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ABSTRACT

The complexation of trivalent curium (Cm(IIl)) with chloride up to its respective saturation concentration
is studied in dependency of the chloride bearing electrolyte (LiCl, NaCl, MgCl,, CaCl,) in the temperature
range of 25 200 °C by time resolved laser fluorescence spectroscopy (TRLFS). At low chloride concentra
tions and temperatures the Cm(Ill) aquo ion dominates the species distribution. However, at both ele
vated chloride concentrations and temperatures speciation is dominated by CmCI?>*(aq) and CmCl5(aq),
and significant molar fractions are even contributed by CmCl; (aq) and CmCly(aq). Conditional stability
constants log f',(t) are determined and extrapolated to the thermodynamic reference state using the
specific ion interaction theory (SIT). Modeling results in standard stability constants log °,(t) with slight
deviation with respect to the valency of the electrolyte. As a result, an average value of log p°,(25 °C)

( 1.16 £0.10) is derived for the formation of CmCl5. The complexation is found to be both endothermic as

well as entropy driven with A4, H° (60.5+1.5) kjmol !, and 4,5° (180.7+3.9)Jmol 'K .

1. Introduction

Nuclear energy is used in about 440 commercial power plants
providing roughly 10% of the world’s civil electricity [1,2]. How
ever, safe disposal of the nuclear waste is still a focus of attention
regarding both fundamental and applied aspects. As actinides are
generated through neutron capture, nuclear fuels contain various
long lived nuclides (e.g. 2*Pu, t;, =2.41 10* a). The waste has to
be safely excluded from the biosphere for time scales of at least
10° years. The generally pursued strategy is disposal in deep geo
logical repositories, located in salt, clay, or crystalline rock forma
tions [3,4]. To this end, thermodynamic data of radioactive
elements is mandatory for a geochemical model describing the
migration behavior of radionuclides in deep rock formations. Given
a repository based in rock salt, highly corrosive brines of high ionic
strengths I are to be expected in case of water intrusion. As chlo
ride is the most abundant inorganic ligand in salt rock repositories,
its weak complexation tendency is easily mitigated by its high con
centration in the resulting brine. While thermodynamic data for
actinides in their most relevant oxidation states is abundant in var
ious databases, most of the data is restricted to ambient conditions
[5,6]. However, near field conditions in a nuclear waste repository
include elevated temperatures as a result of the radioactive decay
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of the stored waste. Depending on the type of repository and waste
form, temperatures up to 200 °C are generally considered. A con
cise review of literature data on aqueous actinide chemistry up
to 90 °C is given by Rao, presenting data on Th(IV), U(VI), Np(V),
Am(III) and Cm(Ill) [7]. The data reviewed contains hydrolysis
and complexation reactions with inorganic and small organic
ligands. Considering complexation of trivalent actinides with
chloride, work perfomed in CaCl, solutions at 25 °C by Fanghdnel
et al. and Konnecke et al. give log 8°;=0.24 £+ 0.03 and log p°, =

0.74 + 0.05 [8,9]. These values were selected for AnCI>* and AnCl}
by the NEA TDB database [5]. Yeh et al. report on the formation of
AmCI$™", giving an increasing log f;(t) from 0.11 % 0.05 at 25 °C
t0 0.38 £ 0.05 at 50 °Cin 1 M NaClO,4 [10]. No ionic strength correc
tions have been performed. This gives rise to a positive reaction
enthalpy of A4,H=19.4+7.4kJmol ', which in turn contradicts
the exothermic estimates of LnCI>* complexes by Choppin et al.
and Moulin et al. of about A,H= 0.21k] mol ! [11,12]. Further
thermodynamic studies on the complexation of lanthanides with
chloride at elevated temperatures will be discussed in Section 3.4
in comparison with the results of this study.

