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20 Abstract

Due to its potential contribution in the environmental migration of actinides, Pu(V) gained much
more attention since the past few years. However, the preparation of concentrated (up to mM) and
pure Pu(V) solutions is quite difficult and often hindered by its great instability towards
disproportionation thus limiting the accessibility to physical and chemical property data. This work
25  describes the rapid and facile sonochemical preparation of relatively stable Pu(V) solutions at the
millimolar range free from the admixtures of other oxidation states of plutonium. The mechanism
deals with the sonochemical reduction of Pu(VI) in weakly acid perchloric solutions by the in situ
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generated H,0, which kinetics can be dramatically enhanced under high frequency ultrasound and
Ar/0, atmosphere. The quasi-exclusive presence of the Pu(V) aqua ion in solution was evidenced by

30 UV-Vis absorption spectroscopy. The prepared solutions were found to be stable for more than one
month which allowed accurate XAFS and NMR investigations of Pu(V). EXAFS spectra revealed the
presence of two trans dioxo Pu=0 bonds at 1.81 A and 4-6 equatorial Pu-O,, interactions at 2.47 A
characteristic from coordinated water molecules. The exact number of water molecules (N[Ogq(H20)]
= 4) was determined by simulating EXAFS spectra of PuO," aqua complex using DFT calculations

35 (geometry and Debye-Waller factor) and comparing them with experimental signals. For the first
time, the magnetic susceptibility of the pentavalent state of plutonium in aqueous solution was also
determined (yu = 16.3 10° m®> mol™ at 25°C) and the related Curie constant was estimated (C = 6.896
10° m* K mol™).
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1. Introduction DOI: 10.1039/C7QI00389G

In acidic aqueous solutions, plutonium exhibits the extraordinary ability to coexist within four
oxidation states from +lIl to +VI. The relative abundance of each oxidation state is highly dependent
upon the Pu concentration, pH, presence of complexing agents and ionic strength, and redox
potential.’® Tetravalent plutonium, which is the most stable oxidation state in acidic media under
aerobic atmosphere, in combination to trivalent and hexavalent states, have been extensively
studied particularly for the development of Pu separation processes.” * Investigations devoted to
Pu(V) solutions have been however poorly reported in the literature despite the fact that researches
carried out on the pentavalent state have been more referenced from the 1990s when the behaviour
of Pu and its interaction with the environment gained more importance. The subsurface mobility of
Pu(V) is indeed predicted to be much higher in comparison to the other oxidation states.*® However,
the pentavalent state of Pu is highly prone to disproportionation even in moderately acidic solutions.
As a function of the presence of the other oxidation states in the solutions, several
disproportionation mechanisms have been proposed in the literature (reactions (1-2), the first

favoured at very low concentrations of Pu(l11)).****
2 PuO,’+4 H" 5 Pu* + Pu0%*+2H,0 (1)
3 PuO,’ +4 H" 5 Pu* +2 PuO3*+2 H,0 (2)

Both reactions show a strong dependency of Pu(V) disproportionation against H* concentration thus
driving the preparation of Pu(V) in acid solutions quite tricky, but also confirming the higher stability

> © 9 py(V) reactivity

of Pu(V) in geochemical context where near neutral conditions dominate.
appears in addition strongly dependent upon its concentration, the radiolysis, and the presence of
other Pu oxidation states due to the closeness of the standard redox potentials of Pu couples.
Principally, the reported preparations of Pu(V) solutions deals with electrochemical or
separation/extraction methods, and are generally carried out at low concentration (10° - 10™° M)
and pH > 3.” ' * Recently, some authors reported the use of ozone to prepare pure Pu(V) solutions
in relatively low concentration (2 10 M).* Ozone bubbling into a Pu(IV) solution induces its almost
total conversion into a mixture composed of Pu(V) and Pu(VI) which then slowly converts to Pu(V)
which kinetics can be improved by increasing the pH in the 3-7 range. In these conditions, Pu(V)
remains stable for more than one month and the solution has the advantage to be quickly prepared
without residual oxidants or organic solvents that can hinder further investigations. The preparation
of large volumes and more concentrated solutions of Pu(V) is much more complex and poorly
reported in the literature thus hindering the determination of physical and chemical data from
experimental solutions. Cohen et al. nevertheless reported the preparation of a 0.02 M Pu(V)
solution by electrolytic reduction of Pu(VI) at a potential of about 0.54 V (vs SCE) in 0.2 M HCIO,.>
Rabideau et al. described the addition of a neutral sodium iodine solution to plutonyl solution.*® The
protocol required carefully selected conditions with a final solution only composed of 25 to 50% of
Pu(V).

Probing the magnetic properties of the actinide ions is very important to predict and characterize

17.18 Yp to our knowledge, the magnetic susceptibility of the

their interaction with ligands in solution.
pentavalent state of Pu has never been investigated in aqueous solution. Nevertheless, we can note
that some authors provided a value in 1944 by means of the Gouy method.”® The studied Pu(V)
solution was however not pure and its concentration was changing with time. Otherwise, only a few

studies investigated the characterization of the structure of the Pu(V) aqua ion with XAFS (X-ray

2
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19-23

absorption fine structure) techniques. Although there is an agreement concerning 5'3? 1;85%?5@%616 Online

and distance attributed to the two dioxo bonds, the exact number of water molecules coordinating‘003896
Pu(V) aqua ion in the equatorial plane still suffer from experimental confirmation.”®? Such
knowledge is highly important to predict the behaviour, complexation, and reactivity of the

5 pentavalent state which is particularly under current focus due to Pu migration concern. Generally,
the few experimental investigations dedicated to the solvation environment of PuO," agree for the
predominance of four water molecules in the equatorial plane in non-complexing aqueous media,”®

2224 although the penta-aqua complex has also often been predicted with theoretical calculations to

be the most favourable structure.”?’

