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Several compositions of Thy—,An",2(PO4)2(HPO4)-H,0 (An = U, Np, Pu) were prepared through hydrothermal
precipitation from a mixture of nitric solutions containing cations and concentrated phosphoric acid. All the samples
were fully characterized by X-ray diffraction, UV-vis, and infrared spectroscopies to check for the existence of
thorium—actinide(IV) phosphate hydrogenphosphate hydrates solid solutions. Such compounds were obtained as
single phases, up to x = 4 for uranium, x = 2 for neptunium, and x < 4 for plutonium, the cations being fully
maintained in the tetravalent oxidation state. In a second step, the samples obtained after heating crystallized
precursors at high temperature (1100 °C) were characterized. Single-phase thorium—actinide(lV) phosphate—
diphosphate solid solutions were obtained up to x = 0.8 for Np(IV) and x = 1.6 for Pu(IV). For higher substitution
rates, polyphase systems composed by S-TAnPD, An,O(PQ,),, and/or a-AnP,0O; were formed. Finally, this
hydrothermal route of preparation was applied successfully to the synthesis of an original phosphate-based compound
incorporating simultaneously tetravalent uranium, neptunium and plutonium.

1. Introduction logues, can incorporate large amounts of uranium and/or
thorium (e.g., up to 30 wt % in Thg¥*>and usually appear

to be well-crystallized even for high doses of irradiation. In
1Ihe past decade, several studies were also dedicated to the
thorium phosphate diphosphat8-Ths(POQy)4P.0;, called
B-TPD)'52! as a promising ceramic for the specific im-

In the framework of a 1991 French research latine
immobilization of radionuclides in an underground repository
can be considered one of the options for the management o
long-lived and highly radioactive radionuclides. In this field,
the french research group NOMADE (CNRS/CEA/AREVA/
French Unlversme_s) was set up to S_tUdy anq propose several (3) podor, R.; Cuney, M.; Nguyen Trung, Sm. Miner.1995 80, 1261
ceramics for the final disposal of minor actinides (Np, Am, @ 126?]. Clavi . c o Audub

; 4) Dacheux, N.; Clavier, N.; Robisson, A. C.; Terra, O.; Audubert, F.;
Cm). Amon_g them, three_- phosp_hate mater!als were chos_en Lartigue, J. E.; Guy, CC. R. Acad. Sci2004 7, 11411152,
on the basis of several interesting properties such as high (5) Bregiroux, D.; Belin, R.; Valenza, P.; Audubert, F. Bernache-Assollant,
i i i ini i D. J. Nucl. Mater.2007, 366, 52—57.
Welght. Ioadlngs in a.'Ct.ImdeS and gOOd re.SIS.tance to aqu?ous (6) Bregiroux, D.; Terra, O.; Audubert, F.; Dacheux, N.; Serin, V.; Podor,
alteration or to radiation damage. In this field, brabantites R.; Bernache-Assollant, Dnorg. Chem. in press.

(CapsM"VosPOy),2~7 monazites (MPQy),8710 or britholites (7) Terra, O.; Dacheux, N.; Audubert, F.; Podor JRNucl. Mater.2006
' IV ; 11-14 : 352, 224-232.
(CaNdy- MY (PQy)s5-(SiOs)1+yF2), as their natural ana- (8) Boatner, L. A.; Sales, B. C. IRadioactie Waste Forms for the Future
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mobilization of tetravalent actinides since it allows the through the initial preparation of new TNpPHPH (TiNp-
incorporation of large amounts of uranium (up to 47.6 wt (PQy)y(HPQ;)-H,0) and TPUPHPH (Th,:Pus(PQy)(HPQy):
%), neptunium (33.2 wt %), or plutonium (26.1 wt %) by H,0) solid solutions. The preparation of such compounds
substitution of thorium in its crystal structut&?Moreover, was performed with nitric media due to its predominance in
the resulting solid solutions with actinidgs I h-An(PQy)s- the nuclear fuel cycle, particularly during the reprocessing

(Pz(.)7). (ﬂ-TAn_PD),_ and thelr_ aif%matlon with monazites ¢ spent fuels? The preparation of several compounds with
exhibit good sintering propertié$2223very slow normalized . " . .
various compositions, including the Pu and Np end-members,

dissolution rated}?4 2% and good resistance to radiation _ . )
was thus envisaged, and the unit cell parameters were refined

damage’ 30 ‘ )
Several chemistry routes, including wet and dry methods, from X-ray_ difiraction (XRD) d_ata reported for pure
TPHPH? Finally, the transformation of such low-temper-

were already developed to perform the preparatightdPD X ' _
and associated solid solutions with tetravalent actinides. ature crystallized precursors into high-temperafi&PuPD
The process based on the evaporation of a mixture of acidicand-TNpPD solid solutions was investigated to examine
solutions containing cations and concentrated phosphoric acidthe range of composition allowing the preparation of
led to single phase but heterogeneous solids (especially inhomogeneous and single-phase powdered samples.
terms of the cation distribution inside the prepared ceramics)
after heating at high temperature. Consequently, the synthesis, Experimental Section
of crystallized precursors of-TPD and -TUPD solid
solutions, i.e., thorium phosphate hydrogenphosphate hydrate 2.1. Chemicals.The usual reagents used for the syntheses and
(TPHPHJ* and related TUPHPH solid solutions GTk,Uy.- the analyses were supplied by Prolabo and were of “pro-analysis”
(POy)2(HPQy)-H-0) 2> respectively, was developed to get  grade. All acidic solutions containing actinides were homemade at
dense and homogeneous samples after heating at highhe Atalante facility of CEA-ValrioThe nitric solution of uranium-
temperature. (IV) was obtained after purification by chromatography of a stock
This paper reports the first attempts to incorporate tet- solution of uranium nitrate provided by AREVA NC, then the
ravalent neptunium or plutonium in th@TPD structure associated concentrations of uranium(lV) and uranium(VI) were
determined by spectrophotometry. The concentration was fixed to

