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PRELIMINARY DEVELOPMENT OF INTERNAL GELATION FLOWSHEETS
FOR PREPARING (Th,U)02 SPHERES

P. A. Haas
R. D. Spence
D, P. Stinton

ABSTRACT

Internal gelation procedures were developed to prepare good, high-den-
sity (Th,U)0; spheres, 800~ to 1200-um in diameter, as required for Sphere-
Pac fabrication of nuclear fuels. Decomposition of hexamethylenetetramine
(HMTA) dissolved in metal nitrate solution drops releases ammonia to soli-
dify or gel the drops as hydrated metal oxides. The thorium—uranium
nitrate feed solutions were made acid deficient by partial neutralization
with NH40H or by solvent extraction of nitrate. For some feeds, gelation
of drops was in trichloroethylene at 60 to 75°C. Feeds with high con~-
centrations of urea as a complexing agent for metals required higher tem-
peratures and were gelled in perchloroethylene—mineral oil mixtures at 80
to 95°C. Slow changes of concentration during washing with ammonia were
important to prevent cracking of the 800~ to 1200-um sintered spheres. The
spheres were dried in steam atmospheres, calcined and then sintered in
Ar—4% Hy at 1450°C to give (Th,U)O; spheres with nearly theoretical den-
sity (299%). The initial batches prepared with other washing and drying
procedures showed severe cracking. These preliminary results demonstrated
two practical chemical flowsheets, but additional development, including
equipment flowsheets studies, would be necessary to justify final selection
of a process.

1. INTRODUCTION

Sphere~Pac fabrication of nuclear fuels, as developed at 0Oak Ridge

National Laboratory, has important advantages for remote operation, and
these advantages are important for a thorium—uranium (Th-U) fuel cycle.

1

The development of Sphere-Pac fabrication procedures and of gel-sphere

processes for U022’3 have been reported. The development of gel-sphere
processes to prepare (Th,U)02 spheres with metal ratios of Th/U = 3 was
part of the continuing fuel refabrication program for application to LWRs.
The most useful results for large (Th,U)02 spheres were from internal gela—

tion processes, and this report describes these results.



The Sphere-Pac development program included an assessment of both
domestic and foreign technology.4 Three sizes of spheres having diameter
ratios of about 40:10:1 were found to be necessary. FEach of the three
general types of gel-sphere processes had important advantages and disad-

vantages for their preparation. Results of the assessment4

and varlous
scouting tests?»® indicated that the large~-size spheres of Th/U = 3 were
very difficult to prepare by application of published technology for two
(water extraction from sols; external chemical gelation) of the three types
of gel-sphere processes. Few (Th,U)0s results have been reported for the
third type (internal chemical gelation) as applied for preparation of
Sphere-Pac U0) spheres.

The objective of this report is to describe the preliminary development
of procedures for preparing good, high-density (Th,U)0, spheres, 800 to
1200 ym in diameter. The intermediate size of 200 to 300 um in diameter are
easy to prepare; thus, the process selection is determined by the need for
large—and small-diameter products. The “"fertile fines” concept using pure
ThO9 only as the small spheres might be used for Sphere-Pac Th~U fuels.

If the fines must also be (Th,U)0;, the Th-U feeds described in this report
can probably be used with the same internal gelation procedures developed
for U0y fines.2,3

l.1 Product Specification

The primary product for these preliminary development studies is the
large coarse (Th,U)0, spheres for a Sphere-Pac fabrication of nuclear fuel.
Flowsheet conditions adequate for the large coarse size are very likely to
allow easy preparation of the intermediate size. A Th/U ratio of 3.0 was
used for all tests; variations over the range anticipated for most U-Th
fuel cycles would probably require changes only in the broth concentra-
tions.

The target specifications for the development studies were approxi-

mately as follows:

Composition: (Th,U)0,

Th/U atom ratio: 3.0
Density: 299% of theoretical



Size: 2800 um minimum
1000 to 1200 pm preferred

Shape and strength: Very high fraction of good sphericity
through fabrication. The degree and
amount of nonsphericity allowable
is not known ‘

Carbon content and To meet nuclear fuel specifications
metallic impurities: for pellets
0/U ratio: <2.01
Other characteristics: A solid solution of UQp-ThO) would be
. preferred
Microstructure: A homogeneous, fine-grained structure is

desirable. The .above specifications

and the gel—-sphere process characteristics
probably assure a good microstructure
without requiring a separate specification

1.2 Scope of These Studies

These studies determined two somewhat different internal gelation pro-
cesses with prouising results for preparation of the dense, 800- to 1200-um
(Th,U)0, spheres. Process development is incomplete for both processes.
Development for the (Th,U)02 fuel cycle ended in 1979, and gel-sphere
development for fuel refabrication in 1980 has been for (U,Pu)0,
compositions for FBR application. The information now available does not
justify a final selection of either process variation. A process with
ammonia neutralization and low urea concentrations in the feed has some
simpler process steps and gave a slightly better demonstration result.
Therefore it is described first. The alternative process, with extraction
of HNO3 and high urea concentrations, is described with respect to the dif-
ferences between the processes. The two processes are compared with a
listing’of remaining development requirements and recomﬁendations.

Since the (Th,U)02 chemical and equipment flowsheets have many simi-
larities to those developed for U02,2s3 some details are described briefly
with references to the reports for U02. In the body of the report, unsuc~
cessful results are described only to the extent necessary to define the
known limits of successful results. More complete descriptions of some

development results are in the Appendixes.



1.3 Characteristics of Internal Gelation Processes

In these internal gelation processes, decomposition of hexamethylene-
tetramine (HMTA) dissolved in metal nitrate solutions releases ammonia to
precipitate hydrated metal oxides. The internal gelation process was first
applied to the production of nuclear fuels and demonstrated for Sphere—Pac
7,8

2.
fabrication at KEMA;' their flowsheet conditions are commonly termed

"the KEMA process.” Investigations of the KEMA and other internal gelation
flowsheet conditions have been reported by other laboratories.? 1l  Im-
provements and modifications to previously published flowsheet condition’»>8
for the internal chemical gelation process were developed and reported at
ORNLZ to prepare dense UQy spheres with average diameters of 1200, 300, and
30 pm.

The schematic flowsheet for the internal gelation process is shown in
Fig. 1. The controlling characteristics of internal gelation result from
the absence of mass transfer during the gelation step. The ammonia for
chemical gelation is generated homogeneously without stresses or shell

structures from concentration gradients. The overall reaction for decom~

position of HMTA in an acidic medium is:
(CH2) N4 + 6Hp0 + 4HY X 4NH4T + 6HCHO . (1)

Since the heat transfer from the hot organic liquid is relatively rapid,
the gelation times have only a small dependence on the droplet diameter.
These advantages become increasingly important as the sphere diameter is
increased. As a result, internal gelation appears to be the only practical
gel-sphere process for preparing 1200-pm U0, spheres and has Important
advantages for large (Th,U)07 spheres. Spheres of 300 pym in diameter are
easy to prepare, and selection of processes for Sphere-Pac preparation is
determined by the need for >800- and 30-um products.

The internal gelation studies for (Th,U)0; were made using the equip-
ment and procedures available from preparation of UO3 gel spheres.2 The
schematic equipment flowsheet is shown as Fig. 2. Batch mixing of the
feeds was used for small tests, and continuous mixing was used for demon-—

stration runs. For batch mixing, the two solutions were stored at the

Keuring van Electrotechnische Materialen at Arnhem in the Netherlands.
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Fig. 1. Microsphere preparation by internal gelation.
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GEL SPHERES TO AGING—WASHING~
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Fig. 2. Internal gelation procedures for (Th,U)0) spheres.



desired mixing temperature (a refrigerator for mixing at <2°C) overnight
and then mixed in a vessel designed for air-pressurization. The broth feed
rate to the drop formation was controlled by regulation of the air pressure
to this vessel. The continuous mixing system uses capillary flow elements
to meter each solution through precoolers (if needed) to a closed jacketed
mixer.3 Mixing is by a magnetic stirrer bar. The broth flow rate is the
sum of the two metered solution flow rates. Small batch gelations (up to
0.8 L of feed) were made in 4-L Pyrex beakers or graduates filled with the
organic liquid medium with heat input through the vessel walls. Larger
batches were prepared‘with continuous feed and with gelation in a 15-cm-
diam by 120~cm~high column using cocurrent flow of hot organic liquid down
through the column to a product collector. Drop formation was by use of
single-~fluid nozzles with vibration to glve a controlled and uniform break-
up of the jet into drops.3 |

For a practical internal gelation process, the broth should have (1) a
long gelation time at a low temperature, so premature gelation does not
occur in the feed system; and (2) a short gelation time at a higher tem—
perature so that long fluidization times in the hot organic liquid are not
required.

Both Th and U easily form complexes, and NH4+, NO4™, urea, HMTA, and
HMTA decomposition products may react with these metals and each other.
Therefore, the number of chemical reactions possible during internal gela~-
tion is very large. Nevertheless, the observed effects for our internal
gelation conditions can be explained by four primary reactions, where

M'D {s the metal species:
H)0 2 OH™ + H';
(CHy) N, + 6Ho0 + 4HY Z4NH, + 6HCHO;
M 4 o o™ T M(OH), T M(OH),¢g)s

M™ 4 x urea < M(urea)x+n.

Complexing of the metal anion by urea makes it unavailable for other reac-
tions and prevents premature precipitation. The HMTA is a very weak base
and reacts with HNOj to form a nitrate salt. After mixing of the HMTA and
Th-U urea solutions, the indicated pH values exceed 4.0 in <6 s even at 0°C,

where the broths remain fluid. The rates of reactions and the equilibrium



constants are both temperature dependent. For both U and Th, the solubil-
lity for acid-deficient conditions decreases as the temperature increases

above 40°C. The reaction for decomposition of HMTA is reversible, and
accumulation of NH4+ and HCHO decomposition products results in a higher
H* concentration (i.e., a lower pH) at equilibrium. The interaction of
these effects is complex and difficult to predict.

Some acid deficlency of an internal gelation feed broth seems highly
desirable for practical operation. For Th/U = 3, the stoichiometric
nitrate/metal ratio is 3.5 mol/mol. As a first approximation, the HMTA
required for gelation is specified by an HMTA/N03* mole ratio, where the
NO3* is defined as the total NO3™ concentration minus the NH4+ concen-
tration. The HMTA/NO3* has an allowable range with (1) an upper limit that
gives premature thickening at 0°C, and (2) a lower limit that does not
give a firm gel in the hot organic forming media. If the NO3* is reduced
either by removing the NO3~ from the solution or by adding NH3 or NH,OH to
form NH4NO3, less HMTA is needed for gelation. With less dilution by HMTA
solution, the broth metal concemntration can be higher. The gels usually
show better properties with less shrinkage and cracking during washing and
drying as the metal concentration is increased. Studies with stoichio-

metric nitrate solutions were therefore very limited.

