4.76,
pK.3(0 M) = 6.40 [0O5SHUM])
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Appendix A5 - Detailed Sample Preparations, Results and Electropherograms from
Stability Constant Determination

Table A6: Experimental results of the actinide-citrate measurements.

electrophoretic mobility/

oH migration time ¢;/s tEZF/ 104 cm2V-1g-1
Am(III) | Th(IV) | Np(V) | U(VD) Am(III) Th(IV) Np(V) U(vI

0.79 616 849 707 680 965 | 3.39+0.09 | 0.82+0.05 | 219+£0.07 | 2.51+0.08
1.24 752 1014 789 818 | 1056 2.21+£0.06 | 0.23+0.04 | 1.85+0.06 | 1.59+0.05
1.69 849 1114 812 900 J 1080 1.45+0.05 | -0.17+0.03 § 1.76 £0.06 | 1.07+0.05
1.88 925 1192 829 954 1091 095+0.04 | -045+0.03 | 1.67+0.05 | 0.76 +0.04
2.22 1016 1268 842 1036 | 1078 ] 0.33+0.04 | -0.80+0.03 | 1.50+0.05 | 0.22 +£0.04
2.93 1214 1332 949 1245 | 1070 § -0.64+0.03 | -1.06 £0.03 | 0.69+0.04 | -0.76 £ 0.03
3.16 1285 1410 | 1021 § 1389 § 1081 ] -0.85+0.03 | -1.25+0.03 | 0.31+0.04 | -1.18+0.03
3.33 1332 1454 | 1060 | 1463 § 1074 ] -1.04+£0.03 | -1.40+0.03 § 0.07+0.04 | -1.43+0.03
3.50 1398 1507 | 1109 | 1532 § 1074 | -1.24+£0.03 | -1.54+£0.03 | -0.17+0.03 | -1.61+0.03
3.78 1476 1568 | 1180 | 1605 § 1060 | -1.54£0.03 | -1.77 £ 0.04 | -0.55+0.03 | -1.85+0.04
3.89 1508 1605 | 1210 | 1659 | 1056 | -1.64 £ 0.04 | -1.87 £ 0.04 | -0.70+0.03 | -1.99 + 0.04
4.05 1529 1628 | 1243 | 1690 | 1047 | -1.74+£0.04 | -1.97 £ 0.04 | -0.87+0.03 | -2.10 = 0.04
4.14 1527 1643 | 1265 | 1712 § 1032 | -1.81£0.04 | -2.08 +0.04 | -1.03+0.04 | -2.22+0.04
4.25 1548 1663 | 1299 | 1730 § 1021 | -1.92+0.04 | -2.18+0.04 | -1.21+0.04 | -2.32+0.04
4.45 1581 1683 | 1319 | 1772 § 1020 | -2.01£0.04 | -2.23+0.04 | -1.29+0.04 | -2.41+0.04
4.99 1561 1634 | 1394 | 1725 | 972 | -2.24+£0.04 | -241+£0.04 | -1.80+0.04 | -2.59+0.05

200



A5.4 CITRATE
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Figure A7: Electropherograms of the stability constant determination with the citrate ligand

for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and I =0.3 M, pH = 0.79 - 3.33.
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Appendix A5 - Detailed Sample Preparations, Results and Electropherograms from
Stability Constant Determination
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Figure A8: Electropherograms of the stability constant determination with the citrate ligand

for the actinides U(VI), Np(V), Th(IV) and Np(V) at U=10kV and I =0.3 M, pH = 3.50 - 4.99.
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APPENDIX A6 - SUPPORTING INFORMATION FOR THE KINETIC PAPER
(SECTION 5.2.1)
Supporting Information

Determination of Kinetic Parameters of Redox Reactions
using CE-ICP-MS: A Case Study for the Reduction of
Np(V) by Hydroxylamine Hydrochloride

Christian Willberger,* Samer Amayri, Tobias Reich*

Institute of Nuclear Chemistry, Johannes Gutenberg University Mainz, 55099 Mainz, Germany

*Corresponding authors

E-Mail: willberg@uni-mainz.de, treich@uni-mainz.de

Contents:

Figure S-1: a) Influence of the temperature on the rate constant of the reduction for different
initial concentrations of HAHCI. b) Influence of the initial concentration of HAHCI on the rate
constant of the reduction for different temperatures. The initial concentration of Np(V) was

always 5 x 10° M.
Figure S-2: Dependence of the rate constant on the concentration of HAHCI.

