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NEW INSIGHTS INTO URANIUM (VI) SOL-GEL PROCESSING 

Charles M. King*, R. Bruce King**, A. Ronald Garbe+**, Major C. Thompson* and 
Bruce R. Buchanan* 
*Westinghouse Savannah River Company, Aiken, :iC **Department of Chemistry,University of 
Georgia, Athens, GA ***Department of Chemistry., University of South Carolina, Columbia, SC 

ABSTRACT 

Nuclear Magnetic Resonance (NMR) investigations on the Oak Ridge National Laboratory process 
for sol-gel synthesis of mimspherical nuclear fuel (JJe), has been extremly useful in Sorting out 
the chemical mechanism in the sol-gel steps. 13C, 15N, and IH NMR studies on the HMTA 
gelation agent (Hexamethylene tetramine, C&I12N4) has revealed near quantitative stability of this 
adamantane-like compound in the sol-gel process, con- to its historical role as an ammonia 
source for gelation from the worldwide technical literature. 170  NMR of uranyl (U@++) 
hydrolysis fragments produced in colloidal sols has revealed the selective formation of a uranyl 
trimer, [(U@)3 (p3-O)(p2-OH)3]+, induced by basic hydrolysis with the HMTA gelation agent. 
Spectroscopic results wil l  be presented to illustrate that trimer condensation occurs during sol-gel 
processing leading to layered polyanionic hydrous uranium oxides in which HMTAH+ is occluded 
as an "intercalation" cation. Subsequent sol-gel prccessing of microspheres by ammonia washing 
results in in-situ ion exchange and formation of ii layered hydrous ammonium uranate with a 
proposed structural formula of ( " 4 ) 2  [(UO2)8 0 4  (OH)10] 8H2O. This compound is the 
precursor to sintered Uo;! ceramic fuel. 

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 mici-ospheres required for high-temperature, gas- 
cooled reactors. These fuels are commonly coated with pyrolytic carbon or other ceramics to serve 
as "pressure vessels" to contain fission products. The sol-gel processes for nuclear fuel were 
developed at Oak Ridge National Laboratory (OIWL) [l] and were based on the gelation of 
colloidal sols by "internal" gelation methods previo~~sly developed for nuclear fuel synthesis in the 
Netherlands [23. In this process, (Figure l), hexamethylene tetramine (HMTA) is mixed at about 
O"C, in the presence of urea with a uranyl nitrate solution causing hydrolysis of the uranyl cation to 
a hydrous uranium oxide network. HMTA functions as a weak base for hydrolysis and is also 
assumed to decompose to ammonia and formaldehyde. Ammonia is assumed to be produced in- 
situ or '*internally" during the gelation process and is assumed to be the key component causing 
gelation of the hydrous uranium oxide. All of these steps are conducted in equipment (i.e., 
cannulae) to form spherical drops (Figure 2) which are converted to gelatinous microspheres by 
suspension in a hot organic liquid (i.e., trichloroethylene). The hydrous uranium oxide in 
microspherical form is eventually converted to ceranlic U a  by sintering. 

This paper is concerned with the use of spectroscopic probes (Le., NMR, FTIR, SEM, "EM 
XRPD) to sort out the mechanism of the chemical reaction sequence during the sol-gel processing 
of uranyl compositions. 
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EXPERIMENTAL 

The rate of hydrolysis of HMTA was monitorcd by l3C NMR and ion chromatography as a 
function of pH, temperature, urea and uranyl concentration. 15N and 1H NMR were utilized to 
provide structural information on hydrolysis products. Uranyl gels were prepared by methods 
published by the ORNL [lb]. l7O NMR was utilized to monitor the hydrolysis fragments of the 
uranyl cation with 170  exchange with labeled water induced by photolysis. The details of 1 7 0  
labeling and NMR results are described in a ccimpanion publication (3a]. NMR spectra were 
obtained on Bruker instrumentation ('H, 13C:AM300; 170,  lsN:AM500) in the Chemistry 
Department at the University of South Carolina. Chemical shifts are reported relative to TMS for 
IH and l3C spectra and relative to 1 7 0  water referenced to an external D20/H2O standard. 
Concentrated (1.0 to 3.9M) aqueous stock solutions of uranyl nitrate and uranyl chloride were 
prepared in water enriched to 5 to 10% 170  from the 0.037% natural abundance using commercial 
28% 170 water from ICON Services, Inc. (Summit, New Jersey). NMR peak areas were obtained 
by spectral integration, and were calibrated by reference to a set of standard HMTA solutions. 
NMR temperature control was obtained via heat input from a variable temperature controller in 10- 
20°C incremental steps from ambient to permit elpilibration. Calibration was obtained using the 
proton spectra of ethylene glycol in DMSO-db and correlating the difference (Au) in chemical shift 
of the methylene and alcohol resonances with PI< =4 66 - 1.694 AV, based on Bruker procedures. 

