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(57) ABSTRACT

A process is described for synthesizing a mixed peroxide or
hydroxo-peroxide of an actinyl and at least one cation X,
wherein the actinyl is a uranyl or neptunyl and the at least
one cation X is a di-, tri- or tetra-charged metal cation. This
process includes the reaction in a solvent of a salt of the at
least one cation X, with a compound C, selected from mixed
peroxides and hydroxo-peroxides of the actinyl and of at
least one singly charged cation X,, whereby compound C,
is converted to the peroxide or hydroxo-peroxide by replace-
ment of the at least one cation X, by said at least one cation
X,. Also disclosed is a process for synthesizing a mixed
oxide of an actinide selected from uranium and neptunium,
and of at least one metal able to form a di-, tri- or tetra-
charged cation, which implements the preceding synthesis
process. The disclosure further relates to a mixed peroxide
or hydroxo-peroxide of an actinyl and of at least one di-, tri-
or tetra-charged metal cation, and the use thereof for the
preparation of a mixed oxide of an actinide and of at least
this metal.
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PROCESS FOR THE SYNTHESIS OF A
MIXED PEROXIDE OR
HYDROXO-PEROXIDE OF AN ACTINYL
AND OF AT LEAST ONE DOUBLY, TRIPLY
OR QUADRUPLY CHARGED METAL
CATION, MIXED PEROXIDE OR
HYDROXO-PEROXIDE THUS OBTAINED
AND USES THEREOF

TECHNICAL FIELD

[0001] The invention relates to the field concerning the
synthesis of actinyl peroxides and hydroxo-peroxides
[0002] More specifically, the invention relates to a process
for synthesizing a mixed peroxide or hydroxo-peroxide of an
actinyl, typically uranyl or neptunyl, and of at least one
doubly, triply or quadruply charged metal cation.

[0003] The mixed peroxide or hydroxo-peroxide thus syn-
thesized is able to be subsequently converted via calcining
to a mixed oxide of an actinide and of at least one metal, the
invention also relating for a process for synthesizing said
oxide.

[0004] The invention further concerns a mixed peroxide or
hydroxo-peroxide of an actinyl and of at least one doubly,
triply or quadruply charged metal cation and to the use
thereof for preparing a mixed oxide of an actinide and of at
least this metal.

[0005] The invention finds particular application in the
production of mixed oxides of actinides suitable for the
manufacture of nuclear fuel pellets such as mixed oxides of
uranium and plutonium (U,Pu)O,, mixed oxides of uranium
and neptunium (U,Np)O,, mixed oxides of uranium and
americium (U,Am)O,, mixed oxides of uranium and curium
(U,Cm)0O,, or mixed oxides of uranium, americium and
curium (U,Am,Cm)O,, or of transmutation targets.

[0006] It also finds application in the decontamination of
radionuclide-contaminated effluents from nuclear plants
such as effluents from clean-up treatments of plant installa-
tions or soils, or from reprocessing of spent nuclear fuels, in
particular for decontamination from lanthanides and/or
strontium.

STATE OF THE PRIOR ART

[0007] Natural uranyl peroxides are known. These are
studtite of formula UO,.4H,0 or (UO,)(0,).4H,0 and its
dehydration product metastudtite of formula UO,.2H,0O or
(UO,)(0,).2H,0. It is acknowledged that these two perox-
ides are formed by hydrolysis of water to hydrogen perox-
ide. These are the sole peroxides of uranyl which do not
contain any cation other than the uranium cation.

[0008] They can be laboratory-synthesized by adding
hydrogen peroxide to a solution comprising uranyl nitrate in
nitric or sulfuric acid, at ambient temperature for studtite and
at 70° C. for metastudtite. They can also be obtained by
direct conversion of UO; or U,0, by hydrogen peroxide.
[0009] Mixed peroxides and hydroxo-peroxides of uranyl
and singly charged (Li*, Na*, K*, Rb*, Nb* and Cs*) or
doubly charged (Ca®*) metal cations as well as peroxides
and hydroxo-peroxides in which uranyl is associated both
with a singly charged metal cation and with a doubly
charged metal cation (K*/Mg>*) are also known (Nyman et
al., InorganicChemistry 2010, 49, 7748-7755, Reference
[1]; Alcock et al., Journal of the Chemical Society A:
Inorganic, Physical, Theoretical 1968, 1588, Reference [2];
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Kubatko et al., InorganicChemistry 2007, 46, 3657-3662,
Reference [3]; Unruh et al., Inorganic Chemistry 2009, 48,
2346-2348, Reference [4]).

[0010] These mixed peroxides and hydroxo-peroxides of
uranyl and singly/doubly charged metal cations are synthe-
sized using so-called <<direct synthesis>> processes
whereby typically a uranyl salt is reacted with a salt or
hydroxide of the singly/doubly charged metal cation in the
presence of hydrogen peroxide.

[0011] It so happens that these processes do not work for
the synthesis of mixed peroxides or hydroxo-peroxides of
uranyl and triply or quadruply charged metal cations, and
additionally that nobody to date has proposed an alternative
process which would allow the synthesis of said peroxides
or hydroxo-peroxides.

[0012] Yet, insofar as metal peroxides and hydroxo-per-
oxides are compounds able to be converted to metal oxides
by calcining, it would be desirable to be able to synthesize
mixed peroxides and hydroxo-peroxides of uranyl and triply
or quadruply charged metal cations, and in particular of
uranyl and actinides(III) or (IV) for the subsequent produc-
tion, from these mixed peroxides, and hydroxo-peroxides of
mixed oxides of uranium and actinides(III) or (IV) suitable
for use in the manufacture of nuclear fuels.

[0013] The Inventors therefore set out to provide a process
allowing the synthesis of mixed peroxides and hydroxo-
peroxides of uranyl and triply or quadruply charged metal
cations.

[0014] A further objective was to provide a process that is
relatively simple to implement and has a cost compatible
with operation on an industrial scale.