Figure S-3: Arrhenius plot for determination of the activation energy of the reaction.
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Figure S-1: a) Influence of the temperature on the rate constant of the reduction for different
initial concentrations of HAHCI. b) Influence of the initial concentration of HAHCI on the rate
constant of the reduction for different temperatures. The initial concentration of Np(V) was

always 5 x 10° M.
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Figure S-2: Dependence of the rate constant on the concentration of HAHCI.
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Figure S-3: Arrhenius plot for determination of the activation energy of the reaction.
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LIST OF ABBREVIATIONS

ACE affinity capillary electrophoresis

An actinides

Am americium

Ac acetate

AcOH acetic acid

Ar Argon

BGE background electrolyte

Br bromine

C+D capacitively coupled contactless conductivity detector

CCD contactless conductivity detection

CE capillary electrophoresis

Cf Californium

Cit3- Citrate

Cm Curium

(0(0)7¢ Callovo-Oxfordian clay

cps counts per second

DMF N,N-dimethylformamide

DOM dissolved organic matter

DTPA diethylene triamine pentaacetic acid

EDTA ethylene diamine tetraacetic acid

e.g. exempli gratia 2 for example

EOF electroosmotic flow

ESI-MS electrospray ionization mass spectrometry

etal et alii/et aliae

EXAFS extended X-ray absorption fine structure spectroscopy

Glu- gluconate

GluOH gluconic acid

HzCit citric acid

HA humic acid

HAHCI hydroxylamine hydrochloride

HDEHP 2-bisethylhexylphosphate

HIBA hydroxyisobutyric acid

HOPO hydroxypyridine oxide

HR-SF-ICP-MS high resolution sector field inductively coupled plasma mass
spectrometry

ICP-AES inductively coupled plasma atomic emission spectroscopy

ICP-MS inductively coupled plasma mass spectrometry

ICP-OES inductively coupled plasma optical emission spectroscopy

ISA isosaccharinic acid

L ligand
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LIST OF ABBREVIATIONS

Ln lanthanides

M metal

MC-ICP-MS multi collector inductively coupled plasma mass spectrometry
Me methyl

MS mass spectrometry

NIR near infrared

NOM natural organic matter

Np neptunium

OPA Opalinus clay

ORS octopole reaction system

Pa protactinium

PMBP 4-benzoyl-3-methyl-1-phenylpyrazole-5-one
Pro- propionate

ProOH propionic acid

pH potentia hydrogenii

phen 1,10-phenanthroline

ppb parts per billion

Pu plutonium

RF radio frequency

RSC relative standard deviation

rpm rounds per minute

SD standard deviation

SI systeme international d’unités (international system of units)
SIT specific ion interaction theory

SP-ICP-MS single particle inductively coupled plasma mass spectrometry
SSA 5-sulfosalicylic acid

Th thorium

U uranium

UV-Vis ultraviolet-visible (spectral region)

XAFS X-ray absorption fine structure spectroscopy
XPS X-ray photoelectron spectroscopy
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LIST OF CHEMICALS

All reagents were of pro analysis quality or better. The actinide solutions of 237Np, 239Pu and
241Am were prepared by dilution from in-house stock solutions. The preparation of the
particular stock solution can be found in the respective experimental section.

chemical supplier
acetic acid (99.8%) Riedel-de Haén, Seelze, Germany
acetone Fisher Scientific, Loughborough, United Kingdom

argon gas (4.6)

Westfalen AG, Miinster, Germany

ammonia solution

Merck, Darmstadt, Germany

Bi ICP-MS standard (1000 pug ml-1)

High-Purity Standards, Charleston, South Carolina, USA

2-bisethylhexylphosphate (HDEHP)

Merck, Darmstadt, Germany

2-bromoethanol

Alfa Aesar GmbH & Co KG, Karlsruhe, Germany

2-bromopropane

Merck, Darmstadt, Germany

Ce ICP-MS standard (1000 pg ml-1)

High-Purity Standards, Charleston, South Carolina, USA

citric acid monohydrate

Merck, Darmstadt, Germany

Eu ICP-MS standard (1000 pg ml-1)

Peak Performance, CPI International, Santa Rosa,
California, USA

ethylenediaminetetraacetate (EDTA)

VWR International GmbH, Darmstadt, Germany

Fe ICP-MS standard (1000 pg ml-1)

High-Purity Standards, Charleston, South Carolina, USA

hydrochloric acid (36%)

Fisher Scientific, Loughborough, United Kingdom

hydroxylamine hydrochloride

Merck, Darmstadt, Germany

iron(III) chloride hexahydrate

Merck, Darmstadt, Germany

iron(II) perchlorate

Sigma Aldrich, St. Louis, Missouri, USA

iron(III) perchlorate

Sigma Aldrich, St. Louis, Missouri, USA

MilliQ water (18.2 MQ)

Synergy™ Millipore water system, Millipore GmbH,
Schwalbach, Germany)

nitric acid

Merck, Darmstadt, Germany

perchloric acid (70%)

Riedel-de Haén, Seelze, Germany

1,10-phenanthroline (phen)

Alfa Aesar GmbH & Co KG, Karlsruhe, Germany

propionic acid

Acros Organics, Morris, New Jersey, USA

Rh ICP-MS standard (1000 pg ml-1)