Conditions of chemical composition, pH and temperature for gelation studies were obtained from 
the work of Collins et. ai. [lb] of ORNL, who very thoroughly demonstrated conditions for 
gelation of uranyl compositions in the temperfawe range of 62-92OC. Collins, et. al., [lb] 
demonstrated in detail that variable pH is observed in gel synthesis but pH never decreased below 
3.0 under a wide variety of U02++/HMTA/Urea compositions. pH generally varied from 3.4 to 
5.2 during gelation with extremes of 3.0 to 6.0 from the Collins, et. al., [ 1 b] work. This range is 
very important in quantifying HMTA stability to hydrolysis during gelation. Gelation induction 
periods were generally found to be 51 minute, and, in many cases, on the order of seconds [ lb]. 
Temperature extremes in pilot scale gelation columns at the WSRC never exceeded 85°C and this 
temperature was chosen as the upper limit for HMTA and uranyl hydrolysis/gelation studies. 

Fourier Transform Infrared spectra (FTIR) were recorded with a Nicolet 20-DX Fourier 
Transform Interferometer after preparation of dricd gels and solids in a potassium bromide mamx 
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 compare:d to reference patterns using the International 
Centre for Diffraction Data (Swathmore, Pa.) Joint Committee on Powder Diffraction Standards 
(JCPDS) files for graphic pattern evaluation including phase identification and "d" spacing. 

High Pressure Ion Chromatography (HPIC) of the ammonium (m+) ion produced in HMTA 
hydrolysis experiments was recorded on a Dio nex-4000 Ion Chromatograph calibrated with 
standard ammonium salt solutions. Scanning Electron Micrographs (SEM) of gelatinous 
microspheres and sintered product were recordled on a Cambridge Stereoscan-250 Scanning 
Electron Microscope coupled with energy dispersilve x-ray measurements (TRACOR TN5500) for 
elemental composition. Sample surfaces were carbon coated by evaporation or Au/Pd coated using 
a sputter coating technique. Transmission Electron Micrographs (TEM) of colloidal uranyl sols 
and viscous uranyl gels, produced after HMTA addition, were recorded on a Philips EM-400T 
Analytical Electron Microscope at 120,000 kev beam energy. Ten microliters of a 106/1 diluent of 
the uranyl sol or gel were placed on a carbon substrate in a 3 mm diameter grid for TEM 
measurements. 



I 

RESULTS AND DISCUSSION 

HMTA (CgH12N4) is a highly symmemc tertiary amine with an adamantane-like configuration 
(1,3,5,7 tetraazaadamantane). The carbon atoms and nitrogen atoms are all equivalent, with a C-N 
distance of 1.44 A" (bond order 1.00) and the four nitrogen atoms at the vemces of a tetrahedron. 
Electron diffraction studies [4] (gas phase, 200°C) confirm the molecular symmetry to be Td and 
measure the C-N-C and N-C-N bond angles to lie 109.5+ lo, the tetrahedral bond angle. A 0.2M 
aqueous solution of HMTA exhibits a pH of 8.4, illustrating that HMTA is a weak tertiary amine 
base in aqueous media. Each nitrogen atom, at 1 he vertices of a tetrahedron, possesses a lone pair 
of electrons capable of coordination with metals, protons, or water. Equilibrium constants for 
protonation of HMTA have been measured by ]potentiometric titration [SI and nuclear magnetic 
resonance [6] and pKa values found to be -5.0, a basicity similar to pyridine. British workers [6] 
found HMTA to be nearly completely monoprotonated in dilute acid solution by NMR which also 
showed diprotonation to be small (pKa.2 = - 1.7) 