[0015] Yet, as part of their research, the Inventors ascer-
tained that if a mixed peroxide or hydroxo-peroxide of
uranyl and of at least one singly charged metal cation is
contacted with a solution of a salt of a triply charged or
quadruply charged metal cation, in fully surprising manner
there occurs cationic exchange between the peroxide or
hydroxo-peroxide and the salt so that the peroxide or
hydroxo-peroxide with singly charged metal cation becomes
a peroxide or hydroxo-peroxide with triply or quadruply
charged metal cation.

[0016] They additionally found that this cation exchange
also occurs if the salt, the solution of which is contacted with
the peroxide or hydroxo-peroxide, is a salt of a doubly
charged metal cation such as a strontium salt.

[0017] It is on these findings that the present invention is
based.

DESCRIPTION OF THE INVENTION
[0018] The subject of the invention is therefore firstly a

process for synthesizing a compound C, selected from
mixed peroxides and hydroxo-peroxides of an actinyl and of
at least one cation X, wherein:

[0019] the actinyl meets formula AnO,?* where An is
an actinide selected from uranium and neptunium, and
q equals 1 (when An is neptunium(V)) or 2 (when An
is uranium or neptunium(VI));

[0020] said at least one cation X, is a double, triply or
quadruply charged metal cation, provided however that
this metal differs from An;

[0021] which process comprises the reaction, in a solvent,
of'a salt of said at least one cation X, e.g. a nitrate, chloride
or sulfate, with a compound C, selected from mixed perox-
ides and hydroxo-peroxides of the actinyl and of at least one
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singly charged cation X,, whereby compound C, is con-
verted to compound C, by replacement of said at least one
cation X, by said at least one cation X;.
[0022] It is to be understood that all the mixed peroxides
and hydroxo-peroxides under consideration in the foregoing
and in the remainder hereof can be in hydrated form, i.e. a
form in which they are combined with molecules of water,
or in anhydrous form.
[0023] As indicated in the foregoing, the actinyl may be a
uranyl or neptunyl, preference being given to uranyl.
[0024] According to the invention, each cation X, may be
a cation of any metal able to form a doubly charged cation,
triply charged cation and/or quadruply charged cation.
Therefore it may be:

[0025] a cation of an alkaline-earth metal namely: Be**,

Mg?*, Ca**, Sr**, Ba®* or Ra**; or

[0026] a cation of a post-transition metal, for example:
AP*, Ga**, In®*, Sn?*, Sn™; TI3; Pb*; Pb™ or Bi®*;
or

[0027] a cation of a transition metal, for example: Sc**,

Ti4+, V3+, CI'3+, Mn2+, Mn3+, Mn4+, Fe2+’ Fe3+, C02+,
CO3+, Ni2+, Cu2+, Zn2+, Y3+, ZI'4+, Nb3+, M02+, M03+,
MO4+, TC4+, Ru2+, Ru3+, Ru4+, ha+, Rh3+, Rh4+, Pd2+,
Cd2+, Hf4+, Ta3+’ Ta4+, W3+, W4+, Re2+’ Re3+’ Re4+,
Os*, Ir’*, Ir™, Pt**, Pt**, Au®* or Hg**; or
[0028] a cation of a lanthanide, for example: La®*, Ce**,
Ce4+, PI'3+, Nd3+, Pm3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+,
Ho**, Er**, Tm™, Yb3* or Lu®*; or still
[0029] a cation of an actinide, for example: Ac**, Th**,
Pa3+, Pa4+, U3+, U4+, Np3+, Np4+, Pu3+, Pu4+, Am3+ or
Cm>*.
[0030] Each singly charged cation X, may be any metal or
non-metal, monoatomic or polyatomic singly charged cat-
ion. In particular, it may therefore be:
[0031] acation of alkaline metal, namely: Li*, Na*, K*,
Rb*, Cs* and Fr*; or
[0032] a cation of a transition metal, for example: Cu*,
Ag*, Au* and Hg"; or still
[0033] a polyatomic cation, for example: ammonium
NH,*, alkylammonium such as methylammonium
(CH;)NH;* or ethylammonium (C,H5)NH,*, dialky-
lammonium such as dimethylammonium (CH;),NH,*
or diethylammonium (C,Hs),NH,", trialkylammonium
such as trimethylammonium (CH,),NH" or triethylam-
monium (C,H,);NH*, tetraalkylammonium such as
tetramethylammonium (CH;),N* or tetracthylammo-
nium (C,H;),N*, hydrazinium N,Hs*, oxonium H,O%,
or still hydroxylammonium NH,OH".
[0034] According to the invention, the reaction of said at
least one cation X, with compound C, is preferably per-
formed by adding a solution of the salt of said at least one
cation X, to compound C, and leaving the reaction mixture
to stand preferably at ambient temperature for sufficient time
to obtain the replacement of said at least one cation X, by
said at least one cation X.
[0035] Typically, 15 to 60 minutes are sufficient to reach
a quantitative reaction.
[0036] The solution of the salt of said at least one cation
X, is advantageously an aqueous solution, this aqueous
solution preferably being prepared with deionized water to
prevent any cations which may be contained in the water
from perturbing the replacement of said at least one cation
X, by said at least one cation X;.
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[0037] After the reaction, compound C, can be recovered,
for example by vacuum filtration, washed, for example in
ethanol, and dried.

[0038] Preferably the process of the invention further
comprises a synthesis of compound C,.

[0039] This synthesis can be performed using any method
proposed in the literature for the synthesis of a peroxide or
hydroxo-peroxide of uranyl and of at least one singly-
charged metal cation, or adapted from said method.

[0040] In particular, this synthesis can be performed using
a method which comprises the reaction of a first aqueous
solution comprising a salt of the actinide An, e.g. a nitrate,
chloride or sulfate, with a n alkaline second aqueous solution
comprising a salt or hydroxide of said at least one cation X,
and hydrogen peroxide.