Merck, Darmstadt, Germany

5-sulfosalicylic acid

VWR International GmbH, Darmstadt, Germany

Th ICP-MS standard (1000 pg ml-1)

Accu Trace™, Accu Standard, New Haven, Connecticut,
USA

sodium fluoride

Merck, Darmstadt, Germany

sodium hydroxide (30%,
Suprapure®)

Merck, Darmstadt, Germany

sodium gluconate

Sigma Aldrich, St. Louis, Missouri, USA

sodium perchlorate monohydrate

Merck, Darmstadt, Germany
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LIST OF CHEMICALS

Peak Performance, CPI International, Santa Rosa,

U ICP-MS standard (1000 pg ml-1) California. USA

238(J wires Merck, Darmstadt, Germany

Y ICP-MS standard (1000 pg ml-1) High-Purity Standards, Charleston, South Carolina, USA
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LIST OF UNITS

unit full name (and the respective definition in SI-units)
A ampere

A angstrom (1A =10-10m)

amu atomic mass unit (1 amu = 1.660539 - 10-27 kg)
C coulomb (1V=1A5)

cps counts per second (1 cps=1s1)

g gram (1 g =103 kg)

Hz hertz (1 Hz =1 s'1)

| joule (1] =1kg m2s2)

K kelvin

kg kilogram

L liter (1 L =103 m3)

m meter

m mol per kilogram (1 m = 1 mol kg-1)

min minute (1 min = 60 s)

mol mole

pum micrometer (1 pum = 10-6 m)

M mole per liter (1 M =1 mol L-1 =103 mol m3)
N newton (1 N =1 kg m s-2)

Pa pascal(1 Pa=1kgmls1)

rpm rounds per minute (min-1)

s second

S siemens (1S =1 A2 s3 kg1 m2)

\Y volt (1V=1kgmzA1s3)

wt% weight percent

w watt (1 W =1 kg m2 s3)

Q ohm (1Q=1kgm2A2s3)

212



LIST OF VARIABLES AND CONSTANTS

variable/constant Definition (Units are given in squared brakets.)

a distance from the middle of a central ion to the begirlning of the ionic
vicinity in the Onsager-Fuoss model (see Eq. (2.5)) [A]

A capillary cross section area [umz2]

Apeak peak area [cps = s1]

c concentration [M]

Cn coefficient in Eq. (2.5) given in [310NS]

d> diameter of the fused silica layer of the capillary [pm]

ds diameter of the complete capillary including the polymer coating [pm]

dc inner capillary diameter [um]

e elementary charge (e = 1.602176632 - 10-19 C)

E electric field strength [V cm-1]

£ permittivity [A s V-1 m-1]

€0 permittivity in vacuum (g = 8.854187 - 10-12 A s V-1 m1)

& relative permittivity

Vi activity coefficient of a species i

r twice ionic strength [M]

h heat transfer coefficient between capillary and surrounding medium
[Wm2K-1]

I ionic strength [M]

I electric current [A]

] current density [A m-2]

k Boltzmann constant (k = 1.38065 - 10-2 ] mol-1)

Kair thermal conductivity of the air surrounding the capillary [W m-! K-1]

Kgce thermal conductivity of the BGE [W m-1 K-1]

ke thermal conductivity of the fused silica layer [W m-1 K-1]

k, ther_mal cond_uctivity of the complete capillary including the polymer
coating [W m-! K-1]

Kl double layer thickness [10-9 m]

Ke electrical conductivity [S m-1]

l capillary length [cm]

m mass [kg]

U electrophoretic mobility [cm2 V-1 s-1]

u° electrophoretic mobility for zero ionic strenght [cm2 V-1 s-1]

Metf effective electrophoretic mobility [cm2 V-1 s-1]

N Avogadro constant (N = 6.022 - 1023 mol-1)

N maximum number of ligands in a given actinide-ligand complex system
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List of Variables and Constants

Nu Nusselt Number (dimensionless heat transfer coefficient)

n viscosity [Pa s]

p pressure [Pa]

g mathematical constant (mt = 3.1415962)

q electric charge [C]

et effective electric charge [C]

[0) electric potential [V]

r ionic radius [A]

r radius of the fused silica layer of the capillary [pm]

rs radius of the complete capillary including the polymer coating [pm]

rc inner capillary radius [pm]

Re Raynolds number

Rn vectors in Eq. (2.5) given in [310NS]

Rs Resolution

p density [kg m-3]

RSD relative standard deviation [%]

S rate of power generation within the capillary volume per unit volume
[Wm]

s number of species

SD standard deviation

t time [s]

T temperature [K]

To temperature at the middle of the capillary [K]

Ta ambient temperature of the medium surrounding the capillary [K]

J temperature [°C]

U voltage [V]

%4 volume [m3]

% migration velocity [cm s-1]

Vair velocity of air over the capillary [m s-1]

w baseline width [s]

X mole fraction

Ed| absolute value of the mean of a data set

z charge number

¢ zeta potential [V]
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