(12) Bros, R.; Carpena, J.; Sere, V.; Beltritti, Radiochim. Actal996 100 gL™* (i.e., 0.42 M), and the tetravalent oxidation state of
3 7Ttrr2;762-8ihdubert F.: Dacheux, N.; Guy, C.. PodorJR2007 uranium was stabilized by adding 0.07 M of hydrazinium ions
366, 70—86. T . T ' (N2Hs~, NH) as an anti-nitrous reagent. Nevertheless, at least 10%
(14) Terra, O.; Audubert, F.; Dacheux, N.; Guy, C.; Podor,JRNucl. of the total uranium was found in the uranyl form.
Mater. 2006 354, 49—65. . . e
(15) Ewing, R. CProg. Nucl. EnergyjOnline early access]. doi:10.1016/ The neptunium(lV) solution was prepared from two purified
j.pnucene.2007.02.003. Published Online: March 26, 2007. liquors. The concentrations of hydronium, hydrazinium, and hy-
(16) 3%2{3@?&’:_.Bé%r;]cgfl’M\_/.'Lo?nggh?gﬁaméh Jﬁ%ﬁ:ﬁ;’. l\sﬂét;igg%y' S- droxylammonium (NHOH-, NHA) ions (these two last being added
8 181-188. ' ' to prevent any oxidation of Np(IV) into Np(V)) were set to 1, 0.5,
(17) fsra;\gflz,gl.; Dacheux, N.; Genet, Radiochemistry (Moscov2001, and 0.5 M, respectively. The final neptunium concentration was
(18) Décheux, N Chassigneux, B.; Brandel, V. ; Le Coustumer, P.; Genet, ngaluated t00.18:0.02M Wh”e_ that of its daug_ht?r product, i.e.,
M.; Cizeron. G.Chem. Mater2002, 14, 2953-2961. *a (T2 = 27 days), present in secular equilibrium w#fiNp,
(19) gsalzchl%l&lf\gé Podor, R.; Brandel, V.; Genet, MNucl. Mater.1998§ reached about 1@ M and was consequently neglected in the mass
(20) Dacheux, N.; .Thomas, A. C.; Brandel, V.; Genet,MNucl. Mater. balance during the synthesis.
1) }290915?5@33{ }Aoag%ll:)?écheux N.: Aupiais.JLNUG. Mater 2002 306 Finally, the plutonium(lV) solution was obtained through the
134-146. + N AUPIAIS,RUCL ’ digestion of plutonium oxalate in hot concentrated nitric acid (5 M
(22) Clavier, N.; Dacheux, N.; Martinez, P.; du Fou de Kerdaniel, E.; HNOs;, T = 70 °C). The tetravalent oxidation state was adjusted
(23) Clavier, N.; Dacheux, N.; Podor, Riorg. Chem, 2006 45, 220~ 4 g hydrogen p Y
229. _ _ 2.2. Hydrothermal Precipitation of the Precursors. The
(24) ??O%Cheuxv N.; Clavier, N.; Ritt, I. Nucl. Mater.2006 349, 291~ preparation of tetravalent actinide phosphate hydrogenphosphate
(25) du Fou de Kerdaniel, E.; Clavier, N.; Terra, O.; Dacheux, N.; Podor, hydrates (Ar=Th, U, Np, Pu) was based on the method previously
R. J. Nucl. Mater.2007, 362, 451—458. developed when studying the precipitation of,(HO,)2(HPO)-

(26) Clavier, N.; du Fou de Kerdaniel, E.; Dacheux, N.; Le Coustumer,

" . . : ) . 3 i
P.. Drot, R Ravaux, J Simoni. . Nucl. Mater 2006 349, 304 H,03! and associated solid solutions with uranium(P#j2 Con

316. centrated phosphoric acid (5 M;PIO,) was added dropwise to a
(27) Tamain, C.; Ozgmis, A.; Dacheux, N.; Garrido, F.; Thome, L. mixture of nitric solutions containing cation&Ca, = 0.15 M).
Nucl. Mater.2006 352, 217-223. . : ; _2 ;
(28) Tamain, C.. Garrido, F.; Thome, L.: Dacheux, N.: O, A Stoichiometric proportions3{An/PO, = ?/3) were considered, but
Benyagoub, AJ. Nucl. Mater.2006 357, 206-212. T a small excess of phosphate (of about 2%) was introduced to ensure
(29) Xarq%in,C.;E%cr’l\?Uﬁ, I\I\I/I tGarzrlcc)i(c))ﬁF35 galbs& é%:lBaWE. N.; @iga) the quantitative precipitation of tetravalent cations. Moreover,
- ome, L.J. Nucl. Mater. . . .. .
(30) Tamain, C. Dacheux, N.; Garrido, ., ThomeJLNul. Mater 2007, solutions of 0.2 M hydrazinium and hydroxylammonium were used
362 459-465. as anti-nitrous reagents to keep uranium and neptunium in their

(31) Brandel, V.; Dacheux, N.; Genet, M.; Podor,RSolid State Chem.
2001, 159 139-148.
(32) Clavier, N.; Dacheux, N.; Martinez, P.; Brandel, V.; Podor, R.; Le (34) Madic, C.; Lecomte, M.; Baron, P.; Boullis, B. R. Physiqu&002