The interpretation of the results with XAFS techniques is
10  however highly function of the parameter settings and often combined with a debatable precision.’*
*® More recently, computational studies dedicated to the solvation environment of actinide species

concluded that the predominant PuO,* complex is probably coordinated by four water ligands. >**°

Historically, hydrogen peroxide has been a very important reagent in actinide chemistry and the

2, 31-
3134 Generally,

related industrial processes for purification or separation purposes (U, Pu and Np).
15  this salt free reagent avoids large dilution of solutions and generates gaseous by-products without
any formation of solution impurities. At the lab scale, H,0, is often used in nitric media to reduce
Pu(VI) into Pu(V) which then disproportionates and allows the generation of stable Pu(IV) solutions in
agreement with the reactions (1-2). Further addition of hydrogen peroxide can lead to the formation
of Pu(lll) or a mixture of Pu(lV) and Pu(lll) depending on the experimental conditions (temperature,
20 acidity, concentration, presence of complexing ligands, etc.). 0,/H,0, (E° = 0.695 V/SHE) or H,0,/H,0
(E° = 1.763 V/SHE)* couples are indeed able to respectively reduce Pu(lV), or oxidize Pu(lll) (reactions
(3-4)). The addition of H,0, during Pu oxidation state stabilizations is therefore delicate and should
be used with parsimony to avoid mixtures of Pu oxidation states. In less acidic conditions, studies
related to Pu(VI) reduction with H,0, are really scarce but it is interesting to note that some authors

25 described the detection of Pu(V) during the whole reduction process into Pu(IV) in 0.5 M HNO5.*®

2Pu™ +H,0,52Pu* +0,+2H" (3)
2Pu** +H,0,+2H's 2Pu*+2H,0 (4)

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

Sonochemistry has attracted considerable attention as a potentially "reagent-free" route to control
the oxidation states of actinide ions during spent nuclear fuel reprocessing, mostly due to the in situ

30 generation of hydrogen peroxide and/or nitrous acid during the sonication of aqueous nitric

37, 38

solutions. In pure water saturated with noble gases, power ultrasound causes the homolytic

splitting of H,0 molecules yielding H and OH’ radicals (reaction (5), “)))” is for a reaction initiated

393 These highly reactive species mostly recombine into H,O inside the cavitation

under ultrasound).
bubble,”” ** some OH’ radicals (roughly 20%)" ** can nevertheless diffuse to the bubble interface
35  where the temperatures are lower and recombine into hydrogen peroxide (reaction (6)). Molecular
hydrogen H, is formed as a recombination product of H' radicals mostly in the gaseous phase of the
collapsing bubble (reaction (7)).** ** Several investigations devoted to the kinetics of H,0,

46-50

sonochemical formation have been reported in the literature. It was showed that H,0, formation

rate in pure water can be significantly enhanced when increasing the ultrasound frequency or when

40 using a mixture of Ar/O, as a saturating atmosphere.48' 49,51

Experimentations showed that higher
yields were observed under Ar/(20-30 vol.%)O, gas atmosphere and were attributed to the
generation of both OH" and HO," species as a result of O, reactivity or dissociation in the cavitation

bubbles (reactions (8-12)).>* *>**
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(5) View Article Online
(6) DOI: 10.1039/C7QlI00389G

(7)

(8)
(9)
(10)
(11)
(12)

This work can be divided in three distinctive parts focusing on (i) the preparation and study towards

aging of concentrated and relatively stable Pu(V) solutions under ultrasound irradiation at room

temperature; (ii) the evidence of the exclusive or quasi-exclusive presence of the pentavalent state in

the prepared solutions followed by its structural characterization by XAFS and computational

techniques; (iii) the determination of the magnetic susceptibility of Pu(V) by NMR.
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2. Experimental DOI: 10.1039/C7QI00389G

Caution! Pu is an a-emitting element presenting serious health risks. Studies dealing with such an
element require a careful handling coupled with appropriate infrastructures and trained workers.

5 2.1. Materials
Stock solution were purified in agreement with the previously described procedure.®® Pu isotopy
consisted in a mixture of 96.90% ***Pu, 2.99% **°Pu, 0.05% **'Pu, and 0.06% ***Pu. Reagents used in
this study were all of analytical grade and were purchased from Sigma-Aldrich and VWR. Aqueous
solutions were prepared with purified ultrapure water having a resistivity higher than 18.2 MQ cm at
10  25°C. Experiments were performed under pure Ar (purity > 99.9%), Ar/O, (20 vol.% of O,) or Ar/CO
(10 vol.% of CO) atmospheres provided by Air Liquide.

2.2. Pu(VI) preparation
To prepare Pu(VI) solution, an aliquot of Pu(lV) initially stabilized in nitric acid was evaporated to
almost dryness. Concentrated HCIO, aliquot was then added and Pu(lV) was oxidized by heating until
15  fuming perchloric acid followed by evaporation until a wet salt is obtained.” After dilution in pure
water, the obtained orange solution was characterized by UV-vis absorption spectroscopy which
showed a complete conversion of the Pu(lV) solution into Pu(VI) in agreement with the literature.” In
general, the as prepared Pu(VI) solutions exhibit a good stability, however, some Pu(VI) self-
irradiation reduction is observed after several weeks of storage. To avoid the formation of Pu mixture
20  from self-irradiation, Pu(VI) solution was directly dilute to the appropriate concentration after
synthesis and sonicated within the few days following its preparation.