[0041] This reaction is preferably conducted by adding the
first solution to the second under agitation and advanta-
geously in a receptacle held at a temperature in the order of
0to 5° C., and leaving the reaction medium obtained to stand
for sufficient time, typically one to ten hours, to obtain
formation of compound C,.

[0042] After the reaction, C, can be recovered, for
example by vacuum filtration, washed, for example in
ethanol, and dried.

[0043] According to one preferred provision of the inven-
tion, compound C; meets following general formula (I):

(X[, [(ARO,7),(0,27),,(OH ), ]P0~ o

where:

[0044] An and q are such as previously defined;

[0045] m equals 2 (when X, is a double charged cation),
3 (when X, is a triply charged cation) or 4 (when X, is a
quadruply charged cation);

[0046] n is an even integer, of 2 or higher;

[0047] x is an integer equal to O (when compound C, is a
peroxide) or higher than 0 (when compound C, is a hydroxo-
peroxide);

[0048] p is an integer higher than x; and

[0049] n, p and rl are such that:

1.5<p/n=2; and

0<r1=(2p-qn)/m (to heed the electroneutrality of
compound C,).

[0050] In which case, compound C, meets following gen-
eral formula (II):

(X2"),2[(An0,7),(0577),_(OH),,1%7 7" an
where:
[0051] An, g, n, X and p are such as previously defined;
and

0<r2=2p—qn.
[0052] In the invention, it is preferred that, in above

general formula (I) and, hence, above general formula (II),
n should be an even integer ranging from 2 to 60 and better
still from 16 to 60 (i.e. equalling 16, 18, 20, 22, 24, 26, 28,
30, 32, 34, 36, 38, 40, 42, 44, 46, 48, 50, 52, 54, 56, 58 or
60), in which case compound C, is in the form of an open
or closed cluster formed of n actinyl ions linked by peroxo
or di-hydroxo bridges.

[0053] Also, it is preferred that said at least one cation X,
should be a cation of an actinide, in particular a uranium
cation (if An itself is not uranium), neptunium (if An itself
is not neptunium), plutonium, thorium, americium or
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curium, or else a cation of a lanthanide, in particular a
neodymium, cerium, gadolinium or samarium cation,
whether or not compound C, meets above general formula
.
[0054] Finally, it is preferred that said at least one cation
X, should be an ammonium cation, also whether or not
compound C, meets above general formula (II). For this
purpose, it is sufficient for example to use ammonia as
source of said at least one cation X, for synthesis of
compound C,.
[0055] As previously mentioned, the metal peroxides and
hydroxo-peroxides can be converted to oxides by calcining.
[0056] A further subject of the invention is therefore a
process for synthesizing a mixed oxide of an actinide An
selected from uranium and neptunium, and of at least one
metal able to form a doubly, triply or quadruply charged
cation, the metal differing from An, which process com-
prises:
[0057] synthesizing a mixed peroxide or hydroxo-per-
oxide of an actinyl of formula AnO,?" where q equals
1 or 2, and of at least one doubly, triply or quadruply
charged metal cation, using a process such as previ-
ously defined; and
[0058] calcining the peroxide or hydroxo-peroxide thus
synthesized.
[0059] This calcining can be performed under different
conditions depending on the type of mixed oxide it is desired
to obtain having regard to the intended use thereof.
[0060] For example, the Inventors have found that the
calcining of a mixed hydroxo-peroxide of uranyl and neo-
dymium leads to a mixed oxide when it is performed at a
temperature in the order of 1 300 to 1 400° C. in air, whilst
a mixed oxide having different oxygen stoichiometry is
obtained when calcining is performed at a temperature in the
order of 800 to 900° C. in a reducing atmosphere (e.g. H,/N,
3/97 viv).
[0061] Calcining conditions are therefore to be chosen as
a function of the end use of the mixed oxide.
[0062] Among the mixed peroxides and hydroxo-perox-
ides able to be obtained using the synthesis process of the
invention, those meeting above general formula (I) have
never, to the knowledge of the Inventors, been described in
the literature.
[0063] Therefore, a further subject of the invention is a
mixed peroxide or hydroxo-peroxide of an actinyl and of at
least one cation X,, wherein:
[0064] the actinyl meets formula AnO,?* where An is
an actinide selected from uranium and neptunium, and
q equals 1 or 2;
[0065] said at least one cation X, is a double, triply or
quadruply charged metal cation, provided however that
this metal differs from An;

[0066] which peroxide or hydroxo-peroxide meets follow-
ing general formula (I):
X" [(ARO;7),(0577), (OH )5, %77 @
where:
[0067] m equals 2, 3 or 4;
[0068] n is an even integer, of 2 or higher;
[0069] x is an integer of O or higher;
[0070] p is an integer higher than x; and
[0071] n, p and r] are such that 1.5=p/n=2 and O<r1=2p-

qn)/m.
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[0072] Here too, it is preferred that n should be an even
integer ranging from 2 to 60 and better still from 16 to 60,
as it is also preferred that said at least one tout cation X,
should be a cation of an actinide, in particular a uranium,
neptunium, plutonium, thorium, americium or curium cat-
ion, or else a cation of a lanthanide, in particular a neo-
dymium, cerium, gadolinium or samarium cation.
[0073] A further subject of the invention is the use of a
mixed peroxide or hydroxo-peroxide of an actinyl and at
least one cation X, wherein:
[0074] the actiny] meets formula AnO,?* where An is
an actinide selected from uranium and neptunium, and
q equals 1 or 2;
[0075] said at least one cation X, is a doubly, triply or
quadruply charged metal cation, provided however that
this metal differs from An;

[0076] which peroxide or hydroxo-peroxide is such as
defined above;
[0077] for the synthesis of a mixed oxide of the actinide

and of the metal.

[0078] Other characteristics and advantages of the inven-
tion will become better apparent on reading the remainder of
the description below which relates to examples of synthesis
of mixed peroxides and hydroxo-peroxides according to the
invention and of mixed oxides by calcining these peroxides
and hydroxo-peroxides.