2. PROCESS DEVELOPMENT FOR FEED PREPARED BY PARTIAL
NEUTRALIZATION WITH AMMONIUM HYDROXIDE

The chemical flowsheet studies that resulted in this ammonia neutrali-
zation process were started with the intention of using conditioms for
(Th,U)0) that were similar to those we had developed for U02.2 The U0
flowsheet has a feed that is 25% acid deficient; that is, N03*/U is ~1.5,
or ~75% of the stoichiometric ratio of 2,0, This solution is equivalent to
an average composition of U0p(OH)y 5(NO3){ 5. Thorium nitrate can also be
stable as an acid deficient solution, and a 257 acid deficient solution
would correspond to an average composition of Th(OH)(NO3)3. As the acid
deficiency increases above 25%, U will precipitate as hydrated UQO3 while Th
can form clear, stable thoria sols for up to 90%Z acid deficiency. For Th-U
mixtures, sol formation becomes more difficult as the U content increases,

but clear-red scls are easily prepared for Th/U = 3 (see ref. 12). A 25%



acid deficiency would correspond to a NO3*/(Th + U) ratio of (0.75)(3.5) or
2.63. The program requlrements and scouting experimental studies reduced

the feed compositions variables to:

1. Th/U = 3.0 atom/atom,

2. Urea/U = 2.0 mol/mol or urea/(Th + U) = 0.5,

3. N0g*/(Th + U) of 3.1 mol/mol,

4. Adjustment of NO3*/(Th + U) ratio by addition of NH40H or NH3 to
Th(NO3)4—U02(NO3)2—HNO3 solutions.

The reasons for these selections will be stated briefly. The Th/U ratio of
3 is typical of that required fo_ the final fuel composition.

The presence of uréa is necessary to prevent the precipitation and
separation of U-rich solids when the Th~U solutions are mixed with HMTA.
The urea/U ratio of 2 [urea/Th + U) = 0.5] eliminated or delayed the pre-
cipitation so it was not troublesome, while a ratio of 1 was sometimes
inadequate. Since the ratio of 2 did not seem to have any detectable
disadvantages, it was used thereafter without further testing of other
values. Additional tests of urea as a process variable were the basis of
the alternate flowsheet reported in Sect. 3.

For a practical internal gelation process, the broth should have a long
gelation time at a low temperature, so premature gelation does not occur in
the feed system, and a short gelation time at a higher temperature, so that
long fluidization times are not required. If all other compositions are
fixed, the practical HMTA concentrations will be limited to a range. The
higher concentration limit is that which gives premature thickeaing or
gelation at the feed system temperature (0°C with refrigeration). The
lower concentration limit is that at which gelation is incomplete or inade-
quate in the hot organic liquid. The scouting ekperimental studies showed
that this range became smaller or nérrowad as the Th-U feeds were made more
acid deficient. For urea/U = 2 mol/mol, there was no useable HMTA con-
centration for N03*/(Th + U) = 2.5 mol/mol and 2.8 was very sensitive or
difficult to use. The’advantages of low N03*/(Th + U) ratios or high acid
deficiencies were discussed in section 1.3. The NO3*/(Th + U) ratio of
~3.1 was selected as a compromise and fixed for the study of Qashing,

drying, and sintering behavior.
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During scouting experimental tests, some acid-deficient feeds with no
NH4+ were prepared by dissolving UO3 in Th(NO3), solutions. For the same
NO3*/(Th + U) ratios, the gel—sphere properties were slightly better for
NH4+/(Th + U) ratios of 0.5 to 1.0 than for NH4+ = Q. Higher NH4+ concen~
trations did not give any further improvement. This result is fortunate
for convenience of feed makeup. The Th and U nitrate solutions from puri-
fication processes can be easily concentrated by evaporation to contain
small excesses of HNOj. The adjustment of acid deficiency by the addition
of NH4OH or NHj is very simple and gives the preferred amount of NH4;NO3 for
NO3*/(Th + U) = 3.1. While the presence of this amount of NH4+ is not
necessary to good gel properties, the easy adjustment of acid deficiency by
ammonia addition is a very important process advantage. Therefore, broth

preparation without ammonia addition was not tested further.
2.1 Feed Preparation

Adjustment of acid deficiency by neutralization was done by mixing
Th(NO3), and UOo(NO3), solutions and then adding concentrated NH,OH solu-
tion with good agitation at 60 to 90°C. Use of NH3 gas avoilds dilution but
requires special mixing apparatus.12 A precipitate forms at the point of
ammonla addition and then disappears as it is mixed with the bulk liquid.
For <50% acid deficiency, the ammonia addition can be made at room tem-
perature. For higher acid deficiencies and particularly for Th-U mixtures,
heating is necessary to accomplish the conversion of precipitates into
stable colloidal particles. The preferred N03*/(Th + U) ratio of 3.1
mol/mol (see Sect. 2.) is only 11% acid deficient, and room temperature
mixing is adequate. Urea (urea/U = 2 mol/wol) is added after adjustment of
the acid deficiency. The maximum stable Th + U concentrations for these
feeds at 30°C are ~2.6 M. Higher concentrations or other temperatures may
remain stable for days as a result of super-saturation effects but will
eventually form deposits of large crystals. The acid deficiency can be
checked by pH measurements; the pH values after urea addition with 2.4 to
2,6 M Th + U, but before mixing with HMTA, should be 0.8 to 1.2 at 25°C.
The pH values before urea addition are 0.6 to 1.0 for the preferred acid
deficiencies.

The solubility of HMTA is ~3.8 M at 10°C and decreases as the tem-

perature increases. Since there is a heat of solution, easy preparation of
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3.4 or 3.5 M HMTA requires cooling to ~10°C. The 3.4 M HMTA solution can
be used at 10 to 30°C with no difficulty. A solid hydrate is stable at
temperatures below 10°C, but solutions can usually be super=—cooled to 0°C
before hydrate solids are formed.

The concentrations can be checked by density measurements. For concen-
trations, (HMTA) or (Th + U), in moles per liter, and solution densities,

p, in grams per cm3:

(HMTA) = 31.4 [p(HMTA) - p(H,0)],
(Th + U) = 2.83 [p(Th + U) - p(H0)].

The p(Hp0) is the density of wat' r at the same temperature, and (Th + U)
refers to the preferred acid-deficient solution of Th and U, including

ureae.
2.2 Gelation at 60 to 75°C (in Trichloroethylene)

The gelation procedures and equipment developed for U022r3 were used
with minor modifications for (Th,U)Oyx spheres (Fig. 2). The feed HMTA and
Th-U solutions (see Sect. 2.1) were cooled to ~0°C and mixed. The maximum
temperature of the trichloroethylene (TCE) is limited to <78°C by the
boiling point of the TCE-H,0 azeotrope. For the gelation of Th-U broths in
TCE, the effects of increased TCE temperatures were always either favorable
or indeterminate. Therefore, there were no reasons to limit the TCE temper-
atures to improve the gel properties as preferred for some sizes of urania-
gel spheres.

For drop formation, the single-fluid nozzles with vibration operate
better with the Th-U broth than with U broths for internal gelation. The
multiple~orifice nozzles for small¥coarse sizes were operated at 27,000 to
250,000 cycles/min with good drop formation and no significant difficulty
from unequal flows. The single nozzles for large—coarse sizes were
operated with broth feed rates of 53 to 65 cm3/min. ,

Gelation tests were made with about 0.03 vol% Span 80 in the starting
TCE for the large-coarse size and 0.1 vol% Span 80 for the small-coarse
size. The depletion of Span 80 for continuous~column operation was slow;
however, the longest test for 220-um small-coarse size showed a need for

Span addition (some clustering and sticking) near the end of the test.
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2.2.1 HMTA concentrations

The Th + U broths are much more sensitive to HMTA concentrations than
are pure U broths, and this sensitivity increases as the acid deficiency
increases. For 10 to 15% acid deficiency and urea/U of 2 mol/mol, the
allowable ratio of HMTA/NO3* has an adequate range (~0.70 + 0.04 mol/mol) to
allow practical operation.

For these Th + U feeds, the volume ratios of HMTA solution to (Th + U)
solution for test operation were determined empirically. Small samples
were mixed with several volume vatios covering the range of expected values
(1.3, 1.45, 1.6 as a typical set). The pH values were determined 2 to 5
min after mixing. By graphical interpolation, the volume ratio was
selected to give a pH of ~4.2, or slightly lower if this value resulted in
thickening in <10 min at room temperature. For the preferred feed con-
centrations, the empirical tests consistently gave HMTA/N03* ratios close
to 0.70 mol/mol, and this is an adequate criteria without the empirical
test.

2.2.2 Broth density requirements

For preparation of large-coarse sizes, distorticn of the drop to give a
nonspherical particle is an important problem. For TCE or other organic
liquids of low viscosity, the drop density should be 0.01 to 0.1 g/cm3 more
than the density of the organic medium. For these Th-U broths, the densi-
ties of some compositions were so low that the drops floated in pure TCE.
Therefore, some tests were made in mixtures of TCE and 2-ethyl-l-hexanol
(2EH). At gelation temperatures of ~70°C, the densities of mixtures can
be estimated from additive volumes at 1.38 g/cm3 for TCE and 0.80 g/cm3
for 2EH. For continuous column operation, a mixed organic composition of
7/8 TCE ~1/8 2EH was maintained without difficulty and had a good density
for the large drops of 0.98 M Th + U. This organic liquid drained from
600— to 4000-um gel spheres completely enough that an organic removal wash
was not required. Less uniform spheres of <500 um (av diam) required an
isopropyl alcohol wash mixture.

For the most common compositions and additive volumes of the HMTA and

Th + U feeds, the broth density, p(broth) is

p(Broth) = 0.421(Th + U) + p(H0).
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In this equation, (Th + U) indicates the total metal concentration in moles
per liter (mol/L). For hot TCE, the allowable broth concentrations for
densities of 1.40 to 1.48 g/cm3 are 0.95 to 1.15 M (Th + U). Since the TCE
density is higher at room temperature, broth drops of 1.04 M (Th + U) or
less would float at room temperature. Some water is lost during gelation,
and the gel spheres have a slightly higher density than the broth feed.

The practical concentrations without solubility problems are 2.6 M (Th + U)
and 3.4 M HMTA to give:

%
[2.6 mol Th f;gl[g 1 03 N03% _110.69 21 HMTA
L Th + U NO,* L HMIA
= 1.64
3.4 mol HMTA T Th + U
IJ
2.6

T 16r = 0-98 M (Th + U) in broth.