2.3. Sonochemical experiments

Experiments with Pu were performed at the ATALANTE nuclear facility (Marcoule, CEA research

centre, France) in a glove box under negative pressure. This glove box is equipped with two different
25  sonochemical reactors. Experiments carried out at low frequency ultrasound (20 kHz) were

performed with a 1 cm? titanium horn fitted on top of a 50 mL homemade reactor. Ultrasound was

provided by a 750 W generator (Sonics & Materials VCX 750) connected from outside the glove box.*

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

High frequency studies (203 kHz) were performed in a 250 mL cylindrical reactor with a 25 cm?
transducer (L3 Communications ELAC Nautik) connected from the bottom of the cell to a 125 W
30 generator situated outside the enclosure (LVG 60 RF-generator). For high frequency experiments,
solution was stirred with a mechanical agitation in the meantime (at 240 rpm) to obtain a
homogeneous distribution of the acoustic bubbles in the cell.*® The specific absorbed acoustic power
equal to 0.34 and 0.13 W mL" for 20 and 203 kHz ultrasound respectively, was obtained by the
conventional thermal probe method.*® Both reactors are tight and supplied with several connections
35 dedicated to gas bubbling, temperature control and aliquot sampling. The temperature was
maintained at 21+1°C with a cryostat (Lauda Ecoline RE 210) during ultrasonic treatment and
controlled with a thermocouple immersed into the sonicated solutions. The various treated solutions
were sparged with gas (at a constant flow rate of 100 mL min™) which started 15 min before
ultrasound triggering and was maintained into the solution during the whole experiment. The ratio of
40 polyatomic gas to Ar results from previous investigations which showed optimized oxidant or

reducing conditions with the selected gas mixtures.*® >
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2.4. UV-visible spectroscopy DOI: 10.1038/C7QI00385G,

During sonolysis, aliquots of solution (2 mL) were sampled at regular time intervals. At low
frequency, aliquots were filtered with 0.2 um PTFE filters to remove potential Ti particle
contamination arising from the horn surface erosion (not required at 203 kHz where Ti erosion does

3% >% Then, samples were analysed by UV-vis absorption spectrophotometry (Shimadzu

not occur).
UV3600 connected with optic fibres or Shimadzu UV3150 directly connected to the glove box) in 1 or
5 cm quartz cells. The concentration of Pu(VI) was followed at 830 nm (g = 533 cm™ M™) while Pu(V)
was followed at 569 nm (€ = 15 cm™ M™). “Peak-valley” differences in absorbance were measured to
determine the concentration variations. Due to the spectrophotometer resolution, the narrow Pu(VI)
peak at 830 nm was fitted with a Lorentzian function for the concentration calculations. The
formation of H,0, resulting from the homolytic dissociation of sonicated water molecules was
measured by mixing the filtered sampled aliquots (1:1) with a 1.2 10> M TiOSO, solution (0.330 g
TiOSO, dissolved in 100 mL of pure water under stirring and previously gently heated in 3.5 mL of 18
M H,S0,) to form a colorimetric complex absorbing at 410 nm (g = 710 cm™? M™).>° An external

calibration curve was previously prepared with a H,0, standard solution.

2.5. XAFS experiments

Pu Ly,-edge XAFS measurements were performed at the European Synchrotron (ESRF, Grenoble,
France) at the Rossendorf Beamline (BM20, ROBL)>® which is equipped with a collimating and
focusing mirror and a water cooled Si(111) double-crystal monochromator in order to reject higher
order harmonics and monochromatize the incident white X-rays. The sample spectra were recorded
in transmission mode by using Ar/N, filled ionization chambers, whereas the Ar/N, ratio was
optimized for the measured energy range. The incident photon energy was calibrated in situ by
measuring after the sample (l1/1,) the first derivative XANES (X-ray Absorption Near Edge Structure)
spectrum of a Zr foil defined at 17998 eV. Experimental spectra were recorded at the Pu L, edge and
the ionization energy (Eo) was preliminary defined at the maximum of the white line and varied as a
free fit parameter. The energy range investigated for EXAFS (Extended X-ray Absorption Fine
Structure) measurements was chosen depending on Pu content in the samples from 3.3 A" to 12.3 A’
' EXAFS data analyses were performed with Athena and Arthemis software from ifeffit package®® *’
and theoretical scattering phases and amplitude functions were calculated by the ab initio FEFF8.4
code from hypothetical plutonyl structure.®® All fitting operations were performed in R-space over
individual radial distances: 2 Oy and several Og,(H,0) with corresponding Debye-Weller factors (0?)
for every considered distance in the first coordination shell.

2.6. Computational methods

Quantum chemical calculations were performed at the DFT level of theory using the B3LYP
functional. The Stuttgart small-core relativistic effective core potential (RECP) and associated basis
set was used for the actinide atom.”*® The 6-311+G(d,p) basis set was employed for other atoms.
The DFT calculations were carried out using the Gaussian 09 software package.®® Calculations were
done in the presence of a continuum solvent model. The geometries of PuO,(H,0)s(H,0)s" and
Pu0,(H,0)s(H.0)10" complexes were optimized and characterized by harmonic frequency analysis as
local minima. Several configurations were considered in the calculations corresponding to different
arrangements of water molecules. The results are reported for the lowest energy configuration of
each complex.
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Ab initio EXAFS spectra were simulated using DFT structural parameters (bond distanceg&nl%_llg%%%%%ggg”g

Waller factors) without any further fitting. Previously, we have shown that it is possible to reproduce
accurately EXAFS experimental spectrum of actinides compounds by using such methodology.®® *
The EXAFS spectra were simulated with FEFF9 from DFT optimized structures and ab inijtio Debye-
5 Waller factors for all multiple-scattering paths up to a half-path length of 6 A. Ab initio Debye-Waller
factors were calculated at 300 K for each scattering path from the dynamical matrix extracted from

829 The amplitude factor S¢? was fixed to 0.9

the DFT frequency calculation as implemented in FEFF9.
as in the EXAFS fitting procedure for the liquid samples. The geometries and vibrational frequencies
of PuO," complex with four and five coordinated water molecules were optimized through DFT
10  calculations and the corresponding thermal Debye-Waller factors were determined from the

vibrational frequencies.®®

The prerequisite condition to simulate correctly experimental EXAFS spectra from such calculations is
that bond distances are accurately reproduced by the quantum chemical model. For this purpose, we
have done preliminary calculations on the well characterized uranyl aqua ion. In aqueous solution,
15  uranyl is known to be predominantly coordinated by five water molecules in the equatorial plane.®’
Previous DFT studies on uranyl ion have shown that the inclusion of an explicit second hydration shell

%% In the present work,

improves the agreement with experimental data for structural parameters.
structural parameters were computed for actinyl complexes with first and second solvation shell
water molecules. Solvent effects beyond the second hydration sphere were taken into account
20  through a continuum model. The bond distances were calculated from DFT (B3LYP) for
UO,(H,0)s(H,0)10°" complex. The predicted U-O,;and U-Oq distances are equal to 1.773 A and 2.445
A, respectively, which is in close agreement with experimental values determined from EXAFS in
aqueous solution (the reported values are ranging from 1.76 to 1.78 A for the U-O, distance and from
2.40 to 2.42 A for the U-O, distance).”””® The good agreement between experimental and calculated
25  distances (within 0.04 A) for uranyl aqua ion made us confident that structural parameters can be

correctly reproduced for the PuO," ion by using the same approach.

