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Curium(lll) Radiation-Induced Reaction Kinetics in Aqueous Media

Gregory P. Horne?*, Travis S. Grimes?, Peter R. Zalupski?, David S. Meeker®®, Thomas E. Albrecht-
Schénzart, Andrew R. Cook¢, and Stephen P. Mezykd*,

Insight into the effects of radiolytic processes on the actinides is critical for advancing our understanding of their solution
chemistry because the behaviour of these elements cannot be easily separated from the influence of their inherent radiation
field. However, minimal information exists on the radiation-induced redox behaviour of curium (Cm), a key trivalent
transuranic element present in used nuclear fuel and frequently used as an alpha radiation source. Here we present a kinetic
study on the aqueous redox reactions of Cm(lll) with radicals generated through the radiolysis of aqueous media. In
particular, we probe reaction kinetics in nitric acid solutions that are used as the aqueous phase component of used nuclear
fuel reprocessing solvent systems. Second-order rate coefficients (k) were measured for the reaction of Cm(lll) with the
hydrated electron (e,q, kK = (1.25 + 0.03) X 10 M s7), hydrogen atom (H*, k = (5.16 + 0.37) X 108 M s), hydroxyl
radical ("OH, k = (1.69 + 0.24) X 10°Ms), and nitrate radical (NOs*, k = (4.83 £ 0.09) X 107 M~! s7%). Furthermore, the
first-ever Cm(ll) absorption spectrum (300-700 nm) is also reported. These kinetic data dispel the status quo notion of Cm(lll)
possessing little to no redox chemistry in aqueous solution, and suggest that the resulting Cm(ll) and Cm(IV) transients could

exist in irradiated aqueous solutions and be available to undergo subsequent redox chemistry with other solutes.

Introduction

One of the main goals behind reprocessing used nuclear fuel
(UNF) is to minimise the heat load and radiotoxicity for the long-
term storage of spent nuclear fuel (SNF) in a geological
repository. This challenge necessitates the recovery of the
heavier transplutonium actinide elements that are typically
long-lived alpha-radiation emitters. Their removal by multi-
recycle strategies can reduce the radiotoxic lifetime of SNF from
300,000 years to just 400 years.! However, recovery of the
trivalent transuranic elements, notably, americium (Am) and
curium (Cm), is complicated by their chemical similarities to the
trivalent lanthanides (Ln) present in far larger amounts from
fuel fission events.?> Consequently, a significant research effort
has been devoted to the development of trivalent f-element
separation technologies, especially using solvent extraction.®14

In addition, the effects of ionizing radiation on the chemical
components of these extraction systems have been, and
continue to be, investigated.’>2° However, the majority of
these studies have overlooked the role of the actinide elements
themselves. Many of these elements have already been shown
to influence the suite of available radiolysis products through
chemical reactions,?-23 and by undergoing radiation-induced
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redox chemistry?426 that ultimately affects the radiation
robustness and performance of a given reprocessing
technology.

The inherent multi-component (predominantly alpha, beta,
and gamma) radiation field present in UNF loaded reprocessing
solvent induces metal ion and extraction ligand radiolysis. In
aqueous environments the actinide ions are more available for
direct reaction with the radiolysis radical species produced from
the aqueous phase constituents, which are predominantly
water, nitrate ions (NO3™), and nitric acid (HNO3):27-28

H,0 w» e,47, H®, *OH, H,0,, H,, Hyg*, (1)
NO5;/HNO; * e~, NO3*, NO;//HNO,, O, H,q". (2)

Many of these aqueous phase radiolytic species have already
been shown to dictate the oxidation state distribution of
actinides under envisioned reprocessing conditions, e.g., for
neptunium (Np) and oxidized Am.?*2¢ This is important
chemistry, as the oxidation state of these actinides controls
their distribution between the aqueous and organic phases. In
contrast, there is minimal information available for the
radiolytically-induced redox behaviour of Cm, despite Cm
isotopes being frequently used as an internal radiation source
to investigate the effects of alpha (a-) particles on both applied
and fundamental systems.?°32 While the measured redox
behaviour of Cm ions (Fig. 1) suggests that Cm(lll) is the only
state present in acidic aqueous solution,33 Sullivan and co-
workers,3* using picosecond pulsed electron radiolysis
techniques coupled with nanosecond spectroscopic time
resolution, reported that Cm(lll) is susceptible to reduction by
the hydrated electron (e,q, E° = -2.9 V)?7 and also oxidation by
the hydroxyl radical ("OH, E° = 2.7 V)?7:
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Fig. 1. Summary of redox potentials (V) for Cm ions in acidic solution.