Therefore, the broth drops will settle in hot TCE, but not in cold TCE.
2.3 Aging and Washing

The preferred feed concentrations and the gelation conditions gave gel
spheres of excellent appearance in the hot TCE, but the agiog and washing
conditions were critical to preserving this good appearance. Aging in hot
TCE appeared to result in less cracking during washing and drying. Gradual
cooling in TCE before draining and washing seemed to reduce the amount of
surface spalling and dusting. Therefore, the best overall conditions were
to leave the 4.0-L batches of gel spheres in the product collectors filled
with TCE and covered with a 1id for ~9%0 min. During this time, the product
collector cooled to about half way between the gelation temperature and
room temperature. Some controlled program of aging temperatures might be
superior, but the above conditions seemed better than either a longer cool-
down time or a flow of hot TCE at the gelation temperature.

The gel spheres ooze or occlude clear solution as they age in warm or-
ganic liquid with up to 20% decrease in sphere volume. This clear solution
may be a source of surface dust on the dried spheres.

In general, washing produced only minor problems for the swall gel
spheres (200~ to 300~um diam at theoretial density), but became increasing-

ly more troublesome as the sphere size increased. The washing procedures
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developed for W03 gel spheres proved to be unsatisfactory for the large
(800~ to 1200-um diam at theoretical density) ThOp-U03 gel spheres.
Cracking or crazing of a significant fraction of gel spheres was usually
the result.

Damage to the gel was eliminated for spheres made from the ammonia-
neutralized broth with a low urea content by careful control of the ionic
strength of the wash solution. First the gel spheres were immersed in a
salt solution with approximately the same ionic strength as the gel spheres
to minimize osmotic stresses. This salt solution (1.06 M NH;4NO3--0.167 M
NH,OH) was recirculated through the fixed bed of gel spheres (see Fig. 3).
The soluble salts were slowly leached out of the gel spheres by gradually
diluting this recirculating wash solution with a flow of dilute NH,OH. The
volume of wash in the recirculating system was maintained constant by wmeans
of an overflow of excess solution. After ~2 h of washing in this manner,
the ionic strength is close enough to that of fresh dilute NH,O0H to allow a
final period with once~through flow of the wash solution to remove the
remaining small amount of leachable solids. After 2 h of once-through flow,
the conductivity levels out to a constant value, indicating leaching has
ceased.? This washing procedure was developed after several trials and
resulted in a satisfactory sintered product for this flowsheet.

This wash procedure required ~10 L of fresh dilute NH,OH for every
liter of bulk gel spheres. This ratio generates a lot of waste effluent,
but the washing has not been optimized. The effluent from several of the
batch washes has been noted to contain precipitate usually flushed from the
system in the firvst few minutes. Most likely this precipitate was material

on the surface of the gel spheres that weeped or oozed during aging.
2.4 Drying

The drying procedures tested were those found useful for U03 gel
spheres.2 The water in the wet gel is vaporized at a rate determined by
g

the rate at which heat is supplied for this operation. For steam~drying,

the bulk of the water is evaporated at 100°C, with heat transferred from an
oven at a higher temperature (usually 175 to 250°C) to the gel in an

atmosphere of its own vapor. The individual spheres remain at 100°C for
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varying times (from a few minutes for a small sample such as a monolayer to
>24 h at the center of 4-L batches). For air-drying, the water is evap-
orated at the wet bulb temperature of a large flow of dry air. This tem~
perature can be as low as 14°C for air supplied at room temperature and as
high as 20°C for warm or hot air at 60 to 80°C when the air is heated by
low—pressure steam in a heat exchanger. Intermediate temperatures could be
used with steam-drying in a vacuum oven or with higher hot-air temperatures
for air-drying, but neither of these has been tested.

Steam drying with the spheres at 100°C for wmost of the water removal is
preferred over air-drying. Some batches were successfully steam dried, but
the same material showed excessive cracking for air-drying. This cracking
sometimes occurred during drying and sometimes occurred when the dried
spheres were cooled in air. For cracking during and after cooldown, the

spheres would break explosively or "popcorn.” This "popcorn” cracking
could he prevented by heating the spheres to ~250°C without any cooling or
exposure to air. The air—drying tended to give higher gel densities but
did not show any significant effect on the sintered density. Since the
cracking is a major process problem, the 100°C or steam-drying condition is
clearly superior.

Kerrigan and Leel3 pyrolyzed our gel and determined the compositions of
gases evolved by use of a mass spectrometer. Peaks for water evolution
differ from those previously observed for U005 gels. Peaks for COy evolu-—
tion were at higher temperatures for (Th,U)Ox. The abstract for this
report reads as follows:

The pyrolysis of thoria—urania gel microspheres at programmed

heating rates has been studied by time-of-flight mass spectrome-

try. The gaseocus decomposition products were monitored, and

reaction mechanisms for the pyrolysis reactions were proposed

from the data. A nonisothermal kinetic method was used for

determining activation energiles of components released from the

pyrolyzed gels. The approximate activation energies for the

release of NH3, hydrated H»0, CO, and CO)p were 70.7, 73.2, 103,

and 134 J/mol respectively. Differences in pyrolysis reactions
were noted between (Th-U)05 gels and UO9 gels, 13

2.5 Sintering and Product Properiies

Because of the large number of batches of (Th,U)0; in this study, each

batch was sintered using only one schedule. A vevry conservative schedule
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using slow heating rates was used to prevent as much particle breakage as
possible. This schedule consisted of heating from room temperature through
the low temperatures to gently remove volatiles aud prevent cracking {(a rate
of 100°/h up to 600°C). After 600°C was reached, the heating rate was in-
creased to 300°C/h up to 1450°C, where the sample was held for 4 h. The
atmosphere used during the entire schedule was Ar—~4% Hy. This treatment

was always sufficient to sinter particles to very near theoretical density
(>99%). However, the majority of the batches cracked quite severely during
one of the washing,'drying, or sintering operations.

Each batch was characterized to compare all variations of the different
flowsheets. Besides density by porosimetry with mercury, each batch was
also characterized for cracking both before and after siantering. Cracking
was determined using shape separation and a careful ceramographic examina-
tion after sintering. The cracking behavior could be divided into three
categories, which are internal cracks, major cracks, and surface spalling.
Internal cracks in several particles are shown in Fig. 4{a) and are thought
to occur during either washing or drying. Major cracks are shown in Fig.
4(b), and these cracks extend from the particle $urface toward the center
of the sphere. These particles normally remain intact and are not removed
by shape separation. Figure 4(c) shows surface spalling where a thin layer
around the outside surface is peeled away from the rest of the particle.
Variables involved in the washing and drying procedures were examined to
determine the cause of cracking which occurred during processing of large
(>800 um) microspheres [smaller microspheres (<300 unm) showed little
cracking]. The degree of cracking appeared to be dependent on the type of
washing procedure used; the three major procedures tested wére (1) a recir~
culating wash, (2) a once-through wash, and (3) a recirculating wash fol-
lowed by a once-through wash. The once-—through wash changed concentrations
at a rapid rate, and a large percentage of the microspheres: cracked during
washing. The recirculating wash was more gentle, and spheres survived the
washing step. However, when the uncracked microspheres from the recir-
culating wash were dried and sintered, a large percentage of the batches
cracked. Data from the spectrometer indicated that large amounts of water

and carbon dioxide were being released and possibly cracking the spheres.
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The third type of wash procedure usiong the reclrculating wash followed by
the once-through wash produced acceptable yields of >90Z after sinteving
for a limited number of batches. No noticeable cracking ovecurred during
sintering of these particles.

During the search for an acceptahle (Th,U)0, flowsheet, only a small
number of batches survived the processing operations without cracking.
Several batches produced using the ammonia neutralization flowsheet were
sintered with very few of the particles cracking. Figure 5 shows cera-
mographic cross sections of two such batches. Careful examination of the
entire ceramographic sample showed that only 5 to 10%Z of the particles have
cracks. The particles that failed had radial cracks extending from the
surface toward the center of the sphere. The grain size of these batches
was considerably smaller than typical U0j batches (Fig. 6). These batches
were of very high quality before sintering because <5% of the particles
were rejected during a separation of nonspherical shapes. The overall
yield from this flowsheet was over 90%. A more detailed description of the

specific runs that were made appears in Table 7.3 of the Appendix.
2,6 Demonstration Run Conditions and Results

The final experimental tests made were intended to demonstrate the
reproducible preparation of good, large (Th,U)0; spheres. The largest
part of the experimental tests were with one feed composition and one
sintering procedure with variations in aging, washing, and drying con-
ditions to reduce cracking. The best conditions during these tests
were for batches X21-2 and X21-3, and the conditions were reproduced
for batches X22-2 and’XZS-Z {Table 1). The first batches in new TCE
(X21-1, X22-1) and variations in aging, washing, and drying conditions
(X21-4, X21-5, X22-4, X22-5) gave more cracking.

Conditions for run X22 to prepare large—coarse spheres were as

follows:

HMTA solution:  3.42 M HMTA
Th + U solution: Th/U = 3.0
(Th +U) = 2.51
NO4~/(Th + U) = 3.6 mol/mol
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Table 1. Demonstration Test Results with Ammonia Neutralization

Drop Dlameter:

Sintered Diameter:

3200 um
950 pym

Organic Medium: TCE containing 0.03 vol % Span 80 at 72°C

HMTA/NO3” = 0.69 or 0.70 mol/mol

Total

Product shape Observations
batch Appearance reject from

No. Qther variables of dried gel (%) ceramography
X2i-1 First product in new TCE 210% cracked -
X21-2 Accidental spill, short aging Some junk 23 5-10% major cracks
X21-3A None Acceptable 3 5-10% major cracks
X21-3B Air dry to 125°C >30% cracked 7 807% hairline cracks
X21-4A Aged with hot TCE flow More surface dustiug -
X21-438 Agad with hot TCE flow More surface dusting i5 10%Z major cracks
X22-1 First product in new TCE More surface defects 14 257 wajor cracks
X22-2 None Acceptable 4 15% major cracks
X22-3A Nomne Acceptable 4 20% major cracks
X22~-38 None Acceptable 4 207 major cracks
X22-4A Aged overnight in TCE Acceptable 16 20% major cracks
X22-4B Aged overnight in TCE Acceptable -
X22-5A Aged with hot TCE flow More surface defects 3 75% surface spalling
X22-5B Aged with hot TCE flew More surface defects -

[44
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il

NH4+/(Th + U) = 0.5 wol/mol
NO3™/(Th + U) = 3.1
117 acid deficient
Urea/U = 2.0 nol/mol
density = 1.909 g/cm3
pH = 0.8
HMTA/(Th + U) solution volume ratio: 1.538
HMTA/NO3™ unneutralized = 0.70 mol/mol

i

Organic medium: TCE containing 0.03 vol% Span 80
TCE temperatures: 75°C at column inlet

69°C at column middle

62°C in product collector

Broth feed rate: 43.5 cm3/min

Nozzle vibration frequency: 2500 cycles/min

Observed drop residence time in columm: 28 s

Calculated drop diameter: 3220 um

Calculated dense~sphere diameter: 950 un

Observed gel-sphere diameter: 3200 un

For this chemical flowsheet, the gel spheres leaving the gelation
column are of excellent appearance, sphericity, and uniformity of texture.
This is true for the ranges of both the small-coarse (500~to 1000-um drops)
and large~coarse (3000-to 4000~-um drops) sizes. Microphotographs of large-
sphere cross sections and grain sizes are shown in Figs. 5 and 6.