2.7. Magnetic susceptibility
The molar magnetic susceptibility Xy was calculated by the chemical shift difference A6 measured

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

between *H NMR signal of working (t-BuOH in) and reference (t-BuOH out) solutions using the Evans

30 method.”* The shift (AS = biguon+pu(y) - Otsuon) Observed on NMR signal is directly correlated to the
magnetic susceptibility xu according to the equation (13). '"H NMR spectra of Pu(V) solutions were
recorded using a 400 MHz Fourier transform spectrometer (Agilent DD2). Measurements were
carried out at every 5° step in the 5-50°C temperature range. For some experiments, and to obtain a
higher signal, Pu(V) solution was concentrated by evaporating the solution at room temperature

35 under Ar bubbling overnight. A careful examination of the UV-Vis spectra confirmed the stability of
the solution in the concentration range studied. The absence of modification of the spectra in the
presence of t-BuOH was also confirmed. The solutions were directly analysed and UV-Vis spectra
were measured again to confirm the absence of chemical transformation occurring during NMR
analyses.

3A8

- 103 [Pu(V)] (13)

40 XM

where, Ab represents the chemical shift difference between the reference and the working solution
of tert-butanol signals, and yu, the sample molar magnetic susceptibility (m*.mol™).
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3. Results and discussion D01 10 1035/C70100380¢.

3.1. Pu(VI) sonolysis at high and low frequency ultrasound

The sonication of a 1.2 mM Pu(VI) aqueous solution under 203 kHz ultrasound and Ar/O, atmosphere
leads to a significant decrease of its concentration which can be followed at 830 nm by UV-Vis
absorption spectroscopy. The generation of Pu(V) is simultaneously observed with an absorption
peak standing at 569 nm. The corresponding reduction kinetics is illustrated in Figure 1.a. where the
almost total conversion of the initial Pu(VI) into Pu(V) can be observed in less than 3 h of sonication
(yield >95%). Interestingly, the amount of residual Pu(VI) is found to decrease again when ultrasound
stops: as expressed by the corresponding UV-vis spectra presented in Figure S1 (Supporting
Information), less than 1% of Pu(VI) remains after roughly 2 h of storage. A pH solution drop from pH
= 3.5 before sonication to pH = 2.8 after 160 min of sonication is also observed. Figure 1.b. illustrates
the behaviour of a more concentrated aqueous solution of Pu(VI) (2.3 mM) sonicated at 203 kHz
under Ar/O, atmosphere. The plotted curves agree with the previous observations reported for a
lower concentration although the initial reduction rate is found to be much lower (Wo(-Pu")= 33.6
pmol min™ against 20.0 umol min™ for the 1.2 mM and 2.3 mM solutions, respectively). Furthermore,
the reduction of Pu(VI) also continues in the absence of ultrasound (US). The UV-Visible spectra of
the 2.3 mM Pu solution before and after treatment are showed in Figure 2 with a 5 cm quartz
cuvette in the case of Pu(V) solution which agree with the literature and evidence the high purity of
the here prepared solution.” ° The narrow peak at 569 nm results from electronic transitions within
the 5f shell. The presence of a residual Pu(Vl) amount estimated at 2.5 10®° M (less than 1% of the
total content) can also be noted. Whatever the Pu concentration, the careful examination of the UV-
Vis absorption spectra, in combination to the stability of the total Pu(VI) and Pu(V) content in the
solution expressed by the green dots in Figure 1, suggests the absence of other Pu oxidation states in
this system, specially Pu(lll).

a b.
25- ' -
“i 000000600 & 050 & %0 & 000{922‘ $8000004%0°8
600 - POV 5027
‘ -® * e
124 “’0 el 2.0 4 ‘ P 4 :
s ¢ & E ¢ ° i
g« 1030 .'. = 154% ¢ :
> * ¥ £ ! & Pu(Vl)+ Pu(V)
e & Puvh+Puv) T 30 : o PuV)
g1 % SR X | de
S o064 o0 E $e !
g 1. ® g 1&° :
S 044 & ® £ 0.5 ‘e .
£ : o & 3 oa . | Without US
O . 0‘ 84 ®e
0'2'; "0.._‘7 0.0de I %eoeo606 e
- e __ ® :
nn T T T T T T T T 1 T T T T T 1
0 20 40 60 80 100 120 140 160 180 0 5 10 15 20 25
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Figure 1: Concentration evolutions for Pu(VI) and Pu(V) measured at 21°C under high frequency ultrasound (203 kHz, 0.13
W mL?, Ar/(20%)0,) for a (a.) 1.2 mM solution, and a (b.) 2.3 mM solution (“ i ” symbolizes ultrasound stop, the green
data express the sum of the determined concentrations of Pu(VI) and Pu(V)).
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Figure 2: UV-vis absorption spectra observed for a 2.3 mM aqueous Pu(VI) solution (a.) before, and (b.) after sonolysis
(203 kHz, 0.13 W.mL", 21°C, Ar/(20%)O0,). The residual content of Pu(VI) in the Pu(V) solution is approximately 1%. The
final solution is devoid of other Pu oxidation states or species such as colloids or nitrate complexes. The obtained
solution is light pink.