[0079] Evidently these examples are only given to illus-
trate the subject of the invention and do not in any way limit
this subject.

BRIEF DESCRIPTION OF THE FIGURES

[0080] FIG. 1, parts A and B, illustrates the structure of a
mixed hydroxo-peroxide of uranyl(VI) and neodymium(III)
according to the invention, such as determined by single
crystal X-ray diffraction of this hydroxo-peroxide.

[0081] FIG. 2, parts A, B, C and D, illustrates powder
X-diffractograms of a mixed hydroxo-peroxide of uranyl
(VD) and ammonium (part A: diagram calculated from the
structure; part B: diagram performed immediately after
synthesis; part C: diagram performed one hour after synthe-
sis) and of the mixed hydroxo-peroxide of uranyl(VI) and
neodymium(IIl) whose structure shown in FIG. 1, per-
formed one hour after synthesis (part D).

[0082] FIG. 3 gives the powder X-diffractogram of a
mixed oxide of uranium and neodymium obtained by cal-
cining, in air at 1 400° C., the mixed hydroxo-peroxide of
uranyl(V]) and neodymium(I1I) whose structure is shown in
FIG. 1.

[0083] FIG. 4 gives the thermogravimetric curve such as
obtained between 20 and 1 300° C. in air for the mixed
hydroxo-peroxide of uranyl(VI) and neodymium(IIl) whose
structure is shown in FIG. 1.

[0084] FIG. 5 gives the temperature X-diffractogram such
as obtained between 500 and 1 100° C. in air for the mixed
hydroxo-peroxide of uranyl(VI) and neodymium(IIl) whose
structure is shown in FIG. 1.

[0085] FIG. 6 gives the UV-visible spectrum of an aque-
ous solution prepared by dissolving in concentrated phos-
phoric acid a mixed oxide of uranium and neodymium
obtained by calcining, at 1 400° C. in air, the mixed
hydroxo-peroxide of uranyl(VI) and neodymium(IIl) whose
structure is shown in FIG. 1.

[0086] FIG. 7 gives the powder X-diffractogram of a
mixed oxide of uranium and neodymium obtained by cal-
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cining, at 800° C. in a reducing atmosphere, the mixed
hydroxo-peroxide of uranyl(VI) and neodymium(IIl) whose
structure is shown in FIG. 1.

[0087] FIG. 8 gives the temperature X-diffractogram such
as obtained between 20 and 800° C. in a reducing atmo-
sphere for the mixed hydroxo-peroxide of uranyl(VI) and
neodymium(II) whose structure is shown in FIG. 1.
[0088] FIG. 9 gives the UV-visible spectrum (curve A) of
an aqueous solution prepared by dissolving in concentrated
phosphoric acid a mixed oxide of uranium and neodymium
obtained by calcining, at 800° C. in a reducing atmosphere,
the mixed hydroxo-peroxide of uranyl(VI) and neodymium
(IIT) whose structure is shown in FIG. 1; for comparison
purposes, this Figure also gives the UV-visible spectrum of
FIG. 6 (curve B).

[0089] FIG. 10, parts A and B, illustrates the structure of
a mixed hydroxo-peroxide of uranyl(VI) and thorium(IV)
according to the invention, such as determined by single
crystal X-ray diffraction of this hydroxo-peroxide.

[0090] FIG. 11, parts A and B, illustrates the structure of
a mixed hydroxo-peroxide of uranyl(VI) and strontium(II)
according to the invention, such as determined by single
crystal X-ray diffraction of this hydroxo-peroxide.

[0091] FIG. 12, parts A, B and C, gives the powder
X-diffractograms of a mixed peroxide of uranyl(VI) and
ammonium (parts A and B) and of a mixed peroxide of
uranyl(V]) and neodymium(III) according to the invention
(part C), obtained by substitution of the ammonium ions of
said peroxide by neodymium ions.

[0092] FIG. 13 gives the powder X-diffractogram of a
mixed oxide of uranium and neodymium obtained by cal-
cining, in air at 1 400° C., a mixed peroxide of uranyl(VI)
and neodymium(III) according to the invention.

DETAILED DESCRIPTION OF PARTICULAR
EMBODIMENTS

EXAMPLE 1

Synthesis of a Mixed Hydroxo-Peroxide of
Uranium(VI) and Neodymium(I1I) and of Mixed
Oxides of Uranium and Neodymium by Calcining
this Hydroxo-Peroxide

[0093] 1.1—Synthesis of the Mixed Hydroxo-Peroxide of
Uranyl(V]) and Neodymium(III):

[0094] The mixed hydroxo-peroxide of uranyl(VI) and
neodymium(II1)}—hereafter called U32R-Nd—of following
particular formula (Ia):

Nd40/3[(U02)32(02)40(0H)4] (la),

is synthesized in hydrated form by first synthesizing a mixed
hydroxo-peroxide of uranyl(VI) and ammonium—hereafter
called U32R-NH4—then substituting the ammonium cat-
ions of this hydroxo-peroxide by neodymium cations.
[0095] Synthesis of Hydroxo-Peroxide U32R-NH4:

[0096] A first aqueous solution of uranyl(VI) nitrate (UO,
(NO,),.6H,0) is prepared by dissolving 0.5 g of this nitrate
in 6 mL of deionized water. This solution contains 0.996
mmol uranium(VI).

[0097] In parallel, a second aqueous solution is prepared
by mixing 4 mL of an aqueous solution comprising 4 mol/LL
ammonia (NH,OH) with 3 mL of 30% v/v aqueous solution
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of hydrogen peroxide (H,O,). The solution obtained con-
tains 16 mmol of ammonia and 29.37 mmol of hydrogen
peroxide.

[0098] The first solution is added dropwise to the second
under agitation, having placed the first solution over an ice
bath. On completion of the addition, agitation is discontin-
ued allowing rapid crystallisation of hydroxo-peroxide
U32R-NH4. After 10 hours, crystallisation is quantitative.
[0099] The solid formed is recovered by vacuum filtration
and washed in 5 mL ethanol.