Cm3* + g5 = CM2* T12(Cm?*) =1.2 X 107 s (3)

2 3 3
Cm?* (+ H,0) = Cm3* k~6 X 104st 21

(4)

CM3 +°0H = Cm* + OH~  T;5(Cm*) =2.0 X 105 s (5)

Cm* (+ H,0) = Cm?3* k~3 X 10%s1.2 (6)

Even higher oxidation states, notably Cm(VIl), have been
proposed to form in cold, basic, agueous solutions through the
reactions of oxide (O*-, the deprotonated form of *OH) and
carbonate (CO3*) radicals.3> However, assighnment of these
radical driven processes and the corresponding approximate
half-life (ty/,) values have been based only on observations of
the growth and decay of UV-visible spectral transients,
attributed to Cm(ll) and Cm(IV) transients. No direct, or
competition kinetics based, measurements have been made for
the instigating radicals, i.e., e, and *OH. Consequently, there
are no available absolute rate coefficients (k) for these
processes, and yet they are essential for the development of
computer models for the prediction of Cm behaviour in
radiation fields under envisioned reprocessing conditions. A
similar understanding is necessary for predicting Cm speciation
under SNF storage conditions,3® and its physiological uptake in
the event of an accidental release of radiological/nuclear
material into the environment.3?

Furthermore, the reactions of both the hydrogen atom (H*, E°
= -2.3 V)?7 and nitrate radical (NOs*, E° = 2.3 — 2.6 V)38 are
arguably more important under recycling conditions because
they are preferentially formed under the concentrated HNO;
solution conditions employed by reprocessing solvent systems:

Hag" + €aq” = H* k=23 X 10°°M1st %

)

HNO; + *OH = *NO3 + H,0  k=1.9 X 107 M-1s1,39 (8)

Despite their importance there are no rate coefficients for their
reaction with Cm(lll).

Hence, to provide a comprehensive understanding for the
radiolytic of Cm(lll) aqueous phase
reprocessing conditions, we present a fundamental pulsed

behaviour under

electron reaction kinetics study, wherein we report rate
coefficients for the reaction of Cm(lll) with radicals (e,4~,H*, "OH,
and NO3°) expected under advanced UNF reprocessing solvent
system conditions from aqueous HNO; radiolysis.

Experimental

Caution! The curium-248 solutions employed in this work were highly
radioactive. Handling was performed in dedicated radiological and
nuclear facilities using well established radiological safety protocols.

2 | Dalton Trans., 2019, 00, 1-7

Materials

Curium-248 (2*8Cm, 1/, = 3.48 X 10° years, E, = 5.16 MeV) was
sourced from on-hand oxide stocks at Idaho National
Laboratory (INL). Nitric acid (HNOs;, >99.999% trace metals
basis), perchloric acid (HCIO4, 299.999% trace metals basis),
hydrochloric acid (HCIl, 2>99.999% trace metals basis),
parachlorobenzoic acid (pCBA, 99%), potassium thiocyanate
(KSCN, =299.0% ACS Reagent Grade), and tertiary butanol
(tBuOH, 299.5% anhydrous) were obtained from MilliporeSigma
(Burlington, MA, USA). Unless otherwise stated, all chemicals
were used without further purification. Compressed nitrogen
(N;) and nitrous oxide (N,O) were purchased from Airgas
(Radnor, PA, USA) with purities = 99.5%. Ultra-pure water (18.2
MQ cm) was used to prepare all aqueous solutions.