In a previous study on chloride complexation of Cm(III),
Skerencak Frech et al. investigated the formation of CmCl3 in NaCl
in the temperature range from 25 to 200 °C [13]. The authors give a
TRLFS based stability constant of log g°>= 0.81+0.35 at 25 °C.
While spectroscopic evaluation yielded component spectra of
CmCI?*, CmCl3 and CmCls, the thermodynamics of CmCI?* could



not be evaluated due to very low molar fractions of this complex.
This may be considered a consequence of the very limited range
of ligand concentration achievable in NaCl with respect to the com

plex formation. From this, little variation in emission spectra are
obtained, which can lead to an overestimation of the stability
constant of CmCl3, and an underestimation of CmCI?*, accordingly.
As a consequence, sound determination of of CmCI$™* complex
fluorescence spectra benefits from a broader range of spectra,
which can be obtained at higher ligand concentrations. To this
end, chloride baring electrolytes with high solubility have to be
employed, such as LiCl. Also, the use of divalent electrolytes such
as CaCl, increase the ionic strength of the solution, showing similar
effects at medium ligand concentrations. While the stability con

stant provided by Skerencak Frech et al. can be considered an
improvement on previous data, the chloride complexation of Cm
(1) is still not thoroughly evaluated for solution conditions in a
geochemical setting.

In the present study, time resolved laser fluorescence spec
troscopy (TRLFS) in combination with a custom built high
temperature cell is applied to study the formation of CmCI§™*
complexes at t=25 200 °C in solutions of LiCl, NaCl, MgCl,, and
CaCl,. Cm(IIl) is chosen as a representative for trivalent actinides
to determine the thermodynamic data (log p°y(T), 4,H°, A4,5°
4,C°,) of AnCIZ™™* complexes at elevated temperatures based on
a sizable dataset.

2. Experimental section

Concentrations are given in the temperature independent
molal scale (mol (1 kg H,0) ).

2.1. Chemicals

A stock solution of Cm(Ill) at b(Cm(Ill), stock)=2.12 10 °
mol kg ! in perchloric acid was used for sample preparation. The
Cm(III) was obtained by ion exchange chromatography from a
Cf(1Il) source, the isotopic mixture was composed of 89.7% 2*8Cm,
9.4% 2*6Cm and 0.3% 244Cm, with trace amounts of 243Cm, 245Cm
and ?*7Cm, as determined by inductively coupled plasma mass
spectrometry (ICP MS). All chemicals were of analytical grade pur
chased through Sigma Aldrich, Alfa Aesar or Merck, and were used
without further purification. Table 1 provides an overview of the
employed commercial chemical compounds. The samples were
prepared by adding the Cm(IIl) stock solution to solutions with
respective amounts of chloride bearing reagents (LiCl, NaCl, MgCl,,
Ca(l, 4 H,0), to achieve a total concentration of b(Cm(III), sample)
=10 “molkg . To avoid hydrolysis or sorption to the spectro
scopic cell, the conditional pH was kept constant at a proton con
centration of b(H*)=8.9210 2molkg ' by adding HCl for
chloride bearing samples, or HCIO4 for the Cm(III) aquo ion refer
ence. A detailed overview of the measured samples is provided in
the Supplementary information.

Table 1

Table of commercial chemical compounds.
Chemical Name Source Initial Mole Fraction Purification

Purity Method
hydrochloric acid Merck 0.9999 none
lithium chloride Sigma 0.9999 none
Aldrich

sodium chloride Merck 0.9999 none
magnesium chloride Alfa Aesar  0.9999 none
calcium chloride Merck 0.99995 none

tetrahydrate

2.2. Time resolved laser induced fluorescence spectroscopy (TRLFS)

The measurements were performed in a custom built spectro
scopic cell made from Ti/Pd alloy, technical specifications are given
elsewhere [ 14]. The beam of a laser system comprised of a Nd:YAG
pulsed laser (Surelite II, Continuum) and a dye laser unit (Narrow
Scan, Radiant Dyed Laser & Accessoires) was guided to the cell
through a quartz fibre bundle at a repetition rate of 10 Hz. Fluores
cence was collected by the same bundle resulting in a detection
angle of 180°, guiding the emission light to an optical spectrum
analyzer consisting of a polychromator (1200 mm ' grating, Sham
rock 303i, ANDOR) and an ICCD camera (iStar Gen Ill, ANDOR). Cm
(1) in solution was excited at a wavelength of 396.6 nm, lumines
cence spectra were detected from 570 to 630 nm. To avoid interfer
ence of scattering light or short lived luminescence originating
from components of the experimental setup, a delay time of
1.5 ms was employed.