The mechanical operation of the equipment, including drop formation
and transfers and handling of gel spheres, did not cause aany probleas.
Overall, the equipment performed as well, and perhaps slightly better, for
this mixed oxide than for our standard UO3 gel. ‘

In summary, the process variables that appeared to contribute to the
best results were:

1. A slightly preneutralized broth with total NO3™/(Th + U) of

about (3.1 + n) mol/mol and NH,¥/(Th + U) of n mol/mol, where
n is 0.3 to 0.7. The pH values after urea addition, but before

mixing with HMTA, are 0.8 to 1.2.
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2. An HMTA concentration that gives a broth pH of 4.1 + 0.1 at 10 to
15°C for 2 to 5 min after mixing.

3. Gelation in a trichloroethylene at ~70°C.

4. Initial washing with a high recirculation of wash solution so the
wash pH changes slowly from an initial value of 5.2 to 8 over a 1 h
or longer period.

5. Completion of washing by downflow of dilute (0.3 M) NH4O0H solution.

6. Drying in a steam atmosphere in an oven at ~170°C.

Cracking during washing and drying is the major problem, and this
cracking increases greatly as the sphere diameter increases. The con~
trolled wash concentrations, items 4 and 5 above, were required to allow
preparation of the large—-coarse sizes (>2700~-um drop or >800-pym-dense
spheres). Variations in the other four conditions listed can also result
in increased cracking. Conditions 1l and 2 give a combination of good broth
stability at below 10°C and good gelation behavior and properties. Most
other broth compositions either give premature thickening of the broth or
give slow gelation or soft gels. The drying conditions, item 6, give

better surface appearance and less cracking than air atmosphere or 250°C.

3. PROCESS DEVELOPMENT FOR FEEDS PREPARED BY SOLVENT EXTRACTION
OF NITRATE AND ADDITION OF HIGH UREA CONCENTRATIONS

These chemical flowsheet conditions evolved from small-scale studies
of a wide range of feed compositions. The Th-U feeds were Th(NO3)4M
U02(N03)2~HN03 solutions as mixed or with varying amounts of acid defi-~
ciency by extraction of HNOj3, as described in Seect. 3.1 belew. The acid
deficiencies were adjusted further by additions of NH,OH or HNO3. The mole
ratios of urea to (Th + U) and HMTA fo NO3* in the broth were also wvaried
over wide raonges. The gelation behavior and gel properties were observed
for small samples in test tubes or bottles with temperature as a variable
(Appendix, Table 7.4).

These small-scale tests greatly narrcwed the ranges of possible process
variables. Conditions which resulted in no gelation, in soft-mushy gels,
or in immediate gelation during mixing of the HMTA with the Th~U were eli-

minated from further testing.
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Some gels of good appearance were obtained for three different Th~U
feeds: (1) Th(NO03)4-U09(N0O3); solutions, (2) Th(N0O3)4~U02(N03)7 solutions
partially neutralized by addition of NH,OH to give acid deficiency, and
(3) acid-deficient solutions prepared by solvent extraction of nitrate.
Some of the (2) conditions correspond to the flowsheet conditions already
described in Sect. 2 of this report. Gel-sphere preparation was tested
for conditions (1) and (3) and for those condition (2) variables not
already tested during the Sect. 2 studies of this report (Appendix, Table
7.5). Most of the conditions resulted in severe cracking of the gel
spheres during aging, washing, and deying {(Appendix, Table 7.6). Limited
tests of variations in aging, washing, and drying conditions did not
reveal any easy answers for the cracking problems. Some results for acid-
deficient feed prepared by solvent extraction of nitrate showed the least
cracking, and the most detailed aging, washing, and drying tests were made
using the conditions for these best results. The descriptions in the
remainder of this section are principally for this feed with information

from the scouting tests in the Appendix.
3.1 Acid-Deficient Metal Nitrate Solution Preparation

Both thorium nitrate and uranyl nitrate can be denitrated by solveut
extraction (SOLEX) of nitric acid into using an organic amine. The equip~
ment and procedures of SOLEX are described in detail elsewhere. 14313 The
same equipment used for making the SOLEX sols was used in the present
study. A slower, more controlled denitration procedure was used with
continuous recycle of a batch of feed until the target acid deficlency was
achieved. Both thoria sols and thoria-urania sols were produced and
tested in this manner. The thoria sols were mixed with acid-deficient
uranyl nitrate (ADUN) to achieve the desired Th/U mole ratio of 3. Most
of the SOLEX feeds were prepared in this manner, though the thoria-urania
sols gave similar results. The general observations on acid deficiency in
Sect. 1.3 also apply to these SOLEX preparvations.

The sols are usually stable at higher heavy-metal concentrations than
their corresponding nitrate solutions. However, the maximum concentration
is a function of the relative amount of uranium present and the extent of

acid deficiency. The thoria sol used in most of the tests (NO3™/Th = 2.07)
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was oaly 1.6 M Th, but remained fluid when evaporated to 5 M Th (the sta-
bility over long periods of time at this concentration is questionable),
whereas the solubility of Th(NO3)4 at 25°C is 2.7 M.

The Th~U broths are quite sensitive to the HMTA content. In fact, for
the level of acid-deficiency [NO3~/(Th + U) = 2] bheing discussed for the
SOLEX sol feed, the stability is practically nonexistent, even at low tem~
peratures (£0°C). Adding HNO3 [NO3™/(Th + U) = 2] enhanced the stability
such that gelation was delayed 30 to 40 min at <0°C. However, urea is an
effective stabilizing agent with urea/(Th + U) mole ratios of 2.0 to 3.75
giving stability for several hours at room temperature and a ratio of 5.4
giviag stability for several days at room temperature. A urea/(Th + U)
mole ratio of 2.0 proved to be only marginally successful in making good
product. Better results were obtained with a urea to (Th + U) mole ratio of
3.75. An optimum ratio probably exists between these two. These large
amounts of urea cause a small amount of precipitation or ecrystallization
in the SOLEX sols urea in a few days.

In summary, the feed preparation procedure for SOLEX is to denitrate
dilute Th(NO3),; solutions and U0»(NO3)y solutions either together or
separately by solvent extractioa of HNO3 with an organic amine. The di-
lute, acid-deficient solutions are concentrated by evaporation. If the
solutions are denitrated separately, they are then mixed to make up the
required Th/U mole ratio. Subsequent additions of the required amount of
urea results in Th+U concentrations of 1.4 to 1.6 M (using the most typi-

cal sol concentration).
3.2 Effect of Urea

The effect of the urea is to complex the heavy-metal components,
thus stabilizing the broth. Urea in small amounts is required even
for stoichiometric nitrate contents or broths containing excess acid
to prevent premature or preferential precipitation of uranium. For
the preferred acid-deficient broths, a urea/(Th + U) mole ratio of 0.5
is sufficient for only 10 to 15% acid deficiencies. However, for
greater acid deficiencies, the stable range of HMTA concentrations
becomes vanishingly small., Addition of HNOj3 to the SOLEX sols to pro-

duce a final NO37/(Th + U) mole ratio of 3 improved their stabilities
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only slightly (gelation in 30 min rather than I min at 0°C). However,
increasing the urea content to a urea/{(Th + U) mole ratio of 3.756 im—
proved the broth stability dramatically. Not only could the. broths be
mixed at room temperature, but the HMTA could be added as a solid. These
broths remain fluid several hours at room temperature.

Acid deficiencies are limited to 70% or less, even with the high

urea contents. Higher acid deficient broths give only weak, mushy gels.

3.3 Gelation in Perchloroethylene— Mineral 0il Mixtures at
Temperatures Above 80°C

The gelation procedures and equipment used for these tests were not
very different from those for TCE (see Sect. 2.2). Either HMTA crystals
or solution were mixed at room temperature with the acid~deficient Th~U
solution containing large amounts of urea. The added stability of these
high—urea broths either required higher temperatures or longer suspension
times in the forming medium for satisfactory gelation. Since the suspen~
gion time was limited by the available equipment, higher temperatures were
used. Even using the maximum temperatures of ~95°C (to prevent bubble
formation by water vaporization from the liquid drops), suspension times
as long as 1 or 2 min were required for some broths. Because these tem-
peratures are greater than the boiling point of tricholoroethylene, an
alternative medium was required. ‘PerchloroethYIene (PERC), with its boil~
ing point of 121°C was selected. Since the density of PERC is signifi-
cantly higher than most of the broths used, PERC~Mineral oil mixtures were
used to give the optimum forming-medium densities. Span 80 was used as
described in Sect. 2. An organic wash of TCE was required to remove the
PERC-Mineral oil from the spheres prior to the'aqueous wash.

As explained in Sect. 2.2.2, the broth density should be 0.0l to
0.1 g/cm3 greater than the forming-medium density. Mineral oil was added
to the PERC to match the broth density for each test. The densities of
the PERC~mineral oil mixtures can be estimated from the additive volumes.
The density of mineral oil at room temperature is 0.872 g/cm3 and of PERC
is 1.623 g/cm3. The density of PERC at 100°C is 1.484 g/cm3. Assuming a
0.001 g/cm3 change for every 2.5°C gives a mineral oil density of 0.842

g/cm3 at 100°C. The mineral oil contents never exceeded 25 vol %. The
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density of the mixed broth for the most common urea and HMTA concentra-
tion ranges are adequately estimated by:
p(Broth) = 0.41 (Th + U) + p(H0).

In this equation, (Th + U) indicates the total metal concentration in
moles per liter (mol/L). The coefficient of 0.41 is slightly lower than
that for ammonia neutralization broths because sols prepared by solvent
extraction have lower ammonium and nitrate concentrations.