Coustumer, PJ. Nucl. Mater.2004 335, 397—409. 3, 797-811.
(33) Clavier, N.; Dacheux, N.; Wallez, G.; Quarton, ¥. Nucl. Mater. (35) Dacheux, N.; Clavier, N.; Wallez, G.; Brandel, V.; Emery, J.; Quarton,
2006 352, 209-216. M.; Genet, M.Mat. Res. Bull2005 40, 2225-2242.
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Figure 1. UV—vis absorption spectra of gelatinous phases obtained from phosphoric acid and 0.12-N0.U& M U(IV); (a) 0.135 M Th+ 0.015 M
Np(IV); (b) 0.135 M Th+ 0.015 M Pu(lV); (c) with a mole ratio AM/POy = /5.

tetravalent oxidation state during the hydrothermal treatment. We low diffusion, then set on a platelike sample holder. After drying
checked that both compounds slowly decomposed in hot nitric and checking for the absence of contamination, the plate was

medias36.37

transferred outside the glovebox, placed in a boat, and covered with

The gelatinous compounds initially formed when mixing the Kapton. This protocol, related to the confinementefadioactive

solutions progressively turned into well-crystallized precipitates by materials, could explain the important background observed on the
heating at 130C for several weeks: the PTFE vials containing XRD diagrams. The precise peak positions were determined using
the gels were placed in a Parr acid digestion bomb (model no. 4749),the fitting progranEVA available in the software packadéfrac-

then set in an oven specially designed for this purpose. After AT, version 3.0, purchased by Socabim and supplied by Siemens.
heating, the precipitates were separated by filtration, washed severaFinally, the unit cell parameters were refined using the=it
times with ethanol, and then finally dried at room temperature. Software?®

Different powder colors were observed depending on the actinide Thermogravimetric analysis (TGA) and differential scanning
considered: white for the well-known thorium compound, green calorimetry (DSC) experiments were carried out on a Netzsch STA
for uranium and neptunium, and pink for plutonium ones (all agreed 409C apparatus equipped with a furnace operating up to 1600
well with that expected in phosphoric media for the tetravalent and using alumina boats. After each measurement, the powder was

oxidation state of such actinid&s9.
Finally, the compounds were heated up to 1100n air or under

carefully characterized by XRD.

an inert atmosphere (Ar) to study their conversion into the final 3- Results and Discussion

thorium—actinide phosphate diphosphate compounds. Due to the
high specific activity of such samples, all the chemical steps were
carried out in a glovebox, and only small quantities of compounds

were prepared.
2.3. Characterization of the PowdersThe oxidation states of

uranium and plutonium, on the one hand, and of neptunium, on
the other hand, were checked by YVis absorption spectrometry

3.1 Characterization of the Initial Crystallized Precur-
sors. 3.1.1. UW-Vis Absorption Spectroscopy.UV—vis
absorption spectra were recorded for the gelatinous phases
formed after mixing the actinide solutions with concentrated
phosphoric acid (Figure 1).

The positions of the absorption bands for each actinide

using the GBC UV/VIS 920 and Shimadzu UV-3101PC double- @ppear close to those previously observed in the initial
beam apparatus, respectively. Infrared absorption spectra weresolutions. Only a small shift in the position was detected

recorded from 400 to 4000 crhusing cylindrical pellets of about
1-3 wt % of powder dispersed in KBr with a Nicolet Magna IR

550 Seie Il spectrophotometer.

The XRD diagrams were collected with a Inel diffractometer

equipped with a CPS 120 curve detector using the @y tay (A

= 1.54056 A). The analyzed samples were mixed with a resin of

(36) Gowland, R. J.; Stedman, @. Inorg. Nucl. Chem1981 43, 2859
2862.

(37) Zilberman, B. Y.; Akhmatov, A. A.; Saprykin, V. F.; Sytnik, L. V.;
Gostinin, G. |.Radiochemistry2001, 43, 163—-165.

(38) Pags, M. In Noweau Traitede Chimie Mineale; Pascal, P., Ed.;
Masson: Paris, 1962; vol. 15, p 321.

(39) Cleveland, J. MThe Chemistry of PlutoniumGordon and Breach:
New York, 1970.
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due to the complexing of actinides by phosphate species.
Moreover, the spectra of tetravalent neptunium- and plutonium-
bearing samples evidenced a weak oxidation of pluto-
nium(1V) into plutonium(VI) (characteristic absorption band
around 830 nm) as well as the minor presence of neptuni-
um(V) (around 616 nm). In this last case, Np(V) was already
present in the initial solution due to the difficulty in fully
stabilizing neptunium in its tetravalent oxidation state.
Moreover, the peak positions of uranium(lV) and urani-
um(VI) appeared consistent with those obtained for several

(40) Evain, M.U-Fit Program Institut des Matgaux de Nantes: Nantes,
France, 1992.
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Figure 2. XRD diagrams of TPuPHPH (a) and TNpPHPH (b) solid solutions. The XRD lines of Si used as internal reference are indfcate:liklose
of additional Pu(OH)P@or Np(OH)PQ phases are marked by *.

uranium(lV) and uranium(VI) phosphate compounds such on several TUPHPH solid solutions and UPHPH and

as U(UQ)(PQy),, a-UP,O7, and UO(PQy),. 444 CePHPH compounds (Table ¥y!84°

3.1.2 X-ray Diffraction. In order to check the effective Their variation versus the average cationic radius in the
incorporation of tetravalent actinides in the TPHPH structure, eight-fold coordination{" rr, = 1.05 A; " r, = 1.00 A;
several compositions were considered: ; JhU2(POy),- Ml r, = 0.98 A; Ml rp, = 0.96 A¥) s plotted in Figure 3
(HPQy)-H20 (x = 0.8), Th-2Npy2(PQs)2(HPOy)-H0 (x = while the associated equations are gathered in Table 2. The

0.8, 2.0, 3.0, and 4.0), and Th>PuUsz(PQ;)2(HPQ;)-Hz0 (x data collected in this work were analyzed by the method
= 038, 16, 2.0, and 4.0). XRD diagrams recorded for previously reported for TUPHPF,UPHPH“¢and CePH-

TPuPHPH and TNpPHPH samples are gathered in Figurepiy 49 The linear variation of the lattice parameters confirms
2. For plutonium-based compounds, XRD patterns always he existence of a unique AnPHPH structure between both
appear consistent with those reported for pure _TPF‘FPH. the Th and Pu end-members. Indeed, even forHer ..

