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During the past 40 years, few papers concerning uranium
(IV) phosphate chemistry have been cited as references in usual
textbooks and nobody, up to now, has questioned their veracity.
In our recent studies on uranium (IV) phosphates, we found
that some of them, like U;(PO,),, do not exist or, like
(U,0,)P,0,, were wrongly identified. Thus, the reinvestigation
of uranium (IV) phosphates was decided to be necessary. Some
new compounds were prepared and identified. From previously
published results, this paper draws up a balance sheet of the
scope concerning the complete understanding of the chemistry
of tetravalent uranium phosphates. This new approach is given
in terms of a survey of the literature errors to set the facts in their
true light. Two synoptic schemes are given to bring forward
evidence of new compounds, U(UO,)(PO,), and U,O(PO,),,
which appear to be significant in the chemistry of uranium
(IV) phosphates.
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LITERATURE REVIEW

This paper presents a review of all uranium (IV) phos-
phate chemistry including our published works.

The literature concerning uranium (IV) phosphates is
rather poor in comparison to that concerning uranyl ones.
The first work about them was published in 1848 by Werter
(1) who gave for uranium (IV) phosphate the formula
U;(POy,),. Years later, in 1907, Colani (2) synthesized the
same uranium phosphate.

In 1956, Dunn (3) classified the X-ray diffraction
(XRD) data of all known uranium compounds, among
them uranium (IV) phosphates. In 1963, Burdese and
Borlera (4) investigated the solid system UO,-P,Os with
different mole ratios U/P and obtained such compounds as
uranium trioxopolyphosphate (metaphosphate) U(POs3),,
uranium diphosphate UP,0O;, uranium oxide phosphate
(UO);3(PO,),, uranium oxide diphosphate (UO),P,0-,
and, of course, uranium phosphate U;(PO,),. The XRD
data published by these authors were used as a reference
by many others. Schaekers and Greybe (5) compared the
XRD patterns of (UO);(PO,), with a diphosphate synthe-
sized by them (U;0s5)P,0,, and found no distinction be-
tween these two compounds, though they differ in 1 atom

of oxygen and also in the oxidation state of uranium. It is
significant that for (UO)3(PO,), there are no results of
chemical analysis or other characterization. Moreover,
Bamberger et al. (6) unsuccessfully attempted to synthesize
uranium phosphate U3(PO,),. Thus, there were two ura-
nium phosphates with formulas that were in doubt:
U;(PO,), and (UO)3(PO,),.

A uranium oxide diphosphate, (U,05)P,0, [JCPDS File
13-64], was mentioned for the first time by Dunn (3). In
1960, Klygin and co-workers (7) synthesized the same com-
pound. Shaekers (8), studying the thermal decomposition
of uranyl phosphates, also obtained (U,03)P,0; and used
this compound for quantitative determination of uranyl or
phosphate ions because of its stability at high temperature
(850°C) (9). Bamberger et al. (6) synthesized and character-
ized the same diphosphate but it seems that their product
contained some impurities because the mole ratio U/P
given in their paper is not 1:1 but 1:1.15. Surprisingly,
XRD patterns of (U,O3)P,0; are identical to those of
uranium phosphate U;(POy),, although they correspond
to two very different chemical species.

In the literature concerning uranium (IV) phosphates
there was no doubt about (U,O3)P,0;, (U;05)P,0,
(UO),P,0;, UP,0O;, or U(POs),. The existence of
(U305)P,0 was confirmed by Barten and Cordfunke (10)
[JCPDS File 34-1487] but without any evidence of its pu-
rity. We have compared its XRD data with the lines of
the starting compounds used by Schaekers and Greybe (5)
in their synthesis, i.e., UO, [JCPDS File 41-1422], U504
[JCPDS File 31-1426], a-UP,0; [JCPDS File 16-233], and
B-UP,O, [JCPDS File 9-87], as well as with those of
(UO)2P207 [JCPDS File 16-228] It seems that (U';OS)P207
is a mixture of all these compounds.

The first question is about (U,0O5)P,0;, in which a com-
plex oxide ion U,0%" is suggested. The existence of a such
an ion, as well as the existence of U;0¢* from (U;05)P,05,
is questionable, since these ions are unknown to uranium
solution chemistry and appear only in solid compounds.
Their identification is inconsistent with the usual oxidation
states of uranium and their stability. Moreover, for
(U,0;)P,0;, Cordfunke and Ouweltjes (11) suggested a
formula like UPOs which can also be written as UOPO,
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(1/2 U,05P,0,). Taking into account this formula, uranium
should be pentavalent, an oxidation state known to be very
unstable even in the solid state.