[0100] Synthesis of Hydroxo-Peroxide U32R-Nd:

[0101] An aqueous solution of neodymium(IIl) nitrate
(Nd(NO,),.6H,0) is prepared by dissolving 0.218 g of this
nitrate in 10 mL of deionized water. This solution contains
0.497 mmol neodymium(III).

[0102] This solution is poured into a beaker containing the
solid previously obtained and left to stand.

[0103] Thirty minutes later, the solid is recovered by
vacuum filtration and washed in 5 mL of ethanol. It is
formed of a powder and a few single crystals.

[0104] The characterization of this solid given below
shows that it is formed of a mixed hydroxo-peroxide of
uranium(VI) and neodymium(III).

[0105] 1.2—Synthesis of the Mixed Oxides of Uranium
and Neodymium:

[0106] Two mixed oxides of uranium and neodymium—
hereafter called oxides 1 and 2—are synthesized by calcin-
ing the hydroxo-peroxide U32R-Nd obtained under item 1.1
above.

[0107] Oxide 1 is obtained by performing this calcining in
air at 1 400° C. for 12 hours (with temperature rise and
decrease ramp rate of 300° C./h). It has the formula
Uy 71Nd, 550, 5, with (820).

[0108] Oxide 2 is obtained by performing the calcining at
800° C., in a reducing atmosphere (H,/N, 3:97 v/v, with
temperature rise and decrease ramp rate of 300° C./hour
without any temperature hold). It has the formula UO,71NdO,
290, _¢, with (820).

[0109] 1.3—Characterization of
U32R-NH4 and U32R-Nd:

[0110] Single Crystal XRD Analysis:
[0111] Analysis by single crystal X-ray diffraction of
hydroxo-peroxide U32R-NH4 shows that this hydroxo-per-
oxide has a similar structure to that of the uranyl hydroxo-
peroxide U32R-1 described by Sigmon et al., Journal of the
American Chemical Society 2011, 131, 16648-16649, Ref-
erence [5], but differs therefrom in that it comprises a
uranium atom in the centre of the U32R crown cluster.
[0112] Single crystal XRD analysis of hydroxo-peroxide
U32R-Nd shows that this hydroxo-peroxide has a similar
structure to that of hydroxo-peroxide U32R-NH4 but differs
therefrom in that it comprises Nd*>* ions to compensate the
framework anion charge in replacement of the ammonium
ions.

[0113] As can be seen in FIG. 1, parts A and B, in which
the neodymium atoms are substantiated by black circles,
these atoms are present both inside the U32R crown but also
outside this crown. In addition they are linked to the U32R
crown via the oxygens of the uranyl ions of the hydroxo-
peroxide.

[0114] The Nd/U ratio determined with this analysis is
0.34.

Hydroxo-Peroxides



US 2016/0314858 Al

[0115] Powder XRD Analysis:

[0116] As indicated in aforementioned Reference [5] for
U32R-1 hydroxo-peroxide, hydroxo-peroxide U32R-NH4
very rapidly loses its crystallinity.

[0117] As can be seen in FIG. 2, parts A and B, powder
XRD analysis performed 10 minutes after obtaining this
hydroxo-peroxide nevertheless gives an X-diffractogram
(part B) corresponding to the one calculated (part A) from
the structure such as determined by single crystal X-ray
diffraction. One hour after it has been obtained, hydroxo-
peroxide U32R-NH4 has become practically amorphous
(part C).

[0118] On the other hand, as shown by part D in FIG. 2,
powder XRD analysis of hydroxo-peroxide U32R-Nd evi-
dences much stronger crystallinity of this compound com-
pared with that of hydroxo-peroxide U32R-NH4 and it is
maintained over time due to inter-cluster links involving
Nd>* ions that are stronger than those existing with ammo-
nium ions.

[0119] ICP-AES and EDS Analyses:

[0120] Analysis by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) of hydroxo-peroxide
U32R-Nd indicates a Nd/U ratio of 0.4.

[0121] Analysis by energy dispersive spectrometry (EDS)
indicates a Nd/U ratio of 0.42.

[0122] These Nd/U ratios are slightly higher than the ratio
obtained by single crystal X-ray diffraction which is 0.34,
and can be accounted for:

[0123] either by the presence of neodymium atoms in
the single crystal occupying sites with low occupation
rate and non-localised;

[0124] or by under-estimated occupation rates;

[0125] or still by the fact that the single crystals contain
less neodymium than the whole powder.

[0126] 1.4—Characterization of Oxide 1:
[0127] Powder XRD Analysis:
[0128] Powder XRD analysis of oxide 1 shows that this

oxide is formed of a phase having a fluorine structure (FIG.
3).

[0129] The lattice parameter of this oxide (a=5.4356(7) A)
is slightly lower than that of uranium dioxide UO, (a=5,468
(1) A), indicating that the oxide is indeed a mixed oxide.
[0130] TGA and HTXRD Analyses:

[0131] The calcining temperature of 1 400° C. in air was
set further to a study on the thermal decomposition of
hydroxo-peroxide U32R-Nd that was carried out using ther-
mogravimetric analysis (TGA) in air up to 1 300° C. (this
corresponding to the maximum temperature of use of the
equipment used) and by high temperature X-ray diffraction
(HTXRD) in air up to 1 110° C. (this corresponding to the
maximum temperature of use of the equipment used).
[0132] As shown by the gravimetric curve in FIG. 4, TGA
analysis of this hydroxo-peroxide shows that its decompo-
sition is not complete at 1 300° C., as confirmed by HTXRD
analysis which specifies thermal decomposition mechanisms
up to 1 100° C.

[0133] Therefore, as shown by the X-diffractogram in
FIG. 5, a-UQO; crystallises on and after 575° C. in a mixture
with a small proportion of fluorine phase denoted F in this
Figure. Then at 800° C., a-UO, is converted to a-U;0, and
the proportion of fluorine phase increases with temperature.
Finally, U,Os is obtained on and after 1 000° C. again in a
mixture with a fluorine phase the quantity of which contin-
ues to increase with temperature.
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[0134] ICP-AES Analysis:

[0135] ICP-AES analysis of oxide 1 indicates a Nd/U ratio
of 0.42.