Nevertheless, attempts to prepare pure and single-phasg,) es leading to a monoclinic cell, the angle remains close
PUPHPH (i.e., P4PQ,).(HPQ,)-H,0) remained unfruitiul 1 9p a0 the structure could be considered as a slight

since additional XRD lines |nd|pated the presence of the distortion of the initial orthorhombic lattice, as already
secondary phase. On the basis of the data reported for

U(OH)PG2H,0 %5 U(OH)PQ, or Th(OH)PQ,%14 these described for TUPHPH: Moreover, the contraction of t.he

’ ; . cell between Th and Pu end-members appears limited: only
XRD lines were assigned to the hydrated plutonium hydrox- 1.9% alonga. 1.7% alonab. and 1.6% alone. i.e. 5.1%
ide phosphate Pu(OH)R®H,O. The same isomorphic Np I h 9 ,'t : Il vol o, : ¢ L&, o
compound was also systematically obtained as part of aaongt € unit ce VO_ umey. )
polyphase system when trying to prepare TNpPHPH solid ~ Tetravalent plutonium and cerium are the smallest tet-
solutions with Np/Th mole ratios higher than 1. The expected ravalent cations involved in the formation of M(B@
TNpPHPH single phase was only prepared for NpAh:4  (HPQy):HO compounds. Indeed, this structure was not
and 1:1. obtained for tetravalent zirconium{lrz; = 0.84 A),

For all the TANPHPH solids prepared, the unit cell hafnium (¢, = 0.83 A), and tin {"rs, = 0.81 A)%°
parameters were refined considering the orthorhombic systemOn the basis of steric considerations, TNpPHPH compounds
(Cmcmspace group) reported for TPHP%br the slightly should have been obtained whatever the composition exam-
distorted monoclinic unit cellGc space group) evidenced ined. The main factor driving the obtention of polyphase
systems should thus be the operating conditions rather than

(41) Benard, P.; Lolie D.; Dacheux, N.; Brandel, V.; Genet, NChem. the steric constraints.
Mater. 1994 6, 1049-1058.
(42) Dacheux, N.; Brandel, V.; Genet, Mew J. Chem1995 19, 15-25.

(43) Dacheux, N.; Brandel, V.; Genet, Mew J. Chem1995 19, 1029~ (47) Shannon, R. DActa Crystallogr.1976 32, 751-767.
1036. (48) Brandel, V.; Clavier, N.; Dacheux, N. Solid State Chen2005 178
(44) Banard, P.; Lolie D.; Dacheux, N.; Brandel, V.; Genet, Mn. Quim. 1054-1063.
1996 92, 79-87. (49) Nazaraly, M.; Wallez, G.; Chaae, C.; Tronc, E.; Ribot, F.; Quarton,
(45) Belova, L.Zap. V. Mineral.1984 113 360-365. M.; Jolivet, J. PJ. Phys. Chem. Solid&006 67, 1075-1078.
(46) Dacheux, N.; Clavier, N.; Wallez, G.; Quarton, Bolid State Sci. (50) Brandel, V.; Dacheux, NJ. Solid. State Chen2004 177, 4755~
2007, 9, 619-627. 4767.
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Table 1. Unit Cell Parameters of Actinide(lV) Phosphate Hydrogenphosphate Hydrates Solid Solutions

Dacheux et al.

compositior averagdV req a(A) b (A) c(A) S (deg) V (A3)
Tha(POs)2(HPOs)-H-0 1.050 21.368(2) 6.695(1) 7.023(1) 90 1004.8(4)
Thy.0Jo.0d(POs)2(HPOy)-H20 1.048 21.384(4) 6.690(2) 7.027(1) 90 1005.3(6)
Thy 84Jo.1(POs)2(HPOy)-H20 1.046 21.363(3) 6.689(2) 7.023(1) 90 1003.6(6)
Thy 6dUo.3APQs)2(HPOy)-H,0 1.041 21.347(7) 6.684(3) 7.021(2) 90 1001.8(10)
Thy éNpo.4(POs)2(HPOy)-H20 1.036 21.228(8) 6.651(3) 6.982(3) 90 985.7(10)
Thy 6P 4(POs)2(HPOy)-H20 1.032 21.282(6) 6.670(2) 6.996(2) 90 993.1(10)
Thy 3Npo.2P W 2U0.2APOs)2(HPOs)-H20 1.027 21.346(9) 6.676(4) 7.024(4) 90 985.7(10)
ThU(PQy)2(HPOs)-H20 1.025 21.263(8) 6.640(3) 7.008(2) 90 989.5(10)
Tho gdJ1.1APOs)2(HPOy)-H20 1.022 21.234(9) 6.633(3) 7.010(3) 91.13(4) 987.1(20)
Tho 78U1.2(POs)2(HP Q) -H20 1.019 21.236(12) 6.627(3) 7.011(4) 91.16(4) 986.5(20)
Th1 2Npo.4P W 4(POy)2(HPOy)-H-0 1.018 21.203(8) 6.637(2) 6.969(3) 90 980.9(10)
Thy 3P W 6e(POs)2(HP Q) -H20 1.014 21.311(10) 6.648(4) 6.982(4) 90.28(10) 983.5(30)
Tho 4dJ1.56(POs)2(HPOy)-H20 1.011 21.182(11) 6.622(4) 7.000(4) 91.39(4) 981.6(20)
ThPu(PQ)2(HPQ)-H-0 1.005 21.122(7) 6.603(2) 6.977(3) 90.92(7) 972.9(20)
Ua(POs)2(HPOy)+H20 1.000 21.148(7) 6.611(2) 6.990(3) 91.67(3) 976.8(10)
Cey(POy)2(HPOy)-H0 0.970 21.0142(3) 6.55082(7) 6.94382(6) 91.983(1) 955.32(2)
Pw(POs)2(HPOy)-H20 0.960 20.968(15) 6.583(3) 6.911(5) 91.93(10) 953.4(50)
aDetermined on the basis of the analytical balance and/or from electron probe microanalysis experiments.
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Figure 3. Variation of the unit cell parameters of the actinide(IV) phosphate hydrogenphosphate hydrates versus the average ionic radjI3)RePH23
M, TUPHPH (this work);¥, TPuPHPH;®, TNpPHPH;4, TPUNpUPHPHO, CePHPH