The second problem concerns (UO),P,0,, mentioned
for the first time by Dunn (3). The synthesis and crystallo-
graphic data of this compound were published also by
Burdese and Borlera (4). Schaekers obtained (UO),P,0,
by decomposition or reduction of (U,0;)P,0; by means of
hydrogen or carbon in argon (8) but Barten and Cordfunke
(10) did not confirm this decomposition process in a nitro-
gen atmosphere. Bamberger et al. (6) studied the same
decomposition reaction without success; nevertheless, after
reexamination of the system they obtained a mixture of
(UO),P,0; and (U305)P,0,, and finally an almost pure
(UO),P,0; with remnants of (Us05)P,0; was claimed to
have been synthesized in an Ar—H, atmosphere.

II’in et al. (12) reported obtaining (UO),P,0; by heating
uranium diphosphate in an argon-hydrogen atmosphere,
but the main lines of their XRD diagram [JCPDS File 31-
1433] do not agree with those of other authors (3, 4).
The reaction between UP,0, and UQO, was investigated
by Kirchner et al. (13) in argon at 1200°C also in order to
synthesize uranium oxide diphosphate.

All important textbooks of chemistry (14-17) have
obviously reported Uz(PO,),, (U,03)P,07, (U;05)P,05,
and (UO),P,0;, known from original works. Since we
found their chemical formulas or XRD data wrong, we
considered it necessary to clarify the controversial
and doubtful situation of the chemistry of uranium (IV)
phosphates.

NEW URANIUM (IV) PHOSPHATES
Syntheses in Air Atmosphere

Up to the present, (U,O3)P,0; has been synthesized
by dry chemistry methods at high temperature. We have
studied uranium (IV) phosphate chemistry starting both
from concentrated solutions of U(IV) and phosphoric acid
and from solid reagents (18-21).

Uranium (IV) hydrochloric solution mixed with phos-
phoric acid gives a green precipitate. When the mole ratio
U/PO, is equal to 3/4, the XRD patterns of the final prod-
uct, obtained by heating this precipitate at 850-1170°C,
correspond, at the same time, to the already described
(U5,03)P,0; and U;(POy),. Chemical analysis of this com-
pound gives a mole ratio U/PO, = 1/1 (not 3/4), and
the ratio U/ U(IV) is equal to 2/1. Thus, there are two
different oxidation states of this element, which confirms
the results of Bamberger et al. (6) concerning uranium
oxide diphosphate.

UV-visible, infrared, and Raman absorption spec-
troscopies, as well X-ray photoelectron spectroscopy
(XPS), were performed and discussed (18). The UV-
visible spectrum of the obtained solid shows the presence
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of the uranyl ion UO3" in the region 350-450 nm and the
presence of U*" in the region 450-900 nm. These two
oxidation states of uranium were confirmed by XPS taking
into account the 4 f5/2 and 4 f7/2 levels. We have also
observed uranyl ion bands in the Raman spectrum at 892
cm™!, given for the first time for this compound by Bam-
berger et al. (6), U=0 (v, at 871 cm™!, », at 255 cm ™!, 13
at 939 cm™!) and U-O (250 cm™!) bands in the IR spectra.
No absorption bands characteristic for U(V) were ob-
served in the near infrared spectrum and no signal was
detected by electron paramagnetic resonance (EPR),
which excludes the presence of the uranium (V) oxidation
state (18, 20).

At this stage of knowledge we can say that there are
two different ions, U*" and UO3", in so-called uranium
oxide diphosphate (U,03)P,0; [JCPDS File 13-64] and
that it is difficult to consider as possible an ion like
U,0O4%* which has never been mentioned in other uranium
compounds. There is also a problem with the implied di-
phosphate ion P,O%". In contrast to Schaekers (8), we
have not detected in the infrared spectrum any band
between 700 and 800 cm™!, characteristic of the symmetric
stretching of the P-O-P bridge in the diphosphate group
(18). Furthermore, the ab initio structure determination
from powder diffraction data confirms the presence of
isolated PO, and not of P,O; groups. Thus, the compound
in question is identified as uranium uranyl phosphate,
U(UO,)(POy), (19).