1H and 13C NMR of HMTA Solutions and Gels 

The proton NMR spectra of HMTA for a uranium gel-forming system was first reported by Soviet 
workers in the Russian Journal of Inorganic Chemistry [7] for the uranyl (VI) 
nitrate/HMTA/urea/water system. The Soviet workers report "the formation of a gel probably 
proceeds via hydrolysis of uranyl ions with the subsequent formation throughout the solution of a 
hydrogen bonded skeleton through hydroxyl bridges". Uranyl hydrolysis occurred due to the 
increase in solution pH resulting from HMTA protonation. The Soviets also reported no evidence 
for the formation of ammonia or formaldehyde due to HMTA decomposition during uranyl gel 
synthesis by 1H NMR monitoring. Our results are consistent with Soviet [7] and British [6] 
reports. The IH NMR spectrum of 3M HMTA in 90% H20/10% D20 at 25°C and pH 8.4 shows 
a single methylene proton resonance at 4.65 ppri and a water resonance at 4.85 ppm. The HMTA 
methylene resonance progressively shifts to lower field as pH is decreased and is observed at 4.9 
ppm at pH 2.0 for the monoprotonated species. The resonance was monitored for 1.25 hours at 
pH 2.0 and 52°C (gel conditions) and was obseived to decrease -5%, implying the QjH12N4H+ 
form is highly stable. In a uranyl gel, the HMTA and water resonances eventually coallese to an 
average broad signal at 4.80 ppm-similar to Soviet observations [7]. 

13C NMR was found to be much more instructive of structural modifications during hydrolysis 
and gelation. Figure 3a is the l3C NMR of a 3M HMTA solution at pH 8.9 and 75OC. The 
nonprotonated form exhibits a single resonance at 75.6 ppm-confirming the chemical and 
magnetic equivalence of the six methylene carbon atoms of the adamantane-like structure (inset). 
Area integration of the signal over one hour showed no change (+1%) and no new resonances- 
implying complete stability. The 13C spectnum was monitored as a function of pH, time, 
temperature, urea, and uranium concentration to test for hydrolytic instability under gelation 
conditions. Some observations are also presented in Figure 3 to illustrate the trends. At 85°C and 
pH 3.2, three new resonances appear at 46.4, 73.6, and 83.4 ppm and increase with time (stack 
spectra) in an approximate ratio of 1/2/3. HMTA is converting slowly to a highly symmemc new 
product whose carbon framework is similar IO HMTA. The weak 46.4 ppm resonance is 
consistent in chemical shift with a carbon adjactmt to a primary amine (i.e., CH;! - "2) and the 
latter resonances reflect a carbon environment similar in structure to HMTA. The *3C NMR of a 
uranyl gel structure (Figure 3d) containing urea and HMTA is significantly broadened due to 
increased gel viscosity but the same pattern i5, discernable. The sol-to-gel transition can be 
observed in a magnetic field. Formaldehyde or polyoxy methylene oligomer resonances of 
aqueous formaldehyde polymers, expected at -90 ppm [8a], were never observed in the pH range 
of 2.0 to 8.9 even at high gelation temperatures. This was confirmed by recording the 13C NMR 
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spectrum of 30% aqueous formaldehyde which clearly showed a distinct but very complex pattern 
in the low field (-90 ppm) region. 