Consistent observations were observed for similar conditions carried out under pure Ar atmosphere
although kinetics evidenced a much lower reduction rate for Pu(VI) (Figure S2, Supporting
Information). It is known that sonication allows the formation of H,0, that can accumulate in

aqueous solutions (reactions (5-6)).*> **

Pu(VI) reduction can therefore be explained by the in situ
formation of H,0, resulting from the sonochemical water molecule splitting and the subsequent
recombination of the as-formed OH’ radicals (reaction (14)). Such a behaviour has been already
reported during the 20 kHz sonication of nitric aqueous solutions of Pu(lV) or Pu(lll) in the presence
of anti-nitrous reagents.*® The higher accumulation rates observed for Pu(V) under Ar/O, atmosphere
can be explained by higher H,0, yields in comparison to pure Ar.*® This phenomenon is explained by
the scavenging of H' radicals with molecular O, inside the cavitation bubbles. This reaction avoids the
recombination between H and OH’ radicals and generates hydroperoxyl radicals (HO,’) which finally
enhance H,0, yields in agreement with the reactions (8-9).”° H,0, yields are also promoted by the
dissociation of molecular oxygen inside the cavitation bubbles which is known to take place under
high frequency ultrasound in agreement with the reactions (10-12).>° The sonolytic overproduction
of H,0, can therefore enable to continue Pu(VI) reduction process when ultrasound stops (Figure 1.b.
or Figure S1, Supporting Information).

2 PuO2* +H,0, > 2 PuO," + 0, + 2 H' (14)

According to the literature, the reduction kinetic law for Pu(VI) in the presence of H,0, is
proportional to their respective initial concentrations and inversely proportional to the solution
acidity (with k = 0.75 + 0.1 min™ at 22°C (I = 1), equation (15)).”®*’” The preparation of 2.3 mM Pu(VI)
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solutions by dilution of the stock solution with pure water unavoidably increases tB& sor |§ *@g
solution acidity in comparison to the 1 mM Pu(VI) solutions, and therefore explains the longer time
required to reduce the Pu(VI) amount of the 2.3 mM Pu solution for a similar accumulation rate of
H,0, (Figure 1.a. vs. 1.b.).

_ d[Pu(VD] —k [Pu(VD)][H,0,]
dt [H*]

(15)

The effect of the ultrasonic frequency towards reduction kinetics was investigated by sonicating
Pu(VI) solutions at low frequency. In agreement with high frequency experiments, the 20 kHz
sonolysis of a 1 mM Pu(VI) solution in water (pH = 3.6) under Ar or Ar/O, atmosphere leads to its UV-
Vis absorption decrease at 830 nm and the simultaneous generation of Pu(V) absorbing at 569 nm as
illustrated in Figure 3 and Figures S3 and S4 (Supporting Information, Ar atmosphere lowers the
reduction rate in agreement with 203 kHz experiments).” The main difference lies in the Pu(VI)
reduction rate which was found to be dramatically decreased at 20 kHz whatever the saturating
atmosphere. Furthermore, the amount of Pu(VI) remaining after sonication (or one day after
sonication) is higher than what observed under high frequency ultrasound (Figure S3, Supporting
Information). The reduction kinetic differences can be explained by an increase of H,0, yields at high
frequency in aqueous solutions in comparison to low frequency ultrasound. This higher formation
rate is related to several phenomena occurring at high frequencies: (i) the increased number of
cavitation bubbles,”® (ii) the shortened ultrasound wave periods increasing the bubble surface-to-

397 and (iii) the higher intrabubble
49, 80

volume ratio (S/V) and leading to an enhanced rectified diffusion,
vibronic temperatures providing a higher dissociation degree of O,. The measured H,0, rate at
low frequency in pure water saturated with Ar/O, was found to reach 2.8 + 0.3 uM min™ which is
much lower than what observed at 203 kHz, i.e 12.9 + 1.5 uM min™. Under pure Ar, the 20 kHz
formation rate reaches 1.1 + 0.1 pM min™ whereas 2.1 + 1.5 pM min™ are measured at high
frequency.”® Whatever the experimental conditions, the sonochemical yields of H,0, were found to
be dramatically reduced in the presence of Pu(VI). For instance, H,0, formation rate reached only 0.6
mM at 203 kHz after 140 min of sonolysis whereas 1.8 mM is usually observed without Pu thus
confirming again its contribution in the reduction process during and few hours after sonication.
Note that the local heating generated at the bubble solution interface (few hundreds of degrees)

may also favour a reaction kinetic increase.>*

1
1.0 ¢ I
«: %O %0 |<><x>

1
1
&<,
0 P et
I\ e
= . ©
= \ oy’ .rg“ 4t P g0 i
E 1 . .
2 061 ° i i & Pu(VI}+Pu(V)
c @ 1 1 —&— Pu(vl)
£ o | i i —o—Pu(V)
g 0.4+ #e 1 1 1
[ ¢ % i i
e I 1 1
S i T 1 1
o 02 ‘b’ 9., P at VU gl SRR
R At d
000 | h !
o T T I T T T
0 5 10 15 20 25

Sonolysis time (h)
---- USstop during the night

10

cle Online
100389G


http://dx.doi.org/10.1039/c7qi00389g

Page 11 of 20 Inorganic Chemistry Frontiers

Figure 3: Behaviour of a 1 mM Pu(VI) solution under low frequency ultrasound (20 kHz, 0.34 W mL?, 21°C, Ar/(20%)@3)ascle Online
a function of sonolysis time (“ i ” symbolizes ultrasound stop during the night; the green data expressqgé LUM35f tha!00389G
determined concentrations of Pu(VI) and Pu(V)). A solution pH decrease from 3.6 to 2.1 after sonication was observed.