[0136] Analysis by Castaing Microprobe:

[0137] Mapping of a cross-section of the grains of oxide 1

is carried out using an electronic microprobe or Castaing
microprobe on a pellet prepared by placing oxide 1 obtained
under item 1.2 above in a resin, followed by polishing of this
pellet.

[0138] This mapping confirms that this oxide 1 is—a
mixed oxide of uranium and neodymium with the simulta-
neous presence of uranium and neodymium within one same

grain.
[0139] Analysis by UV-Visible Spectrometry:
[0140] An aqueous solution prepared by dissolving oxide

1 in concentrated phosphoric acid (H;PO,, 65% v/v) is
analysed by UV-visible spectrometry.

[0141] As shown by the spectrum in FIG. 6, uranium is
present in this oxide at oxidation degrees IV and VI to
compensate for the neodymium charge in the oxide of
fluorine structure U, 5, Nd; 260, ,5,With (820).

[0142] To conclude: by calcining in air at 1 400° C. the
hydroxo-peroxide U32R-Nd obtained under item 1.1 above,
a fluorine phase is obtained which corresponds to a mixed
stoichiometric oxide having a composition close to
Up 71 Ndg 5905,5, With (820).

[0143] 1.5—Characterization of Oxide 2:
[0144] Powder XRD Analysis:
[0145] Powder XRD analysis of oxide 2 shows that this

oxide is formed of a phase having a fluorine structure (FIG.
D.

[0146] The lattice parameter of this oxide (a=5.4484(4) A)
is slightly lower than that of uranium dioxide UO, (a=5.468
(1) A), indicating the presence of a mixed oxide.

[0147] Widening of the beams (compared with FIG. 3) can
be accounted for by the fact that oxide 2 has a smaller
particle size than oxide 1 because sintering phenomena are
less present at 800° C. than at 1400° C. In addition, oxide 2
was obtained by calcining without a temperature hold
whereas the calcining which led to oxide 1 was conducted
with a 12-hour temperature hold.

[0148] HTXRD Analysis:

[0149] HTXRD analysis of the hydroxo-peroxide U32R-
Nd was performed up to 800° C., in a reducing atmosphere
(H,/N, 3/97 v/v).

[0150] As shown in the X-diffractogram in FIG. 8 it can be
seen that on and after 500° C. there occurs crystallisation of
a sub-stoichiometric oxide with fluorine structure U, ,, Nd,,
200,_g, with (8=0)(A). The beams between 26 values rang-
ing from 15° to 27° and the beam at 26=44° are those of the
sample holder used for this analysis, namely a gold-leaf
coated alumina crucible.

[0151] Analysis by UV-Visible Spectrometry:

[0152] An aqueous solution prepared by dissolving oxide
2 in concentrated phosphoric acid (H;PO,, 65% v/v) is
analysed by UV-visible spectrometry.

[0153] As shown in FIG. 9 which gives the UV-visible
spectrum obtained for this solution (curve A) and the spec-
trum obtained for the solution of oxide 1 previously ana-
lysed under item 1.4 above (curve B), uranium is contained
in the oxide at oxidation degrees IV and VI as in oxide 1.
[0154] However the proportion of uranium(IV) in oxide 2
is much higher than in oxide 1.
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[0155] To conclude: by calcining at 800° C. in a reducing
atmosphere the hydroxo-peroxide U32R-Nd obtained under
item 1.1 ci-above, a fluorine phase is obtained which cor-
responds to a non-stoichiometric mixed oxide having a
composition close to that of U, ;,Nd, 560,_s, with (820).

EXAMPLE 2

Synthesis of a Mixed Hydroxo-Peroxide of
Uranium(VI) and Thorium(IV)

[0156] 2.1—Synthesis of the Mixed Hydroxo-Peroxide of
Uranyl(V]) and Thorium(IV):

[0157] The mixed hydroxo-peroxide of uranyl(VI) and
thorium(I'V)—hereafter called U32R-Th—having following
particular formula (Ib):

Th10[(UO2)32(O2)40(OH)24] (Ib)a

is synthesized in hydrated form by substituting the ammo-
nium cations of hydroxo-peroxide U32R-NH4 by thorium
cations.

[0158] For this purpose, after synthesizing hydroxo-per-
oxide U32R-NH4 following the same operating protocol as
described under item 1.1 above, an aqueous solution of
thorium(IV) nitrate is prepared (Th(NO;),.5SH,0O) by dis-
solving 0.285 g of this nitrate in 10 mL of deionized water.
This solution contains 0.5 mmol of thorium(IV). It is poured
into a beaker containing the hydroxo-peroxide U32R-NH4
previously obtained and left to stand. Thirty minutes later,
the solid is recovered by vacuum filtration and washed in 5
mL ethanol.

[0159] The characterization of this solid given below
shows that it is formed of a mixed hydroxo-peroxide of
uranium(VI) and thorium(IV).

[0160] 2.2—Characterization of  Hydroxo-Peroxide
U32R-Th:
[0161] Single crystal XRD analysis of hydroxo-peroxide

U32R-Th shows that this hydroxo-peroxide has a similar
structure to that of hydroxo-peroxide U32R-NH4 but differs
from the latter in that it comprises Th** ions to compensate
the framework anion charge in replacement of the ammo-
nium ions.

[0162] As can be seen in FIG. 10, parts A and B, in which
the thorium atoms are substantiated by black circles, these
atoms are present both inside the U32R crown cluster and
outside this crown. In addition, they are linked to the U32R
crown via the oxygens of the uranyl ions of the hydroxo-
peroxide.

[0163] The Th/U ratio determined under structural reso-
Iution analysis is 0.20.