The broths lose their sensitivity to HMTA at the high urea contents.
The HMTA to NO3* mole ratios as high as 1.0 were used at times to speed
up gelation in the hot organic forming medium (since suspension times of
1 or 2 min were required). To minimize washing and waste problems, lower

HMTA/(NO3") ratios down to 0.8 mol/mol were commonly used.
3.4 Aging and Washing

Cracking during washing, drying, and sintering was a problem for all
feed concentrations and gelation conditions tested. The amounts of
cracking were dependent on the washing and drying conditions. Wet gel
spheres made from SOLEX-sol, high—-urea broths were damaged less by the
established wash procedure for U03 spheres than were the spheres made
from the other Th~U broths. Nevertheless, despite an extensive search,
a salt solution could not be found that eliminated damage during washing
for these high-urea gel spheres (Appendix, Table 7.3). Solutions of
NH;,NO3, urea, and NH,0H were investigated. Based on an assertion that
70% Pu02~30% U02 gel spheres must be washed in a Soxhlet apparatus,l6
Soxhlet extraction was tried. Washing in this manner proved quite suc-
cessful, eliminating virtually any sign of damage in the washed gel
spheres. Further investigation demonstrated that the wmechanics of the
Soxhlet apparatus were responsible for its success. Duplication of its
results could be achieved by very slow washing in the apparatus illus—
trated in Fig. 3. First, the PERCMineral oil mixture must be rinsed
from the gel spheres using TCE. After pulling air through the bed for
15 min to evaporate the TCE, the washing is started. The bed of gel
spheres 1s left drained of liquids, and the dilute NH4OH is slowly
(40 L/8 h) dripped onto the gel spheres. The liquid level in the bed

slowly builds up until the spheres are covered and the wash solution is
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overflowing. After this the wash proceeds in a once-through manner until
the effluent conductivity indicates washing is complete. The results for

eight wash conditions and four gels are compared (Apendix, Table 7.6).
3.5 Drying

The drying conditions and results were the same as those described in
Sect. 2.4, In general, the dried spheres from SOLEX sols with high urea
contents had glossy surfaces, free of surface dust or powder. The ammo—-

nia neutralized feeds frequently give a surface dust, as reported in
Sect- 2;40

3.6 Sintering and Product Properties

A few batches produced using the extraction of nitric acid flowsheet
also produced uncracked microspheres after sintering (Fig. 7). These
batches were of high quality after drying, with <5% of the particles re-
jected because of shape separation.’' A ceramographic examination of the
batch after sintering revealed that ~5% of the particles had radial
cracks running from the outside surface toward the center of the sphere.
These cracks were not severe enough to cause the particles to be rejected
by shape separation; therefore, the cracking could have occurred during
any of the washing, drying, or sintering operatiocns. The final yield
for these batches was ~90% (see Table 7.7 of the Appendix for complete
characterization). The grain size bf all these mixed-oxide batches was
extremely small., v

It is important to note that most batches produced cracked particles.
Only a specific set of forming counditions, washing procedures and drying
conditions produced batches that survived all processing steps including
sintering without cracking. More details on the characterization of all
particle batches produced using these flowsheets, including the forming

conditions, are shown in the Appendix (Table 7.7).
3.7 Demonstration Run Conditions and Results

The final experimental tests were intended to provide a comparison

of the reproducibility and quality of large (Th,U)0O, spheres from this



30

B

e

i

ST,
SRR

7 |
S : : : S
ST Sy R
3 o B
: : i : 2 :«,.&..\..MWMQ

.
o

00

|

e

By

00 4
T

2

lex

ium so
icles,

ic

ked part

crac

t only 5 to 107

3

bi

2

Sintered batches of (Th,U)02 produced by the thor
i

sol preparation scheme exh



flowsheet as compared to those for the flowsheet of Sect. 2. The feed
concentrations and the other conditions were as follows:
1000 mL Th SOLEX sol: Th = 1.55 M

NO3™/Th = 2,07 mol/mol
(48% acid deficient)

density = 1.510 g/cm3
pH = 2.69
177 wl ADUN: U = 2.9 M

NO3“/U = 1,65 mol/mol
{17.5% acid deficient)

478 g urea: urea/(Th + U) = 3.8 mol/mol
548 g HMTA: HMTA/NO3m = 0.96 mol/mol
PERC containing 14 vol % mineral oil and 0.03 wvol % Span 80
Column temperatures: 99°C at column top
93°C ét column middle
Broth feed rate: 24.4 cmo/min for small coarse
29.0 cm3/min for large coagse

Nozzle vibration frequency: 22,800 cycles/min for small coarse,
four holes

865 cycles/min for large coarse
Observed residence time in column and transport line: 90 s
Calculated drop diameter: 800 um; 4000 um
Calculated dense sphere diameter: 240 um; 1215 um
Observed gel sphere diameter: 800 um; 4000 um

For this recipe, the wet gel spheres are smooth and spherical, and
the gel is tough and resilient. The gel spheres were aged at least 20 min
based on observations for urania gel spheres and Th-U gel spheres from
NH,OH-neutralized broths. Such aging did not appear to change the results
on the dry gel spheres although some wet gel spheres were observed to turn
slighﬁiy cloudy or opaque with aging. Microphotographs of a product batch

are shown as Fig. 7. Results are tabulated in Table 2.



Table 2. Demonstration test results for solvent extractior of nitrate
Organic liquid medium: PERC - 14 vol %; Mireral oil - 0.03 vol % Span &0
Organic temperature: 95°C
Feed compositions: Urea/(Th + U) = 3,75, NO3=(Th + U) = 2,0 to 2.2

Steam drying temperature: 170°C

Appearance Shape reject Calculated
Product Batch Other variables after after sintered sized Observations from
No. or comments drying drying (%) {um) ceramography

MGT-201 B Batch mixing of broth Acceptable 2.6 775 5% major cracks

1.1 1125 10% major cracks

1.6 1270 30% major cracks
MGT-218 Batch mixing of broth 10% cracked 11.3 990 60% major cracks
MGT=-219-2 Continuous mixing of broth 5% cracked 4.6 1190 30% major cracks
IGT-219~3 Continuous mixing of broth 3% cracked 3.2 9990 20% major cracks
MGT-221 SOLEX thoria-urania sol 5% cracked 4,9 1020 5% major cracks
MGT-222 SOLEX thoria-urania sol 5% cracked 4.0 1020 5% major cracks

4Calculation made for 100% of theoretical density,
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4. COMPARISONS OF THE TWO FLOWSHEETS

The most important comparison 1s with respect to the ability to meet
product specifications. Differences in yields, wastes, process complexity,
or any other factors cannot justify the selection of a process that does
not give specification products. The information from the development
studies does not allow a final selection with respect to product specifica-
tions. The process with ammonia neutralization gave a slightly better
demonstration run result, but all products showed a worrisome amount of
internal cracks. While the strength and densities of the best batches are
believed adequate for product specifications, any discovery that would
completely eliminate the cracks would be a major and perhaps controlling

advantage for that flowsheet.
4.1 Feed Preparation

The feed preparation operations for the two flowsheets are given in
tabular form (Table 3). Both are shown to start with dilute metal nitrate
solutions. The solvent extraction of nitrate requires dilute solutions.
Therefore, availability of concentrated solutions (solid nitrate salts or
oxides which could be dissolved in HNO3) would eliminate the concentration
step for ammonia neutralization, but not for solvent extraction of nitrate.
The solvent extraction of nitrate requires a complex system with multiple
process operations.14’15 The waste from the solvent extraction is a
NaN0Oj solution. Otherwise, the feed preparation steps are all very simple
mixing, dilutions, or evaporation steps with water, nitric acid, and heat

as the waste products.
4,2 Gelation, Washing, and Drying

Both flowsheets require the same basic operations, and the differences
in complexity are not large. The use of TCE as the organic medium for
ammonia-neutralized feed is somewhat simpler. The use of a PERC—mineral
oil mixture is a small complication because as the composition must be
measured and controlled. The need for a wash by a more volatile organic
(TCE) to remove the PERC—mineral oil from the gel spheres is an added pro-—
cess step. The wash procedures tested for both flowsheets were batch
operations. Continuous washing would be preferred for a large-scale op-
eration, but the acceptability of continuous~wash procedures is completed

untested.



Table 3. A comparison of feed preparation {Th/U = 3.0)

Acid Deficiency by Ammonia Neutralization

Th(NO3)4 solution UOZ(NO3)2 solution
HNO3 HNO

Th/Y ratio adjustment

Th + U Conceatration —> H,0
(Evaporation) ENO4

NH4O0H —> Adjust to (NO3™*)ynn/(Th + U) = 3.1
Urea —> Adjust to urea/(Th + U) = 0.5

Cool to 0°C ——>HEAT

HMTA —> HMTA/{(NO3*
Solution {0°C)

Junn < 9,70

[T,

Th + U = 1,0 M
NO§” = 3,7 %
NE,Y = 0.6 ¥
Urea = 0,5 4
HMTA = 2.17 M

Acid Deficilency by Extraction of HNOq

Th{NO4), solution UOZ(NO3)2 solution
HNO3 HNO3

i i

Th/U ratio adjustment

Hy0 —>Th + U concentration adjustment

NaOH —> solvent extraction of HNOj —> NaN03
HZO H20

Th + U concentration ——> HZO
(avaporation)

i

¥

Urea —>adjust to urea/{Th+U) = 3.8

v

HMTA —>HMTA/(N05™) = 0.8 to 1.9

solution

Th + U =
NO3™ = 2
LEPREEY
3
1

[
jxl==

lrea =
RMTA

==

we
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4.3 Product Properties

Product specifications are given in Sect. 1l.1. With the exception of
increased cracking as the sphere size increases, both flowsheets appear to
meet all product specifications very well., The total shape reject (after
drying plus after sintering) was ~5% for the ammonia-neutralization demon—
stration runs and 5 to 10%Z for the runs for the alternative flowsheet with
extraction of HNO3. The limited results leave an uncertainty as to whether

this is a real difference.
4.4 Remaining Development Requirements

This development of gel-sphere processes for a Th-U fuel cycle for IWR
application was ended as a result of program changes. The information now
available does not justify a final selection between the two process flow-—
sheets. Additional chemical flowsheet studies would be needed for selec-
tion of a final flowsheet., Then equipment development studies would be
necessary to allow design and evaluation for pilet plant or production
applications.

The investigation of promising chemical flowsheet variables is believed
to be reasonably coamplete for both flowsheets. The reproducibility of the
product quality should be determined for continuous gelation and swall ad-
justments of the washing conditions. Continuous washing conditions, perhaps
with recycle flows to slow down concentration changes, might give optimum
control of wash concentrations and also minimize waste volumes. As men-
tioned earlier, any significant difference in the ability to meet product
specifications would be controlling for process selection. If products
from both flowsheets meet specifications, then the selection would probably
be on the basis of process complexity, including waste handling. The com—
plex solvent extraction system to remove HNO3, the organic wash to remove
PERC-mineral oil, and larger amounts or more complex compositions of waste
are significant differences.