Integration of the observed HMTA 13C resonances was recorded with time and the results are 
shown in Figure 4a. The half-life for HMTA, decomposition by hydrolysis is -70 minutes at 
85OC, pH 3.2 and is independent of the presence of urea and uranium (zero order). The reaction or 
residence time for sol-gel synthesis of microspherical particles is is known to be 13 minutes based 
upon ORNL experience [la, b]. Clearly, HMTA under these conditions is nearly quantitatively 
stable based upon NMR signal integration. Ammonia generation during HMTA hydrolysis was 
confirmed by High Pressure Ion Chromatography measurements of the NQ+ cation and 15N 
NMR measurements. Under gelation conditions, ammonia generation never exceed one equivalent 
of ammonia per mole of HMTA. Complete decomposition of HMTA would require four moles 
via, C&I12N4 + 6 H20 + 4NH3 + 6 CH20, thc reaction frequently cited in the sol-gel literature 
[l, 21 as occurring in the internal gelation process. The hydrolysis fragment monitored by l3C 
NMR was confmed to be tris (hydroxymethyl) hexahydrotriazine through the intermediacy of an 
amino-methyl derivative (Figure 4b). The observation of mazine derivatives from HMTA 
hydrolysis is consistent with the British [6] and Bangalore Research Institute [8a] reports on the 
mechanism of the HMTA synthesis reaction and structural work on HMTAH+ B r  by the Chinese 
University of Hong Kong [8b] in which a i s  (hytlroxymethyl) hexahydromazine was suggested as 
a plausible hydrolysis product due to the measured distortion of the adamantane-like cage structure 
upon protonation. The distortion of HMTAH+ was confirmed by molecular mechanics 
calculations using PCMODEL (Serena Software, Bloomington, IN) with excellent agreement in 
calculated geometry relative to the Chinese work [8b]. The formation of the hydroxy/mazine 
derivative liberates one mole of ammonia [Figure 4b] consistent with HPIC measurements. The 
details of the mechanism of this reaction supported by lH and 13C NMR measurements are 
summarized in companion publications [8c]. Under conditions of interest to the ORNL flowsheet, 
the gelation agent HMTA is 98% stable in the gelation process and is most likely playing a 
structural role in gel formation. This propos;3l was confirmed by monitoring the hydrolysis 
fragments of the uranyl cation by 170  NMR. Of practical significance, stable HMTA was found to 
contribute residues of carbon in sintered U02 if not properly monitored or leached during gel 
microsphere washing in the ORNL flowsheet. In addition, a mechanism for microsphere bursting 
or cracking associated with volatile products from high temperature HMTA thermolysis can occur 
if HMTA is retained in the microspheres during sintering. 

I7O NMR of Uranyl Hydrolysis Fragments Under Gelation Conditions 

1 7 0  NMR was utilized to monitor uranyl speciation under sol-gel conditions [3a]. Specifically, in 
the ORNL flowsheet, "Acid Deficient Uranyl Nitrate" (ADUN) is prepared as the "sol" and pH 
adjustment with HMTA is conducted to prepare the feed for the gelation step under microsphere 
forming conditions (Figure 1). The compositicln of ADUN has not been elucidated. Prior 1 7 0  
NMR work by Japanese [9] and Soviet [ 101 researchers had illustrated the utility of 170 NMR in 
characterization of uranyl hydrolysis product:; as a function of pH, temperature, and ligand 
complexation by monitoring the 170 resonance of the axial uranyl oxygen. This prior work [9, 101 
was used to assist in making assignments of uranyl hydrolysis oligomers based upon chemical 
shift measurements and dynamic modification of observed resonances as a function of pH 
adjustment. 1 7 0  has a spin of 5/2 and an associated nuclear quadrapole moment [3b] which may 
induce line broadening, particularly in viscous gels. 

Figure 5a illustrates the 1 7 0  NMR resonances of the axial uranyl oxygens for synthetic ADUN 
compositions induced by extraction of the counter ion by tri-n-decyl amine in xylene-a known 
method for synthesis of a colloidal sol [ 1,2]. The spectra clearly show the monomer, U020H+; 
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the dimer (U02)2 (OH)2++. and the mmer, (UO2)3 (OH)s+. at approximately 11 19.4, 1121.2, and 
1127.7 ppm respectively [3a,9]. When a tertiary amine base, such as HMTA, is used to induce 
hydrolysis (Figure 5b) the spectra are similar but greatly modified with preferential formation of 
mmer (95%) in the presence of the gelation agent. These results also provide a clue for the role of 
the urea in the ORNL flowsheet. Urea complexes, probably by oxygen lone pair donation via the 
carbonyl functionality, to the equitorial coordination sphere of the uranyl oligomers [ 111. This was 
observed as minor downfield shifts of all the resonances, as reported by Japanese workers [9,11], 
due to increasing base strength of the equatorial ligands of the uranyl ion. Urea promotes solution 
stability of the uranyl hydrolysis fragments and prevents premature precipitation of the "sol" 
oligomers upon addition of a base-such as HMTA. Hence, urea and HMTA are both integral in 
the preparation of a stable uranyl gel: 