Data treatment was performed with OriginPro 2015G (Origi
nLab Corp., v. 2015G) and MATLAB (The MathWorks, Inc, v.
R2015a). Emission spectra were normalized by total area. Peak
deconvolution was performed as a linear combination of single
emission bands to fit the total emission spectrum. A baseline cor
rection was performed on all spectra necessitated by the invariant
background caused by the fibre bundle.

3. Results and discussion
3.1. Emission spectra

For all electrolytes employed, similar spectra have been
obtained at comparable sample conditions (e.g. t, I, b(Cl )). This
is to be expected, as only ligands in the first coordination shell
affect the fluorescence emission of Cm(III). Hence, spectra of the
LiCl system will be discussed exemplarily for all systems investi
gated, as all significant spectral features occur in this series. Spec
tra of each system are given in the SI for comparison. Emission
spectra at b(Cl )=17.9 molkg T and t=25 200 °C are shown in
Fig. 1.

A decrease in absolute fluorescence intensity of about 80% with
elevation of the temperature is observed independently of the
chloride concentration. This effect is partially attributed to
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Fig. 1. Emission spectra of Cm(lll) in aqueous LiCl solution at t =25-200 °C (b(Cm
(I))=10 “mol kg *, b(Cl )=17.9 mol kg ', b(H*)=8.9-10 2 mol kg ).
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Fig. 2. Normalized emission spectra of Cm(lll) in aqueous LiCl solution at
t=25-200°C (b(Cm(1l1)) =10 7 mol kg ', b(Cl )=179 mol kg ’, b(H*)
=8.9.10 ?mol kg ).

non radiative de excitation from thermally populated levels [15],
while it is also considered to originate from increased quenching
through OH vibrational modes of the aquo ligands [14]. Sorption
to the cell walls can be largely disregarded at the acidic experimen
tal conditions. For further data treatment and discussion, the spec
tra are normalized to the total emission intensity as shown in
Fig. 2.

The emission shifts to larger wavelengths with increasing chlo
ride concentration and elevated temperature. The effect originates
from a decrease in energy of the excited state of the Cm(IIl) ion
through an increase of the ligand field splitting. This is a clear indi
cation of CmCI§™* complex formation. This behavior is also
known for the coordination equilibrium of the Cm(IIl) aquo ion
Cm(H20)35, where the molar fraction of the octa aquo complex
increases with increasing temperature, resulting in a small batho
chromic shift [16]. However, this minor effect is negligible com
pared to very distinctive emission features that can clearly be
attributed to chloride complexation.