Curium Purification

Prior to sample preparation, the Cm-248 stock required
purification and metathesis into HCIO,4 solution. The Cm(lIl)
stock was acidified to ¥6 M H,q* using concentrated HNOs, and
then run through an Eichrom normal resin diglycolamide (DGA)
column. The coordinated Cm(lll) on the column was then
sequentially washed with 6.0 M HNO3; and 8.0 M HCI before it
was eluted with 20 mM HCI. Hydrochloric acid was distilled off
via a series of evaporation cycles and the Cm(lll) residue was
dissolved in 10 mM HCIO,. The resulting Cm(I11)/HCIO, solution
was analysed using a Cary 6000i UV-vis-NIR spectrophotometer
(Agilent, Santa Clara, CA, USA) to determine the concentration
of Cm(lll) recovered (3.7 mM/0.0033 mg) by its absorption (Amax
=396 nm, € =52.9 M1 cm™1).4% This Cm(l11)/HCIO, stock solution
was used to prepare all subsequent samples for irradiation
through serial dilution.

Pulsed Electron Irradiations

Reaction kinetics of Cm(ll1) with radicals (e,q~, H®, "OH, and NO5")
expected under advanced UNF reprocessing solvent system
conditions from aqueous HNOj; radiolysis, were investigated
using the picosecond pulsed electron radiolysis/transient
absorption system at the Brookhaven National Laboratory (BNL)
Laser Electron Accelerator Facility (LEAF).%!

Samples comprised of varying concentrations of Cm(lll) (<
0.27 mM) in aqueous solutions formulated to promote the
formation of specific radicals and measurement of their
associated reaction kinetics:

e  Hydrated Electron (e,q). No-saturated aqueous solutions
of 0.18-0.72 mM HCIO4 and 0.4-0.5 M tBuOH. Direct
decay kinetics of this transient were observed at 720 nm.

e  Hydrogen Atom (H*). N,-saturated aqueous solutions of
73-100 pM pCBA, 0.07-0.10 M HCIO,4, and 10-20 mM
tBuOH. Kinetics were determined using the change in
growth rate of the [pCBA-H*] transient adduct
absorbance directly observed at 365 nm.

e Hydroxyl Radical (*OH). N,O-saturated aqueous solutions
of 73-100 uM KSCN and 10 mM HCIO,. Competition
kinetics with the [SCN],*~ transient observed at 470 nm.

e Nitrate Radical (NOs*). N,O-saturated aqueous solutions

This journal is © The Royal Society of Chemistry 20xx
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of 4.5-6.0 M HNO:s. Direct decay kinetics observed at 630
nm.

Sample solutions were irradiated in 1.0cm optical
pathlength, screw-cap sealed, spectrosil quartz, semi-micro,
Suprasil Starna Scientific Ltd. (lIford, United Kingdom) cuvettes.
Radical decay and growth kinetics were followed using an FND-
100Q silicon diode detector, and digitized by a LeCroy
WaveRunner 640Zi oscilloscope (4 GHz, 8 bit). Interference
filters (~10 nm bandpass) were used for wavelength selection
of the analysing light. Dosimetry was achieved using N,O
saturated solutions of 10 mM KSCN at Apa = 470 nm (G*e = 5.2
X 10™* m?J71).%2 Quoted errors for the presented second-order
reaction rate coefficients (k) are a combination of measurement

precision and sample concentration errors.

Results and Discussion

The measured second-order rate coefficients for the reaction of
Cm(Ill) with e,q~, H®, “OH, and NO5® are summarized in Table 1.

Table 1. Summary of measured second-order rate coefficients for the reaction of
aqueous Cm(lll) with e,q7,H*, “OH, and NO;" at 25°C.

Radical Species k(M1s1)

aq” (1.25 £0.03) X 101
H* (5.16 £0.37) X 108
‘OH (1.69 £ 0.24) X 10°
NOs* (4.83+£0.09) X 107