Table 2. Variation of the Unit Cell Parameters and Associated Volume the bands associated witl(P—O), usually observed below
of An(PQi)(HPQy)-H-O versus the Average Cationic Radi] rea 450 cnt, are not observed in the IR spectra presented.

a(A) 16.6(4)+ 4.5(4)x [V”I'Ill M at Moreover, the presence of hydrogenphosphate entities is
lC’((AA; 2281 iég;i o foa evidenced by the observation of two shoulders at about 3200
V(A3 390(35)+ 585(35)x Vil ?fat and 2400 cm! (stretching modes) and of two bands located

at 1240 and 880940 cn! (deformation in the plane and

3.1.3 IR Spectroscopy.The IR spectra of Np- and Pu- 4yt of the plane, respectivel§:5° Finally, the large band

based samples were recorded to confirm the purity of
AnPHPH compounds (Figure 4 and Table 3). Although the (51) Hezel, A.; Ross, S. DSpectrochim. Actd966 22, 1946-1961.
solids were washed several times with ethanol after their (52) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

. . . dination Compoundslohn Wiley & Sons: New York, 1986; pp 106,
preparation under hydrothermal conditions, some nitrate 115, 383.

groups absorbed at the surface of the solids were responsiblé>3) Igrtledopéilellgont’ A.; Merckaert-Ansay, Spectrochim. Acta986
for the band usually located at around 1385 €ifstretching (54) Rulmont, A.; Cahay, R.; Lgeois-Duyckaerts, P.; Tartgur. J. Solid
vibration of the N-O bond). State Inorg. Cheml991, 28, 207—219.
(55) Kobets, L. V.; Kolevich, T. A.; Umreiko, D. SRuss. J. Inorg. Chem.
As expecte_d from_ the XRD da_ta, the TNpPHPH and 1077 22 1025-1028.
TPuPHPH solid solutions were obtained as single phases only(s6) Yaroslavtsev, A. B.; Prozorovskaya, Z. N.; Chuvaev, V. F.; Parshutkin,

< < i it it B. F.; Shifanova, G. GRuss. J. Inorg. Cheni989 34, 1188-1192.
for xnp < 2 andxp, < 4, respectively. For these substitution (57) Trchova M.. Gapkova P.. Matéka. P.: Mefmova K.. Bents, L. J.

values, all the IR spectra recorded match well with that

obtained for pure TPHPF}.The vibration modes of the-FO
bonds are observed from 490 to 660 ¢r(d,y, from 930 to
980 cnmt (vg), and from 980 to 1190 cm (v,9° 5 while
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Solid State Cheml999 145 1-9.

(58) Hadrich, A.; LautieA.; Mhiri, T.; Romain, F.Vib. Spectrosco2001,

26, 51-64.

(59) Taher, L. B.; Smiri, L.; Bulou, AJ. Solid State Chen2001, 161,

97—-105.
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Figure 4. IR spectra of TNpPHPH (a) and TPuPHPH (b) solid solutions.

Table 3. Assignment of the IR Bands (cr) Observed on the Spectra of TNpPHPH and TPuPHPH Solid Solutions. Comparison with the Data
Obtained for Pure TPHPH

024P—0) v{(P—0) vadP—O) dip(P—(O—H)) dop(P—(0O—H)) v(AnV—0) V(AN —(O—H))
TPHPH?3

500-625 962 10051105 934 1251
TNpPHPH
x=0.38 500-640 940 996-1190 N.O. 1240 N.O. N.O.
x=2 500-650 930 996-1180 N.O. 1240 827 3540
x=4 500-660 915 976-1180 N.O. N.O. 829 3540
TPUPHPH
x=2 500-660 940 986-1180 N.O. 1250 N.O. N.O.
x=4 500-660 945 976-1170 N.O. 1240 837 3550

at 3400 cm? (O—H stretching vibrations) and the small one tunium-Based Compounds.In order to study the thermal
at 1630 cm* (bending mode of kD) confirm the presence  behavior of the initial precursors precipitated in hydrothermal
of structural water in the samples. conditions, the samples were heated at 40Cor 1 h and