3.2. Peak deconvolution

To determine the molar fractions of different Cm(III) complexes,
their respective single component spectra are required. The exper
imentally observed spectrum is the result of the linear combina
tion of those spectra, hence deconvolution of the total emission
yields the single component spectra. Subtractive deconvolution
starting from the Cm(III) aquo ion Cm(H>0)35, which has been con
sidered a single species for this purpose, yields emission bands of
the Cm(III) chloro complexes CmCI$"™* (n=1 4). At high signal
to noise ratio, a subtractive deconvolution approach is usually
sufficient. However, as significant data pretreatment has been per
formed and the noise level is fairly high, a line shape based fit is
employed. Hence, the resulting pure component spectra have been
fitted with a pseudo Voigt line shape, which has been chosen to
account for line broadening throughout the dataset. Deconvolution
results in one band for CmCI?* (595.0 nm), as well as two bands for
CmCl; (587.4nm, 598.5nm), CmCl; (576.9 nm, 604.9 nm), and
CmClz (611 nm, 614.7 nm), each. Attribution of the hypsochromic
satellites to the latter species has been reported in the literature,
and the peak positions match the values reported in literature very
well [8,13,17]. With increasing temperature, the peak positions
remain constant, yet emission bands are slightly broadened
through population of thermally excited states. Different sets of
single component spectra are used for the deconvolution of the
spectra at a given temperature interval (25 50°C, 75 120 °C,
140 180°C, 200 °C, respectively). Within these intervals, changes
of the band shape are negligible. Two examples of emission spectra
and inherent single component spectra at 25 and 200 °C are dis
played in Fig. 3. While the intensity of emissions attributed to both
CmCl; and CmCl, increases, emission intensity of CmCI?* decreases
significantly with increasing temperature. Notably, the ratio of
both emission bands of CmCl; at 587.4 nm and 598.5 nm is also
not constant, but increases with increasing temperature. Further
more, the majority of the hypsochromic band of CmCl; at
577 nm is located outside of the evaluated spectral range, while
the contribution of the hypsochromic band of CmCl; at 611 nm
to the total emission spectrum is very small and only of minor rel
evance even in systems of the highest temperature and chloride
concentration (see residual component at 611 nm at 200 °C in
Fig. 3). Hence, due to their small overall intensity and,
consequently, their large systematic error, these two emission
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Fig. 3. Single-component spectra of the CmCI§ ™* complexes (n =1, 2, 3, 4) and examples of peak-deconvoluted emission spectra of Cm(Ill) at b(Cl )=17.9 mol kg ', and

t=25°C and t = 200 °C, respectively.
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Fig. 4. Molar fractions of the CmQ{’ ™* complexes (n =0-4) as a function of b(Cl ) at t =25 and 200 °C.

bands have not been taken
deconvolution.

into account for spectrum

3.3. Speciation

Relative concentrations of the various Cm(Ill) species in
solution have been derived from the peak areas of the single
component spectra determined from the experimental spectra.
Fluorescence lifetimes have been found to be strictly monoexpo
nential, while the shape of the emission spectrum does not change
even at high delay times. This hints at fast ligand exchange com
pared to the timescale of fluorescence. Hence, no correction for
quantum yield and fluorescence intensity needs to be taken into
account [8]. The accuracy of the method is conservatively esti
mated at 5%. Species distribution diagrams are shown in Fig. 4.

At room temperature and moderate chloride concentrations
the Cm(IIl) aquo ion is the predominant species. At b(Cl )
>5molkg ' CmAZ™* complexes (n=1 4) occur in significant
amounts. A notable feature at room temperature is the formation
of CmCl3 at very similar conditions as observed for CmCI%*. Cm(l;
is found at b(Cl )>12 mol kg ', whereas CmCl does not occur in
any system investigated. At elevated temperatures, larger amounts
of Cm(Ill) chloro complexes are formed, which implies an
endothermic reaction for each complex. While CmCl; makes up a
significant molar fraction at 200 °C over the entire concentration
range investigated, CmCl, is formed only at both very high temper
atures and chloride concentrations above 8 mol kg '. As can be
seen in Fig. 4, the speciation diagrams at elevated temperatures
exhibit more data scattering. This is attributed to a lower signal
to noise ratio in the recorded spectra.

3.4. Thermodynamics

The conditional stability constant ', for the respective Cm(III)
chloro complex is calculated according to

[(,‘mle,3 "’*]

Bn T—7—— (1)
! [Cm3+] qan
Within the validity range of the specific ion interaction theory
(SIT), which is employed as the activity model in this study, all
electrolytes (HCl, LiCl, NaCl, MgCl,, CaCl,) are assumed to be disso

ciated [18,19]. Hence, the total chloride concentration is taken to

be the free ligand concentration b(Cl ). While formation of elec
trolyte complexes (e.g. LiCl (aq), MgCl*, CaCl*) cannot be ruled
out at increased electrolyte concentrations, thermodynamic data
on the formation of these complexes is hardly available at room
temperature, yet completely unavailable at elevated temperatures.
Interaction coefficients for ionic strength corrections, if at all doc
umented, are not available for the solution conditions employed in
this study. For this reason, a well founded estimation of electrolyte
association is not possible, and complete dissociation is assumed
for thermodynamic evaluation at all solution conditions.