0 Urea promotes colloidal uranyl oligomer st(3bility by ligand coordination and prevents 
premature uranium precipitation, 

0 HMTA provides the pH adjustment necessary fix a gel network to form, induces uranyl mmer 
formation, and probably promotes the formatiori of a stable gel network by intra-molecular and 
inter-molecular hydrogen bonding. 

Evidence for HMTA as a Promoter of Hydrogen Bonding During Gelation 

A schematic of the proposed molecular complex of the uranyl mrner, urea, and HMTA is shown in 
Figure 6. Each uranyl group is in pentagonal bipyramidal coordination [ 121 with the equitorial 
coordination number satisfied by urea or water complexation as a ligand (L). The mad of uranyl 
groups is stabilized by a p3-oxo bridge [ 121 and p2-OH bridging. Intra-molecular hydrogen 
bonding with HMTA occurs via hydroxyl bridges with proton donation to a lone pair nitrogen of 
HMTA. The other nitrogen lone pairs can participate in inter-molecular hydrogen bonding 
establishing a gel network. Further support for thjis representation was found by observation of 
the Fourier Transform Infrared Spectra (FTIR) of HMTA in the gel structure (Figure 7). HMTA 
exists in the gel structure as HMTAH+ Characterized by the splitting of degenerate C-N vibrations 
(1030 cm-1) due to nitrogen protonation and distort ion of the cage structure [8b] causing a change 
of molecular symmetry from Td to C3". In addition, a complex pattern around 2500 cm-l is 
characteristic of the quaternary ammonium specie:;. This gel form was further substantiated by 
FTIR comparison with the simple hydrochloride salt of HMTA (HMTA * HCL). The sol to gel 
transition induced by HMTA addition can also be oi3zerved by Transmission Electron Microscopy 
( E M )  as shown in Figure 8. The sol consists of 30 A particles which "bridge" to form clusters of 
hydrous uranium oxide which further coallese or aggregate in the gel phase. The TEM patterns are 
a very interesting example of change in fractal geometry during the sol to gel transition. 

Evidence for the participation of HMTA in solvent interactions via hydrogen bonding giving rise to 
unique properties and structures have been shown by a number of diverse studies [13-151. 
Syracuse University researchers [ 13a] studied sollution hydrogen bonding and protonation of 
polycyclic polyamines, including HMTA by 13C and l5N NMR relaxation measurements and 
claimed that the slower rate of rotation of HMTA in aqueous solution was associated with greater 
"frictional" interactions of HMTA with water because of the number of nitrogen atoms capable of 
solvent interaction. They estimated the H-bond distance to be 1.9 A, comparable to other 0-H-N 
systems. Other NMR measurements [13b] showed HMTA to be much more restricted in its 
motion in solution than its structural analogue-adarnantane-because of hydrogen bonding with 
the solvent. 

Aqueous solutions of HMTA are known to exhibit unique properties associated with solute-solvent 
interactions [14] and to form fully-hydrogen-bonded molecular crystals [ 151. For example, 



.. . . -. . .. -. . - . . . - . - . 

HMTA forms a hexahydrate with water at 0°C whose crystal structure has been shown [ 15a] to be 
a novel type of clathrate structure characterized by hydrogen-bonding interaction between the host 
(water) and guest (HMTA) species. The water rnolecules form a hydrogen-bonded framework 
consisting of columns of (H20)6 rings cross linked to one another. Each HMTA molecule is 
located in a cage within the clathrate framework, and is hydrogen bonded to the water lattice 
through three of its four nitrogen atoms. Each HMTA molecule is surrounded by eight (H2O)6 
rings and is hydrogen bonded to three rings in a "batlike" cavity configuration. Three nitrogen 
atoms of Hh4TA are hydrogen-bond acceptors while the fourth nitrogen atom is at van der Waals 
distances from neighboring water and not involved in hydrogen bonding. 