The spectra recorded from the compounds precipitated forthen up to 1100C for 1 h in air orunder an argon atmos-
Xnp > 2 OrXpy = 4 agree well with the presence of tetravalent phere. After the first heating step, the XRD diagrams record-
actinide hydroxide phosphate, An(OH)PfH,O, in the ed for all the samples matched well with that of por&PDF?
samples prepared. The apparition of a narrow absorption bancand indicated the existence of a completdNpPD solid
near 830 cm! could be assigned to the AO bond while solution. On the contraryd-TNpPD solid solutions were only
that located at 3540 cm was correlated to the vibration of  obtained for Np/Th mole ratios lower than 1 after heating at
a terminal hydroxide group (ArO—H bond), as reported  1100°C (Figure 5a), which agrees well with the data reported
in several compounds such as magnesium hydroxide phosfor other samples prepared through the wet chemistry method
phate or kaolinite#¢°61 and more recently in the Raman of reference (i.e., direct evaporation of the initial mixture).
spectrum of Th(OH)P@*¢ All the other absorption bands The substitution of thorium by tetravalent neptunium was
match well with those reported by Brandel et al. for shown possible for Np/Tk 1.082°

homogeneous and single-phase Th(OH)PO For higher substitution rate (Np/Th 1), polyphase sys-
3.2. Thermal Behavior and Characterization of the tems were systematically prepared, as described in Table 4.
Systems Obtained by Heating. 3.2.1. ThoriumNep- A mixture of -TNpPD solid solution and small amounts

— of Np.O(PQy), anda-NpP,O; was obtained in either air or
(60) Chalmers, J. MHandbook of Vibrational Spectroscopy Theory and

InstrumentationJohn Wiley & Sons: New York, 2002.
(61) Nyquist, R. A.; Kagel, R. Onfrared Spectra of Inorganic Compounds  (62) Wallez, G.; Clavier, N.; Dacheux, N.; Quarton, 81.Solid State Chem.
(3800-45 cntl); Academic Press: New York, 1997; Vol. 4. 2006 179 3007-3016.
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Figure 5. XRD diagrams of (a) Np- and (b) Pu-bearing samplEs=(1100°C, t = 1 h). XRD lines of silicon used as internal reference are marked by

Table 4. Description of the Systems Obtained After Heat-Treatment of TNpPHPH Solid Solutions

NP/Th  Xnp, catein system obtained after heating at 1@ XNp, expin
mole ratio -TNpPD initial precipitate air argon B-TNpPD
0.25 0.8 TNpPHPH B-TNpPD 0.8
1 2 TNpPHPH+ € Np(OH)PQ + unidentified phase B-TNpPD + € Np2O(PQy); + € a-NpP,Oy 1.8
3 2.1 An(OH)PQ + unidentified phase B-TNpPD + NpO(PQy)>+ a-NpP.O7  AnO(PQy)2 + a-AnP,O7 2.3

1/0 An(OH)PQ + unidentified phase Np2O(PQy);2 + a-NpP,Oy

a Unidentified phase introduced to maintain the AnjR©?2/3 mole ratio. It could probably be amorphous AGR-nH,O or An(HPQ),:nH0.

argon atmosphere for Np/T& 1. The composition of the  the tetravalent oxidation state during the heating treatment,
final B-TNpPD compound, determined from the refined unit which was confirmed by the broad band lying between 650
cell parameters, was evaluateqbtd h, Np; o(POy)4P0x (i.€., and 750 nm in the UV-vis spectra and by the deep green
Np/Th = 0.82), which appears in good agreement with the color of the samples. Moreover, no absorption band was
presence of Np-enriched phases {8(P0,), ando-NpP,O5) detected near 400 nm, excluding the presence of Np(VI) in
in the final mixture prepared. Since the Np/Th mole ratio is the solids.
close to the limit of incorporation of Np in thg-TPD 3.2.2. Thorium—Plutonium-Based Compounds. The
structure, the formation of such phases could be explainedsame study was devoted to the thermal behavior of thorium
by the presence of local small heterogeneities in the initial plutonium(IV) phosphate hydrogenphosphate hydrate samples.
cation distribution even if this method of preparation leads The incorporation of tetravalent plutonium in the samples
to a significant improvement of this parameter compared with prepared by heating at 110G was checked by XRD (Figure
direct evaporation methods. 5b), leading to the evaluation of the limit of incorporation
For Np-enriched materials (e.g., Np/Fa 3) and pure of plutonium(lV) in the-TPD structure. Indeed, for Pu/Th
neptunium compound, the mixture was always composed bymole ratios lower thad/s, the heating treatment performed
diactinide oxide phosphate ThNpO(PQy), and actinide at 1100 °C on the initial crystallized precursors, i.e.,
diphosphatex-Th;-yNp,P,0O; solid solutions. When heating TPuPHPH, was always sufficient to prepare pure and single-
in air the initial mixture obtained and considering an initial phases-TPuPD solid solutions, whatever the atmosphere
mole ratio Np/Th equal to 3, the composition of the considered. The total weight loss of about 4%, observed in
B-TNpPD-type solid solution was evaluateddg = 2.3 (i.e., the TGA curve between 100 and 60C agrees well with
Np/Th= 1.35). Finally, when heating neptunium phosphate the departure of water molecules associated with the
hydrogenphosphate hydrate at 11 the XRD diagram dehydration of TPuPHPH solid solutions then with the
of the final sample confirmed the presence of significant condensation of hydrogenphosphate groups into diphosphate
amounts of NgO(PQy), (orthorhombicCmca a = 7.038(1) entities, as already described for pure TPHPHhe varia-
A, b = 9.015(2) A, c = 12.603(3) A), isotypic of WO- tions of the associated refined unit cell parameters match
(PQy)2,% and of a-NpP:O; (cubic, Pa3, a = 8.591(4) A). well with those reported in the literature when studying their
Whatever the composition and the operating conditions variation versus the average ionic radius (Tabl&B-TP-
considered, it is worth noting that neptunium was kept in uPD solid solutions were prepared in air for Pu/Th mole
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Table 5. Variation of the Unit Cell Parameters and Associated Volumg-8AnPD Solid Solutions versus the Average Cationic Radilfrca