Hydrated Electron

Kinetics for the reaction of Cm(lll) with e,q~ (Eq. 3) are shown
in Fig. 2. Increasing the concentration of Cm(lll) in solution
afforded a significant decrease in the lifetime of e,;, as
demonstrated by the e, decay traces shown in the inset of Fig.
1 (A). Scavenging of e,q~ by Cm(lll) was complemented by an
observable ingrowth attributed to the Cm(ll) product, the
transient absorption spectrum for which is shown in Fig. 1 (A).
This is the first-ever aqueous solution Cm(ll) spectrum to be
reported, and is consistent with having a A, value at < 240 nm,
as previously presented by Sullivan and co-workers.3* The
corresponding pseudo first-order rate coefficients (k) for the
reaction of Cm(lll) with e,;~ are given in Fig. 1 (B). These data
facilitated calculation of the overall second-order rate
coefficient given in Table 1, as (1.25 £ 0.03) X 10 M~1s1, This
value is essentially diffusion-limited in aqueous solution and
significantly higher than rate coefficients reported for other
trivalent actinide elements: kamy = 1-3 X 108 M1 571, (E° = -
2.3V); kcgy > 3 X 10° Mt 571,21 (E° = -1.60 V); and kg = 1.12
x 10° M1 571,43 (E° = -2.8V). The fast reduction rate coefficient
for Cm(lll) is surprising considering there is a relatively small
favourable difference between the redox potentials for the
Cm(I)/Cm(l1) couple (E° = -2.8 V)* and e,y (E° = -2.9 V)?’.
Overall, these direct kinetic measurements support Sullivan and

This journal is © The Royal Society of Chemistry 2021
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Fig. 2. (A) Transient absorption spectrum measured for Cm(ll) at 0.5 ps after the pulse
for 0.27 mM Cm(lll) in N,-saturated aqueous HCIO,/tBuOH solution. Inset: measured
kinetic traces at 720 nm for pulsed electron irradiated N,-saturated solutions of Cm(lIl)
in HClO,/tBuOH at room temperature. Kinetic data were analysed using a single-
exponential decay function. (B) Second-order determination of the rate coefficient for
the reaction of Cm(lll) with e, . Pseudo-first-order values were corrected for
contributions from the reaction of H,,* with e,4~. The weighted linear fit corresponds to
a reaction rate coefficient of k(Cm(lll) + e,47) = (1.25 £ 0.03) x 101 M~* 571, R = 0.99.

co-workers postulation that e,4~ is capable of reducing Cm(lll)
to Cm(ll), albeit transiently.34

Despite this demonstration of the reduction of Cm(lll) by e,q~,
the extent of this reaction under envisioned UNF reprocessing
conditions is expected to be small due to rapid scavenging of
e,q~ (and its precursor, ey”) by Haq* (Eq. 7 and 9) and NO3™ (Eq.
10 and 11):

Haq® + €pre” = H* k=2.18 X 102 M-157145(9)

NO;™ + epre” = NO3"2"
(10)

k=10 X 1013M1st 4

NOs~ + e,q” = NO5*2- k=9.7 X 10°M-1s1.27 (11)

Hydrogen Atom

The H* is a major radiolytic species under the acidic aqueous
phase conditions employed by UNF reprocessing solvent
systems. Based on H,q* and NO;~ scavenging capacities (ks =
k[Hag*/NO37), 18% and 70% of the available yield of e, and e, q~
are partitioned to Haq* (Eq. 7 and 9), respectively. This affords a

Dalton Trans., 2021, 00, 1-7 | 3
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Fig. 3. (A) Measured kinetic traces of [pCBA-H"] at 365 nm for pulsed electron irradiated
N,-saturated solutions of Cm(lll) in pCBA/HCIO,/tBuOH at room temperature. Kinetic
data were analysed using a double-exponential growth function. (B) Second-order
determination of the rate coefficient for the reaction of Cm(lll) with H*. The weighted
linear fit corresponds to a reaction rate coefficient of k(Cm(Ill) + H*) = (5.16 + 0.37) x 108
M-1st R2=0.99.

significantly higher radiolytic yield — G-value — of H* (>0.06 pmol
J1)27 compared to its value in water. Hydrogen atoms are
ultimately partitioned between NOs™ (Eqg. 12), dissolved oxygen
(Oy, Eg. 13), and UNF solutes, e.g., Cm(lll) (Eq. 14):

NOs~ + H* = HNO;*- k=56 X 10°M7s? (12)
0, +H* > HO,* k=1.2x10° M5 (13)
Cm(Ill) + H* = Cm(ll) + Haq". (14)