Uranium uranyl phosphate is formed by heating the
precipitate obtained by mixing (at room temperature) ura-
nium (IV) hydrochloric solution with phosphoric acid.
Chemical analysis, the UV-visible spectrum, and the first
results of crystallographic studies of this precipitate give a
formula which corresponds to uranium chloride phosphate
UCIPO, - 4H,0 (20). An analogous compound was also
prepared from uranium (IV) hydrobromic solution and
H;PO,, UBrPO,-5H,O (22). Neither uranium chloride
phosphate nor uranium bromide phosphate is known in
the literature up to date.

Both uranium halogenide phosphates hydrolyze,
UBrPO, - 5H,0 more easily than UCIPO,-4H,O (it was
impossible to obtain UIPO, in aqueous medium), giving
uranium hydroxide phosphate U(OH)PO, - 6H,O (20). An
anhydrous uranium hydroxide phosphate was already sug-
gested by Schreyer (23, 24), but was not investigated fur-
ther. U(OH)PO, mono- and dihydrates are known to exist
in some uranium minerals as mixed compounds [JCPDS
Files 41-1399, 38-397].

Heated in air at 1170°C, the three mentioned compounds,
UCIPO4 . 4H20, UBI'PO4 . 5H20, and U(OH)PO4 . 6H20,
always give the same product, uranium uranyl phosphate.
Different intermediate compounds appear during the rise
of the temperature but the mole ratio of the final product
remains the same, i.e., U/PO, = 1. The reaction mechan-
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FIG. 1.

ism of the transformation UCIPO; — U(UO,)(PO,),
was proposed elsewhere (20): uranium chloride (also
bromide) phosphate is first hydrolyzed, by heating, into
U(OH)PO, - xH,O and then gives, at 800-1170°C, ura-
nium uranyl phosphate.

We also synthesized uranium uranyl phosphate by other
methods (18, 21): uranium (IV) oxalate mixed with phos-
phoric acid, uranyl chloride UO,Cl, solution mixed with
phosphoric acid in the presence (or absence) of hydrazine,
uranium (IV) chloride solution mixed with ammonium di-
hydrogen phosphate in basic medium. All routes of synthe-
sis that we have utilized are presented in Figs. 1 and 2
and can be represented by the reactions (their numbers
correspond to those mentioned in figures)

+2HX1 + (2n - 1)H,0 1, 1]

where X = Cl, Br, OH (in ammonia medium, NH4X or
NH; are evolved);

number of the reaction

Wet chemistry methods of synthesis of uranium (IV) phosphates. Numbers in blocks refer to reactions in the text.

2U(C204)2 * 6H20 + 2H3PO4 + %Oz

2U02C12 + 2H3PO4 rd U(UOz)(PO4)2
+H,01 +4HCI1 +30,7. [3]

We checked that dry methods of synthesis (Fig. 2)
also lead to the same final compound starting as well
from uranium (IV) derivatives like (UO,) and NH,H,PO,
or UO, and UP,0; (20, 21) or uranyl compounds (8,
10):

2U02 + 2NH4H2PO4 + %02 — U(UOz)(PO4)2
+2NH; 7T +3H,0 1 [4]

UP207 + U02 + %02 rd U(UOz)(PO4)2 [5]

The very well known uranium (I'V) polytrioxophosphate
(metaphosphate, U/PO, = 1/4) U(POs), (2, 3, 26, 27) may
be also used for the synthesis of U(UO,)(POy),. It is
decomposed, by heating, into UP,O, (21, 27), while the
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SYNTHESES BY DECOMPOSITION

*(UOpHPO 4 4H,0

Y “* NH4(UO)(PO) - 3H,0
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«-UP,07 + U0,

o-U(PO3)y
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=== gynthesesin argon

@ number of the reaction

syntheses in air

FIG. 2. Dry chemistry methods of synthesis of uranium (IV) phosphates. Numbers in blocks refer to reactions in the text. *H. Barten and

Cordfunke (10). **J. M. Schaekers (8).

latter gives uranium uranyl phosphate at 1250°C (6,
20, 21):

2U(PO3)4% 2UP207 + P40]0 T [6]
4UP207 + Oz ad ZU(U02)(PO4)2 + P4010 T . [7]