HMTA is known to form stable hydrates with a viuiety of metal ions (for example, MX2 * nH20 - 
2HMTA, where M = Ca, Mg, Co, and Ni; X = €%r, C1 and n = 7-10). The structure of CaBr2 
10H20 2 HMTA has been fully determined by siingle crystal X-ray diffraction [ 15b,c]. Calcium 
is octahedrally coordinated to six water molecules and three nitrogen atoms of each HMTA 
molecule are linked by Ne-He--0 hydrogen bonds to the octahedrally coordinated water of three 
different calcium ions-generating a two dimentional network. The layers are linked together by 
chains of hydrogen bonds between water and the fourth HMTA nitrogen atom. The structure is 
fully hydrogen bonded. The three-fold increase in relative viscosity of 3M HMTA in aqueous 
solutions [ 14a,b], along with increased density [ 14a,b], critical micelle concentration of colloidal 
electrolytes [ 14a] and conductance measuremtmts [ 14c] have been interpreted by HMTA 
functioning as a "water structure reinforcing agent" through hydrogen bonding. 

These observations add support to our hypothesis that the role of stable HMTA in the formation of 
stable uranyl gels is via a hydrogen bonding mechanism promoting a three-dimensional gel 
network [Figure 61. 

The Structure of the Hydrous Uranium Oxide Precursors to Sintered UO;! 

In the ORNL flowsheet (Figure l), gelatinous microspheres are washed with 0.5M NQOH, 
which is assumed to leach impurities such as urea, formaldehyde and nitrate. The resulting pH 
increase also causes additional uranyl mmer condensation to hydrous uranium oxide polymers. 
The nature of the polymer in the post-washed gel formed in the internal gelation process has been 
studied by Lloyd, et. al., [ 161 under various chemical conditions and was found to be consistent 
with a complex composition of U 0 3  - 2H20,4 UO3 - "3 7H20 and 2UO3 - "3, 3H20 
based upon X-ray diffraction analysis. Our results compliment the Lloyd, et-al., interpretation and 
provide additional insight on the structure of the hydrous uranium oxide polymer and the 
mechanism of the washing step. 

The ammonia washing treatment has been shown to be an ion exchange step in which the occluded 
HMTA molecule in protonated form (HMTAH+) is exchanged for the ammonium cation. At the 
same time, funher condensation of the uranyl trimer occurs to polyanionic hydrous uranium oxide 
in a layered configuration. HMTAH+ and/or N Q +  are incorporated as "intercalation" cations to 
balance the negative charge of the hydrous uranium oxide layer. This was confirmed by XRPD 
and FTIR measurements on uranyl gels and syntheiic compositions. In addition, a very interesting 
structural analogue in the uranium mineral family [ 17) has been extremely useful in providing a 
structural interpretation of the hydrous uranium oxide network. 

Figure 9a is an XRPD pattern of a synthetic sample from ammonia treatment of a uranyl solution at 
pH 4.5. The yellow crystalline compound had an approximate stoichiometry of 4 U03 - "3 - 7 
H20 and is in good agreement with the literature pattern of Gamer [18]. XRPD on washed gel 
samples gave broader, more amorphous, pattern:; but were similar to Figure 9a. The Garner 
composition was classified in the orthorombic system as a layered structure with a 002 or basal 
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reflection of 7.55 A, the distance between the layers, but the atomic arrangements were undefined. 
Recently, complete crystal smctures of a series of hydrous uranium oxide minerals were published 
by workers from the University of Maryland and the Smithsonian Institute [ 171. A XRPD pattern 
comparison with our synthetic ammonium, gel-like, derivative is shown in Figure 9b for the 
natural mineral Billietite (BaO * 6 UO3 11 H20), whose atomic arrangements (Figure 9c) are 
shown from the Pagoaga, et. al., work [17]. The principal 'Id" spacings are compared in Table I. 
Billietite is a naturally occumng barium-containing hydrous uranium oxide polymer in which the 
uranyl moity is retained in p3-0~0 bridging in an oxygen layer and the barium cations maintain the 
layer dimensions (7.50 A) along with interstitial water in hydrogen bonding. Hence, barium is the 
"intercalation" cation between hydrous uranium oxide layers. Billietite contains quasi-linear 
(U02)+* groups coordinated by five oxygen atoms to form a pentagonal bipyramid of 
[ ( U 0 2 ) 0 2 ( O H ) 3 ] .  This polyhedron shares pentagonal edges to form sheets of 
[(uO,),O,(OH)Qln-*", which are parallel and an: bonded together by intercalation barium cations 
and water molecules. 