5 At 20 kHz, several days were required under Ar/O, atmosphere to reduce Pu(VI) solutions as
evidenced in Figure 3. The plotted measurements indicate that Pu(VI) reduction continue during the
night when sonication stops (the absence of ultrasound is notified with dashed lines but the
measurements acquired during that time are not showed, Figure 3 only shows data obtained under
sonication). Such observation is related to the overproduction of H,0, which continue the reduction

10  process without ultrasound in agreement with high frequency experiments. The analyses indicated a
H,0, concentration of about 1.4 mM after 12.5 h of sonication which decreased to 0.6 mM after
night. Another striking observation is the increase of Pu(VI) concentration (with a simultaneous
decrease of Pu(V)) when ultrasound starts again. This phenomenon is then followed, after several
hours, by a resumption of Pu(VI) reduction which phenomena can be reproduced several times

15  (Figure 3). This phenomenon was not observed under pure Ar atmosphere or during the simple
bubbling of Ar/O, in Pu(V) solutions. This phenomenon can therefore be related to the presence of
O, during sonication. In fact, hydroperoxyl radicals that can be produced during sonication in the
presence of O, are very reactive species which can involve complex reactions with Pu ions.
Particularly, radiolysis investigations have showed that Pu(V) can be oxidized by hydroperoxyl

20  radicals in agreement with the reaction (16).”° We suggest that the sonochemical formation of HO,’
species may involve two competitive reactions that may interfere with Pu(VI) reduction process: H,0,
formation versus Pu(V) reoxidation. Once a sufficient amount of H,0; is produced, Pu(VI) reduction
may occur again. Note that under Ar/(10%)CO atmosphere, which allows the scavenging of OH’
radicals and prevents H,0, formation in agreement with the reaction (17), Pu(VI) reduction is not

25  observed. This confirms again the proposed mechanism involving H,0,. Furthermore, the pH
measured after sonication was found to be about pH = 2.1 (instead of 3.6 before the experiment)
which confirms the release of protons during the reduction process (reaction (9)).

PuO,"+ HO, + H" = Pu0,*" + H,0, (16)
30 CO+0OH - CO,+H (17)

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

Generally, the reported ultrasound procedure for Pu(V) preparation agrees with conventional
chemistry of Pu reported in the literature but allows the control of the kinetics through the in situ
generation of active species without addition of any side chemicals (Figures S5 and S6, Supporting
35 Information). It is important to emphasize that under the here described preparation conditions,
Pu(V) solutions are quite concentrated and highly pure. Most of the Pu(Vl) is reduced into Pu(V)
under high frequency ultrasound in few hours; the slight sonochemical overproduction of H,0,
allows reducing the remaining amount to 1% or less. Whatever the sonication conditions (frequency,
atmosphere and concentration), the various Pu(VI) solutions never lead to the observation of Pu(lll)
40  or Pu(IV), Pu(IV) colloids, brown or red Pu(IV) peroxo complexes, and Pu(IV) green precipitates.”
3.2. Stability of the Pu(V) solutions
In the absence of Pu(lll) traces in solution, Pu(V) disproportionation has been reported to be strongly
dependent to hydrogen ion concentration (reactions (1-2)). Therefore, the stability of the prepared
Pu(V) solutions at the laboratory can be explained by their relatively high pH (>2) combined to the

11
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conditions, Pu(V) disproportionation rate is very weak. Thermodynamically, Pu(V) can also be

reduced by the residual amount of H,0, present in solution in agreement with the kinetic law shown
below (equation (18)). The rate constant for this reaction was only studied in basic media and was
reported to be quite low and reached about 3.59 10° min™ against 0.75 min™ for Pu(VI) reduction
with H,0, and 0.24 M min™ for Pu(V) disproportionation (at 25°C, 1 M HCIO,).*®

_ d[puo]] _ k[Pu(v)][HzOz]

dt [H+] (18)

Figure 4 shows several absorption spectra obtained from Pu(V) solutions prepared at low and high
frequency ultrasound illustrating their stabilities during storage under air atmosphere. Note again
that some of the freshly prepared solution contained some traces of Pu(VI) observable on the
absorption spectrum because of its high molar attenuation coefficient (¢ = 533 cm™ M™); but the
corresponding concentration represents less than 1% of the Pu content (few hours after sonication).
From the spectroscopic measurements it follows that Pu(V) solutions prepared under these
conditions are stable during approximately one month whatever the saturating gas atmosphere used
during sonolysis (Ar or Ar/O,). However, after approximately one month storage, Pu(VI)
concentration slightly increases while Pu(V) amount is found to decrease, most probably through
disproportionation. Interestingly, this phenomenon is accompanied by the formation of new
absorption peaks standing at 455 nm and 650 nm (large peak) which are currently under
investigation and differ from classical Pu(lV) colloids. Pu colloids can indeed be recognized by the
presence of an absorption peak around 620 nm and a strong absorption in the near UV range

attributed to Mie scattering.”*
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Figure 4 : UV-vis absorption spectra observed after sonication at 21°C of a Pu(VI) solution at 203 kHz under aerobic
atmosphere at (a.) 1 mM with optic fibers, and (b.) 2.3 mM without optic fibers. One day after sonication, the final
amount of Pu(VI) is <1% of the Pu content (* is an optical artefact due to optic fibers).

3.3. Characterizations

3.3.1. XAFS experiments

The relative stability and concentration of the prepared Pu(V) solutions allowed us to investigate
structural properties by XAFS (which were carried out few days after synthesis). The Pu L,-edge X-ray
absorption near edge structure (XANES) spectrum of a 1 mM Pu(V) solution prepared with
ultrasound is shown in Figure 5.a. together with the reference XANES spectra of Pu(lV) and Pu(VI)

12
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aqua ions. In agreement with the literature,®® the spectrum of the sonochemical Pu%@I %E\Oi?ﬁgg%%gggg
decreased white line height in comparison to Pu(lV) and Pu(VI). Moreover, the Pu(V) spectrum shows
on its high energy side the same “yl” shoulder as observed for the Pu(VI) reference, which is
characteristic for the presence of trans dioxo bounds. Furthermore, the absorption edge of the Pu(V)

5 sample is also found to be shifted to lower energy when compared to Pu(VIl), hence confirming the
presence of the pentavalent state in the solution.”® > A beat node, typical for trans dioxo actinide
species, can be observed between 6 and 8.5 A" among the oscillations of the real part of the k’-
weighted EXAFS spectra (Figure 5.b., insert). Two large peaks standing at 1.38 A and 1.9 A
(uncorrected for phase-shift) can be observed in the Fourier transform (FT) of the k’-weighted

10  interval 2 A" <k <12.3 A" (Figure 5.b.) which indicate the presence of two well-defined coordination

shells.

