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SPECTROSCOPIC PROBES OF THE STRUCTURE OF HYDROUS
URANIUM OXIDE PRECURSORS TO UO; CERAMIC FUEL
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*Westinghouse Savannah River Company, Savannah River Site, Aiken, SC 29802
**Department of Chemistry, University of Georgia, Athens GA 30602

ABSTRACT

Fourier Transform infrared spectroscopy, x-ray powder diffraction and thermal analysis show
that one example of "ammonium diuranate" observed as an intermediate in the U(VI) sol-gel
process is a layered hydrous uranium oxide with a proposed structural formula of
(NHg4)2[(U0O92)804(0OH)10]':8H20, an ammonium ion intercalate. Examples of polyamine
intercalation compounds of hydrous uranium oxide are also given.

INTRODUCTION

Beginning in the late 1950s, sol-gel processes were developed for the preparation of nuclear
reactor fuels of U, Th, and Pu in the form of microspheres. The Oak Ridge National Laboratory
(ORNL) has developed a process using U(VI) based on "internal" gelation of colloidal sols by
methods previously studied in the Netherlands [1,2]. In the ORNL sol-gel process, a solution of
uranyl nitrate with urea is mixed at 0°C with a solution of hexamethylene tetramine (HMTA)
resulting in hydrolysis of the uranyl cation to a hydrous uranium oxide. HMTA functions as a
weak base for hydrolysis and is assumed to decompose when heated in the next process step
releasing ammonia (which causes gelation) and formaldehyde. The gelled uranium, which has
been implied to be "ammonium diuranate”, is washed with aqueous ammonia solution to remove
ammonium nitrate and formaldehyde. This report describes our efforts to identify the intermediates
in the sol-gel process in order to better understand the chemical mechanisms involved in the
process.

EXPERIMENTAL

Fourier Transform infrared spectra (FTIR) were recorded with a Nicolet 20-DX Fourier
Transform interferometer after preparation of dried gels and solids in a potassium bromide matrix
compressed to 10,000 psig. X-Ray powder diffraction (XRPD) patterns were recorded on a
Siemans Diffrac-500 x-ray diffractometer using CuKa radiation and a scintillation detector.
Uranium samples were handled in a completely contained Siemans apparatus. X-Ray diffraction
patterns of experimental samples were compared to reference patterns using the International
Centre for Diffraction Data Joint Commititee on Powder Diffraction Standards (JCPDS) files for
graphic pattern evaluation including phase identification and "d" spacing. Thermal analyses were
performed with a Du Pont Thermal Analyzer programmed to record weight loss and calculate
differential weight loss.

Gel samples were prepared by the Oak Ridge method with HMTA solution being mixed with a
solution of urea and uranyl nitrate. Uranium compounds were precipitated from uranyl nitrate or
chloride solutions by addition of solutions of ammonia, HMTA, diazabicyclooctane (DABCO), or
aliphatic polyamines.
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RESULTS

FTIR spectra of pure HMTA, HMTAH, and NH4* compounds and synthetic uranates show
that these cations are resolvable based on absorptions in the region from 1000 to 1300 cm-1.
Figure 1 shows the absorptions in the area of interest for several of the compounds. HMTA is a
symmetric compound which gives single absorptions at 1250 and 1030cm-1 due to the symmetric
C-N stretch [3]. Addition of H* to one of the nitrogens causes lengthening of two of the C-N

bonds resulting in a splitting of each of the C-N bands in HMTA into two peaks [3]. NH4% has no
absorptions in this region of the spectrum. The FTIR spectra illustrate that the protonated forms of
the polyamine (HMTAH™) structures are stable in the uranate composition and are believed to be
interstitial or "intercalation" cations.

Several synthetic uranyl compounds of ammonia, HMTA, and DABCO were analyzed by
thermogravimetry. In addition to relative weight loss depending on the cation, the differential
weight loss curves are also characteristic of the cation. Figure 2 shows some exampies of the
different compounds. Figure 2 also shows a DABCO uranate before and after treatment with
ammonia. Clearly, most of the DABCO has been replaced by ammonia illustrating the ion
exchange properties of these uranates. The scale for the DABCO uranate differential weight loss is
5 times greater than the ammonia uranates shown in Figure 2, illustrating the hlgher molecular
weight of the "intercalation" cation.