Direct observation of H* decay was not possible with our
wavelength range (290 to 1100 nm), as its Amax < 180 nm.*6
Instead, kinetics were determined using pCBA as a probe
molecule, where the increase in pseudo-first-order growth was
measured as a function of added Cm(lll) at constant pCBA
concentration. These data are shown in Fig. 3. The pCBA probe
reacts with H* (Eqg. 15) to yield the corresponding adduct,
[PCBA-H"], which grows in with an observable signal at a A =
365 nm, as shown in Fig. 2 (A):

pCBA + H* = [pCBA-H"]
(15)

k=25 X 10°M1s1.27

4 | Dalton Trans., 2019, 00, 1-7
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As the concentration of Cm(lll) increased, the growth rate of the
[PCBA-H*] adduct correspondingly increases. Fitting these
growths with a double-exponential growth function allow for
calculation of the contribution of the pseudo first-order rate
coefficients for Eq. 14 (from the slower exponential fit values),
as given in Fig. 3 (B). From these values the overall second-order
rate coefficient was then determined to be (5.16 + 0.37) X 108
M- s71, Table 1. The rate of reaction for Cm(lll) with H* is two
orders of magnitude slower than the corresponding e,q~
reduction process, which is typical for these two radical
species.?’” Reduction of Cm(lll) by H* was not expected to be as
rapid as eyre”, as the redox potential for H* (E° = -2.3 V)?7 is much
lower than the Cm(IIl1)/Cm(Il) couple (E° = -2.8 V)*4.

This H* atom rate coefficient is again much faster than
reported for other trivalent actinides, kpyqy <1 X 10® M1s71
and kypuy = 6.3 X 107 M1 5714 Nevertheless, for the
micromolar concentrations of Cm expected in UNF,* the
competitive reduction of Cm(lll) (vs. O, and NO3™) by H* atoms
under reprocessing conditions is not expected to play a
significant role.
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Fig. 4. (A) Measured kinetic traces of [SCN],*~ at 472 nm for pulsed electron irradiated
N,O-saturated solutions of Cm(lll) in KSCN/HCIO, at room temperature. Kinetic data
were analysed using a single-exponential growth function. (B) Second-order
determination of the rate coefficient for the reaction of Cm(lll) with *OH. The weighted
linear fit corresponds to a reaction rate coefficient of k(Cm(Ill) + *OH) = (1.69 + 0.24) x
10° M5, R?2=0.99.
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Hydroxyl Radical

As the transient Cm(IV) absorption spectrum also has a Apax =
260 nm, the rate of reaction for Cm(lll) with the *OH radical (Eq.
5) was determined by competition kinetics, using SCN~ as the
probe.?” However, relative growth rates could not be used here,
as the probe’s measurable transient, [SCN],*~, is a secondary
product:

SCN™ + *OH — HOSCN*~ k=11 %X 10°M1st27

(16)

SCN- + HOSCN*- = [SCN],*~ + OH-. (17)

The relatively small complexation constants ([3) for Cm(SCN),
species formation (B, = 1.53 and [, = 4.08)*%4° indicate that the
concentrations of such Cm species were negligible under our
experimental conditions. The relative changes in the absorption
intensity of [SCN],*~ as measured at Apax = 470 nm, are shown
in Fig. 4. (A). The *OH radical competition between the Cm(lIl)
and SCN- reactions was then integrated to given the following
analytical expression:

kCm[Cm(II])]

Abso
kSCN-[SCN-]’

Abs —

(18)

where Abs? is the transient absorption maximum for [SCN],*~in
the absence of Cm(lll), and Abs is the reduced transient
absorption when Cm(lll) is present. The ratio of kcm/ksen- Was
obtained by plotting the ratios Abs®/Abs vs. [Cm(l11)]/[SCN],
from which the second-order rate coefficient (kcn) can be
readily calculated, as shown in Fig. 3 (B). The rate of reaction for
Cm(lll) with "OH was found to be (1.69 + 0.24) X 10°M1s71,
Table 1. This value is slightly slower than expected for a
diffusion-controlled reaction, however, it is consistent with rate
coefficients measured for other trivalent actinides: kyuy = 4.1
X 108 M 157121 ko =0.3-1.6 X 10° M1s74;22 ko) = 4.2 X
108 M1s73;2t and kamqy = 0.3-1.6 X 10° M~1s71.2122 |solation of
the transient Cm(1V) absorption spectrum was not possible, as
the absorption band for [SCN],"~ is too broad.*® However, the
Cm(IV) spectra was previously determined by Keenan for Cm(1V)
in 15 M CsF°° but showed only minimal (¢ < 50 M1 cm™)
absorption above 300 nm. Interestingly, the Cm(Ill)/Cm(IV)
redox potential is -3.1 V,5! which is larger than that for *OH (E°
=2.7V)?.