EXAMPLE 3

Synthesis of a Mixed Hydroxo-Peroxide of
Uranium(VI) and Strontium(II)

[0164] 3.1—Synthesis of the Mixed Hydroxo-Peroxide of
Uranyl(V]) and Strontium(II):

[0165] The mixed hydroxo-peroxide of uranyl(VI) and
strontium(II}—hereafter called U32R-Sr—of following par-
ticular formula (Ic):

S150[(U02)32(02)40(0OH)24] (Ie),

is synthesized in hydrated form by substituting the ammo-
nium cations of a hydroxo-peroxide U32R-NH4 by stron-
tium cations.
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[0166] For this purpose, after synthesizing hydroxo-per-
oxide U32R-NH4 following the same operating protocol as
described under item 1.1 above, an aqueous solution of
strontium(II) nitrate (Sr(NO,),) is prepared by dissolving
0.212 g of this nitrate in 20 mL of deionized water. This
solution contains 1 mmol of strontium(II). It is poured into
a beaker containing the hydroxo-peroxide U32R-NH4 pre-
viously obtained and left to stand. Thirty minutes later, the
solid is recovered by vacuum filtration and washed in 5 mL.
of ethanol.

[0167] The characterization of this solid given below
shows that it is formed of a mixed uranium(VI) and stron-
tium(Il) hydroxo-peroxide.

[0168] 3.2—Characterization of  Hydroxo-Peroxide
U32R-Sr:

[0169] Single Crystal XRD Analysis:

[0170] Single crystal XRD analysis of hydroxo-peroxide

U32R-Sr shows that this hydroxo-peroxide has a similar
structure to that of hydroxo-peroxide U32R-NH4 but differs
from the latter in that it comprises Sr** ions to compensate
the framework anion charge in replacement of the ammo-
nium ions.

[0171] As can be seen in FIG. 11, parts A and B, in which
the strontium atoms are substantiated by black circles, these
atoms are present both inside the U32R crown and also
outside this crown. In addition, they are linked to the U32R
crown via the oxygens of the uranyl ions of the hydroxo-
peroxide.

[0172] The Sr/U ratio determined under structural resolu-
tion analysis is 0.42.

[0173] ICP-AES Analysis:

[0174] ICP-AES analysis of hydroxo-peroxide U32R-Sr
gives a Sr/U ratio of 0.51.

EXAMPLE 4

Synthesis of a Mixed Peroxide of Uranium(VI) and
Neodymium(III) and of a Mixed Oxide of Uranium
and Neodymium by Calcining this Peroxide

[0175] 4.1—Synthesis of the Mixed Peroxide of Uranyl
(VD) and Neodymium(III):

[0176] The mixed peroxide of uranyl(VI) and neodymium
(IIT)—hereafter called U28-Nd—of following particular for-
mula (Id):

Ndo[(UO2)25(02)42] 1d),

is synthesized in hydrated form by first synthesizing a mixed
peroxide of uranyl(VI) and ammonium—hereafter called
U28-NH4—then substituting the ammonium cations of this
peroxide by neodymium cations.

[0177] Synthesis of U28-NH4 Peroxide:

[0178] A first aqueous solution is prepared comprising
0.067 mol/LL of uranyl(VI) nitrate (UO,(NO,),.6H,0) by
dissolving 0.625 g of this nitrate in 18.75 mL of deionized
water, and 0.093 mol/L. of ammonium oxalate (NH,),C,O,.
H,0) by dissolving 0.250 g of this oxalate in the preceding
mixture. The solution obtained contains 1.25 mmol of
uranium(VI) and 1.75 mmol of ammonium.

[0179] In parallel, a second aqueous solution is prepared
comprising 1 mol/L. of hydrogen peroxide by diluting 638
uL of 30% v/v hydrogen peroxide in 6.25 mL of deionized
water. The solution obtained contains 6.25 mmol of hydro-
gen peroxide.
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[0180] Under agitation in a beaker, the second solution is
added to the first. The pH of the reaction mixture being about
1.43, it is adjusted to 8 by adding 7.9 mlL. of 1M ammonia
under agitation. The beaker is transferred to a hermetically
sealed jar containing 33 ml. methanol, allowing crystallisa-
tion of U28-NH4 peroxide by vapour diffusion and solvent
modification.

[0181] After two weeks, a solid corresponding to a mix-
ture of powder and crystals is formed at the bottom of the
beaker and is recovered by vacuum filtration and washed in
5 mL ethanol.

[0182] Synthesis of U28-Nd Peroxide:

[0183] An aqueous solution of neodymium(IIl) nitrate
(NA(NO;),.6H,0) is prepared by dissolving 0.218 g of this
nitrate in 10 mL of deionized water. This solution contains
0.497 mmol of neodymium(III).

[0184] This solution is poured into a beaker containing the
U28-NH4 peroxide previously obtained and left to stand.
[0185] Thirty minutes later, the solid is recovered by
vacuum filtration and washed in 5 mL ethanol.

[0186] The characterization of this solid given below
shows that it is formed of a mixed peroxide of uranium(VI)
and neodymium(III).

[0187] 4.2—Synthesis of the Mixed Oxide of Uranium
and Neodymium

[0188] A mixed oxide of uranium and neodymium—
hereafter called oxide 3—is synthesized by calcining the
U28-Nd peroxide obtained under item 4.1 above in air, at 1
400° C. for 12 hours (with a temperature rise and decrease
ramp rate of 300° C./h).

[0189] This oxide has the formula U, ;3Nd, »,05,5, with
(8=0).

[0190] 4.3—Characterization of Peroxides U28-NH4 and
U28-Nd:

[0191] Single Crystal XRD Analysis:

[0192] Single crystal XRD analysis of U28-NH4 peroxide

shows that this peroxide has a structure similar to that of the
uranyl peroxide U28 described by Burns et al., Ang-
ewandteChemie International Edition 2005, 44, 2135-2139,
Reference [6]: it is a sphere with 28 uranium atoms com-
posed of triperoxide bricks, the neutrality thereof being
ensured by the ammonium ions.