Syntheses in Inert Atmosphere and in the Presence of a
Reducing Agent

The compound identified until now as uranium oxide
diphosphate (UO),P,0 is very difficult to synthesize as a
pure phase. It can be prepared from UO, and a phosphat-
ing agent such as NH,H,PO,. Some intermediate species
may be formed or may remain during the temperature rise;
the most stable among them is uranium diphosphate, a-
UP,0O,, which is slowly decomposed into (UO),P,0O, above
1250°C (complete reaction at about 1350°C). An ab initio
structure determination from powder diffraction data was
performed and a linear bridge U-O-U, as well as isolated
PO, (but not diphosphate) groups, was found (21, 25).
Thus, the real formula of (UO),P,0; should be written
as diuranium oxide phosphate, U,O(PO,),. We achieved
syntheses of this compound by dry methods (Fig. 2), start-

ing from UQO, and NH,H,PO, or UP,O;. They may be
written as

2U02 + 2NH4H2PO4 d U20(PO4)2
+2NH; 1 + 3H,0 1 8]

U02 + UP207 d UzO(PO4)2 [9]
4UP207 ad 2U20(PO4)2 + P4010 T . [10]

The same final compound is also obtained by heating
uranium chloride phosphate, uranium bromide phosphate,
uranium hydroxide phosphate, or uranium oxalate with
phosphoric acid, in an argon atmosphere at about 1350°C
(13, 20) (Fig. 1). The corresponding reactions are

+(2n — HH,0 1 [11]

where X = Cl, Br, OH,

2U(C204)2 ° 6H20 + 2H3PO4 — UQO(PO4)2

+4C0O, 7 +4CO 1 +15H,0 1 . [12]
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TABLE 1
Uranium (IV) Phosphates Uncontested Up To Date
Compound Reference Compound Reference
U(HPO,), - H,0 (3,23) UP,0, (3, 4)
U(HPO,), 2H,O0  (3,24)  U(POs), (2-14, 26, 27)
U(HPO,),-4H,0  (3,24) U(OH)PO,-H,O [JCPDS 13-64]

U(HPO4)2 M 6H20
UP,0; - 6H,O

(3,24)
(3,23)

U(OH)PO,-2H,0 [JCPDS 34-1487]
UFPO, - H,O 3)

In the presence of carbon, in an argon atmosphere, we
observed that, at 700-800°C, U(UO,)(PO,), is partly re-
duced into U,O(POy), (20, 21):

In air, at about 800°C, diuranium oxide phosphate is oxi-
dized into uranium uranyl phosphate:

U,0(PO,), + 30, — U(UO,)(PO,),. [14]

CONCLUSIONS

From our experimental results we can conclude that
there are only two stable uranium phosphates at high tem-
perature, never previously described:

—Uranium uranyl phosphate U(UO,)(PO,),, synthe-
sized in air in the range 1000-1200°C (at lower tempera-
tures it is not very well crystallized), starting from uranium
(IV) (6, 8, 18-20) or uranyl compounds (6-8). This is, to
our knowledge, the only mixed valence uranium phos-
phate.

—Diuranium oxide phosphate U,O(PO,),, obtained at
about 1350°C in inert atmosphere (at lower temperature it
contains some impurities such as UO, and UP,05) starting
from uranium (IV) compounds. Reduction of U(UO,)
(PO,), into U,O(PO,), in argon in the presence of carbon
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is possible but the final product is a mixture of U,O(PO,),,
UO.,, red phosphorus, and an excess of carbon (20, 21).

Both compounds can be obtained using different routes:
wet (Fig. 1) or dry (Fig. 2) chemistry. We have carefully
checked all routes described above. Details concerning
techniques, synthesis conditions, and characterization of
the new compounds are reported elsewhere (18-22).

All these methods of synthesis lead to the conclusion
that U(UO,)(PO,), or U,O(PO,), can be obtained what-
ever the initial reagents are if the ratio U/POy is in the
range from 1/4 to 1/1. When the phosphating agent is in
excess with respect to uranium, the decomposition of this
excess of phosphate is observed at high temperatures. The
deficiency of phosphates (mole ratio U/PO, < 1/1) leads
to a polyphase system composed of U(UO,)(PO,),, UO,,
and U;Og when heated in air or of U,O(PO,), and UO,
if treated in an argon atmosphere.

To prepare pure and well-crystallized products, the tem-
perature and length of calcination are also decisive parame-
ters. Uranium uranyl phosphate may be obtained in the
interval 1000-1250°C while diuranium oxide phosphate
needs 1350-1380°C. Above these limits both decompose
into volatile phosphoric anhydride and refractory ura-
nium oxides.

On the other hand, all our attempts to synthesize the
uranium phosphate U3(PO,), were unsuccessful, which
confirms the doubts of other authors (6). Now, we can
consider that this compound does not exist. Schaeckers’
compound of the formula (U;05)P,0; (5) might also be
questioned, mainly whether it is a mixture of different
species.