In summary, the presented reaction kinetics for the
oxidation of Cm(lll) by *OH support observations made by
Sullivan and co-workers.3* Further, the relatively fast rate of this
process suggests that Cm(lll) oxidation, and subsequent Cm(IV)
redox chemistry, may play a significant role under UNF
reprocessing conditions, especially for lower HNO;
concentrations where *OH is the prevalent oxidant.

Nitrate Radical

For high concentrations of HNO;3 (>1.0 M), NOs* is the dominant
oxidising radical due to a combination of direct radiolysis (Eq. 2)
and *OH scavenging (Eq. 8). Kinetics for the reaction of Cm(lll)
with NO3* (Eqg. 19) are shown in Fig. 5, and were performed by
direct measurement of NO3* decay at 630 nm.

This journal is © The Royal Society of Chemistry 2021
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Cm3* + NO3" = Cm*" + NOs™~. (19)
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Fig. 5. (A) Measured kinetic traces of NO;* at 630 nm for pulsed electron irradiated N,O-
saturated solutions of Cm(lll) in HNOs at room temperature. Kinetic data were analysed
using a mixed (first- and second-order) decay function. (B) Second-order determination
of the rate coefficient for the reaction of Cm(lll) with NOs*. The weighted linear fit
corresponds to a reaction rate coefficient of k(Cm(lll) + NO5*) = (4.83 + 0.09) x 107 M
s, R?=0.99.

These kinetic data were fit to a mixed (first- and second-order)
decay expression, with the first-order component plotted in Fig.
5 (B). The rate of this oxidation process, k(Cm(lll) + NOs*) = (4.83
+0.09) X 107 Mt s, is two orders of magnitude slower than
for the corresponding *OH reaction, see Table 1. Our value is
slower than the only other reported trivalent actinide value for
Pu(lll), kpyqy = 2.5 X 108 M~ 57143 Such slow reactivity is in
keeping with their respective redox potentials and typical
trends in reaction behaviour.?’.52 However, despite the lower
rate coefficient for the NOs*® reaction, its influence on Cm(lll)
chemistry under envisioned UNF reprocessing solvent system
conditions is expected to be significant based on the high
concentration of this radical being generated.

Conclusions

Insight into the importance of the radiation-induced redox
chemistry of Cm(lll) in aqueous solution has been obtained from
measured absolute rate coefficients for the reaction of Cm(lll)

Dalton Trans., 2021, 00, 1-7 | 5
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with key radicals (e,q~, *H, "OH, and NOs") generated by pulsed
electron radiolysis of acidic aqueous media.

These values, k(e,q7) = (1.25 £ 0.03) X 10 M1s7L k(*H) =
(5.16 £ 0.37) X 108 Mt sL, k("OH) = (1.69 + 0.24) X 10° M~!
s71, and k (NOs*) = (4.83 £ 0.09) X 107 M s7%, suggest: (i)
oxidation of Cm(lll) by the *OH/NO;" radical to produce a
transient Cm(IV) species could occur readily under anticipated
reprocessing conditions, and thus propagate radiolysis in
ligands that would normally be outside of either instigating
radical’s redox potential, i.e., E° >2.7 V; and (ii) reduction of
Cm(Ill) may also happen in other aqueous solutions typically
used for the manipulation of Cm(lll), e.g., HCIO,4, where e,y ”*H
are not as effectively scavenged as in HNOj3, and thus Cm(ll) may
also facilitate more extensive radiolysis.

Overall, the presented kinetic data indicate that a steady-
state concentration, albeit very low, of Cm(ll) and Cm(IV) could
exist in irradiated aqueous solutions and be available to
undergo subsequent redox chemistry with other solutes (e.g.
ligands and other metal ions). This is particularly plausible as
their natural half-lives (t;, ~ 12 and 20 ps, respectively)?! are
comparable if not greater than their instigating radicals, all of
which are well known to propagate radiolysis.?”52
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