For the selected process, engineering development studies would be re-
quired to develop pilot—plant and production-scale equipment for all process
operations, including waste handling. Continuous aging, washing and drying
operations would be preferred, but batch operations may be required for con-

trol of the sequence of chemical conditions. Such engineering studies are
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now in progress for U0, gel-sphere processes, and many of the development
results for U0y will be applicable to (Th,U)07. Since the completeness and
the applicability of the U0y process results cannot be predicted, a detailed
specification of (Th,U)0; development requirements is not justified. Waste
handling will be a major process development problem. Recycle of waste or
reject (Th,U)0; is likely to be more difficult than recycle of UO3 or U0jp

because (Th,U)O, is more difficult to dissolve.
5. CONCLUSIONS AND RECOMMENDATIONS

Internal gelation flowsheet conditions were determined to prepare good,
high-density (Th,U)0, spheres (Th/U = 3), 800 to 1200 um in diameter, as
required for Sphere~Pac fabrication of nuclear fuels. The starting condi-—
tions tested were those previously developed for U0O) spheres, but modifica-
tions and close duplication of process conditions or "recipes” are necessary
to prevent severe cracking. Slow changes of concentration during washing
with ammonia solutions are important to minimize cracking. The intermediate
size, 200 to 300 pm in diameter, 1is easily prepared using the same chemical
flowsheet conditions, but the preparation of (Th,U)0p fines (<45 um in
diameter) remains to be demonstrated.

The gelation conditions and the required feed compositions are closely
related. For Th/U = 3, the stoichiometric nitrate/metal ratio is 3.5
mol/mol and some acid deficieocy is highly desirable for practical opera-—
tion. Two different feed compositions and gelation conditions gave useful
products. For both, concentrated HMTA (hexamethylenetetramine) solutions
were mixed with acid-deficient Th(NO3)4~U0»(NO3)9-NH4NO3~urea solutions to
prepare the feed broths. For one feed composition, Th(N03)4-U02(NO3))
solutions containing 2 to 10% excess nitric acid were wade 10 to 154 acid-
deficient by the addition of ammonia. Urea concentrations of 0.5 mol/mol
(Th + U) were used to prevent premature precipitation when this feed was
mixed with HMTA solutions at 0 to 5°C. Gelation of the drops was in tri-
chloroethylene at 60 to 75°C. For the other feed compositions, solvent
extraction of HNO3 was used to prepare acid—deficient thorium or thorium-
uranium nitrate solutions. Higher urea concentrations were used [2 to

3.75 mol/mol (Th + U)], and the mixed broths with HMTA added were stable at
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room temperature. Gelation required higher temperatures of 80 to 95°C and
were done in perchloroethylene-mineral oil mixtures.

Slow changes of concentration during washing were necessary to minimize
cracking of 800~ to 1200-um product spheres. A recirculating wash procedure
and a slow addition wash procedure were developed. Steam atmosphere drying
with the spheres at 100°C for most of the water removal gave less cracking
than air-drying with the spheres at the wet bulb temperatures for large air
flow rates.

A conservative calcining and sintering schedule was used without optimi-
zation of conditions. Heating was at 100°C/h up to 600°C, 300°C/h for 600
up to 1450°C, and 4 h at 1450°C. The atmosphere was Ar-4% Hs throughout.
All products were sintered to near theoretical (»99%) density for (Th,U)0».
The preferred gelation~washing—~drying conditions were necessary to avoid
severe cracking, and ~5% cracking of the largest sizes resulted at the best
conditions.

Process development is incomplete for both processes, and the informa-
tion now available does not justify a final selection of processes. For any
immediate application without further development, the ammonia neutraliza-
zation flowsheet should be used, principally because of some simpler opera-
tions. If the development program is resumed, both flowsheets should be
tested further using continuous sphere preparation and small variations in
feed compositions and washing conditions. Some remaining development re-

quirements are discussed as Sect. 4.3.
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7. APPENDIX: TABULATED DATA

The body of this report defines and describes conditions which give
useful results for preparation of large-coarse (Th,U)0, spheres. More
detailed tabulations of experimental data, particularly for conditions
which did not give useful products, are in this Appendix.

Twenty-two column gelation runs (Table 7.l) were made to prepare

3.5~L batches of mixed—oxide (Th/U = 3) gel spheres using feeds prepared
by ammonia neutvalization. Six runs were small-coarse sizes (400-to 1000-—
um drops) to test several washing and drying conditions and to supply pro—
ducts for calecining and sintering tests. Fourteen runs were for the
large—coarse size (2700~-to 3600~um drops). Two were for fines sizes.
All runs gave good gel spheres in the organic—-forming wedium. Six of the
large—coarse—size products were found to be excessively cracked during the
investigation of the washing and drying requirements. Initial improve-
ments gave good dried gel spheres that cracked excessively during sin-
tering. Additions of organic polywers to the broth (polyvinyl alcohol,
Methocel K100) gave softer gels and more cracking during washing and
drying as compared to spheres containing no polymer. Two batches of
large~coarse spheres (3200 um), prepared with the use of all the improved
conditions, gave good dense spheres without excessive cracking. These
results are tabulated in Tables 7.2 and 7.3.

The large batch of Th-U feed solution used for most column runs

had the following concentrations:

Th/U = 2.994 atom/atom

Th + U = 2.42 M

NH4+(Th + U) = 0.54 wol/mol
NO3™/(Th + U) = 3.7 mol/mol
Urea/U = 2,0 mol/mol

p = 1.2

The HMTA solutions used were made to 3.5 M HMTA by mixing at 10°C,

The optimum volume ratio of these two solutions (to give pH = 4.2 in

2 min at 15°C) was 1.47 volume IMTA/volume Th + U. The mixed broth is
then 0.98 M (Th + U) and has a density of 1.4l g/cm3.



Table 7.1

Feed concentrations:
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Gelation conditions for (ThU)OZ with ammonia

neutralization of feed

Th + U: 0.98 + 0.03 M
HMTA/NO3': 0.69-0.71 wol/mol
Acid deficiency: 10 to 14%

Forming Typical
conditions wet gel
Run Tenp diam
No. Organic (°C) {(um) Comments; results
557 2EH 82 200 Fines size, clustered.
X0l TCE-13% 2EH 71 2600
X02 TCE-13% 2EH 72 500 Small-coarse size.
700
X03 TCE~-137% 2EH 72 1000 Small-coarse size.
X04 TCE~13% 2EH 71 3600
X05 TCE~13% 2EH 63 3500 Polyvinyl alcohol in feed; salted out.
X06  TCE~13% 2EH 67 34600 No NH,T in feed; cracked.
X07 TCE~137% 2EH 67 3200
X08 TCE~137% 2EH 68 3400
X09 TCE~13% 28H 68 3500 First test of recirculating wash.
Xi0 TCE~13% 2EH 70 3200 Methyl cellulose additive in feed.
X11 TCE~13% 2EH 68 660 Small-~coarse size.
X12  TCE~13% 2EH 68 3200
X13 TCE~13% 2EH 68 430 Smallest uniform size practical.,
X14  TCE-13% 2EH 68 960 Small—-coarse size.
X15 TCE~137% 2EH 71 3700
X1le TCE~13% 2EH 72 300 Fines size, clustered.
X17 TCE~13% 2EH 72 400 Fines size.
X138 TCE 72 3100 No 2EH and continuous broth mixing.
X19 TCE 72 750 Small~coarse size.
X20 TCKE 72 3100 Recirculating wash, then once-through.
X21 TCE 72 3100  Recirculating wash, then once-through.
X22 TCE 72 3100 Duplicate of run X21.




Table 7.2.

Washing-drying results for (ThU)OX with ammonia neutralization of feed

Typical
dry gel
Product diam
No. {um) Washing—drying counditions, results Conclusion
557 80 Isopropyl alochol, steam dry to 240°C {ThU)04 clusters much worse than U0j
X01 1000 >30% cracked New organic may give poor result
X02 280 Good appearance Looks good for this size
X03 375 Good appearance Looks good for this size
X04 1400 ~50% cracked Gel cracks during washing
X05 1400 Excessive cracking Polyvinyl alcohol additive mnot useful
X0b 1300 >20% cracked No NH4+ in feed unot helpful
X07 1200 Tnitial wash was NH4NOg = very dilute Change in initial wash concentration prevents
NH4O0H; cracked during cooling cracking in wash
X08 1300 First wash with recirculation (20 min) Better than no recirculation
X09A 1300 Steam atm dry to 160°C Excellent dried gel appearance
X098 1250 Steam atm dry to 250°C ~2% cracked.
X10 1300 Qff-shape, lots of cracking Methyl celiulose additive not useful
X1l 250 Recirculating wash now standard Excellent dried gel
X12 1300 Some surface chips or roughness
Xi3 220 Isopropyl alcohol; no recirculation Pocr appearance compared to Xli
Xid 400 Excelient dried gel
X15 1500 Steam dry, >3% cracked; air dry, >30
X16 150 Isopropyl alcohol; mno recirculation (ThU)0x clusters much worse than U03 }
Xi7 150 Isopropyl alcohol; no recirculation Air-drying gives less clusters than steam
X18-1 1200 210% cracked New organic may give poor results
X18-2 1200 Standard conditions, excellent Better in used organic
Xig8-3 1200 Aged in hot TCE; ~2% cracked Extra aging not helpful
X18-4 1200 Aged in hot TCE; >30% cracked Hot gel into cold wash caused cracking
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Table 7.2

(continued)

Typical
dry gel
Product diam
No. {(um) Washing-drying conditions, results Conclusion
X19~-1 300 Excellent
Xi9-2 300 Excellent
X19-3 300 Excellent
X19~-3B 300 Dried as thin layers, open tray Air~drying gives higher density, transparent
X20-A 1200 Dried in open tray, oven at 120°C Drying not complete
X20~-B 1200 Dried in open tray, oven at 150°C Much motre cracking in open }
X20-C 1200 Dried in covered tray, oven at 150°C {tray (ise., air atm drying)
X21-1 1200 Recirculating once-through now standard New organic may give poor results
X21-2 1200 Acceptable Short aging poor {spill during change)
X21-3A 1200 Acceptable
X21-3B 1200 Air atm dry to 125°C, >30% cracked
X21-4A 1200 Aged in hot TCE, surface dusting Long hot aging may be poor
X21-48 1200 Aged in hot TCE, surface dusting Long hot aging may be poor
X22-1 1200 Standard is 1-1/2 hr cooldown in TCE New organic may give poor results
X22-2 1200 2 hr recirculating-2 hr once-through
X22-3A 1200 for wash, steam atm dry oven at 175°C
X22-3B 1200 2, 3A, and 3B better than 1.
X22~4A 1200 Overnight in TCE Little effect from aging in cold TCE
X22-4B 1200 Overnight in TCE Little effect from aging in cold TCE
X22-5A 1200 Aged in hot TCE, some surface defects Hot TCE to wash, may be poor
X22-5B 1200 Aged in hot TCE, some surface defects Hot TCE to wash, may be poor

£y



Table 7.3 Characterization of (Th.U)OZ Produced dy Ammonia Neutralization

Feed concentrations:
Th + 0: 0.98  0.03 K
Urea/t: 2.0 mol/mol
Y/ (Th + U): 0.5 to 0.54 mol/mol