The Pagoaga, et.al., work [17] confirms the predictions of Evans [19] that hydrous uranium 
oxides would show mainly pentagonal coordination around the uranyl ion-allowing the equitorial 
oxygen atoms to remain in a plane orthogonal to the uranyl species without crowding. The 
uranium-oxygen sheet found in the uranyl oxiae hydrate minerals is similar in structure to the 
sheets in a and p-U308[17]. In a-U3O8. each of the quasi-uranyl ions is coordinated to five 
oxygen atoms in the uranyl equitorial plane-a pentagonal bipyramidal array. In p-U3O8, two of 
the quasi-uranyl ions are equitorially five coordinate, but one uranyl ion is only four coordinate 
equitorially and hence exhibits tetragonal bipyrarnid or "distorted" octahedral symmetry. Billietite 
is similar to the d 3 O g  structure but is distorted towards p-U3O8 with coordination around two 
uranyl ions in the uranium-oxygen sheet being almost fourfold [ 171. U3Og is also a significant 
structure and composition in nuclear fuel synthesis. 

It is instructive to note that the uranyl equitorial coordination number of five, and the 
oxygenhydroxy bridging framework of the uranyl mmer of Aberg [ 12b] and the uranyl tetramer of 
Aberg [ 12c] and Pemn, et.al., [12d] exhibit the pmtagonal bipyramidal configurations and oxygen 
bonding patterns of the infinite chain hydrous uranium oxide minerals [ 171. It is our contention 
that the uranyl trimer, as observed by 170  NMII, is in fact the precursor to condensation of an 
infinite chain polymer of uranium-induced by basic hydrolysis with HMTAH+ or N b + .  The 
remarkable agreement between synthetic and natural mineral patterns, (Figure 9b), both in "d" 
spacing and intensities, provides additional structural information. For a series of  natural uranium 
minerals, including Billietite, structural formulae have been calculated from empirical formulae and 
x-ray patterns (Table 11) [ 171. We have proposed a structural formula for the synthetic ammonium 
derivative to be: ( " 4 ) 2  [(UO2)8 04 (OH)lo] - 8H20, a layered hydrous uranium oxide with 
ammonium ions as intercalation cations. The intercalation of ammonium and alkyl-ammonium 
cations (HMTAH+) (Figure 9d) proved to be a general phenomenon of hydrous uranium oxide 
condensation. Seven alkyl ammonium derivatives have been prepared and shown to be 
isostructural by XRPD and solid state 1 7 0  NMR. The intercalation cations can be observed and 
structurally characterized by FI'IR and TGA/Mass Spectroscopy. The basal or layer dimension is 
controlled by the size of the intercalation cation, similar to the known intercalates of hydrogen 
uranyl phosphate [20]. All are precursors to ceramic nuclear fuel (U02) and exhibit ion exchange 
properties. Structural characterization and propeities will be described in future publications 12 1- 
231. 
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TABLE I '  

X-Ray Diffaction Powder Patterns of Hydrous Uranium Oxide iMinerals and 
Synthetic Gel-Like Product: Summary 01' Principal "d" Spacings 

Poly Oxy Uranate Structures 

Summary d Rindple "8' Spacinss 

"Aw' Billlethe Fourmaderite Vandenddesdwite 
.I* e 0 P W  *7UQ$.12&Q - 

7.55ii 002/100% 7.46; 7.54i 7 .14i  7.22i 
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Hydrous Uranium Oxide Minerals and Synthetic Compositions: 
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BaO* 3 U03 0 4 H20 
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7.35; 