compositiof averagdV" rcy a(A) b (A) c(A) V (A3)
Ths 2o 4PO1)aP0; 1.040 12.829(4) 10.409(4) 7.052(3) 941(1)
Tha NP0 &POx)4P0; 1.036 12.802(4) 10.398(4) 7.035(3) 936(1)
Th. Npy 8(PQ)4P:07 1.019 12.733(6) 10.349(5) 6.998(6) 922(2)
Ths 2P o(PO)sP207 1.032 12.83(1) 10.42(1) 7.053(8) 944(3)
Tha.Pu{POL)4P0 1.014 12.81(2) 10.39(1) 7.033(9) 936(4)
Thy.aNPo 8P .s(POr)aP207° 1.018 12.783(6) 10.370(5) 7.016(4) 930(1)
Tha.4Uo.8Npo.4PLo.4(POs)aP,07 1.024 12.810(4) 10.401(3) 7.035(5) 937(1)

a Calculated® Important uncertainties due to the use of Si as internal morfiforesence of PuPand o-Tho 3Pw 77,07 as minor phases.

Table 6. Description of the Systems Obtained After Heat-Treatment of TPuPHPH Solid Solutions

Pu/Th expectedkey system obtained after heating at 110D obtainedx, value
mole ratio in -TPuPD initial precipitate air argon in B-TPuPD
1/4 0.8 TPuPHPH B-TPuPD 0.8
2/3 1.6 TPuPHPH B-TPuPD 1.6
1 2 TPuPHPH B-TPuPD p-TPuPD + PuPQ + 1.88 (air)
o-Thy-yPuP,07 1.68 (Ar)
1/0 PuPHPH+- PuPQ + a-PuROy

Pu(OH)PQ

ratios lower than 1. On the contrary, polyphase systems wereTable 7. Concentrations of Tetravalent Actinides and Anti-Nitrous
. R in the Initial Th/U/Np/Pu Nitri luti
prepared for a mole ratio of Pu/Tk 1 under argon eagents in the Initial Th/U/Np/Pu Nitric Solution

atmosphere and for a pure Pu end-member (Table 6). In the sample l I
first case, the anoxic atmosphere leads to the partial reduction E?I]Vl\)/l] y 8826311(%) é)ggll((f))
of Pu(ly) into Pu(lll) and thus to thel formation of PuEO IND(V)] M 0.010(1) 0.010(1)
monazite as a secondary phase. This was accompanied by  [py(vjm 0.0100(6) 0.0100(6)
the formation ofo-Th;-,PuP,O7 solid solutions to counter- [NH] M 0.021(5) 0.21(5)

balance the (TH- Pu)/PQ mole ratio. The associated refined [NHA] M 0.021(5) 0.21(5)

unit cell parameters led to a limit of incorporation of o .
tetravalent plutonium near 47% in air and 42% when firing Inde_ed, Pu(lv) and_U(_IV) react j[ogether in nitric. media
eading to the quantitative formation of Pu(lll) and U(VI).

under an inert atmosphere, which appears to be consistent h giti b 50% of the initial f
with that reported when synthesizing the samples through n these con |t.|ons, a ou_t_ o of the Initia amoum °
the direct evaporation of the initial mixture (i.e., 41%xp, tetravalent uranium was oxidized, the U(VI) absorption bands
= 1.63)19 ' being partly hidden by tetravalent neptunium.

For the pure plutonium samples, a mixture of PyPO Depending on their oxidation state, actinide species
monazite (monoclinic, Ry, a = 6.747(2) A,b = 6.974(2) presented different behaviors when adding phosphoric acid
A, c = 6.438(3) A, and3 = 103.68(3) and of a-PuRO; (Figure 6b). On the one hand, thorium and the remaining
(cubic, Pa3, a = 8.554(2) A) was systematically obtained Y(V) and Np(IV) were complexed by the phosphate species
after heating at 1106C, whatever the operating conditions 0 give an initial gelatinous phosphate phase. In these
during the heating treatment (air or argon atmosphere). All conditions, uranium(Vl) and some neptunium(V), coming

the unit cell parameters are close to those already reportedtom the initial Np solution, were not precipitated in this
by Bjorklund in the literaturé? gel and thus quantitatively remain in the supernatant whatever

3.3. Thorium—Uranium —Neptunium—Plutonium-Based the amount of NH/NHA considered. On the other hand,

Compounds.On the basis of the good results obtained for Pu(lll) was first stabilized in the gelatinous phase by the
B-TNpPD andB-TPuPD solid solutions, several attempts anti-nitrous reagents, ther_1 slowly tur_ned into P_u(IV) during
were undertaken to simultaneously incorporate all the tet- their decomposition, leading to the incorporation of pluto-
ravalent actinides considered, i.e., Th, U(IV), Np(IV), and Nium in the crystalh_zed phosphate phz_ase. Simultaneously,
Pu(lV) in a 8-TPD-type compound. Two nitric solutions Uranium(lV) was quickly incorporated in the gel and then
containing tetravalent actinides were prepared by consideringin© the crystallized precipitate. In these conditions, the
a mole ratio of U/Np/Pu/The 2/1/1/6 while the concentration ~ concentrations in hydrazinium and hydroxylammonium must
of hydrazinium and hydroxylammonium varied between 0.02 De low enough to allow the progressive oxidation of Pu(lll)
and 0.2 M (Table 7). into Pu(IV) (keeping in mind that it could not be equal to
During the preparation of solutions containing cations, the Z€r0 in o'rder to stabilize uranium in the tetrapositive state).
corresponding UV-vis spectra did not appear significantly Meanwhile, a low concentration in NH/NHA could be
modified by the amount of anti-nitrous reagent. In both cases, FéSponsible for the formation of additional Np(V) in the
the characteristic bands of Np(IV) and Pu(lll) in nitric solution® related to the soluble character of Np(V) phos-

medium are detected, showing that plutonium was reducedPhates in acidic media. In these conditions, complementary
and stabilized in its trivalent oxidation state (Figure 6a). Studies are in progress to determine the optimal concentra-