Chem. Forming Drying As-Dried Shape reject As-Dried Hg density Shape reject
Tech. M&C Sintering conditions? Washing conditions densigy after drying size after nlgtgring after sintering
batch batch Tun "C) conditions? {*C) (g/ca”) [¢3] (um) (g/cm”) (%) Observations from ceramography
x-03 J-935 $-426 TCE + 13% 2EH 74° oT 210° gteam 2.9: 1 375 190,20 5 50% major cracks
1-04 J-93% S-417 TCE + 137 2EH 73° oT 240° gteam 2,64 47 1200 10.23 47 95% major cracks
37-557 J-937 5-393 2EH 82° oT 240° sream 3.04 75 10,21 75 Clustered in groups of 5-i0 particles
X-09 J-938 $-413 TCE + 13X 2EH 68° R 170° steam 2.40 15 1350 10,20 58 50% surface spalling, 10% major cracks
%~098 3-939 $5-41% TCE + 13Z 2EH 63° R 240" sream 3.20 2 1250 10,16 31 100% surface spaliing
X=11 J-940 $-427 TCE + 13% 2EH 68° R 170° stean 2.84 1 250 10,17 2 50% surface spalling plus cracks
X-12 J-941 §-420 TCE + 13% 2EH 68° R 170° steam 2.73 52 1200 10.22 74 80% surface spaliing
X-13 J-942 S-424 TCE + 13X 2EH 68° oT Warm air 3.54 1 220 10. 14 1 100X ma jor cracks
then 165°
X-14 J-944 $=425 TCE + 13% 2EH 68° R 170° steam 2.93 1 350 10,20 90 80% surface spalling
X-15 J-945 S-421 TCE + 134 2EH 7(° R 170* steam 2.80 9 1400 10. 16 35 80% surface spalling plus cracks
X18-1 J-954 5-433 T€E 72° R 170° steam 2.83 i0 1225 90 100 ma jor cracks
X18-2 J-955 S$-434 TCE 72° R 170° steam 2,64 2 1160 90 100% ma jor cracks
X18-3 J-956 $-435 e 72° R 170° steam 2,37 17 1190 90 1902 major cracks
X19-1 J-957 $-438 TCE 72° R 170° steam 2.45 1 280 10.22 1 3% internal voids, no cracking
X19-2 J-958 8-439 CE 72° R 170° steam 2.56 1 286 i0.21 1 3% internal voids, no cracking
X19-3 J=-959 S—44) CE 72° R 179° sream 2,54 2 280 10.21 1 32 Internal voids, no cracking
Xi9-38  J-960 S5-441 CE 72° R 170° open 3.15 1 280 10.20 1 3X ilnternval voids, 20% major cracks
tray
X21-2 J-966 S-456 TCE 71°* R + O 160* steam 2.34 22 1250 10.21 1 5-10% major cracks
X2{-3a J-967 S-457 TCE 71° K+ 0T 160°® steam 2.43 2 1250 10.19 1 5-10% major cracks
X21-38 J-968 S-458 TCE 73° R + OT 125% open 2,7¢ 6 1200 10,20 1 80% halrline cracks
tray
X2i-3C J-969 5-459 L 71° R+ QT 125° steam 2.41 5 1260 10.20 1 20% major cracks
X2i-4B  J-970 S-469 TCE 71° Ko+ 0T 125° steam 2.38 14 1250 0. 19 1 i0% major cracks
X22-1 J-1063 5-666 TCE 70° R+ 0T 180° steam 2,60 12.5 1250 i 25% major cracks
X22-2 J-1064 5-710 TCE 70* R 4+ GT 180° steam 2,53 3.0 1250 b3 15% major cracks
X22-38  J-1065 $-702 Y Fo° R + {7 195° ateam 2.67 2.7 1250 1 204 major cracks
X22-34  J-10%6 S-667 TCE 70° R+ 0T 180° steam 2,47 2.4 1250 10.20 1 20% major cracks
X22-48  J-1067 $~668 TCE 70° R + 0T 135° steam 2,52 14.6 1250 10,21 H 20% ma jor cracks
222-5A  J-1069 5-670 TCE 70° R + OT 180° steam 2,62 2.2 1250 10.22 1 75% surface spaliing

8Trichlorethylene (TCE) 2-ethyl hexanol (2&).

bOm:e—l:‘nrmxgh (OT), recirculating (R).

7%



45

The gelation of small samples in test tubes or bottles was observed
visually for over 80 broth compositions (Table 7.4). The tests with SOLEX
thoria or thoria—urania sols determined the conditions tested for gel-
sphere preparation as reported in Sect. 3. The tests with ammonia-
neutralized feeds showed that urea/(Th + U) mole ratios of >2 gave broth
compositions that remained fluid for long times at room temperature. The
tests with nitrate solutions gave some good gelation results.

The scouting tests of gel-sphere formation gave firm, smooth spheres
in the organic forming medium for all three types of feed broths (Table
7.5). However, the gel spheres from nitrate solution feeds all cracked
excessively during washing (Table 7.6). The gel-spheres from some SOLEX
feeds and some NH,OH neutralized feeds were washed with no or a few cracks
after washing (Table 7.6 and 7.7). Results for sintered products using
SOLEX feeds are in Table 7.8,

7.1 Behavior after Mixing of the Th + U and HMTA Solutions

Measurements of pH and fluid properties vs time after mixing were made
for some of the broth compositions. The experiments were relatively crude
with respect to good temperature control and good mixing. Figure 7.1 gives
the viscosity, pH, conductivity, surface tension, and temperature as a
function of time for the SOLEX sol feed. The properties of the solutions
prior to HMTA addition were also measured and are given in Table 7.9. The
urea addition was endothermic, causing the temperature to drop to 14°C.
However, the HMTA dissolution was exothermic, as indicated in Fig. 7.1.
The surface tension profile is quite flat, but as the feed thickened and
gelled the surface tension became Impossible to measure because of the
rapidly increasing viscosity. The pH and conductivity demonstrate similar
behavior, with an initial rapid change followed by a long period of no
change or slow change. The viscosity experiences a small jump as the HMTA
is dissolved, followed by a long quiescent period and then a period of
rapidly increasing viscosity. Based on these observations, only the
viscosity and pH were monitored in the remaining tests.

Several attempts to monitor the properties of the NH,OH-neutralized

feed failed because of local gelation. In contrast to the SOLEX sol feed,



Table 7.4.

Test tube studies of gelation behavior vs broth composition

NO3* (Th + U) Urea (Th + U)  HMTA/NO3" Number of
Type of feed (mol/mol) (mol/mol) {mol/mol) Results or comments tests
SOLEX 0.3-1.7 0.4-1.7 1.0-5. Weak, mush gels. 4
1.9-2.1 0.3-0.5 0.8-1.1 Gelled below room temperature 2
1.1-1.3 0.6 Gelled slowly at 75°C 2
1.4-2,1 0.71-1.0 Gelled slowly at 0 or 25°C. 4
Gelled rapidly at 75°C.
3.9,5.5 0.9,2.56 Gelled slowly at room temperature 2
NH,0H 0.5 2.0 0.7 Weak, mush gel 1
neutralized 2.0 1.7 0.9 Gelled in 4 min at 25°C. 1
(N03*/Th + U= 1.-2 2.0 0.47-0.70 Gelled slowly at 25°C 5
3.0 before
neutralization)
NH,,0H 3.1 2.0 0.85 Gelled in <5 min at 25°C 2
neutralized 3.7 0.75 Gelled in 4.5 h at 25°C 1
(NO3*/Th + U = 4.9,24 0.75 Stable >8 h at 25°C 2
3.9 before
neutralization)
Nitrate 3.0 0 0.55-0.66 Weak, mushy gels at 95°C 3
solutions 0 0.75-1.97 Gelled in 7 to 60 min at 0 or 25°C 8
2.1 0.82-1.02 Gelled in 1 to 14 min at 25°C 3
3.6 0.63,0.72 Stable at 0°C 2
3.6-3.9 0 0.77-1.62 Gelled in 6-90 min at 0 to 25°C 6
3.5 0.77-0.87 Gelled in 3-46 min at 25°C 3
1.0 0.70-0.87 Gelled slowly at 25°C 4
2.0 0.77-0.90 Gelled slowly at 25°C 4
3.7-3.8 0.77-0.90 Stable >8 h at 25°C 4
Gelled quickly at >75°C
4.1-4.3 0 0.20-0.60 No gel or weak gel at 75-98°C 4
0 0.82-1.03 Gelled in <30 min at 25°C 12
2.1-2,2 0.75-0.87 Gelled in 2-90 min at 25°C 3
2,8 0.70 Gelled in 4 min at 75°C 1
3.6-3.9 0.77-0.9 Stable >8 h at 25°C 5
Gelled <6 min at 75°C
5.4,7.4 0.85,0.87 Gelled at 90°C

9%



Table 7.5.

Scouting experiments for gel-sphere formation

Sphere formation

Type of fuel Urea/Th + U N03*/Th + U Results; sphere
and HMTA/N03* (mol/mol) (mol/mol) Broth stability Mediun? Temperature properties
SOLEX 0 0.6 Precipitation - - Weak, semi-gel
0.3 0.3 Good TCE ,MX 75,95°C Weak, semi-gel
0.5 2.5 Good MX 66 Firm, smooth
0.5 2.9 Gelled in 4 min MX 75 Firm, smooth
at 25°C ‘
0.5 3.0 Gelled at 0-3°C TCE 68,70 Filrm, smooth
2,0 2.0 Good MY 93-98 Firm, smooth
2.0 3.0 Good MX 98 Firm, smooth
3.5,3.6 2.2,2.0 Thickened at 25°C MX 98 Firm, smoocth
3.8 2.0 Good MX 98,95 Firm, smooth
4.0 3.0 Good TCE 77 Gelled too slowly
MX 98 Firm, smooth
NH, neutralized 0.3 3.2 Gelled in 20 min MX 98 Soft
0.6-0.9 mol/mol at 25°C
2.0 1.0 Good MX 98 Firm, smooth
1.5 Good MX 98 Firm, smooth
2.0 Thickened in 2-5 MX 95~-38 Firm, smooth
hr at 25°C Seven tests
3.7 3.1 Good MX 95 Firm, smooth
Nitrate solution 0 34,1 Good at 0°C MX 90-95 Soft
0.7-1.0 0.3 3.6-3.8 Good at 0°C MX 50,75,95 Firm, smooth
0.5 3.9 Good MX 70 Poor gelation
90,98 Firm, smooth
0.7 3.0 Stable at 0°C MX 55 Firm, smooth
4,1 Stable at 0°C MX 95 Soft
1.0 3.9 Stable at 25°C MX 95 Firm, smooth
2.0 3.9 Stable at 25°C MX 90 Firm, smooth
3.0 3.7 Stable 6 br at MX 95 Firm, smooth
25°C
3.6-3.7 3.9 Stable »8 hr at MX 90-98 Firm, smooth

25°C

Eight tests

apx indicates perchloroethylene—mineral oil mixtures.