Minor changes to a single component’s intensity result in a
change in the calculated stability constant. This fact is of high
importance, if the component either dominates the overall spec
trum or is present in only minute amounts compared to the overall
spectrum. Hence, data of samples with relative species amounts of
<5% or >95% has been omitted in the evaluation of thermodynamic
data. Values of f'n(t) have been determined for n=1, 2, 3, 4 in all
electrolyte systems investigated at various temperatures. The log
B'n(t) show a general trend of increasing values with increasing
temperature at constant chloride concentration and ionic strength.
At a given temperature, log f',(t) decreases with increasing ionic
strength in the range of I=0 6molkg '. Fig. 5 shows log
B'2(160 °C) as a function of I for all electrolytes, clearly exhibiting
the aforementioned trend.

The obtained values for log f',(T) have been used to extrapolate
to the thermodynamic reference state of infinite dilution (I=0,
yi= 1), giving the standard stability constants log °,(T). Employing
the SIT, the log °n(T) are obtained as

log fn(T) log B'4(T)+(A2%), - D(T) Aéen(T)-I @)

The equation takes into account the ion charge coefficient
(42%)a= 6, 10, 12, 12, for n=1, 2, 3, 4, respectively,
the summed binary ion interaction parameter
Aen(T) = Z(&(i,k, Dproducts)  Z(&(i,k,T)educts) for cation i and anion
k, and the Debye Hiickel term D(T) = [A(T) I°?]/[1 + Ba; I°°], with
A and B being temperature dependent parameters accounting for
charge density and ion size. It can clearly be seen in Fig. 5 that
the SIT model fits the data very well at I <6 mol kg ', while at
higher I the data substantially deviates from the model. This is to
be expected, as SIT is limited to low I. Other models like the Pitzer
model are more accurate at very high I.

However, there are reasons for using SIT. Firstly, there are
hardly any temperature dependent Pitzer parameters for actinides
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available in literature. Secondly, determination of the Pitzer inter
action parameter B‘®) at low ionic strengths is not possible due to
insufficient complexation. Furthermore, the SIT model is com
monly used within most databases for actinide research in aqueous
systems, such as the ThermoChimie and NEA TDB databases [5,20].

As can be seen from Eq. (2), regression analysis of log f'n(T) as a
function of I yields both log p°,(T) and Ae,(T). Data obtained for
I<6 mol kg ! hasbeen used in the SIT regression [21]. Determina
tion of log °,(T) in this work is based on a sizable dataset for this
particular complex and is shown alongside literature data in Fig. 6.
log p°5(t) is evaluated for 180 and 200 °C, while log °; 4(t) are not
determined because of very small complex fractions at
I=0 6mol kg . Values for log °, 5(t) in the respective electrolyte
solutions are given in the SI.

Extrapolation to reference state temperature of 298.15 K is per
formed according to the van’t Hoff equation. The integrated van't
Hoff equation is
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Fig. 6. Stability constants log f°,(t) as a function of temperature for different
electrolytes in comparison to literature data.

In case of constant AzH° (T) over the investigated temperature
range a linear relation of log f°,(T) against 1/T is apparent and
ArC°p =~ 0. By applying linear regression to log p°,(T) against 1/T,
AgHe° (Tp) and AgS° are obtained from the regression slope and y
axis intersection, respectively.

All individual experimental data for log °,(T) were weighted by
their respective statistical and systematical errors and have been
fitted in a single van't Hoff regression, given in the SI. Regarding
data consistency within this study it can be seen, that the distribu
tion of log p°,(T) values with respect to the electrolyte at a given
temperature is very narrow. The equation fits the data with very
high accuracy with R? > 0.99. Hence, no extension accounting for
AgC, is needed, yielding the thermodynamic constants and func
tions given in Table 2,

Regression on log f°,(t) of separate electrolytes yields different
values for log p°2(25 °C), and the stability constants appear to be
slightly, yet systematically dependent on electrolyte valency, as
log poo(t, M(I)) < log p°2(t, M(II)) (see Table S02). This might origi
nate from the SIT model, which does not differentiate between
the influence of anions in second shell coordination and anions
in the bulk solution. Furthermore, approximating b(M*,X ) of elec
trolyte MX as I with respect to ion interaction (cf. Eq. (2)) is only
valid for monovalent electrolytes. This could give rise to a slight
dependence on the electrolyte in very weakly coordinating sys
tems. So far, this has not been observed in systems with strong
inorganic or organic ligands.