7.14; 

8.40; 
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SEM Observations on Synthetic Hydrous Uranium Oxide Microspheres 

A final example of the interesting morphologies produced via the sol-gel processing sequence to 
form microspheres of hydrous uranium oxide is, shown in Figure 10 using Scanning Electron 
Microscopy (SEM). These 300 micron spheres were produced in pilot-scale equipment at the 
Westinghouse Savannah River Site. As the SEM magnification is increased, imperfections and 
shape irregularities become apparent, believed to be due to dynamic collisions of particles in the 
sphere forming column. SEM proved useful in monitoring microsphere morphology as synthesis 
conditions were varied. Closer inspections of the microsphere surface reveals a highly roughened 
or "sandpaper" texture which is quite revealing at the highest magnification (4,000 X). The 
surface consists of an immense cluster of platelets whose individual dimensions average -4 
microns by 0.5 micron. Energy dispersive X-ray measurements and XRPD revealed the surface 
structure to be synthetic meta-schoepite (UO3 :!H20), a layered hydrous uranium oxide [ 161. 
Estimates of surface area exceed 700 m2/g. Hence, under some synthetic conditions, the unique 
layered uranium-oxygen network can be observed on the surface of microspheres produced via the 
very versatile uranium sol-gel process. 

CONCLUSIONS 

HMTA is stable in the internal gelation process for urania microsphere synthesis as the protonated 
cation and plays a structural role in gel formation, probably through hydrogen bonding. The 
colloidal "sol" was shown to be a mixture of uranyl oligomers. The uranyl mmer is predominant 
in the "gel" structure with urea in the uranium equitorial coordination sphere and HMTAH+ 
promoting uranyl trimer formation and the gel network. The trimer condenses to a layered hydrous 
uranium oxide polymer in which ammonium or HIi4TAH+ cations stabilize the layer configuration 
as "intercalation" cations. A structural concept of the layered configuration was obtained from 
natural uranium mineral analogues. The layered network serves as the structural precursor to 
ceramic nuclear fuel (Uo;?). 
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Figure 3. 13C NMR of 3M HMTA Solutions and Gels 

a) 3M HMTA/pH 8.9/7SoC 

b) 3M HMTA/pH 3.2/85"C 

c )  3M HMTA/pH 3.2/8SC'C as a f (Time) 

d )  Uranyl Gel/3MHMTPd3MUrea/pH 3.2/85"C 



HMTA HYDROLYSIS 

Figure 4. HMTA Hydrolysis 

a )  Hydrolysis Rate Based on 13C NMR Signal Integration 

b) HMTA Structural Modifications During Hydrolysis Based on IH 
and l3C NMR Assignments 
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Figure 5. 1 7 0  NMR of UO2++ Hydrolysis Fragments in the Axial Oxygen Region 

a )  Synthetic "SOL" via l'ri-n-Decyl Amine Extraction 

b )  Uranyl Gel Induced by HMTA Addition 
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Figure 7. Fourier Transform Infrared Spectrum 
(FTIR) of HMTAH+ in a Uranyl Gel 
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Figure 8. Transmission Electron Micrjographs (TEM) of the Sol to Gel Transition 
Induced by HMTA 
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Figure 9. X-ray Powder Diffraction Patterns (XRPD) of Hydrous Uranium Oxide 
Polymers. 

a)  Gel-like Synthetic Ammonium Derivative Versus 4Uo3 "3 - 
7 H 2 0  

b)  Billietite (BaO.6UOy 11H20I) Versus Synthetic 4Uo3 

c )  The Structure of Billietite Showing Layer Pattern and Barium 

"3 - 
7 H 2 0  

Intercalation 

d )  Proposed HMTAH+ Intercalate of Hydrous Uranium Oxide 



Figure 10. Scanning Electron Micrographs (SEM) of Synthetic Hydrous Uranium 
Oxide Microspheres 

a )  18 X Magnification 

b)  50 X Magnification 

c )  150 X Magnification 

d )  4,000 X Showing Platelets on Surface 