The peak standing at R+¢ = 1.38 A corresponds to the scattering contribution of the Pu-O,, distances
whereas the peak observed on the FT spectra at R+¢ = 1.9 A can be attributed to the scattering
contribution of O stemming from coordinated H,0 molecules. Theoretical EXAFS simulations
15  confirmed the presence of two oxo moieties at 1.81 A and 5.3 H,0 molecules at 2.47 A in the
equatorial plane. These structural parameters are in line with those generally observed for the
pentavalent state of Pu in non-complexing media although a lower coordination number has been

2128 |n agreement with the

reported for the equatorial solvation environment, notably with XAFS.
work of Ikeda-Ohno et al. dedicated to the complexation behavior of Np ions in aqueous solutions,*®
20  we observed that PuO,” EXAFS spectra can be simulated with very good fitting residues (R-factor <
2%) and appropriate o” leading to a coordination number ranging from N[Oeq(H20)] = 4 to 6. The
results are summarized in Figure S7 (Supporting Information) and compared with literature data
related to PuO," and NpO," first solvation shell in agueous non-complexing media. As suggested by
this Figure, the determination of the exact number of water molecules coordinating the ion in the
25  equatorial plane with only EXAFS technique may suffer from large errors. There appears to be from
the literature a general consensus that the coordination environment of Np(V) equal to N[Oq(H,0)] =

19-21, 28,73, 84, 85

5 whereas the hydration number of PuO," is still a matter of discussion. A more relevant

approach was therefore considered by simulating EXAFS signal from PuO," complexes generated with

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

4 or 5 coordinating water molecules in the equatorial plane by DFT calculations with optimized
30 geometries and vibrational frequencies.
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Figure 5: (a.) XANES spectrum obtained for ultrasound prepared Pu(V) (203 kHz, 20°C, 0.13 W mL™) and reference spectra
of pure Pu(Vl) and Pu(IV). (b.) FT of the experimental k*-weighted EXAFS spectrum of Pu(V) and theoretical EXAFS
spectrum obtained by the shell fit. Insert: Experimental and fitted EXAFS spectra of sonochemical Pu(V).
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Table 1: EXAFS structural parameters calculated from k3-weighted EXAFS spectra for the sonochemicaDIOI5u](QﬁO§r%é;:czl%00389G
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comparison with literature data. R-factor +1.7% *Fixed value, S,2 = 0.8. CN: coordination number, R: interatomic
distance, o’ Debye-Waller factor, AE: threshold energy. The standard deviations of the variable parameters estimated
by the IFEFFIT software are given in parentheses.se' 57

Atom N RA) /R aE Ref.
o eomh
(())Z; 3.28.33) 1éi281((15)) 888; Panak et al.”?

(())Z; 32(()8) ;i;g; 8882 i Di Giandomenico et al.”!
(())Z; Zf* ;i; Conradson et al.”®

"N for Pu-0,, is fixed at 2.0.

3.3.2. DFT calculations

Pu0,(H,0)4(H,0)s" and PuO,(H,0)s(H,0).0" aqua complexes with respectively four and five inner shell
water molecules were considered in the DFT calculations (with optimized geometries and vibrational
frequencies) and the corresponding EXAFS spectra were simulated in an attempt to discriminate the
solvation shell of PuO," aqua ion. In the complexes, two outer-shell water molecules are hydrogen
bonded to each inner shell molecule. Preliminary studies focused on the uranyl aqua ion confirmed
that the structural parameters of the aqua ion can be correctly reproduced by such DFT calculations
(see the experimental part). For both plutonyl complexes, the structural parameters are provided in
Table 2 and the theoretical EXAFS spectra are compared to the experimental one in Figure 6. The
simulated spectrum for PuO,(H,0)4(H,0)s" is in very good agreement with the experimental signal
while a poor agreement is found for PuO,(H,0)s(H.0)10". For PuO,(H,0)4(H,0)s", two well-defined
shell attributed to dioxo bonds and Pu-Oq interactions can be observed in agreement with XAFS
experiments. For PuO,(H,0)s(H,0):o", the second FT peak observed experimentally at R+ = 1.9 A is
split into two on the FT derived from the calculated spectrum. Calculated Pu-O distances and Debye-
Waller factors compares very well with experimental distances when considering PuO," complex with
four inner shell water molecules. The calculated and experimental Pu-O,; and Pu-O., distances agree
within 0.02 A.

Calculated Debye-Waller factors are equal to those reported by Panak et al. which is consistent with
the good match found between simulated and experimental EXAFS signal.?? For the PuO," complex
with five inner shell water molecules, the strong Pu-O,; bond remains equal to 1.80 A and are not
altered by the number of coordinating water molecule. By contrast, the value calculated for the Pu-
O.q average bond length is significantly too long by 0.08-0.09 A to fit with the experimental results.
Because of steric crowding in the inner shell, one Pu-O, distance is elongated. Accordingly, the
calculated Debye-Waller factors associated with Pu-Ogq increase since the Pu-O¢, bond are becoming
weaker than in PuO,(H,0)4(H,0)s". To summarize, the very good agreement found with both the
calculated and experimental data for the tetra-aqua PuO," complex strongly supports that it is the
predominant PuO," specie in aqueous non-complexing media.
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Figure 6: Ab initio and experimental Pu L,-edge k3-weighted EXAFS spectra (inset) and the corresponding Fourier
transforms of Pu(V) aqua ion, and ab initio spectra for PuO,(H,0)4(H,0)s" (red) and PuO,(H,0)s(H,0):," (green).