Compared to available literature data, the results of the present
work show good agreement with previous studies (see Fig. 6). Pre
vious work on temperature dependency of log °(t) for CmCl5 pre
sents slightly larger values at t > 100 °C, yet they agree well within
the margin of error [13]. Data on NdCl3 and ErCl; complexes are in
good agreement with the present work at t > 100°C, however
extrapolation to a value of log °,(25 °C, ErCl3) = 0.04 appears to
be an overestimate [22,23]. Another study on NdCI; exhibits

Table 2

Thermodynamic data for the complex formation of CmCl3. Stability constant
log f°A25 °C), reaction enthalpy 4xH° and reaction entropy 4zS° (T) according to
the reaction: Cm* +2Cl = CmCB.*

log f°A25°C) ~1.16£0.10
AgH® 60.5+1.5 k] mol !
A:S° (T) 180.7+39 Jmol K !

2 The confidence intervals provided are given as expanded uncertainties
U (0.95 level of confidence).



significantly lower values of log °,(t) associated with large errors
in the temperature range of 100 150 °C, which do not exhibit a
van't Hoff behavior [24]. On the contrary, data on the EuCl; com
plex by Migdisov et al. yields higher values over the complete tem
perature range investigated [25].

With respect to log °2(25 °C), this study shows a notably lower
value of 1.16+0.10 compared to values in previous studies on
rare earth elements (REE) of 0.42 0.53 for REECI>* [25], and also a
slightly lower value compared to 0.74+0.03 or 0.81 +0.35 for
CmCl; [5,13]. Still, the general increase of the complex stability with
increasing temperature is represented well, as can be seen from
Fig. 6. This is also represented in the thermodynamic functions
of the reaction enthalpy and entropy. The values obtained in this
study for CmCl; of AzH°=60.5+15]Jmol ' and AS° (T)=
180.7 3.9 mol 'K ' fit those provided by Skerencak Frech et al.
at AgH°=549+45]mol ' and AgS° (T)=168.8+5.5] mol '
K ! well, considering the limited concentration range of the previ
ous study and inclusion of AgC°,=40+10]Jmol 'K ! in their
regression | 13]. The different thermodynamic functions for Cm(III)
and REE(IIT) chloro complexes in literature can be most likely attrib
uted to previous underestimation of the Cm(Cl?* species, which is
hardly observable in the range of Iand b(Cl ) applied in the previous
studies. Trends observed over the entirerange of I and b(Cl ) in four
different electrolytes of this study hint towards a more significant
role of this complex at lower temperatures.

4. Conclusion

In the present work a spectroscopic study on the complexation
of Cm(Ill) with chloride in a concentration range of up to
17.9 mol kg ! at temperatures up to 200 °C in different electrolytes
was performed. TRFLS spectra show the formation of increasingly
coordinated CmCI$™* (n=1 4) complex species with increase of
chloride concentrations and temperature, providing evidence for
the existence of CmCl, for the first time. Temperature dependent
stability constants were determined and extrapolated to the refer
ence state by SIT. The value for log °(t) increases by more than 3
orders of magnitude in the investigated temperature range. Ther
modynamic functions 4,H° and 4,5° were evaluated through van't
Hoff modeling. It was shown that 4,C°, is negligible.

This study emphasizes the relevance of actinide geochemistry
investigations at elevated temperatures, as supposedly weak com
plexation reactions at room temperature, such as chloride com
plexation, are heavily increased in relevance at temperatures
above 100 °C. With respect to the nuclear waste disposal safety
case, experimental data at room temperature may not yield reli
able models for short and medium term repository scenarios.
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