Ly
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Table 7.6, Washing studies (immersing gel spheres
in special salt solutions)

Wash solution

Test
No. NH,OH D NH,NO4 (M) Urea (M) Results
13 0 0 0 Many cracks within a few min
46 0 3.8 9.8 Few cracks within a few min
43 0 6.6 8.8 Few cracks within 10 min
48 0 6.7 10.5 Few cracks within 20 min
45 0 7.0 9.0 Few cracks within 20 min
47 0 8.3 9.0 Few cracks within 30 min
8 0.05 0 0 Many cracks within a few min
17 0.1 0.1 0 Many cracks within a few min
5 0.1 0.55 0 Few cracks within a few min?
25 0.1 1.1 0 Many cracks within a few min
4 0.1 1.64 0 Many cracks within a few min
16 0.1 3.28 0 Many cracks within a few min
18 0.1 3.5 0 Many cracks within a few min
6 0.15 0 0 Few cracks within a few min?
19 0.15 0.44 0 Many cracks within a few min
20 0.15 0.88 0 Many cracks within a few min
24 0.15 0.94 0 Many cracks within a few min
2 0.15 1.09 0 Few cracks within a few min
21 0.15 1.09 0 Few cracks within a few min
22 0.15 1.09 0 Many cracks within a few mnin
23 0.15 1.09 0 Few cracks within a few min
3 0.15 2.2 0 Few cracks within a few min?
14 0.15 2.2 0 Many cracks within a few min
15 0.15 4.4 0 Many cracks within a few min
7 0.2 0.55 0 Few cracks within a few min?
12 0.2 2.9 0 Many cracks within a few min
1 0.3 0 0 Many cracks within a few min
9 0.3 4.4 0 Many cracks within a few min
44 3.1 8.3 5.1 Few cracks within a few min
42 3.3 4.8 10.0 Few cracks within 10 min
40 4.5 6.1 8.1 Few cracks within 20 min
37 5.0 4,0 3.0 Many cracks within a few min
29 5.0 7.0 0 Many cracks within 10 min
41 5.1 7.0 5.7 Few cracks within 10 min
39 7.0 6.7 5.0 Few cracks within 6 min
31 7.2 9.8 0 Few cracks within a few min
34 7.3 6.9 1.0 Few cracks within a few min
33 7.3 6.9 3.0 Few cracks within a few min
10 7.4 0.88 0 Many cracks within a few min
11 7.4 4.4 0 Many cracks within a few min
35 7.4 4.4 3.0 Few cracks within a few min
36 7.4 4.4 6.0 Few cracks within 8 min
26 7.4 7.0 0 Few cracks within a few min
27 8.0 SaturatedP 0 No cracks after 9 min
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Table 7.6 {(continued)

Wash solution

Test

No. NH,O0H M) NH,NO4 (M) Urea (M) Results
32 9.0 4.4 0 Many cracks within a few min
30 9.0 7.0 0 Few cracks within a few min
38 9.8 4,0 3.0 Many cracks within a few min
28 10.4 5.6 0 Many cracks within a few min

MGT-211 NH,OH neutralized gel spheres®

4 0 6.6 7.2 No cracks visible after 30 min
1 0.3 0 0 No cracks visible after 25 min
2 1.7 1.1 0 Few cracks after 10 min

3 7.2 9.8 0 No cracks visible after 21 min

MGT 213 Solex sol gel spheresd

5 0 0 0 Few cracks in 1 h
2 0 7.6 8.2 No cracks after 20 h
3 0.17 1.1 0 Few cracks within 15 min
9 0.3 0 0 Few cracks in 1l h
12 0.5 0 0 Few cracks in 1.5 h
13 0.5 1.0 0 No cracks after 21 min
15 0.5 1.0 0 Gel weakened, gaping cracks
after heating at 50-60°C
1 7.2 9.8 0 No cracks after 21 h

30bservational techniques masked internal cracks.

bCounting undissolved NH4NOj, 10 M NH,NOj.

CThese spheres were opaque, so internal cracks could not be observed.
dSome of these were also opaque, making some observations difficult.
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Table 7.7. Qualitative evaluation of damage for different washing methods

Gel-sphere batch No.

Wash method 202 211 212 213

0.3 M NH,OH straight-~ Medium Bad Bad Very 1light
throiigh

Recirculating

1.06_M NH,NOq-

0.167™ Nﬁ40§ Fair Fair Bad Fair

7.2 M NH,OH-

9.8 M NH;NO4 Fair Bad Bad Bad

9 M urea-8.2 M

NHZNO 43 Light Medium Bad Fair
Soxhlet extraction with 3% NH,OH2

Recycle Fair Light Fair Light
Once~through Fair Fair Light Very light
Soxhlet extraction approximations@®

0.5 M NH,OH recirculation

plus™Hy0 - - - Medium
Slow stralght-through - Fair Light Very light

4Gel spheres washed by Sexhlet techniques were dried at 110°C; others

were dried at 170°C.



Table 7.8. Washing,a drying, and sintering results for SOLEX feeds

Sintered product densities:

99 or 1002 of theoretical density

Dry product

Sintered product

Drying Bulk
Batch Wash temp. density Sub jective Diameter % shape Subjective % shape
Nos method (°c) (g/wL) evaluation (un) rejection evaluation rejection
Solex Sol
213, Wash 7 A 110 2,46 Few cracked 1400 23 100% broken -
Wash 8 B 110 1.29 Few cracked 2000 + 600 28 60% cracked -
Wash 10 C 170 2.13 Most cracked 2000 + 300 39 - -
Wash 14 D 170 2,29 Many cracked . 2200 41 - -
Wash 17 E 110 2.25 Some broken 1800 18 - -
219, P.C,2 F 170 2.25 5% cracked 1700 5 30X cracked -
P.C.3 F 170 2.31 3% cracked 1400 3 207 cracked -
222 E 170 2,51 5% cracked 1400 4 5% cracked -
221 E 170 2.54 5% cracked 1400 5 5% cracked -
350 3 5% cracked -
1100 3 5% eracked -
201 A c 170 2.16 5% cracked 1760 + 100 2 70% cracked -
1100 3 5% cracked -
B G 170 2.29 5% cracked 1600 1 10% cracked -
1800 2 30% cracked -
218 E 170 2,33 10% cracked 1400 i1 60% cracked -

18



Table 7.8 (continued)

Dry product Sintered product
Drying Bulk
Batch Wash temp density Subjective Diameter % shape Subjective % shape
No. method (°c) {g/mL) evaluation (um) rejection evaluation rejection
Solex Sol + HNOjy
189 G 150 - Some cracks 1800 + 1200 - - -
184 G 150 3.40 Some cracks 1300 - - -
in larger
183 G 245 2,82 10% broken 900 - - -
and split
193 G 170 2.74 <5% cracked 500 <i% - 2
196 G 170 2,34 None cracked 800 + 300 i - 2
2,34 Some cracked 1400 + 300 19 - 2
2.32 Some cracked 2000 + 300 59 100% cracked 22
212, Wash 1 A 110 2.02 Some broken 1800 63 100% broken -
Wash 2 G 170 2,17 Most cracked 2000 20 40% cracked -
Wash 3 8 110 1.1l Few cracked 1900 53 75% cracked -
197 G 170 2.54 5% cracked 600 <1% - 3

A

%Wash methods:

A - Soxhlet extraction, recycle, starting with 3% NH40H.

B - Soxhlet extraction, once-through, starting with 3% NH,40H; followed by straight-through
wash at 40 L/4h with 0.3 M NH,OH.

C = Recirculating wash starting with 1.06 M NH4NO3 + 0.167 M NH40H and adding 0.3 M MNH4OH,
foliowed by straight-through wash of 0.3 M NH40H. ’
~ Same as C, except started with 7.2 M+ 9.8 M HN,NO5.
- Stralght—-through wash at 40 L/8h starLing with a drained bed using 0.3 M NH4ORH.
- Wash as in E for 2 h, but finish wash at 10 L/h for 2 h using 0.3 M NH4OH,
Straight~through wash at 40 L/4h using 0.3 M NH40H or 0.5 M NH,OH.
- Same as C, except started with 3 M urea + 8.2 M NH4NOg.
- Soxhlet extraction, once-through with continuous feed of 3% NH;OH.
- Soxhlet extraction, once-through with one batch of 3% NHzOH.

Sy b T @ M oE8 R
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Fig. 741, Time record of fluid properties for test No. 1 (solex sol feed).
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Table 7.9.

Propertles of solutins used in feed makeup

Surface
Temperature Density tension Conductivity Viscosity
°C g/mL dyne/ecm  pH rmho/cm cP
Test No. 1 Solex Sol Feed
ADUN 25 1.94 59.4 1.03 48,3 10.6
Th Solex sol 108A 24 - 34.4 2.35 76.3 6.1
Th sol + ADUN (25% U) 25 - 42,1 2.35 73.5 6.35
Th sol + urea IJX€2 __ _ 3.75 16 - 36.0 3.99 54.0 7.3
Th + U
Test No. 2 NHA-Neutralized Feed
Th-U-9 25 - - 0.44 - 19.1
HMTA solution 24 - - 6.8 - 8.03

%S
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the HMTA not only must be added as a solution at low temperatures, but
vigorous‘mixing is required at the moment of addition or local regions of
gelation will occur. Once the HMTA is well mixed, the feed is fairly
stable, ‘even at room temperature (though not as stable as the high urea
feeds). Thus for these tests, the solutions were chilled (<5°C), mixed
vigorously, and then placed in the bath (25°C). The feed thickened so
quickly that non~Newtonian behavior was observaed by the time (10 min) the
first viscosity measurements were taken and the viscosities were in the
tens of thousands cP and increasing. The viscosity remalned measurable at
104 to 10% cP for at least 2 h (when measurements were ceased), depending
on the spindle and rotation rate used on the Brookfield viscometer.

Figure 7.2 illustrates the viscosity behavior for the SOLEX sol feed
(tests No. 1 and 8) and for the NH40H—neutralizéd feed (test No. 6).
Although the viscosity behavior was similar for the two tests shown for
the SOLEX sol feed, the viscosity-time curve was not reproduced exactly.

Figure 7.3 is a short time plot of the pH behavior of the two feeds.
The delay of almost 1 min in the response seen in test No. 6 is indica-
tive of the poor mixing in these experiments. Once the HMTA solution is
well mixed in this test, the pH stabilizes In a matter of seconds. The
total stabilization time for test No. 1 is about the same as test No. 6,
but the difference In the shapes of the two curves can be attributed to
the fact that HMTA was added as a solid in test No. 1.

Figure 7.4 is a long time plot of the pH behavior for the SOLEX sol
feed. Note that the pH gradually increases to as high as 7 after the ini-
tial large jump. The change in the curve at ~400 min is probably a
problem with the pH meter and not real.
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