Hydrated uranium (IV) hydrogen phosphates, stable
only at lower temperatures (3, 23, 24), that are not dis-
cussed in this paper and some other uncontested uranium
(IV) diphosphates are listed in Table 1. From the reexami-
nation of uranium (IV) phosphate chemistry, the main
modifications brought by our works are summarized in
Table 2.

TABLE 2
Contested and New Uranium (IV) Phosphates
Contested New compounds
compounds References JCPDS File to be considered References
Us(PO4), (1,4 16-225
UUO,)(PO 18-21
(U:0,)P,0; (3. 5-10) 1364 } (UOIFO. (1821
(U305)P,0;, (5, 10) 30-1390; 34-1487 Polyphase systems
(UO)3(PO4), 4,5) 16-229
(UO),P,0, (3,4,6,12) 16-228; 31-1433 U,0O(PO,), (21, 25)
UCIPO, - 4H,0O (18, 21, 22)
UBrPO, - SH,O (22)

U(OH)PO, - 6H,0 (20, 22)




472

[SSINS)

W

10.
11.

12.

13.

14.

REFERENCES

. G. Werter, J. Prakt. Chem. 43, 321 (1848).

. A. Colani, Ann. Chim. Phys. 2, 59 (1907).

. H. W. Dunn, “X-Ray Diffraction Data for Some Uranium Com-
pounds.” Oak Ridge Natl. Laboratory, Oak Ridge, TN, 1956.

. A. Burdese and M. L. Borlera, Anal. Chim. Roma 53, 344 (1963).

. J. M. Schaekers and W. G. Greybe, J. Appl. Chem. 6, 245 (1973).

. C. E. Bamberger, R. G. Haire, G. M. Begun, and H. E. Hellwege,
J. Less-Common Met. 102, 179 (1984).

. A. E. Klygin, D. M. Zavrazhnova, and N. A. Nikol’skaya, J. Anal.
Chem. USSR 16, 311 (1960).

. J. M. Schaekers, J. Therm. Anal. 6, 145 (1974).

. J. M. Schaekers, Anal. Chem. 44, 1973 (1972).

H. Barten and E. H. P. Cordfunke, Thermochim. Acta 40,357 (1980).

E. H. P. Cordfunke and W. Ouweltjes, J. Chem. Thermodyn. 17,

456 (1985).

V. K. I’in, A. V. Lavrov, I. V. Tananaev, and A. V. Rotov, Russ. J.

Inorg. Chem. 22, 1131 (1977).

H. Kirchner, K. M. Merz, W. Brown, J. Am. Chem. Soc. 46, 137

(1963).

P. Pascal, “Nouveau traité de chimie minérale,” Tome XV. Uranium

et transuraniens, p. 639. Masson, Paris, 1961.

15

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27

BRANDEL, DACHEUX, AND GENET

. F. Weigel, in “Handbook on the Physics and Chemistry of the Actin-
ides” (A. J. Freeman and C. Keller, Eds.), p. 243. Elsevier, Amster-
dam, 1985.

C. E. Bamberger, in “Handbook on the Physics and Chemistry of
the Actinides” (A. J. Freeman and C. Keller, Eds.), p. 289. Elsevier,
Amsterdam, 1985.

H. Wanner and I. Forest (Eds.), ‘““Chemical Thermodynamics,” Vol.
1, Chemical Thermodynamics of Uranium, p. 294. North-Holland,
Amsterdam, 1992.

N. Dacheux, V. Brandel, and M. Genet, New J. Chem. 19, 15 (1995).
P. Bénard, D. Louér, N. Dacheux, V. Brandel, and M. Genet, Chem.
Mater. 6, 1049 (1994).

N. Dacheux, V. Brandel, and M. Genet, New J. Chem. 19,1029 (1995).
N. Dacheux, Thesis, Université de Paris-Sud, IPNO-T-95.04, 1995.
P.Bénard, D. Louér, N. Dacheux, V. Brandel, and M. Genet, Submit-
ted for publication.

J. M. Schreyer, “The Chemistry of Uranium (IV) Orthophosphate
Solutions.” Oak Ridge Natl. Laboratory, Oak Ridge, TN, 1954.

J. M. Schreyer, J. Am. Chem. Soc. 77, 2972 (1955).

P. Bénard, D. Louér, N. Dacheux, V. Brandel, and M. Genet, to
be published.

P. Hautefeuille and J. Margotett, C. R. Acad. Sci. Paris 96,849 (1883).
. J. Baskin, J. Inorg. Nucl. Chem. 29, 383 (1967).