(63) Bjorklund, C. W.J. Am. Chem. S0d.958 79, 6347-6350. (64) Greoire-Kappenstein, Ph.D. Thesis, Univerdiaris VI, 2001.
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Figure 6. UV —vis absorption spectra of a mixture of nitric acidic solutions containing Th, U(1V), Np(IV), and Pu(lV) (a); of a gelatinous phase obtained
after adding phosphoric acid (b); and of the fifgahctinide(IV) phosphatediphosphate solid solution (c).

*

(2)

Intensity (u.a.)

T

20 (degrees)

Figure 7. XRD diagrams of TUNpPuPHPH solid solutions prepared with
[NH] + [NHA] = 0.4 M (a) and 0.04 M (b). XRD lines of silicon used as
internal reference are marked by *.

tions of hydrazinium and hydroxylammonium required to
ensure the quantitative precipitation of tetravalent actinides.

After heating at 130C for 6 weeks, the XRD pattern of
the final precipitates (Figure 7) matched well with that of
TPHPH. The refined unit cell parameters were foundaas
= 21.346(9) Ab = 6.676(4) A,c = 7.024(4) A, andv =
985.7(10) & (Table 1). The heat-treatment of the crystallized
precursors containing both tetravalent thorium, uranium,
neptunium, and plutonium was performed in air or under an
argon atmosphere at 110@€. Whatever the atmosphere
considered, a single-phageTPD-type solid solution was
evidenced by XRD. The determination of the refined unit
cell parameters yielded = 12.810(4) Ab = 10.401(3) A,

c = 7.035(3) A, andv = 937(1) & for [NH] + [NHA] =
0.04 M anda = 12.805(4) Ab = 10.391(3) Ac = 7.034(3)
A, andV = 935.9(9) & for [NH] + [NHA] = 0.4 M. These

Finally, the tetravalent oxidation state of the actinides was
confirmed by UV-vis spectroscopy. Moreover, no signifi-
cant amounts of U(VI), Np(V), or Pu(lll) were detected
(Figure 6c¢). This result appears as the only known example
of a phosphate-based compound simultaneously containing
thorium, uranium, neptunium, and plutonium in the tetrava-
lent oxidation state and thus confirms that the stabilization
of tetravalent actinides in an uniq@eTPD ceramic matrix
can be efficiently performed through the initial precipitation
of actinide(IV) phosphate hydrogenphophate hydrate. This
new way of preparation of-TPD samples from low-
temperature crystallized precursors appears to be of strong
interest in the field of decontamination of high-level radioac-
tive liquid waste. The results describing the efficient recovery
yield of radionuclides from the liquid phase will be published
in a forthcoming paper.

4. Conclusion

The tetravalent oxidation state of actinides (Th, U, Np,
Pu) was stabilized in phosphate-based gels obtained from
the mixture of acidic solutions containing cations and
phosphoric acid. The heat-treatment of such gelatinous phases
under hydrothermal conditions led to the formation of
crystallized compounds identified as that of actinide phos-
phate hydrogenphosphate hydrate_TpAN,(POy)(HPOy):

H,0. UV—vis and IR spectra confirmed that the actinides
were stabilized in their tetravalent oxidation state in the
samples. Moreover, these solids were always found to be
single phase for An/Tke 1 while several secondary phases
such as PuPgY,H,0, Pu(OH)P@nH,0, or Np(OH)PQ-
nH,O were formed for higher mole ratios with An Np or

Pu. In these conditions, the formation of a complete solid
solution between TPHPH and PuPHPH was evidenced from
the linear variation of the unit cell parameters versus the
average ionic radius. The orthorhombic structure (or slightly

results appear in good agreement with those expected fordistorded monoclinic cell) appears characteristic of large

the ionic radius but did not allow for the evaluation of the
elementary composition of the solids.

10398 Inorganic Chemistry, Vol. 46, No. 24, 2007

tetravalent cations and was not observed for tin, zirconium,
or hafnium.
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The thermal behavior of the crystallized precursors was This result appears very promising for the field of the
then studied after heating the powders at 110Qunder an decontamination of high-level liquid radioactive waste.
air or argon atmosphere. As expected from the results Indeed, the precipitation of TANPHPH could be efficiently
obtained with the former method of preparation based on applied to the separation of tetravalent actinides from other
the direct evaporation of a mixture of solutions, single-phase elements in a nitric medium. The evaluation of the associated
B-TANPD solid solutions were prepared upxoc= 1.6 for decontamination factors, along with their comparison to other
Np andx = 0.8 for Pu. For higher substitution rates, several methods, will be published soon.
secondary phases such as@(PQ,),, a-AnP,0;, or PUPQ
monazite were formed depending on the cation and the Acknowledgment. This work was supported by the
atmosphere employed. Finally, this method of preparation French research group “Nouveaux NMgeex pour les
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state, was adjusted to maximize the precipitation yield. IC701297V
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