[0193] Powder XRD Analysis:

[0194] U28-NH4 peroxide loses its crystallinity very rap-
idly.

[0195] As can be seen in FIG. 12 parts A and B, powder

XRD analysis performed 10 minutes after obtaining this
peroxide nevertheless gives an X-diffractogram (part B)
corresponding to the one calculated (part A) from the
structure such as determined by single-crystal X-ray diffrac-
tion. In part B, the beams substantiated by a star (*) are those
of the sample holder in polytetrafluoroethylene used for this
analysis.

[0196] As can be seen in FIG. 13, part C, powder XRD
analysis of U28-Nd peroxide shows that it is amorphous.
[0197] ICP-AES Analysis:

[0198] ICP-AES analysis of U28-Nd peroxide gives a
Nd/U ratio of 0.369.

[0199] 4.4—Characterization of the Mixed Oxide of Ura-
nium and Neodymium:

[0200] Powder XRD analysis of oxide 3 shows that this
oxide is formed of a phase having a fluorine structure (FIG.
13).
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[0201] The lattice parameter of this oxide (a=5.434(4) A)
is slightly lower than that of uranium dioxide UO, (a=5.468
(1) A), indicating that this is indeed a mixed oxide.

[0202] To conclude: by calcining in air at 1 400° C. the
U28-Nd peroxide obtained under item 4.2 above, a fluorine
phase is obtained which corresponds to a mixed oxide
having a composition close to U, ,3Nd,, ,,0, 5, with (620).
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1. A process for synthesizing a compound C, selected
from mixed peroxides and hydroxo-peroxides of an actinyl
and of at least one cation X, wherein:

the actinyl has formula AnO,?" where An is an actinide

selected from uranium and neptunium, and q equals 1

or 2;

the cation X, is a doubly, triply or quadruply charged

metal cation, wherein the metal differs from An;
which process comprises a reaction in a solvent of a salt of
the cation X, with a compound C, selected from mixed
peroxides and hydroxo-peroxides of the actinyl and of at
least one singly charged cation X,, whereby compound C,
is converted to compound C, by a replacement of the cation
X, by the cation X;.

2. The process of claim 1, wherein the cation X is a cation
of an alkaline-earth metal, a cation of a post-transition metal,
a cation of a transition metal, a cation of a lanthanide or a
cation of an actinide.

3. The process of claim 2, wherein the cation X, is a cation
of an alkaline metal, a cation of a transition metal or a
polyatomic cation.

4. The process according to claim 1, wherein the reaction
of the cation X, with compound C, comprises adding a
solution of the salt of the cation X, to compound C, to obtain
a reaction medium, and leaving the reaction medium to stand
for sufficient time to obtain the replacement of the cation X,
by the cation X;.

5. The process of claim 4, wherein the solution of the salt
of the cation X, is an aqueous solution.

6. The process of claim 1, further comprising a synthesis
of compound C,.

7. The process of claim 6, wherein the synthesis of
compound C, comprises a reaction of a first aqueous solu-
tion comprising a salt of the actinide An with an alkaline
second aqueous solution comprising a salt or hydroxide of
the cation X, and hydrogen peroxide.

8. The process of claim 7, wherein the synthesis of
compound C, comprises adding the first solution to the
second solution under agitation to obtain a reaction medium
and leaving the reaction medium to stand for sufficient time
to obtain the formation of compound C,.
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9. The process of claim 1, wherein compound C, has
general formula (I):

(X" [(AnO,7),(0,77),,_(OH ), %~ M

where:

m equals 2, 3 or 4;

n is an even integer of 2 or higher;

X is an integer of 0 or higher;

p is an integer higher than x; and

n, p and rl are such that 1.5=p/n=2 and 0<r2=2p—qn)/m.

10. The process of claim 9, wherein compound C, has
general formula (II):

(X5l (ARO,7),,(0577),_(OH ), ] %7~ an

where:

0<r2=2p-qn.

11. The process of claim 9, wherein n is an even integer
ranging from 2 to 60.

12. The process of claim 1, wherein the cation X, is a
cation of an actinide or lanthanide.

13. The process of claim 1, wherein the cation X, is an
ammonium cation.

14. A process for synthesizing a mixed oxide of an
actinide An selected from uranium and neptunium, and of at
least one metal able to form a doubly, triply or quadruply
charged metal cation X, the metal differing from An, which
process comprises:

synthesizing a mixed peroxide or hydroxo-peroxide of an

actinyl of formula AnO,?* where q equals 1 or 2, and
of at least the cation X, the synthesis comprising a
reaction in a solvent of a salt of the cation X, with a
compound C, selected from mixed peroxides and
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hydroxo-peroxides of the actinyl and of at least one
singly charged cation X,, whereby compound C, is
converted to compound C, by a replacement of the
cation X, by the cation X, ; and

calcining the mixed peroxide or hydroxo-peroxide thus
synthesized.

15. A mixed peroxide or hydroxo-peroxide of an actinyl

and of at least one cation X,, wherein:

the actinyl has formula AnO,?" where An is an actinide
selected from uranium and neptunium, and q equals 1
or 2;

the cation X, is a doubly, triply or quadruply charged
metal cation, wherein the metal differs from An;

the peroxide or hydroxo-peroxide has following general
formula (I):

(X" )1 [(ARO,7),,(0577), (OH )5, ] 2~ @

where:

m equals 2, 3 or 4;

n is an even integer of 2 or higher;

X is an integer of 0 or higher;

p is an integer higher than x; and

n, p and rl are such that 1.5=p/n<2 and 0<r1=(2p—qn)/m.

16. The peroxide or hydroxo-peroxide of claim 15,
wherein n is an even integer ranging from 2 to 60.

17. The peroxide or hydroxo-peroxide of claim 15,
wherein the cation X is a cation of an actinide or lanthanide.

18. (canceled)

19. The process of claim 10, wherein n is an even integer
ranging from 2 to 60.

#* #* #* #* #*