A series of synthetic uranates were analyzed by XRPD [4] and the basal spacings determined
by comparison with the spacings for known structures. The synthetic uranates are isostructural by
XRPD, but the basal spacing varies with the size of the cation incorporated in the "intercalarion”
sites. Table I shows the deduced spacings with the spacings from a recent study of some natural
uranate minerals [5].

i . e

on8.0 DATE.0 BOG.® 100D, 0 1080. 5  1100.0 ena.00  @wO.00 400, K [ 200 «0 0

VAVEIMMEIRS CEXt-1) Teapersture {°C)

Figure ! FTIR of Synthetic HMTAH* Uranate (Upper) Figure 2 giéégfﬁggé:iewﬁg:ir)IOS:H:f
and HMTA-HCl (Lower) ‘

uranate (Lower) and NH4+
exchanged DABCO uranate

. (Middle}. Scale: DABCO =
5X, Other = 1X

M9004017

R TR TR IR AU TR IOl L | I L A N B LT A N O LY T T L R T U R "'ll\‘n‘”\ UL LU R m““



DISCUSSION

The nature of the polymer in the post-washed gel formed in the ORNL process was studied by
Lloyd, et. al., under various chemical conditions and was found to be consistent with a complex
composition of UO3:2H20, 4U0O3-NH3-7H20 and 2UO3-NH3-3H20 based on x-ray diffraction
analysis [7]. Cur results compliment the Lloyd, et. al., interpretation and provide insight on the
structure of the hydrous uranium oxide polymer and the washing step.

The data from FTIR studies of uranium gels before and after washing with aqueous ammonia
show that protonated HMTA is present iritially and is removed by washing, being replaced by
ammonium ion via an ion exchange process. At the same time, further condensation of the uranyl
polymer occurs to polyanionic hydrous uranium oxide in what is believed to be a layered
configuration, The HMTAH™ and NH4 ions are incorporated as "intercalation" cations to balance
the negative charge of the hydrous uranium oxide layer. This was confirmed by XRPD
measurements on gels and synthetic compositions {4].

A synthetic sample made by ammonia treatment of a uranyl solution at pH 4.5 had an
approximate formula of 4UQO3-NH3:7H20. The XRPD pattern of this sample is in good
agreement with the literature pattern of Garner [6]. Garner classified his composition in the
orthorhombic system as a layered structure with a basal reflection of 7.55 A, but with atomic
arrangemencs undefined. In addition, a very interesting structural analogue in the uranium mineral
family [5] has been useful in the structural interpretation of the hydrous uranium oxide network.
Pagoaga, et. al., published complete structures of several hydrous oxide minerals showing them to
be layered structures with pentagonal coordination by oxygen around uranium and with cations
occupying intercalation sites between the layers [5]. A comparison of the XRPD pattern of our
synthetic ammonium, gel-like derivative with the mineral billietite shows a close match [4].
Therefore, we believe that the ammonium uranates made here and their isostructural amine
analogues (Table I) are layered structures with the cations between the layers in intercalation sites.
We conclude that "ammonium diuranate" observed as an intermediate in the U(VI) sol-gel process
is a layered hydrous oxide with a proposed structural formula of (NH4)2[(UO2)804(OH)10}-8H20
[4].

The following mechanism for gelation during the sol-gel process is postulated from this and
other work reported at this symposium [4] and work reported by ORNL (8]. Urany! nitrate starts
to hydrolyze when the NO3/U ratio is lowered. Urea at low temperature complexes the hydrolyzed
species preventing precipitation. HMTA acts as a weak base reacting with H* ions in solution and
causing further hydrolysis, favoring a trimeric species with pentagonal coordination around .
uranium [4]. Heat causes further hydrolysis and polymerization resulting in layered structures

with HMTAHT as the cation neutralizing the negative charge in the polymeric layers. HMTA also
acts as a water structuring agent through hydrogen bonding to the remaining nitrogen atoms.
Washing replaces the HMTAH* with NH4* and induces additional polymerization because the pH
is much higher. Replacing the HMTAH* with NH4* is essential because NH4* is more easily
removed at lower temperatures before all the water is gone and the structure is more open to gas

release,
Table I: Basal Spacings of Uranates

Compound or Mineral Crystal Class Basal Spacing Reference
(NHa); Uranate Orthorhombic 7.5 A 6
(HMTA); Uranate Orthorhombic 78 A This work
Nap Uranate Orthorhombic 79 A This work
DABCO Uranate Orthorhombic 9.9 A This work
(TMA); Uranate* Orthorhombic 72 A This work
TETA Uranate* Orthorhombic 77 A This work
Becquerelite Orthorhombic 7.50 A 5
Billietite Orthorhombic 7.50 A 5

* TMA = Trimethylamine; TETA = Triethylene Tetraamine
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