5 Table 2: Average values for DFT (B3LYP) structural parameters calculated for PuO,(H,0),(H,0)s" and PuO,(H,0)s(H,0):0"
. . . 2
complexes, interatomic distances (R) and Debye-Waller factor (7).

Model Atom N R(A) o’ [ A?
PUuO,(H,0)4(H,0)s" Oy 2 1.800 0.0015
Oeq 4 2.480 0.0051

PuO,(H,0)s(H,0)1" Oy 2 1.801 0.0015
Ocq 5 2.561" 0.0073

" Pu-O distances are split into two groups of distances: 4 Pu-O at 2.54 A and
1Pu-O at 2.64 A

10  3.3.3. Magnetic susceptibility
NMR measurements were performed by the Evans method on several Pu(V) solutions (Figure S8,

7% 8¢ particularly, the Pu(V) solution was concentrated by dry Ar bubbling

Supporting Information).
overnight (3.8 mM) to provide a better signal intensity for some experiments. Figure 7 illustrates the
averaged paramagnetic behaviour of Pu(V) investigated in the 5-50°C temperature range. To

15 evaluate the accuracy of the measurements, the stability of the solution towards redox

Published on 16 October 2017. Downloaded by University of Newcastle on 17/10/2017 14:08:47.

transformations during NMR analyses has been followed by UV-Visible absorption spectroscopy
(Figure 7 inset) before and after analysis. Before NMR measurements, only traces of Pu(VI) can be
noticed in the Pu(V) solution (no other oxidation states or species are observed). Such pollution
corresponds to a Pu(VI) concentration of 66 UM which represents less than 1.7% of the total Pu

20  contentin the solution. After NMR analyses, the Pu(VI) content is estimated at about 30 uM (0.8% of
the total Pu content). The amount of Pu(VI) engaged in the analysed solutions appears nevertheless
too low to induce a significant variation of the NMR signal. No other Pu oxidation states or species is
observed on these spectra emphasizing the accuracy of the obtained results despite the slight
variations observed with the magnetic susceptibility values. It is also important to note that potential

25  traces of hydrogen peroxide resulting from sonication are assumed to not interfere with NMR signal
in agreement with the literature.?’

The plotted molar magnetic susceptibilities (Figure 7) can be fitted with a linear regression in
agreement with a Curie-like law ()(:l linear with T); the slope of this regression gives a Curie constant
of about 6.896 10° m*.K.mol™. In comparison to the other Pu oxidation states measured in perchloric
30  solutions (Table 3), the experimental value measured at 25°C for Pu(V) magnetic susceptibility (ym =

15
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16.3 10° m®mol™) is situated between the ones measured for Pu(lll) and Pu(IV) (ym = 4.7Dlgl'9lg{10% dcle Onine
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10° m®mol™, respectively;'® 8 Pu(V1) is much higher).”” Nevertheless, Pu(V) susceptibility is lower
than the predicted value for the free ion taking into account the ground state J = 9/2 only (yv about
70 10° m®mol™) and even lower than the one reported for Np(IV) (xu = 48.6 10° m>mol™) which
exhibits the same isoelectronic 5f° configuration.’® The observed difference between Np(IV) and
Pu(V) ions supports the current investigations related to the development of theoretical models
dedicated to the study of the magnetic susceptibility shifts as a function of the electronic
configuration.

Table 3: Comparison of the magnetic susceptibility ()v) of some Pu and Np ions experimentally measured at 25°C in
perchloric media.

Specie v (10° m’mol™) Ref.
Pu(lll) 4.7 Autillo et al.®
Pu(IV) 28.4 Autillo et al.*®
Pu(V) 16.3 This work
Np(IV) 48.6 Autillo et al.™®

18 == *
17 + goless
i} dom™ % Before Analysis
=== After Analysis
164 _1-°

Absorbance (a.u}

Malar magnetic susceptibility (10 m*.mal”)

‘Wavelength (nm)
T

T T T 1
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
1T (K"

Figure 7: Molar magnetic susceptibility as a function of 1/T averaged for different Pu(V) solutions (R2= 0.96). UV-Visible
absorption spectra obtained for a 3.8 mM Pu(V) solution before and after NMR experiments showing the absence of
modification of the Pu oxidation states excepted a small decrease of Pu(VI) amount (respectively in blue and red).

4. Conclusions

This work describes a facile and original sonochemical method for the preparation of Pu(V) solutions
free from the admixture of other oxidation states of plutonium. At the studied conditions, Pu(VI)
reduction occurs through the ultrasonically triggered generation of H,0, in water which can be
dramatically enhanced under Ar/O, atmosphere and high-frequency ultrasound (203 kHz). Ultrasonic
irradiation allows Pu(VI) reduction without the addition of any side chemicals and avoids dilutions
often correlated to hydrolysis issues. The prepared Pu solutions are at the millimolar range and are
quasi-exclusively composed of Pu(V). Traces of Pu(VI) in the range of the percent can eventually
pollute the prepared solutions which were found to be stable for almost one month. Such conditions
allowed the solutions to be characterized by XANES and EXAFS spectroscopies which confirmed the
presence of the Pu(V) aqua ion in agreement with the literature. The solvation environment of the
PuO,” aqua complex was clarified by simulating EXAFS spectra from optimized PuO," structures
generated from DFT calculations which evidenced that the tetra-aqua complex [Pu'0,(H,0)a(H,0)s]"
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dominates in aqueous non complexing media. For the first time, NMR measurements vleglr%O%\%%ggce e

for Pu(V) which allowed us to determine its magnetic susceptibility (v = 16.3 10° m*mol™ at 25°C)

and Curie constant (C = 6.896 10° m3.K.moI'1). Generally, this work provides an original approach for

Pu(V) preparation which contributes in supplying new insights regarding its structure and magnetic

properties. The preparation of more concentrated Pu(V) solutions is in progress and should improve

the accuracy of future investigations.
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